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Many species of rodents and insectivores live in subterranean burrows in soils

throughout the world. The soil surface perforations of burrow entrances are often

connected to complex, subsurface tunnel networks. Burrow entrances and

associated subsurface tunnel networks represent a link between surface and

subsurface ecological function. Anecdotal observations of surface-water run-off

seen draining into these structures suggests rapid bypass of important biological and

physical ecological functions necessary for maintaining the quality of both surface

and subsurface water resources. Little documentation characterizing the nature of

this phenomenon is seen in the literature. This study represents a pioneering effort

to document the effects of soil-mammal activity on the hydrology of a perennial

agricultural riparian ecosystem in Oregon USA. Using novel approaches, including

Plaster of Paris as a subsurface tracer and digital video endoscopy, a detailed

characterization of the geometry of surface and subsurface soil modifications by

microtine rodents inhabiting an active dairy pasture revealed the extent,

connectivity, and complexity of these structures. This knowledge allowed the

design of a non-destructive, in situ, vertical transport dye tracer study to document
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the hydraulic significance of the environmental modifications by these soil

mammals. Using a fluorescent dye tracer (Amino-G) and subsurface monitoring and

sampling instrumentation, we demonstrated that under saturated conditions, the

combined affects of surface and subsurface modifications by voles may enhance

vertical transport though the effect is partly masked by a great variety of other

bypass features found at this study site. The relative importance of bypass due to

vole holes and tunnels appears to be a function of soil structure. The quantity of

bypass features other than vole burrows may be sufficient to mask their impact.

Additionally, we found that; when irrigating at run-off rates under dry soil

conditions, the presence of burrow entrances appears to allow water to penetrate

deeper and more rapidly into the soil profile bypassing the more bio-chemically

active A-horizon. Under saturated soil conditions, transport to the subsurface

appeared rapid but, the effect of burrow entrances on vertical transport could not be

quantitatively distinguished from other bypass features natural to this area though

suggestion of increased transport in the vole plot could be seen in the data. A

destructive tracer analysis of the study plots revealed hydraulic connectivity between

the tunnel networks and other transport features deeper in the profile. It appears that

vole activity impacts local hydrology in two ways: (1) Surface pathways created by

voles intercept and redirect surface runoff, (2) vole tunnels allow intercepted surface

runoff to bypass the root zone. The study was inconclusive in two areas and

suggests that future work is needed: (1) while speed of bypass transport was no

greater below vole tunnel networks, it was not conclusively determined if percent

mass transported is greater below such, and (2) whether what appears to be the

biologically rich zone and far greater specific surface area of the vole tunnel system

is sufficient to equal the bio-chemical activity of the root zone in degradation of

solutes entering the vole tunnels
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THE EFFECT OF BURROWING MAMMALS ON THE

HYDROLOGY OF A DRAINED RIPARIAN ECOSYSTEM

CHAPTER 1: PROJECT OVERVIEW



"More animals on this planet may live in the soil than above it." F. D. Hole, 1981.

INTRODUCTION

Agricultural pollutants and excess nutrients are transported by both surface and

subsurface mechanisms in soils. Under optimal conditions, these pathways provide

for significant breakdown and processing of excess nutrients, agricultural

compounds, and harmful microorganisms before reaching water resources and

ecologically sensitive habitats. However, even under the best conditions, these

natural systems are not 100% efficient at processing, neutralizing, and filtering out

undesirable agricultural by-products - some quantity of contaminants will bypass the

system. It is a question for science to quantify the expected bypass; how much

contamination is deemed acceptable is a question for society.

The goal of this work is to better understand and characterize the hydrologic bypass

consequences of soil modifications by soil-mammals present in an agricultural

ecosystem in Corvallis, Oregon by:

Identifring the extent and geometry of such features

Using tracers to track the movement of surface applied water as it infiltrates

a soil profile containing such features

The parsimonious movement of water through a soil's heterogeneous structure is

described in the literature as bypass flow, much of which is due to macro-pores.

Macro-pores can be the result of many factors including: burrowing animals

(fossorial mammals, insects, worms and other invertebrates, etc.), root channels, soil

cracking (a result of soil's exposure to extreme wet and dry cycles) and other soil

processes, as well as human induced factors such as ditches, pipes, drain tiles, etc.
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Of particular interest in this study is the heterogeneity of soil structure due to the

presence of burrowing mammals in a drained, riparian agricultural ecosystem.

Voles (Microtus) and other burrowing (fossorial) mammals are an expected feature

in the agricultural landscape, particularly in perennial agricultural production

operations associated with drained bottomlands (i.e. pastureland and perennial grass

production) (Getz 1985). Many species of these fossorial mammals have adapted

well to perennial agricultural ecosystems and can be present in great numbers

commonly associated with boom and bust cycles much to the consternation of land

managers (Wolff, Edge 1999 unpublished material). Periods of good cover and a

constant food supply have required minimum adaptation for these animals to thrive

in these types of human-altered environments.

Although a number of different fossorial mammals (mice, voles, moles, shrews, and

gophers) are present at the study site of interest, the focus of this investigation is

primarily on the structural modifications created by voles. Preliminary observations

suggest that these structures are a more persistent feature in the landscape indicating

that multiple generations of microtine rodents may be using, maintaining, and

expanding historical tunnel networks (Edge, personal communication). Indeed, it

has even been shown that other species of soil-mammals use either the abandoned or

inhabited structures built and maintained by Microtus (Person 1959).

Burrow entrances and tunnel structures may provide for the subsurface transport of

agricultural wastewater, playing a significant role in nutrient transport currently

unaccounted for by land managers. Anecdotal observations of run-off water flowing

into animal burrow entrances are common among land managers and researchers,

myself included; however, no studies have been done which document the extent to

which this occurs.
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HISTORICAL PERSPECTIVE OF THE STUDY SITE AND

BACKGROUND

The study site is located on Oregon State University (OSU) land on the University's

dairy research pastureland located approximately one mile west of the OSU campus

in Corvallis, Oregon (Figure 1.1). The OSU dairy has been in continuous operation

at this location for much of the previous century and now houses over 300 dairy

cows with plans to expand.

Waste management at the University dairy has become an increasing concern to

regulators, administrators, and citizens and is of key interest to the research dairy.

Waste from these facilities has been suspected of reaching nearby surface waters.

Much of the waste generated by the dairy is stored in liquid form that accumulates

daily and is sprayed onto pasture several times a year as a method of both

eliminating the waste and recycling nutrients. The animal barns at the dairy are

cleaned several times daily using a liquid flushing system. Though this system

recycles much of the contaminated water used in flushing the barns, the system

requires the input of some amount of fresh water with every flush of the barns.

After the solids have been mechanically removed from the resulting slurry, the

remaining liquid dairy effluent is stored in a 500,000-gallon storage tank. This tank

has a limited storage capacity equivalent to about eight weeks under normal

operating conditions.

4
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Figure 1.1 Aerial view study site near the Oregon State University Dairy Research Facilities. Other key locations shown
including, the 1-hectare general study area, Oak Creek, and area of contamination initiating a finding of non-compliance
by the Oregon Department of Agriculture in 1999.
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The OSU dairy uses a field spraying operation to eliminate much of the dairy

effluent stored at the research facility. The liquid effluent is applied directly to the

fields by use of a large mobile traveling spray gun. The spray gun is attached to a

PTO (power train out-put) driven pump and has a maximum spraying capacity of

approximately 300 gallons per minute. The traveling gun applies a swath about 250

feet wide with a maximum length of about 800 feet. Depending on the speed of the

traveler mechanism selected, the application rate of effluent can vary from 0.5"/hour

to 2"/hour or higher.

Of particular concern to university land managers and administrators is the field

application of liquid waste during the wet season. In this region of Oregon, the wet

season usually begins in late October and runs through late April (precipitation over

40 inches/year is not unusual in this part of Oregon). Waste storage limitations at

the dairy often require the elimination of stored dairy effluent under less than ideal

climatic conditions associated with the wet winter months. During the wet season,

land managers have historically waited for a four-day window with no precipitation

(two days with no precipitation and a two-day forecast with no predicted

precipitation) to apply excess dairy effluent. Many of the soils found at the OSU

dairy are poorly drained, clayey soils that are at near saturation for most of the

winter months (Cassidy, unpublished material). Saturated soil conditions,

particularly in heavy clay soils, allow for little infiltration and processing of the

excess nutrients and microorganisms found in liquid dairy waste and surface run-off

potential under these conditions is an ongoing concern.

Much of the dairy's pastureland adjacent to Oak Creek was formerly wetlands.

These wetlands were drained beginning in the early part of the twentieth century up

until the mid 1960's using clay drainage tile (Fred Price, personal communication).

Drainage tile is essentially porous pipe that has been buried in the soil and is usually

connected together into engineered drainage networks. These pipes allow for the



rapid removal of water from the soil profile, which lowers the local water table

allowing land managers earlier access to fields in the early spring. The landscape

orientation of a drain-tile network is designed to route water removed from the soil

profile toward some larger (usually natural) drainage feature such as a river or

stream.

In the spring of 1999, the Oregon Department of Agriculture (ODA) cited the

Oregon State University Dairy Research Center with a "Notice Of Noncompliance

and Plan Of Correction" when elevated levels of fecal coliforms (a bacteria found in

animal waste) were detected in surface waters adjacent to Oak Creek. Oak Creek is

a forth order stream that runs through the University's dairy land for approximately

3 miles before entering a private residential reach. It eventually drains into the

Mary's River, a tributary of the Willamette River located in west central Oregon's

Willamette Valley (USA). The proximity of Oak Creek to dairy operations (Figure

1.1) suggested to the ODA that the source of contamination was likely from the

dairy's animal waste, although no direct transport mechanism has been conclusively

identified.

Among the findings of the ODA notice, it was reported as an area of concern that:

. . several areas in manure application fields, south of the main
facilities, were observed to have many rodent holes. Since these
rodent holes can serve to rapidly deliver applied wastewater to tile
drain lines, the Department strongly recommends that you take steps
to eliminate these holes. (see appendix A for a copy of the ODA
notice of noncompliance).

Very little data is seen documenting the extent that soil-mammal burrows enhance

the movement of water from the surface to the subsurface. Most statements

describing this alleged phenomenon are based on anecdotal observations (Turner

1973, Grant 1974, Choate personal communication 2002). Many have observed
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water flowing down animal burrow entrances, but few have attempted to document

it.

In the summer of 2000, a geophysical magnetic survey of portions of the OSU dairy

fields was carried out (Rogers, unpublished material) in an attempt to map the

location of drainage tiles and other subsurface drainage features suspected to be

present in the area of interest. Previously, an extensive search of the University's

archives produced only a small collection of maps on this subject, few of which

were complete or of much use. However, one map was uncovered (of uncertain

date, possibly 1912) that indicated the existence of a large subsurface feature

(labeled "12" water main"), which ran diagonally from a residential area east of the

dairy complex, directly through the area where the ODA noted the rodent activity of

concern, and directly into the location where the ODA found the high levels of fecal

coliforms (Figure 1.2). The existence of this feature was unknown to land managers

and administrators.
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Figure 1.2 Map found in the OSU archives (left) showing the existence of large diagonal feature labeled 12" water main.
Negative image of map (right) overlain on recent aerial photo helps establish important spatial associations.
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The magnetic survey showed that the diagonal feature seen on the aforementioned

map appeared to actually be there (Figure 1.3). Also shown in the magnetic data

was the location of what appeared to be a drainage tile network that did not appear

on any known map. However, a later interview with tile contractor, Fred Price, who

installed them confirmed the approximate date installed (mid 1960's) and

composition (clay tile) of the tile network seen in this image. Other preliminary

work, in which over 1,700 pin flags were used to show the location of vole burrow

entrances in this location, established that long lines of possibly interconnected

subsurface animal tunnels appeared to be spatially associated with the existence of

the "12-inch water main" and possibly other subsurface anthropogenic drainage

features (Figure 1.4).

With the cooperative assistance of the Oregon State University College of

Agriculture, the Department of Crop and Soil Sciences, and the Department of

Animal Sciences, a magnetometer was purchased to complete a more extensive

subsurface magnetic survey. The results from the sum of all the magnetic

subsurface survey work, in addition to the intriguing location of rodent burrow

entrances, helped to define the general study area for this investigation.

The following work was based on evidence suggesting that the presence of both

surface and subsurface soil structural modifications by rodents at the OSU dairy, as

well as the possible spatial association of these structures with subsurface drainage

features may participate in the rapid transport of applied dairy waste to sensitive

surface and subsurface water resources.



Figure 1.3 Image resulting from magnetic survey of 1-hectare general study area. Revealed subsurface features strongly
support the existence of 12" water main. Location of drainage tile network also strongly supported by data.
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PURPOSE

The purpose of this work is to obtain a better understanding of the role that soil-

mammal tunnels and other features created by Microtine rodents play in the

transport of solutes and contaminants in an agricultural ecosystem under saturated

conditions. The proximity of these naturally occurring features to anthropo genie

subsurface drainage features (drain tile networks) commonly associated with

bottomland perennial agriculture may have important implications for land

management and water quality. The presence and function of these natural features

may require an adjustment in our understanding of drainage network behavior. This

investigation is a pioneering attempt at trying to characterize this component of the

soil system.

STUDY SITE DESCRIPTION

For the following descriptions of the study site, please refer to Figure 1.5. The

general study site is located at the eastern extreme of the Oregon State University

Dairy Research Center's pastureland (Corvallis, Oregon USA). A one-hectare plot,

hereto referred as the "1-ha general study area," located at the southeastern corner of

the east pasture and north of Campus Way was reserved for cooperative study

between the Department of Crop and Soil Sciences and the Department of Animal

Sciences. The establishment of a local grid at this location allowed spatial

information to be recorded during all portions of this and other cooperative work

performed at this location. A local datum was established at the southeastern

extreme of the 1-ha general study area defining the grid coordinates (datum

coordinates 1100 east, 5000 south). The grid was established using a Leica T-1600

laser transit and total station, which was secured through the Oregon State

13
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University Department of Civil Engineering with the generous support of Dr. Robert

Schultz.

The 1-ha general study area has a great number of vole burrow entrances visible at

the soil surface. After intensive destructive and non-destructive subsurface

investigations attempting to characterize the basic geometry, extent, and

connectivity of the vole burrow networks, a smaller plot within the general study

area, hereto referred to as the "vertical transport study site," was selected for an in-

depth, vertical transport tracer investigation. This smaller plot was located at the

southern extreme of the 1-ha general study area and measured approximately 300

m2. Within the vertical transport study site, two small plots (4 m2 each) were

selected and are hereto referred to as either the vole plot or the "reference plot." The

vertical transport study site was fenced off to minimize disturbance from livestock

and farm operations. All of the vertical transport work and the surface run-off work

in this investigation took place either inside or immediately adjacent to this

protected area. Other study locations from this investigation are shown within the

local grid in Figure 1.5. Reference to Figure 1.5 will be useful during site

description in other portions of this document.
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Figure 1.5 1-hectare general study area blow-up showing location of study sites relative to established local grid. Local
datum located in southwest corner of local grid. All spatial data recorded using a laser transit and total station.
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RESEARCH QUESTION: ARE MICROTINE RODENT TUNNELS

FUNCTIONING AS A HYDRAULIC BYPASS TRANSPORT

MECHANISM?

GENERAL APPROACH AND METHODOLOGY

Heterogeneous soil structure as modified by burrowing mammals is largely invisible

to the surface observer. The only easily obtainable spatial information concerning

the presence of subsurface soil-mammal tunnels is the location of the entrances to

the tunnels hereto referred to as "burrow entrances." Further knowledge of

subsurface animal tunnel structure associated with burrow entrances typically

requires their excavation and thus the destruction of the subject of study. In order to

learn more about the location, extent, complexity, and connectivity of these

subsurface structures in such a way as to neither destroy their structure nor function,

novel and creative approaches were required. Obtaining specific spatial information

concerning an intact tunnel complex was essential if a more in-depth investigation of

solute transport was to be seriously pursued.

To accomplish this it was necessary to have some way of recording spatial

information. First, a local datum was installed in the southeast corner of the 1-ha

study area (Figure 1.5). All key landscape positions would be recorded and tied to

this grid system to allow for spatial analysis, archiving position information for

future work, and repeatability.

A number of both destructive and non-destructive techniques were used to

characterize subsurface animal tunnel geometry and extent and include the use of:

16



CO2 fog (condensed water vapor)

Video inspection equipment

Plaster of Paris

Colored dye tracers

Once the general structure of the vole tunnel systems had been characterized (CO2

fog and Plaster of Paris investigations), selection of a suitable vole-tunnel system for

an in-depth, non-destructive tracer investigation was accomplished by the use of a

portable, digital-video inspection unit. Using this equipment helped to establish

important subsurface spatial information needed for specific study site selection and

associated subsurface instrument installation. After completing the subsurface video

survey of prospective tunnels systems, a specific site was chosen for a non-

destructive, in situ investigation into the possible hydraulic functions of vole tunnel

networks.

Three tracers were used to track the movement of surface applied liquids in both

surface and subsurface fluid transport investigations. These tracers included:

Amino-G fluorescent tracer

Brilliant Blue dye tracer

FD & C Red #3 dye tracer

In order to track vertical movement of surface applied liquids, a fluorescent

chemical tracer called Amino-G was applied to the soil surface and allowed to

infiltrate. Soil-water samples were then periodically extracted at two different

depths (30cm and 6 1cm) in two separate study plots. The two plots were located

adjacent to one another and differed only in their amount of apparent animal

activity. The plot containing little or no animal activity was referred to as the

reference plot. The plot containing high-density animal activity was referred to as

17
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the vole plot. Soil-water extraction instruments (small volume suction lysimeters)

were installed such that samples could be taken directly beneath previously

identified subsurface animal tunnel structures present in the vole plot. Identical

instrumentation was installed in the reference plot and soil-water samples were

similarly extracted. The concentration of Amino-G contained in the soil-water

samples was analyzed in the laboratory using a digital fluorometer. To estimate

local soil moisture conditions, tensiometers were installed in close proximity to each

of the suction lysimeters. The tensiometers also allowed the determination of

tension (suction) to be applied to suction lysimeters necessary for soil-water sample

extraction.

After completion of the non-destructive Amino-G tracer study, both Brilliant Blue

dye tracer and FD & C Red #3 dye tracer were used to differentiate by-pass

pathways in a destructive investigation of the vole plot.

Additionally, in an attempt understand how aboveground surface vole pathways

might alter surface run-off dynamics, Brilliant Blue dye tracer was applied to the

soil surface while irrigating at run-off rates. By observing the movement of the dye

tracer over the soil surface, both where surface vole runs were present and where

they were absent, inference into the hydraulic consequences of these features could

be made. These tests were recorded on digital video media for closer scrutiny in the

laboratory.

Local precipitation data was collected throughout the duration of all these

investigations and was necessary in understanding the movement of dye tracers in

the field.



LITERATURE REVIEW

Introduction

Bypass flow is a concern in managed agricultural systems where surface

applications of nutrients, waste, and chemicals are common. Surface applied

nutrients and chemicals that would normally either be taken up by vegetation or

broken down by extended exposure to soil microorganisms can, by means of bypass

flow, rapidly circumvent these biologically active features and enter groundwater (or

subsurface drainage systems) unaltered. Finger-flow and macropore-flow are two

general bypass features that occur in soils. A large part of this study has focused on

the potential for macropore bypass due to subsurface tunnels created by microtine

rodents (voles). Voles and other burrowing mammals can generate both lateral and

vertical bypass features. A basic knowledge of the biology of these animals is

necessary if a serious study concerning the effects of their tunneling activity is to be

pursued. A thorough review of published research was made to ascertain what was

understood about the role that voles might play in the hydrology of soils.

Burrowing mammals - voles (Microtus)

Adaptation to the subterranean environment by mammals has been long been

associated with climatic changes in the earth's past. Profound changes in the earth's

geology occurring from the middle Eocene to the early Oligocene (-33 Ma) resulted

in history's greatest explosion of adaptive radiation to the subsurface by mammals

(Nevo 1999). Climatic changes to the warm, humid, largely subtropical world of the

late Cretaceous to the much cooler and drier world of today is thought to be the

primary driver responsible for this habitat expansion by mammals into the

subterranean ecotope where fluctuations in temperature and humidity are dampened.
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Among surviving groups of subterranean mammals (which are found worldwide)

three orders (marsupials, insectivores, and rodents), including 11 families, and

hundreds of species make up this diverse group (Nevo 1979, 1995). Within the

order Rodentia, microtine rodents (voles) are recognized as belonging to the family

Cricetidae which are regarded in many taxonomic schemes as belonging to the

subfamily Muridae (Nevo 1999, Anderson 1985). The worldwide distribution and

vast ecological diversity of Muridae easily ranks this group as the most successful

radiation of contemporary rodents (Carlton 1985). Within the Muridae, the genus

with the greatest number of species is Microtus. Although there has been no attempt

to apply a comprehensive cladistic taxonomic treatment to Microtus, there are 67

recognized species worldwide of which 23 are recognized in the New World

(Anderson 1985). There are five species of New World voles common to Western

Oregon including: Microtus canicaudus, Microtus ion gicaudus, Microtus montanus,

Microtus oregoni, and Microtus townsendii (Hoffman 1985). These voles are

considered medium-sized voles with general habitat requirements, which have

probably allowed their successful adaptation to various agricultural ecosystems

(perennial grass crops and orchards).

A number of live-trap samplings (as well as the discovery of some dead specimens)

within and near the study sites for this investigation, have shown an overwhelmingly

large percentage of Microtus canicaudus (commonly known as the gray-tailed vole)

though low numbers of other unidentified species of Microtus were seen. In

addition to Microtus, other subterranean mammals are known to inhabit the study

site including various Insectivora (moles and shrews) and Geaomyidea (pocket

gophers).

Voles are known for their short legs and tails, reduced rostrum, small eyes, and

typically compact body shape. Much of what is known of the macroanatomy of

Microtus has been in terms of increasing taxonomic understanding (Carleton, 1985).



Most species of voles are covered in a dark brown to grayish short fur of which

variations can sometime be diagnostic though positive identification of species

usually requires examination of dentition and cranial skeleton.

Microtine rodents, much like their more famous cousins, lemmings, are known for

their reproductive capacity. Huge population outbreaks in agricultural systems with

numbers as high as 10,000-25,000 voles/ha have been documented in modern times

(White 1965). Mating systems are typically promiscuous and populations are

usually food resource limited. Males compete for exclusive territory within which a

number of females then occupy and compete for exclusive territory (Wolff 1985).

Measuring territory size has been problematic and has not produced consistent

results suitable for all uses. The average gestation period for New World Microtus

is 21 .4d (SD = 1.29) and the average number of pups per litter for New World

Microtus is 4.9d (SD = 2.0) (Nadeau 1985). Body weight, not age, correlates with

sexual maturation in New World voles though, for species found in Western Oregon,

males are typically sexually mature at age 40d and females between 60d and lOOd.

Factors that determine sexual maturation include nutrition and social conditions

(Nadeau 1985).

Although Microtus are typically thought of as a grassland species, they are primarily

associated with forest edges and woodland biomes (Hoffmann 1985). Of all

environmental factors, vegetation may be the most important single factor in

determining the presence of Microtus (Rose 1985). Native vole habitat has been

extensively altered by human activities over the last century. The draining of

wetlands and an increase in crop production acreage have significantly impacted

vole habitat over the last 100 years. Frequent disturbances associated with annual

crop systems make for inhospitable habitat for the establishment of vole populations

however; Microtus is commonly associated with forage crops and orchard

production the management of which can dramatically affect population densities.
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(Wolff 1996, Edge 1995, Delattre 1992, Getz 1985, Siddigi 1983, White 1965,

Jameson 1958, Morrison 1953, Linduska 1950, Lantz 1905, 1907). Because of high

potential damage to crop production in both orchards and other crops (Byers 1983,

Piper 1909, Lantz 1907) a great amount of study has been focused on the control of

Microtus utilizing baits and poisons as well as ecological controls including the use

of predator habitat enhancement (Moran 1994, Merkens 1991, Askham 1990,

Bromley 1988, McAninch 1978).

Burrowing mammal tunnels and effects on local hydrology

Though there has been much description of tunnel architecture for some

subterranean mammals including arvicolids, ctenomyids (Tuco-tucos), geomyids

(Pocket gophers), Talpidea (moles), bathyergids (Mole rats), and rhyzomyds

(Bamboo rats), the structure and ecological correlates for most subterranean

mammal tunnel structures (including microtine rodents) remains unknown (Nevo

1999). The general function of the burrow is to provide a constant microclimate,

protection from predators, and access to food. Burrow systems for subterranean

mammals are comprised of feeding tunnels, lateral tunnels, foraging tunnels,

connecting tunnels, deep tunnels, food storage chambers, and sanitary chambers

(Nevo 1999).

It is known that most species of Microtus use extensive aboveground runways and

belowground tunnels and burrows (Wolff 1985). Wolff describes these

constructions as being ". . . interconnected with numerous branches going to feeding

areas, waterways and dead ends which are apparently used for resting or temporary

shelters." He continues, "The number of underground versus above-ground runways

is apparently related to the friability of soils and accessibility of food."
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What affect these structures have on local hydrology is poorly understood. No

studies have attempted to document what effect soil-mammal burrows have on the

transport of water to the subsurface in poorly drained soils under saturated

conditions. The idea of increased infiltration rates and retardation of run-off

associated with excavation debris mounds of by pocket gophers (Thomomys

talpoides) has been discussed in a few studies (Abaturov 1968, Hanson et al. 1968)

but these studies concentrate on the excavated debris at the surface and view the

subject from the perspective of ecosystem function and in particular its effect on

prairie vegetation succession. Another study on Thomomys talpoides surface

mounds, focuses on soil-water behavior within the excavation debris. This study

demonstrated that infiltration rates are higher on mounds created by fossorial

mammals than on adjacent undisturbed areas although the volumetric soil-water

content was no different between the two treatments (Grant 1980).

Only one study was found in the literature that specifically looked at how the

burrows, that is the voids in the soil profile, affect water infiltration into the soil

profile (Laundre 1993). This study, which took place under unsaturated conditions

in a cool desert environment, showed that spring recharge was significantly higher

and penetrated deeper in the profile in areas with burrows (built by ground squirrels,

Sperm ophilus townsendii) than areas without burrows. An average of 21% more of

the winter precipitation infiltrated near the burrows.

Importance of biological activity

Soil is the most complex of all microbial habitats. Soil is typically a heterogeneous

medium with many microhabitats, each with its own microenvironment. There may

be over a billion organisms, belonging to thousands of species, in a single gram of

soil. And yet, in a typical productive soil, living biomass represents only 4% of the
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soil organic matter which itself is only 5% of the bulk of soil. Soil biomass is

composed primarily of microorganisms (about 70%) with roots and macrofauna

making up the rest. The great diversity of organisms that result offers a vast

diversity of processes and functions allowing for the potential breakdown and uptake

of nutrients and biological or chemical inputs.

Of concern regarding the dairy industry, is the application of liquid manure to

pasture lands. The application of manure to fields has been shown to be a potential

non-point source for nutrients and organics that enter rivers and streams (Grismer

1981). The nitrogen contained in liquid manure not lost through denitrification,

volatilization, and plant uptake can potentially lead to pollution of nearby

waterways. Contact of applied waste with biologically active soils is an essential

component of denitrification processes, which is a major sink for nitrogen removal

(Gilliam 1986). Denitrification losses from manure spread on fields typically range

from 10-20% and the retention of applied nitrogen by most crops rarely exceeds

50% however, grasses may retain as much as 80% (Sweeten 1984). The

extraordinary ability for grass to take up such large amounts of nitrogen has lead to

the use of grassed buffer strips as a way of reducing potential contamination in

agricultural settings. Most of the benefits derived from soil microbes are limited to

the volume of soil surrounding and under the influence of the plant roots which is

referred to as the rhizosphere (Kennedy 1998). Occurring at the soil-root interface,

the physical dimensions of the rhizosphere, though somewhat controversial,

generally extends from 1 to 4 mm or more from the root surface (Kennedy 1998).

This region is the main area of biological activity in soils and is therefore of great

importance in the breakdown of excess nutrients and other potential pollutants.

Given that the principle benefits of soil microorganisms are limited to the

rhizosphere, structural features in the soil that speed the movement of applied liquids

through, or bypass this region altogether, will have significant consequences on the

soil system's ability to degrade potentially harmful materials.



Macropore flow

What is a macropore

Soils are a porous medium and as such allow the transport of water and solutes from

the surface to deeper layers. Primary pore size distribution of soils is commonly

thought to be dominated by soil texture, in other words by primary-particle size

distribution. Additionally, soil is the result of a biologically active system therefore,

texture-associated pore size distribution is not sufficient to predict the resulting

transport properties. Biophysical interactions in soils result in a secondary porosity

associated with soil structure. Soil structure provides much larger pores, commonly

orders of magnitude larger than texture-dominated pores. In addition to this, soils

contain within them many channels generated by decaying roots, worms and

burrowing insects and mammals. Structurally macropores can be either cylindrical -

generated by biological activity, or planar - generated by cracks between structural

peds (Beven 1982). With respect to transport, pores sizes can be roughly grouped

into three categories, micro-, meso- and macropores (Luxmore 1981). While there is

not strict agreement on the defining size of macropores, Luxmoore et a!, (1990)

proposed a size range of 0.075 - 1.0 mm. Many biologically generated cavities in

soils are even greater in size, worm holes commonly seen at the study site have a

diameter of 5 mm.
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Macropore flow

The flow rate through a pore increases as the fourth power of the pore diameter,

(Hillel 1999) therefore a doubling of the pore size corresponds to over one order of

magnitude increase in the transport rate of a solute through the soil system. The

depth of bypass flow is increased by the inherent connectivity of biologically

generated macropores (Soil Processes and Water Quality 1994). Rapid bypass of the

root zone reduces the opportunity for solute degradation in the most biologically

active soil horizon. This results in loss of nutrients to the root zone, and in high

concentrations of unwanted solutes deeper in the profile. The following is an

overview of the present understanding of the role macropores have in soil

hydrology.

Observations in the field

Observations of macropore flow have been recorded in the literature for over a

century (Beven 1982). Recent concern for contamination of groundwater supplies,

and surface waters through agricultural tile output has stimulated renewed interest in

studying macropore flow for the purpose of uncovering the physical processes

governing transport through soils. While it is commonly assumed that the soil

matrix has to be saturated for macropores to flow, saturation is not an essential

requirement for participation of macropores in transport (Phillip 1989, Radulovich

1992, Ghodrati 1990) and initiation of macropore flow can occur internally to the

soil profile and does not necessarily require surface ponding. Funneling of

macroporous channels, similar to focusing of drainage systems on a watershed, may

sustain deeper penetration of rapid transport when volumes and speeds exceed the

rate of sorption into an unsaturated matrix. This was shown indirectly by various

studies (Bouma 1977, 1979, Bouma 1981, Seyfried 1987, Edwards 1990, Booltnik
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1991, Radulovich 1992, Trojan 1992). Selection of bypass flow paths associated

with soil structure can be repeated with subsequent rain events (Shipitalo 1990,

Granovsky 1993). For a specific soil, the relative proportion of flow that

participates in bypass via macropores will be a function of antecedent moisture

conditions as well as irrigation intensity. Increases in antecedent soil moisture will

increase the soil matrix hydraulic conductivity allowing for a greater percentage of

soil water to move through the matrix, thereby lowering bypass flow.

