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Abstract

Gully erosion is a serious problem on military training lands resulting in not only soil
erosion ad environmental degradation, but also increased soldier injuries and equipment
damage.Assessment of gully erosion occurring on Fort Riley was conducted in order to evaluate
different gully locatiormethodsandto develop a gully prediction model basedlogistic
regression Of the 360 sites visited, fifty two gullies were identifiwdh the majority found
using LIiDAR based data

Logistic regressiomodel was developed usitgpographic, landuse/ldoover, and soil
variables Tests for multicollineaty were used to reduce the input varialdash that each
model input had a unique effect on the model output. The logistic regreesesminedhat
available water caent wa one 6the most important factoedfecing the formation of gullies.
Additional important factors included particle size classification, runoff class, erosion class, and
drainage class.

Of the 1577 watershedwaluated for the Fort Riley area, 192 watershesl®e predicted
to have gullies Model accuracyasapproximately 79%wvith an error of omission or false
positive value of 10% and an error of commission or false negative value of 11%; which is a

large improvement compared to previous methaisl to locate gully erosion.
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CHAPTER 1 - Introduction

Gulliesare small channels of erosion on landscapes, typically agricultural, that are caused
by the concentration of overland flow usually between two opposing slopes. These are often
formed during a single rainfall event. These gultias generally be easily refilled, but reappear
at or near the same location on a yearly basis because of the surface topography of the field does
not change significantlgCasali et al. 2000)

Currently, gully erosio is not accounted for in sdidss assessment programs, but its
contribution and importance to total soil losses has been recognized for a long time. Accurate
assessment of gully erosion is limited by a number of factors. At present few field stweies ha
provided data on gully erosion rates, and these studies terdésthcted by time and space
(Casali et al. 2000)To obtain accurate erosion rates and projected soil losses, accurate rainfall
data is needed.

Gullies form because of a variety of causes. Critical parameters for gully development
include: a critical slope length and slope gradient that is dependent emtistopcteristics and
crop row direction; occurrence and depth of a fragipan; agricultuaetipes; and timing and
total amount of precipitatioGmith 1993) However, soil erodibility and compaction play a
significant role in the formation of gullies in many places such as Fort Riley.

Few studieshaveebe n per f or med t o dffectoathemateioé t he mi | i
formation for gullies.Military training areas experience significant amounts of soil erosion
which leads to nonpoint source pollution. The activities can cause significant land degradation,
which lead to unfavorable environmental impacts, especially soil eroslmmextent of the
resulting degradation depends on the vehicles involved, their operating features, and the existing
soil conditions within the training ar¢Ayers etal. 2005)The vehi cl esd wei ght
turning radii associated with tracked vehicles have shown to cause severe compaction and
rutting.

As of now, there is no single solution to prevent or mitigate ephemeral gully fonrmatio
and erosion. Selection of best management practices is unique to each area of interest. These
generally take land uses into consideration to determine the best combingliaatickes to

reduce erosion and gully formation.



This study aims to begin thocess of studying the formation and migration of gullies
on a military base. Determining the factors involved and the rate of formation would
significantly increase our knowledge of gully erosion resulting from military training activities.
This couldaid in the development of models to determine the amount of erosion occurring, the
amount of soil loss, and the locations most likely to have gully formaWdith this information,
the best combination of management practices can be determined toeexhime without

compromising the use of the land for military training.



CHAPTER 2 - Literature Review

The Clean Water Act and Nonpoint Source Pollution

TheClean Water Acof 1972wasestablishedo regulate the discharge of pollutants from
point sources to wateod the United StategJSEPA 2008) After many revisions and
amendments, the Environmental Protection Agency (EPA) defioied sources of pollution in
section 502(14) of the U.S. Cl| e afmnedaddesareteA c t
conveyance, including but not limited to any pipe, ditch, channel, tunnel, conduit, well, discrete
fissure, container, rolling stock, concentrated animal feeding operation, or vessel or other
floating craft from which pollutantsareoray b e d i(Dsessing 20039 Theéterm
nonpoint source pollution is definedany source of water pollution thatrist specifically
definedaspoint source pollutior{Dressing 2003.)

Nonpoint Soure pllution comes from various sourcgsch as overland flow,
infiltration, drainage, seepage, rainfall, hydraulic modification, and atmospheric depo#ii®n
caused by rainfall anshowmelt moving over and thmgh the groun@U.S. EPA 201Q) As the
runoff moves, it picks up and carries natuatl humarmace pollutantsanddeposits thenmto
water bodiegU.S. EPA 201Q) Sedimentation that resalfrom eroding stream banks and gullies
contributes to the pollution avater bodies.While point source pollution hdseen significantly
controlled througmumerous pollution control activitiesich as wastewater treatment plants
studies have shown thabnpoint source pollution continues to impair water qualdryoss the
United StategU.S. Environmental Protection Agency 2004)

UnderSection305(b) of the Clean Water AQ).S. EPA 200) the USEPA assesses the
water quality status of US water bodies approximately every 2.yba20@B, water quality was
assessely determiing whether wateraiere getting better or worse statewide &tehtifying
key stressors thatere both widesprahand pose a significant risk to water qualiyfable 2.}
(U.S. EPA 2011) Leading sources of impairmentre identifiedfor each waterbody type.
Leading sources for rivers and streams include agricukimsospheric deosition,and
hydrologic modificatims (U.S. EPA 2011) Sources for lakes, reseniand pondincluded
agriculure and atmospheric deposition;ilelsources for estuaries inclutiaimospheric

depositionand municipal disharges. Metals,utrients, and oxygen depletiovere leading
3

of



causes of impairment for estuaries as well as lakes, ponds, and regehsilsPA 2011)

Leading causes of impairment for rivers and streams indlpaiogas, habitat alterations,

oxygen depletionand sedimentation or siltatigh).S. EPA 2011)

According to the National Water QitglInventory,NPSis the main cause of water

guality impairment.Gully erosion adds to thisgblem when the overland flow accumulates silt

and sediment in the water that results from eroding surfaces.

Table 2.1 Summary of thewater quality of assessedvaterbodiesas reported in the
National Water Quality Inventory Report 2010 (U.S. EPA 2011)

Good Good but Impaired
Waterbody Total Amt Assessed| Condition Threatened | Condition
Type Size (% of Total) (% of Condition (% (% of
Assessed) | of Assessed) | Assessed)
Rivers and 3,533,205 934,808 464,716 6,355 €1%) 463,736
Streams(miles) (26.5%) (49.70) (49.6%)
Lakes, Ponds,
and 41,666,049 17,576,423 5,926,646 | 47,330 €1%) | 11,602,447
Reservoirgacres) (42.20) (33.7%0) (66%)
Estuaries (sq. 87,791 18,443(21%) 6,687 17 (<1%) 11,740
miles) (36.20) (63.70)

The federal government passed the Clean Water Act in 1972, marking a major change in

U.S. Government Regulations

U.S. water policy and managemefithis called for the regulation of point source pollution by
the U.S. EPAhrough National Pollution Discharge Elimination Syst(NPDES) permits
(USEPA 2007h) NPDES permits also require the implementation of Stormwater Pollution

Prevention Plans to meet the water quality requirements of saienwnoff from construction

sites and urban areas. The Clean Water Act was amended in 1987 to include the control of

nonpoint source pollution, also known as section 319. This amended version is called the 1987



Water Quality Act. Shortly after, secti@dl01 was added to require federal agencies to obtain
certification before issuing permits that would result in increased pollutant loads to a waterbody,
while certification is issued only if such increased loads would not cause or contribute to
exceedanceof water quality standards. Section 404 was also added to regulate the placement of
dredged or fill materials into wetlands and other waters of the United States. State Revolving
Funds or SRFs are also included. These provide large amounts of mémejorm of loans for
municipal point sources, nonpoint sources, and other actiii®g PA 2008)

The Water Quality Standards included in the Clean Water Act apply over a broad range
of policies. Antidegradation is a sdtpwlicies to keep clean waters clean. Antidegradation is
generally considered to have three components of protection: protection and maintenance of
existing uses of waters, protection of high quality waters, and outstanding national resource
waters(USEPA 2008) These policies promote waters tha
Unfortunately these waters are few anddatween. As seen in Figure 2rhany causes of
impairment reduce the quality of waters through point and@iahpollution sourcesOne of
the highest among these is sedimentation of our waterbodies, while the excess nutrients carried
from overland flow and erosion constitutes a large amount as well. Even though the Clean
Water Act provides no federal authgrfor requiring nonpoint sources to reduce their loadings
of pollutants to the nationébés waters, the Act
such as Total Maximum Daily Loads (TMDLs). Research and planning will need to be done to
gain funding and remediate erosion and water quality.

Currently, nonpoint source pollution is dealt with on a voluntary basis through Section
319 and the Nonpoint Source Program. Instead, Congress created a federal grant program that
provides money to statesipes, and territories for the development and implementation of
nonpoint source pollution management progr ams
million in FY 02 with 40% match required, either in dollars ekind services, using the EPA
allocationformula. The allowed usages of these funds include: development and implementation
of statewide nonpoint source pollution program plans; grants ftimeground controls such as
best management practices; development and implementation of TMDLs amid i@ltershed
plans; and development of state regulatory programs. States and tribes must identify waters that
are impaired or threatened by nonpoint sources of pollution, develop ahdibngterm goals
for cleaning them up, and identify best managetpractices (BMPs) that will be used. They
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Figure 2.1 Impairment to water quality as reported by the National Water Quality
Inventory Report 2010(U.S. EPA 2011)

Cause of Impairment Group Miles Threatened or
Impaired
Pathogens _ 141,789
Sediment _ 107,650
Nutrients _ 101,461
Organic Enrichment/Oxygen Depletior - 83,583
Habitat Alterations - 82,510
Polychlorinated Biphenyls (PCBs) - 72,88
Metals (other than Mercury) - 64,781
Flow Alteration(s) - 56,813
Mercury - 46,922
Temperature - 46,799
Cause Unknown - 35,394
Salinity/Total Dissolved . 32,492
Solids/Chlorides/Sulfates
Cause Unknown Impaired Biota . 30,991
pH/Acidity/Caustic Conditions . 28,343
Turbidity . 27,087
Pesticides I 16,599
Other Cause I 16,420
Ammonia I 14,115
Fish Consumption Advisory | 9,209
Toxic Inorganics | 6,227

must also have a monitoring and evaluation plan. The BMP section of the plaesequir
identification of the most common types of stressors, the categories of sources of those stressors,

and the types of BMPs that will be both effective and affordable in addressing the identified
6
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stressors and sources in general. However, as these mosqaices become more and more
important in order to continue improving and maintaining our water and land quality, the
pollution will begin to be dealt with on a strict regulatory basisr instance, to reduce
sedimentation, soil erosion will need te kemediated.

Soil Erosion

Soil erosion is a common term used to either mean soil degradation or the physical
removal of soil. Soil erosion is the detachment and transportation of soil particles by agents such
as wind or wate(Toy et al. 2002) This term can apply easily to gullies because soil is removed
and is usually caused by some sort of soil degradation. Howewst classify the type of
erosion by the erosive agent, windwmater, whichcauses the erosioWater erosion can be
caused by rainfglisurface runoff from rainfall, and surface runoff from irrigatiétunoff
occurs once the precipitation rate exceeds the infiltration rate of theAsqgarecipitation
continues to exceed infiltration, water begto move down slope as overland flow or in defined
channelgWard and Stanley W. Trimble 2004)

The detached soil particles that result from runoff and erosion are deposited in receiving
water bodies, which hasddo a higher impairment of water quality. Erosion is more likely to
take place on lighter textured soils and on slopes rather than in valley(Boarsiman and
FavisMortlock 1998) Soils containing more fine sandeanore likely to give way and erode,
which results in sedimentatignDv 0 S § k a n d. Shdimergaktion s 8 ®ajo) problem
causing pollution in streams and rivers. Sediment does not only carry soil particles but also
carries nutrients that are found in the soil such as large amounts phphmss. These excess
nutrients can cause overgrowth of algae, leading to the depletion of oxygen and ecosystem
disruption(USEPA 2007a) Sedimentation caused by erosion can alter aquatic habitat, suffocate
fish eggs and botto-dwelling organisms, and impair drinking water treatment processes and
recreational us@JSEPA 2007a) Erosion and nonpoint source pollution are interrelated. As
erosion increases, so does nonpoint source pollution while waéty decreases. Therefore, if
erosion can be controlled, nonpoint source pollution can be minimized and water quality can be
improved.This can be done by gaining a better understanding of the causes of and processes

involved in the formation of eram.



Figure 2.2 Image of dfferent forms of erosion (Broz et al. 2003)
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Erosion is generally recognized in sevetiffierent forms (see Figure 3.2Table 2.2
describeslte differences between rill erosion, ephemeral gully erosion, and classic gully erosion.
Sheet erosion is a process in which detached soil is moved across the soil surface by sheet flow,
usually in the early stages of runoff. Rill erosion occurs as finegiins to concentrate in
small channels or streamlé€Bressing 2003.) Sheet and rill erosion generally carry mostly fine
textured, small particles of soil. These particles will contain higher quantitregregnts,
pesticides, or other adsorbed pollutants than those contained in the surface soil as a whole
(Dressing 2003.) This process of the movement of fine particulates carrying high concentrations
of adsorbd pollutants is called sediment enrichm@tessing 2003.) Water moving within the

rills can concentrate to form larger, more persistent erosional channels known as gullies.



Table 2.2 Characteristics of erosion (Foster 1986.)

Rill Erosion

Ephemeral Gully Erosion

Classical Gully Erosion

Rills are normally
erased by tillage;
they usually do not
recur in the same
place

Ephemeral cropland gullies are
temporary features, usually obscuré
by tillage; recur in the same locatio

Gullies are not obscured by
normal tillage operations

May be of any size
but are usually
smaller than
ephemeratropland
gullies

May be of any sizéut are usually
larger than rills and smaller than
permanent gullies

Usually larger than ephemera
cropland gullies

Cross sections teng
to be narrow relative
to depth

Cross sections tend to be wide relat
to depth; sidewalls frequently are n(
well defined; headcuts are usually n
readily visible and are not prominer

because of tillage

Cross sections of many gullieg
tend to be narrow relative to
depth; sidewalls are steep;
headcut usually prominent

Flow pattern
develops as many
small disconnected
parallel channels
ending at ephemera
cropland gullies,
terrace channels, oi
where deposition
occurs; they are
generally uniformly
spaced and sized

Usually forms a dendritic pattern
along depressional water courses
beginning where overland flow,
includingrills, converge; flow
patterns may be influenced by tillag
crop rows, terraces, or other unnatu
features

Tend to form a dendritic pattert
along natural water courses;
nondendritic patterns may occu
in road ditches, terraces, or
diversion channels

Occurs on smooth
side slopes above
drainageways

Occurs along shallow drainageway
upstream from incised channels o
gullies

Generally occurs in welllefined
drainageways

Soil is removed in
shallow channels bu
annual tillage cause

the soil profile to
become thinner ove|

the entire slope

Soil is removed along a narrow flow
path, typically to the depth of the
tillage layer where the untilled layer
resistant to erosion, or deeper whe
the untilled layer is less resistant; s
is moved into the voidedrea from
adjacent land by mechanical actiof
(tillage) and rill erosion, damaging &

area wider than the eroded channe

Soil may be eroded to depth o
the profile and can erode into s¢
bedrock




Gully Erosion

Gullies most often occur on areas thatéha low density vegetative cover and highly
erodible soils.Theyare thought to formwvhen a break in theegetative cover allows erosional
hollows toform; water accumulates here and results in even erason(Dressing 2003.)
Gully erosion is the resultant of tvmain processes: downcutting and headcutting. Downcutting
is the vertical lowering of the gully bottom that leads to gully deepeningvad@hing(Ffolliott
et al. 2003) Headcutting is the upslope movement that extends the gully I@fgthott et al.
2003) Erosion is focused at the gully head, where overland flow erodes the lip of the head as
the wateiflows over it before plunging into the plunge pool at its &earlton 2008) Thisis
where the deepening and undercutting of the gully take place. It undsrthenheadwall and
allows thegully head to retredurther upslope.Subsurface flow moving towards the gully head
can weaken the walls and result in the development of pipes or channels of aid within the soil
that run along the side of the gu(Fyfolliott et d. 2003) Thecollapse of pipes further
contributes to gully head retrg@&harlton 2008) The presence of deep tension and desiccation
cracks allow concentrated overland flow to penetrate the soil si{@heelton 2008)

Gulliesareclassified as either ephemeral or classic. Ephemeral gullies oclamdbn
where vegetation is removed. They are commonly fourct@piand andre temporarily filled
in by field operations, my to recur after concentrated flow runoff. This filling and recurrence of
the ephemeral gully can occur numerous times throughout the year if left untreated. Classic
gullies may occur in many places but are so large that they cannot be crossedubtyiaairic
equipment or vehicleressing 2003.) Classic gullies are characterized by headward migration
and enlargement through a combination ofdoe& erosion and gravitationslumping, as well as
stress of oncentrated flow¢Dressing 2003.) Erosion caused by water or runoff is a major
contributor to nonpoint sourgmllution. Development of new gullies of the rapid expansion and
deepening of older gullies cantef be traced to removal of vegetative cover through some
human activity(Ffolliott et al. 2003)

Gully Development
Gully development becomes active during the spsimgnmer period under the effect of
flooding, snow melting, and precipitation, esmlly showergXi et al. 2004) The factor most
important for gully development is not the total annual raipibaitthe occurrence of short fid
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rains wherthesoil is not ablg¢o absorb a substantial part of the precipitation. Gully

development is widespread in upland areas and particularly common in areas with mineral soils
and steep slopg®ark 2001) All soils are liable to be afféed by natural erosion processes, but
soils become more vulnerable depending on factors such as soil characteristics and land use.

Table2.3gives a summary of relevant data concerning ephemeral gully erosion.
Methods used to measure gullies include: #nvplumetric measurements with profilers and
tapes, conventional photography, aerial photography, and digital terrain r{Cdsédi et al.