Bypass flow is of particular importance in agricultural tiled fields due to the use of

chemicals (nutrients, pesticides and herbicides) and the potential for bypassed

solutes to enter tile lines and be directly taken to surface waters (Larsson 1999, Scott

1998, Kladivko 1991, Mohanty 1998). Yasushi (1999) used soft-x-rays to directly

observe the structure of macropores paths selected under three field management

strategies. Images showed that only about 30% of the potentially available

macropores conducted water. Furthermore, the structure was a function of land

management; straight isolated cylindrical paths were common in paddy fields,

networks of tortuous paths were seen in upland field soils and interaggregate paths

where seen in forest soils. Ryan (1998) used plutonium as a tracer (which readily

adsorbs to colloids) to track colloid transport through macropores. Their results

show interestingly that macropore flow carrying the highest proportion of colloids

occurs during the initial portions of the precipitation cycle when soil is still at low

saturation and therefore has a low hydraulic conductivity, diverting more flow to the

macropores. Tile drains are considered a Best Management Practice (BMP) for

reduction of potential surface runoff that may carry sorbed contaminants. Scott

(1998) found that macropores in highly structured soils deliver fecal coliforms to tile

drains within 60mm. of soil surface application. And, although the peak

concentration in the tile line was reduced two-orders of magnitude over the applied

concentration it still required substantial amount of "clean water" to dilute it to

acceptable levels in surface waters. Approximately 0.3 4% of the applied effluent
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was transported through the tile drain within 18 hours of application. Macropores in

structure soils can effectively create a field-scale bypass mechanism out of tile

drainage systems (Scott 1998).

In tiled dairy operations, bypass flow can rapidly deliver E. coli bacteria to tile

systems, potentially contaminating surface waters. But while the problem has been

noted in many studies, pesticides, herbicides, and nutrients, including liquid manure

will continue to be applied for the foreseeable future. Studies to understand the

processes governing macropore flow, and therefore the conditions under which

preferential flow may be suppressed, will out of necessity be a continuing effort.



CHAPTER 2: PHYSICAL PROPERTIES OF TRACERS
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INTRODUCTION

Two classes of tracers were used in this study: visual tracers and chemical tracers.

Visual tracers allowed for general spatial characterization of soil structure and tunnel

network connectivity. Chemical tracers allowed for non-destructive identification of

solute movement paths through soil by tracking their presence and concentration at

different soil depths as liquids infiltrate into the soil profile. Tracer chemistry can

affect the movement of a tracer through the soil, therefore sorption tests were

performed to characterize the relationship between chemical tracers and the soil

environment they would encounter in the study. Five tracers were used in this study:

Plaster of Paris

CO2 fog (visible water vapor)

Brilliant Blue dye tracer

FD&C Red #3 dye tracer

Amino-G

GENERAL CHARACTERISTICS OF TRACERS

Plaster of Paris - Visual tracer. Inexpensive and good for filling macropore

structures for destructive analysis. Outstanding effectiveness as a visual

tracer, bright white color provides high contrast in dark, moist soils.

CO2 fog (visible water vapor) - Visual tracer. When this gas is pumped into

burrow entrances, visible water vapor flowed through tunnels and exited

burrow entrances demonstrating connectivity.

Brilliant Blue dye - Visual tracer. Has high solubility and very intense blue

color, useful for observing both overland flow and vertical transport, sorbs to
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clay, moderately effective in dark colored (or wet) soils. (Used in surface

run-off and vertical transport (section two) experiments)

FD&C Red #3 dye tracer - Visual tracer. Has high solubility and very

intense red color useful for observing vertical transport phenomenon, sorbs

to clay, moderately effective in dark colored (or wet) soils. (Used in vertical

transport (section two) experiments)

Amino-G - Chemical tracer. Fluoresces in the near UV(excitation band

maxima at 245 nm, 305 nm, and 355 nm with an emission band maxima at

445 nm), typically used in geo-thermal studies, photo-degrades, reported to

be environmentally safe, appears to be conservative, has low minimum

detectability and high solubility. (This tracer is discussed in greater detail in

the following section.)

PHYSICAL PROPERTIES OF AMINO-G

Introduction

Because Amino-G has been used primarily in deep-rock, geo-thermal hydrologic

studies where adsorption concerns are minimal, little data characterizing the

behavior of this tracer in poorly drained clayey soils (like those present at the study

site in this investigation) are seen in the literature. Also of concern was knowledge

that Amino-G is photo labile. Thus, both mass-loss of Amino-G due to adsorption

to clay particles and laboratory equipment as well as potential losses due to photo

degradation required testing and characterization in the laboratory before any

fieldwork could begin.



Analysis of adsorption to laboratory materials (glass and plastic) showed no

detectable adsorption of Amino-G to these substances within the range of

concentrations likely to be encountered in the field (above 0.00 1 mg/L).

Two additional laboratory analyses were performed to characterize the physical

properties of Amino-G of concern in this application. These analyses tested:

Solute adsorption to soil enabling the calculation of a retardation factor

Photo degradation of solute

Before any of these tests could be performed, Amino-G dilution standards were

prepared and the fluorometer was tested and calibrated (Appendices B and C).

Solute adsorption to soils

Introduction

Because of their physical (specific surface area) and chemical (particle charge)

characteristics, clay soils are generally considered much more reactive to suspended

solutes than sandy or silty soils. The adsorption characteristics of Amino-G to the

clayey soils at this study sight were not known. Adsorption/retardation

characteristics of Amino-G were tested on soil samples collected from the study site.

A soil suspension experiment (batch test) and a soil column experiment yielded a

characteristic soil adsorption isotherm, corresponding retardation factor, a solute

break-through curve, and a mass-loss calculation. These characterizations of

Amino-G helped to estimate what sorption losses (if any) might be expected under

field conditions.
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The soil batch test was used to generate an adsorption isotherm. The slope of the

curve from the isotherm allows the calculation of a retardation factor. However,

because the batch test yields no information concerning rates of sorption, and more

importantly de-sorption, a soil column experiment was performed to calculate the

mass-loss of Amino-G. Mass-loss occurs when de-sorption rates are slower than the

analysis period. An ideal tracer would be one that has no sorption and thus no

retardation and no mass-loss.

The soil sample used for the following solute adsorption tests was collected from the

1-ha general study area in the spring of 2001. The procedure for collecting the

sample was as follows: The 1-ha general study area was subdivided into one

hundred equal units. From each of these units, six random samples were taken using

an Oakfield Probe to a soil depth no greater than 3 0cm. The six samples were

combined in the field, labeled, and assumed to be a representative sample of that

unit. The samples were then air-dried, ground, and stored in standard soil bags.

Approximately 4 grams from each of these samples was placed in a mechanical

tumbler and mixed for 12 hours to thoroughly blend the sample. This combined soil

sample was assumed to be the representative soil sample of the study area.

Soil suspension test and calculation of retardation factor

A soil suspension test was performed to test the reactivity (sorption) of Amino-G to

the soils likely to be encountered in this study. An adsorption isotherm and

retardation curve was generated from the data.

Eight serial dilution standards of Amino-G tracer were prepared (Appendix B).

Ranging from 250 mg/L (the estimated field input concentration), to 0.1 mg/L (a

concentration well above the minimum detection limit of Amino-G of 1 0 mgIL)
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(Table 2.1), the eight solutions with four replicates each were sufficient to describe

the sorption trend (Baham, personal communication). Error was calculated using

standard propagation of error techniques.

Table 2.1 Amino-G dilution standards used for soil suspension test.

Amino-G dilution Error

Soil suspensions were prepared as follows: 1.00 g each of prepared soil sample (see

above) was weighed using an electronic analytical balance (Denver Instrument Co.

model A-250) and was added to 35 ml polyethylene centrifuge bottles (32 bottles

total - 8 concentrations with 4 replicates). Using a lOm electronic micropipette

(error ±0.002m1), 2OmL of Amino-G solution from across the range of

concentrations selected were added to each of the bottles. A control set was run

using distilled water to measure natural background fluorescence in these soils,

which is expected to have emission spectra near that of Amino-G (Smart 2002). The

standards (mgJL)

250 ±0.04

39.72 ±0.005

3.15 ±1e4

0.251 ±4e5

0.059 ±1e5

0.019 ±3e6

0.003 ±6e7

0.0016 ±3e7
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bottles were then capped and agitated for 1 hour to ensure thorough dispersion of the

soil in the solutions.

After agitation, the bottles were individually weighed to allow their balanced

placement in an eight-bottle centrifuge rotor head. The samples were then

centrifuged for 1 hour at 12,500 RPM (relative centrifugal force = 18670 g) using a

Sorvall SS-3, Superspeed centrifuge. After the samples were removed from the

centrifuge, 6 mL of supernatent liquid was removed by pipette, placed in a glass

culture tube (see Appendix D for UV adsorbing performance data of culture tubes

used in this study) and analyzed using a digital fluorometer (see Appendix C for

fluorometer specifications).

After subtracting the natural background fluorescence that was measured from the

distilled water treatments (equivalent to approximately 0.01 mg/L Amino-G), the

pre- and post-treatment fluorescence data were used to calculate the sorption density

of Amino-G, which was then plotted on an adsorption isotherm. The background

fluorescence obtained from the batch test was the highest observed in all of the

background fluoescence analysis during this entire investigation (see Appendix B for

all background interference measurements over entire investigation).

Sorption density is the mass of tracer adsorbed per unit mass of soil (reported here as

tg solute/g soil). The sorption density is calculated by subtracting the post

treatment concentration (having first subtracted any natural background

fluorescence) from the pretreatment concentration of the standard, multiplying by

the volume of standard dilution added to the bottle and then dividing by the mass of

the soil added to the bottle. The sorption density is calculated using the following

equation:
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q=(C'HCe)Vr (1)

Where C, is the initial concentration (mg/L), Ce is the final concentration (after

subtracting background fluorescence)(mg/L), VT is the volume of solution added

(liters), and m is the mass (g) of the soil in the reaction bottle.

The adsorption isotherm is a plot of the sorption density as a function of the post-

treatment concentration of Amino-G remaining in solution after reaction with the

soil sample (assumed to be at equilibrium).

When calibrated using a calibration curve (see Appendix C for fluorometer

calibration), the linear range of the fluorometer extends to about 0.5 mg/L.

Therefore, supernatant extractions with concentrations greater than 0.5 mg/L,

required dilution for fluorometer analysis. The 3.16 mg/L solution was diluted by a

factor of 500 and both the 39.7 mg/L and 250 mg/L solutions were diluted by a

factor of 1000. Using standard propagation of error calculations, the error due to

dilution for the 3.16 mg/L, 39.7 mg/L, and 250 mg/L dilutions were ±1e5, ±666, and

±46 respectively. According to the fluorometer manual (although it was not

independently tested), additional error is expected in analysis occurring near the

extremes of the analysis range. Dilutions not withstanding, the fluorometer was

measuring the concentration of diluted samples near the upper limit of the

instrument's range where the error is greatest. These combined errors are suspected

as the reason for the higher variability of data points associated with solute

concentrations above 0.251 mg/L.



Results

In these soils, Amino-G shows a non-linear sorption trend (Figure 2.1). Non-linear

sorption trends can be mathematically modeled using a variety of functions. The

function that seems to best fit the behavior trend of Amino-G in these soils belongs

to one of four categories of isotherms and is known as a van Bemmelen-Freundlich

isotherm (Sposito 1989). Because the concentrations tested were distributed

logarithmically across the range, it is difficult to show the trend on one plot using

linear scaling. Therefore a semi-log plot is used to show more of the trend at the

lower concentrations. The linear regression for this and all isotherm plots is a curve-

fitting model and does not indicate an adsorption mechanism though it has useful

predictive power (Sposito 1989).
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Figure 2.1 Adsorption of Amino-G to clay soils found at study site - van Bemmelen-
Freundlich isotherm.
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The equation used to model the trend is a two-parameter power function described

by the following equation:

q=K[C]?i (2)

Where q is the sorption density (micrograms tracer/gram of soil), C is the post-

treatment concentration (mg/L), and K and n are fitting factor coefficients.

For the adsorption trend of Amino-G in these clay soils, the fitting factor

coefficients are:

K= 0.0007

n0.8622

The curvilinear sorption model seen on the van Bemmelen-Freundlich adsorption

isotherm reveals the relationship between the concentration of the solute and its

adsorption to soils. The trend for Amino-G sorption in clay soils shows that a

greater relative fraction of the tracer is adsorbed per unit mass of soil at lower

concentrations than at higher concentrations. A higher degree of uncertainty is seen

in the sorption trend associated with the higher concentrations most likely because

of the increased error related to preparing and measuring the samples in this range

(see methods above).

The slope of the curve describing the sorption trend is known as the sorption

coefficient (K), which is used to calculate the retardation factor (R) of the solute

with respect to the soil environment. For compounds that show a linear sorption

trend, the sorption coefficient (K) is constant. However, for a non-linear sorption

trend, the sorption coefficient changes relative to the concentration of solute and

thus, the retardation is also non-linear.
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Retardation of Amino-G in clay soils

The retardation factor (R) is the factor by which the transport of a solute will be

delayed as compared to water. For example, if the retardation factor is 2, the

transport of a solute will take twice as long as the predicted Darcy time (the

transport time expected for water through a saturated homogeneous media).

Delayed transport occurs when a solute is temporarily bound (adsorbed) to the soil

particle surface. Adsorption characteristics of solutes differ due to the unique

chemical relationship between a solute and the soil environment of interest. A

chemical tracer with a very low retardation factor is referred to as a conservative

tracer. Amino-G is considered a conservative tracer in course sediments (Peter

Rose, personal communication).

The sorption coefficient of the solute allows for the calculation of the retardation

factor. Non-linear retardation is modeled using the following equation (Zheng

1995):

R =1+-baC'f

Where Pd is bulk density,f is the porosity, b and a are the fitting factors from the

power function defining the van Bemmelen-Freundlich isotherm, and Ce is the

equilibrium concentration of Amino-G.

Using mass and volume dimensions obtained from the soil column test (described

below), the porosity, and bulk density of the soil sample was calculated (see

Appendix F for soil sample characteristics). After some initial settling of the soil in

40
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the column (app. 3%), the average porosity and the bulk density were calculated to

be 57%, and 1.13 g/cm3, respectively.

The resulting non-linear retardation factor is plotted in Figure 2.2, with the lowest

value a concentration of 0.01 mg/L being the highest natural background

fluorescence observed in these tests. Field samples containing concentrations any

lower than 0.01 mg/L would be indistinguishable from the naturally occurring

background fluorescence unless other analysis methods were used

(spectrofluorometry).

For the range of concentrations expected in upcoming field experiments, the

retardation factor ranged between R=1.0005 and R=1.0023. Even though the

retardation factor changed with concentration and is greatest at low concentrations,

the difference over the range of interest (0.18%) is considered insignificant.
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Figure 2.2 Calculated retardation factor for Amino-G in clay soils found at
study site.



Soil column test and mass-loss calculation

Introduction

A second solute adsorption experiment was conducted to determine if the Amino-G

tracer was conservative with respect to the soils from the study area and the

concentrations to be used in the field. A plug of Amino-G tracer solution was

allowed to infiltrate a saturated soil column and the discharge from the base of the

column was collected every 100 minutes using a mechanical fraction collector.

Fluorescence analysis of discharge allowed the characterization of a breakthrough

curve and calculation of a mass-loss during transport.

Method

A column was manufactured using clear PVC and other plastic hardware. The

column had an inside diameter of 1.98cm. A disc of stainless steel mesh screen

(0.15 mm openings) was fitted at the bottom of the column and a flat cap with a

nylon exit nipple and hose (0.32cm inside diameter, 17cm long) was secured to the

bottom of the assembly (Figure 2.3). Taking care to minimize sorting of soil

particles, the prepared soil sample (see soil preparation description above) was

carefully loaded into the top of the column to a height of 19cm.
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Figure 2.3 Soil column set up showing column and fraction collector. Sample tubes were contained in a
mechanically advancing turret that cycled every 100 minutes.
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To fully saturate the soil colunm, air contained within the soil sample required

evacuation. Infiltrating CO2 gas from the base of the column for 24 hours was

sufficient to displace all the air from the soil sample. The soil sample was then

slowly wetted from the bottom of the column (using de-aired, distilled water) by

gradually increasing the head using a constant-head permeameter (over a 24-hour

period) until the head was above the top of the soil sample. The CO2 gas contained

within the soil pores of the soil sample dissolves in the water and thus the soil

sample is assumed to be completely saturated.

After initial saturation, the column was allowed to drain until zero head was visible

at the soil surface. Six milliliters (approximately 2cm head) of Amino-G solution at

250 mg/L was carefully added to the top of the column. Care was taken to minimize

disturbing the soil surface. The solution was then allowed to infiltrate until zero

head was again achieved. De-aired distilled water was then added to the top of the

column and a constant head of 80.45cm was applied initiating infiltration. A paper

shield was fitted around the column to minimize potential photo degradation of the

tracer.

An electromechanical fraction collector (Gilson of Middleton WI, vintage model

MFK Fractionator) was set to collect the discharge from the base of the soil column.

Discrete samples were collected every 100 minutes (the maximum interval setting

for the fraction collector). Samples were collected until an estimated 3.5 pore

volumes had infiltrated the column. Samples were analyzed for Amino-G

concentration using the fluorometer. All samples were diluted to either increase the

volume of the sample necessary for analysis or to bring concentration within the

range of the fluorometer (< 0.25 1 mg/L).

The sample collection period lasted for just over 200 hours. During this time period,

131 samples were taken representing approximately 3.5 pore volumes. The volume



of the samples was obtained by measuring the total mass of the culture tube, cap,

and sample, then taring the mean mass of the culture tubes and caps used (5.80

±0.03g) and dividing the result by the density of the exfiltrate (assumed to be

1 g/mL). It was assumed that the small amount of Amino-G contained in each

sample did not appreciably change the density of the exfiltrate.

All the samples were analyzed for Amino-G concentration using the fluorometer.

The samples were diluted as needed to ensure either enough sample was available

for analysis or to keep the sample concentration well within the operating range of

the fluorometer (<0.251 mgIL). Dilution factors for samples are shown in Table 2.2

Table 2.2 Dilution factor for exfiltrate samples
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Figure 2.4 shows the resulting breakthrough curve for Amino-G in this soil column.

The concentration peak occurred at 36.3 ±1.67 hours.

In this experiment, the average background fluorescence was measured from the

first five samples of exfiltrate before running the experiment. In the column test, the

background interference was considerably lower than in the batch test (see above)

and measured an Arnino-G equivalent of 0.002 mg/L.

Sample number Dilution factor

1-9 10

10-14 100

15-31 1000

32-48 400

49-131 20
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Mass-loss

The mass-loss is the mass of solute not recovered during the analysis period. It is

obtained by subtracting the mass of the solute entering the system from the total

mass of the solute exiting the system. The latter is calculated by integrating the

breakthrough curve generated from the column experiment. The amount of Amino-

G that entered the system is calculated as follows:

m0 = C0V

Where m0 is the input mass of Amino-G, C0 is the input concentration, and V is the

input volume.

A plug of 6ml of Amino-G at a concentration of 250 mg/L was added to the system.

Using the above equation, this corresponded to an input mass of 1.5 mg of Amino-

G.

To calculate the mass of Amino-G tracer that exited the system, the mass of Amino-

G contained in each sample was calculated and summed as follows:

m=

Where m1 is the total mass that exited the soil column, C1 is the concentration of the

i'th sample, Vi is the volume of the i'th sample, and N is the total number of

samples.
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The volume of each sample was determined by measuring its mass and multiplying

by the density (assumed to be lg/L). The concentration of Amino-G in each sample
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was measured with the fluorometer. After 216 hours, a total of 1.45 mg of Amino-G

was recovered. This represents a 3% mass-loss over the analysis period. These

results offer additional support for the characterization of Amino-G as conservative

in the clay soils at this site.

Photo degradation of solute

Amino-G differs from among other fluorescent tracers in that it is subject to

photochemical decay when exposed to light (Trudgill 1987). Although the photo

degradation rate of Amino-G is considered relatively low (Peter Rose, personal

communication), knowing the precise photo degradation rate of this compound

within the concentration range being used in this investigation was needed for field

experiment design and laboratory set-up.

Photo degradation tests were performed to obtain rates of mass-loss resulting from

exposure of this compound to two different light sources - ambient laboratory

lighting conditions and direct sunlight exposure. Varying concentrations of Amino-

o solution were exposed to these light sources over 70-hour and 4-hour time periods

respectively. Mass-loss of Amino-G resulting from light exposure was measured

using the fluorometer.



Laboratory light conditions

Mass-loss of Amino-G under laboratory light conditions was tested by placing a

range of Amino-G concentrations (6 ml of solution in glass culture tubes) directly

beneath a twin bulb, 18 watt fluorescent light fixture at a distance of 15cm and then

periodically noting the change in emissions energy over time. This level of

exposure represented a worst-case scenario and actual light exposure in the lab was

expected to be far lower. The range of concentrations tested represented the range

of concentrations likely to be encountered in sample extractions from the field (less

than 0.24 lmg/L Amino-G) and were as follows:

Concentration Amino-G

(mgIL)

0.2409

0.0594

0.0195

0.0034

0.0017

0.0002

50



51

Figure 2.5 shows the concentration of six standards over a time period of 70 hours

exposure to laboratory light. This graph shows that mass-loss is possible under

laboratory light conditions but that rates of decay are low and that mass-loss appears

greatest at higher concentrations tested.

Analyzing the percent mass-loss of the solutions allows for a better comparison of

mass-loss rates. The percent loss for each of the concentrations was calculated using

equation (4).

CC.
Percent mass-loss Xi00

Ci

Where Cf is the post-exposure concentration (mg/L) and C1 is the pre-exposure

concentration (mg/L).

Percent mass-loss of Amino-G shows a linear relationship with respect to exposure

time to laboratory light (Figure 2.6). This figure better shows that the rate of mass-

loss is positively correlated to concentration. Results are summarized in Table 2.3.

The mass-loss ranged from about 0.6 percent/hour for the highest concentration

tested (0.241 mg/L) to about 0.2 percent/hour for the lowest concentration tested

(0.0002 mg/L).

(4)



Table 2.3 Mass-loss of Amino-G due to photo decay under laboratory light

conditions. *Fjuorometer obtained concentration
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Concentration Amino-G Percent mass-loss per

(mg/L*) hour

0.2409 0.56

0.0594 0.51

0.0195 0.45

0.0034 0.39

0.0017 0.34

0.0002 0.22
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Sunlight exposure

Mass-loss resulting from exposure to direct sunlight was tested on a range of

Amino-G concentrations likely to be encountered in the field as follows:

Concentration Amino-G

(mg/L)

231

38.7

3.09 1

0.24 1

0.056

0.019

0.003

From the highest concentration (at what was estimated to be the input level of 250

mg/L Amino-G) down to 0.003 rng/L Amino-G, the solutions were exposed to direct

and intense sunlight on June 19, 2001. The solutions (6 ml each) were contained in

capped, glass culture tubes that were held at an angle approximately perpendicular to

the rays of the midday sun for four hours noting hourly the change in emissions over

the time period.

Figure 2.7 shows the change in concentration of seven concentrations of Amino-G

over the four hour period. The concentration axis is log-scaled to better show the

differences of the mass-loss of the solutions over time. Two observations are worth

noting: the two highest concentrations tested (231 mg/L and 38.7 mg/L) show less

mass-loss over time as compared to the lower concentrations, and the lower

concentrations show only moderate mass-loss during the first one hour of exposure
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and an increase mass-loss thereafter. Temperature may have affected the results.

The samples were not allowed to cool before or after analysis other than the short

time spent being analyzed in transit to and from the laboratory (approximately 10

minutes total).
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Figure 2.7 Photo degradation of Arnino-G in direct sunlight conditions. * Fluorometer obtained concentration
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Percent mass-loss for direct sunlight was calculated as before using equation (4).

The plotted results are shown in Figure 2.8. The percent mass-loss axis is log-scaled

allowing for better comparison of trends between treatments.

Within the range of concentrations tested, the trend of percent mass-loss per hour

when exposed to direct sunlight appears to be non-linear for the lower

concentrations tested (< 38.7 mg/L) whereas the percent mass-loss for the higher

concentrations tested appears more linear in nature.

Looking at the relationships between the different concentrations of solutes in Figure

2.8 shows some intriguing trends. Although the two highest concentrations show

the lowest percent mass-loss over time as was evident in Figure 2.7, the trends

associated with the remaining concentrations show that percent mass-loss is greatest

between hours one and two and then appears to level-off. Losses in the first hour for

concentrations < 38.7 mg/L are about 30%. After the first hour of exposure, the rate

of mass-loss dramatically increases. Between 65 and 85% mass-loss can be

expected within the first two hours of exposure for these lower concentrations. It

should be mentioned that the three highest concentration solutions required dilution

similar to that discussed in the soil suspension test to allow for analysis in the

fluorometer and additional error is expected with these data points.
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There are likely more processes involved in the mass-loss of Amino-G due to light

exposure than can be investigated within the scope of this work. However, these

experiments demonstrate that the photo degradation rate for Amino-G is not large

under subdued laboratory light conditions or if exposure to direct sunlight is only

allowed on Amino-G concentrations greater than 38.7 mg/L or for very short time

periods. Our use of Amino-G fell within these guidelines. Further investigation is

recommended if Amino-G tracer is to be considered for surface studies with long

periods of exposure to direct sunlight.

Summary

The preceding laboratory work on Amino-G shows that this tracer can be

characterized as a conservative tracer in the soils for which it was tested. The

preceding experiments on Amino-G yielded the following information:

Though Amino-G appears to show non-linear retardation as a function of

concentration in these clay soils, it appears to be very low (ranging from R =

1.0023 to 1.0004 at concentrations 0.01 mg/L to 250 mgIL respectively).

Mass-loss due to adsorption to clay soils is about 3% over an analysis period

of approximately 200 hours. This adds additional strength to the

characterization of Amino-G as a conservative tracer in these soils.

Background fluorescence in these soils appears to be greatest in thoroughly

dispersed soil samples where it reached a maximum of about 0.01 mgIL

(Amino-G equivalent).

Under laboratory light conditions, testing a range of concentrations below

0.24 1 mg/L, mass-loss due to photo decay appears positively correlated to

concentration. Expected losses of Amino-G due to photo degradation under
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laboratory lighting conditions in this range of concentrations is between 0.2

and 0.5 % per hour of exposure.

Under direct sunlight exposure, concentrations of Amino-G near 250 mg!L

demonstrate a constant rate of mass-loss due to photo decay of about 3-4 %

per hour. Amino-G concentrations less than 38.7 mg/L show non-linear

photo decay with losses within the first hour of exposure being about 30%

with rates of mass-loss dramatically increasing after the first hour of

exposure. Between 70 and 85% mass-loss can be expected after two hours

of sunlight exposure with concentrations less than 38.7 mg/L.



CHAPTER 3: SPATIAL STRUCTURE - GEOMETRY OF THE

VOLE BURROWS
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INTRODUCTION

Large numbers of vole burrow entrances are present at the southern extreme of the

study site. The burrow entrances show uneven distributions and are often clustered

in very dense groups and/or distinct linear arrangements which have been suspected

to be spatially associated with subsurface drainage features known to be present

(Rogers, Cassidy unpublished material).

The spatial arrangement of burrow entrances suggests subsurface interconnectivity.

Although the location of the soil surface perforations by burrow entrances could be

easily observed, little was known about the subsurface geometry of the tunnels.

To further study the possible hydrologic consequences of these structures in the

field, destructive and non-destructive methods were used to understand the extent,

complexity, and connectivity of the burrow structures, these included:

CO2 fog - burrow entrance connectivity survey

Plaster of Paris tracer - destructive subsurface soil survey

Video endoscopic burrow survey

Information yielded from these investigations were used to select a study site for a

non-destructive, vertical transport tracer study.
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CO2 GAS - BURROW ENTRANCE CONNECTIVITY SURVEY

Introduction

The first attempt to understand the geometry of subsurface burrows was to

determine the general level of interconnectivity between the burrows using an

inexpensive, simple, non-invasive, non-destructive, and minimally toxic method. A

method was developed using CO2 fog as a visible gas tracer. Pumping this gas into

a burrow entrance and observing the movement of the gas exiting from the adjacent

burrow entrances could indicate the general level of connectivity between burrow

entrances at this site.

Method

A portable fog-generating device was constructed using a five-gallon plastic bucket

and lid. The bucket was fitted with a small internal basket designed to allow a

quantity of dry ice (frozen CO2) to be plunged into water contained in the bottom of

the bucket. After securing the lid of the bucket, immersion of the basket could be

controlled externally to control the flow of fog. The top of the device was fitted

with a rubber hose which fit snuggly into a typical burrow entrance (Figure 3.1).

Dry ice blocks were chipped to increase the surface area that would come into

contact with the water so as to maximize fog production.
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When the basket containing the dry ice is lowered into the room temperature water

the dry ice immediately sublimates into super-cooled CO2 gas. The resulting

temperature drop causes precipitation of ambient water vapor, which appears as a

visible, white cloud. This water-vapor fog quickly fills the bucket. The resulting

pressure increase inside the bucket (after fitting the lid tightly in place) produces a

steady stream of fog to flow out the rubber hose.

The rubber hose was inserted into selected burrow entrances. The pressurized fog

would fill the tunnel system and eventually exit out of other burrow entrances

connected to the system. Fog exiting adjacent burrow entrances could be easily

identified from the surface.

The device was used on a number of occasions to confirm or dispel suspected

connections. All of the surveys occurred during the summer of 2001 when soil

conditions were dry. Color-coded flags were used to mark burrow entrances that

appeared to show connectivity using this method. A number of locations that

showed high densities of burrow entrances were tested within the 1-ha general study

area.

Results

The CO2 fog survey demonstrated that connectivity and complexity was high in this

study area. When pumped into a typical burrow entrance, not only did the CO2 fog

exit out of many different adjacent burrow entrances (demonstrating considerable

connectivity) but the connectivity was complex. Within a small area (often <4 m2)

multiple and complex tunnel networks were observed. The preliminary use of this

equipment allowed for site selection for a destructive Plaster of Paris investigation



and prompted the use of the video inspection equipment for final site selection

necessary for the non-destructive vertical tracer work.

The fog machine was used again after suitable location for the vertical transport dye

tracer experiments was established. An intensive examination of burrow entrance

connectivity allowed the mapping of these features. Connectivity between burrow

entrances observed at this location was similarly complex to that observed

throughout the 1-ha general study area. However, a more careful examination of

this site revealed additional details about the complexity of the connectivity of these

subsurface structures. In some cases, burrow entrances separated by as little as

10cm showed no sign of connectivity to each other, while connected to separate yet

spatially intertwined tunnel networks. A number of contradictory results were more

difficult to interpret. Fog testing showed that some individual burrow entrances

demonstrated apparent connectivity to two or more systems. However, when

attempting to confirm these cross connections between systems by testing other

burrow entrances contained within them, no cross connection evidence could be

observed. The greatest distance fog was observed traveling from one burrow

entrance to another was at least 2 m, perhaps the maximum distance observable

using this device. Figure 3.2 shows the relative position and connectivity of the

tunnel entrances tested using the fog machine in the vole plot at the vertical transport

study site. The tunnels were also identified by color-coded pin-flags that indicated

the connectivity of the various burrow entrances.
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Although the fog machine was useful for mapping of specific structures that would

later be useful, the fog machine was limited as a tool for understanding the potential

hydraulic significance of the connections identified. Connectivity between burrow

entrances observed using a visible gas as a tracer may result in erroneous

conclusions about the hydraulic behavior of these interconnections, gas moves

through a medium governed by very different laws than a liquid. Visible water

vapor created by the cooling of moist air due to sublimated CO2 undoubtedly has

specific physical characteristics and flow dynamics that would need to be carefully

characterized in order to use this method for anything other than gathering

supporting evidence. Also, we used this method under dry soil conditions in which

the soil is likely to be more permeable to a gas, undoubtedly influencing its flow

behavior and perhaps leading to a false positive result for connectivity. Under wet

soil conditions, the flow characteristics of this tracer might yield very different

results.
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PLASTER OF PARIS TRACER - DESTRUCTIVE SUBSURFACE

SOIL SURVEY

Introduction

Excavation and destructive analysis was inevitable to better understand the

subsurface geometry of the vole tunnels. To maximize the visibility of the tunnel

structure and to minimize the destruction of the likely fragile architecture of the

system, Plaster of Paris was used as a tracer. This approach involved pouring liquid

plaster into burrow entrances, allowing time for the plaster to harden, and then

excavating the plaster-inundated area to observe the movement of the plaster

through the system.

Method

The study site was located approximately 150 m north of Campus Way and

approximately 78 m west of the easternmost edge of the 1-ha general study area

(local grid coordinates reported below). The site was limited to an area

approximately 20 m2 and contained approximately 10-15 burrow entrances.

The study site was cleared of grass using a gas powered weed-eater and garden rake

and was flagged off to prevent disturbance by farm operations. 11.35 kg Plaster of

Paris and 55 gallons of water were transported to the site. Previous plaster

consistency testing in the laboratory produced a desirable mixture ratio of

approximately 0.26 kg plaster per liter of water. All plaster was mixed on site, -.l8L

at a time, in five-gallon plastic buckets. Plaster consistency was chosen to be thin

enough to insure the deepest possible penetration and still allow the plaster and
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water to chemically combine. Unfortunately, the plaster's strength is greatly

reduced when the plaster to water ratio is decreased. This eliminated the possibility

of removing intact castings of the voids (one of the original goals that inspired the

use of Plaster of Paris).

After thorough mixing, the liquid plaster was monitored for viscosity and once the

plaster was the consistency of heavy cream, the liquid plaster was rapidly poured

down one of the burrow entrances located within the study site. The rate at which

the mixture was poured down the burrow entrance was approximately five gallons

per minute with occasional pauses (three or four) per five-gallon application. Plaster

was poured until the tunnel was completely filled and the burrow entrance

overflowed, at which point more plaster would be poured down the nearest unfilled

tunnel entrance (Figure 3.3). This procedure continued until all of the plaster was

gone. The plaster was allowed to cure overnight before the excavation took place.



Figure 3.3 Pouring liquid plaster into burrow entrances. Liquid plaster was poured until it exited adjacent burrow
entrances. Area of plaster inundation measures about 20 m2.
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A soil pit measuring 4.1 meters long, 1.4 meters wide, and 1.3 meters deep was

excavated immediately north of and partly within the plaster inundation study site

(Figure 3.4). The initial excavation was conducted by a local contractor (Hyland

Sitework LTD, Corvallis OR) using a backhoe. Care was taken to segregate soil

from different soil horizons as the excavation ensued so as to minimize soil profile

disturbance upon refilling the soil pit. A 2-inch diameter PVC pipe was driven into

the soil at the southeast corner of the excavation site and cut flush to the ground to

serve as a local geographic datum. The datum was located at a local grid position of

1016 west, 5095 north.

After using heavy equipment to excavate a primary soil pit, the pit was carefully

expanded southward by hand A ledge was incrementally excavated into the south

wall of the soil pit. The ledge bottom was 0.35m from the surface and ran 3.Om

along the south wall of the soil pit. In 10cm increments, the ledge was increased in

depth southward and toward the area of maximum plaster inundation (Figure 3.5).

A series of photographs were taken of the freshly exposed soil profile, showing the

flow path of the plaster and revealing animal tunnel extent and connectivity, soil

macropore structure, and connectivity to worm holes.
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Figure 3.4 Plot-view schematic and photo of plaster inundation and excavation area. Schematic rotated and super-
imposed over photo showing soil pit excavation orientation.



Figure 3.5 Excavation shelf in soil pit facing south. Shelf was expanded southward in 10 cm
increments. Numerous plaster-filled structures visible including vole tunnels, soil cracks, and root and
worm channels.



Results

The plaster proved to be an effective tracer in determining the level of connectivity

between the animal burrows as well as marking other structural features. Plaster

used as a tracer showed that the burrow entrances, tunnel systems, connected

macropores, and other structures are interconnected and appear capable of receiving

and containing large volumes of liquid. Approximately 50 gallons of liquid plaster

was poured into five holes.

The maximum depth observed of the tunnel networks was 40cm. However, the

majority of the tunnels were determined to go no deeper in the profile than '-P20cm.

Once the passageways reached this depth, they continued horizontally with minor

subsurface topographic fluctuations. Figure 3.6 shows a parallel cross-section of a

plaster-filled vole tunnel running horizontally. Also shown in Figure 3.6 is the

complex physical structure revealed by the plaster of vole tunnels in perpendicular

cross-section. The plaster also revealed much of the fine-scaled macropore structure

and other features demonstrating hydraulic linkage to the tunnels.
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Figure 3.6 Cross-sectional views of plaster filled subsurface features. South wall of excavated shelf.
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The most dramatic deep profile linkages observed were large, vertical, plaster-filled

wormholes (up to 10mm in diameter) that clearly demonstrated direct hydrologic

connectivity between the animal tunnels and the deep subsurface. Figure 3.7 shows

the plaster cast of one such wormhole that extends from the base of an animal

burrow to a depth of at least 1 .4m (past the depth of drainage tiles known to exist in

this location). In addition to finding a live worm at the bottom of the plaster-cast

wormhole, approximately 8m1 of greenish effluent material was found (liquid

manure had been applied to this field within a month of this excavation). This

discovery is direct evidence that the combined features of animal tunnels and worm

activity (both of which are expected features of bottomland, perennial agriculture)

are able to transport surface-applied liquids down to the depth of the drainage tiles.

The subsurface tunnel networks and other associated structural voids store liquid

that would otherwise run off. The liquid thus stored would then drain into the deep

subsurface by means of the connected wormholes and other structural transport

features.

Other macroporous structures not related to worm activity may provide additional

storage capacity, enhancing transport between the animal burrows and deeper

portions of the soil profile. A distinct semi-circular region extends between 10 and

30cm down and away from the animal tunnels. A close-up cross-sectional view of

one of these features (Fig 3.8) exhibits its heterogeneous structural composition.

These features were typical of the plaster-filled tunnels in this excavation. This

observation led to the concept of the "zone of influence."
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Figure 3.7 Rapid transport of liquid-plaster from burrow entrance, into
vole tunnel, and down worm tunnel.
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Figure 3.8 Perpendicular cross-sectional view of typical plaster-filled vole tunnel showing "zone of
influence." Note plaster-filled inter-aggregate space below plaster-filled tunnel void.
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The subsurface structure of the burrow systems is composed of 1) vertical entrance

tunnel, 2) horizontal, open tunnel passageway, 3) the zone of influence. The zone of

influence is spatially associated with animal tunnels and is characterized by apparent

structural dissimilarity from the surrounding soil matrix. The zone of influence is a

three-dimensional area in the soil adjacent to and below the tunnels void. It appears

thickest directly beneath the floor of the tunnel and diminishes in thickness at

increasing lateral distance from the centerline of the tunnel with the exception of

occasional long, mustachio-like macropore features that extend down on either side

at the very extremes of the zone. The degree to which the zone of influence can be

observed varies from tunnel to tunnel.

The modified structure within the zone of influence appears to be composed of soil

aggregates, grass clippings, and other debris in various states of decomposition. The

origin of these materials was not studied. Although not measured, the open structure

in the zone of influence suggests high hydraulic conductivity. When considering the

volume of the tunnel networks it is necessary to include the zone of influence as a

part of the capacity of the system. The structural nature of the zone of influence

undoubtedly affects the flow dynamics of the tunnel networks.

The zone of influence is likely the result of environmental modifications made by

the inhabitants of the tunnel systems. The grass clippings and other debris including

stones and soil aggregates appear to be either bedding material carried inside from

the surface or the excavation debris left from the soil-mammal's toil. During

periods when excavation is taking place (suspected to be linked with soil moisture

levels), piles of excavation debris were observed at the soil surface adjacent to the

burrow entrances (Figure 3.9) which appears to have similar physical characteristics

with some of the material contained within the zone of influence.



Figure 3.9 Evidence of vole-tunnel excavation activity. Aggregate debris ejected from burrow entrances of uniform size
similar to that found within tunnels. Vole tunnel ejecta observed simultaneously in hundreds of burrow entrances on
11/21/01.
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Curiously, the excavation debris adjacent to burrow entrances shown in the photos in

Figure 3.9 is the result of vole activity that occurred suddenly and simultaneously in

hundreds of burrow entrances on the morning November 21, 2001. This sudden

flury of vole activity is suspected to be associated with increasing levels of soil

moisture occurring at this time. This hypothesis was not tested and is left for future

study.

The connectivity observed in the plaster inundation study seemed to indicate less

connectivity than was suggested by the CO2 fog survey. The difference in these

results could be the result of 1) CO2 tracer behavior, 2) natural variability of vole

burrows, 3) different hydraulic behavior of the two tracers, 4) soil moisture

differences at the time of testing.

The use of Plaster of Paris greatly expanded our knowledge of the spatial geometry

of these features. The fact that the tunnel depth was consistent with straight

horizontal stretches gave me the confidence that a site could be instrumented for a

vertical tracer study. The next challenge was to identify a specific site using a non-

destructive method.



VIDEO ENDOSCOPIC BURROW SURVEY

Introduction

Our knowledge concerning the geometry of these features up to this point led to the

design of a field experiment that required the identification of a specific, undisturbed

study site suitable for the installation of subsurface instrumentation, subsequent

tracer application, and soil-water sample retrieval. We initially wanted to select a

simple tunnel system, ideally one that had a tunnel entrance connected to a straight

length of tunnel with no side tunnels and with a horizontal run of at least im. The

challenge was to explore prospective tunnel systems without destroying or

disrupting their structure or hydrologic function.

A novel approach to mapping the subsurface tunnel networks sprang from the

observation that the tunnels were not unlike the alimentary canal in size and shape

and it seemed possible that a medical endoscope could be used to investigate and

successfully map the extent of prospective tunnel candidates. Research into the

availability of this type of technology yielded an improvement in the concept. A

portable, digital video inspection device with the added benefit of being able to

record digital still and video images was secured from Everest VIT International

(www.everestvit.com!) which manufactures this type of equipment for industrial

applications. A generous arrangement with the manufacturer allowed us possession

of an XL PRO Video Probe for three days in mid August 2001. During this short

time period we needed to learn how to operate the unit, put it through a series of

tests to see if indeed we would be able to reliably navigate within and map the

tunnels, as well as actually perform the survey and successfully identify a tunnel

system for further study. The probe and tests performed using the probe are

discussed in Appendix G and H.
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Over 48 burrow entrances representing 33 separate vole tunnel systems were

successfully probed, and over six hours of digital video were collected. From this

data, important spatial geometry information was collected, a suitable tunnel system

was located for the upcoming tracer experiments, and as many as four voles were

encountered within their subterranean habitat.

Method

To limit our search area, a subset of the 1-ha general study area was selected based

primarily on its large number vole burrow entrances. The search area was

rectangular in shape and ran along the southernmost extreme of the 1-ha general

study area and measured approximately 40m east/west by about 20m north/south.

Prospective burrow entrances were selected for probing based on their outward

appearance and position relative to one another. Search criteria included: burrow

entrances that appeared well maintained, were clear of debris, and were isolated

from other burrow entrances by at least im. To improve the visibility of the video

monitors, a portable sunscreen was erected over areas where probing was to take

place.

After a burrow entrance was selected for probing, the probe was slowly guided into

the hole and its progress monitored on the external video monitors. Adjustments

were made in the tip position as needed to navigate around obstacles. Position

location was noted whenever a feature of interest was encountered (changes in

subsurface topographic elevation, changes in tunnel direction, branching or other

tunnel complexities, areas of debris or changes in bedding materials, exit holes, etc.).

Position information was used to map the relative location of these features within

the tunnel. Observations of the tunnels physical characteristics (depth, aspect,
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length, shape, and complexity) allowed the ranking of prospective tunnels for their

suitability for use in the upcoming tracer studies. Final criteria for study tunnel

selection included: 1) simple tunnel (no branching), 2) straight tunnel, 3) at least im

in length. These and other characteristics of the explored tunnel systems were

recorded allowing for selection of a study tunnel (see Appendix I).

Nearly all of the tunnel explorations were recorded on digital videotape for closer

analysis in the laboratory. All burrow entrances and exits explored were given a

unique number and pin-flag. At the end of each day's work, the exact landscape

position of all probed burrow entrances were recorded using a laser transit and total

station. This allowed burrow entrances to be found in the event that the flags were

accidentally removed (or eaten by cows, as turned out to be the case). Over six

hours of digital video was recorded of the subsurface explorations. The knowledge

acquired during these visual inspections again required the adjustment of many

assumptions concerning the extent and complexity of the tunnels.

Results and discussion

48 burrow entrances were probed and their positions within the local grid were

recorded (Figure 3.10). Tunnel systems associated with burrow entrance numbers 1,

21, 24, 32, and 33 were selected as potential candidates for the dye tracer study.

These five tunnel systems most closely fit the criteria of a representative tunnel for

future tracer work. All were at least 0.6m in length and were relatively straight and

simple with no side tunnels. All but one (#33) had exit holes and two (#33 and #24)

had significant straw or debris inside parts of them. Of all these candidate systems,

#1 (the first system we explored on day one of the survey) seemed the best choice

for the upcoming tracer work. This tunnel system fit all the criteria. It was over im

in length, relatively straight and clear with no side branching, and appeared to be
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relatively isolated from other tunneling activity (although later excavations showed

that connections between tunnels is sometimes temporarily covered up by debris that

could be easily missed by the video probe). In addition to identifying a study site,

much was learned about the tunnel systems, which are discussed below.

The mean depth of the tunnels explored using the video probe appeared to be the

same as the Plaster of Paris excavation had indicated (about 20cm). However, the

length of the tunnel systems was less than had been assumed based on spatial

information derived from the CO2 fog investigation. The average length of the

systems explored with the video probe was 0.56m with a standard deviation of

0.31m. The minimum length was 0.lOm and the maximum was 1.5m (See

appendix I for tunnel characteristics information and burrow entrance locations).

Only two of the 33 tunnels were longer than im. Five of the tunnels could not be

fully explored because of debris blockage or directional changes that were

impossible to navigate. One-third of the tunnel systems were terminal systems with

only one surface opening. The remaining systems either ended at another burrow

entrance or, as in the case of three of the tunnels, had more than one exit. Enlarged

chambers (often filled with straw) were seen in a total of 10 of the 48 tunnels

explored, and three were dead-end chambers. One straw-filled chamber showed

signs of nesting activity and movement within the straw mass. Only two branching

side-tunnel features were seen in all of those tunnels surveyed.

The tunnel systems varied greatly in the composition and quantity of bedding

materials and excavation debris. Some tunnels were completely empty of these

materials and others were so densely packed with straw and other bedding materials

as to be impenetrable with the probe. On occasion, fresh green grass was seen lining

the floors of the tunnels. All of the tunnels had some degree of roots hanging down

from the ceilings (Figure 3.11). Most of the roots were short and did not extend to

the floor of the tunnel and were likely either cut during excavation or were kept trim
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by the activity of the inhabitants. Numerous insects apparently make their homes in

these mammal tunnels. Beetles, flies, centipedes, worms and other invertebrates

were frequently encountered in the tunnels.



Figure 3.10 Location in local grid of 48 burrow entrances explored using the digital, video endoscope. Locations for
prospective tunnel systems suitable for vertical transport tracer studies and sightings of voles are shown with number
label.
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Figure 3.11 Vole tunnel interiors. Roots can be seen hanging down from the tunnel roof. Soil aggregates and grass
clipping can be seen on floor of tunnel. Probe-tip position indicator at left in each photo.
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Voles were encountered in six of the tunnel systems (numbers 25, 26, 28, 29, 30,

and 31). The proximity of these tunnel systems to each other suggested that repeat

encounters with animals was probable. Tunnels 25 and 26 were located in close

proximity to each other (within an area 0.25 m2) and though we could see no tunnel

connection between the systems, it seemed likely these two sightings were the same

vole. About 5m away from tunnels 25 and 26, tunnels 28-31 were also located in a

cluster such that it too seemed likely that we were spotting either one or two of the

same voles within these systems. For the most part, these animals appeared

indifferent to the presence of the probe (Figure 3.12). However, after lengthy

viewing of one of these animals in close quarters, this vole made a series of charges

at the camera. The attacks were so intense that the shock wave of the animals

contact with the probe could be felt in the portion of the probe at the surface and a

hasty retreat was made out of fear of damaging the probe tip. Mostly though, these

subterranean animals busied themselves grooming, eating, or digging.



Figure 3.12 Vole in subsurface burrow.
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SUMMARY

The CO2 fog survey demonstrated that connectivity and complexity is the

norm in this study area.

Although the use of CO2 fog was useful for establishing the general

connectivity of burrow entrances, it is limited as a definitive tool for

establishing connectivity because of leakage problems and it is a low

pressure system that may not completely fill the entire system.

Plaster of Paris proved to be an effective tracer in determining the level of

connectivity between the animal burrows as well as marking other structural

features although it requires a destructive analysis.

Plaster inundated tunnels in this study area appear to only continue to a depth

of about 20cm.

Plaster of Paris is a useful tracer/marker for identifying both large and fine

macropore structure (as small as 0.5 mm in diameter) in clay soils under

moderate soil moisture conditions. The brightness of the white plaster

contrasted very well against the dark, moist soils seen at the study site.

Deep profile linkages were observed using Plaster of Paris. Large, vertical,

plaster-filled wormholes (up to 10 mm in diameter) clearly demonstrated

direct hydrologic connectivity between the animal tunnels and the deep

subsurface beyond the depth of drain-tiles.

Plaster of Paris showed that burrows are interconnected and are capable of

storing large volumes of liquid.

Plaster of Paris revealed structures associated with the presence of

subsurface tunnels leading to the concept of the "zone of influence." The

zone of influence is a three dimensional area of high hydraulic conductivity

partially surrounding the void of a tunnel, providing a transitional zone of

high hydraulic conductivity between the void of the tunnel and the

surrounding soil matrix.
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Tunnel networks are more than passageway voids in the soil. Unknown

processes responsible for the zone of influence associated with the

construction of tunnels increases the storage volume of these systems and are

important in determining the hydrological significance of the presence of

these creatures in the soil system.

The use of a portable, digital, video probe was effective for mapping

subsurface features of undisturbed vole tunnel networks.

The video probe survey showed that most tunnels in these systems appear to

be less than 1 m in length, are relatively straight and simple, and vary greatly

in the composition and quantity of bedding materials and excavation debris

they contain.

During the video probe survey, many species of invertebrates were seen

occupying the tunnel systems and a number of voles were also encountered.

The probe was successfully used to enter 48 burrow entrances from which a

single tunnel system was successfully selected for a non-destructive, vertical

transport tracer study.



CHAPTER 4: SURFACE RUN-OFF INTERCEPTION
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INTRODUCTION

In addition to subsurface environmental modifications made by burrowing

mammals, evidence of surface modifications by microtine rodents may also be an

important factor in the movement of solutes/contaminants through the soil system.

Exactly how water enters these subsurface structures has important implications on

how it behaves and what it may contain once there. Visual dye tracer tests were

used to investigate the hydraulic relationship between surface and subsurface

modifications made by soil-mammals.

BACKGROUND- PRELIMINARY TESTING

Burrow entrances (holes in the surface) offer the most obvious modification of the

soil surface and potential for surface dynamics. On the most fundamental level,

surface applied liquids can fall directly into these holes, completely bypassing the

soil surface and associated processes, and be rapidly transported below the root

zone. Additionally, holes in the soil surface may intercept overland flow (run-off)

altering its behavior as well as allowing solutes/contaminants carried in surface

water to rapidly bypass the system.

Differing from other fossorial mammals present at this study site (moles and

gophers), fossorial microtine rodents also build and maintain surface runways.

Hereto referred to as "vole highways," they appear to be an integral component of

the burrow systems linking burrow entrances to one another at the soil surface.

Mowing or spreading the tall grass that normally conceals these structures easily

exposes these pathways. When exposed, vole highways appear as grassless trails

that are about the same width as the burrow entrances they lead to (3 to 4cm). They

range from very complex networks linking many burrow entrances, to a single
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pathway connected to a single burrow entrance. The length of the pathways is also

variable ranging from just a few centimeters to as long as 2.5m if not longer.

What effect this complex aboveground network has on surface water run-off was

unknown. Could these surface pathways conduct water toward burrow entrances?

If so, what was the origin of the water thus conducted? Could these surface

pathways not only conduct water that chanced to land on them but also intercept

surface run-off and "funnel" water into the burrow entrances and into the subsurface

tunnel networks?

Preliminary dye tests conducted during periodic rainfall on December 14, 2001,

(near the end of a 5-d period of rain during which the fourth day received 3.58cm of

rain in a 24-h period) showed that surface run-off occurring within the pathways was

clearly capable of draining into burrow entrances. A strong concentration of

Brilliant Blue dye was prepared and approximately 20-mi quantities were placed in

pathways at various distances from burrow entrances. Results were video taped for

analysis. The dye was clearly seen traveling horizontally along with the surface run-

off water within the confines of the pathways and in many cases, would rapidly

disappear down a burrow entrance. However, other burrow entrance clusters

appeared to be completely flooded with little or no water being conducted to them.

CONSEPTUAL MODEL

Modifications made to the soil surface by the vole highways change the physical

characteristics of the local soil structure at the surface. Soil compaction caused by

vole traffic and/or actual maintenance activities by voles (vegetation/seed removal)

keeps the vole highways clear of vegetative growth. These alterations have the



effect of reducing the hydraulic conductivity of the soil surface allowing water to

pond on the highways.

The effect is enhanced by associated topographic modifications directing the flow of

ponded water toward burrow entrances. Possibly due to vole traffic, lack of

vegetation over time, accumulation and redistribution of fibrous materials from land

application of liquid manure, and/or the removal of sediments through alluvial

processes, vole highways show concavity in cross-section creating a small channel-

like structure. During saturated conditions, overland flow of water ponding on

highways is confined to the channel structure with the channel behaving much like a

miniature streambed. Thus overland flow is channeled by the vole highway until

reaching a topographic condition that either allows the flow to pond, disperse, or

flow down burrow entrances located at the terminus of the highway.

If the concavity of the vole highways is "below grade," meaning the concavity is the

result of either subtractive processes or topographic lowering due to other processes,

vole highways will intercept any overland flow that encounters these structures

altering the path of this water and conducting it toward and into burrow entrances.

This has the result of increasing the service area of both the burrow entrance and

vole highway in excess of the total surface area of these structures.

PURPOSE

Surface and subsurface modifications by burrowing animals link human land use to

subsurface phenomena and have important land management implications. If these

surface structures are indeed able to funnel significant quantities of surface applied

water (and the solutes/contaminants they may contain) into large bypass features

(subsurface tunnels), large amounts of water could be bypassing important physical
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and biological processes that land managers rely on to minimize contamination of

surface and subsurface water resources.

Though preliminary dye testing clearly showed that surface run-off occurring within

the vole highways could be conducted toward and down burrow entrances, more

controlled dye testing was required to ascertain the ability of the vole highway's

potential for intercepting surface run-off occurring outside the confines of these

structures and determine over what distances surface transport could occur. The

following is an observational study to determine if interception of surface runoff is

possible.

METHOD

A study plot was selected at the southern extreme of the 1-ha general study area.

The plot showed typical high-density burrow entrances (1-5 burrow entrances per

m2) and surface structure connectivity. This plot measured approximately 4m x 6m

and was located at local grid position 1059-1065 meters east/west and 5006-50 10

meters north/south (Figure 1.5). The local topography has a southerly aspect. A

transect was marked with a 4m long plastic reference line staked down such that it

was centered within the plot running parallel (east/west) to the longer axis of plot

thus bisecting it. A complex of vole burrow entrances were in the local vicinity and

vole highways crossed this reference line in several locations.

The study plot was irrigated at a rate of 2.54cmlhour using two oscillating sprinklers

set up on either end of the study plot with minimum overlap. The soil was at near

saturation at the beginning of the experiment and after lh of irrigation, the soil

surface inside and outside the vole highways was visibly ponded with water. One L

of Brilliant blue dye solution at a concentration of 6g/L was applied using a plastic
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squeeze bottle. Dye solution was applied as evenly as possible along the reference

line over an approximately 45-s interval at a rate of approximately 0.03L/sec.

Because dye was applied with a squeeze bottle, application of tracer was not

continuous over the 45-s time period. The application was repeated 3 times, every

20m, over a 1-h time period. Surface run-off behavior as indicated by the movement

of the dye tracer was observed and recorded from an overhead vantage point on

digital videotape for further analysis.

RESULTS

The Brilliant Blue dye tracer moved variably as surface run-off within the study

plot. The fate of the applied dye was largely followed one of three patterns:

Direct conduction near - The dye moved almost immediately into one of

the burrow entrances located within 20cm to the line of application; dye

appeared to be at or near full concentration)

Direct conduction distant - The dye moved within the confines of the

vole highways, transporting dye to distances as great as 2 meters but not

always ending at a burrow entrance.

Disperse conduction - The dye moved into amorphous ponding features

defined as having dimensions larger than the width of a vole highway

and having little or no flow.

Refer to Figure 4.1 throughout the following results.



Direct conductiosi near

Amorphous ponding features

Vole burrow entrance

Reference line

m

#4

Figure 4.1 Map of surface runoff plot showing flow-paths of brilliant blue dye. Inset photo showing typical vole
highway



Direct conduction near

In locations where dye tracer moved immediately into holes which lay either directly

on or immediately adjacent to the reference line, 100% of the dye was transported to

the subsurface by irrigation water flowing adjacent to the burrow entrance or by the

flow of the volume of the liquid dye itself. Little dye tracer remained for other

transport features to act on it. This type of surface conduction of the tracer was seen

in a roughly 1.5-rn section adjacent to the reference line immediately east of center

(see shaded section Figure 4.1).

Direct conduction distant

Dye was transported the greatest distances in these tests when dye entered long vole

highways that cross either directly on the line of reference/application (or adjacent to

it) and having received the dye solution at near full concentration. Observations of

dye being transported over great distances (up to 2m) were seen under one of two

conditions. Either vole highways drained a small volume source reservoir area (near

line of application) containing highly concentrated dye (A in Figure 4.1) or vole

highways drained large volume reservoir areas that captured large volumes of dye

(D Figure 4.1). The maximum distance of transport away from the line of

reference/application was just over 2m occurring on the eastern edge of the study

area and moving north to burrow entrance #4.
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Disperse conduction

In locations where amorphous ponding features were the dominant transport feature,

dye diffused into these ponding features was carried along with the sheet-flow of

these larger features. Several small amorphous ponding features were the result of

either a widening followed by a narrowing of a vole highway (B in Figure 4.1) and

another appeared to be the terminus of a ponded vole highway with a small reservoir

at the end but did not appear to have any flow (C in Figure 4.1). The largest of these

amorphous ponding features was located in a roughly 1-rn2 section of the plot

positioned adjacent to and south of the reference line (E in Figure 4.1). Although

many vole highways were clearly seen within this ponding feature, they were mostly

under water as was the intervening space between them.

This large ponding feature appeared to drain into three burrow entrances, one

located directly on and at the center of the reference line (#1), and the other two

0.75m (#2), and im (#3) perpendicular from the reference line and south. At this

location, none of the dye traveled north of the reference line and nearly all of the dye

applied to the 1-rn line that defines the upper boundary of this amorphous ponding

feature traveled south and away from the line of application, and toward one of the

two southerly burrow entrances.

In addition to receiving highly concentrated dye immediately after application, the

burrow entrance located on the reference line (#1) received additional dye flow from

the ponding feature after the dye had already moved southward into the ponding

feature from the reference line. All of the dye that did not initially drain into burrow

entrance #1 drained into the ponding feature (E). The contents of ponding feature E

then drained out and down into one of three burrow entrances, #1, #2, and #3.
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Of these three burrow entrances that appeared to drain this large amorphous ponding

feature, burrow entrance #3 had by far the highest dye concentration and highest

velocity flow seen flowing down it. The water draining down this hole, and the vole

highway that lead to it visually appeared to have the highest concentration of dye in

and around the entire ponding feature. This was interesting because of its

attachment to the ponding feature. It appeared that the vole highway was

functioning as the thaiweg (the line of highest velocity flow) of the ponding feature.

Although the dye diffused into the entire ponding feature, the higher velocities

associated with the attached vole highway seemed to transport higher concentrations

of the dye to burrow entrance #3 more rapidly than the diffusion of the dye into the

ponding feature. This might explain the high concentrations, volumes, and

velocities seen draining into burrow entrance #3.

Nearly all the dye moved from the original line of application within 20 minutes.

Only at locations associated with low flow volumes (often those locations near

burrow entrances located on or adjacent to the reference line) or low velocities (low

flow ponding features located near the reference line) could the tracer still be

detected at its original application location.

Sediment transport

Brilliant Blue dye tracer allowed observations of sediment movement in the vole

highways. Figures 4.2 and 4.3 show some of the flow characteristics within a vole

highway as enhanced by the presence of blue dye.



Figure 4.2 Sediment transport in vole highway.