2000) All studies in the United States except 2 and 6 used Universal@&silHquation to
estimate rill and interrill erosion. Data ranges are given in parentheses. Sources iAclude: 1
Miller (1982), soil hydrologic Group A and B:@pomer and Hjelmfelt (1986), loess,
conventional till; 3Laflen (1985), loess and glacial t#: Thomas et al. (1986), Thomas and
Welch (1988), sandy loam, soybeans, conventional till; Grissinger and Murphey (1989), loess,
soybean, conventional till;-Bentz et al. (1993), loess or glacial till loess, corn and soybeans,
conservation till; 7Smith (1993), loessial silt loams with fragipan, soybeans or corn,
conventional till; 8Moore et al. (1988), bare, salodic loarmAQzet et al. (1993) variable crops
and managements; ;Mandaele (1993), loess, silty loam, variable cropsyathdaele and
Poesen (196), loess, silty loam, variable crops:-R2esen et al. (1996), sandy loam;5206

rock fragments, inactive; ¥3andaele et al. (1996}laess, silty loam, variable cropsijithosol,
>30% rocks, winter wheat and barley-Casali et al. (1998) loam ortdioam, winter grains,
conventional till; 15Hidalgo et al. (1998) clay sqiCasali et al. 2000)

As seen, despite the importance of ephemeral gully erosion, little data exists on rates of
soil losses, data and wria for gully formation, and physical characteristics of gully systems.
The state of the gully erosion is often not recordétether the gully is actively eroding and
what type of gully is occurring. Active gullies can be distinguished from thosarthat
beginning to stabilize by the presence of steep, unvegetated banks, pedestaling or a column of
soil protected by pebble or small rock, and erosion pavements or a surface gotreradterial
that cannot be moved by the surface runoff that originatyoved the soil materiéBlack

1996) Active gullies can further be classified as continuous or discontinuous.
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Table 2.3 Summary of relevantdata concerning ephemerd gully erosion (Casali et al. 2000)

Slope (%) Drainage | Soil loss, Total Soil Loss,| % of total
i Watershed (W) | Area (ha) | Ephemeral Soil Rill/Sheet | soil loss due
Source | Location i i
or Gully (G) Gullies Loss Erosion | to ephemeral
(W:G) kg/m2-y kg/m2-y | kg/m2-y gullies
United States
1.34,
1 Alabama n.a. n.a. 0.80, 1.45 2.90 0.54,1.45 60, 50
2 lowa 4.0-14.0 (W) 24.3 (W) | 1.70,0.68 | 8.9,0.62| 7.20,0 19, 100
3 lowa 2.0-11.0 (W) 12.2 (W) | 0.190.73 | 0.97-3.75| 0.783.02 19-20
4 Georgia 4.5 (G) 53 (W) | 4.00,5.06| 10.73 6.2 42
2.0 (G)
5 Mississippi n.a. 1.9 (W) 1.47 2.45 0.98 60
6 Minnesota| 3.46.1 (W) 7.4 (W) 0.3 n.a. n.a. n.a.
(0.150.54)
7 Mississippi 0.82.0 (G) 2.2 (G) 1.68 6.04 4.36 36
(4.51 (0.96
(1.21-2.02) 10.3) 8.74) (16-67)
Australia
8 Australia 12.5 (W) 7.5 (W) ‘ 1.3 ‘ n.a. ‘ n.a. n.a.
Europe
ca. 650
9 France 1.97.9 (W) (W) 0.2 20 0.09 72
ca. 410 (0.05
(G) (0.09-0.70) 0.93) (0-0.25) (36-100)
10 Belgium gentle 170.0 (W)| 0.21-0.35 | 0.560.82| 0.350.50 37-39
11 Belgium gentle 25.0 (W) ca. 0.40 0.85 0.41 52
12 Spain 3.0-25.0 (W) 10.0 (W) 1.26 1.52 0.26 80
4,000.0
13a Belgium gentle (W) 0.151.32 1.9 0.360.58 30-69
13b Portugal gentle 550.0 (W)| 0.10:0.68 | 0.120.80 | 0.020.13 83-84
14 Spain 0.59.5 (G) 88.0 (W) 0.87 n.a. n.a. n.a.
ca. 5.0
(G) (0.162.66)
15 Spain n.a. 4.9 (W) 6.49 ca 8.83* n.a. ca. 74
4.9 (G)

n.a.: not available

* Minimum value, rill and sheet erosion not calesed
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ContinuousGullies

Gullies that exhibit upstream extension by
longitudinal bottom profile are continuous gulli@olliott et al. 2003) A continuousgully
generally gains depth rapidly from the headcut and then maintains a relatively constant gradient
to the mouth, where the most active changes take place. Continuous gullies nearly always form
systems and are found in different vegetation typesreytraminent in dryland regions.
Frequently, a series of discontinuous gullies willlesce into a continuous gulliffolliott et al.
2003) When the gullies coalesce into a single uninterrupted channglitiidas a gradient
practically identical to the gradient of the original valley floor. This indicates that there is a

progressive steepening of the gully bed.

Discontinuous Gullies

Discontinuous gllies may exhibit many headcutscluding one at the gream limit of
the gully that extends its length, each of which exhibits upstream migration and promotes gully
growth, anda stepped longitudinal profil@8lack 1996) Discontinuous gullies can be found at
any locatiam on a hillslope and can occur singly or in a system of downslope steps in which one
gully follows the nex{Ffolliott et al. 2003) Where the plane of the gully floor intersects the
more steeply sloping plarmé the original valley floor, the gully walls have decreased to zero in
height and a fan occu(seopold and Miller 1995) The fan is characterized by a concentration
of water along the topographic hightbe coneshaped deposit of deb(iseopold and Miller
1995) As a result, the position of this watercourse frequently shifts and gives the symmetry to
the flat cone of deposition.

The discontinuous gullysia semicyclic phenomenon in which alleviation on a valley
floor develops locally a gradient that is too steep to be stable, so it subsequentlylexodekl
and Miller 1995) The fan formed at the mouthadiscontinuous gully has a local slope steeper
than the average for the valley. The intersection of the two planes of different slope gives the
discontinuous gully its particul@haractefLeopold and Miler 1995) Hydraulic considerations
indicate that where roughness is constant a relatively large depth at any given velocity requires a
small value of slopé_eopold and Miller 1995) As widening progressgan increased shear as
the widthdepth ratiomcreases is required to carry a particular sediment load at a given
discharge. Therefore, a low gradient of the channel bed should characterize the early and narrow
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stage of the discontinuous gully, while slope should be expeciedréase as the charnne
widens(Leopold and Miller 1995)

Hydraulic stress and pressure forces have a major influence on the development and
movement of a gully headcut or overf@obin®©n 1992) A headcut is a vertical or near
vertical drop or discontinuity on the bed of a stream channel, rill, or gully and occurs where flow
is concentrated at a point. Headcuts migrate upstream by hydraulic stresses at the overfall such
as weatheringrocesses of drying, wettinfeezing, and thawing; basal sapping; or a
combination of these procesgétanson et al. 1997)As flowing water encounters an abrupt
change in elevation, the resulting action can eraakeverse roller that undercuts the upper
surface and allows the gully to move upstredrhe impact iSncreased soil erosion, dissection
of land with retreating gullies, and decreased safety of hydraulic stru@Robkmson 1992)

The ability to understand these stresses and the rate of headcut migration could influence
our ability to determine where gullies are most likely to develop and our ability to choose the
correct best management practitesise The prevention of headcut migration would result in
fewer gullies, especially ones that impact military training. It would help prevent new gullies
from forming and help remediate the gullies that have already been fofrheckefore, the rate
of headcut ngration could greatly enhance our understanding of gulliesrder to do so,

factors affecting the rate of erosion need to be determined.

Factors Affecting Erosion Rates

Water erosion rates are affected by rainfall energy, soil properties, slopegesigite
vegetative and residue cover, and land management pradficetic energy from raindrops
and runoff cause the removal of soil particl&il properties such as particle size distribution,
texture, and composition influence the susceptibilitgail particles to be moved by the flowing
water(Dressing 2003.)

Vegetative cover and residue prosdtie soilsurface from rainfall impact ante force
of movingwater. Natural vegetation not only brealks fall of raindrops, but also helps to bind
loose soil on slope&Charlton 2008) In addition, vegetation reduces the frequency of overland
flow by encouragingnfiltration. Organic material such as plant litteglps hold topsoil together,
increases permeability, and providesupply of nutrient§Charlton 2008) The removal of

vegetation reduces soil protection and results in the acceleration of the rate of soil &rbsren
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are many environmental impacts associated with accelerated soil erOsioa.the fertile

topsoil has been removed, the lower soil layers are exposed. These lower soil layers generally
have a poor structure and are low in organic matter and mistri& hey are less permeable,

which increases overland flow and leads to more erd3ioy et al. 2002)

Erosion can either prevent vegetation from growing or seriously affect its composition
and structure. Erosiaaso affects the availability of nutrients in the soil for plant growth.
Nitrogen can be lost in surface runoffh&phorus and organic matter are preferentially
removed when absorbed to the clay particsch are often selectively eroded while the
coarser material remains behii@ickson 1995) Solubde phosphorous is also removed in the
surface runoff. Howevennder most circumstances, water availability operates as a limiting
factor to vegetation growth long beéoany effects of the loss of mineral matter are observed
(Rickson 1995)

The factors that affect the rate of erosion are essential in developing a model to predict
where and when gullies form in the landscape and heiw plosition, frequency of occurrence,

and erosion intensity is affect by factors such as climate or land use changes.

Models and Gully Erosion
Models capable of predicting size, location, timing, frequency, and intensity are needed
to more accurately pdéct the effects of environmental change on soil losses due to gully
erosion. For the development of an accurate model, more detailed monitoring, experimenting,
and modeling of the development and infilling of both ephemeral gullies and bank gullies in a
variety of environments to better stimulate gully erosion subprocesses needs to occur. There is
also a need to predict gully cressctional size and shape and soil loss rates due to gully erosion

(Boardman and Fawislortlock 1998) Many models are available today to estimate soil losses.

Water Erosion Prediction Project
The Water Erosion Prediction Project (WEPP) model is a prdizesed, distributed
parameter, continuous simulation, erosion prediction model. Ipigcaple to sheet and rill
erosion based on the simulation of the hydrologic and erosion processes on small watersheds

(National Soil Erosion Research Laborataryit)wasdeveloped by the United States
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Department of Agricut ur eés Agricul tur al Research Servi

can be downloaded from theuwebsite for free. The model requires specific climate, topography,

soil and management inpute/EPP attempts to mimic the natural processes that affiéct so

erosion and updates soil and crop conditions daiational Soil Erosion Research Laboratary )

It includes conceptual components such as rainfall, freeze, furrow, runoff, drainage, soils, crop

growth, residue managenteand decomposition, tillage, rill erosion, chandeposition, and

sediment delivery to predict and calculate estimates of soil detachment and desatimmal

Soil Erosion Research LaboratoryWWEPP can provide vanrs types of outputs, including

water balance, soil detachment, deposition, sediment delivery, and vegetation growth.
Developments have been made to not only run multiple simulations to see the effects of

landuse changes, but also allow users to runtarsleed simulation using digital elevation data

from Geographic Information Systems (G[8)ational Soil Erosion Research LaborataryThe

GIS application is in its preliminary stages, but is also available caine

http://www.ars.usda.gov/Research/docs.htm?docid=1062Wwever, WEPP does not predict

gully erosion, erosion processes in continuously flowing streams such as stream bank sloughing,

tillage erosion or mass wasting.

Revised Universal Soil Loss Equation

The USDA also developed theRevised Universal Soil Loss Equation (RUSLE), an
empirical formula widely used to predict soil loss ieshand rill erosion (Figure 2.8hat uses
soil charactastic and land use facto(Bressing 2003.)RUSLE may be used as a framework
for considering the principal factors affecting sheet and rill erosion: climate (R), soil
characteristics (K), topography (LS), amahdl use and management (C and P). Except for
climate, these factors suggest areas where changemisgement can influence soil loss from
water erosion. It is important to note that the RUQk&dictssoil loss not sediment delivery to
receiving waterg¢Dressing, 2003).

The current modeRUSLEZ2,is an advanced software model that makes its
computations on a daily time steggther than a half month time step. It alses a full
mathematical integratioprocedure rather than the previously used apprateé procedure. The
RUSLE?2 can be found on the NR@&bsite and may be downloaded for fate¢he following
website:http://fargo.nserl.purdue.edu/rusle2_dataweb/RUSLEZ2_Index.htm
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http://www.ars.usda.gov/Research/docs.htm?docid=10621
http://fargo.nserl.purdue.edu/rusle2_dataweb/RUSLE2_Index.htm

Figure 2.3 Description of the Revised Universal Soil Loss Equatio(Dressing 2003.)

Revised Universal Soll Loss Equation (RUSLE)
A=R*K*LS*C*P
whernz
A= estimated average annual soil loss (lons/acrely=ar)

R = rainfalliruncff factor, quantifying the effect of raindrop impact and
the amount and rate of runof associated with the rain, based on
lzng term rainfall record

K= soil erodibility factor based on the combined effects of soil
propearties influsncing erosicn rates

L5 = slope length facior, a combination of slope gradisnt and
continuous extent

= coverand management factor, incorporating influences of crop
sequence, residus management, and tillage

P = practice factor, incorporating influences of conservation practices
such as contouring or terraces

Ephemeral gully erosion is not accountedin soil loss assessment programs such as
RUSLE and WEPP, but its contribution and importance to total soil losses has long been
acknowledged. The USDARCS estimated the ratio of ephemeral gully erosion to rill and
sheet erosion, which range from 21686 New York to 274% for Washington. The average
percentage for these selected areas is near 80% for the 19 states surveyed {FijiBOA-
NRCS. 1997) New York has the highest estimated annual sheet and sibe;avhile
Washington has the lowest. Virginia has the highest amount of measured ephemeral gully
erosion, while Michigan has the lowestansas has a high estimated annual sheet and rill
erosion, while the gully erosion as a percentage of sheet babsion is approximately 36%

even though the amount of measured ephemeral gully erosion is high as well.
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Table 2.4 Assessment of Ephemeral Gully Erosion Rates in Selected Areas of the U.S.
reported by the National Resources Conservation Servic@) SDA-NRCS. 1997)

Estimated Ephemeral Gully
Annual Measured Erosion as a
Sheet Ephemeral Percentage

and Rull Gully of Sheet and

Erosion Erosion Rill Erosion
Location (kg m—2 v1) (kg m~2 v1) (%)
Alabama 0.573 0.342 60
Delaware 0.038 0.093 245
[hinois 0.261 0.191 73
Towa 0.353 0.110 31
Kansas 0.807 0.294 36
Louisiana 0.654 0.222 34
Maine 0412 0.189 46
Maryland 0.195 0.147 73
Michigan 0.172 0.045 26
Mississipp 0.646 0.275 43
New Jersey 0.246 0.191 78
New York 0.873 0.185 21
North Dakota 0.277 0.130 47
Pennsylvama 0.093 0.065 70
Ehode Island 0.331 0.136 41
Vermont 0.165 0224 136
Virgima 0477 0.470 98
Washington 0.025 0.069 27«
Wisconsin 0.289 0.154 53

Annualized Agricultural NonPoint Source model

The AnnualizedAgricultural NonPoint Source (AnnAGNPS) modeksdeveloped to
facilitate assessment of watbed andandscape processesagicultural areagBingner and
Theurer 2002) Currently AnnAGNPS cannot predict ephemeral gully erosion. However,
studies are now underway to do(8ngner and Theurer 2002; Gordon et al. 200K)
conceptual and numerical framewavksconstructed to simulate the development and upstream
extension of an ephemeral gully based on a migrating headcut and disdbpegelent gjly
dimensions in unsteady, spatially varied runoff events (Gomdo). The model simulations
illustrate the initial formation and the temporal and spatial evolution of ephemeral gullies in
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response to a range of runoff events, tillage conditionsinaices of soil erodibility. The

model requires several assumptions, but is the necessastdpsh addressing ephemeral gully
erosion using common technologych as the use of root mean square with AnNnAGNRES
easily accessible dali&te tillage conditions and soil characteristics

Sequential Aerial Photographs

In New Zealand, gullies are common due to a combination of bedrock susceptible to
erosion, mountainous topography, extreme rainfall events, and drastic land use changes. Most
gully systemsn this region are termed fluvimassmovement, due to the major role that mass
movement plays in sediment production antlygenlargemen{Parkner et al. 2006)Here
sequential aerial photographs were integuadb measure and analyze temporal changes for a
long time span with higher temporal resolution. The area of gullies and complexes affected by
gully incision and mass movement erosion was measured for each time slice after digitizing in
ArcGIS. Gully ersion is considered a threshold phenomenon because it occurs only when a
threshold in terms of rainfall, topography, and land use is surpassed. The air photographs were
interpreted to determine land use and land c{Rarkner et al. 2006)Rainfall data was
collected from stations close to the study area at their highest temporal resolution, while a history
of major storms records was also used. Studies with lower time resolution showed the same
pattern of overalgully complex development with expansion and stabilization. The topographic
threshold line developed for gully initiation allows for the prediction of which catchments will
develop gullies and gullpomplexegParkner et al. 2006) However, this could not be used in
other areas where mass movement does not play as significant a role as it does in New Zealand.
Sequential aerial photographs would be useful within the United States to study the migration of
gully heals, but could not be used to estimate total erosion because it puts less emphasis on

erosion occurring along the channel side slope.

Photogrammetry and Ground Control Points
Another method usesiages taken from a blimp or kite allow for the gully systérizse
surface modeled and monitored, while gully growth and soil loss are measured using geographic
information systems (GIS) and digital photogrammetric analysis. At all gully sites, ground
control points (GCPs) were installed to help provide more atoradeling and monitoring
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(Marzolff and Poesen 2009 hese are located at points that are clearly identifiable places in the
image because it has to be possible to derive location and elevation of the point finoap the
Automatic digital elevation model (DEM) generation in digital photogrammetry systems uses
image matching and DEM interpolation. A hybrid method of automatic and interactive feature
extraction was used to eliminate false matches and reduce prahiemeass shadowing

(Marzolff and Poesen 2009Assessmentf errors associated with DEM accuracy was done by
examination of the bundle block adjustment results and by visual inspection of the concordance
of the surface with the 3D dataset of GCPs. The change of gully area and volume were
determined by differencing the raster files with a simple subtraction operation in the GIS and
separating areas of loss and gain. Total gully volume was then calculated by usirgaise

cut/fill operation. Small format aerial photogrammetry can be considered an important tool for
the monitoring of gully erosion sit¢slarzolff and Poesen 2009Gully extent, volume, and

change can be derivedth accuracy and detail that corresponds to the magnitudes and
geomorphic characteristics of gully erosion processes. However, problems such as the sidewall
erosion being omitted can distort the morphology and volumetric measurements, which cannot

be soVed without a combination of aerial and terrestrial imagery.

The Rate Law of Geomorphology

Prior to human disturbance, systems are usually in a condition that approximates a steady
state where erosion, transport, and deposition are adjusted to thécdinthgeologic
conditions. Human activities that disturb the land affect the steady state. The period between the
beginning of the change and the establishment of the new steady state is known as the relaxation
time. A rate law in the form of a negaiexponential function similar to the equation used to
describe relaxation times of radioactive materials and chemical mixtures provides a useful model
for relaxation times in geomorphsystemgGraf 1977) Half-life values for adjustment periods
of the gully networks after natural changes may be useful in predicting adjustment periods after
mantinduced change&Graf 1977) This rate law could help predict gully headcut rates,
egecially when a contributing factor is the human impact on the natural environment. Climatic
and anthropogenic changes are similar in terms of their impacts on geomorphic systems. Both

changes are rapid, affect fluvial systems by changing vegetatidarahdurfaces, and have the
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potential of affecting coplete drainage are&&raf 1977) The rate law links the original
amount of material (4 with the amount remaining after a given period of decay:
(1/2)"=AJAe
where t=time elapsed, T=hdife, A=amount of original material remaining at time t, and
Y=rate of change. The rate law may be used to describe changes in gully length. If t equals the
time since disruption, &equals the potential equilibrium lengthtbé gully, A equals the
length of the gully, and At equals the length yet to be eroded. This equation can be put into
linear form:
In A=In AT Dbt

If enough points are available, the rate constaridab be determing@Graf 1977)
Unfortunately, this equation to predict the headcut migration of gullies has not been tested in
various geologic, vegetative, and climatic conditions. It has not seen wide acknowledgment
within the research of headcut migration of gullies

The rate law has an enormous potential to predict the amount of headcut migration within
the United States, while taking anthropogenic and climatic changes into consideration.
However, more testing would need to be done in different areas to astestagcuracy of the
equationés ability to predict headcut migrat:.
relationships associated with headcut migration and properties such as soil texture and
vegetation, then the process of gully erosion waadbetter understood and more models would
be able to accurately predict soil losses due to gully erosion.

In order to develop an accurate model to determine the location and formation of gullies,
more field data is needed to determine the factors indatvgully erosion. Few studies have

been performed to determine the militaryos ef

Military Activities and Erosion
The I ntegrated Training Area Management (I
managing traimg lands. A major objectivieas been to develop a method for estimating the
amount of training that a givgrarcel of land can accommodate in a sustainable manner, based
on a balance of use, condition, and maintenance practices. The Army Trainingsng Asea
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Carrying Capacity (ATTACC) methodology is an initiative to estimate training land carrying
capacity(Li et al. 2007) The methodologis also used to determine land rehabilitation and
maintenance costs assoewith landbased training. Knowledge of water quality throughout
an installation allows the selective implementation of this methodology as a verification tool to
enhance the information gleaned from water it(piahalysis of military landéSvendsen et al.
2006) Water quality is affected by nonpoint source pollution from sources such as gullies.