Figure 4.3 Sediment transport in vole highway.
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There are many conceptual models that can be proposed for the physical processes

responsible vole highway formation, while beyond the scope of this study, some

ideas might include the following:

Sediment mobilized by raindrop impacts adjacent to vole highways and subsequent

transport of sediment load by flow within surface channels may result in "paving" of

vole highways with alluvium as this material settles within the channel.

Mobilization and deposition of fine sediments potentially alters the physical

characteristics of the surface soils in the vole highways. Paving of fine sediments in

the vole highways could result in reduced infiltration capacity of the soil surface.

Additionally, removal of these sediments over time (scouring-out) by higher flows

of water and subsequent deposition of sediments to the subsurface may result in a

change in local topography effectively lowering of the vole highways relative to the

soil surface. The presence of holes in the soil surface and the hydraulic processes

that result, may create a positive feedback dynamic that might contribute to the

formation and maintenance of the vole highways.

SUMMARY

Although there were only four burrow entrances that were located either

on or immediately adjacent to the line of reference/application, Brilliant

Blue dye tracer flowed down at least 19 burrow entrances at various

velocities and concentrations.

Distances between the application line and dye that entered burrow

entrances ranged from zero to over 2m.

Vole burrow entrances near line of application intercepted dye tracer and

prevented surface flow from moving away from the application point.



CHAPTER 5: SUBSURFACE VERTICAL TRANSPORT
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INTRODUCTION

Subsurface vertical transport of solutes was investigated with the use of surface

applied tracers. Two 4 m plots were selected based on their apparent vole activity.

The plot with greater vole activity will here be referred to as the "vole plot" the

other, which had an apparent lack of vole activity, will be referred to as the

"reference plot." This observational study lacked replication and was limited to a

single sample for the vole plot and a single sample for the reference plot.

Two experimental approaches were used to understand vertical transport of

solutes/contaminants in the field. The first experiment attempted to follow the

vertical movement of water and dye tracers using a non-destructive experimental

design. First, moisture data were collected while wetting the soil of the dry plots

using installed subsurface soil moisture monitoring equipment (tensiometers) at

various depths in both plots. Analysis of these data allowed comparison of soil

wetting behavior between the plots. Also in this experiment, a surface applied

conservative fluorescent tracer (Amino-G acid) was allowed to infiltrate into the soil

profile and soil-water extractions were made (using suction lysemeters) at various

depths in both plots. Soil-water extractions were analyzed for tracer concentration

to determine the nature of possible bypass mechanisms and to determine what effect

(if any) vole activity had on the extent of bypass transport.

In the second experiment, two visually contrasting adsorbing dye tracers were

applied to the vole plot, one tracer to the surface and another directly into the vole

burrow entrances. After allowing both dye solutions to infiltrate into the soil profile,

the plot was carefully excavated to follow the movement of the tracers and identify

relative importance and connectivity of various bypass pathways. The reference plot

was also excavated to compare conditions against those found in the study plot.
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EQUIPMENT AND INSTRUMENT INSTALLATION

After the site selection process was complete (video endoscopic survey), various

instruments and equipment were installed that included:

Electric fencing - Bovine control

Fossorial mammal control devices - Subsurface sonic repellants

Protective awning - Moisture and sunlight control

Soil moisture control equipment - Spray nozzle mini-irrigation

Soil moisture monitoring equipment - Tensiometers

Soil-water sampling devices - Suction lysimeters

Animal Control Devices

Because the study sites were located in an active agricultural ecosystem, measures

were taken to minimize the potential disturbance posed by both domestic and wild

animals known to be present. The general study area is located in dairy pasture that

is included in an active pasture rotation. Portable electric fencing was installed to

keep cows from damaging or disrupting instruments and other sensitive equipment.

Figure 5.1 shows the local grid position of the electric fenced area contained within

the general study area. The two vertical transport experiment plots were located

within this protected area. Figure 5.2 shows the perimeter of the electric fencing and

the spatial relationship of the two study plots within this confined area. The

protection against the dynamic nature of an active fossorial mammal population

(voles, moles, and gophers) was more problematic and as it turned out, demanded a

shift in our assumptions about the impact of animal activity in the study plots.
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Figure 5.1 Aerial view showing fenced study area within the 1-hectare general study area. Two plots for vertical transport
experiments shown within.
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Subsurface sonic repelling equipment was obtained from Lentek Co. in an attempt to

reduce additional burrowing activity in or near the study plots. After boring a pilot

hole, these devices, sold under the model name Molecontro, were placed in the

ground to a depth of approximately 45cm. These battery-powered devices emit a

high-powered sonic wave at a frequency of 400 Hz every 15s for a duration of

approximately 2s. According to the manufacturer, the sound wave is transmitted

through the soil and is thought to disturb fossorial mammals such that they flee the

area. The device's manufactures claim an effective range of approximately 700 m2.

Because we were dubious of these claims, we installed four of these units within the

study area which measures approximately 20 m2. It was difficult to assess the

effectiveness of these devices, but in our study area it appeared that they were

largely ineffective as both voles and gophers were constantly present near the study

plots. Surface and subsurface barriers seem to be the only non-lethal alternative that

could guarantee the exclusion of these tenacious mammals but this was eliminated

as an option because our intent was to minimize disruption of the hydrologic system

and the animal tunnel networks.

The elimination of more robust lethal options of animal control had unforeseen

benefits. Among many valuable reasons for choosing less direct means of animal

control, it was noted that vole holes require continuous maintenance to prevent

degradation. Thus, healthy vole activity became a necessary component for the

projects success, the dynamic nature of these animals' modification of the system

not withstanding. The dynamic nature of the tunnel systems learned during these

investigations would challenge many of our assumptions concerning their role in the

soil system.



Weather protection

To maintain some control over the moisture content of the soil in the two study

plots, we erected tent structures to block rain, wind, and sun. These structures

consisted of an overhead awning stretched tightly over a tubular steel frame and was

secured to the ground using stakes and line. After the structures were secured,

removable fabric walls were installed that were anchored in place by Velcro®

closures. Zipper doorways in the wall panels allowed access to the interior of the

structures.

The tent structures functioned well during the late summer/early fall portion of the

study but had to be removed from the study plots on October 10, 2001 because of

high wind and rain. A later very large windstorm in the Willamette Valley on

February 7, 2002 completely destroyed an additional tent structure that had been set

to house equipment and supplies. To withstand winter conditions in this region,

much heavier structures would have been required. Therefore, soil moisture

conditions could not be controlled. Precipitation data were collected over the entire

experimental period in lieu of direct control.

Soil Moisture Control Equipment

Soil moisture conditions were controlled using micro-irrigation equipment. Each

study plot had its own irrigation set-up and flow rates could be independently

controlled. Water was delivered through a 1.27cm poly-pipe mainline line that was

laid from a water source approximately 3 OOm from the study area. Near the study

plots, the mainline was split in two using a Y-type control valve allowing

independent flow control to each plot. Two 172 KPa pressure regulators were
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installed at the inlet of each of the two irrigation systems located on the perimeter of

each study plot. The irrigation systems at the two study plots were identical in

layout and design (Figure 5.3) and consisted of a 16-mm poly-pipe feeder that was

laid in a horseshoe configuration allowing water delivery on two opposite sides of

each of the plots. In each irrigation system, eight adjustable spray nozzle heads

(with 180 degree spray pattern) were attached to the ends of 6 inch high, 0.5cm

diameter riser pipes that were inserted into the 16 mm delivery pipe (Figure 5.4).

The irrigation system was designed to irrigate the study plots efficiently and evenly.

Flow rate of each nozzle head was calibrated using 5 small cups placed within each

of the plots and making adjustments based on the average amount of water received

in the cups. Irrigation events were applied at a rate of approximately 1 0cm/hour,

well in excess of the maximum infiltration rate at this site of 2.54/hour (determined

using double ring infiltrometers during a preliminary site investigation in the spring

of 2000 and then again in the spring of 2001).
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Figure 5.3 Plan-view of irrigation system showing spray pattern coverage over one plot.
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Figure 5.4 Perspective view of irrigation system showing spray pattern coverage over one plot.



Soil-water Monitoring/Sampling Equipment and Installation

Both tensiometers and suction lysimeters were installed in an identical configuration

in both of the two study plots. One of the study plots contained a vole tunnel

complex that ran the length of the plot in a roughly strait line at approximately 20cm

depth; referred to as "the vole plot." The other plot had little or no apparent animal

activity; referred to as "the reference plot." The spatial location of subsurface

features in the vole plot dictated the configuration of instrument installation in both

plots.

Porous ceramic cups of both the tensiometers and the suction lysimeters were placed

such that they intersect a single vertical plane that ran through the center of each

study plot (Figure 5.5). The ceramic cups were intended to intersect this plane at

two different depths (30cm and 6 1cm) therefore located directly beneath the tunnel

system. An identical set of samplers was installed in the reference plot. It was

necessary to install the instruments at angles with respect to the soil surface so as not

to disturb the fragile tunnel structure directly above the locations of the ceramic

cups. See Appendix J for instrument installation procedure.
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Figure 5.5 Graphic view showing placement of six instrument tips as they intersect an imaginary plane
extending down from center-line of the plot at two depths (30cm and 61cm) below an animal tunnel. Also, two
additional tensiometers at 15cm depth.



Tensiometers were obtained from Soil Measurement Systems of Tucson, Arizona

and suction lysimeters from Soilmoisture of Goleta, California. All of the

instruments had a diameter of 2.22cm (7/8 inch). Table 5.1 lists the subsurface

instruments used in this study.

Table 5.1 Sampling instruments used in vertical transport experiments

120

In addition to locating instruments below the tunnel system it was our intent to

install instruments nearer the surface. Unfortunately it was impossible to install

either tensiometers or suction lysimeters between the soil surface and the vole tunnel

complex without running an unacceptably high risk of damaging the tunnel system.

Therefore, instruments installed at shallow depths (approximately 15cm) were

installed away from the plane defining the locations of the other instruments. Also,

the number of tensiometers installed at shallow depths was reduced to two in each

plot and no suction lysimeters were installed at shallow depths in either plot to avoid

damaging fragile tunnel structure. All instrument locations corresponding to points

of instrument insertion at the soil surface were recorded using a Leica Ti 600 Laser

Transit, Prism, and survey tapes. (Figure 5.6)

Quantity Item # Description Length (ft.)

8 SW-033 Tensiometer 3

4 SW-034 Tensiometer 4

4 SW-03 1 Tensiometer 1

6 1905L24 Slime tub e soil

water sampler

2

6 1905L60 Slime tub e soil

water sampler

5
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animal control devices for both experimental and reference plots.
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EXPERIMENTS

Exp. I - Tracer tests

Wetting the plots

The over-all intent of the vertical transport experiments was to understand the

vertical transmission behavior of solutes/contaminants under saturated conditions at

this study site and to better understand effects of soil structure modifications by soil-

mammals on that transmission. The first experiment began in the late summer of

2001. The soil was at or near its driest condition of the season and needed to be

brought to saturation so that the tracer experiments could be initiated. Wetting the

plots to saturation provided an opportunity to measure the effect of vole tunnel

structures on soil wetting behavior.

Method

Beginning on October 7, 2001, the soil profiles in both plots were irrigated at run-

off rates (> 10cm/hour) and their soil-water content was estimated using installed

tensiometers at three depths (15cm, 3 Oem, and 61cm). Each irrigation event lasted

for 15 minutes resulting in application of 2.54cm of water per irrigation event. This

rate of irrigation was well in excess of the saturated hydraulic conductivity of the

soil in this area, which had previously estimated to be 2.54cm/hour. Irrigation

events were repeated approximately every 3d for 3wk (8 events total). Both plots

were covered by tent structures for the entire analysis period to minimize

evaporation. Soil-water tension data were collected continuously from the plots
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daily for about 1 000h. Soil-water tension data were used as an estimate of soil

moisture.

The tensiometers were monitored with a portable, digital tensimeter (air pressure

gauge). The tensimeter is placed over the top of the instrument and pushed down

into place, this action pushes a needle down into a self-healing rubber cap covering

the top of the tensiometer. The hollow needle transmits pressure information to the

pressure sensor inside the tensimeter and the pressure measurement (relative to

atmospheric) is displayed on a digital readout displayed (in units of centibars or cbar

where 1 cbar = 1O MPa). Tension measurements can be used to estimate the water

content of the soil at the depth to which the instrument has been installed. The

greater the partial vacuum in the tensiometer, the less water is present in the soil.

Results

Figure 5.7 and 5.8 show a graphic compilation of just over 1000 hours of soil-water

tension data collected from October 1 through to November 13, 2001 (see Appendix

L for raw tensiometer data). Figure 5.7 shows soil-water tension data collected from

the reference plot and Figure 5.8 shows soil-water tension data collected from the

vole plot. Vertical lines on each graph indicate when irrigation events took place.

The graphs in the figures are shown grouped by instrument depth. The top two

graphs in each figure show data from the two instruments located at a depth of

15cm. The three graphs immediately below these show the data corresponding to

the three instruments at a depth of 30cm. The three graphs at the bottom show data

corresponding to the three instruments at a depth of 61cm. A unique identification

number was assigned to each individual instrument. Those instruments in the

reference plot are labeled C9-C16 and those in the vole plot, E1-E8. Reference to

these numbers will allow discussion of individual instruments.
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The eight irrigation events were sufficient to wet the profile such that the

instruments at all depths responded to increasing soil moisture conditions within the

analysis period (with the exception of one instrument, C9 in the reference plot which

appeared to be malfunctioning).

Although rapid responses to irrigation events can be seen at 15cm depth in both the

vole and reference plots, significant differences in wetting behavior was observed

between the two plots at both the 30cm and 61cm depths. The vole plot appears to

rapidly respond to irrigation events in two instruments at the 30cm depth (E4 and

E5) and in one of the instruments at the 61cm depth (E8) (Figure 5.8). At these

instrument positions, the subsurface wetted rapidly followed by a rapid subsurface

drying response after each successive irrigation event. The soils near the location of

these instruments appear to be receiving water from the surface much more rapidly

than can be explained by matrix flow alone. The overall trend at these positions in

the vole plot is a more rapid wetting of the soil profile compared to equivalent

positions in the reference plot. As the overall soil moisture increases near these

responsive instruments (E4, ES, and E8), the slope of the curve describing the drying

or redistribution decreases. This response strongly supports other observations that

the vole tunnel systems present in the vole plot are rapidly transporting surface

applied water to the subsurface when wetting an unsaturated profile.

Particularly at the beginning of the analysis period, occasional spikes can be seen in

many of the graphs that show the soil-water tension going to zero. In most cases,

this does not indicate saturated conditions but is rather the result of the instrument's

inability to function properly at extremely low moisture conditions. These readings

are the result of a loss of vacuum in the instrument requiring the refilling and

resetting of the instrument and are shown on the graphs as empty marks. These

instruments perform most reliably under soil moisture conditions >85 cbars.



Wetting behavior at the 15-cm depth

Refer to Figures 5.7 and 5.8 for the following descriptions of instrument behavior.

Excavation of the plots done later (described in section - Exp. II - Destructive

analysis) helped to explain some of the wetting behavior observed in the soil-water

tension data particularly at the 15-cm depth. At this depth we observed evidence of

animal activity having occurred sometime after installation. This activity had either

exposed all or part of the instruments to subsurface tunnel voids. Instruments

located in these post-installation vole tunnels (E6) or gopher tunnels (Cli) show

flashy response indicating rapid runoff into the burrow followed by rapid drying at

this depth. Instrument E3, appearing to have good matrix contact, responded at the

time expected as per a Green-Ampt modeled wetting front arrival time of 225h

(see Appendix K). The delayed response of instrument C14 may be due to lower

irrigation rates near the perimeter of the study plot where this instrument was

located. Comparing tensiometers E6 and Cli, both of which were exposed to

animal burrowing activity, response in instrument E6 shows greater retention of

moisture earlier in the response than in instrument Cli. The tunnel within which E6

was located was partially filled with loose aggregates (tunneling debris) whereas the

tunnel associated with Cli was clear of debris. These aggregates may be playing a

roll in moisture retention at these depths whereas open tunnels may only function as

bypass piping features with no associated storage capacity. In total it appears that

animal burrows affected infiltration characteristics in the upper 15cm of the soil

profile and furthermore, wetting front response is affected by the presence of tunnel

fill material.
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Wetting behavior at the 30-cm depth

The wetting front in the reference plot appears to have arrived to the 30-cm depth at

approximately 500h as indicated by the three tensiometers (dO, C12, C13). Earlier

surges in moisture were likely due refilling of instruments. At this depth in the

profile, the vole plot shows two distinct wetting patterns - one slow and gradual, the

other flashy. The slow wetting behavior seen in instrument E2 responds to the

wetting front sometime between 484-509h, this occurs prior to the 527-hour

irrigation event. This is in contrast to the reference plot tensiometers at the same

depth that did not respond to the wetting front until after the 527-hour irrigation

event. The earlier response time of instrument E2 may be due to some of the water

bypassing the top 20cm of soil after entering burrow entrances resulting in a deeper

wetting front. Tensiometers E4 and ES show extremely rapid response and

recession curves indicative of rapid macropore flow that is slowly absorbed by the

surrounding matrix. A blue-dye tracer test, to be discussed in the section titled Exp.

II destructive analysis, showed that the macropore(s) associated with this

instrument were directly connected to a vole tunnel structure. Connectivity of

macropores associated with instrument ES was not clearly established though the

exhibited behavior is very similar to instrument E4 strongly suggesting similar

connectivity. Observations at the 30-cm depth suggest that vole tunnels are serving

as a pathway by which irrigation water can bypass the upper 20cm of soil reducing

the time to wet the profile. Vole tunnels may also serve as reservoirs for very rapid,

almost instantaneous, fluid transport to greater depths.

Wetting behavior at the 61-cm depth

At the 61cm depth, excepting for the failure of instrument C9, the reference plot

shows characteristic wetting front signatures with an arrival time in concordance
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with what would be predicted using a Green-Ampt model. In the vole plot, we see

two behaviors clearly represented, matrix transport (E7) and rapid preferential flow

(E8). Arrival of wetting front for tensiometers E7 in the vole plot could not be

determined because initial soil matric potential was lower than could be measured

by the instrument. Instrument E8 shows a rapid wetting response similar to those

seen at the 30-cm depth (instruments E4 and E5) with the wetting front arriving

sometime before 200h. Even though the arrival time of the wetting front could not

be conclusively determined, the water break-through curve in the vole plot is much

steeper than the reference plot indicating less dispersion corresponding to shorter

travel distances. The absence of a preferential flow signature in the reference plot is

not necessarily indicative of the absence of macropore flow. The presence of both

matrix (E7) and macropore (E8) flow seen beneath the vole tunnels indicates that

transport is highly complex incorporating both very rapid and slow movement.

Bypass features other than vole tunnels such as wormholes, root channels and cracks

are undoubtedly contributing to subsurface vertical transport however, these data

suggest that large volumes of water are being rapidly transported to the subsurface

near the instruments in the vole plot. Although this experiment lacks replication and

does not allow for a statistical analysis from which to draw stronger conclusions, it

does suggest that the surface and subsurface modifications by voles may be

participating in the rapid transport of surface applied water.

When wetting dry soils at run-off rates at this location, a difference in the estimated

soil moisture response at depth between the two plots is clear. Characterizing

vertical transport in a saturated system would however require the use of an

indicator other than water.



Amino-G tracer

Method

To understand the vertical movement of water (and the solutes/contaminants it might

potentially contain) through soils under saturated conditions, a conservative

fluorescent tracer (Amino-G) was used to track water flow through the soil profile in

both the vole and reference plots. Under near saturated soil conditions, Amino-G

tracer was applied at the soil surface and was allowed to infiltrate, and/or run-off and

infiltrate, into the soil profile in the two plots. An intensive soil-water sampling

regime at two depths in the profile (30cm and 6 1cm) allowed the spatio-temporal

movement of the tracer to be tracked for approximately 1600 hours. The entire

experiment was run twice in what will subsequently be referred to as Run 1 and Run

2.

Both Run 1 and Run 2 took place during the winter of 2001/2002 and were

subjected to natural precipitation events. Estimated soil moisture was monitored

daily using the eight tensiometers installed in each plot throughout the entire

analysis periods. Soil-water samples were extracted at regular intervals from six

suction lysimeters installed in each of the two plots. Extracted soil-water samples

were analyzed for Amino-G tracer concentration using a Turner Designs Model 10-

AU-005-CE digital field fluorometer (see Appendix C for instrument description).

For the Amino-G tracer experiments, the tent structures were removed from the

plots. With the exception of the beginning of Run 2, water was added to the plots

only by natural precipitation events. Precipitation data were collected using a

tipping bucket rain gauge (Onset Computer Corporation, model RG1-M, accuracy of

1%). The rain gauge was located approximately 400m east of the study plots in an

open pasture. At the start of both Run 1 and Run 2, soil moisture was at near
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saturation throughout the entire soil profile. Conditions during application of

Amino-G tracer as well as soil-water sample extraction frequency differed slightly

between Run 1 and Run 2 and are described below.

Run 1 - Amino-G tracer application and soil-water extraction

The input concentration and quantity of Amino-G tracer applied at the beginning of

Run 1 was calculated so that at 61cm depth, the minimum expected concentration

would be less than 1 mg/L (near the linear range of the fluorometer, above the

expected background fluorescence, and low enough so that dilution of samples

would be unnecessary).

The surface area of each plot receiving the tracer was 4 m2. Amino-G tracer (3.36

liters of 250 mg/L) was applied to the soil surface of each plot using plastic watering

cans. The tracer was applied evenly over the entire surface area of the plots.

In Run 1, base-line soil-water samples were extracted two days previous to the

application of tracer and were assumed to represent the background fluorescence of

the soil-water immediately before application of the tracer (see appendix E). After

the tracer was applied, soil-water samples were extracted, on average, every 1 6h for

the first 350h of the run with the minimum sample time interval being 6.25h and the

maximum 23.75h. After 350h, sample intervals were thankfully extended to 24h

intervals with a few gaps as large as 4d.

Soil-water was extracted at the two depths (30cm and 6 1cm) from the installed

suction lysimeters. Suction lysimeters are structurally and functionally very similar

to tensiometers except they work in reverse. Instead of water flowing out through

the porous ceramic cup causing a pressure drop in the instrument, a partial vacuum



is applied to the instrument greater than the soil-water tension of the soil

surrounding the ceramic cup thus initiating flow into the instrument.

To extract soil-water samples, negative pressure or suction was applied to each of

the suction lysimeters using a hand pump (Figure 5.9). The amount of suction to

apply to the lysimeters was determined using the soil-water tension measurements

obtained from the tensiometers (which fluctuated between --10 cbars and 0.0 cbars).

As long as negative pressure in the suction lysimeter is greater than the soil-water

tension, water will flow from the surrounding soil matrix into the instrument via the

porous ceramic cup located at base of the instrument (suction applied to all suction

lysimeters throughout exp. I was -30 cbar or 0.03 MPa). Under these conditions,

flow will continue into the instrument until the negative pressure inside the

instrument is equal to the external soil-water tension (equilibrium), at which time

flow will cease. Under the conditions found at this study site during both Run 1 and

Run 2, the minimum duration of flow into the collection cup was about 3h (the time

required to collect a 6-ml sample - the minimum volume required for analysis in the

fluorometer). The discrete samples will thus remain in the collection cup

undisturbed until extracted from the instrument. The sample contained in the

collection cup is representative of the time period associated with applying the

vacuum (or rather, the 3h period immediately after applying the vacuum) not the

time associated with sample extraction from the instrument (which could be many

hours or even days after soil-water has completed moving into the instrument).
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LysiIter closure

Figure 5.9 Hand pump used to apply partial vacuum to suction lysimeters. Inset shows
how suction lysimeters are sealed after vacuum is applied.
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After the lysimeters had come to equilibrium, soil-water samples were extracted

from the lysimeters using a plastic syringe fitted with a long plastic tube (Figure

5.10). After opening the top of the suction lysimeter, the long plastic tube is inserted

in the top and pushed to the bottom of the instrument and into the sample contained

in the ceramic collection cup. Using the plastic syringe, the entire sample is

removed from the collection cup. After the tube is removed the vacuum is restored

to the lysimeter using a hand pump. Extracted samples were stored in capped

borosilicate glass culture tubes, racked, and protected from exposure to sunlight and

temperature changes in a plastic cooler which remained at the study site. High air

pressure was applied to both the syringe and tube to remove as much of any residue

from the previous sample as possible before continuing to the next extraction. Six

samples (three from 30cm depth and three from 61cm depth) were extracted from

each plot during every collection interval. Periodically, samples were transported to

the laboratory for fluorometric analysis. Samples were stored and protected from

light exposure.

Run 2 - Amino-G tracer application and soil-water extraction

Run 2 was procedurally identical to Run 1 with the exception of details related to the

initial Amino-G application and with the frequency of sample extraction.

Application of Amino-G tracer during Run 2 (identical quantity and concentration as

Run 1) was performed during an irrigation event at run-off rates (>1 in/h). This was

done to hasten the transport of Amino-G solution into the burrow entrances in the

vole plot. Sample collection frequency for Run 2 was increased to every 3-4h

during the first 400h of the analysis period to obtain higher resolution during the

initial stages of response. One other difference between Runs 1 and 2 was the

amount of precipitation received by the plots during the analysis period. Run 2

received about one half as much natural precipitation (18.82cm) as Run 1 (39.20cm).



Figure 5.10 Suction lysimeter extraction equipment. Syringe with long
tube and vacuum pump.
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Results

Plotted tracer and precipitation data for both runs and in both plots are shown in

Figures 5.11 - 5.18. (For all raw Amino-G data, both runs, see Appendix M).

Background fluorescence between the soil-water samples associated with

instruments located at the 30-cm depth differed significantly from those instruments

placed at the 61-cm depth. The difference in fluorescence response at these two

depths can be seen when comparing pre-treatment samples (averaging 0.007 mg/L

Amino-G equivalent for the 30-cm depth and 0.003 mg/L Amino-G equivalent for

the 61-cm depth - see Appendix E for all background interference data) and is

strongly suggested in the post-treatment samples after the initial pulse of Amino-G

had left the system (at about 500h). This tend is unambiguous and clearly reflects a

near two-fold difference in the amount of natural background fluorescence in soil-

water samples taken at these two depths regardless of vole activity.

Rapid transport behavior was clearly indicated in both runs and in both plots. In

Run 1, the breakthrough peak occurred in both plots and all instruments within 48h

of tracer application. In Run 2, breakthrough occurred much more rapidly (within

lOh) at the 30-cm depth though at the 61-cm depth breakthrough appears more

variable and complex. The difference in the rapid transport signal between the two

runs was likely due to the difference in tracer application method.

High variability between instruments located at the same depth and differences in

excavation methods makes comparison between the two plots problematic, though in

general the variability of peak breakthrough and curve shape between instruments

located at the same depth is greater in the reference plot than in the vole plot.
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A gradual increase in fluorescence is seen in the data near the end of Run 2 in the

vole plot especially at the 30cm depth (Figure 5.13).
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Tracer signals at the same depth within the same plot varied greatly. Even though

all the instruments were installed in an identical manner and the lysimeters installed

at the same depth were located only 40cm from each other, tracer signal (especially

within the first 200h of an experimental run) was highly variable. This held true for

tracer samples collected from both plots, at both depths, and during both

experimental runs. Intra-plot signal relationships observed in Run 1 are repeated in

Run 2 (with one exception in instrument ci) indicating repeatability and increasing

confidence in the observations overall. The high degree of variability between

signals observed at the same depth suggests high levels of soil structure

heterogeneity in both plots. Any particular instrument appears to have an equal

chance of being located near a bypass feature as not, regardless of the presence of

vole activity. This too led to difficulty in comparing tracer behavior between the

two plots. Instrument c4 located in the reference plot at the 61-cm depth (Figure

5.12 and 5.14) shows a signal response more like those instruments located at the

30-cm depth in both initial peak behavior and signal decay to background

interference levels. The signal behavior of this instrument is unique from all other

signals.

By comparing Figure 5.15 to 5.16 and Figures 5.17 to 5.20, signal differences

between test runs are easily distinguished by a more rapid peak breakthrough in Run

1 as compared to Run2 in both plots. Peak breakthrough occurred between lOh and

48h for all instruments in Run 1 and between 4h and 26h (with one exception, c5)

for Run 2. The more rapid breakthrough in Run 2 was expected because the

application of tracer was performed during runoff conditions.

Sudden peaks and valleys in the concentration response throughout both

experimental runs remain unexplained. Sometimes these responses are isolated to

one instrument and one sample as in instrument c5 (Run 1) at approximately 500h

(Figure 5.12), and sometimes sudden drops in concentration are seen across a
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number of instruments as can be seen in instruments ci, c2, and c3 (Run 1) at

approximately 750 hours (Figure 5.12). Also unexplained was an interesting

oscillating signal that can be seen in the response of instrument c5 (Run 2) within

the first 168 hours (Figures 5.14 and 5.18).

The complexity and variability of these data necessitated a destructive analysis in

which the use of visual dyes and an excavation. Because of the differences in the

excavation method between the two plots, key data is missing from the reference

plot thus restricting the most detailed analysis and interpretation to the vole plot.

Comparing the two different application methods within the vole plot and

integrating data from the excavation allowed for a detailed analysis and

interpretation of the effect of vole tunnels on bypass transport.

Vole plot - transport to the 30-cm depth

Excavation of the plots performed later in this study (described in section - Exp.

destructive analysis) helped to explain some of the transport behavior observed in

the lysimeter data in the vole plot at the 30-cm depth shedding light on the potential

role of vole tunnels in bypass transport. (Refer to Figure 5.19 for the following)

Under non-runoff conditions (Run 1), there are large differences between the peak

amplitude sampled at each lysimeter at the 30-cm depth (factor of 2.5 and factor of 4

for instruments el and e3 respectively relative to instrument e2). The sizes (width)

of the breakthrough curves are also variable (and similarly proportioned) at these

instruments. The peak arrival time at instrument e3 (between 9.25h-24.25h) is

delayed relative to ci and e2 (between lh-9.25h for both). In Run 2 (runoff

conditions), the peak arrival time at e3 (10h) is similarly delayed (though less so)

relative to instruments el and e2 (peak arrival time -6h and 4h respectively).
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During Run 1, approximately 1mm of tracer (@250 mg/L) was applied to the plots

and approximately 1cm of precipitation fell (at a rate of 1 mmlh) during the time in

which breakthrough occurred. Therefore, rainfall input was insufficient for plug-

flow to push the tracer down to the instrument depth and tracer most likely moved

by internal drainage. Calculating an analytical solution for matrix flow under these

conditions allows comparison with observed data.

Calculated breakthrough curves for matrix transport - Comparing the experimental

breakthrough curve to the analytical solution

Assuming that internal drainage progresses purely by gravity drainage, at the

saturated hydraulic conductivity rate (q = Ksat) (Hillel 1998, p. 151), the tracer

should have drained down to the depth of instruments at the following velocities:

V = = Ksat

9 f

where q is the Darcy velocity, 9 is the volumetric water content which at saturation

is equal to the porosity (f), and Ksat is the saturated hydraulic conductivity.

The arrival time would be predicted by the following:

d _df
- - Ksat/ - Ksatf

where t is the predicted arrival time of the tracer peak at the instrument, and d is the

transport distance from soil entry location to instrument location.
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Determining which hydraulic conductivity to use, is not a trivial task. Water moves

down the matrix at various rates through a hierarchy of pore sizes. Field measured

hydraulic conductivity using a double-ring infiltrometer (from previous preliminary

work performed in 1999 not reported here) resulted in a rate ofKsat of 2.45 cm/hr.

Laboratory column experiments using disturbed soil samples (see section titled: Soil

column test and mass-loss calculation - chapter 2) resulted in a hydraulic

conductivity value of 0.6 cm/hr with a porosity of 55%. Porosity for field samples

was not obtained but is expected to be generally larger due to macroporosity. The

difference between the two hydraulic conductivity values is likely due to the

presence of macropores, which are responsible for the earliest arrival times at the

instrument. It is likely that the hydraulic conductivity obtained from the column

experiments more accurately represents pure matrix transport. Theoretical

calculations of arrival time therefore should be somewhere in the range defined by

these two extreme values. In addition, solute which enters via a vole hole and

infiltrates into the soil profile from the vole tunnel rather than from the soil surface

will experience 20 cm less of travel distance to the instrument. The variability in

expected arrival time due to the range of hydraulic conductivity and due to whether

the vole tunnel is playing a role in shortening the travel path are taken into account

in the calculations of Table 5.2 below.

Table 5.2 Calculated peak arrival time of solute tracer.

Not affected by vole tunnels Affected by vole tunnels

Transport
distance

(cm)

Arrival time (hr)
Field-scale Lab-

K column K
Transport
distance

(cm)

Arrival time (hr)
Field- Lab-

scale K column K
lnstrum0ent

#

el,e2,e3
e4,e5,e6

30 7 28
61 14 56

10 2 9

41 9 38
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Figure 5.19 shows the curves for the three instruments (el, e2, and e3) installed at

the 30-cm depth. Each graph shows both the runoff and non-runoff curves for each

instrument. Shaded areas in each graph correspond to the calculated arrival times

shown in Table 5.2. Solid shading corresponds to expected arrival times calculated

using field obtained Ksat (with macropores) and pattern shading corresponds to

expected arrival times calculated using the laboratory obtained Ksat (matrix transport

only). The leading edge of each shaded area corresponds to the expected arrival

time affected by the bypass opportunity ('-20cm) provided by vole tunnels and the

tailing edge is the expected arrival time from the surface.

When comparing the experimental breakthrough curves (for instruments at 3 0cm) to

the analytical solutions, observed tracer behavior seems reasonable and falls within

the arrival-time ranges calculated. That the breakthrough peaks for non-runoff

conditions at instruments e 1 and e2 are near the minimum calculated time for

expected matrix arrival time (and that burrow entrances were plugged during tracer

application) indicates that, even under non-runoff conditions, macropores may be

functioning to increase transport rates. However, under these same conditions,

instrument e3 arrives much later and nearer the expected arrival time for pure matrix

flow indicating that surface connected macropores are either fewer in number or

smaller at this position in the vole plot. Even under runoff conditions, the peak

signal for instrument e3 is delayed relative to ci and e2.

Under runoff conditions, the observed breakthrough peak at instruments e 1 and e2

are within the rage of the predicted arrival times (2-7h) for macropore flow. The

peak breakthrough at instrument e3 is just under 1 Oh, which is very nearly that of the

predicted arrival time (9h) for matrix transport affected by vole tunnel bypass. In

both runoff and non-runoff experiments, instrument e3 behaves differently from el

and e2. As mentioned above, additional data from plot excavations and visible dye
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tracers associated with the excavations) (see section - Exp. II - destructive analysis),

provide more details in understanding the differences in signal behavior.

Quanti5'ing the transport contribution of vole tunnels. (Lysimeter e3, 3 0cm)

Excavation data indicated that lysimeter e3 was directly linked to pathways

conducting liquid from both the surface and from vole tunnels. Whereas lysimeter

el received liquid only from the surface, and e2 received liquid only from the vole

tunnel. Under both runoff and non-runoff conditions, lysimeter e3 shows the highest

concentrations for the longest period of time (Figure 5.19 a,b,c). Excavation data

indicated that most of the transport from the surface may have occurred via matrix

and interped spaces rather than a single preferential channel helping to explain the

slightly delayed arrival time compared to the other two instruments, and the wider

breakthrough curve. The width of the breakthrough curve may be representative of

the hierarchy of pathway dimensions.

The peak of the breakthrough curve for lysimeter e3 is higher (0.1047 mg/L) (and

earlier) under runoff conditions than under non-runoff conditions (0.0781 mg/L).

The higher peak may indicate the contribution of the vole tunnel system to transport;

where run-off would be routed down vole tunnels and transported downward from

there. However, it may also represent a higher relative participation of macropores

open to the surface.

Quant5'ing the transport contribution of vole tunnels. (Lysimeters el & e2, 3 0cm)

Excavation data showed that lysimeter e 1 was connected to the surface via root

channels and thus able to receive bypass flow from the surface. Lysimeter e2 did

not show indications of surface connectedness but did show direct connection to
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bypass features associated with vole tunnels. Lysimeter ci showed little relative

difference in the peak concentration of the breakthrough curve between runoff and

non-runoff applications (Figure 5.19 a). The width of the curve is narrower (and the

breakthrough peak slightly earlier) during runoff events indicating that in general,

more of the transport occurred through macropore bypass leaving less of the solute

available for the slower matrix transport.

During non-runoff conditions, lysimeter e2 showed a very weak peak signal (Figure

5.19 b). However, under runoff conditions, this same instrument showed a dramatic

increase (by a factor of 7) in the peak concentration of the breakthrough curve. It is

interesting to note that during runoff conditions, the peak signal for instrument e2

was a factor of 3.5 higher than instrument e 1 (Figure 5.19 d), whereas under non-

runoff conditions it was a factor of 2 lower (Figure 5.19 e). Comparison of the

response between instruments el and e2 (connected to surface and vole tunnels

respectively) indicates that vole tunnel systems are a major player in soil water

transport under runoff conditions. Instrument e2, which sampled pathways

connected to vole tunnels, showed that vole tunnels may be a minor player under

non-runoff conditions.

Vole plot - transport to the 61-cm depth

As in the 30-cm depth analysis (see above), excavation of the plots done later

(described in section - Exp. II - destructive analysis) helped to explain some of the

transport behavior observed in the lysimeter data however, the excavation data

yielded less transport information at the 61-cm depth than at the 30-cm depth. Also,

the discovery of a drain-tile that ran diagonally through the vole plot showed that

instrument e4 was installed in disturbed soil and could not be used for comparative

analysis and is therefore not included in any quantitative analysis. (Refer to Figure

5.20 for the following)
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Though there is a relatively small difference in the peak amplitude between

instruments e5 and e6 under non-runoff conditions (factor of1 .2), under runoff

conditions, the difference is greatly exaggerated (factor of3) (Figure 5.20 b and c).

Likewise under non-runoff conditions, the general shape of the curves between these

two instruments appears similar (though the peak is more delayed in e5 relative to

e6), however under runoff conditions the curve at e6 shows a dramatic bi-modal

signature signal compared to a very reduced bi-modal curve seen in e5. Under non-

runoff conditions, the peak arrival time at instrument e5 (near 48h) is delayed

relative to instrument e6 (near 36h). Under runoff conditions, the first peak of the

hi-modal response in both instruments occurs at the fifth sample time (9.93h) though

the second peak is delayed in instrument e5 by a factor of 4.5 relative to instrument

e6. There is a very strong bypass flow signature during runoff events in all

instruments at the 61-cm depth.

Quantifying the transport contribution of vole tunnels. (Lysimeter e5, 61cm)

The arrival time of the peaks are very close to what is predicted by analytical

methods for both matrix flow under non-runoff conditions and macropore flow

under runoff conditions. The peak amplitude for both runoff and non-runoff are

very close. It was established during the excavation that instrument e5 was

receiving bypass flow from both surface and vole tunnel associated flow though

both were at very low levels. Even so, we do not see the effect of the vole tunnels at

the 61-cm depth in instrument e5 though it is located directly below e2 which did

show strong connectivity to vole tunnel flow in both the excavation dye extractions

and in the Amino-G tracer response.



Quantfying the transport contribution of vole tunnels. (Lysimeters e6, 61cm)

Instrument e6 shows an elegant example of the classic bimodal signature that is

expected in porous media transport where preferential flow is active. The early peak

coincides with the predicted arrival time using field scale hydraulic conductivity.

This indicates that the field-scale hydraulic conductivity is strongly affected by

macropore bypass flow. The second peak coincides with predicted arrival time

using laboratory-column derived hydraulic conductivity. This indicates that the lab-

scale hydraulic conductivity represents the transport rate through the intra-ped

spaces AKA, matrix transport. The much larger signature of instrument e6 during

runoff (by a factor of 2 relative to non-runoff) may indicate a larger mass of tracer

that may have been funneled into the vole tunnel near this instrument. It is notable

that instrument e5 does not show the same magnitude of solute transport. This

corresponds to the patchiness of both, blue staining below the vole tunnels (seen in

later in this chapter) and within the tunnels themselves. It appears that participation

of tunnels in transport may be spatially and temporally patchy. Instrument e6 is

located directly below e3, both these instruments showed the highest concentration

of dye tracer in the excavation experiment and the largest signatures in both the

runoff and non-runoff Amino-G experiments indicating similar connectivity at both

depths.

Reference plot - transport to the 30 and 61-cm depth

Because there were no visible dye tracers applied to the reference plot, and

excavation was limited to 20cm, little data concerning the local hydrology, soil

structure, and connectivity to macropores was collected at the instrument positions

in the reference plot. Because of this lack of data, analysis and discussion is more

limited for the reference plot.

156



157

Similar to the previous two figures for the vole plot, Figure 5.21 shows the graphs of

breakthrough curves for instrument positions at the 30 and 61-cm depth. Each graph

contains both the runoff and non-runoff curves. Because there were no burrow

entrances, the expected arrival time is shown as a single shaded region that

represents a range where the earliest arrival time corresponds to the calculated

arrival time for field macropore flow, and the latest arrival time corresponds to pure

matrix flow (7-28h respectively for the 30-cm depth and 14-56h respectively for the

61-cm depth).

The plotted data shows that in all but instrument ci, the non-runoff curves show

higher amplitude peak breakthrough than for the corresponding runoff curves. This

is the opposite response generally seen in the vole plot data and may indicate that

under runoff conditions, a decreased mass of tracer is infiltrating the soil profile

within the plot. Because of a lack of burrow entrances in the reference plot, under

runoff conditions applied tracer may have been transported outside the plot in via

surface runoff rather than being directed into the tunnels via vole highways and

burrow entrances. The high levels of mass transport seen in some of the instruments

during non-runoff tracer application (c3, c4, and c6) support that the tracer is

capable of infiltrating the soil at positions where runoff curves appear muted. Under

non-runoff conditions, the entire mass of tracer applied to the plot remains within

the plot boundary and results in higher peak signals.
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Quantifying transport. (Lysimeter ci, c4)

Only a very weak signal can be distinguished from the background interference in

the non-runoff curve for ci though the non-runoff curve for instrument c4 (located

below 31cm below this instrument) showed a high amplitude peak breakthrough.

Peak breakthrough for the non-runoff curve at ci occurred at the same time as for c4

(between 9.25 and 24.25) however, for the 30-cm depth this indicates matrix flow

where for at 61-cm this strongly indicates macropore flow. Interestingly, though the

peak amplitude for clis the lowest for any instrument (0.0086 mg/i) and my not be

reliably distinguishable from the expected background interference at this depth

(0.007 mg/L Amino-G equivalent), the peak signal at c4 is the highest recorded for

any instrument at this depth in either plot and in either run (0.068 mg/L). This

behavior suggests that, at this position in the plot macropore flow is governing the

behavior at the 61-cm depth but not at the 30-cm depth. This conciusion is not

supported by the runoff data, which suggests that macropores are functioning at the

30-cm depth at ci.

During runoff the signal at ci is hi-modal. The two peaks correspond well to

predicted arrival times for macropore transport and matrix transport. Similarly at c4,

arrival times are near predicted arrival times.

The behavior of ci is unique in this plot and may be due to animal tunneling that

occurred after Run 1 (detailed in section titled Exp. II - destructive analysis - in the

subsection "Reference plot excavation").
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Quantifying transport. (Lysimeter c2, c5)

At both instrument locations c2 and c5 low strength signals are seen in both runs

(peaks range from 0.007-0.03 mg/L). The concentration axes for the graphs in

Figure 5.21 are scaled equally at each depth. This is useful for showing the signal

strength relative to the other signals at the same depth. For discussion of

instruments c2 and c5 tracer behavior, Figure 5.22 may be more illustrative (note

concentration scale is different for each of the graphs in this figure). At non-runoff

rates breakthrough peak at c2 is delayed by a factor of4.8 relative to the runoff

curve, and a factor of1.7 relative to the predicted matrix arrival time (28h). The

runoff curve, though at first glance appears bi-modal with the two peaks

corresponding well to expected arrival times for macropore and matrix transport,

appears to have a slight oscillating behavior with peaks at 28.3, 52.3, and

74.7hs. The non-runoff signal for instrument c5 shows rapid breakthrough in excess

of the predicted arrival time by 4.75h indicating rapid macropore flow. This

behavior is not seen in the runoff curve where an oscillating signal is seen which

appears to have a peak that corresponds to the expected arrival time for matrix flow.

At these instrument positions (both c2 and c5), the peak breakthrough is highest for

non-runoff and these curves suggest a larger mass is passing through the soil profile.

This supports the hypothesis that tracer may have been transported out of the plot

with surface runoff during the runoff tracer application.
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Quanti)5'ing transport. (Lysimeter c3, c6)

Instruments c3 and c6 show similar tracer behavior. Both have breakthrough peaks

that are greater for non-runoff curves and both show breakthrough near predicted

arrival times though both are skewed to the earliest predicted time (macropore

transport). Curve shape between runoff and non-runoff are similar at both

instruments indicating that transport features are active either under runoff

conditions or non-runoff conditions and that transport features function similarly

regardless of surface input conditions. In both runs, attack trajectories are nearly

identical at the 30-cm depth; only the amplitude differs, suggesting lower mass of

tracer present (due to runoff out of plot). Non-runoff peak breakthrough at c6 is

delayed relative to runoff by a factor of 3.7 suggest increased macropore transport

to this depth under runoff conditions but with reduced tracer mass (lower amplitude

peak).

Precipitation and soil-water tension

Precipitation events did not appear to affect the tracer signal in either of the test runs

even though reduced precipitation in Run 2 had a clear affect on soil-water tension.

Figures 5.23 and 5.24 show the soil-water tension and 24-hour precipitation for the

respective analysis period for the two runs. These graphs cluster all tensiometer data

collected from the same depth into one chart. The top chart in each Figure

corresponds to instruments located at a depth of 15cm, the middle chart in each

Figure corresponds to instruments located at a depth of 30cm, and the bottom chart

in each Figure corresponds to instruments located at a depth of 61cm.

Soil moisture conditions were constant throughout the entire analysis period of Run

1 (Figure 5.23). Soil water tension at all three depths in the soil profile during Run 1

were similar and at near saturation. In Run 2, there was no difference in soil water
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tension signal between the two plots, but the soil moisture in Run 2 did not remain

constant during the analysis period nor was it equally distributed throughout the

profile (Figure 5.24). In Run 2, tension measurement response is more rapid and

more pronounced in the near surface than deeper in the profile. But even at the

61cm depth, soil-water tension appears to be responding to changing environmental

conditions. It is interesting to note how rapidly lower soil-water tension is restored

after even a small precipitation event.
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Discussion

Differences in associated levels of organic matter relative to soil depth might help to

explain the detected difference in background fluorescence at the two instrument

depths. Soils often contain naturally fluorescing compounds that may be positively

correlated to soil organic matter content (Smart 2002). Surface soil horizons

typically have higher levels of organic matter than those located deeper in the

profile. Particularly in a managed agricultural field where liquid manure is applied

to the soil surface, increased levels of organic matter near the surface are expected.

Additionally, it is known that the activity of voles and other tunneling soil-mammals

often result in increased incorporation of organic matter into the soil near the surface

(Grant 1974, Grinnell 1933, Turner 1973). Higher background fluorescence

detected in the soil-water samples nearer the surface in these plots probably reflects

the higher soil organic matter present there.

The gradual increase in raw fluorescence seen near the end of Run 2 in the vole plot

(Figure 5.13) could be associated with a number of things including: rising ambient

soil temperatures, decreased soil moisture, increased animal activity, or higher levels

of organic decomposition andlor mobility occurring in the burrows possibly

increasing fluorescent byproducts due to these dynamic factors. Additionally, the

construction and maintenance of burrow structures by voles and other soil-mammals

can result in localized subsurface micro-climate alterations that might enhance

decomposition of the bedding, stored food, and waste these animals store or deposit

in the burrows (Grant 1974). Increased fluorescence signal near the burrows in the

vole plot might indicate an increase in naturally occurring organic fluorescent

products associated with fossorial mammal activity.

Reduced soil moisture conditions were expected during Run 2 as half as much

precipitation fell during Run 2 (although equally variable) as fell during Run 1 and
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also, lengthening daylight and increasing temperatures probably enhanced

evaporation from the surface. Loss of soil moisture due to increased evaporation

from the surface, decrease in moisture input due to fewer and smaller precipitation

events, and steady drainage of the profile resulted in periods of increased soil-water

tension due to decreased soil moisture in both plots equally. The effect of these

changes in soil-water tension on transport was not seen in the data.

The time for initial peak breakthrough differed between Run 1 and Run 2 during the

first 168 hours (Figures 5.15-5.18). When comparing the reference plots from Run

1 and Run 2 or comparing the vole plots from Run 1 and Run 2, the initial response

curves associated with Run 2 appear to reach peak concentrations much more

rapidly than in Run 1. This was likely due to the difference in tracer application.

Run 2 tracer application occurred during a runoff irrigation event (not reflected on

the precipitation histograms of the plots associated with Run 2). Water was visibly

ponded on the plot surfaces at the time of tracer application. This largely explains

the difference in the appearance of the initial peak response in the curves.

Comparing the signal response difference between methods of application (runoff

non-runoff) within each plot gives clues to the hydraulic function of surface

connected vole tunnels. The relationships between runoff and non-runoff tracer

behavior in each of the two plots appears to be different. In the vole plot, higher

levels of tracer mass being transported into the soil profile during runoff (relative to

non-runoff) indicates, that under runoff conditions, more solute is entering the

profile from the surface and reaches the sampling instruments at a higher

concentration. The service area of the burrow entrances and vole highways

"capture" runoff water containing tracer "funneling" it into the tunnels where its

further transport into the profile where transport is confined to the soil profile

beneath tunnels. In the reference plot, lower levels of tracer mass seen in the soil

profile during runoff (relative to non-runoff) indicate that some of the tracer may be
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being lost by transport in surface runoff water leaving the study plot. In the

reference plot during runoff, surface water that would otherwise be funneled into

burrow entrances (and thus staying in the study plot), is instead being transported by

runoff water someplace else outside of the study plot. Water transported by surface

runoff outside the reference plot may have eventually ended up being captured by

vole burrow entrances adjacent to the reference plot. The result is an increased

potential for bypass of surface applied water to locations were vole tunnels are

present.

Summary - Exp. I

Under dry soil conditions, the presence of vole burrow entrances facilitates

the rapid transport of surface applied water deep into the profile relative to an

equivalent site without vole burrow entrances. Rapid soil moisture response

to a depth of 61cm was documented where burrow entrances were present.

Animal burrows affect the characteristics of the infiltration in the upper

15cm of the soil profile furthermore, wetting front response is affected by the

presence of tunnel fill material.

Observations at the 30-cm depth suggest that vole tunnels are serving as a

pathway by which irrigation water can bypass the upper 20cm of soil

reducing the time to wet the profile. Vole tunnels may also serve as

reservoirs for very rapid, almost instantaneous, fluid transport to greater

depths.

Even though the arrival time of the wetting front could not be conclusively

determined at the 61-cm depth in the wetting experiment, the water break-

through curve in the vole plot is much steeper than the reference plot

indicating less dispersion corresponding to shorter travel distances. The

absence of a preferential flow signature in the reference plot is not
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necessarily indicative of the absence of macropore flow. The presence of

both matrix (e7) and macropore (e8) flow seen beneath the vole tunnels

indicate that transport is highly complex incorporating both very rapid and

slow movement.

At 30cm depth, under saturated conditions, all tracer transport peaks in both

plots (with one exception) were rapid (< 48 hours) regardless of the presence

of burrow entrances, variable precipitation, or the method of tracer

application. This indicated that macropore transport was a factor for nearly

all instruments.

The relationship between runoff and non-runoff tracer behavior in each of

the two plots appears to be different. In the vole plot, higher levels of tracer

mass were transported into the soil profile during runoff (relative to non-

runoff). In the reference plot, lower levels of tracer mass were seen in the

soil profile during runoff (relative to non-runoff). This difference indicates

that during runoff, surface transported water may be being funneled into

animal tunnels increasing bypass and potential subsurface contamination

where these features are located relative to where these features are absent.

Background fluorescence levels were similarly distributed in both plots but

were higher in the near surface (3 0cm) than at positions deeper in the soil.

This is suspected due to higher levels of organic matter in the near surface

producing fluorescent compounds. If this increase in organic matter is in

part due to burrowing animal activity, it may suggest that the cumulative

effects of animal activity over time are spatially distributed evenly

throughout the area and in both plots.

Results of the Amino-G tracer tests suggest a high degree of soil structure

heterogeneity in both plots at this site. A high degree of signal variability

could be seen in instruments located at the same depth.

No significant differences in soil moisture was observed between the two

plots Run 1 or Run 2 though during Run 2, soil moisture levels were



observed to be more responsive to changing climatic conditions with

response varying with depth.

Exp. II - Destructive analysis

Introduction

In the second experiment, destructive subsurface analysis was performed in both the

experimental and reference plots. This work was designed to validate assumptions

made about the subsurface conditions in both plots, and also to help interpret the

results from the section one experiments.

The vole plot received special attention. Prior to excavation, visual dye tracers were

applied to the plot. Two different colored dye tracers were used to distinguish

between vertical transport occurring directly from the surface and transport

originating within the vole tunnel structures. One tracer was applied to the soil

surface and the other directly into burrow entrances after which both were allowed

infiltrate. After soil-water samples were extracted from the lysimeters, the entire

plot was carefully excavated to expose pathways of vertical transmission into which

the tracers were conducted.

Extracted soil-water samples were analyzed for the presence and intensity of the two

dye tracers to infer bypass connectivity to either the surface or vole tunnels.

During excavation, data was collected concerning soil structure and hydrology near

the soil-water sampling instruments. Location of all important surface and

subsurface features were mapped during the excavation. The excavation was

digitally photographed and video taped for further analysis in the laboratory.
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The reference plot was also excavated. But because of the absence of burrow

entrances, colored dye tracers were not used prior to excavation, nor was the

excavation as extensive as for the vole plot.

Method

To approximate soil moisture conditions observed during the tracer experiments, the

soil profile was wetted using irrigation equipment (described in the section titled -

Equipment and Instrument Installation, Chapter 5).

Water was added to the profile in 1 to 3-h intervals over a 5-d period until

tensiometer measurements read the same as those seen during Run 1 of the tracer

experiments (averaging between -5 and -10 cbars). Once the desired soil moisture

was obtained, the plots were rested for 24h allowing water contained in the soil

profile to redistribute.

Both plots were carefully cleared of grass, surface equipment, and other debris.

Because the two plots were treated differently, the following description will be

broken into two sections - one describing the vole plot dye tracer application and

excavation and the other describing the reference plot excavation.

Vole plot dye tracer application and excavation

After initial preparation, the vole plot was carefully vacuumed to remove soil debris

that had been deposited by voles both on the surface and in the burrow entrances.

The sight was then sectioned into units 20cm in length (and 2m in width) starting
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with zero at the extreme southern edge of the plot and proceeding north to the

200cm mark. In plotted figures, this scale would correspond to the Y-axis. The

centerline of the plot served as the reference for the X-axis of plotted features. The

plot thus sectioned created a local grid coordinate system allowing for a controlled

excavation and detailed spatial mapping of surface and subsurface features. These

coordinates were later translated to the general study site grid coordinate system on

which all other landscape features had previously been plotted. Figure 5.25 shows

the grid position of the various burrow entrances, the centerline (beneath which the

instrument tips are buried), a subsurface agricultural tile (discussed below), and the

location of the insertion points of the instrumentation.
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Two dye tracers (Brilliant Blue and FD&C Red #3) were selected based on their

adsorption characteristics (both adsorbed to clay soils), visibility, and contrasting

colors. Dyes were applied to the vole plot sequentially. First, the Brilliant Blue dye

was poured into select burrow entrances and was allowed to flow into the subsurface

tunnel networks associated with them. Secondly, burrow entrances were plugged

with plastic and the FD&C Red #3 dye was applied to the soil surface and allowed

to infiltrate.

For the blue-dye application, five burrow entrances were selected for application and

subsequent infiltration of the tunnel networks (burrows A, B, C, D, and E - see

Figure 5.26). These five burrow entrances were selected from among the twenty six

that were present in the plot using two criteria: 1) the burrow entrance had been

present since the beginning of the wetting test, and 2) the burrow entrance was

minimally proximal to the centerline of the plot.
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A total of 1 9L of Brilliant Blue dye tracer (mixed to a concentration of 6 gIl) was

applied inside of the five burrow entrances A, B, C, D, and E. Dye was poured into

these burrow entrances until the system appeared flooded. Table 5.3 gives the

quantities and concentrations of dye applied into the various burrow entrances.

Table 5.3 Quantity of Brilliant Blue dye poured into five burrow entrances in the

vole plot.

Burrow Dye volume Concentration

entrance applied Brilliant blue

(liters) dye tracer

A 9.5 6g/L

B <1 6gIL

C <1 6g/L

D 7-8 6gIL

E 1-2 6gIL

After waiting for the blue dye tracer to infiltrate into the soil profile (approximately

30 minutes), the red dye (FD&C Red #3) was mixed to a concentration of 12 gIL

and was applied to the plot surface. The application occurred in two consecutive

irrigation events using a plastic sprinkling-can over an area approximately 1 m2.

The rectangular application area measured approximately 68cm by about 155cm

(Figure 5.26). This area was centered symmetrically on the centerline over the

subsurface instrumentation. A total of 6.75L were irrigated onto this area and

allowed to infiltrate. The red dye was applied as evenly as possible at an estimated

rate below the field obtained Ksat (2.45 cmlh - i.e. no run-off was allowed to occur).

Before the application of the red dye, all the burrow entrances in the plot were

stopped-up tightly using plastic sheeting that had been rolled into balls. This was

done to prevent any of the red dye from entering the burrow entrances.



Results

Before the excavation, surface features in the vole plot were mapped. Numerous

pin-flags had been inserted into all burrow entrances present in this plot near the end

of the summer of 2000 (during CO2 fog connectivity study - see section titled,

Geometry of the feature). These flags had remained in place for over 2 yr during

which time the soil surface (and presumably subsurface) of the plot had undergone

significant change. Three of the burrow entrances that were present 2 yr earlier had

completely vanished and nine new burrow entrances were now present in the plot.

Ten of the original burrow entrances were still present including those located

directly over the centerline of the plot (Figure 5.25).

After dye applications and before the excavation, two complete sets of soil-water

samples were extracted from the six suction lysimeters in this plot (see Table 5.4)

The second set of samples was extracted as soon as possible (about 3h) and showed

identical results.

Table 5.4 Soil-water samples demonstrating connectivity of instrumentation to

bypass features either associated with the surface or vole tunnels.

Instrument # Depth (cm) Sample color and intensity
slight pink/red tint
very dark blue
very dark blue
veryfaintblue
medium blue tint
medium dark blue

177

el 30
e2 30
e3 30
e4 61

e5 61

e6 61
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For the following descriptions refer to Figure 5.27, which shows the locations of the

subsurface instruments with respect to the centerline in the vole plot and

distinguishes the instruments according to type and reference label.

The lysimeters located at the 30-cm depth varied in the intensity and color of the dye

tracer they contained. Instrument e 1 contained no blue dye but a slight pink tint was

easily distinguishable in the sample. Instruments e2 and e3 both showed very dark

blue colored sample with e3 being slightly darker than e2. The instruments located

at the 61-cm depth all showed some degree of blue dye in all the samples (no red

dye was discernable in the samples). The sample from instrument e4 had a very

faint blue tint, that from e5 had a slightly darker blue tint, and the sample form e6

bad an even darker blue tint. The most concentrated dye sample from the 61cm

depth was more dilute than the most dilute blue dyed sample from the 30cm depth.

At the 30-cm depth, the highest concentration of blue dye was extracted from

instrument e3. At the 61cm depth, the highest concentration was extracted from

instrument e6 (located below e3). This was surprising because these two

instruments were the greatest distance from the blue dye tracer application sites of

any of the instruments at the same depth. Clearly the blue dye was traveling

horizontally within the subsurface tunnels. The absence of red dye in the soil-water

extractions should not be interpreted as indicating that the red dye did not enter these

instruments, only that red dye may have been obscured by the dark blue dye tracer.

It would have been better to first apply the red tracer and taken samples before

applying the blue tracer after which time a second set of samples could be taken.

This would have allowed a more detailed differentiation between transport features

that were linked to the surface, and those linked to the interior of the tunnels. It was

assumed that this distinction could be made during the plot excavation that followed.