Military training areas experience significant amounts of soil erosion which leads to
nonpoint source pollutionMilitary activities lead to changes in the surrounding natural
environment.The activities can cause significant land degradation, which lead to unfavorable
environmental impacts, especially soil erosidmaining activities such as field maneuvers,
morta andartillery fire, small arms fire, and combat vehicle operations e soil
disturbance.Most of the mechanized maneuvers take place on the northern 75% of Fort Riley
(Abel et al. 2009) Wildfires resultingfrom training and management activities such as mowing,
prescribed burningshemical weed control, and small scale timber harvest have also caused soil
disturbances on FoRiley (Althoff et al. 2006) Since he National Environmental Policy Act of
1969 (NEPA) was passedhd the U.S. Army Regulatid200-2 (Department of Defense 2002)
was published, the military has been required to minimize these environmental intipacts.
requires the Department of Defense to consider the environmental consequences of their actions
and todocumenthese consideratiorfBepartment of Defense 200Zyhe Army has developed
the Integrated Trainingnd Management (ITAM) program to optimize thestainability of
training areas. This program supports the management and maintenance of training areas while
it also encourages military preparedness.

The Environmental Conservation Program of the DepantimieDefense describes
natural resource policy on lands under the control of the Department in the United States, its
Territories, trusts, and possessiféalker 1999) Plans for natural resource management have
been deeloped in accordance with principles of ecosystem management. Activities of the
Department of Defense must promote conservatfdnological diversity when practicable and
consistent with the military missiqiValker 199). Thegoal of the ecosystem management
program is to ensure that military lands support present and future training requirements while
preserving and enhancing ecosystem integrity. This goal includes restoring and maintaining
native ecosystems, reeslighing and maintaining viable populations of native species,
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maintaining evolutionary and ecological processes, and managing the sites over time periods
compmatible with ecosystem dynamif#/alker 1999)

The military mst maintain training exercises to remain ready for any upcoming
missions, which mearthat land management practices must be flexible with minimal impacts
on training exercisesMost Army installations suffer from degraded plant communities,
excessive nutvers of and poorly oriented roads and firebreaks, and compacted soilsligiven
infantry training can leadtland degradation and erosi@#armon and Doe 2001)lhe
secondary and tertiary effects of erosion dtenoas serious as the primary effects and range
from alterations in wildlife habitat to lowering of water tables. Training land erosion is
associated witla combination of training activity and the ecological resiliency or the dgHc
the land to suain usgHarmon and Doe 2001)

Continuous longerm, or intense shetérm, traffic by military vehicles can cause soil
compaction and changes in soil bul k dhlitysi ty a
to sustain plant liféMilchunas et al. 1999)Military training exercises often include numerous
military vehicles that are large, heavy, and have the capability of covering significant areas of
land (Quist et al. 2003) The movement of these vehicles can cause considerable land
degradatiorby compacting the soil and removing the vegetative civéchunas et al. 1999)

This results in exposure of the ground surface to rainfall and runoff water, increasing the

potential for erosionThe extent of the resulting degradation depends on the vehicles involved,

their operating features, and the existing soil conditions witlertining aregAyers et al.

2005) Not only the vehiclesdéd weight but also the
vehicles have shown to cause severe compaction and rilfitingt al. 2007)as shown irFigure

24. Military land use is frequently intensive, especially where maneuvers are conducted with

tracked vehicles.

Ruts are potential sites of high soil erosion, especially when aligned directly up and down
a slope. Thewre hydraulically similar to natural rills in the erosivity of the flows in them.

Water flow is faster and more turbulent in natural rills than it is in overland sheet wash and has
more energy taletach and transport sedimé@atto 2001) Ruts can act as channels to
concentrate surface runoff, which increases its sediment transport capacity and subsequent soil
erosion. Foltz determined that there is 2800% more erosion on rutted roads than on unrutted
roads(Foltz 1993) The intermittent flows in rills and ruts are usually appreciably deeper than
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the height of the coarsest roughness elements within them and are hydraulically similar to
conventional opeichannel flows in riers(Harmon and Doe 2001 Flow velocity near the soll

bed increased with compaction because the surface roughness of the compacted soil was less and
infiltration into the more compacted soil was reduced, resultifiggh, near bed water velocities

and more soil particle detachment. Tiapid runoff transported more sediment. The increased
velocity from compaction had more effect on erosion than the increased soil shear strength that
accompanies compaction. Thdaetors can lead to gullies on training lands that form and

enlarge faster than thelp on undisturbed soi($larmon and Doe 2001)

Tracked vehicles such as tanks are more damaging than wheeled vehicles to the soil
surface. Tracked vehicles crush and uproot vegetation, while compacting thadodn soil
compaction occurs, air and water volume available in the soil, which is necessary for vegetation
is reduced.The collapsed pore structure of the soil slows naiilbn and may result in poor soll
aeration that can inhibit root growth, nutriemtake, and seedling emergeriChancellor 1977)

The alteration of the soil &8s p hablishmenaofformer oper t
plants, resulting in longerm reductions of vegetative cover. This loss of cover results in less
interception and dissipation of raindrop energy and contributes to a reduction of infiltration rates

ard an increase in erosion rat@hurow 1991) The degree of hydrologic impact associated

with tracked vehicles and the rate of recovery are dependent on characteristics including

vegetation type, soil texture, soil moisture content at time of impagts@bsquent climatic
characteristic§Thurow et al. 1993)However, pant root growth and soil microfauna can aid in

the remediation of soil compaction.

Tracks left by a tracked vehicle were foundraining are®4. The vehiclglikely used
by conservation or public works, removed all vegetation and left ruts up to two feet deep. This
was an example of a tracked vehicle causing severe land degrad&taoding water was found
in many portions of the track beagse the soil was compacted to such an extent that there was no
available spacwithin the soil for the water to infiltrateThis lack of ground cover will most
likely result in new formations of gullies as time progresses.

For wheeled offoad vehiclesthe speed and turning radius had strong interaction on
terrain impact severitfLi et al. 2007) Theimpact was most severe when the wheeled vehicle

made sharp turns at high speed. For tracked vehicles, the interatti@eb speed and turning
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radius was not considered strofig et al. 2007) However, a smaller turning radius of tracked

vehicles causes higher impact severity regardledseahagnitude of vehicle speed.

Figure 2.4 Soil disturbance caused by a tank on a single pagSt. Clair 2007)

Rut depth, width, and index incaas turning radius decreagigs et al. 2007) The

decreased turning radius increases soil disturbance because the width and depth of track
increased along with the height of soil piled up next to the tracks. A turning vehicle can produce
deeper ruts than one that is foliog a straight path. The rut formation for a curve is also
significantly greater for the outside track than for the inside tlacket al. 2007) These ruts
can concentrate theurface water flow, which increastb® potential of erosion. Ruts not only
cause severe environmental damages but also reduce the vehicle moh#éyydamage
vegetation, break up soil crusts, loosen surface soils, weaken soil aggregates, compact soils, and
change soil surface geometry. $hechanges increase soil bulk density, reduce infiltration and
hydraulic conductivity, increase runoff volumes, lengthen runoff periodsacoelerate soil
erosion(Harmon and Doe 2001)Reduced infiltration and frtional resistance to flow on areas

25



used by vehicles cause overland runoff to fomore rapidly and attain an eroding discharge over
a larger portion of a used hillslope than on an unused slope. Compacted soil restricts soll
aeration, which impairs rootgwth, plant nutrient uptake, and seedling emergéGed¢to 2001)

Paths taken by military vehicles are typically determined by military doctrine, which
results in certain areas such as stream crossings to haveaighifhigher traffic. Military
trails have highly dynamic sediment regimes and trails with tracked ruts are more dynamic than
wheeled ruts due to the intensity ofl gbsturbance in tracked ru{&atto 2001) Vehcle use on
military installations is widespread and the majority of the vehicle movement aectnals and
roadways. h€advyeusahvehidlescanrsigndicantly affect vegetation, exacerbate
erosion levels, and contribute to environmentahpliance issues on military basgendsen et
al. 2006)

Training land erosion produces hydrologic deterioration of watersheds that extend
beyond installation boundaries. Erosion causes increased runoffdamesetransport, which
creates even more erosion. Erosion factors increase exponentially as water advances to rivers;
gullies on training areas c@noduce a large amount of sediment that is carried with the runoff
and can damage efite resources. Marninstallations have significant concerns oversfé
sediment transpofHarmon and Doe 2001)Waterflow originating on or flowing through
installation lands is also subject to installation contaminants anatéstjal for producing off
sitecontaminatior(Harmon and Doe 2001)

The uses of the land as well as the land cover classification on Fort Riley greatly affect
the erodibility of the land. An area that is used faining activities that involve tanks and
maneuvering exercises are more |ikely to incr
stream that is not used by the military for example. Urban areas contain impermeable surfaces,
which causes overland flomnd runoff that increases the erosion. The areas that are covered
with vegetation are least likely to have erosion because their surfaces are more permeable and
allow for more infiltration.

In addition to these factors, climate plays an importantipail erosion. Temperature,
rainfall amount and intensity, and storm frequency can have considerable impacts on land
degradatior{fLal 1994) The rainfall intensity affects soil erosion because the harder the rain
falls, the higher the energy of the raindrops are, and the more easily the ground would he eroded
leading to soil degradationThe amount of storms affect the ability of the military to continue
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with their scheduled activities and the amount the soil isatal Because of these various
factors, military training activities can le&al significant land degradation but can also be
impeded by land degradatioithe land degradation that causes gully formation can be
remediated using Best Management Prac(iB&4Ps).

Best Management Practices (BMP)

There are several ways to contooleven alleviat@monpoint source pollution aritlese
are collectively called Best Management Practices (BMBB)Psare designed to reduce the
amount of pollutants that are cted and/or transported from the source to the receiving water
body. Theycan be structurdke.g. waste treatment lagoongahich use physical formations to
alter hydrologic pathways; vegetati{e2g. grass waterwaysyhich use plants with root systems
that stabilize the soil as well as absorb atate water; or techniqués.g. conservation tillage,
nutrient managementfat reduce negative impag¢tdovotny 2003) GenerallyBMPs are used
in combination to achieve amimum benefits from them. BMPs reduce nonpoint source
pollution by reducing the available pollutants at the source, preventing the transport of
pollutants, and remediating the area by chemical or biologieahgDressing 2003.)

Guidance orthe use of BMPs is provided by the USINRCS.

Since nonpoint source pollution and soil erosion are interconnected, most BMPs tend to
reduce erosion by reducing soil detachment, reducing sediment transport, and tregipniegts
before it enters a water bo@ressing 2003.) BMPsalso reduce the amount of water that
reaches water bodies by increasing infiltration of water into the ground. Some BMPs increase
retention time andeduce peak flow to reduce-aihannel erosionMany BMPs focus on
agricultural or urban applications. While they can be applied in many different ways, there are
some important differences between these practices and the practices needed for military
installations.

For urban areas, BMPs such as surface basins, infiltration and exfiltration trenches,
pervious pavement, and swales are typicalgd(kivingston 2000) Unlike BMPs that are
suitable for the trainig areas on military installations, these practices focus on the impervious

surfacesand limited space that are characteristic of an urban environment. Most BMPs focus on
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reducing water runoff and increasing soil infiltration, but for applications out$ideban areas
tend to be more expansive in a spatial context.

For agricultural areas, BMPs such as terracing, contour farming, copes, buffer
strips, stream fencing, brush management, and various management techniques are often used
(NRCS 2010a; NRCS 2002; NRCS 2010b; NRCS 2010c; NRCS 20TteBMPs focus on
reducing the negative impacts of agricultural activities, whieremi ng t he | andds pt
(Mostaghimi et al. 1997)While these practices focus primarily on agricultural land, many can
be applied to military training areas.

To successfully employ these techniques on military installations, the major difierenc
between militaryand agricultural practices must be taken into consideration. While agricultural
areas experience a great deal of erosion due to farming and ranching practices, the majority of
environmental problems on military installaticer®due totraining activitiesLiu et al. 2007)

Military vehicles can be consideralbiigavier than farming equipment; and tracked vehicles can
cause significant damage to vegetation smit(Liu et al. 2007) These vehicles, with a turning
radius that is much smaller than agricultural equipment, form deep ruts and have a much larger
cumulative impact widtlfAyers et al. 2005; Liu et al. 20p7Whilethe movement of

agricultural equipment is typically uniform across entire fields, the movement of military
vehicles and personnel is governed by military doctrine. This results in distinctively different
erosion patterns between agriculturadl anilitary practices.

Excessive erosion and sedimentation occur if proper erosion and sediment control
practices are not installed and maintained. Conservation is the selection of erosion and sediment
control practices that provide the desired contriollevallowing the desired land ug€oy et al.

2002) Erosion control practices are selected s
protected and can be used to control sediment delivery. Sediment conttickgrace applied

specifically to control the amount, concentration, and size of sediment leaving the site. This
sediment can cause downstream and downwind sedimentation as well as water and air quality
degradation. Therefore, it needs to be taken iofsideration. The best way to control erosion

and protect the soil resource, is by reducing detachment because control of erosion by reducing

local transport capacity is a selective process where erosion removes fine particles and causes an

increase in carse particles in the soil.
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Erosion and sediment control practices can be classified as cultural management,
supporting, and structural practices. Cultural management practices typically are agronomic
practices where vegetation and soil managementsackto control erosiofT oy et al. 2002)
Examplesanclude using plant litter for ground cover and applied ground cover materials.
Supporting practices are applied along with cultural management practices. Thegevofte
ridges and strips of vegetation oriented perpendicular to the direction of the runoff. Other
examples include terraces, diversions, and subsurface drainage systems. Structural practices are
located at specific points to control erosion by clehtwed scour, headcuts in a permanent gully,
or erosion on the oside bank of a stream be(itby et al. 2002) Examples of structural
practices include windbreaks, fabric fences, and check dams.

Due to tle diversecorditions found on military installations, the implementation of
BMPs within these areas is unique. One imponpaattice for military installations is the
appropriate timing of training exercises. By avoiding times when the land is especially
susceptiblesuch as after a precipitation evaviten the soil is more easily compacted and
vegetation is vulnerabléand degradation can be reduced.

To direct hydrologic flow, terraces, diversions, and dikes can be used to decrease erosion.
These landorming technques can reduce soil erosion and nonpoint source pollution while
taking up a small amount of the training ard&rraces, which are earthen embankments
constructed across the slope, can reduce erosion by reducing water runoff and decreasing the
slope legth (NRCS 2010d) Diversions, which are channels constructed across the slope, can be
used to break up water concentrations and divert surface flow away from erodingN&€&s
2010a) Dikes, which are earthen barriers, can be used to protect susceptible areas from
excessive water flows and control water le®IRCS 2002) On military installations, these
structures could be applied around areas with hajfidrflow, where soil compaction is greatest.
Compacted ruts formed by military vehicles cause water runoff to concentrate, which leads to
increased sediment transport capa@@gtto 2001) By redirectinghe hydologic flow path,
runoff concentration can be reduced and increased erosion can be prevented.

The maintenance of vegetative cover is also important for preventing excessive erosion.
A method that could be applied to military rangeland is the use of wegdbarriers. Strips of
stiff, dense vegetation are planted along the overall contour of the terrain or across concentrated
flow areas to ranage water problenfsIRCS 2010h) This practice can be used to reduce sheet,
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rill, and ephemeral gully erosion, trap sediment, and stabilize steep Stpeslitary
installations, vegetative barriers could be placed along stream banks to minimize the loss of
valuable training areas, while reducing the amount of sediment that #@tastseams. Critical
Area Planting is another vegetative BMP that can help reduce erosion. By establishing
permanenvegetatiorsuch as trees, shrubs, vines, grasses, or legtmgepractice can stabilize
areas with high lesls of soil erosiofNRCS 2010c) This technique is useful for areas that have
had significant land degradation from military training exercidgre-establishing the
vegetation at vital locations within a training area, environmental impactsecaduced.The
increased vegetation would result in reduced erosion through the reduction of the impact of
rainfall energy and sedimentation through the entrapmepartitles within the vegetative

cover.

BMPs such as field borders or filter strips ttvap sediment leaving the field before it
reaches a wetland or riparian area could also be implemented. Field borders are strips of
perennial vegetation establishdédtee edge of a field by planting or by converting it from trees
to herbaceous vegetatior shrubgDressing 2003.) Field borders could be successfully
implemented without compromising large portions of the training areas. Filter strips are strips or
areas of vegetation for removing sedimengamic matter, and other pollutants from runoff and
wastewate(Dressing 2003.) These could also be used without creating a large hindrance to
military training activities.

A check dam is a barrier placed inagtively eroding gully to trap sediment carried
down the gully during periodic flow evenBfolliott et al. 2003) Sediment backed up behind
the check dam develops a new channel bottom with a gentler grédiarthe original gully
bottom and therefore reduces the velocity and erosive force of gully flow; stabilizes the side
slopes of the gully and encourages their adjustment to their natural angle of repose, which
reduces further erosiasf the channel bankpromotes the establishment of vegetation on the
gully slopes and bottom; and stores soil water so that the water table can be raised, which
enhances vegative growth outside the gullyfolliott et al. 2003)

There are two types of check dams: nonporous dams (without weep holes) and porous
dams that release part of the flow through the structure. A weep hole is a porous material located
in an otherwise impermeable structure that allows water to seep hhaadgirain the structure
(Ffolliott et al. 2003) Nonporous dams, such as those built from concrete, sheet metal, wet
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masonry, or earth, receive heavy impact from the hydrostatic forces of gully flow. redatims

should only be used for gully control in exceptional cases, but if they are constructed at the gully
mouth, also known as gully plugs, then they can be effective in areas where the watershed can be
revegetated quickly and where the storage upstfeamthe plug is adequate for larger

stormflow containmen{folliott et al. 2003) Porous dams transmit less pressure to the banks of
gullies. Because gullies generally form in erodible, soft soils, cotistyymorous dams is easier,
cheaper, and t#n more effectivgFfolliott et al. 2003) Porous dams can be constructed from

old car tires, logs, brush, and many different materials.

The cross section of a atledam can be seen in Figure 2Bhe purpose of check dams
is to stabilize the gully bottom to prevent further downcutting and subsequent headcutting and
extension of the gully. Each dam should be spaced upstream at the toe of the expected sediment
wedge formed by the dam below. The first dam should be constructed where downcutting does
not occur. The spacing of subsequent dams constructed upstream from the base dam depends on
the gradient of the gully floor, the gradient of the sediment wedges dapapsgtream of the
dams, and the effective height of the dams as measured from the gullp ftberbottom of the
spillway (Ffolliott et al. 2003) Equations have beeleveloped to determine the spacinghese
dams, but are not always accurate. Therefore, field measurements and individual site
characteristics such as nickpoints should be used to determine where check dams are installed.
Nickpoints are areas where an abrupt change of elevation and sholgengand a lack of
protective vegetative cover occur.

Long-term impacts of installing check dams and deep subsaoil ripping can significantly
reduce sediment erosion in highly erodible areas. Amount of reduction in a case study at Fort
Hood was 7% but wadependent on the extent of implementation. By implementing these
practices over a larger area, a greater reduction in sediment loading is péssselethal et al.

2003) Through proper maintenance such agéneoval and disposal of the entrapped sediment,
check dams and subsoil ripping are effective in reducing sediment loads. This BMP

combination, however, does not reduce soil erosion and gully formation.
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Figure 2.5 Cross section of a check dan{Ffolliott et al. 2003)
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A: section of the dam parallel to the centerline of the gully; B: section afaireat the cross section of the
gully. a = original gullybottom, b = original gully cross section, ¢ = spélyyd = crest of freeboard, e =
excavation for anchoring key, f = apron-@nd sill, w = width of bankFfolliott et al. 2003)

Another practice that couloke used is imprinting. When land is disturbed by activities
that strip vegetation from the land surface, a secondary succession of plant types follows, usually
beginning with short lived annuals and ending with perennials. The speed and directisn of thi
secondary succession can be controlled to achieve desired results, but the process occurs
naturally and is often quite slow, taking decades, centuries, and even millennia depending on the
degree of land disturbance, soil type, and clinf@igon and Carr 2001) Land imprinting was
developed to accelerate the secondary succession toward a productive and sustainable ecosystem.

This is done by impressing seedbeds and seedling cradles that become moist enough to
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germirate and establish the seeds of perennial species even in severely degraded soils. With the
use of these imprints, infiltration is rapid and moisture penetration is deep, which provides the
moisture required to germinate and establish the gBexisn and Carr 2001)

The establishment of a brush head plug will work to stabilize the headcut if it is shallow
and narrow. This is done by laying brushwood onto the headcut bottom, starting at the highest
point and proceédg downstream towards the gully channel it¢ebv o S8k and. Nov § k 1
The thick ends of the brushwood are stuck into the bottom, the thin end is left to point against the
slope of the headcut. The layer of brushwood is fixed to the ground using poles nailed to stakes
and stones are put on top to provide additioreibht( Dv 0 S§ k a n d. TiNsoworBsko 1 9 9 4)
slow the flow velocity and trap a portion of the sediment flowing through the gully.

Where a vegetative cover can be establisblealnnel gradients can sometimes be
stabilized without using mechanical or engineeringsuess. However, vegetation alone can
rarely stabilize headcuts because of the concentratedHlivotcurs at these locatiofigolliott
et al. 2003) Vegetation types that grow rapidly and establish a high plant density and dense root
systems are most effective at stabilizing gullies. Tall grasses that lie down on the gully bottom
under flow conditions provide a smoattterface between the flow and original gully bed and
can increase flow velocities; these plants are not suitable for gully stabiligatodiiott et al.

2003) The higher flow velocities can widen the gudlven though the gully bottom is protected.

Trees and shrubs can restrict high flow volumes and velocities and cause diversion
against the bank. Where diverted flows are concentrated, new gullies can develop and new
headcuts can form where the flowmésrs the original gullyFfolliott et al. 2003) However, on
low gradients and in wide gullies, trees and shrubs can be planted, especially at the mouth of the
gully, to form live dams to build up sedimenipdsits by reducing flow velocities. If climate or
site conditions do not permit the establishment of vegetation, mechanical measures or control
structures are required to stabilize the g(fplliott et al. 203). Toremediate land and
eliminate gullies, structures are usually required at critical locations such as nickpoints on the
gully bed, headcuts, and gully reaches close to the gully mouth. At the gully mouth, changes in
flow cause frequent changesdeep@aing, widening, and depositigrfolliott et al. 2003) As
expected, different rain events cause different rates of erosion.

An effective control structure design must help vegetation to become estdlisth
survive. Once the gully gradient is stabilized, vegetation can become established on the gully
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bottom, which leads to the stabilization of the ba#Kslliott et al. 2003) Vegetation can be
establisled rapidly if substantial deposits of sediment accumulate in the gully above control
structures. Such deposits can store moisture and decrease channel gradients. The net effect of
vegetation establishment in the channel and reduced channel gradidatisase in peak
discharggFfolliott et al. 2003) Mostoften, mechanicdteatments are needed to provide the
shortterm stability necessary for vegetation establishméxier considerations such as soil
type, rate of sedimentation, hydraulics, and the logistics needed to manage a watershed also enter
into the development of a solutigRfolliott et al. 2003) Forexample, if gullies are large, the
constructiorof large dams acrosgke gullies to accumulate sufficient sediment is necessary to
allow equipment to move across the gully. Large check dams may be undesirable or
uneconomical. Other mechanical or structural controls must then be considered.

All of these BMPs are important, and their corregilementation across the landscape
can help reduce runoff and soil erosion. Maintenance of the vegetation across susceptible areas
is of vital importance to achieve significant positive impacts. By dissipttangrosive force of
water runoff, vegetation can significantly decrease nonpoint source pollution. Additionally, the
root structure of the vegetation can help increase the infiltration of rainfall into trendashn
lead to increased retention timesveell Also extremely important for areas that are susceptible
to erosion is the placement of appropriate structures, including terraces, dikes, and diversions,
that can improve hydrologic flow.

BMPs are not only efficient in reducing runoff and eoosivhile improving water quality
but are also co#ffective (as shown in Table 2.5BMPs that require smaller construction such
as diversions are cheaper than ones that require more work such as terraces and waterways.
However, the BMPs would be wellorth the money spent because they would improve land and
water quality by reducing runoff, erosion, and sedimentation.

While the timing of training exercises can aid in improving the conditions of vegetation
and soil, the need for quality training maxyke it difficult to avoid military exercises at times
when the land is more susceptible to degradation. The erosive processes should be monitored
and studied to determine the factors that cause erosion, which would help determine the best

approach to achve remediation.
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Table 2.5 Representative Costs of Selected Erosion Control Practicéi3ressing 2003.)

Practice Unit | Range of Capital Costs References
Diversions ft 1.975.51 Sanderstal., 1991
Smolen and Humenik, 1989
Terraces ft 3.3214.79 Smolen and Humenik, 1989
a.s’ 24.1566.77 Russell and Christiansen, 1984
Waterways ft 5.888.87 Sandergtal., 1991
ac 1134257 Barbarika, 1987; NCAES, 1982
Smolen and Humenik, 1989
a.e® 12502174 Russell and Christiansen, 1984
Permanent Vegetative ac 69-270 Barbarika, 1987; Russell and
Cover Christiansen, 1984; Sandatal.,
1991; Smolen and Humenik, 1989
Conservation Tillage ac 9.5063.35 NCAES, 1982; Russell and

Christiansen, 1984; Smolen and
Humenik, 1989

1 Reported costs inflated to 1998 dollars by the ratio of indices of prices paid by farmers for all production items0£1991=10

2 acre served
3 acre established

[Note: 1991 ddars from CZARA were adjusted by +15%, based on ratio of 1998 Prices Paid by Farmers/1991 Prices Paid by

Farmers, according to USDA Natiorfadricultural Statistics Servicehttp://www.usda.gov/nass/soeshtm 28 September,

1998]

It has been shown that certain parameters such as the particle size distribution, slope

Erosion Monitoring Methods

steepness, and slope length may greatly affect the rate of erositdmshsinot clear cut

(Charlton 2008) To determine the factors that impact the rate of erosion, more data is needed.
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To gather this data, erosion must be monitored over a long period of@iom¥entional field
erosion monitoring methods are gengratlanual and include erosion pins, crgsstion
resurveys, or terrestrial photogrammetry. Theseal net change in the position of a bank or
gully surface since the previous measurement. Several cautions are given in connection with
measuring gully ersion including: gully erosion is likely to be highly variable depending on
geomorphic characteristics such as soils,eslopver, climatic variability, and land use; changes
in prevailing cultural practices are likely to make estimates from samples éloedsindscape
unreliable predictors of current erosion rates; changes in susceptibility to erosion with vegetative
stage and stochastic variability of erosive precipitation necessitate the collection of erosion data
from many storms over several yearslévelop reliable estimates; and projections of data from
one climatic region to another is inadvisaf@B@ardman and Fawllortlock 1998)
Measurements done in the field generally have fewer errors and produce ryedatsst
understanding gully erosion.

A common method researchers use to determine gully measurements and their changes
over time is erosion pingerosion pins are used by driving a pin into the soil so that the top of
the pin gives a datum from whicharges in the soil surface level can be measfiftadson
1993) These pins can be made of any material that will not rot or decay and is readily and
cheaply available. The pin should be a length that can be driven irdoithe give a firm stable
datum, while they should also be thin enough to not interfere with the surface flow and cause
scour. An example of an erosion pin is shown in Figure 2.6.

Some researchers use metal washers ovemiriite give a better base tceasure from.
The washer method, if employed in a place such as a gully floor, may give useful information by
falling to the lowest erosion level and being covered by any later depdsitioison 1993)
However, the presermf the washer may cause turbulence and scour, or it could reduce splash
erosion and leave the washer sitting on a pedestal dHaison 1993) These pins do not
directly measure erosion but measure the changes indjsauface elevation. This can be
affected by changes in soil moisture content, frost action, and changes in soil density so they
should not be measured between October and Mbi&igh 2000) To prevent miscalculations
the pins should extend below the frost line in the soil so that they are nobiifteast heave.
This linear measuremeat erosion or the change of depth in the surface elevation can be
converted to a mass measurement by multiplying it by the sikildensity(Toy et al. 2002)
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Figure 2.6 Example of Erosion Pins(Hudson 1993)

Pins were not inserted into the gully head bectusgwould affect the erosion occurring
at those spots and cause erroneous results. If they were inserted too close to the gully head, they
would get washed away as the gully head migrated upstream. This would not only make it
impossible to determine wkeethe gully head was previously located, but would also cause
problems downstream becaugd¢he amount of erosion the pin would cause when it hit the
various surfaces of the gully.

Measurements related to the exposure of the installed pins are tsxeciay after large
rain events, to monitor gully migration and evolution. The measurements are taken with the
bottom of the rebar caps, used to protect vehicles and personnel from being injured by the rebar,
as the beginning point or datum from whiohbase futurgrowth measurements. Figure 2.7
shows what the rebar caps used look like. The ones used in the study are bright orange, so that
they can help locate the pin locations along with the GPS coordinates that are recorded. The

caps are also maaf plastic, so that they will last a long time and are cost effective. These
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measurements compare the amount of each pin exposed using new measurements such as the
width and depth with the measurements taken previously. The reference pins will show the
extent of erosion because they can be used to determine the amount that the gully head has
migrated, which will allow us to determine how quickly a gully is eroding. An approximation of
the amount of soil eroded by gully erosion can be done by measuting si ze of t he

volume and correlating it with the bulk density of the soil.

Figure 2.7 Rebar Caps Used

Gully erosion is generally measured by the increase in the volume of the gullynoser ti
especially the retreat of the headwall. By complementing the measurements with further
analyses, a good idea of the development of gully erosion can be obtained. With this, the factors
which are important can be identified for more accurate erasiotmol recommendations.

Further analyses and repeated measurements of gully dimensions may help determine the
development of the erosion curve, the intensity of erosion, and various other important factors.

Erosion measurements are central to the stfidyasion. Studies of erosion mechanics,
interrelationships among erosion processes, and relationships between erosion processes and
environmental conditions are based on erosion measurements. The development of erosion
prediction technologies requiresosion measurements. The development and evaluation of
erosion control practices also rely on erosion measurements. Without erosion measurements
from the site, no new data involving erosion would be found or describe the erosion processes on

the site acarately. Measurements should also be made of the site characteristics that influence
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erosion and sedimentation such as weather and climate; soil properties; topography; vegetation;
and land management, including the types and intensities efllatuatbing activities. All of this
information describes the environmental setting in which erosion and sedimentation occur and is
required for selecting erosion measurement techniques, explaining the variability of erosion
rates, developing and applying erosigadiction technologies, and designing conservation and
reclamation plans.

Erosion measurements should be taken at intervals ranging from a single rainstorm event
to many years. Years of data are used to design erosion and sediment control practices.
Research of erosion can be very difficult for several reasons, but particularly because it is an
intermittent process and is extremely difficult to observe, so in most cases only the consequences
of erosion are investigated. Erosion varies from seasommsoisend identification of high and
low erosionhazard periods can be used in scheduling land disturbances and installing erosion
control practices. Another difficulty in researching erosion is thetiatterosion does not occur

as an isolated phenomendut takes place together with other fac{@achar 1982)

Logistic Regression

Generalized linear models are used for responses such as logistic regression, which
produces categorical response datgresti 2002) Logistic Regression is a statistical model that
predicts when the target variable is a categorical variable with two categories. In this case, our
two categories are gully or no gully based on the potential oflafguining. Using logistic
regression is beneficial because predictor variables can be numerical or caté§grestl
2002)

The logistic function, shown in Equation 1, uses z to represent the exposure @b a set
independent variables and produces the probability of a particular ou{agnesti 2002) The

variablezis a measure of the total contribution of all the independent variables

Equation 1 Logistic Function



used in the model and is knownthelogit. This isdefined in Equation 2, whef® is the
i nt er c g p, iy, aachsd onpare the regression coeffici¢atgesti 2002) The intercept is
the value of z when the value of all the independent variables is zerth.oEheregression

Equation 2 Logit Function

2 =0y + Giey + Bamy + Bazg + - By,

coefficients describe the size of the contribution of tis&tfiactor. A positive regression
coefficient means that the variable increases the probability of the outcome, while a negative
regression coefficient decreases the probalfigresti 2002) The simplified versio of the

model is shown in Equation 3 where p is the probability that the

Equation 3 Simplified Regression Function

lﬂgii} =+ 80+ 5+ 54,

outcome dog occur (or is equal to 1). The logisticfunchboe gr aph 1 s shown i n
where z is on the horizontal axis a(d) is on the vertical axisThe logistic regression is
extremely useful because it can take any value as an input from negatiitg tofpositive
infinity, whereas the output is confined to values between 0 #Adrésti 2002)

Logistic regression efficiency is sample size dependent, so a minimum of ten events per
independent variable is strgly recommended. It varies from linear regression because it does
not assume that the relationship between the independent variables and the dependent variable is
a linear one. It also does not assume that the dependent variable or the error termsadlye no

distributed. Logistic regressions work with odds rather than propolgresti 2002)
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Figure 2.8 Graph of the Logistic Function

1 [ —

Not only will using logistic regression help predict whgudlies occur on Fort Riley, but
it will also help determine the factors that contribute to gully and the amount that each of these

factors affect gully formation.

Regression Software
XLSTAT (Version Pro 2011, Addinsoft, Paris, France) is a statisticallyais add in for
Microsoft Excel developed by Addinsoft. Addinsoft is a privatlyned company managed by
Thierry Fahmy, a PhD in Statisti¢dddinsoft 2011) It was designed to help users gain time by
eliminating thecomplicated and risky data transfers between applications that had been a
requisite for previous data analy§fddinsoft 2011) It was chosen for this project because it is
easy to install and ug@ddinsoft 2011)
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It allows the user to run the logistic regression on raw data or aggregated data. Using a
datasheet in excel, information can be entered and used in the logistic regression. Not only does
the model output the response, bulsbgrovides model parameters, goodness of fit statistics,
and a test of the null hypotheg¢fddinsoft 2011) The model parameters provide the influence
of each variable on the response. It also shows the standardTdreogoodness of fit statistics
provides an analysis of variance and how well the model applies.

The likelihoodratio test uses the ratio of the maximized value of the likelihood function
for the full model (1) over the maximized value of the likelihofdhction for thesimplermodel
(Lo) (Anonymous 2002) The likelihood ratio test statistic is shown in Equation 4. The log
transformation yieldsaciquar ed statistic and is used to

as a vari ab(Aeddywnous?2002)i fi cance

Equation 4 Likelihood Ratio Test

~2og(22) = -flog( &) - log()] = ~2(5, - 1)

A Waldtest is used to test the statistical significance of each coefficient in the model by
Equation 4. The z value obtained is then squared, which yields a Wald statistic with anether chi
square distributiofAnonymous 2002) This is another test for goodness of fit. However, it is
known to be overly conservative, which is why XLSTAT program returns several tests to

determine goodness of fit.

Equation 5 Wald Statistic Equation (Anonymous 2002)
B
Yol

The measures to simulate thesguared analysis give an approximate variance in the

=

outcome of an equation. These ased to determine the goodness of fit for the equation and are
based on the ordinary least squares equation. The pBétdidanulas output from XLSTAT are
McFadden, Cox and Snell, and Nagelkerke. They all use full models, which use predictors, and
interept models, which do not use predictors. In each formula, L is the estimated
likelihood(Statistical Consulting Services n.d.)
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McFaddends uses a ratio of the | og of |

sumof squares over the log of the full model treated as the sum of squared errors as seen in
equation gStatistical Consulting Services n.dhlere, if a model has a very low likelihood, then
the log of the likelihood will e a larger magnitude than the log of a more likely model
(Statistical Consulting Services n.dhlowever, since the likelihood falls between 0 and 1, the

log of a likelihood is less than or equal to zero.
Equation 6Mc F a d d & (StatisticdRConsulting Services n.d.)

In Z(M py)
In LM

RiP=1-
Y-y

Cox and Snell uses a ratio of the likelikdgdo reflect the improvement of the full model
over the intercept modébtatistical Consulting Services n.dl} takes the Nth root of the
product, where N is the number of observations in the dq@isdistical Consulting Services
n.d.) The pseudo R squared is shown in equation 7. The psesqgloaRed has a value of just
less than one if the model predicts the outcome perfectly. If not, the value is less than one

(Statistical Consulting Services n.d.)

Equation7Co x and “&asstichl Eansuling Services n.d.)

A AT
Rg _1_{L{M.ﬁrﬂﬂepr}}
LM pyy)

Nagelkerke adjusts the Cox and Sneldiared so that the range of possible values
extends t o 1-squardd aquaionkskowrkir gbsatioR8, divides the Cox and Snell

value by its maximum possible val(fetatistical Consulting Services n.d.)

Equation8N a g e | k e?(Skatistical CdRsulting Services n.d.)
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Provided with these various pseuds@uared values, the quality of the model will be
determined accurately because of the various models beingared that aggrovided in the

goodness of fit statistics that is peaesin the output.
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Research Objectives

Many studieshave beeronductedo gain a betteunderstanohg of thelocation,
formation,andmigrationof gullies (Casali et al. 2000; Smith 1993; Foster 1986.; Hanson et al.
1997; Parkner et al. 2006; Gatto 2001; Chancellor 1977; Wang et al.\R@08;et al. 2009nd
how to best model these erosional featBesardman and Fawilortlock 1998; Gordon et al.
2007; Marzolff and Poesen 2009; Betts e2@D3) The majority of these studies focus on
either natura(Parkner et al. 2006; Marzolff and Poesen 2009; Thurow 1991; Betts et al.oc2003)
agricutural (Smith 1993; Gatto 2001; Chancellor 1977; Mostaghimi et al. l@88dscapes with
no work on the specific problem of military maneuvers guitly formation. The overall goal of
this study ido locate and assegsllies on Fort Riley training aread his information will
determine factors that cause the formation of guilieflocate areasulnerableto gully

formation
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CHAPTER 3 - Methods and Mateials

Description of Site

Location and Topography

Fort Riley is a United States military base located in Northeast Kansa4438 ,

96480 W) , on the Kansas River, vithin Geay,Riley, and c t i o n
Clay countiegFigure 3.1) Thetotal installation area is 41,128 hectaaeslis locatedwithin the

Flint Hills ecaegion(Bailey 1995) which consists of over 1.6 million hectares of the largest,

undisturbed tatgrass prairie in North Amerigéigure 3.2) This region covers the majority of
eastcentralKansadrom near the Kansallebraska border and exterdto northeastern

Oklahoma.Mor e speci fically, according to the USDA
Riley is part of the Great &hs Winter Wheatrad Range Soil Resource Region.