Figure 5.27 Location of insertion points of instruments in vole plot. Center line corresponds to ceramic cup location for
all instruments 30 cm or deeper. Lysimeters are labeled in lower-case, tensiometers labeled in upper-case
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As the subsurface was excavated in 20cm units moving north, features were

uncovered that were useful in interpreting the results of the Amino-G tracer

experiments. The most outstanding observation was the diversity of structural

heterogeneity seen throughout the profile. Both the blue and the red dye tracer were

transported by numerous and different structural features in the soil at all depths

through out the profile. Red-dye-stained worm channels ran from the surface to the

subsurface in approximately equal numbers with those stained blue seen running

from the interior of the tunnels to the subsurface (Figure 5.28). Both red and blue

stained roots could be seen extending down as far as 79cm (Figure 5.29). A wide

diversity of other dye stained areas of structural heterogeneity could be seen that had

transported both blue and red dye deep into the profile. These features included

various subsurface cracks and inter-aggregate spaces (Figure 5.30). Near surface

tunnels (<3 0cm deep) also offered a great variety of structural modifications that

enhanced transport. Open tunnels, tunnels filled with loose uniform sized

aggregates, tunnels filled with grass clippings, and what appeared to be old tunnels

that were filled with less friable soils occurred through out the excavated area. In

general, the number and diversity of varying tunnel condition, structure, and the

discovery of what appeared to be old, soil-filled tunnels (krotovina) surprised us,

and suggested that the reference plot may also contain such structural features even

though no surface evidence of animal activity was visible.
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Figure 5.29 Red dye tracer transported from surface along root channels.
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Figure 5.30 Transport of blue dye tracer to a depth of over 80 cm from
the surface by unidentified transport mechanism.
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Also unexpected was the discovery of an agricultural drain-tile that ran through the

southeast corner of the vole plot. Figure 5.25 shows the position of this drain tile

and the extent of the trench (approximately 40cm) that was excavated at the time of

its installation. The top of the drain tile at this position measured 97cm below the

surface. The tile trench back-fill soil has a different appearance and likely possesses

different physical properties. The color of this soil is mixed and mottled and the

structure looks "tighter" and seems to have fewer roots in it. Fortunately, the tile

and tile-influenced area only intersected the very southeastern edge of the plot (only

instrument e6 was located within this disturbed soil) however; its presence increases

the uncertainty when attempting a comparison between the two plots.

As instruments were removed during the excavation, special attention was placed on

noting the structure and presence of dye tracer in the soil matrix surrounding the

porous ceramic cups. NO evidence of dye traveling down the sides of any of the

instruments was seen and all of the instrument tips (with the exception of

tensiometers E6 - 15cm deep which had become exposed due to animal tunneling)

were firmly imbedded in the surrounding soil matrix. Contact between the ceramic

tip and soil appeared excellent and indicated successful installation. Most of the

conditions near the instrument tips looked about the same and we were struck by

how little dye tracer was present in the soil matrix adjacent to the instruments even

for those instruments for which high concentrations of dye were seen. Of the 6

lysimeters removed from the vole plot, local conditions near the instrument tips of

three, warranted special notation as follows:

Lysimeter e 1 (3 0cm) had some red staining on the ceramic cup. Small roots

(stained red) were in direct contact with the ceramic cup. This was the only

lysimeter in which red dye could be distinguished within the extracted

sample.
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Lysimeter e3 (3 0cm) had some red staining on ceramic cup (though the red

tracer was not distinguishable in the water sample extracted from it). A

crack in the soil at the surface was located directly above this instrument

Near lysimeter e5 (6 1cm deep) a large amount of blue dye tracer was seen in

the soil matrix directly above and to the left of the instrument tip, some red

was seen on the ceramic cup though no red tracer was distinguishable within

the extracted soil-water sample.

Dozens of dye-stained and non-stained worm channels were exposed during the

excavation, many extending below the deepest level of our excavation. Dark blue-

stained worm tunnels were seen missing direct interception of the instrument tips by

less than four centimeters (Figure 5.31), the same was observed with stained roots

both red and blue. Wormholes immediately adjacent to one another were frequently

seen to have different colored dyes in them or to have one stained and the other not.

All evidence of animal tunnels, from old soil-filled tunnels to open and maintained

tunnels, appeared capable of rapidly conducting dye tracers. Observed krotvina,

appeared capable of transporting dye similarly to what appeared to be more recent,

more frequently used, or maintained and open tunnels. Though these old tunnels

were filled with soil, the hydraulic conductivity of the soil inside the tunnels appears

higher than the surrounding matrix as it was clearly able to rapidly transport blue

dye. For example, some more recently modified tunnels were almost completely

filled with large quantities of small soil aggregates. This material was very loose

and would come tumbling out of a tunnel as a vertical cross section was cut (Figure

5.32). The tunnel system that corresponded to burrow entrance A (the tunnel that

received the largest volume of blue dye) was filled with very wet, blue stained

aggregates.



Figure 5.31 Blue stained worm channel missing instrument tip by less
than 4 cm.
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Figure 5.32 Loose aggregate filled tunnel with blue dye tracer. Inset
shows typical aggregate size.
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Whether filled with loose soil aggregates or with what appears to be more fused

modified soil structure, filled tunnels exhibited similar hydrologic function as open

tunnels. It appears that water can be transported readily in either case as is

evidenced by the stains left by the dye. We hypothesize that filled tunnels that

appear capable of rapidly transporting water might actually slow the transport of an

adsorbing contaminant. The large specific area of the aggregates inside such a

tunnel provides abundant adsorption sites as was evidenced by the large amount of

blue dye adsorbed to the aggregates contained in these tunnels. These soil-filled

tunnels may allow for a hydraulic conductivity great enough to provide an efficient

by-pass mechanism to this depth but have enough surface area provided by soil

aggregates to actually function as a filter keeping adsorbent solutes and particulate

contaminants from reaching greater depths.

Figure 5.33 shows the position of lysimeter el relative to the vole tunnel (Believed

to be the tunnel associated with burrow entrance #1 from the video endoscopic

survey). Interestingly, this instrument collected no blue dye tracer. The tunnel

system above it had no blue dye tracer in it either and was likely not connected to

any of the burrow entrances that that received tracer.

Another curious observation concerning one of the tunnels that was filled with loose,

blue-stained aggregates was that the walls were stained red indicating possible

surface film-flow of red tracer down the walls of the tunnel (Figure 5.34).

The location of the instrument tips were within 5cm of expected positions for all

instruments in the vole plot.
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Figure 5.34 Red film-flow down walls of aggregate filled tunnel. Blue
and red stained roots also visible.
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Reference plot excavation

The reference plot was also excavated. This was necessary to verify assumptions

about the subsurface that there was little or no animal activity. This excavation was

not accompanied by the application of dye tracers nor was it nearly as extensive - the

excavation was limited to the first 30cm of the profile. Although photographs were

taken of the excavation, no detailed map was made of locations of any subsurface

features.

The plot contained no burrow entrances within the boundaries of the Amino-G tracer

application area. The plot was carefully excavated from the surface down, 4-5cm at

a time, using hand tools. All instruments and irrigation equipment were removed

during the course of the excavation.

A number of what appeared to be pocket gopher tunnels were present underneath the

surface of the reference plot (Figure 5.35). These tunnels were clear of debris and

showed no visible evidence of their existence from the surface. No surface

perforations (burrow entrances) could be seen nearby that connected these tunnels to

the surface. The tunnels were very shallow, just 3-Scm below the surface. The

tunnel floors were at a depth no greater than 20cm from the surface (Figure 5.36).

The diameter of the tunnels was larger than is believed to be made by voles

(>10cm). The exposed system was essentially one interconnected system. The

tunnel network crossed the centerline in two places, one at the extreme southern

edge of the plot and the other diagonally just south of the middle of the centerline.

A large portion of the tunneling was near the insertion points of the instruments (east

of the centerline). One of the shallow (E2 - 15cm deep) tensiometer ceramic tips

was exposed to the interior of the tunnel. The bodies of several other instruments

were exposed to the interior void of the tunnel system (Figure 5.37). It is difficult to

estimate with any certainty how long this tunnel system has been present at this
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location however; the tunnel was not detected when drilling the holes during

instrument installation so it must have been dug sometime after August of 2001.

Some nearby gopher mounds had been noted in the early spring of 2002 and were

seen advancing on both plots at this time. The tunnels may have been dug during

this time.



Figure 5.35 Reference plot excavation showing exposed tunnels.
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Figure 5.36 Measuring depth of exposed tunnels in reference plot
excavation.
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Figure 5.37 Exposed instruments inside animal tunnels in reference plot.
Also, close-up of tunnels crossing centerline (bottom photo).
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Summary - Exp. II

The dynamic nature of surface and subsurface soil modifications by voles is

unknown and was problematic. Over two-years, surface and subsurface

conditions had undergone significant change at the study site. However, the

activity of these animals may have helped to preserve the integrity of the soil

modifications we were attempting to study.

Use of two colored dye tracers was effective at demonstrating bypass

transport pathways. Dye tracers were effective at differentiating macropores

originating from the surface and subsurface. Their use demonstrated that a

large amount of structural heterogeneity is present at this site. A wide array

of bypass features was demonstrated to be functioning at this site.

Both red dye tracer (surface applied) and blue dye tracer (subsurface applied)

were both seen having been transported by various structural features to

depths greater than 70cm.

During excavation, exposed instrument locations showed great variability in

local conditions surrounding the ceramic tip of each instrument strengthening

previous conclusions that soil-water extraction instruments appear to have an

equal chance of being located near a bypass feature as not, regardless of the

presence of burrow entrances.

Removal of subsurface instrumentation during excavation indicated that

instrument installation was successful and that the angled insertion of

subsurface instrumentation was successful in positioning instruments at the

desired depth in the soil profile without damaging fragile tunnel structures.

Application of two dye tracers and subsequent soil-water extraction in the

vole plot made it impossible to distinguish the concentration of tracers within

a single soil-water sample though instrument tips gave additional

information concerning bypass feature origin.
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A variety of different types of tunnel structures could be identified during the

excavation. Some were open voids, others were nearly filled with

aggregates, and still others appeared to be completely aggregate-filled

tunnels assumed to be either abandoned krotovina or temporarily filled

tunnels. Dye tracers showed that all of these various tunnel manifestations

appeared to have hydraulic conductivity higher than that of the surrounding

matrix and appeared capable of transporting dye tracers.

The discovery of an agricultural drain-tile and associated back-filled trench

near the edge yet within the vole plot added more complexity and uncertainty

to interpretation of results in Exp. I. One instrument (e4) was located within

disturbed soils associated with the drain tile.

Surface applied red dye tracer was seen coating the ceilings and walls of one

tunnel structure which otherwise was stained blue by the subsurface applied

dye tracer.

Although the reference plot had no burrow entrances within the study plot

boundary, excavation revealed a great amount of shallow subsurface tunnels

were present. The tunnels were large and debris free and are suspected to

have been created by soil-mammals other than voles. The construction date

of these tunnels is not known, though it is estimated that they were

constructed after the subsurface instrumentation had been installed. Burrow

entrances may not be a good indicator of subsurface tunneling.



DISCUSSION

The vertical transport tracer studies performed under saturated conditions in this

work suggest that environmental modification by voles may be detrimental, with

respect to accelerated transport of excess nutrients and contaminants, in the

argoenvironments where they live. Under saturated conditions, the presence of vole

burrow entrances and associated active vole tunnel networks appear to enhance

vertical transport though other bypass mechanisms operating at this site mask this

effect. This study lacks replication necessary for statistical analysis and this

conclusion is by no means definitive. The methodology for obtaining a more

definite determination remains a challenge.

The rapid rates of transport demonstrated by the tracer experiments in both plots

indicate a significant number of bypass mechanisms are functioning at this site and

that recent vole activity (though it may enhance bypass) appears not to play a

dominant role in vertical transport under saturated conditions. The addition of a

single worm channel or vole tunnel is of less significance than it would be in less

structured soils. This work has demonstrated that large worm channels do extend

from both the soil surface, and from within vole tunnels, to great depths resulting in

rapid transport to the subsurface. However, the significance of this fact is

diminished by the overall transport characteristics of this highly structured soil.

Under saturated conditions using a non-destructive chemical tracer (Amino-G acid),

comparing runoff and non-runoff results in each plot suggest that vole highways

may function to increase the service area of the burrow entrances and subsurface

tunnels. Under runoff conditions, water that might otherwise runoff someplace else

is instead funneled into the tunnels via vole highways and burrow entrances. The

fact that unknown tunnel structures not associated with burrow entrances were
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apparently present in both plots reduced the significance of burrow entrances as an

indicator of subsurface soil modifications by soil-mammals.

It has been estimated that back-filled voids (krotovina) may represent as much as 5%

of the volume of the B horizon (Simonson 1978). The total volume taken up by

active animal tunnel voids are no doubt far less. Evidence seen during excavation of

a dye-inundated plot indicates backfihled voids are as capable of providing transport

as open tunnel voids. At this site, the cumulative effects of the dynamic shifting

mosaic of near-surface structural modification (by both biotic and abiotic processes)

may far exceed in effect the additional transport caused by the individual transient

modifications produced by rodents at any given time. The results from this

investigation suggest that, under saturated conditions, the overall affect of the

presence of these animals on the physical characteristics of the soil through time

may be much greater than the individual processes responsible for those affects at

any one specific time.

Additionally, this study has demonstrated that under dry soil conditions, it does

appear that the presence of vole burrow entrances enhances the transport of moisture

to the subsurface when irrigating at run-off rates (rates in excess of the hydraulic

conductivity of the soil). Under these circumstances, vole tunnels associated with

burrow entrances appear to provide increased surface area resulting in enhanced

infiltration at the landscape scale. In the absence of all soil structure, the only site

for infiltration of applied water is located at the two-dimensional plane defining the

soil surface. With the addition of burrow entrances perforating the surface, the

potential infiltration surface area increases dramatically. Though the two-

dimensional burrow entrance area may be small, the surface area associated with the

subsurface tunnel connected to it is very large especially when considering the

structure associated with the concept of the zone of influence. If water is applied to

the surface in excess of the infiltration capacity of the soil, run-off will occur. If
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perforations in the soil surface are encountered during a run-off event, water will

enter the subsurface systems connected to them and the enhanced surface area

afforded by the tunnel networks will allow for additional infiltration andlor storage

of the captured water. If surface features such as vole highways are capable of

intercepting run-off and directing flow toward burrow entrances (as some of the

results of this study suggest), the process is enhanced.

Under dry soil conditions, when water is applied to the soil surface at rates that

exceed the infiltration capacity of the system, it appears that accelerated transport to

the subsurface of is not enhanced by the presence of subsurface tunnels if they are

not connected to the surface by burrow entrances. Burrow entrances appear key to

the rapid transport of surface applied waters under dry soil conditions.

CONCLUSION

Regardless of the moisture content of the soil, it appears that the presence of vole

activity can enhance bypass transport. Results in this study show that under

saturated conditions, if surface water application is in excess of the infiltration

capacity of the system, rapid bypass transport to the subsurface occurs though this

effect may be partially masked by numerous other bypass features that appear to

enhance transport. The relative importance of bypass due to vole holes and tunnels

appears to be a function of soil structure. The quantity of bypass features other than

vole burrows may be sufficient to mask their impact. Additionally, under dry soil

conditions, results of this study show that when rates of surface water application are

in excess of the infiltration capacity of the surface soil, the presence of vole burrow

entrances, possibly enhanced by surface modifications (vole highways), resulting in

rapid bypass transport of moisture deep into the soil profile.



FUTURE WORK

The soil modifications by soil-mammals are dynamic systems that are constantly

changing. It is difficult to study a moving target, particularly one that is responding,

if not actively confounding, the efforts of the researcher. However, the exclusion of

soil-mammals from the system of study may alter its behavior significantly. The

activities of animals in the system are likely linked to the function of the system.

Since these systems appear to be somewhat plastic, it would be useful to measure the

transience or permanence of vole burrow entrances and associated tunnel structures

over time. Knowing the rate of change of these structures would allow for better

experimental design. I would have liked to have documented the position of all the

burrow entrances within the study area using a laser transit and total station. This

baseline information would have been useful to measure the transience of these

features over time and also to test the spatial association with subsurface features

known to be present at the site.

Using Plaster of Paris as a tracer in this investigation revealed some of the greatest

amount of information concerning the geometry of these structures. Additional

testing of various consistencies and formulations of plaster might allow for more

selectivity in tracing specific bypass features. The use of water-based visual dye

tracers (Brilliant Blue and FD&C Red #3) exposed such a wide array of pathways

differing in size, source, and complexity, that it was difficult to interpret the results.

By altering the viscosity of the liquid plaster, control over the size class of

macropores it readily flows into might be useful in distinguishing the function of

specific structural features. The physical strength of the plaster might also be

enhanced allowing the removal of complete castings of macropore structure (other

researchers have been using orthodontic plaster that has characteristics that enhance

flow but remain strong when solidified, see Tschinkel, W. R., Florida State
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University). Using tinting agents in conjunction with these other techniques might

also enhance the use of this material to parse out the details of a very complex

system.

Learning more about the habits of these creatures can only enhance our

understanding of their effect on the soil system. What factors determine the location

and extent of soil modifications where these animals are found? It is assumed that

soil moisture and texture are important factors but to what degree? Knowing more

about the variety and function of vole architecture is an open question. The answers

to these questions will help us live more cooperatively with our environment as

fellow animal engineers.
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Appendix A - ODA Notice of Noncompliance and Plan of
Correction (continued).
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Appendix B - Dilution Standards

Serial dilution standards were prepared in quantities sufficient for the lab tests

necessary to characterize important attributes of Amino-G. Because the Amino-G

tracer photo degrades when exposed to light, quantities were mixed in batches for

each of the major experimental sections to minimize solution degradation (Table

A.1).

Table A. 1 Quantities of dilution standards required for fluorometer
testing/calibration and Amino-G characterization tests.
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Number
Volume
of test

Quantity
of each
dilution

of vessel Number required Total
Action dilutions (ml) of reps. (ml) (ml)
Fluorometer
calibration 7 13 13 91

Materials adsorption 7 50 1 50 350

Photo degradation test 7 6 4 24 168

Adsorption batch test 7 20 4 140 560
Column experiment

1 6 1 6 6

Total 319 1175



Appendix B - Dilution standards (continued)

Procedures

The soil adsorption test required the widest range of dilution standards and thus

determined the minimum number of standards that were mixed and in what

concentrations.

A total of 11 dilution standards were prepared with solute concentrations ranging

from 40 ppt to 500 mg/L Amino-G (Table A.2). The concentrations of the 11

standard solutions were logarithmically distributed across the range (with the

exception of concentration of 250 mg/L) to provide more data points in the lower

ranges. This portion of the range was of particular interest because it represented the

final solute strength expected in the upcoming field experiments. The intent was to

describe with greater precision the curve of the sorption isotherm in this critical

range as well as have a greater number of dilution standards within the linear range

of the Fluorometer.

According to the Fluorometer manufacturer (Turner Designs, CA), the limit of

detectability of the 10-AU-005-CE in pure water is about 10 ppt. The linear range

extends to about 0.1 mg/L (active ingredient); and the useful range using a

calibration curve is up to 0.5 mg!L. All samples above 0.5 mg/L were diluted into

the linear range before analysis.
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Appendix B - Dilution standards continued

Table A.2 Serial stock dilutions.

Mixing serial dilutions

To prepare serial stock dilutions, the first task was to prepare a large enough

quantity of the most concentrated solution (standard initial dilution) to allow for its

use in subsequent experiments as well as the production of more dilute standard

solutions. To reduce the amount of error in the production of the initial Amino-G

stock solution, easy to measure quantities using standard laboratory scales and

glassware were used. For the laboratory experiments listed above (Table A.1), the

production of 2 liters of 500 mg/L Amino-G and 1 liter of 39.73 mg/L solution was

sufficient to generate all subsequent dilutions. Both the 500 mg/L and the 39.73

mg/L concentration solutions were produced using gravimetric methods using a

Denver Instrument Company A-series, model # 259 electronic analytical balance

and standard volumetric flasks.
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Stock solution
number

Amino-G
concentration

(mgIL)

1 500
2 250
3 39.7
4 3.15
5 0.251
6 0.059
7 0.01993
8 0.00327
9 0.001 58
10 0.00013
11 0.00004



Appendix B - Dilution standards continued

The purity of the Amino-G dye needed to be compensated for in the preparation of

the standard initial dilutions. A large quantity of (if you need any, let us know)

Amino-G was obtained from: M/S DAYGLO COLOR CORP, 8/109 Jogani

Indl.Complex,V.N., Purav road, chunnabhatti(e) mumbai - 400 022, India (tel : 91

22 5245801/02 fax: 91 22 5245803) whome stated that the purity of the product

is 75-80%. To compensate for the impurity of the dye, an additional 145.16mg of

Amino-G powder was added to each liter of standard initial dilution to produce a

final dilution of 500 mg/L and 11.534 mg of Amino-G powder was added to each

liter of standard initial dilution to produce a final dilution of 39.73mg/L.

218



Appendix B - Dilution standards continued

Quantities of Amino-G initial stock solutions were calculated as shown below:

For 500mg/L Standard Initial Dilution

500mg impure Amino-G x 0.775 387.50mg pure Amino-G
500mg 3 87.50mg pure Amino-G = 112.50mg

112.50mg
112.50 pure Amino-G = or 145.16mg impure Amino-G

0.775
Total to add to 1 liter H2o = 645.15mg Amino-G @77.5% purity

For 39.73mg/L Standard Initial Dilution

39.73mg impure Amino-G x 0.775 = 30.79 1mg pure Amino-G
39.73mg - 30.79 1mg pure Amino-G = 8.939mg

8.939mg
8.93 9 pure Amino-G = or 11.53mg impure Amino-G

0.775
Total to add to 1 liter H2o = 5 1.16mg Amino-G @77.5% purity

Once the compensation for purity had been corrected for, the appropriate quantity of

Amino-G powder was weighed out and transferred into 1 liter volumetric flasks and

filled to the 1 liter line with distilled water. The solution was then thoroughly mixed

at room temperature for 30 minutes using a Corning magnetic stirrer. After 2 liters

of the initial 500 mg/L stock solution and 1 liter if the initial 39.73 mg/L stock

solution was prepared, the remaining stock solutions were produced by dilution

using an electronic micropipette and volumetric flasks.
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Appendix C - Fluorometer and fluorometer analysis

A Model 10-AU-005-CE digital field fluorometer (Turner Designs, CA) was used to

perform laboratory analysis of water samples containing Amino-G tracer throughout

all phases of this investigation (Figure A.l). A Fluorometer is an instrument

designed to measure fluorescence light emission energy within a specified range of

spectra unique to a fluorescent chemical compound of interest. The limit of

detectability of the 10-AU-005-CE in pure water is about 10 ppt. The linear range

extends to about 0.1 mg/L (active ingredient); and the useful range using a

calibration curve is up to 0.5 mg/L.

The unit has a digital display and keypad located on the front panel. Discrete

samples are inserted into the cuvette holder for analysis which takes about one

minute (or until the reading has stabilized). The unit can also be fitted with a flow-

through adapter and pump allowing continuous data sampling. The unit is weather

resistant, portable, and can be run on battery power.
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Figure A.1 A Model 1O-AU-005-CE digital field fluorometer (Turner
Designs, CA).
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Appendix C - Fluorometer and fluorometer analysis (continued)



Appendix C - Fluorometer and fluorometer analysis (continued)

Ideally, the intensity of emission from a fluorescent tracer is directly proportional to

the concentration of tracer in solution. Using various commercially available filters,

the spectra range for analysis of the l0-AU-005-CE fluorometer can be narrowed to

a bandwidth of approximately 200 nm. This differs from spectrafluorometers, which

permit analysis on very narrow ranges of spectra, often as narrow as a few

nanometers in width and allowing the tracer signal to be more easily distinguished

from background interference. The fluorometer used in this investigation was fitted

with a 10-302R long wavelength optical kit (Turner Designs, CA). The optical kit

was selected to correspond to the fluorescence characteristics of Amino-G tracer.

Amino-G tracer has excitation band maxima at 245 nm, 305 nm, and 355 nm (the

strongest being at 245nm) with an emission band maximum at 455nm.

Because the fluorometer measures emissions across a relatively broad range of

spectra, background interference is of greater concern when using a fluorometer in

the field. Background fluorescence signals can come from a number of sources both

natural and anthropogenic. Anthropogenic sources usually have well defined

signature peaks whereas natural sources result in broad overlapping peaks. Organic

background signals peak at around 400 nm and can be detected up to about 600 nm

(Smart 2002). The background signal can be accounted for by either pre-monitoring

the site to obtain a representative background rate or by using analogue sampling

from a similar site. We chose the former for its simplicity and economy. For this

study we expected to see only naturally occurring sources of fluorescence in the

field. The emissions band maximum of Amino-G and the expected sources of

background interference share the same frequency range and are indistinguishable

by frequency analysis alone. Thus our only ability to distinguish background

interference from tracer signal was through the amplitude of the signal. Therefore,

the input concentration of the tracer was critical to successful fluorometric analysis.
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Appendix C - Fluorometer and fluorometer analysis (continued)

Fluorometer Calibration
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Before fluorometric data could be taken, instrument calibration was required.

Calibration operations are explicitly described in the operations manual (section 3).

Calibration consists of adjusting fluorometer settings to reflect a known

concentration of sample. Generation of a calibration curve for Amino-G was

performed using of Amino-G serial dilutions of known concentrations (dilution

standards prepared as described above). The 1O-AU-005-CE records all calibration

settings and re-calibration of this instrument is only necessary if a different filter kit

is installed or the same kit is re-installed. Though the 1O-AU-005-CE has an auto

calibration that allows calibration using only one standard and a blank, unfamiliarity

with Amino-G required that calibration be performed using at least seven data

points.

Calibration by this procedure allows the fitting of a curve to the data. The modeled

curve allows the conversion of raw fluorometer values to Amino-G concentration

values.



Appendix D - UV absorbing performance of culture tubes

The culture tubes used in this investigation were obtained from Fisher Scientific -
product # 14-961-27 13mm x 100mm. The culture tubes are manufactured by

Kimble-Kontes out of a material called KG-33. Figure A.2, shows a graph of the

light transmission vs. wavelength after having passed through KG-33. The

emissions spectra for Amino-G is greater than 400 nm. At this light frequency, KG-

33 has over 90% transmission.
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Figure A.2 UV absorbing performance ofKG-33 glass.
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Appendix E - Background fluorescence over entire investigation

Vertical transport field experiments
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Initial Background fluorescence
(Amino-G equivalent ppm)

Runi Run2
Depth of sample 30 cm 61 cm 30 cm 61 cm

(el)00097 (e4) - (el) 0.0087 (e4) 0.0040
Vole (e2) 00062 (e5) 0.0028 (e2) 0.0062 (e5) 0.0035

0 (e3)O 0051 (e6) 0.0020 (e3) 0.0096 (e6) 0.0036
0 (cl)0.0084 (c4) - (cl)0.0056 (c4)0.0032

Reference (c2) 00085 (c5) 0.0040 (c2)0.0072 (c5)0.0042
(c3)0.0067 (c6)0.0029 (c3)0.0061 (c6)0.ci026

Average 0.0074 0.0029 0.0072 0.0035

30cm 61 cm
Average for both
runs 0.007 0.003

Laboratory adsorption tests

Background fluorescence
(Amino-G equivalent ppm)
Column test Batch test

0.002 0.01



Appendix F - Soil sample characteristics from column experiment

Mass of soil = Mass of the column full Mass of the column

empty

=280.04g-214.81 g

= 65.23 g

Density of particles (assumed) = 2.65 g/cm3

Volume of solids

Sample volume

Pore volume

Percent pore space

Bulk density

= Mass/Density

= 65.23 g/2.65g/cm3

= 24.62cm3

Pj * r2 * Length of soil column (average)

= (3.1416(O.992cm2))*18.73cm

57.89cm3

= Sample volume - Volume of solids

= 57.89cm3-24.62cm3

= 3 3.27cm3

= 100/ Sample volume * Pore volume

= 100/57.89cm3 * 33.27cm3

= 57.47 %

= Mass/Sample volume

= 65.23 g/57.89cm3

= 1.13 g/cm3
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Appendix G - Probe description

The XL PRO Video Probe is a battery powered digital video inspection device. The

unit consists of a travel case and a central processing unit, a handheld controller, and

a 1.4 m long probe (Figure A.3). The processing unit has a floppy disk drive

allowing digital storage of still images as well as a video output jack allowing

connection to additional video monitors or to a digital video camera for recording

moving images. The handheld controfler is attached to the processing unit by means

of a heavy data cable. The handheld controller has a flat-screen color video monitor,

a number of control buttons, and a joystick control all integrated into an

ergonomically designed handgrip. Extending out the top of the handheld control

unit is a flexible probe 6 mm in diameter and 1.4 meters long. The probe tip is

equipped with a small camera and light source. The camera is designed to accept a

number of different lenses for different types of applications. Also available are a

number of tools that mount to the tip of the probe and that can be controlled from the

hand unit. The tip of the probe has full distal-end articulation allowing nearly 360-

degree movement of the tip in all directions. The movement of the tip is controlled

by the joystick on the hand unit and real-time image collection by the camera is

displayed on the video monitor screen. When used properly, the tip of the probe can

be inserted into narrow spaces and effectively guided around obstacles by a

combination of pushing the probe forward and controlling the direction of the tip

from the hand unit while monitoring its progress on the video screen.
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Appendix G - Probe description (continued)

Figure A.3 The XL PRO Video Probe (Everest VIT International).
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Appendix G - Probe description (continued)

In addition to real-time images being sent from the camera, other information is

displayed on the video monitor. Date and time information and various camera

settings (zoom, contrast, brightness control etc.) can be displayed on the screen and

subsequently stored along with the images on recording media. A probe-tip position

monitoring feature reports the direction and angle acuity of the camera on the video

monitor. A box image displayed on the video monitor shows this orientation

relative to the centered position of the camera. Pushing a single button can

automatically restore the centered position of the probe tip. A microphone

integrated into the hand unit allows up to 10 seconds of digital sound to accompany

still visual images recorded on the disk drive.
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Appendix H - Testing the probe

The XL PRO Video Probe was put through a series of tests to determine its efficacy

as a subsurface mapping tooL A scale was attached to the probe to allow probe

penetration distance information to be recorded. This scale ran the full length of the

probe and was attached to one side of the probe. This allowed the probe operator to

know the pitch of the camera simply by looking at the scale position visible on that

portion of the probe remaining outside the tunnel. This was a concern because we

would be surveying uncharted spaces offering few clues to discern right side up

from upside down. Additionally, a transparent scale was physically attached to the

video monitor corresponding to the probe-tip position monitoring display. This

allowed the probe tip angle to be estimated so that visual spatial information could

be deciphered and mapped.

The efficacy of these modifications for navigation and mapping was tested by

manufacturing a series of artificial tunnels with known features and dimensions from

foam pipe insulation. Features included dead-ends, branching intersections, and

tunnels of different lengths. Two test tunnels of differing length and complexity

were manufactured using the foam pipe insulation by one of the researchers (M.

Rogers), the probe operator (J. Cassidy) was not allowed to see the constructed test

system. Before attempting to navigate and map the system, it was completely

hidden from view using a large sheet of cardboard. Using the scales added to the

probe and the video monitor, the test system was successfully explored and mapped.

The photograph in Figure A.4 shows the exposed simulated test tunnel system,

probe unit, and maps generated during this test of the equipment. Our concerns with

camera orientation were overcome by practicing on this test tunnel system. During

this orientation with the equipment, the probe unit was successfully connected to an

8 mm digital video camera permitting the recording of video images and all else was

made ready for the filed trials to begin
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Figure A.4 Laboratory testing of video probe. 3 simulated runways manufactured out of
foam insulation.



Appendix I Video-probed tunnel spatial information and map
locations.
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-it .

0)

E

0.

C
C

Cl)

Cl)

it

Cl)

V

U)

E

1 1.3 1.1 yes hea'y yes 0.6 slated as a candidate
2
3 0.3 yes
4 straw 0.45 yes Brood chamber movement (?)
5 short yes blocked
6 straw 0.3 0.3 yes
7 0.3 yes
8 0.1 yes
9 0.6 yes yes
10 0.8 yes no
11 0.4 yes no
12 no 0.7 yes exit #9
13 straw 0.35 yes continues beyond where prob got stuck
14 straw 0.4 no yes small room
15 0.25 yes
16 straw 0.5 0.4 yes big room
17 yes
18 yes
19 0.3 yes
20 0.35 yes
21 0 8 two exits 0 2 slated as a candidate
22 0.35 0.35 yes
23 debris

dams 0.7 yes no 0.45
24 straw 0.6 yes 0.35 slated as a candidate
25 VOLE
26 0.7 VOLE
27 sticks

and roots 0.5 yes two exits no
28 heaW

straw 0 45 no VOLE
29 straw 0 4 no no 0.4 VOLE
30 light 05 yes 0.5 VOLE
31 1 5 two exits 0.85 VOLE, ran out of probe
32 0 75 yes slated as a candidate
33 heaW

debns 0.9 slated as a candidate (pusing nestball)

SUM 15.55
AVE 0.555
STDV 0.255
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Appendix I Video-probed tunnel spatial information and map
locations (continued).
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X-coordinate Y-coordinate
Vole tunnel # East/west North/south

X-coordiriate Y-coordinate
Vole tunnel # East/west North/south

VH1A 1048.653 5010.282 VH2OA 1041.415 5017.306
VH1B 1049.072 5011.277 VH20B 1041.054 5017.209
VH2A 1047.651 5009.042 VH21A 1019.592 5015.445
VH3A 1025.188 5014.02 VH21B 1019.982 5015.627
VH4A 1025.047 5014.342 VH21C 1020.204 5015.724
VH5A 1025832 5013322 VH22A 1019226 5015231
VH6A 1025807 5013022 VH23A 1018396 5015212
VH7A 1029217 5011 128 VH24A 1020263 5017352
VH8A 1029378 5010659 VH24B 1020727 5017511
VH9A 1051.794 5011.865 VH25A 1030.902 5014.607
VH9B 1051.914 5011.367 VH26A 1031.401 5015.151

VH1OA 1052 76 5012 754 VH26B 1030 889 5015 174
VHIOB 1052.09 5012.843 VH27A 1031.913 5016.494
VH11A 1052804 5010949 VH27B 103219 5016283
VH11B 1052.629 5010.744 VH27C 1032.265 5016.132
VH12A 1052473 5011 772 VH28A 1038128 5017613
VH13A 1041 29 5020 017 VH29A 1037 861 5017 923
VH14A 1041 057 5019681 VH3OA 1037754 5018295
VH15A 1040584 5018207 VH31A 1037318 5017148
VH15B 1040.872 5018.208 VH31B 1038.204 5018.367
VH16A 1041.907 5017.961 VH31C 1038.064 5018.516
VH17A 1041.746 5018.673 VH32A 1046.701 5019.176
VH18A 1042.187 5017.617 VH32B 1047.196 5018.733
VHI9A 1041.726 5017.392 VH33A 1046.512 5018.929



Appendix J Instrument installation

Installation of both tensiometers and suction lysimeters required that pilot holes

drilled in the soil be placed at precise angles and depths. Pilot holes were drilled at

or near the driest soil conditions known at this location and thus required the use of a

long carbide tipped auger drill-bit (purchased from Advantage of Winter Park,

Florida) and power equipment. To control the angle at which holes would be

drilled, an adjustable drill jig was manufactured using heavy timbers and standard

hardware (Figure A.5).

After the pilot holes were drilled at the correct angle and required depth, they were

reamed to the exact instrument diameter by means of a steel pipe the end of which

was flared and honed to a sharp edge to the precise diameter called for. Loose soil

and other debris that collected in the bottom of the holes were removed using a

vacuum fitted with a long, thin, CPVC pipe. To insure intimate contact between the

soil and the porous ceramic cup located at the ends of the instruments, the ceramic

cup needed to be buried in soil slurry at the bottom of the holes. The slurry was

made from soil removed from the hole while drilling and mixed with water to the

consistency of heavy cream. Approximately SOml of slurry was deposited at the

bottom of the hole using a funnel and long pipe (Figure A.5). The instrument was

then inserted into the hole and pushed to the bottom. Slurry could be seen squirting

out at the soil surface as the instrument was pushed into its final position.
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Figure A.5 Drill jig with plum bob, insets show precision angle drilling and slurry pouring into
finished hole.



Appendix K Green and Ampt calculation for arrival time at 15cm,

wetting test.

Equation used to find the rate of transport of the wetting front towards the
instruments during the wetting experiment.

Where I is the cumulative infiltration, i is the infiltration rate, and t is time.

Because the wetting is assumed to be uniform, cumulative infiltration (I), should be

equal to the product of the wetting front depth and the difference between the initial

soil wetness and the final soil wetness (Hillel 1998).

I = LAO

and from the Green-Ampt equation we have that

(t)=i(2KsatAO Winitial
)th/2

2

Combining these equations we obtain a function for the arrival time at specific

depths,

L

Ksat Winitia! -,
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Appendix K Green and Ampt calculation for arrival time at 15cm,

wetting test (continued).

Rate of movement of the wetting front for two values of hydraulic conductivity and two values of initial soil tension
where: L = is the depth of the wetting front (or instrument)

K is the hydraulic conductivity
0 is the change in moisture content which is assumed to be from dry (12%) to saturated (55%)

'F is the initial soil matrix tension which is assumed to be 100cm during the first irrigation and
80cm during the second irrigation

Results: For an instrument depth of 15cm, the infiltration front experimentally arrived in about 220 hrs
This corresponds to a saturated hydraulic conductivity of 0.6 cm/hr which was obtained from
laboratory (disturbed) soil columns and we are assuming corresponds to pure matrix transport.
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10 20736 5.76 32400 9 360000 100 562500 156.25
15 46656 12.96 72900 20.25 810000 225 1265625 351.5625
30 186624 51.84 291600 81 3240000 900 5062500 1406.25
40 331776 92.16 518400 144 5760000 1600 9000000 2500
50 518400 144 810000 225 9000000 2500 14062500 3906.25
60 746496 207.36 1166400 324 12960000 3600 20250000 5625

Macronore K. Matrix K.,
K(cm/hr) = 2.5 0.6 0.6
K(cmlsec) = 0.000694 0.000694 0.000 167 0.000167

= 0.43 0.35 0.43 0.35
intital 'F (cm)= 100 80 100 80

L t t t t
(cm) (sec) (hr) (sec) (hr) (sec) (hr) (sec) (hr)



Soil-water tension (cbar)

Irrigation (2.54cm@lOcm/h)
Date Time

Vole plot Reference plot
Depth 61cm 30cm 15cm 30cm 30cm 15cm 61cm 61cm 61cm 30cm 15cm 30cm 30cm 15cm 61cm 61cm

Cumulative
hours

El E2 E3 E4 E5 E6 E7 E8
Tensiometer #

C9 ClO Cli C12 C13 C14 C15 C16

10/1/2001 12:00 0 -92 -88 -90 -86 -88 -80 -96 -92 -3 -97 -93 -85 -85 -89 -93 -95
10/2/2001 16:00 28.08 -97 -94 -94 -93 -92 -87 0 -97 -4 -83 0 -88 -91 -95 -97 -99
10/3/2001 16:30 *52.58 -90 -86 -85 -93 -87 0 -99 -5 -85 0 -88 -93 -92 -98 0

10/4/2001 12:00 72.08 -93 -92 -91 -91 -87 -75 -93 -92 -5 -87 -84 -90 -90 -88 -93 -90
10/5/2001 12:00 96.08 -98 -96 -98 -95 -93 -87 -98 -98 -4 -89 -86 -93 -94 -95 -98 -96
10/6/2001 11:30 *119.58 * -97 -96 -90 -4 -93 0 -96 -98 -98 -99
10/6/2001 12:09 *120.23 * -97 -99 -95 -89 0 0
10/7/2001 9:45 *141.83 * -67 -91 -36 -90 -5 -93 0 -96 -99 -96 * *

10/8/2001 14:00 170.08 -98 * 0 -56 -30 -79 -3 -94 0 -96 -99 -65 0 0
10/10/2001 10:30 214.58 -99 0 0 -81 -57 -80 0 -99 -4 -31 0 0 -99 0 0 0
10/11/2001 10:00 238.08 -92 0 0 -30 -14 -49 0 -92 -2 0 0 0 -90 0 0 0
10/12/2001 10:00 262.08 -91 -87 -86 -50 -30 -69 -92 -79 -3 -86 -76 -81 0 -86 -86 -91

10/13/2001 13:15 289.33 -92 -91 -87 -61 -41 -75 -97 -70 -2 -90 -70 -82 0 -91 -90 -95
10/14/2001 12:00 312.08 -81 -93 -81 -24 -19 -74 -98 -64 -3 -93 0 -82 -85 -92 -89 -96
10/15/2001 15:00 339.08 -85 -94 -68 -37 -31 -76 -98 -64 -4 -94 -74 -82 -88 -93 -89 -96
10/16/2001 17:00 365.08 -91 -97 -57 -50 -43 -78 * -69 -5 -97 -79 -84 -93 -95 -90 -98
10/ 17/200 1 12:00 384.08 -82 -97 -45 -18 -11 -78 * -50 -5 -98 -68 -84 -92 -92 -91 -98
10/18/2001 9:22 405.44667 -85 -98 -39 -24 -16 -78 * -44 -1 -98 -2 -82 -92 -90 -91 -98
10/19/2001 17:00 437.08 -88 -96 -26 -38 -30 -71 * -49 -5 -96 0 0 -91 -84 -89 -97
10/20/2001 16:15 460.33 -90 -96 -20 -11 -8 -9 -99 -27 -3 -96 -75 -76 -89 -81 -88 -97
10/21/2001 16:15 484.33 -93 -95 -17 -18 -14 0 -99 -29 -3 -96 -76 -79 -90 -78 -88 -97
10/22/200 1 17:30 509.58 -94 -88 -12 -25 -21 -60 -97 -35 -5 -95 -69 -78 -89 -74 -86 -97
10/23/2001 11:20 527.41333 -96 -84 -11 -31 -25 -57 -99 -38 -3 -96 -52 -79 -90 -73 -88 -98
10/24/200 1 16:00 556.08 -93 -82 -7 -8 -7 -55 -98 -10 -3 -92 0 -75 -83 -66 -85 -97
10/25/2001 15:30 579.58 -93 -80 -3 -12 -10 -55 -98 -12 -2 -88 -73 -72 -81 -63 -83 -96



Depth

Soil-water tension (cbar)
Vole plot

61cm 30cm 15cm 30cm 30cm 15cm 61cm 61cm
Reference plot

61cm 30cm 15cm 30cm 30cm 15cm 61cm 61cm
Tensiometer #Irrigation (2.54cm@1 0cm/h)

Date Time Cumulative El E2 E3 E4 E5 E6 E7 E8 C9 ClO CII C12 013 014 C15 C16
hours

10/26/2001 16:20 604.41333 -93 -79 -3 -18 -14 -46 -97 -17 -4 -86 -74 -71 -82 -65 -81 -95
10/27/2001 10:30 622.58 -89 -72 -3 -6 -6 -48 -96 -7 -4 -70 -74 -66 -71 -63 -79 -95
10/28/2001 16:45 652.83 -89 -63 -3 -9 -8 -40 -95 -11 -4 -50 -52 -60 -69 -61 -76 -94
10/29/2001 17:00 677.08 -89 -56 -2 -12 -10 -40 -93 -13 -5 -44 -15 -56 -69 -59 -74 -93
10/30/2001 13:00 697.08 -88 -51 0 -15 -5 -5 -90 -5 -3 -42 0 -53 -68 -54 -71 -91
10/3 1/200 1 16:45 724.83 -90 -50 -71 -16 -5 -13 -88 -9 -5 -11 -78 -45 -67 -12 -70 -92
11/1/2001 10:45 742.83 -90 -47 -72 -12 -4 -7 -87 -10 -4 -10 -77 -36 -63 -4 -69 -91
11/2/2001 17:00 773.08 -91 -26 -63 -6 -6 -8 -83 -7 -5 -11 -73 -13 -54 -10 -67 -88
11/3/2001 17:15 797.33 -91 -24 -58 -8 -6 -10 -79 -7 -3 -14 -71 -13 -42 -13 -65 -85
11/4/2001 14:15 818.33 -91 -23 -57 -10 -7 -14 -73 -8 -3 -16 -69 -13 -34 -16 -62 -82
11/7/2001 15:30 891.58 -92 -32 -65 -18 -9 -23 -59 -12 -2 -26 -47 -20 -29 -28 -56 -73
11/8/2001 16:00 916.08 -92 -36 -69 -22 -11 -26 -57 -13 -3 -32 -36 -24 -32 -33 -54 -70

11/10/2001 12:00 960.08 -90 -39 -71 -26 -13 -29 -54 -15 0 -32 -17 -25 -30 -37 -52 -64
11/11/2001 18:00 990.08 -90 -45 -74 -30 -16 -33 -56 -17 -2 -41 -13 -32 -36 -44 -51 -62
11/12/2001 17:00 1013.08 -89 -45 -72 -26 -15 -22 -56 -18 -5 -41 -9 -33 -37 -29 -51 -60
11/13/2001 13:00 1033.08 -89 -43 -69 -20 -11 -2 -56 -19 -4 -37 -7 -29 -36 -12 -51 -60
11/14/2001 10:00 1054.08 -89 -3 -4 -5 -5 -3 -47 -5 -5 -4 -2 -3 -6 -3 -51 -52
11/1 5/200 1 16:30 1084.58 -89 -3 -3 -4 -4 -2 -24 -5 -5 -4 -4 -4 -6 -42 -21
11/16/2001 16:15 1108.33 -90 -4 -2 -4 -5 -2 -15 -5 -4 -4 -4 -6 -2 -31 -9
11/19/2001 9:45 1173.83 -87 -3 -4 -4 -2 -10 -6 -4 -4 0 -3 -6 0 -10 -8
11/20/2001 8:00 1196.08 -86 -4 -4 -6 -6 -4 -6 -6 -5 -5 -5 -5 -6 -4 -5 -6
11/20/2001 15:45 1203.83 -84 -5 -3 -6 -6 -4 -6 -6 -4 -4 -2 -5 -5 -3 -5 -6
11/21/2001 9:45 1221.83 -10 -3 -2 -5 -5 -3 -6 -6 -4 -4 -3 -4 -6 -3 -5 -6
11/21/2001 18:00 1230.08 -6 -3 -2 -5 -4 -2 -5 -5 -3 -4 -3 -3 -6 -3 -3 -5
11/22/2001 9:00 1245.08 -3 -2 -2 -4 -4 -5 -4 -5 -4 -3 -5 -4 -5



Depth

Soil-water tension (cbar)
Vole plot

61cm 30cm 15cm 30cm 30cm 15cm 61cm 61cm
Reference plot

61cm 30cm 15cm 30cm 30cm 15cm 61cm 61cm
Tensiometer #Irrigation (2.54cm@1 0cm/h)

Date Time Cumulative
hours

El E2 E3 E4 E5 E6 E7 E8 C9 ClO Cli C12 C13 C14 015 016

11/23/2001 8:30 1268.58 -6 -4 -3 -6 -5 -4 -6 -6 -4 -5 -4 -4 -6 -3 -5 -6
11/24/2001 19:30 1303.58 -6 -3 -3 -5 -3 -3 -5 -5 -4 -4 -2 -4 -5 -3 -4 -5
11/25/2001 9:00 1317.08 -6 -4 -3 -5 -5 -3 -6 -5 -5 -5 -3 -4 -6 -3 -5 -6
11/26/2001 10:30 1342.58 -7 -4 -3 -5 -5 -4 -6 -6 -5 -5 -4 -4 -6 -4 -5 -6
11/27/2001 10:15 1366.33 -5 -3 -2 -4 -3 -2 -4 -3 -2 -2 -1 -4 -1 -2 -3
11/28/2001 16:00 139608 -7 -5 -6 -6 -5 -5 -7 -6 -5 -6 -5 -6 -7 -5 -5 -7
11/30/2001 10:00 1438.08 -4 -3 -3 -4 -4 -2 -4 -3 -4 -4 -2 -3 -5 -2 -3 -4

12/1/2001 11:00 1463.08 -4 -2 -2 -3 -2 -2 -4 -3 -3 -3 -3 -3 -4 -2 -1 -2
12/2/2001 11:00 1487.08 -5 -3 -2 -5 -5 -3 -5 -5 -3 -4 -2 -3 -6 -3 -4 -5
12/3/2001 8:45 1508.83 -6 -2 -2 -6 -5 -4 -6 -6 -7 -5 -4 -5 -6 -4 -5 -6
12/4/2001 8:30 1532.58 -6 -3 -2 -5 -5 -3 -5 -5 -5 -4 -3 -2 -6 -3 -4 -6
12/5/2001 12:00 1560.08 -6 -4 -3 -5 -5 -4 -5 -5 -4 -4 -4 -4 -6 -4 -4 -5

12/10/2001 9:30 1677.58 -8 -5 -3 -6 -6 -3 -7 -7 -6 -6 -3 -5 -7 -3 -6 -7
12/11/2001 12:00 1704.08 -7 -4 -3 -6 -5 -2 -7 -7 -6 -5 -2 -4 -7 -2 -6 -7
12/12/2001 11:00 1727.08 -6 -4 -2 -6 -4 -2 -6 -6 -7 -5 -2 -4 -6 -2 -5 -6
12/14/2001 9:30 1773.58 -5 -3 -2 -5 -4 -2 -5 -5 -4 -4 -2 -3 -5 -2 -4 -5
12/17/2001 15:15 1851.33 -7 -6 -5 -5 -5 -4 -7 -6 -5 -7 -4 -6 -8 -4 -5 -6
12/18/2001 14:45 1874.83 -7 -3 -2 -4 -4 -3 -5 -6 -6 -4 -3 -4 -6 -2 -5 -6
12/19/2001 13:30 1897.58 -7 -5 -5 -6 -6 -5 -7 -6 -5 -6 -5 -5 -7 -5 -6 -5
12/20/2001 12:15 1920.33 -6 -3 -3 -6 -5 -4 -6 -6 -5 -4 -4 -3 -6 -4 -5 -5
12/21/2001 14:30 1946.58 -7 -5 -5 -6 -6 -5 -7 -6 -6 -6 -5 -5 -7 -5 -5 -7
12/22/2001 13:00 1969.08 -5 -3 -2 -6 -6 -4 -6 -7 -4 -4 -4 -3 -6 -4 -5 -7
12/23/2001 13:45 1993.83 -6 -3 -3 -6 -6 -4 -7 -6 -6 -4 -4 -3 -6 -2 -6 -7
12/24/2001 14:45 2018.83 -7 -5 -5 -6 -6 -4 -7 -5 -8 -6 -4 -6 -7 -3 -6 -7
12/25/2001 16:00 2044.08 -8 -7 -6 -6 -6 -4 -8 -6 -10 -7 -3 -7 -8 -3 -6 -8
12/26/2001 13:00 2065.08 -8 -6 -5 -7 -6 -5 -7 -7 -9 -9 -6 -6 -8 -5 -6 -7



Soil-water tension (cbar)

Irrigation (2.54cm@1
Date

Vole plot Reference plot
I Depth 61cm 30cm 15cm 30cm 30cm 15cm 61cm 61cm 61cm 30cm 15cm 30cm 30cm 15cm 61cm 61cm

0cm/h)
Time Cumulative

hours
El E2 E3 E4 E5 E6 E7 E8

Tensiometer #
C9 ClO Cli C12 C13 C14 C15 C16

12/27/2001 14:00 2090.08 -8 -6 -5 -7 -6 -5 -7 -7 -7 -6 -6 -6 -8 -6 -6 -7
12/28/2001 15:30 2115.58 -6 -5 -4 -6 -5 -4 -6 -6 -6 -5 -4 -5 -6 -4 -5 -6
12/29/2001 15:45 2139.83 -7 -4 -3 -6 -5 -2 -7 -6 -6 -5 -2 -4 -7 -3 -5 -7
12/30/2001 11:30 2159.58 -7 -4 -4 -5 -5 -3 -6 -5 -5 -5 -3 -4 -6 -3 -5 -6

1/4/2002 9:00 2277.08 -6 -5 -4 -6 -5 -3 -6 -5 -6 -5 -3 -5 -7 -2 -5 -6
1/5/2002 10:00 2302.08 -7 -4 -4 -6 -5 -3 -6 -6 -6 -5 -2 -3 -7 -2 -5 -7
1/6/2002 9:30 2325.58 -5 -1 0 -3 -3 -2 -1 -1 -4 -2 0 -3 -1 0 -1 -3
1/8/2002 9:45 2373.83 -4 -2 -3 -5 -4 -3 -5 -5 -5 -4 -3 -3 -6 -3 -5 -5

1/10/2002 9:00 2421.08 -7 -4 -4 -6 -6 -4 -6 -6 -7 -5 -4 -5 -7 -4 -5 -7
1/13/2002 12:30 2496.58 -7 -5 -3 -6 -5 -3 -7 -6 -8 -5 -3 -5 -7 -3 -6 -7
1/15/2002 15:30 2547.58 -8 -3 -3 -3 -5 -3 -7 -6 -8 -6 -3 -5 -7 -3 -6 -7
1/17/2002 15:45 2595.83 -8 -5 -3 -3 -5 -3 -7 -6 -8 -5 -3 -5 -7 -2 -6 -7
1/20/2002 11:45 2663.83 -5 -2 -1 -3 -3 -1 -4 -3 -3 -3 0 -3 -2 0 -1 -2
1/21/2002 15:00 2691.08 -3 -1 0 -4 -4 -2 -3 -2 -5 -4 -3 -2 -4 -1 -2 -6
1/26/2002 14:00 2810.08 -6 -5 -2 -3 -4 0 -4 -5 -4 -3 -1 -3 -5 0 -5 -4
2/7/2002 17:00 3101.08 -5 -3 -3 -1 -1 -1 0 -1 -1 -1 -1 0 0 0 0 0
2/8/2002 13:30 3121.58 0 0 0 0 -2 0 -1 -1 -1 -1 0 -3 -2 -1 -2 -3
2/9/2002 16:00 3148.08 -5 -4 -1 -3 -2 -1 -4 -4 -5 -4 -2 -7 -8 -5 -4 -7

2/12/2002 15:15 3219.33 -6 -1 -1 -1 -1 -2 -1 -1 -5 -5 -2 -4 -7 -2 -5 -2
2/12/2002 18:15 3222.33 -6 -6 -2 -4 -3 -1 -6 -5 -11 -6 -2 -5 -7 -2 -3 -6
2/12/2002 21:45 3225.83 -6 -5 -3 -5 -5 -4 -4 -5 -9 -5 -1 -2 -6 0 0 0
2/13/2002 13:15 3241.33 -6 -5 -4 -7 -4 -2 -6 -6 -8 -6 -4 -2 -5 -3 -5 -6
2/14/2002 13:30 3265.58 -6 -3 -4 -6 -5 -4 -5 -6 -6 -4 -4 -3 -6 -3 -5 -2
2/27/2002 16:36 3580.68 -8 -8 -9 -8 -7 -8 -8 -7 -9 -8 -8 -8 -8 -9 -6 -8
2/28/2002 9:00 3597.08 -7 -8 -9 -7 -7 -8 -7 -7 -7 -7 -12 -6 -7 -9 -6 -7



Depth

Soil-water tension (cbar)
Vole plot

61cm 30cm 15cm 30cm 30cm 15cm 61cm 61cm
Reference plot

61cm 30cm 15cm 30cm 30cm 15cm 61cm 61cm
Tensiometer #

El E2 E3 E4 E5 E6 E7 E8 C9 ClO Cli C12 C13 C14 C15 C16
Irrigation (2.54cm@lOcm/h)

Date Time Cumulative
hours

3/1/2002 9:00 3621.08 -7 -5 -17 -15 -12 -11 -7 -7 -7 -11 -22 -5 -10 -21 -6 -7
3/4/2002 18:00 3702.08 -11 -15 -20 -14 -11 -16 -10 -8 -13 -16 -27 -15 -12 -22 -8 -9
3/5/2002 15:45 3723.83 -9 -13 -17 -14 -11 -14 -9 -8 -9 -14 -19 -13 -11 -15 -7 -8
3/6/2002 16:30 3748.58 -5 -3 -5 -4 -2 -5 -5 -5 -4 -4 -3 -6 -3 -4 -6
3/7/2002 17:00 3773.08 -6 -5 -3 -5 -4 -2 -7 -5 -8 -5 -3 -5 -7 -3 -6 -7

3/11/2002 9:00 3861.08 -6 -4 -4 -5 -4 -4 -5 -5 -6 -5 -3 -4 -6 -3 -5 -6
3/12/2002 9:00 3885.08 -5 -3 -3 -5 -4 -3 -5 -5 -5 -4 -4 -3 -6 -2 -5 -6
3/15/2002 6:30 3954.58 -6 -5 -4 -6 -6 -5 -6 -6 -6 -6 -5 -5 -7 -4 -5 -6
3/20/2002 7:00 4075.08 -6 -4 -4 -6 -6 -4 -6 -5 -6 -5 -4 -4 -7 -4 -5 -6
3/25/2002 12:00 4200.08 -6 -4 -5 -6 -5 -5 -6 -6 -5 -5 -5 -4 -6 -4 -5 -7
3/26/2002 12:00 4224.08 -7 -4 -5 -6 -6 -6 -6 -6 -5 -5 -6 -4 -7 -5 -5 -7
3/28/2002 16:00 4276.08 -9 -9 -11 -9 -8 -11 -8 -8 -10 -9 -15 -8 -9 -12 -6 -8
3/29/2002 8:00 4292.08 -7 -5 -11 -8 -7 -9 -7 -7 -7 -7 -15 -6 -7 -12 -6 -7
3/31/2002 9:00 4341.08 -8 -8 -18 -11 -9 -16 -7 -7 -6 -10 -24 -9 -8 -20 -6 -7
4/3/2002 7:30 4411.58 -9 -17 -36 -18 -15 -31 -8 -8 -9 -19 -47 -18 -11 -43 -7 -8
4/4/2002 7:45 4435.83 -9 -22 -44 -22 -17 -38 -8 -9 -6 -25 -58 -23 -13 -53 -8 -8
4/5/2002 16:15 4468.33 -10 -30 -37 -27 -21 -42 -10 -10 -11 -34 -5 -30 -18 -47 -9 -10
4/6/2002 12:00 4488.08 -9 -26 -30 -24 -19 -38 -10 -10 -10 -29 -37 -27 -17 -33 -9 -9

4/11/2002 15:45 4611.83 -13 -21 -13 -19 -16 -27 -13 -13 -14 -23 -13 -21 -21 -9 -11 -13
4/24/2002 10:45 4918.83 -14 -32 -50 -25 -23 -50 -12 -13 -24 -65 -22 -19 -41 -11 -13



Amino-G first tracer test (plugged holes, application with no rain or irrigation. No irrigation, rain only)
Calibration curve

r2 = 0.9998
Ay= 199.69x

0I
0)>
(0

8
Date Time c

11/19/2001 9:45 0
11/21/2001 9:45 1

11/21/2001 18:00 9.25
11/22/2001 9:00 24.25
11/22/2001 21:00 36.25
11/23/2001 9:00 48.25
11/23/2001 22:00 61.25
11/24/2001 19:30 82.75
11/25/2001 9:00 96.25
11/25/2001 17:00 104.25
11/26/2001 10:30 121.75
11/27/2001 10:15 145.5
11/27/2001 17:00 152.25
11/28/2001 16:00 175.25
11/29/2001 9:00 192.25
11/29/2001 20:00 203.25
11/30/2001 10:00 217.25
11/30/2001 21:00 228.25

12/1/2001 11:00 242.25
12/1/2001 21:00 252.25
12/2/2001 11:00 266.25
12/2/2001 21:15 276.5
12/3/2001 8:45 288
12/3/2001 21:30 300.75
12/4/2001 8:30 311.75
12/5/2001 12:00 339.25

12/10/2001 9:30 456.75
12/10/2001 15:00 486.25
12/11/2001 12:00 507.25
12/12/2001 11:00 530.25
12/13/2001 10:00 553.25
12/14/2001 9:30 576.75
12/17/2001 15:15 654.5

Raw Eluorometer reading mgIL - Amino-G - including background interference
Vole plot Reference plot Vole plol Reference plot