Fort Riley consists of three physiographic types: High upland prairies, alluvial
bottomland flood plains, and broken and hilly transition zones. The high upland prairies have
alternating layers of gentlyaping (less than one degree) Permian limestone and shale. The
uplands often contain various shale types that cover the escaffommeintg limestones. The
stream cuts on the thick shale units have sculpted much of the area into a rolling plateau. Two
types of alluvial bottomlands occur on Fort Riley. One contains wide floodplains of nvaja ri
with associated terraces, whiketother is created by smaller creeks and streams that cut the
uplands. The transitional areas between the upland prairietraach networks are composed
of alternating limestones and shalelsS. Department of Agricultur8oil Conservation Service
1975)

The elevation of Fort Riley ranges fr@h2 to 420meters aboveneansea level
according to the three meter digital elevation mod&NLD, with the highest elevations located
along a nortksouth axis through the center of the installation and generally decreasing towards
the southwest and soutst directions (Figure 3.3)The averagslope is4.1% with a standard
deviation of 4.6 The highest slope values occur in the south and east parts of the base, mainly
near theébottomlands (Figure 3.4)The aspect map of Fort Riley shows varying topplya
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Figure 3.1 Location of Fort Riley and surrounding areas(Data Sources: U.S. Census

Bureau 2000 andU.S. Geological Survey2010
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Figure 3.2 Kansas Ecoegion Map (Data Source:U.S. Environmental Protection Agency2003 andU.S. Census Bureai2000
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Figure 3.3 Elevation map of Fort Riley based on a 3 meter spatial resolution digital
elevation model(Data Source: Fort Riley Integrated Training Area Management Program
2007
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Figure 3.4 Map of the slope on Fort Rileybased on a 3 meter spatial resolution digital
elevation model(Data Source: Fort RileyIntegrated Training Area Management Program
2007
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Figure 3.5 Map of aspect on Fort Rileybased on a 3 meter spatial resolution digital
elevation model (Data Source: Fort Riley Integrated Training Area Managemen®Program
2007)
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with the east part of the base exhibiting more east facing slopes, while the west part exhibits
more west facing slopes (Figure 3.9he study area contains 11 HUC classified watersheds that

empty into the Kansas River.

52



Climate and Soill

Fort Rileyds c¢l i maatemperade congnantarchmatklyastughnsi der

variability in its weatheandis characterized by hot summers, cold, dry winters, moderate winds,
low humidity, and a pronounced peak in rainfall late in the s@mhin the first half of summer

and is far enough away from any water body that could act as a buffer between the atmosphere
and the EarthAverage monthly temperatures range from approxima8{y in January to 2&

in July (PRISM Climate Group 2011)Mean annualngcipitation is approximately 848m

with75% of precipitatioroccurringduring the growing season and extreme variabitiyn year

to year(Figure 3.6) Most of the rainfall arises from thunderstorms, whyghdally have intense
rainfall ratesof approximately60 mm/hr()andoccur approximately 55 days each year in this
area(U.S. Depament of AgricultureSoil Conservation Service 1975; Knapp 1998)

Figure 3.6 Climograph for Manhattan, Kansas based on monthlyaveragetemperature and
precipitation data for the period 19712000(PRISM Climate Group 2011)
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The areas covered witfD.3 meter®r less d windblown material or loess, where the

loess rests upon alternating layers of limestone and shale. Most of the soils are friable, overlying
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nearly impervios claysand wereleveloped residually from parent materials/antiom other
materials carried by water or wind and deposited on the [&sbpermeability varies from
excessively drained sandy lowland soils to tight clays with very slow permeaBiégrock

depths under these soils vary from less th@&mmetersn upland areas ttwelve to eighteen
metersn other areas. The USDA National Resources Conservation Service (NRCS) mapped
thirty-six soil series on Fort Riley and categorized them taxoraiyinto six soil @sociations

in 1996. Figure 3.8hows a simplified soil type may Bort Riley(U.S. Department of
Agriculture-Natural Resources ConsenaatiService 1996)Simplified soil classifications show
that the majority of the soil is a clay upland that is combined laétimy uplands, limy soils, and
loamy lowlandqTable 3.1) Loamy terraces, sands, sandy lowlands, claypans, and

miscellaneous sbiypesare also included, but only account for a small portion of the base.

Table 3.1 Soil Types based on simplified classifications by NRC®.S. Department of

Agriculture-Natural Resources Conservation Service 1996)

Soil Type Area (hectares) Area (%)
ClayUpland 162598 395%

Loamy Upland 10112.5 24.6%

Limy Soils 7269.8 17.7%

Loamy Lowland 4498.4 15.7%

Loamy Terrace 497.9 1.2%

Sands 88.1 0.2%

Sandy Lowlands 50.0 0.1%

Claypan 22.5 0.1%

Miscellaneous 353.6 0.9%

Figure 3.7 Simplified Soils Map of Fort Riley based on soil classification data from Naturk
Resources Conservation Servic@ata Source: SSURG(2002
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Vegetation

Fort Rileyds soils allow for productive
major landuse/landcover (LULC) typésgbert et al. 200) (Figure 3.8).Grasslands
make up the majority of lan@1%), followed by woodlands (16%) and then shrublands (3%).
Dominant plant species in the grassland areas includdusgtem Andropogon gerard)i
Indiangrass$orghastrum nutafnsswitchgras (Panicum virgatury) and little bluestem
(Schizachyrium scopariumvith other grasses and forbs comprising a lower presence.
Woodlands are located along waterways and contain chinquapi®aakc(s muhlenbergii
bur oak Q. macrocarp® American elm JImus americang hackberry Celtis occidnetalif
and black walnutJuglans nigra (Althoff et al. 2006) Shrublands occur along woodland edges
and in isolated pieces of land in grassland angdsdominant spcies such asuckbrush
(Symphoricarpos orbiculatjqssmooth sumadhus glabrg, and rougHeafed dogwood@omus
drummondi) with various secondary grasses and forbise vegetation is affected by mowing,
prescribed burning, wildfires, and military traig exercises that can result in the formation of

gullies.

Gully Definition
As definedby the Soil Scienc&ocietyof America (201), a gully is a channel resulting
from erosion and caused by the concentrated but intermittent flow of water during and
immediately following heavy rains. It waproposed to be deep enough (usually less than half a
meter) tointerfere with, and not be obliterated by, normal gidaperation§Soil Science
Glossary Terms Committee 2008)

For tis study, a gullyvas defined as a channel of erosion that is at least onewwneéer

vV e

and waxhosenbsedomi | i t ary vehicle mobility criteria.

gapo to refer to any t e rbridgingrandiste maximumeselft h a t
bridging and step heights folacked and wheelegehicles(Department of the Army 1985)he
maximum and minimum armored vehicle gap crossing capability is reported to be 2.74 meters
(M1 Abrams) and 1.6 meters (M11@spectivelyDepartment of the Army 1985)The U.S.

Army Tank Automotive RDE Center (TARDEC) reported that the limited gap crossing

capability of wheeled military vehicles is a majmmobilization threat and provided
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Figure 3.8 Landuse/Landcover typesfor Fort Riley, Kansas as derived from classified
remotely-sensed imagefData Source: Kansas Gap Analysis Progrard001)
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information onvehicle gap crossing capabilities as studied in Gergrgtating thatyst over

50% of Army wheeled vehicles have less than a 1.0 metebosedfing capability, including the
HMMWYV (0.85 meters)Overholt 2001) Gully depth was not used as a definnigerion

because it is highly improbable that a gully with a width of one meter or greater will not have a
significant depth that would exceed the depth that most saxigetacical wheeled vehicles can

Cross.

Gully Identification

Gully locations at Fort Rilewerelocated using three methodBirst, LIDAR (Light
Detection and Ranging) imagery flown in March 20 used to deslop a high resolution
DEM that showediocations of potential gulligg-igure 3.9) The second method was obtained
using information gathered from Fort Riley personnel that they had personally come across
while the third method used was field reconnaissance.

The first gully identification method uséde March 2007Li DAR data from which a
DEM was geneitad using Quick Terrain Modeler (Versia@rl.2 Applied ImagerySilver
Spring, Maryland) byrort Riley GIS analystroy Livingston An interpolation was done to
create a surface with values that reflect mean elevation variation; thideora mathematical
representation of the approximate depth of hazardous structures in the terrain below the mean
elevation(Figure 3.10) Depth parameters were setdisplay calculated values between 0.5 and
3.5 meters; and obvious features such aasirbeds and roadside drainage ditches were
removed.

Using this method, a total of 365 potential gullies were identiflesse ptential gully
point features were tharploaded t@a Trimble GeoXT 2005 Series Pocket Flobal
Positioning System (GP®&puiped withthe ArcPadmobile GIS (Version 80, ESRI, Redlands,
California). 336 potentialgully locatiors (92%)wereverified in the field. If a gully was present
at the predicted locatigrts width was recorded and, if it met the one meter wide criteaon

complete gully assessment was performed (described in the next section).
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Figure 3.9 Possible Gullies on Fort Riley based on a 3 meter spatial resolution digital
elevation model (Data Source: Fort Rey Integrated Training Area Management Program
2007)
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Figure 3.10 Gully identification layer based on elevation variations in a 3 meter spatial
resolution digital elevation model (Data Source: Fort Rileyntegrated Training Area
Management Program 2007)

Gully Identitication
Fort Riley, Kansas

The second method used to identify gully locations, reports by Installation Training Area
Management (ITAM) staff that provided gully locations, sometimes in the form of specific map
coordinates, otha@imes as general descriptions of where in a training area a gully was found,
was verified in the field. As with the first method, confirmed gully locations meeting the one
meter width criterion were added as point features in a GIS, while locationsctinatt dneet the
one meter width criterion were photographed but not instrumented.
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The third, and final, method used to identify gullies was field reconnaiss@uikes
werefound by driving around the Fort checking areas that looked especially vunerahllly
erosion such as areas with little vegetation, high slopes, and/or recent disturbance from military
vehicles. If gullies were found, the point waarked and instrumented if the one meter width

criterion was met

Gully Assessment

Areas of concatrated erosion were assessed in the field to determine if the area met the
gully definition as described above. Each gully that met the definition of one meter or greater
width was instrumented witfwo gully pins to reference where the head occurrededisas
where the widest and deepest points occurred; widest and deepest points were measured and
recorded. Instrumented gullies were photographed several times in order to establish the current
conditionsothat changes over time can be monitored. dfdlrea of concentrated erosion did not
meet the gully definition (i.e. less than one meter wide), then the head of the gully was not
instrumentedbut onephotograph was taken of the smaller erosional areas looking upstream at
theinitiation point In future studies, this data will be used to determine rates of erosion and
erosional processes.

The widest and deepest points of each gully were measured using a plastic measuring
tape. First, the width was measured going across the gully, perpendicuetdlow within
the gully. This was compared at several points along the gully to determine the widest point, at
which point the gully width was recorded. Next, depth was measured using two tape measures;
one was used to set an equal line across theftihye gully and one to measure the depth from
the bottom of the gully to the line created by the other tape measure. These were compared to
various depths within the gully and the depth of the deepest point was recorded.

A minimum of two photographs wettaken for each gully location; one from inside the
gully facing the gully head approximately three meters from the &redthesecond taken from
the gully head looking down thength of thegully feature If the gully was longer than
approximately fie meters, additional photos were taken along the length both upstream and
downstream for better documentati@igures 3.1 and 3.12 A Ricoh Caplio 500SE 8.0
Megapixel 3x Optical Zoom GPS camékdodel W, Ricoh, Tokyo, Japamas used to take the
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pictures and record the date, coordinatdshe cameraandthe bearing in degrees that the

camera was facing

Figure3.11iUpstr eamo0 phot oa gulymimber 46 lotatee at BON |
96.9W in Training Area 54 at Fort Riley, Kansas.
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Figure3.12i Downstr eamo phot ogullynprber d6flocated a 39Pdba d o
96.9W in Training Area 54 at Fort Riley, Kansas.

Erosion Pins
Erosian pins were used to provide a statb#um from which changes in the soil surface
level can be measured. Pimsremade ofquarterinch rebarand cut to approximately a half
meter in length; thesser e set t o mar k t he g uallowfdr epeati de st
measurements to assess the extent of active er@sgure 3.13) The pin locationsvere
recordedusinga Trimble GeoXT 2005 Series Pocket BPSalong with the initial
measurements, width at widest point and depth at deepest pointinakder tolocate them

easily and compatthe values to future measurements.
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Figure 3.13 Schematic of Gully Pin Locations(Cleveland and Soleri 1991)

Head Reference Pin 2

Head Reference Pin 1
Depth Reference Pin

R Width Reference Pin

Pins wereinstalledat two locations parallel to the gully head to allow for future
measurementand werealso recorded in a GPS for future comparisofisesepinsare known as
the gully head reference pins. They are in line with the present gully he@dmbe used in the
future to detanine how far the gully head migrates over tinféhisis shown in Figur&.14
where the first reference head pin is being inseategyproximately one meter from the gully
head unless bedrock preventediiom being paced this cloself bedrock did prevent the pin
from being inserted here, a pin location was chosen by checking approximately one meter from
this location (and so on)The measuring stick or a ruler was used to ensure that the reference
pins were in atsaight line from the gully headA second reference pwas inserted next sthat
the gully head position coulate determined accurately instead of using a single pin and trying to

arbitrarily determine where the gully head M@sated in previoummeasuements. This piwas
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placed approximately one meter apart from the first reference pin. From the change in the gully
head location and measurements, bank retreat and gully development can be g$hiondied
et al. 204)

Figure 3.14 Location of Reference Head Pirof gully number 48located at39.1° N i 96.8W

in Training Area 36 at Fort Riley, Kansas.

Next, a pinwasinserted where the gy was at its widest.The pin wa inserted far
enough away from thgully edgeso that the pin isat washed away over timeafosion
continues to occym@s seen in Figur@ 15 Thiswas typically one meter away from the gullin
some cases, the pin had to be locatedhéuraway than the typical placement due to the variation
in rock |l ayers and how t he g uThdwdthsfthegultysi on
was then inserted into the Trimble so thatomparison can be made with later measurements to

estimatethe volume change occurring, while also showing the way a gully changes shape over
65
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tme. The distance that the reference pin was | oc
aid in the estimation of volume change. The location of the pin was eecorthe GPS, so that

it could be located quickly duringHreeasurements.

Figure 3.15 Gully Width Reference Pinof gully number 4 located at39.2 N 196.8W in

Training Area 55 at Fort Riley, Kansas.

R

N / \‘l',’. T e [y« ~‘ i
Y 4 , \y /4 y 4
; Y/ : R4

Anotherpinwa i nserted to refer ¢igueS.1G) Aleedapth!| | vy 6 s
was recorded in the Trimble so that it can bedusecompare values over time, whiehl again
help estimate volume changes over time as well as demonstratenigeshahape a gully
undergoes. Thiwas also located far enough away from the erosion occurring so that it will not
be washed outypically one meter away from the gullfhe pin location was recorded in the
GPS so that it could be located easily dgriuture measurements. The distance the pin was
from the gully edge was also located to aid in the estimation of the chavgjenme and shape

of the gully andvere placed so that they were not likely to be run over by field personnel.
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Figure 3.16 Depth Reference Pirof gully number 39located at 391° N 7 96.8°W in Training

Area 12 at Fort Riley, Kansas.

Spatial Data Development

Gullies
A spatialdatabase of the gulfgaturesvas created for catalogjrgully information and
to facilitate furthemnalysis. The gully pointgecorded in the fieldvere uploaded frorma GPSto
a desktop GIS system in a point shapefile forméiichwas then converted into a point feature
class within a geodatabasehotogaphsof gullies, in JPG formatyerealsouploaded into the

computer andtored outside of the geodatabase environmérsingle gully photograph
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showing the upstream perspective was incorporated within the geodatabase point feature class as
a raster attbute. Coordinates from the GPS unit and the camera were matched to ensure the
correct photos were associated with each g#lyatial Data development washieved with

various data sets from several different sou(table3.2).

Topographic

A threemeter DEM of Fort Riley and surrounding areas obtained using LiQl&RnN in
2007)was used to evaluate and produce topographic data including slope, aspect, flow direction,
flow accumulation, and flow length to create stream and watershed featuregstottirof a
certain area that drains to a point was used to develop a stream network with Strahler stream
order data. This stream order system is a method where the stream order increases only when
two streams of the same value meet such as a two filst sireams meeting to produce a
second order stream. Using this data and high cumulative flow cells, watersheds were
delineated. The area of eaghtershed was calculated and watershed slivers were removed.
Areas were partitioned by these delineatetevsghedswhichallowedthe contributing area to be
considered as a variable in the logistic regression when determining what factors affect the
formation of a gully(Figure 3.17) Data hyers were developed for slope and aspect by
performing a zonal sumany based on the mean of each within the watersheds delineated; the

zonal data was then exported for further analysis.
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name, source and date of variable, and scale of varialdeurce

Table 3.2 Data used for the development of a gully modetith variable categotry, variable

Category Variable Source Scale
~ Topographic ~~Digital Elevation Model ~ Fort Riley Integrated Training ~ 3-meter |
(DEM) Management Program 2007
Aspect Fort Riley Integrated Training 3-meter
Management Program 2007
Slope Fort Riley Integrated Training 3-meter
Management Program 2007
Landuse/Landcover National Land Cover Data U.S. EPA 2001 30-meter
Soil Characteristic Runoff Class SSURGO 2002 1:24,000
Erosion Class SSURGO 2002 1:24,@0
Drainage Class SSURGO 2002 1:24,000
Frost Action Class SSURGO 2002 1:24,000
Hydrography Group SSURGO 2002 1:24,000
Particle Size SSURGO 2002 1:24,000
Depth to Bedrock SSURGO 2002 1:24,000
Flood Frequency SSURGO 2002 1:24,000
Hydric Classifcation SSURGO 2002 1:24,000
Depth to Horizon SSURGO 2002 1:24,000
Percent of Sand SSURGO 2002 1:24,000
Percent of Silt SSURGO 2002 1:24,000
Percent of Clay SSURGO 2002 1:24,000
Organic Matter SSURGO 2002 1:24,000
Dry Basis Weight SSURGO 2002 1:24,000
Saturated Hydraulic SSURGO 2002 1:24,000
Conductivity
Available Water Content SSURGO 2002 1:24,000
Soil Water at 15 bar SSURGO 2002 1:24,000
Erodibility Factor SSURGO 2002 1:24,000
Sodium Adsorption Ratio SSURGO 2002 1:24,000
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Figure 3.17 Watershed and gully location mapof Fort Riley based on a 3 meter spatial

resolution digital elevation model (Data Source: Fort Riley Integrated Training
Management Program2007)
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Soils and Landusé/andcover

Soilsdata was obtained frothe Soil Survey Geographi8SURGQ databaseeveloped
byt he United States Department of Agricultureo
(NRCS) Several soil propeds from the SSURGO dataset were used toymedata layers
developed by performing a zonal summary based on the watershed delioe&tst Rileyand
exporting the data for each proper§pecific soil properties includecunoff classification,
erosion classification, drainage classificationst action, hydrologic group, particle size,
bedrock depth, horizon depth, hydric classification, flood frequency, sand content, silt content,
clay content, organic matter content, dry basis weight, saturated hydraulic conductivity, available
water contety amount of water retained at tension of fifteen bars, erodibility factor, and sodium
adsorption ratio.Data layers developed for categorical soil properties Wwased on the
majority of the property within subwatersheds, wHagersdevelopedor numeical soil
properties were based on the mean of each property within the subwatersheds. Data for each
property was exporteas a tabldor further analysis.

Land use/Land Cover Data was obtained from\thgonal Land Cover Data (NLCD),
developed by the tited States EPAThis information was also used to develop a data layer for
land cover by performing a zonal summary based on the majority of the land cover within each

subwatershed, which was then exported for further analysis.

Watershed Development

Data that was gxortedfor each watershed was used to develdgble consisting of each
wat er sanable 6The mean statistic was used for numen@alables such as slope, while
the majority statistic was uddor categorical variabtesuch as hydrogpc group. An example is
shown in Figure 3.18Next, subwatershedgith gullies were identified using the gully point
file, and the information was added to the watershed data tSolewatersheds that were
checked and did not have gullies present wagatified using theossible gullies point file; this
information was also added to the watershed data table. Multicollinearity testing was then done
on the watershed characteristic data within the table to eliminate variables that have a strong

correlaton between other independent variables using Variance Inflation Factors (VIF). The
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Figure 3.18 Slope map of Fort Riley based on a 3 meter spatial resolution digital elevation
model (Data Source: Fort Riey Integrated Training Management Program 2007)
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VIF is the number of times the variance of tdoeresponding parameter estimate is increased due
to multicollinearity as compared to as it would be if there were no multicollinearity or

1/Tolerance.

Logistic Regression

A logistic regression analysis was performed using XLSTAT (Version Pk, 20
Addinsoft, Paris, France) with data for each watershed. The data was selected so that
guantitative and qualitative variables were used to develop a modelegdattpithe presence of
gullies. However, data that was found to exhibit multicolinearity was not used in the model.

The logistic regression was run using a Logit model, so that the presence or absence of
gullieswas in a binary form, where 1 indicatdtetpresence of a gully and 0 indicated its
absence. The Logit model equation is showadnation 9

Equation 9 Logit Model Equation
Y=1/[1+ExpF(L(X)))]

The model parameters, goodness of fit statistics, and test of theypothbsis tables are

displayed in the output and further discussed in the Results settiermodel was also tested

with 80 watersheds for validation.
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CHAPTER 4 - Results and Discussion

Gully Identification
Methods for identifying gullies were not accurate, whkhy it is critical to develop a
model to predict where gullies fornThe number of gullies identified with @amethod is
shown in Table 4.1, where the majority of gullies were found using method one based on LIDAR
data. Using the field reconnaissameethod, twelve gullies and seven concentrated areas of

erosion were identified. The second method identified three guliéstal of fifty-two points

Table 4.1 Number of Gullies Found with each identificaion method

Gully Erosion Found
Method 1 30
Method 2 3
Method 3 12

of erosion were identified (Table 4.2). The sewencentrated areas of erosidentifiedwere

left unpinned so these are not included in the previous table because they damotditr

gully definition. The majority of the gullies occur in the middle of the military base, where the
soil is silty clay loam and the majority of the land cover is herbaceous. Gullies identified
occurred in areas with high elevation and relatively slope values. Gullies tend to occur in
areas of with fine particles and high silt conte@ullies identified were either-shaped or u
shaped with the majority beingsinaped.Many of them appeared to have been caused by
human activity and unstablehere active erosion was occurringullies that were reneasured
did not have significant changes, but this is most likely caused by the low amount of
precipitation events that occurred during the study period.
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Table 4.2 Gully Attribute Data Table with gully ID number, date the gully was identified,
widest width in meters, deepest depth in meters, shape of gully where 1 ishvaped and O is
u-shaped, cause of the gully where 1 is anthropogenic andnion-anthropogenic,

comments of each gully, reneasure date, change in the deepest depth, change in the widest

width, and stability where 1 is stable and 0 is unstable or active

1D DATE Width Depth SHAPE_V ANTHRO Comments Re_measure Depth Width Stable
1 5/17/2010 8.46 1.57 0 1 8/31/2010 0 0 1
2 5/17/2010 8.92 2.18 1 1 <Null> 0 0 0
3 5/17/2010 10.72 2.31 1 1 <Null> 0 0 0
4 5/17/2010 9.75 1.83 1 1 <Null> 0 0 0
5 5/18/2010 3.38 0.91 0 1 Road ditch gully 8/31/2010 37 0 0
6 5/18/2010 2.36 0.91 1 1 tracking <Null> 0 0 0
7 5/18/2010 2.46 1.22 1 1 tracking <Null> 0 0 0
8 5/24/2010 10.41 2.44 1 1 terracing <Null> 0 0 0
9 5/24/2010 8.53 1.35 1 1 terracing <Null> 0 0 0
10 5/24/2010 10.57 1.52 1 1 terracing <Null> 0 0 0
11 5/24/2010 10.03 2.26 1 1 terracing <Null> 0 0 0
12 5/24/2010 0 0 1 1 unpinned 8/31/2010 0 0 0
13 5/24/2010 3.91 1.32 1 1 waterway breach 8/31/2010 0 0 0
14 5/27/2010 2.95 0.99 1 1 8/31/2010 0 0 0
15 5/27/2010 2.72 1.35 1 1 8/31/2010 0 0 0
16 5/27/2010 1.83 0.86 1 1 8/31/2010 0 0 0
17 5/27/2010 6.05 1.37 1 0 9/13/2010 0 0 1
18 6/10/2010 3.28 1.74 0 1 tracking crossing <Null> 0 0 0
19 6/10/2010 5.56 1.7 0 1 pond 9/13/2010 0 0 0
20 6/10/2010 2.84 1.31 1 1 tracking <Null> 0 0 0
21 6/10/2010 1.22 1.02 1 1 secondary gully <Null> 0 0 0
22 7/19/2010 4.7 1.82 0 1 ditch 9/13/2010 0 0 0
23 7/19/2010 3.73 0.67 0 1 ditch upstream 9/13/2010 0 0 0
24 7/19/2010 3.66 0.79 1 1 old road 9/13/2010 0 0 0
25 7/22/2010 4.75 1.04 0 0 9/13/2010 0 0 0
26 7/23/2010 5.97 1.68 0 0 <Null> 0 0 0
27 7/23/2010 4.22 1.27 0 1 pond overflow <Null> 0 0 0
28 7/26/2010 3.1 1.31 0 0 natural <Null> 0 0 0
29 7/26/2010 2.39 1.22 0 0 natural <Null> 0 0 0
30 7/26/2010 3.38 1.02 0 0 <Null> 0 0 0
31 7/26/2010 3.91 0.86 0 0 accelerated 8/31/2010 0 0 0
by crossing
32 7/27/2010 0 0 0 0 unpinned <Null> 0 0 0
33 8/3/2010 3.02 0.91 0 0 natural <Null> 0 0 0
34 8/5/2010 2.08 1.07 0 0 natural <Null> 0 0 0
35 8/5/2010 1.8 0.81 0 1 crossing <Null> 0 0 0
36 8/12/2010 3.33 0.62 0 1 ditch <Null> 0 0 0
37 8/12/2010 5.56 1.17 0 1 ditch <Null> 0 0 0
38 8/12/2010 8.69 0.72 0 1 ditch <Null> 0 0 0
39 8/12/2010 3.43 0.81 1 1 tracks <Null> 0 0 0
40 8/12/2010 5 1.41 1 1 tracks <Null> 0 0 0
41 8/12/2010 3.61 0.81 1 1 tracks <Null> 0 0 0
42 9/13/2010 0 0 unpinned 9/13/2010 0 0 0
43 9/13/2010 0 1 unpinned 9/13/2010 0 0 0
44 9/13/2010 0 1 unpinned 9/13/2010 0 0 0
45 9/13/2010 0 1 unpinned 9/13/2010 0 0 0
46 4/26/2010 1.47 1.45 0 1 <Null> 0 0 0
47 4/26/2010 1.07 1.35 0 1 <Null> 0 0 0
48 4/26/2010 0.76 1.17 0 1 <Null> 0 0 0
49 4/26/2010 1.83 1.88 0 1 <Null> 0 0 0
50 4/26/2010 0 1 unpinned <Null> 0 0 0
51 4/26/2010 0 1 unpinned <Null> 0 0 0
52 4/26/2010 0 1 unpinned <Null> 0 0 0

75



Method tLIDAR
The first method, as discussed in the methods and @ilateection, was based on a
shapefile created using the slope of the area. This resulted in a total number of possibly 365
gullies. However, only thirty gullies were identified using this method, even though 92% of the
possible gully locations were cheszk Actual negative values were determined by either
knowledge gained by field reconnaissance or by using expert analysis of the watershed map
based on gullies found, slope, and asp@&tie accuracy of this method is approxina25%

Table 4.3 Error Matrix based on gully prediction based on Method 1

Predicted Positive Predicted Negative
Actual Positive 16 17
Actual Negative 241 68

basedon the error matrix, where accuracy is the amount correctlygteedoutcomes over the

total number of outcomd3able 4.3) Errors of omission, or falgeegatives, are approximately
52%, while errors of commission, or falpesitives, are approximately %8 These errors show

that this method is not extremely relialdr accurateHowever, accuracy is highly dependent on
the number of watersheds found to be absent of gullies. The false positive value is extremely
high, resulting in an overestimation to the number of gullies pre3éwt kappa statistic is the
measue of the difference between the observed agreement between the actual and predicted
outcomes and the agreement that might be contributed solely by chance matching them, which
attempts to give a measurement of agreement that is adjusted for chance agréamen

received a kappa statistdf-0.07, which means that is poorly classified because of the

negative value.

Method 2Range Manager
Gullies that were identified by Fort Riley ITAM personnel were found by instructions
given by employees on the tn&ng areaalong with thegeneral region or coordinatekthe
gully. Points found using this method were extremely accurate because personnel had already
seen the gullies that occur in the area and were able to give precise directions. Three gullies

wereidentified using this method.
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Method 3Field Reconnaissance
Gullies were also found by driving around the Fort checking areas that looked especially
vulnerable to gully erosion such as areas with little vegetation, high slopes, and/or recent
disturbancdrom military vehicles.This method identified twelve gullies and seven

concentrated areas of erosion.

Logistic Regression Analysis
The logistic regression analysiilded interesting results with significanteractions
betweeravailable water conténland use classificatiomnd gully formation However, varying
soil characteristic data caused by difféarBIRCS staff completing surveys on the two counties
that Fort Rileyoccupiedramatically changgthe gully prediction equationThe gully
predidion model developed by the regression identified 192 out of 1577 watersheds where a

gully is present.

Correlation Matrix
The correlation matrix shows the relationship of each variable with all of the other
variablegTable 4.4) Correlation values ametermined by the Pearsoarrelation formula

(Equation 1. Values range from zero to positive or negative one, depeoditige variables

Equation 10 Correlation formula used to develop a correlation matrix

_ZalE-x)(x-7)

(2 —1)5,5,

correlation with one anothdf.a relationship value is close to one, then the variables exhibit

multicollinearity.
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Table 4.4 Correlation matrix of topographic, landuse/landcover, and soil variables

Variables Area Aspect AWC Bedrock Clay Horizon KSAT KW OM Sand SAR Silt Slope SoilH20 Wgt Drainage Erosion Flood Frost HydrGrp Hydric LULC  Runoff PartSize
Area 1.0 0.1 0.1 0.0 0.0 -0.1 0.0 00 0.1 0.0 0.0 0.1 0.0 0.0 -0.1 -0.1 -0.1 -0.1 0.0 0.0 0.0 0.0 -0.1 0.0
Aspect 0.1 1.0 0.0 -0.1 0.0 -0.1 -0.2 00 0.0 0.0 0.1 01 0.0 -0.1 0.0 0.0 0.0 -0.1 0.1 0.0 -0.1 0.1 -0.1 0.0
AWC 0.1 0.0 1.0 0.2 -0.1 -0.4 0.0 -0.1 0.6 0.2 0.1 0.1 0.0 0.0 0.0 0.0 -0.3 -0.3 0.1 0.0 0.1 0.1 0.3 0.1
Bedrock 0.0 -0.1 0.2 1.0 0.1 -0.1 0.2 -0.2 0.0 0.5 0.0 -0.6 0.4 0.1 0.0 0.2 0.0 -0.1 0.5 0.2 0.5 0.0 0.4 0.0
Clay 0.0 0.0 -0.1 0.1 1.0 0.0 -0.7 0.2 -0.1 -0.6 0.0 -0.2 -0.1 0.9 0.2 -0.1 0.3 0.0 -0.3 0.4 -0.2 0.2 0.0 -0.1
Horizon -0.1 -0.1 -0.4 -0.1 0.0 1.0 0.4 0.0 -0.7 0.0 -0.1 -0.1 0.1 0.0 0.2 0.3 0.2 0.7 -0.2 -0.4 0.0 -0.3 -0.1 -0.1
KSAT 0.0 -0.2 0.0 0.2 -0.7 0.4 1.0 -0.1 -0.3 0.6 -0.1 0.0 0.2 -0.7 -0.1 0.3 0.0 0.2 0.3 -0.4 0.3 -0.3 0.0 0.0
Kw 0.0 0.0 -0.1 -0.2 0.2 0.0 -0.1 1.0 -03 -02 0.3 0.2 -0.8 0.3 -0.1 -0.7 0.6 0.1 -0.3 0.5 -0.6 0.3 -0.2 0.0
oM 0.1 0.0 0.6 0.0 -0.1 -0.7 -0.3 -0.3 1.0 0.2 0.1 0.0 0.1 0.1 0.1 -0.1 -0.4 -0.5 0.2 0.1 0.1 0.1 0.4 0.1
Sand 0.0 0.0 0.2 0.5 -0.6 0.0 0.6 -0.2 0.2 1.0 02 -05 0.4 -0.5 0.1 0.3 -0.3 0.0 0.5 -0.2 0.5 -0.1 0.4 0.1
SAR 0.0 -0.1 0.1 0.0 0.0 -0.1 -0.1 03 0.1 0.2 10 -02 -02 0.3 0.2 -0.3 -0.1 -0.1 0.0 0.4 0.1 0.1 0.1 0.0
Silt 0.1 0.1 0.1 -0.6 -0.2 -0.1 0.0 0.2 0.0 -0.5 -0.2 1.0 -0.4 -0.1 0.0 -0.2 0.1 0.0 -0.3 0.0 -0.4 0.1 -0.5 0.0
Slope 0.0 0.0 0.0 0.4 -0.1 0.1 0.2 -0.8 0.1 0.4 -0.2 -0.4 1.0 -0.3 0.1 0.7 -0.4 0.0 0.4 -0.4 0.6 -0.2 0.4 0.0
SoilH20 0.0 -0.1 0.0 0.1 0.9 0.0 -0.7 0.3 0.1 -0.5 0.3 -0.1 -0.3 1.0 0.4 -0.3 0.3 0.0 -0.2 0.4 -0.2 0.2 0.2 -0.1
Wat -0.1 0.0 0.0 0.0 0.2 0.2 -0.1 -0.1 0.1 0.1 0.2 0.0 0.1 0.4 1.0 0.2 -0.1 0.2 0.2 -0.1 0.1 0.1 0.3 0.0
Drainage  -0.1 0.0 0.0 0.2 -0.1 0.3 0.3 -0.7 -0.1 0.3 -0.3  -0.2 0.7 -0.3 0.2 1.0 -0.3 0.2 0.2 -0.5 0.6 -0.2 0.1 0.0
Erosion -0.1 0.0 -0.3 0.0 0.3 0.2 0.0 06 -04 -03 0.1 01 -0.4 0.3 -0.1 -0.3 1.0 0.3 -0.2 0.2 -0.3 0.0 -0.2 0.0
Flood -0.1 -0.1 -0.3 -0.1 0.0 0.7 0.2 01 -05 0.0 -0.1 00 0.0 0.0 0.2 0.2 0.3 1.0 -0.2 -0.3 -0.1 -0.3 -0.1 0.0
Frost 0.0 0.1 0.1 0.5 -0.3 -0.2 0.3 -0.3 0.2 0.5 00 -0.3 0.4 -0.2 0.2 0.2 -0.2 -0.2 1.0 -0.1 0.4 0.0 0.3 0.0
HydrGrp 0.0 0.0 0.0 0.2 0.4 -0.4 -0.4 0.5 0.1 -0.2 0.4 0.0 -0.4 0.4 -0.1 -0.5 0.2 -0.3 -0.1 1.0 -0.2 0.3 0.0 0.0
Hydric 0.0 -0.1 0.1 0.5 -0.2 0.0 0.3 -0.6 0.1 0.5 0.1 -0.4 0.6 -0.2 0.1 0.6 -0.3 -0.1 0.4 -0.2 1.0 -0.1 0.4 0.0
LULC 0.0 0.1 0.1 0.0 0.2 -0.3 -0.3 0.3 0.1 -0.1 0.1 0.1 -0.2 0.2 0.1 -0.2 0.0 -0.3 0.0 0.3 -0.1 1.0 0.0 0.1
Runoff -0.1 -0.1 0.3 0.4 0.0 -0.1 0.0 -0.2 0.4 0.4 0.1 -0.5 0.4 0.2 0.3 0.1 -0.2 -0.1 0.3 0.0 0.4 0.0 1.0 0.0
PartSize 0.0 0.0 0.1 0.0 -0.1 -0.1 0.0 00 0.1 0.1 0.0 0.0 0.0 -0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 1.0
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Multicollinearity Test

Characteristic dta was tested to determine if variables lkitéd multicollinearitymore
vigorously using the Variance Inflation Factor (VNglues The existence of multicollinearity
leads to many problems including incorrect signs and magnitudes of regression coefficient
estimates, which would result in incorrect conclusions about relationships between independent
and dependent variableH theVariance Inflation FactoMMIF) values exceed ten, theyere
regarded as displayingulticollinearity (Allison 1999) Soil water, sand content, clay content,
silt content, organic matter content, and dryidasight all exhibit multicollinearity (Figure
4.1). Variables that exhib&d multicollinearity were removeftom the logistic regression
analysisto prevent any incorrect conclusions from the gully prediction model.

Figure 4.1 Variance Inflation Factor Values based on watershed characteristic data
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Gully PredictionVariables

Within the gully prediction modethevariables with the highest corresponding
coefficients have the greatest effect on the foiwnadf gullies. Negative coefficients mean that
as the variable increases, the probability of erosion decreases; while positive coefficients mean
that as the variable increases, so does the probability of erdgenvariable with the higest
effect ongully formation wa available watecapacity whichis due to the fact thahese values
occur on higher than average slopes and higher clay contents. While clay has a high capacity to
store water, it has very low infiltration rates. This results in mameff and erosion occurring in
these areasThe variable with the smallesffect on gully formatiorwas watershed ared his
result was unexpected because runoff volume is directly tied to watershed size, but this study
used a very small range of wetked sizes, which resulted in the lack of importance in the
model. Aspect, depth to bedrock, depth to horizon, saturated hydraulic conductivity, erodibility
factor, sodium adsorption ratio, and slope all moderately effect gully formation.

The effect dainage classes have on the formation of gudiifesvedthat as drainage
increases, the probability of gully formation increases. Erosion class weights vary; but it is
important to note that Class 2 erasiar rill erosion increases the probability of gutbrmation
because rills eventuallpfm into larger gully erosion. As flood frequency increasesas frost
action increaseghe probabity that erosion occurs decreases. Flood frequencyteféecsion
formation because gully erosion tends to oaayplaces that are covered in water a large amount
of time each year, while frost action effects erosion formdigmause it causessignificant loss
of soil strength.Group B soils have a higher effect on gully formation than soils classified in the
hydrologic group C because group B soils tend tbamierinstead of having a high percentage
of clay. Hydric classification had little effect on the formation of gullies because soils that are
hydric tend to occur along rivers and streams, which resudts inverse relationship with the
formation of gullies that is seen by the negative coefficient. As land use moves toward lower
vegetation and higher exposed ground area, the probability of erosion formation increases.
However, the only exception iee emergent wetlands area that most likely resulted from its
inability to infiltrate more water. Runoff class coefficients vary, but this is probably due to the
fact that the medium runoff class tends to occur near open water; while the other classes show
that as runoff potential increases, its ability to effect formation of gullies decreases. This is not
as expected, but could be caused by the fact that not very many watersheds have a high runoff
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potential. Finally, as particle size moves from siltyolmy, its probability of erosion formation
decreases. This is probably becdosens have higher percentages of sand than silts, which may
affect the ability of water to dislodge or erode the soil.

Unfortunately, military training activities during theudy period were unavailable.
However, from the variables we can see that the compaction and removal of soil would greatly
increase the potential for gully formation. The data also shows that as land use reduces the
vegetation and increases bare grouxpbsed to the atmosphere, the higher the potential for
gullies is. Another factor that may play a role is water table depth. Unfortunately, this data was
available but incomplete because very few measures were actually provided in the soil survey
data. Due to this, it was decided that this variable would not be highly indicative of the potential
for gully formation and could be skewed with the low number of values available if it had been
used.

When this equation was used on the rest of the waterskeddeary outputs were
produced again showing one for gullies present and zero for gullies absent. It was found that out
of the 1577 watersheds that were evaluated for the Fort Riley area, 192 watershedsglsad gul

present This is most likely due tdve tgpography and soils in the area.