Inst. depth - 30cm 61cm 30cm 61cm 30cm 61cm 30cm 61cm

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
1.93 1.24 1.02 0.558 0.402 1.68 1.7 1.34 0.79 0.582 0.0097 0.0062 0.0051 0.0000 0.0028 0.0020 0.0084 0.0085 0.0067 0.0045 0.0040 0.0029
4.24 1.88 2.93 0.569 0.441 1.2 1.64 1.77 8.9 3.79 0.789 0.798 0.0212 0.0094 0.0147 0.0028 0.0022 0.0060 0.0082 0.0089 0.0446 0.0190 0.0040 0.0040
9.93 4.36 6.64 0.843 2.79 1.64 3.34 38.2 12.7 2.3 3.2210.049710.0218 0.0333 0.0000 0.0042 0.0140 0.0082 0.0167['0.0636ööTi0.0161
7.99 3.81 15.6 1.15 1.65 3.07 1.72 5.08 30.9 13.5 1.86 6.07 0.0400 0.0191 0.078110.0058 0.0083 0.0154 0.008610.0254 0.1547 0.0676 0.0093 0.0304
6.25 3 15 1.69 2.32 3.15 1.6 5.6 18.3 11.1 1.54 6.31 0.0313 0.0150 0.0751 0.0085 0.0116 0.0158 0.0080 0.0280 0.0916 0.0556 0.007710.03161
4.48 2.64 14.7 2.74 2.58 2.88 1.52 6,51 12.2 8.69 1.79 5.73 0.0224 0.0132 0.073610.013710.0129 0.0144 0.007610.032610.0611 0.0435 0.0090 0.0287
3.84 2.32 14 2.29 2.56 2.67 1.44 6.2 9.56 7.91 1.79 5.03 0.0192 0.0116 0.0701 0.0115 0.0128 0.0134 0.0072 0.0310 0.0479 0.0396 0,0090 0.0252
3.16 2.19 12 1.9 237 2.31 1.38 5.35 7.55 6.87 1.72 4.35 0.0158 0.0110 0.0601 0.0095 0.0119 0,0116 0.0069 0.0268 0.0378 0.0344 0.0086 0.0218
2.66 2.04 9.72 1.77 2.15 2.17 1.38 4.42 5.6 5.91 1.48 3.99 0.0133 0.0102 0.0487 0.0089 0.0108 0.0109 0.0069 0.0221 0.0280 0.0296 0.0074 0.0200
2.36 1.92 7.85 1.38 2.01 2.24 1.45 4.01 4.28 5.58 1.71 3.44 0.0118 0.0096 0.0393 0.0069 0.0101 0.0112 0.0073 0.0201 0.0214 0.0279 0.0086 0.0172
2.17 1.87 6.65 1.31 1.92 1.83 1.62 3.3 3.89 5.15 1.34 3.65 0.0109 0.0094 0.0333 0.0066 0.0096 0.0092 0.0081 0.0165 0.0195 0.0258 0.0067 0.0183
2.02 1.86 5.63 1.05 1.69 1.8 1.21 2.91 3.26 5.06 1.32 3.3 0.0101 0.0093 0.0282 0.0053 0.0085 0.0090 0.0061 0.0146 0.0163 0.0253 0.0066 0.0165
1.93 1.75 4.4 1.02 1.49 1.5 1.26 2.82 2.86 4.17 1.09 2.85 0.0097 0.0088 0.0220 0.0051 0.0075 0.0075 0.0063 0.0141 0.0143 0.0209 0.0055 0.0143
1.03 3.83 0.921 1.36 1.45 1.35 2.53 1.71 3.81 1.14 2.61 0.0052 0.0000 0.0192 0.0046 0.0068 0.0073 0.0068 0.0127 0.0086 0.0191 0.0057 0.0131
2.13 1.72 3.76 0.849 1.39 1.58 1.19 2.29 1.61 0.966 2.38 0.0107 0.0086 0.0188 0.0043 0.0070 0.0079 0.0060 0.0115 0.0081 0.0000 0.0048 0.0119
2.18 1.66 3.53 0.888 1.36 1.55 1.22 2.29 1.69 3.72 0.955 2.23 0.0109 0.0083 0.0177 0.0044 0.0068 0.0078 0.0061 0.0115 0.0085 0.0186 0.0048 0.0112
2.27 1.77 3.44 0.837 1.29 1.49 1.24 2.34 1.78 3.51 0.837 2.17 0.0114 0.0089 0.0172 0.0042 0.0065 0.0075 0.0062 0.0117 0.0089 0.0176 0.0042 0.0109
2.38 1.8 3,46 0.809 1.3 1.5 1.31 2.24 1,76 3.25 0.75 1.96 0.0119 0.0090 0.0173 0.0041 0.0065 0.0075 0.0066 0.0112 0.0088 0.0163 0.0038 0.0098
2.38 1.9 3.26 0.795 1.27 1.57 1.36 2.35 1.8 3.19 0.824 1.95 0.0119 0.0095 0.0163 0.0040 0.0064 0.0079 0.0068 0.0118 0.0090 0.0160 0.0041 0.0098

2.5 2 3.22 0.78 1.21 1,55 1.38 2.31 1.53 3.1 0.812 1.82 0.0125 0.0100 0.0161 0.0039 0.0061 0.0078 0.0069 0.0116 0.0077 0.0155 0.0041 0.0091
2.6 2.22 3.32 0.788 1.18 1.57 1.43 2.31 1.63 3.21 0.765 1.8 0.0130 0.0111 0.0166 0.0039 0.0059 0.0079 0.0072 0.0116 0.0082 0.0161 0.0038 0.0090

2.61 2.25 3.21 0.759 1.19 1.47 1.5 2.28 1.72 2.95 0.763 175 0.0131 0.0113 0.0161 0.0038 0.0060 0.0074 0.0075 0.0114 0.0086 0.0148 0.0038
2.59 2.28 3.11 0.758 1.19 1.42 1.52 2.19 1.77 2.91 0.751 1,7 0.0130 0.0114 0.0156 0.0038 0.0060 0.0071 0.0076 0.0110 0.0089 0.0146 0.0038 0.0085
2.5 2.26 3.18 0.78 1.19 1.38 1,49 2.12 1.77 2.66 0.665 1.65 0.0125 0.0113 0.0159 0.0039 0.0060 0.0069 0.0075 0.0106 0.0089 0.0133 0.0033 0.0083

2.46 2.31 3.14 0.762 1.17 1.35 1.51 2.14 1.6 2.45 0.67 1.61 0.0123 0.0116 0.0157 0.0038 0.0059 0.0068 0.0076 0.0107 0.0080 0.0123 0.0034 0,0081
2.62 2.52 3.34 0.809 1.17 1.34 1.57 2.21 1.58 2.34 0.649 1.46 0.0131 0.0126 0.0167 0.0041 0.0059 0.0067 0.0079 0.0111 0.0079 0.0117 0.0033 0.0073
2.56 2.5 3.27 0.743 1.13 1.31 1.6 2.21 1.52 2.14 0.654 1.41 0.0128 0.0125 0.0164 0.0037 0.0057 0.0066 0.0080 0.0111 0.0076 0.0107 0.0033 0.0071
2.74 2.42 3.07 0.846 1.05 1.2 1.57 1.51 2.1 2 0.773 1.19 0.0137 0.0121 0.0154 0.0042 0.0053 0.0060 0.0079 0.0105 0.0076 0.0100 0.0039 0.0060
2.97 2.37 2.93 0.756 1.04 1.01 1.5 2.01 1.5 2.01 0.625 1.03 0.0149 0.0119 0.0147 0.0038 0.0052 0.0051 0.0075 0.0101 0.0075 0.0101 0,0031 0.0052
2.5 2.34 3.17 0.715 0.971 0.917 1.47 1.95 1.22 1.75 0.62 0.947 0.0125 0.0117 0.0159 0.0036 0.0049 0.0046 0.0074 0.0098 0.0061 0.0088 0.0031 0.0047

2.56 2.44 2.98 0,706 1 0.93 1.58 2.02 1.29 1.69 0.626 0.92 0,0128 0.0122 0.0149 0.0035 0.0050 0,0047 0.0079 0.0101 0.0065 0.0085 0.0031 0.0046
2.72 2.44 3.04 0.696 1.01 0.946 1.6 2 1.45 1,64 0,634 0.85 0.0136 0.0122 0.0152 0.0035 0.0051 0.0047 0.0080 0.0100 0.0073 0.0082 0.0032 0.0043
2.91 2.44 2.89 0.706 1.23 0.923 1.72 2.04 1.36 1.67 0.671 0.87 0.0146 0.0122 0.0145 0.0035 0.0062 0.0046 0.0086 0.0102 0.0068 0.0084 0,0034 0,0044



Amino-G first tracer test (plugged holes, application with no rain or irrigation. No irrigation, rain only)
Calibration curve

0I
a>
0

E
Date Time 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 ii 12
12/18/2001 14:45 678 2.73 2.43 2.92 0.706 1.12 0.968 1.58 1.94 1.33 1.52 0.698 0.789 0.0137 0.0122 0.0146 0.0035 0.0056 0.0048 0.0079 0.0097 0.0067 0.0076 0.0035 0.0040
12/l9/2001 13:30 700.75 2.59 2.23 2.79 0.793 1.19 0.882 1.64 1.86 1.29 1.49 0.719 0.751 0.0130 0.0112 0.0140 0.0040 0.0060 0.0044 0.0082 0.0093 0.0065 0.0075 0.0036 0.0038
12/20/2001 12:15 723.5 2.69 2.22 2.86 0.753 1.07 0.892 1.46 1.87 1.31 1.34 0.657 0.747 0.0135 0.0111 0.0143 0.0038 0.0054 0.0045 0.0073 0.0094 0.0066 0.0067 0.0033 0.0037
12/21/2001 14:30 749.75 2.52 2.15 2.78 0.756 1.07 0.83 1.35 1.71 1.25 1.33 0,623 0.689 0.0126 0,0108 0.0139 0.0038 0.0054 0.0042 0.0068 0.0086 0.0063 0.0067 0.0031 0.0035
12/22/2001 13:00 772.25 2.45 2.16 2.82 0.744 1.03 1.51 1.82 1.39 1.35 0.669 0.727 0.0123 0.0108 0.0141 0.0037 0.0052 0.0000 0.0076 0.0091 0.0070 0.0068 0.0034 0.0036
12/23/2001 13:45 797 2.33 2.28 2.92 0.751 0.961 0.845 1.49 1.85 1.47 1.35 0.658 0.71 0.0117 0.0114 0.0146 0.0038 0.0048 0.0042 0.0075 0.0093 0.0074 0.0068 0.0033 0.0036
12/24/2001 14:45 822 2.4 2.22 2.83 0.76 0.928 0.828 1.43 1.8 1.45 1.31 0.654 0.712 0.0120 0.0111 0.0142 0.0038 0.0046 0.0041 0.0072 0.0090 0.0073 0.0066 0.0033 0.0036
12/25/2001 16:00 847.25 2.34 2.18 2.81 0.731 0.889 0.804 1.46 1.76 1,45 1.26 0.645 0.678 0.0117 0,0109 0.0141 0.0037 0.0045 0.0040 0.0073 0.0088 0.0073 0.0063 0.0032 0.0034
12/26/2001 13:30 868.75 2.27 2.02 2.72 0.748 0.877 0.77 1.44 1.68 1.41 1.21 0.63 0.666 0.0114 0,0101 0.0136 0.0037 0.0044 0.0039 0.0072 0.0084 0.0071 0.0061 0.0032 0.0033
12/27/2001 14:00 893.25 2.2 1.92 2.65 0.734 0.829 0.726 1.37 1.62 1.34 1.15 0.618 0.626 0.0110 0,0096 0.0133 0.0037 0.0042 0.0036 0.0069 0.0081 0.0067 0.0058 0.0031 0.0031
12/28/2001 15:30 918.75 2.11 2.09 2.47 0.656 0.771 0.676 1.25 1.5 1.2 1.06 0.563 0.608 0.0106 0.0105 0.0124 0.0033 0.0039 0.0034 0.0063 0.0075 0.0060 0.0053 0.0028 0.0030
12/29/2001 15:45 943 2.26 1.89 2.55 0.71 0.788 0.696 1.38 1.65 1.2 1.11 0.604 0.606 0.0113 0,0095 0.0128 0.0036 0.0039 0.0035 0.0069 0.0083 0.0060 0.0056 0.0030 0.0030
12/30/2001 11:30 962.75 2.21 1.97 2.51 0.722 0.771 0.681 1.35 1.67 1.29 1,12 0.585 0.606 0.0111 0.0099 0.0126 0.0036 0.0039 0.0034 0.0068 0.0084 0.0065 0,0056 0.0029 0.0030

1/4/2002 9:00 1080.3 3.34 1.92 2.42 0.757 0,818 0,737 1.38 1.74 1.36 1.15 0.618 0.636 0.0167 0.0096 0.0121 0.0038 0.0041 0.0037 0.0069 0.0087 0.0068 0,0058 0.0031 0.0032
1/5/2002 10:00 1105.3 2.24 1.8 2.45 0.723 0.804 0.78 1.32 1.69 1.28 1.08 0.608 0.605 0.0112 0.0090 0.0123 0.0036 0.0040 0,0039 0.0066 0.0085 0.0064 0.0054 0.0030 0.0030
1/6/2002 9:30 1128.8 2.17 1.75 2.38 0.729 0,808 0.755 1,31 1.67 1.25 1.07 0.609 0.598 0.0109 0.0088 0.0119 0.0037 0.0040 0.0038 0.0066 0.0084 0.0063 0.0054 0.0030 0.0030
1/8/2002 9:45 1177 2 1.69 2.25 0.739 0.771 0.792 1.28 1.65 1.07 1.03 0.599 0.575 0.0100 0.0085 0.0113 0.0037' 0.0039 0.0040 0.0064 0.0083 0.0054 0.0052 0.0030 0.0029
1/9/2002 1191.3 2.15 2.38 0.759 0,747 0.825 1.25 1.65 1.14 1 0.577 0.565 0.0107 0,0108 0.0119 0.0038 0.0037 0.0041 0.0063 0.0083 0.0057 0,0050 0.0029 0.0028

1/13/2002 12:30 1299.8 2.26 1.73 2.42 0.767 0,744 0.792 1.3 1.73 1.22 1.02 0.584 0.56 0.0113 0,0087 0.0121 0.0038 0.0037 0.0040 0.0065 0.0087 0.0061 0.0051 0.0029 0.0028
1/15/2002 15:30 1350.8 1.97 1.61 2.42 0.718 0.697 0.688 1.29 1.67 1.21 0.983 0.577 0.559 0.0099 0.0081 0.0121 0.0036 0.0035 0.0034 0.0065 0.0084 0.0061 0.0049 0.0029 0.0028
1/17/2002 15:45 1399 2.1 1.57 2.28 0.701 0,663 0,687 1.26 1.61 1.17 0.961 0.558 0.534 0.0105 0,0079 0.0114 0.0035 0.0033 0.0034 0.0063 0.0081 0.0059 0,0048 0.0028 0.0027
1/20/2002 11:45 1467 1.96 1.52 2.28 0.683 0.648 0.646 1.22 1.58 1.11 0.96 0.552 0.545 0.0098 0.0076 0.0114 0.0034 0.0032 0,0032 0.0061 0.0079 0.0056 0,0048 0.0028 0.0027
1/21/2002 15:00 1494.3 1.98 1.46 2.21 0.7 0.627 0.696 1.2 1.54 1.04 0.908 0.526 0.504 0.0099 0.0073 0.0l11 0.0035 0.0031 0.0035 0.0060 0.0077 0.0052 0.0045 0.0026 0.0025
1/26/2002 14:00 1613.3 2.14 1.47 2.14 0.74 0,656 0.779 1.22 1.57 1.13 0.945 0.575 0.54 0.0107 0.0074 0.0107 0.0037 0.0033 0,0039 0.0061 0.0079 0.0057 0,0047 0.0029 0.0027
2/7/2002 17:00 1904.3 1.97 1.46 2.23 0.754 0.76 0,842 1.18 1.59 1.15 0.911 0.579 0.535 0.0099 0.0073 0.0112 0.0038 0.0038 0.0042 0.0059 0.0080 0.0058 0.0046 0.0029 0.0027
2/8/2002 13:30 1924.8 2.05 1.35 2.09 0.752 0.755 0.736 1.18 1.51 1.06 0.905 0,564 0.522 0.0103 0,0068 0.0105 0.0038 0.0038 0.0037 0.0059 0.0076 0.0053 0.0045 0.0028 0.0026
2/9/2002 16:00 1951.3 1.92 1.26 1.98 0.73 0.753 0.714 1.2 1.45 1.14 0.852 0.547 0.504 0.0096 0.0063 0.0099 0.0037 0.0038 0,0036 0.0060 0.0073 0.0057 0.0043 0.0027 0.0025

2/1212002 6:15 1989.5 1.93 1.26 1.94 0.863 0.71 0.732 I.08 1.44 1.12 0.799 0.533 0.503 0.0097 0.0063 0.0097 0.0043 0.0036 0,0037 0.0054 0.0072 0.0056 0,0040 0.0027 0.0025

= 0.9998 Raw Fluorometer reading mgIL - Amino-G - including background interference
= 199.69x Vole plot Reference plot Vole plo Reference plot

Inst. depth -30cm 61cm 30cm 61cm 30cm 61cm 30cm 61cm



Amino-G second tracer test (application during run-off irrigation event. No subsequent irrigation, rain only)

Calibration curve thru 2/27

= 0.9998
y 199.69x

0I
a,>

E
Date Time

2/12/2002 9:45 0.00
2/12/2002 9:45 0.89
2/12/2002 18:00 3.91

2/12/2002 9:00 6.33
2/12/2002 21:00 9.93
2/13/2002 9:00 13.26
2/13/2002 22:00 21.28
2/13/2002 19:30 25.51
2/13/2002 9:00 2830
2/13/2002 17:00 31.93
2/13/2002 10:30 35.33
2/14/2002 10:15 44.32
2/14/2002 17:00 4948
2/14/2002 16:00 52.28
2/14/2002 9:00 55.54
2/14/2002 20:00 58.99
2/15/2002 10:00 68.06
2/15/2002 21:00 74.65
2/15/2002 11:00 81.00
2/15/2002 21:00 83.89
2/16/2002 11:00 92.32
2/16/2002 21:15 106.03
2/17/2002 8:45 116.78
2/17/2002 21:30 125.50
2/18/2002 8:30 152.00
2/20/2002 12:00 189.38
2/21/2002 9:30 213.29
2/23/2002 15:00 260.98
2/24/2002 12:00 285.12
2/25/2002 11:00 308.52
2/26/2002 10:00 332.77
2/27/2002 9:30 355.89
2/28/2002 15:15 380.68
3/1/2002 14:45 405.18
3/4/2002 13:30 476.22
3/5/2002 12:15 507.91

Raw Fluorometer reading mg/L - Amino-G - including background interference
Vole plot / Reference plot Vole plot Reference plot

_j940d6th - 30cm 61cm 30cm 61cm 30cm 61cm 30cm 61cm

0I

E
E

1 2 3 4 5 6 r 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
1.74 1.24 1.91 0.79 0.69 0.73 0.00 1.12 1.43 1.22 0.63 0.84 0.52 0.0087 0.0062 0.0096 0.0040 0.0035 0.0036 0.0056 0.0072 0.0061 0.0032 0.0042 0.0026

8.20 1.73 0.94 1.06 1.13 1.49 8.64 0.92 0.79 0.0000 0.0411 0.0087 0.0047 0.0057 0.0075 0.0433 0.0046 0.0039
4.67 28.20 10.40 2.73 0.99 4.47 4.05 6.00 1.90 20.00 2.34 0.68 2.59 0.0234 0.141210.0521 0.0137 0.0049 00224 0.0300 0.009510.1002 00117 0.0034 0.0130
8.22 21.00 16.10 2.87 1.87 565 6.48 19.90 3.37 14.60 4.49 0.97 3.51 0.0412 0.1052 0.0806 0.014410.0094 00283 0.0997 0.0169 0.0731 0.0225 0.0048 0.0176
7.11 15.60 20.90 1.56 2.01 6.31 10.07 22.90 4.97 1040 7.29 0.97 3.80 0.0356 0.078110.1047 0.0078 0.010110 0316 0.114710.024910.0521 0.0365 0.004810.0190
5.56 13.50 18.40 1.73 1 88 5.12 13.42 19.90 3.96 6.87 7.83 1.14 3.57 0.0278 0.0676 0.0921 0.0087 0.0094 0.0256 0.0997 0.0198 0.0344 0.0392 0.0057 0.0179
4.85 10.00 16.20 1.83 1.91 4.36 21.44 18.80 3.05 5.21 7.74 0.87 3.30 0.0243 0.0601 0.0811 0.0092 0.0096 0.0218 0.0941 0.0153 0.0261 0.0388 0.0043 0.0165
4.23 7.97 14.00 215 1.85 4.46 2562 19.90 3.48 5.18 7.92 113 3.31 0.0212 0.0399 0.0701 0.0108 0.0093 0.0223 0.0997 0.0174 0.0259 0.039710.0057 0.0166
3.87 7.79 12.00 2.33 1.96 4.54 28.41 18.90 3.91 4.99 7.84 1.36 3.30 0.0194 0.0390 0.0601 0.0117 0.0098 0.0227 0.0946 0.0196 0.0250 0.0393 0.0068 0.0165
3.66 6.67 11.70 2.13 1.98 4.63 32.05 17.80 3.49 4.84 7.66 1.28 3.20 0.0183 0.0334 0.0586 0.0107 0.0099 0.0232 0.0891 0.0175 0.0242 0.0384 0.0064 0.0160
3.23 6.08 1060 2.16 2.01 5.05 35.48 15.80 3.29 379 7.46 1.52 3.02 0.0162 0.0304 00531 0.0108 0.0101 00253 0.0791 0.0165 0.0190 0.0374 0.0076 0.0151
3.11 6.01 9.21 1.96 2.08 6.35 44.46 14.90 2.88 4.00 7.77 1.02 2.83 0.0156 0.0301 0.0461 0.0098 0.0104 0.0318 0.0746 0.0144 0.0200 0.0389 0.0051 0.0142
2.93 6.09 8.91 2.20 2.19 5.95 49.63 13.30 2.91 4.21 7.78 1 22 2.88 0.0147 0.0305 0.0446 0.0110 0.0110 0.0298 0.0666 0.0146 0.0211 0.0390 0.0061 0.0144
2.82 5.57 8.11 2.52 2.29 4.74 52.39 13.20 3.11 4.07 7.60 1.43 2.88 0.0141 0.0279 0.0406 0.0126 0.0115 0.0237 0.0661 0.0156 0.0204 0.0381 0.0072 0.0144
2.56 7.64 2.36 2.23 4.24 55.66 12.20 2.73 3.81 7.00 1.53 2.62 0.0128 0.0383 0.0118 0.0112 0.0212 0.0611 0.0137 0.0191 0.0351j0.007710.0131
2.41 7.51 2.40 2.25 4.41 59.13 11.70 2.79 3.64 7.04 1.27 2.56 0.0121 0.0376 0.0120 0.0113 0.0221 0.0586 0.0140 0.0182 0.0353 0.0064 0.0128
2.32 4.16 695 2.44 2.24 4.45 68.21 11.00 2.50 2.43 7.08 1.01 2.51 0.0116 0.0208 0.0348 0.0122 0.0112 0.0223 0.0551 0.0125 0.0122 0.0355 0.0051 0.0126
2.30 6.45 2.54 230 4.29 74.78 10.00 2.55 2.61 7.07 0.83 2.70 0.0115 0.0323 0.0127 0.0115 0.0215 0.0501 0.0128 0.0131 0.0354 0.0041 0.0135
2.55 3.67 5.88 2.55 2.40 4.21 81.21 9.42 2.43 2.82 6.70 1.06 2.70 0.0128 0.0184 0.0294 0.01 28 0.0120 0.0211 0.0472 0.0122 0.0141 0.0336 0.0053 0.0135
2.29 3.14 5.47 2.58 2.38 4.41 83.98 8.71 2.43 6.41 1.17 0.0115 0.0157 0.0274 0.0129 0.0119 0.0221 00436 0.0122 0.0321 0.0059
1.97 3.07 4.97 2.54 2.41 4.36 92.45 8.17 2.19 2.39 6.59 0.96 2.530.00990.0154 0.0249 0.012710.012110.0218 0.0409 0.0110 0.0120 0.0330 0.0048 0.0127
2.13 2.90 4.59 2.52 2.37 3.86 106.18 7.50 2.16 2.30 0.74 2.31 0.0107 0.0145 0.0230 0.0126 0.0119 0.0193 0.0376 0.0108 0.0115 0.0037 0.0116
2.24 2.62 4.35 2.48 2.39 3.75 116.91 7.29 2.25 2.29 5.84 0.95 2.27 0.0112 0.0131 0.0218 0.0124 0.0120 0.0188 0.0365 0.0113 0.0115 0.0292 0.0048 0.0114
2.11 2.39 4.07 2.41 2.41 3.71 125.63 6.83 2.04 2.12 551 0.85 2.19 0.0106 0.0120 0.0204 0.0121 0.0121 0.0186 0.0342 0.0102 0.0106 0.0276 0.0043 0.0110
2.13 2.25 3.78 2.34 2.36 3.48 152.16 6.19 2.00 1.97 5.34 0.83 2.07 0.0107 0.0113 0.0189 0.0117 0.0118 0.0174 0.0310 0.0100 0.0099 0.0267 0.0042 0.0104
2.09 1.99 3.53 1.83 2.14 3.10 189.50 5.77 1.97 1.76 4.87 0.81 1.88 0.0105 0.0100 0.0177 00092 0.0107 0.0155 0.0289 0.0099 0.0088 0.0244 00041 0.0094
1.97 1.78 3.26 1.75 1.87 2.62 213.43 4.94 1.81 1.57 4.19 0.79 1.61 0.0099 0.0089 0.0163 0.0088 0.0094 0.0131 0.0247 0.0091 0.0079 0.0210 0.0040 0.0081
2.10 1.69 2.83 1.58 1.71 2.32 261.11 4.18 1.74 1.47 3.84 0.76 1.40 0.0105 0.0085 0.0142 0.0079 0.0086 0.0116 0.0209 0.0087 0.0074 0.0192 0.0038 0.0070
1.96 1.58 2.50 1.35 1.48 1.90 285.25 3.48 1.69 1.34 3.22 069 1.18 0.0098 0.0079 0.0125 0.0068 0.0074 0.0095 0.0174 0.0085 0.0067 00161 0.0035 0.0059
1.92 1.52 2.29 1.22 1.40 1.86 308.64 2.93 1.71 1.32 2.98 0.71 1.08 0.0096 0.0076 0.0115 0.0061 0.0070 00093 0.0147 0.0086 0.0066 0.0149 0.0036 0.0054
1.87 1.51 2.15 1.14 1.34 1.72 332.90 2.51 1.56 1.26 2.78 0.65 1.00 0.0094 0.0076 00108 0.0057 0.0067 0.0086 0.0126 0.0078 0.0063 0.0139 0.0033 0.0050
1.92 1 50 2.10 1.09 1.25 1.59 356.02 2.27 1.55 1.25 2.57 0.67 0.94 0.0096 0.0075 0.0105 0.0055 0.0063 0.0080 0.0114 0.0078 0.0063 0.0129 0.0034 0.0047

43.40 33.60 45.90 22.20 25.80 30.10 380.81 43.30 32.70 27.60 48.20 14.80 20.60 0.0103 0.0080 0.0109 0.0052 0.0061 0.0071 0.0103 0.0078 0.0065 0,0115 0.0035 0.0049
42.50 33.10 44.40 24.60 26.80 405.31 40.10 31.20 27.30 44.20 13.90 17.20 0.0101 0.0079 0.0106 #4484 0.0058 0.0064 0.0095 0.0074 0.0065 0,0105 0.0033 0.0040
45.10 33.70 45.90 20.10 22.70 24.70 476.35 37.50 33.40 27.20 40.10 14.10 15.10 00108 0.0080 0.0109 0.0047 0.0054 0.0058 0.0089 0.0079 0.0064 0,0095 0.0033 0.0035
46.60 32.40 44.90 20.70 21.30 23.10 508.03 35.10 33.10 26.90 36.10 15.90 17.50 0.0111 0.0077 0.0107 0.0049 0.0050 0.0055 0.0083 0.0079 0.0064 0.0086 0.0037 0.0041



Amino-G second tracer tes (application during run-off irrigation event. No subsequent irrigation, rain only)

Calibration curve thru 2/27

= 0.9998
y= 199.69x

00I
a

E
Date Time r

3/6/2002 14:30 532.94
3/7/2002 13:00 557.73

3/11/2002 13:45 645.53
3/12/2002 14:45 669.33
3/15/2002 16:00 739.15
3/20/2002 13:30 859.72
3/28/2002 14:00 1053.78
3/28/2002 15:30 1060.68
4/4/2002 15:45 1219.93
4/6/2002 11:30 1272.61

4/11/2002 9:00 1395.87
4/23/2002 10:00 1684.68
4/24/2002 930 1702.48

Calibration curve -

12
0 .0034
0.0035
0 .0 030
0.0029
0. 002 9
0 .0029
0 .0030
0.003 1
0.0030
0 .0029
0 .00 30
0 .00 32
0 .003 1

0.0412 0.1412 0.1047 0.0144 0.0121 0.0318 0.1 147 0.0249 0.1002 0.0397 0.0077 0.0190
MAX

Raw Fluorometer reading mgIL - Amino-G - including background interference
Vole plot / Reference plot Vole plot Reference plot

j/3at-d6kth - 30cm 61cm 30cm 61cm 30cm 61cm 30cm 61cm

0I
a

E
E

1 2 3 4 5 6 3 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11

50.40 33.80 43.40 17.10 21.40 21.30 533.07 35.80 31.80 28.40 32.10 13.50 14.40 0.0120 0.0080 0.0103 0.0040 0.0051 0.0050 0.0085 0.0076 0.0067 0.0076 0.0032
46.70 35.50 45.30 17.30 26.00 20.10 557.87 31.30 33.20 27.90 32.20 13.70 14.80 0.0111 0.0084 0.0108 0.0041 0.0062 0.0047 0.0074 0.0079 0.0066 0.0076 0.0032
48.40 37.00 43.20 17.40 18.40 19.20 645.66 31.40 34.00 28.50 27.20 13.20 12.90 0.0115 0.0088 0.0103 0.0041 0.0043 0.0045 0.0075 0.0081 0.0068 0.0064 0.0031
47.60 38.70 43.50 16.10 17.20 19.40 669.47 2890 3290 27.80 24.00 13.60 12.60 0.0114 0.0092 00104 0.0038 0.0040 0.0046 0.0069 0.0078 0.0066 0.0057 0.0032
48.10 41.50 43.70 16.30 18.60 19.90 739.27 27.50 32.80 29.30 23.00 13.70 12.60 0.0115 0.0099 0.0104 0.0038 0.0044 0.0047 0.0065 0.0078 0.0070 0.0054 0.0032
44.90 46.40 42.50 16.50 19.90 18.70 859.85 26.70 31.50 28.10 22.40 13.80 12.30 0.0107 0.0111 00101 0.0039 0.0047 0.0044 0.0063 0.0075 0.0067 0.0053 0.0032
47.80 51.30 40.70 17.00 18.80 17.30 1053.93 24.90 31.60 26.10 21.30 13.60 12.80 00114 00122 0.0097 0.0040 0.0044 0.0041 0.0059 0.0075 0.0062 00050 0.0032
42.90 49.80 39.10 17.00 18.10 17.70 1060.80 30,30 25.40 19.50 12.70 13.20 0.0102 0.0119 0.0093 00040 00043 0.0042 :;;:.::;:.' 0.0072 0.0060 0.0046 0.0030
49.00 52.80 17.30 17.50 16.50 1220.05 25.30 19.00 13.20 12.90 0.0117 0.0126 0.0041 0.0041 0.0039 #8449 #9844 0.0060 0.0045 0.0031
51.30 54.30 43.60 15.90 17.30 16.40 1272.73 26.20 28.90 18.10 12.10 12.50 0.0122 0.0130 0.0104 0.0037 0.0041 0.0039 0.0062 #8494 0.0069 0.0043 0.0028
53.10 57.20 46.70 17.20 17.30 16.40 1396.04 27.00 34.70 31.00 19.10 12.20 12.70 0.0127 0.0137 0.0111 0.0040 0.0041 0.0039 0.0064 0.0083 0.0074 0.0045 0.0028
5960 59.80 4690 17.60 18.00 17.70 1684.83 28.00 35.10 31.20 16.60 14.00 13.50 0.0142 0.0143 0.0112 0.0041 0.0042 0.0042 0.0066 0.0083 0.0074 0.0039 0.0033

54.90 45.70 15.70 17.20 15.60 1702.61 26.20 34.50 36.70 14.20 11.50 13.30 0.0131 0.0109 0.0037 0.0040 0.0037 00062 0.0082 0.0087 0.0033 0.0027
y=4160.5x+
0 3745