Goodness of Fit Statistics

The goodness oftfstatistics, shown in Table 4.provide several indicators of the
quality of the model. These results, as discussed previously, are equivalénfficeRnost
important \alue to look at is the probability of Ghquare test on the on the log ratio. This is
equivalent to Fisherbd6s F test, where we try
information by comparing the modelndit has a value lower than 0.0001,is significant

Provided in the table are the total number of sample observations taken into account, and
the degrees of freedom. As seen in the table, the equation has a high value for the McFadden R
values, showing that the full model has a higlelef improvement over the model without
predictors. T aluedoeanndt exdencetd dne) s it B better to look at the
Nagelkerke Rvalue because it adjusts the Cox and Snell value to a range from 0 to 1. This
value is fairly high, so itleows that the full model improves upon the model without predictors.
The number of iterations that the algorithm has taken to produce the prediction equation is also

included.
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Table 4.5 Goodness of fit staistics based on gully prediction model

Statistic Independent Full
Observations 182 182
Sum of weights 182.000 182.000
DF 181 152
-2 Log(Likelihood) 126.048 23.813
R2(McFadden) 0.000 0.811
R2(Cox and Snell) 0.000 0.430
R2(Nagelkerke) 0.000 0.860
AlC 128.048 83.813
SBC 131.252 179.933
Iterations 0 18

Statistic Chi-square Pr > Chi2
-2 Log(Likelihood) 102.235 <0.0001
Score 29 38.981 0.102
Wald 29 18.776 0.927
ROC Curve

The Receiver Operaig Characteristics (ROC) curve svased to evahte the

performance of the model by means of the area under the curve and to compare several models

together. The terms used come from signal detection theory and were originally developed by

electrical engineers. However, the ROC curve is used comnmosigtistics now. The

proportion of welclassified positive events is called the sensitivity. The specificity is the

proportion of welclassified negative events. If you vary the threshold probability from which

an event is to be considered posititree sensitivity and specificity will also vary. The area

under the curve (AUC) is a synthetic index calculated for ROC curves. The AUC corresponds to

the probability such that a positive event has a higher probability given to it by the model than a

negative event. For an ideal model, AUC=1 and for a random model, AUC=0.5. A model is

considered good when the AUC value is greater than 0.7.
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The ROC Curve for our gully predioh model is shown in Figure 4.2As seen, the
curve has an area under theveuof.864 which shows that our logistic regression equation is a

good model and is extremely good since the study is pertaining to natural systems.

Figure 4.2 ROC Curve based on the gully prediction modl
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Gully Prediction Model
The gully prediction model was developed using logistic regression eatiables that
did not exhibit multicollinearity.Here, the L(x) term, shown in equation 10, is based on the

input variables based on whether the vdeiab quantitative or qualitative.

Equation 11 Gully Prediction Model as derived using logistic regression
Gully =1/ (1 + exp{(L(x)))

The L(x) term is defined by the input variablas seen based on equation 11, which was

based on the Logit function chosen to run the logistic regression.

83



Equation 12 Variable Terms used in the Gully Prediction Model

L(X)=LotLiX1+LoXo+LaXat+ € +bXag
As seen in the equation, the qualitative variables are muttipirea factor if the
subwatershed displays tkiariable(Table 4.6) For instance, if a watershed was in the

hydrologic grougC, it would receive a value of 0.59 for the hydrologic characteristic set.

Table 4.6 Variable Terms and Values for the Gully Prediction Model

Source Value
Intercept -6.85
Area 1.91E-6
Aspect 1.1E-2
AWC 33.37
Bedrock 3.65E-2
Horizon -6.96E-2
KSAT -0.33
KW -0.23
SAR 1.31
Slope -0.36
Well drained -1.10
Excessively well drained 2.92
Erosion-Null -1.55
Erosion-Class 2 0.24
Erosion-Deposition 1.89
Flood-Rare 2.25
Flood-Occasional 1.81
Frost-High -9.00E-2
Frost-Low -0.12
Hydrologic Group B 1.79
Hydrologic Group C 0.59
Not Hydric -0.11
LULC-Deciduous Forest 1.57
LULC-Cultivated Crops 3.30
LULC-Emergent Herbaceous Wetland 5.51
Runoff-Low 1.85
Runoff-High -1.14
Runoff-Medium -1.64
Particle Size-Fine Silty -2.55
Particle Size-Loamy -1.50
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Validation
The regressiowas carried out using0 out of the 262 watershedsksiown gully
presence or absence to produce an error matrix based on the comparison of known or actual
outcomes to the predicted outcomes developed by the gully prediction model. The accuracy of
the model isapproximately 79% with an error of omission alsk positive value of 10% and an

error of commission or falsgegative value of 11% (Table 4.7This has a neh lower

Table 4.7 Error Matrix based on gully prediction model

Predicted Absence PredictedPresence
Actual Absence 62 9
Actual Presence 8 1

amount of incorrectly predicted outcomes than the previous method used. This model received a
kappa statistic 0f0.014, which shows that some errors are still occurring but is still better than

the prevous method. Future studies should focus on increasing the kappa statistic even more to
produce better classifications. However, the current prediction model prothveer false

positives (Tablet.3).
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Figure 4.3 Gully Presence predicted by the gully model developed
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CHAPTER 5 - Summary and Conclusions

Military vehicles cause substantial environmental degradation kunidorm patterns
across the landscape, whicdin result in excessive soil erosiordanonpoint source pollution of
waterbodies. When compared to agricultural and naamdkcapesvery little research has
been completed on military maneuver training lafidiss studyfocused orgully erosionon
military training lands because gullyosionnot only environmental degradation through soil
losses and impaired water quality, but also leads to soldier injuries and equipment damage.
improvedunderstanding of the factors that affgatly erosion and thassociated processes|
assist vith the reduction of safety hazards and environmental degradation associated with gully
erosion

The goal of this study was to locate and assess gully erosion occurring &il&grand
develop a predictive model using a logistic regression analysiseayully location (i.e. soils,
topography, etc.) and assessment.d&tallies were located using three different methods, a
LiDAR -based elevation variation model, information from Fort Riley personnel, and field
reconnaissance. A total of 45 gullies eégcated and assessed as part of the projeldgigtic
regression analysisvas run to evaluateeveralgully erosion factors related to topography,
landuse/landcover, and soil characteristicsrder to develop the predictive moddlhelogistic
regression identified significant factors including available water capacity, sodium adsorption
ratio, landuse/landcover classes, drainage classes, and particle sizes.

In order to improvehe predictivanodel function and accuracy, all model inputs were
testedfor multicollinearity ensuring thatvery model input had a unique effect on the model
output. A variety of watershed characteristics were eliminated prior to performing the logistic
regression so that their relationship to other variables did not nesodtorrect coefficient signs
and values of the variables includédgeneral, goodness of fit statistics sugge#tat hie gully
prediction equation wsaccurate .The logistic regression performed on the various soil
characteristics for watershed asesuggestthatavailable water capacityas one of the most
important factors that affect the formation of gullid$e areas with high available water
capacities occur on areas with higher than average slopes and higher clay contents. Clay is able

to store a large amount of water, but it has very low infiltration rates due to its small pore size.
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This results in increased runoff and erosidime logistic regression also suggestidt
landuse/landcover classes, sodium adsorption ratios, and seitthestic data such as erasio
classes and drainage classesanadso important in the prediction of gully erosion. Area
appeared to be relatively unimportant, but this avassult of the small range of watershed area
values.

In the goodness of fitatistics analysis, it was shown that the equation produced was
accurate. The ROC curve showed that sensitivityspedificity were linearly relatedThe area
under the ROC curve corresponds to the probability such that a positive event has a higher
probability given to it by the model than a negative evdrite area under the curshowed that
our equation waia very good model, especially for natural occurren&atistics that were
produced show that siditant information wa provided by the gullprediction model.

The model 6s error mat gableto pgrddiotgudydabsenteat t he
extremely well. It hadan accuracy of approximately 79% with an error of omission or false
positive value of 10% and an error of commission or falsathegvalue of 11%. Thiwasa
much higher accuracy than the previous model used to locate gully erosion on ForTRéey.
model predictedewer false positive values than the previous gully locating metHogvever,
the model tendetb underpredict he presence of gullies on the base. This can be explained by
the relatively low amount ofiatersheds used in the model that have knguwies presenin
spite of the number of areas checked in the {#%dgullies identified) The equation produced
from the logistic regression would be even more accurate with more sampleathtienown
gully locations and locations of confirmed gully absence

Gully erosion wa not easily found on Fort Riley. The grasses increase infiltrditn
also impede the dliiy to see the gully erosion occurring because of the height and density of the
grasses.The previous model that wased to lgate gully erosion overredictedthe amount of
gully erosion occurring on Fort Rildyy predicting 360 possible gulligsut groundverification
of the model resultenh only 30 actual gulliesThe modethat wasdeveloped as part of this
study eliminatedhe issue concerning the high amount of false positives predicted in the previous
model. It estimated 192 watersheds outlodé 1577 watersheds for the Fort Riley area.

Gully monitoring and assessment over time will aid in the effort for developing an
accurate model to predict gully presence and the factors that result in the formation of gullies. It
is imperative to obtain nme information to increase the sensitivity of the model. This is
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especially important when anthropogenic variables are a factor because very few studies have
been conducted to determine the militaryds ef
Gully erosion found omilitary training landss a safety hazard that leads to increased
soldier injuries and equipment damage. To prevent these hazards, gully prosesseand
the factors causingully erosion neetb be better understood:his study was the first step in
gaining a better understanding of gully erosion on areas that receive substantial disturbances in
nontuniform patterns across the landscape. €bidd be improvedby studying gully erosion on
different military bases that have different vegetation, sollagtaristics, topography, and
military training exerciseslin this way, gully erosion could be more accurately modeled.
A model capable of accurately locating gully erosion needs to be developed to keep
soldiers safe, decrease the amount of equipmeng bleimaged because of gully erosion, and to
help estimate costs to remediate the gully erosion problem. Once gully erosion is better
understood, it could help determine the carrying capacity of a given parcel of land. This would
allow for more sustainableaining exercises withimilitary basesand could also lead to
decreased erosion occurring. Once erosion is remediated, sedimentation will decrease and water
quality will improve. The improved water quality would allow the aquatic habitats to be eelstor
and allow native species to replenish areas where they once thfiedbility to develop more
sustainable practices onilitary basesvould aid in supporting present and future training

requirements while preserving and enhancing ecosystem integrity

Recommendations

It is recommended that while gullies and the factors that affect their formation are being
researched, the military refrain from using tadksing wet conditions By avoiding times when
the land is especially susceptible such as affmecipitation event when soil is more easily
compacted and vegetation is vulnerable, land degradation can be re@bcediould reduce the
amount of bare ground exposure and rutting, resulting in less gully erosion occurring on the base.

Further mortoring and assessment of gullies wilpfurtherthe knowledge of Wy and
where gullies form. The use of the gully information database that was created will help
organize the information collected over time and will facilitate future analyses. theaeyg of
predicting gully erosiorould be increased greatly with information of military activities

performed during a study peri od Iacserpovagng | as di
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precipitation data would improve the prediction model agtteb our understanding of gully
erosion in the area by providing data on erosion rafesobtain accurate erosion rates and
projected soil losses, increased monitoring and assessment of gully erosion is essential. Erosion

measurements should be takéimégervals ranging from a single rainstorm to many years.
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Appendix A - Gully Sample Data

The following tables illustrate treample data that was used in the dtigiregression to develop the equation to determine the
presence of gullies.

Table A.1 SampleVariable Data

ID Gully Area Aspect AWC Bedrock Clay Horizon KSAT i Slope SoilH20 Wgt
6 0 433210.0 159.0 0.2 29.7 31.1 23.8 5.6 54 29 8.2 0.21 608 3.5 19.5 15
14 0 300471.0 1925 0.2 0.0 30.6 47.4 5.7 54 29 5.9 0.07 635 26 19.5 15
18 0 440234.0 215.7 0.2 2.8 33.3 27.4 3.7 58 28 4.7 0.08 620 3.0 20.1 15
23 0 651621.0 202.8 0.2 11.5 31.7 22.7 4.2 56 3.0 6.9 022 614 3.0 19.9 15
27 0 369188.0 190.0 0.2 23.9 28.6 50.6 7.2 56 28 106 0.03 608 34 18.4 15
30 0 399180.0 143.8 0.2 0.5 32.2 24.5 3.9 57 29 3.6 0.02 642 26 20.0 15
33 0 261255.0 195.3 0.2 56.1 31.3 20.2 5.1 58 29 9.7 0.31 59.0 3.7 20.3 1.6
39 0 393054.0 198.2 0.2 21.6 29.6 28.1 6.5 54 31 9.4 0.23 609 3.7 19.1 15
59 0 236939.0 140.6 0.2 43.3 32.0 311 5.7 57 29 7.7 0.00 603 3.7 19.4 15
62 0 187497.0 100.9 0.2 0.0 33.3 20.0 2.0 6.0 3.0 1.0 0.00 657 1.2 21.0 1.6
64 0 559534.0 227.7 0.2 43.8 29.8 36.6 6.9 6.1 26 116 010 587 35 18.7 15
74 0 130339.0 134.9 0.2 11.3 30.0 32.9 6.5 54 3.0 9.4 0.00 606 3.7 19.0 15
78 0 351201.0 184.0 0.2 25.6 30.3 22.7 6.1 56 28 108 000 59.0 45 18.7 15
88 0 147319.0 133.9 0.2 34.0 31.8 20.3 4.2 59 30 105 018 577 43 19.8 15
90 0 450124.0 160.7 0.2 0.0 33.5 20.0 2.0 6.0 3.0 1.0 0.00 655 15 21.1 1.6
91 0 261400.0 163.4 0.2 66.9 30.3 21.6 6.3 58 30 106 007 591 34 19.2 15
92 0 257630.0 191.2 0.2 24.7 28.8 23.1 6.8 53 3.0 106 0.00 606 4.2 18.1 15
98 0 359344.0 215.3 0.2 22.8 29.0 30.6 6.8 53 3.0 111 0.08 600 57 18.4 15
102 0 223887.0 177.8 0.2 19.6 29.3 38.8 7.2 55 25 100 0.00 607 4.7 18.2 1.6
106 0 179887.0 179.1 0.2 30.4 324 20.4 4.1 59 28 8.7 0.00 589 25 19.1 15
125 0 201432.0 160.7 0.2 6.1 30.4 76.5 7.5 60 1.8 7.0 0.00 626 2.7 19.0 1.6




ID Gully Area Aspect AWC Bedrock Clay Horizon KSAT Silt Slope SoilH20 Wgt

152 0 689128.0 191.9 0.2 41.8 33.7 18.1 3.4 6.1 27 6.1 0.06 602 2.8 20.1 15
162 0 749893.0 197.3 0.2 32.1 32.3 23.8 51 54 3.0 9.6 0.08 581 538 19.6 15
165 0 80899.1 174.1 0.2 0.0 33.0 83.5 55 65 1.8 8.5 050 585 3.7 21.0 1.6
166 0 102416.0 198.1 0.2 25.3 32.9 215 3.4 58 3.0 7.3 042 598 34 20.9 1.6
180 0 261698.0 142.8 0.2 0.0 34.5 18.6 2.7 6.0 27 2.4 0.00 631 1.2 19.7 14
183 0 332251.0 171.9 0.2 11.4 32.6 18.7 3.8 59 28 6.2 0.14 612 23 19.5 15
187 0 274582.0 147.1 0.2 26.4 29.8 28.8 5.6 58 28 9.2 0.23 611 3.9 19.2 15
190 0 74925.6 125.0 0.2 0.0 32.8 1373 8.1 6.8 0.8 7.0 0.00 602 3.5 19.9 1.6
194 0 166180.0 143.4 0.2 14.1 28.8 55.5 8.8 53 21 9.6 0.00 616 5.7 17.2 1.6
197 0 235538.0 217.6 0.2 32.5 28.0 30.6 8.9 54 22 121 0.00 600 7.1 16.4 1.6
198 0 79869.2 223.8 0.2 15.0 27.2 26.5 8.4 49 27 101 0.00 627 59 16.3 15
207 0 265446.0 172.3 0.2 7.9 33.9 17.7 3.3 6.1 26 4.3 0.00 619 20 19.1 14
208 0 273473.0 167.7 0.2 4.9 33.0 18.5 3.0 6.0 29 4.6 019 624 22 20.2 15
243 0 125437.0 129.4 0.2 81.9 33.4 32.6 5.3 6.1 25 9.3 0.00 573 47 20.3 15
245 0 271240.0 118.6 0.2 104.9 31.3 26.4 5.2 62 26 121 000 56.6 3.8 19.8 15
246 0 396205.0 203.8 0.2 37.7 29.9 19.0 6.8 57 25 108 0.00 593 5.0 17.2 15
260 0 246046.0 150.0 0.2 36.8 31.4 18.9 4.8 6.0 29 8.7 0.15 599 25 19.6 15
267 0 579318.0 157.6 0.2 0.0 33.1 19.5 2.3 6.0 29 15 000 654 14 20.1 15
277 0 601266.0 188.5 0.2 22.4 28.7 21.8 8.2 51 23 9.9 0.00 614 6.5 16.4 15
281 0 275849.0 213.9 0.2 19.6 27.8 21.0 8.3 51 23 102 000 620 7.6 16.0 15
285 0 216543.0 217.9 0.2 0.0 33.5 18.0 3.0 6.0 28 6.4 0.48 600 3.4 20.4 15
293 0 287820.0 214.0 0.2 19.4 27.2 20.0 8.6 51 23 103 000 625 74 15.9 15
308 0 232134.0 168.9 0.2 0.0 34.6 18.0 2.9 6.0 26 3.3 0.08 620 21 19.6 1.4
324 0 137278.0 167.6 0.2 33.1 30.6 16.8 4.3 6.2 30 102 021 593 22 19.7 15
326 0 335725.0 179.1 0.2 10.7 29.8 28.4 5.6 50 33 8.9 0.15 613 41 19.4 15
330 0 117456.0 190.9 0.2 28.9 32.2 25.5 4.7 54 30 101 0.07 576 59 194 15
333 0 355023.0 155.3 0.2 0.0 34.4 18.8 2.4 6.0 28 2.4 0.00 632 21 20.5 15
336 0 199242.0 103.1 0.2 10.5 33.9 21.6 2.9 57 29 4.8 0.14 613 3.0 20.8 15
346 0 213375.0 178.2 0.2 18.5 31.0 20.1 5.0 57 3.0 9.5 0.17 595 43 19.2 15
348 0 288823.0 198.2 0.2 15.8 32.8 24.6 3.9 55 31 8.1 0.13 591 4.2 20.2 15
349 0 166023.0 221.0 0.2 3.6 34.3 21.6 2.2 58 3.0 2.1 0.00 636 23 21.3 1.6
351 0 162428.0 1855 0.2 2.7 33.0 116.5 7.2 64 14 7.4 0.00 596 34 20.2 1.6
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ID Gully Area Aspect AWC Bedrock Clay Horizon KSAT i Slope SoilH20 Wgt

352 0 236277.0 214.1 0.2 29.0 33.2 19.0 3.7 59 28 7.8 0.16 589 3.5 19.7 15
354 0 387473.0 145.6 0.2 27.3 33.2 33.9 4.0 59 27 6.4 0.15 604 3.8 20.8 1.6
355 0 92915.4 131.2 0.2 20.9 35.1 23.1 2.8 57 28 51 0.00 598 23 20.5 15
357 0 429349.0 131.6 0.2 18.9 33.3 50.9 55 54 26 8.8 0.00 579 56 20.0 1.6
362 0 544538.0 218.7 0.2 23.7 34.6 211 2.5 58 28 3.6 0.03 618 26 21.0 15
363 0 304981.0 184.0 0.2 27.8 30.8 20.8 5.0 57 3.0 9.2 0.00 600 2.8 19.2 15
364 0 574868.0 217.6 0.2 4.9 33.6 20.0 29 57 29 6.1 025 603 34 21.0 1.6
372 0 403655.0 171.9 0.2 19.0 31.8 27.5 4.7 53 32 9.1 0.19 59.1 4.9 19.8 15
373 0 432548.0 158.9 0.2 27.9 32.4 20.2 3.6 58 3.0 7.5 0.24 60.2 34 20.8 1.6
374 0 565698.0 152.2 0.2 5.8 33.4 19.4 2.8 6.1 29 4.0 0.12 625 24 20.5 15
378 0 482196.0 1714 0.2 0.0 33.7 20.4 2.9 59 28 2.6 0.00 637 1.8 20.0 15
381 0 375910.0 229.8 0.2 9.5 33.9 18.3 3.2 59 28 4.8 019 612 25 21.1 1.6
383 0 339844.0 150.2 0.2 9.4 32.8 21.8 3.9 57 29 6.8 0.26 605 3.3 19.7 15
401 0 376280.0 154.3 0.2 12.0 30.9 34.7 5.2 58 27 7.5 0.13 615 34 19.4 15
406 0 211471.0 151.6 0.2 31.0 32.7 28.9 4.4 51 31 7.7 0.10 596 5.2 20.2 15
408 0 769370.0 141.2 0.2 14.2 32.1 22.0 3.8 58 31 8.5 029 594 38 20.3 1.6
409 0 301024.0 145.6 0.2 6.6 31.6 38.1 5.2 55 28 6.7 0.00 61.7 5.0 19.9 1.6
413 0 196289.0 173.0 0.2 87.8 34.9 18.4 3.0 6.0 25 54 0.05 59.7 26 21.3 15
414 0 359882.0 238.7 0.2 7.0 33.4 17.6 3.2 6.0 28 6.1 029 604 23 20.0 15
415 0 353221.0 221.1 0.2 23.9 33.8 18.5 2.8 59 27 4.8 0.08 614 26 20.4 15
424 0 175343.0 164.6 0.2 32.8 32.6 30.5 4.7 50 31 8.6 0.00 589 6.2 19.8 15
425 0 223314.0 207.9 0.2 0.0 33.5 18.4 2.6 6.0 28 3.2 0.15 633 22 20.1 15
431 0 106709.0 210.5 0.2 8.4 31.3 23.0 4.6 53 31 8.5 0.27 60.2 4.0 20.1 1.6
432 0 377995.0 177.8 0.2 10.3 32.9 21.0 3.3 58 3.0 5.9 0.11 612 25 20.6 1.6
434 0 293522.0 152.0 0.2 73.8 32.4 20.0 5.8 6.0 28 6.9 0.00 607 25 20.0 15
435 0 299911.0 243.2 0.2 111 34.3 29.6 3.2 54 3.0 5.3 0.00 604 35 20.8 1.6
436 0 460228.0 165.0 0.2 37.1 35.0 24.4 3.5 49 31 7.7 0.00 573 6.7 20.2 15
439 0 290903.0 198.1 0.2 22.5 32.4 21.7 3.7 56 29 55 0.03 621 3.2 20.1 15
443 0 153078.0 208.5 0.2 13.8 315 26.3 4.7 52 33 9.3 0.17 59.2 37 20.2 1.6
445 0 349355.0 130.8 0.2 34.5 29.3 42.3 6.2 49 3.0 9.5 0.00 585 7.1 18.4 15
448 0 523266.0 183.8 0.2 42.0 33.4 25.0 4.3 52 31 9.6 0.00 570 56 19.7 15
449 0 196897.0 194.7 0.2 31.2 31.6 22.2 4.7 57 29 8.3 0.04 601 33 19.3 15
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ID Gully Area Aspect AWC Bedrock Clay Horizon KSAT i Slope SoilH20 Wgt

450 0 377876.0 203.0 0.2 6.7 31.8 64.1 5.7 58 22 6.6 0.00 615 41 19.5 1.6
454 146690.0 169.3 0.2 251 275 315 7.0 51 36 122 013 603 3.7 18.5 15
456 202654.0 216.8 0.2 0.0 33.7 18.1 2.6 6.0 28 4.0 0.26 623 23 20.7 15
460 209819.0 179.6 0.2 52.2 315 17.9 4.5 59 28 8.1 030 604 3.0 20.5 1.6
462 353309.0 156.8 0.2 0.0 33.9 19.3 2.3 6.0 28 1.7 000 644 1.6 20.4 15
465 362953.0 146.9 0.2 35.6 33.7 32.3 4.3 53 28 8.5 0.00 578 6.1 19.9 15
466 267666.0 193.8 0.2 49.7 31.9 20.2 4.6 57 28 7.7 0.08 603 3.4 19.7 15
472 241569.0 153.7 0.2 27.9 26.4 63.0 7.4 54 24 111 000 554 3.6 16.9 14
473 204873.0 166.9 0.2 42.1 35.9 28.4 3.3 51 29 7.7 0.00 565 9.1 20.4 15
474 251261.0 136.1 0.2 31.5 35.0 60.1 4.5 56 24 7.7 0.00 573 6.0 20.8 1.6
475 192011.0 125.9 0.2 8.1 30.3 47.0 6.6 59 25 7.8 0.00 619 5.0 18.6 15
480 294117.0 188.0 0.2 38.5 31.8 24.7 5.0 57 30 111 010 571 48 19.2 15
481 321842.0 148.1 0.2 0.0 24.1 53.9 8.0 43 29 7.9 0.00 586 3.5 16.4 1.4
482 265979.0 179.4 0.2 49.1 31.9 40.8 5.8 55 25 7.9 0.00 566 7.9 19.2 15
486 207079.0 109.8 0.2 19.0 32.9 17.9 3.8 6.0 28 7.9 029 59.2 28 19.9 15
488 469764.0 138.6 0.2 9.8 34.0 21.2 3.2 58 29 6.8 034 591 35 20.6 15
495 298305.0 177.3 0.2 40.0 31.6 52.2 4.7 54 21 8.7 000 530 75 18.4 14
496 219107.0 200.6 0.2 19.2 32.5 21.9 4.2 55 29 6.1 009 614 3.6 19.9 15

497
505
506
509
517
520
525
530
532
538
550
554
557

454902.0 173.3 0.2 52.3 34.1 23.3 4.0 53 29 101 000 559 73 19.8 15
150956.0 182.2 0.2 73.7 33.5 20.6 4.6 57 28 9.9 0.00 56.5 5.7 20.0 15
241176.0 225.6 0.2 10.1 33.8 66.0 4.6 58 23 7.5 0.04 587 56 20.2 1.6
174482.0 222.6 0.2 86.3 31.3 19.8 5.7 6.1 27 9.0 0.00 59.7 4.2 19.6 15
395661.0 219.5 0.2 3.3 31.9 195 2.8 59 3.0 6.1 0.14 620 23 20.0 1.6
334936.0 178.9 0.2 2.5 33.7 18.1 2.6 59 28 55 0.27 608 24 20.9 1.6
178802.0 177.3 0.2 5.8 28.4 28.5 5.3 58 28 6.8 0.00 648 33 18.3 15
387271.0 200.6 0.2 8.3 32.9 16.2 3.3 6.0 28 6.6 035 605 2.9 20.9 1.6
246702.0 135.3 0.2 0.0 30.0 21.3 3.4 59 29 6.1 0.00 639 38 19.0 1.6
256014.0 129.8 0.2 31.3 32.1 19.9 4.1 59 29 9.5 0.11 584 31 19.5 15
139174.0 193.2 0.2 44.5 30.8 25.5 5.2 48 28 8.3 0.00 609 104 18.7 15
305303.0 182.3 0.2 17.5 32.4 23.4 4.2 56 3.2 9.2 0.09 584 33 20.3 15
86521.0 132.2 0.2 36.3 30.4 48.6 3.9 49 20 6.7 0.00 504 10.6 17.6 13

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
494 0 220317.0 1415 0.2 13.8 30.9 22.0 4.1 57 2.8 5.8 0.05 634 35 19.4 15
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

10c



ID Gully Area Aspect AWC Bedrock Clay Horizon KSAT KW OM Sand SAR Silt Slope SoilH20 Wgt

559 0 113764.0 185.1 0.2 23.3 32.9 22.4 3.4 57 3.0 8.3 0.50 588 3.9 21.0 1.6

565 0 317859.0 214.3 0.2 63.5 33.8 16.2 4.6 6.3 26 6.0 0.06 602 24 20.3 15
575 0 239858.0 128.8 0.2 81.5 335 16.4 4.5 6.2 26 6.4 0.00 601 28 20.3 15
600 0 569183.0 157.9 0.2 31.7 30.8 34.1 3.9 47 2.8 7.7 0.00 56.7 8.0 18.6 15
604 0 329158.0 1734 0.2 54.2 31.3 19.0 3.5 43 31 8.8 0.00 598 104 19.2 1.6
609 0 189491.0 180.8 0.2 41.0 35.1 23.9 3.0 48 3.0 7.9 0.00 57.0 105 20.2 15
611 0 469201.0 166.8 0.2 52.8 34.0 20.5 4.1 51 29 8.4 000 577 7.9 19.8 15
616 0 267950.0 190.6 0.2 37.3 34.1 20.4 3.4 6.0 27 6.1 0.21 598 3.2 20.5 15
632 0 108291.0 185.6 0.2 0.0 33.9 18.3 2.4 6.0 29 3.5 0.09 626 21 20.9 15
653 0 145896.0 199.6 0.2 64.4 31.6 16.5 3.4 43 3.0 8.7 0.00 59.7 11.0 18.9 15
660 0 328477.0 199.7 0.2 0.0 33.7 19.1 2.4 6.0 28 1.9 0.00 645 1.6 20.0 15
685 0 173771.0 221.3 0.2 8.9 31.8 211 3.3 56 3.0 7.5 0.00 60.7 4.2 19.4 15
686 0 295076.0 154.8 0.2 43.0 34.6 24.8 3.6 50 29 8.2 0.00 572 71 20.1 1.6
691 0 436963.0 222.0 0.2 0.0 33.8 19.0 2.5 6.0 27 2.0 0.00 642 13 19.8 15
699 0 448119.0 175.2 0.2 38.4 31.3 20.4 4.6 46 3.0 8.5 0.00 60.2 9.6 19.0 15
704 0 357616.0 149.9 0.2 41.7 34.6 24.0 3.5 51 3.0 9.2 0.00 56.2 6.6 20.0 15
712 0 139570.0 217.7 0.2 0.0 33.4 22.3 3.7 57 28 3.6 0.00 63.0 1.8 19.2 14
733 0 306775.0 203.1 0.2 0.0 34.0 17.8 2.9 6.0 26 3.3 0.00 627 1.9 19.1 14
740 0 671277.0 169.4 0.2 67.7 31.8 17.8 3.6 45 3.0 9.4 0.00 588 10.0 18.9 15
744 0 183356.0 161.3 0.2 65.1 31.5 18.6 3.7 46 3.0 104 0.00 581 10.6 18.8 15
754 0 355679.0 194.6 0.2 68.1 33.4 20.8 4.4 54 29 9.2 000 575 7.9 19.9 15
761 0 188107.0 213.6 0.2 38.5 30.5 14.9 51 64 27 113 010 582 22 18.0 14
770 0 154677.0 252.9 0.2 2.7 24.9 20.0 6.9 52 27 9.9 0.00 653 5.0 15.6 1.4
778 0 206559.0 187.6 0.2 33.9 33.0 20.9 4.1 56 30 102 032 56.8 6.0 20.3 1.6
782 0 553615.0 153.8 0.2 68.2 314 17.2 4.5 49 29 9.6 002 590 7.1 19.0 15
784 0 391872.0 247.7 0.2 12.3 32.1 17.4 3.0 59 28 51 0.00 628 22 18.8 15
786 0 207073.0 225.9 0.2 0.0 30.0 15.0 3.0 6.0 3.0 7.0 0.00 630 31 19.0 15
788 0 297834.0 160.6 0.2 49.4 30.1 16.4 4.1 50 32 113 022 6586 7.8 19.4 1.6
793 0 684778.0 176.1 0.2 54 33.6 19.5 3.0 6.0 28 4.0 0.04 625 24 20.2 15
795 0 228505.0 208.9 0.2 1.0 30.3 15.6 3.0 6.0 3.0 7.0 0.00 627 4.0 19.1 15
797 0 290228.0 209.9 0.2 21.4 33.4 21.7 3.1 57 28 6.3 0.00 603 28 195 15
803 0 171905.0 186.7 0.2 28.9 315 15.8 4.8 6.2 29 7.4 026 611 2.7 20.2 15
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ID Gully Area Aspect AWC Bedrock Clay Horizon KSAT i Slope SoilH20 Wgt

806 0 179160.0 202.5 0.2 4.6 29.6 18.0 3.0 58 3.0 7.1 0.00 633 25 18.1 15
841 0 250116.0 168.8 0.2 75.7 29.9 16.2 4.4 49 30 125 000 576 7.3 18.1 15
844 0 231845.0 159.2 0.2 3.5 30.9 17.3 3.0 58 3.0 7.1 0.00 620 25 19.3 15
846 0 531294.0 235.9 0.2 7.2 24.6 20.4 6.6 48 23 9.5 0.00 604 55 15.1 14
851 0 468967.0 219.5 0.2 5.8 30.8 22.4 3.4 55 3.0 7.3 0.00 618 4.0 19.3 15
860 0 305407.0 143.9 0.2 10.3 32.3 17.2 3.1 6.1 29 6.3 031 614 3.0 20.4 15
866 0 347466.0 142.1 0.2 7.0 31.8 19.5 3.0 57 3.0 7.2 0.00 610 41 19.5 15
867 0 172431.0 220.2 0.2 15.8 34.1 25.3 3.0 53 3.0 7.5 0.00 584 3.8 20.2 1.6
872 0 544470.0 218.9 0.2 68.7 33.3 17.5 4.4 6.1 27 7.1 0.00 596 2.7 20.1 15
882 0 199966.0 263.9 0.2 2.3 30.2 18.8 3.3 59 3.0 7.2 0.00 626 3.2 19.0 15
885 0 290121.0 171.6 0.2 72.9 29.2 16.7 5.7 56 30 151 000 557 5.9 17.9 15
886 0 410628.0 163.8 0.2 32.2 28.0 19.3 7.5 57 30 100 024 620 3.2 18.7 15
888 0 124643.0 178.9 0.2 14.8 33.9 24.6 3.0 54 3.0 7.5 0.00 587 3.5 20.1 1.6
891 0 120018.0 159.9 0.2 0.0 29.4 18.8 3.5 59 3.0 7.2 0.00 634 40 18.7 15
895 0 431783.0 177.5 0.2 10.2 32.7 21.6 3.0 56 3.0 7.3 0.00 600 3.7 19.8 15
899 0 119045.0 203.6 0.2 7.7 31.4 23.8 3.5 56 3.0 7.4 0.00 61.2 4.9 19.3 15
910 0 154264.0  89.7 0.2 14 34.1 18.5 2.8 59 28 4.5 025 614 28 20.4 15
912 0 539758.0 196.4 0.2 3.6 30.2 22.2 3.6 57 3.0 7.4 0.00 625 41 18.9 15
926 0 234559.0 229.1 0.2 52.3 32.8 221 3.5 48 3.0 9.7 000 575 7.3 19.4 1.6
928 0 244205.0 174.2 0.2 59.6 32.6 194 3.5 47 3.0 9.7 0.00 57.7 83 19.2 15
929 0 315799.0 1514 0.2 60.0 28.9 14.8 51 53 30 131 020 579 538 18.4 15
948 0 169125.0 168.2 0.2 79.3 32.7 15.9 6.2 6.3 26 7.7 0.07 595 31 19.9 15
949 0 377713.0 155.0 0.2 31.4 33.1 17.2 4.9 6.2 26 5.8 0.00 611 21 19.0 1.4
954 0 526619.0 201.1 0.2 53.9 32.4 21.8 3.8 49 3.0 103 0.00 573 57 19.2 15
956 0 310748.0 206.2 0.2 54 314 18.5 3.0 58 3.0 7.2 0.00 614 3.7 19.4 15
978 0 119253.0 188.0 0.2 9.6 32.5 21.3 3.0 56 3.0 7.3 0.00 60.2 4.0 19.7 15
979 0 193785.0 222.3 0.2 8.1 32.0 20.3 3.0 57 3.0 7.2 0.00 608 23 19.5 15
981 0 290108.0 194.7 0.2 55.0 32.1 20.7 3.4 47 3.0 9.1 0.00 588 7.7 19.0 15
985 0 291795.0 208.4 0.2 6.8 31.3 221 3.4 56 3.0 7.4 0.00 613 45 19.3 15
986 0 320519.0 175.6 0.2 56.2 30.3 20.5 54 59 30 148 0.09 549 37 18.6 15
992 0 501583.0 186.4 0.2 4.8 28.8 23.6 4.7 55 29 8.2 0.00 63.0 34 18.0 15
994 0 342239.0 1154 0.2 50.4 33.7 15.0 4.7 46 29 8.6 0.00 577 90 19.7 15
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ID Gully Area Aspect AWC Bedrock Clay Horizon KSAT Silt Slope SoilH20 Wgt

1004 0 570434.0 201.9 0.2 46.1 34.0 16.7 4.0 6.2 26 4.6 0.00 614 23 19.9 14
1007 0 474749.0 198.3 0.2 5.8 315 18.8 3.0 58 3.0 7.2 0.00 613 2.8 19.4 15
1013 0 454636.0 239.8 0.2 60.1 31.3 18.8 3.4 45 3.2 9.6 0.00 59.1 8.9 19.1 15
1020 0 187535.0 148.7 0.2 25.3 31.7 22.7 4.2 47 3.5 9.1 0.00 593 56 20.6 1.6
1021 0 312755.0 204.6 0.2 5.6 315 18.6 3.0 58 3.0 7.2 0.00 614 4.2 194 15
1024 0 444495.0 167.4 0.2 23.3 32.1 17.2 3.4 6.1 29 9.1 056 588 3.1 20.8 1.6
1026 0 296354.0 154.8 0.2 48.9 32.1 20.9 3.0 45 33 8.8 0.00 59.1 88 19.9 1.6
1029 0 233372.0 221.5 0.2 11.6 30.6 18.7 3.0 58 3.0 7.4 0.09 620 23 18.9 15
1031 0 472741.0 192.3 0.2 4.6 30.9 18.0 3.0 58 3.0 7.1 0.00 620 28 191 15
1038 0 220272.0 2145 0.2 79.1 30.3 14.5 3.5 43 30 104 0.00 593 9.0 18.3 15
1042 0 493133.0 184.5 0.2 55.0 27.7 13.6 6.0 65 30 170 044 553 35 18.3 15
1051 0 430173.0 187.2 0.2 49.3 27.4 18.3 6.7 61 31 156 024 570 34 17.9 15
1067 0 219066.0 119.0 0.2 86.1 32.0 21.7 51 58 29 8.3 0.13 59.7 3.0 20.6 15
1071 0 307547.0 197.6 0.2 6.1 30.1 28.2 4.2 55 3.0 7.7 0.00 622 3.8 18.8 15
1074 0 273469.0 184.5 0.2 4.0 29.7 255 4.0 57 3.0 7.6 0.00 627 34 18.7 15
1076 0 378791.0 177.2 0.2 47.6 311 15.4 4.6 6.0 28 9.5 045 594 31 20.5 1.6
1079 0 374908.0 180.0 0.2 3.8 30.8 18.6 3.1 58 3.0 7.2 0.00 620 3.2 19.2 15
1084 0 208569.0 199.3 0.2 60.8 30.5 17.0 3.8 44 3.0 9.0 0.00 605 6.4 18.5 1.6
1085 0 219229.0 203.6 0.2 3.0 26.9 15.0 2.6 52 26 6.2 0.00 539 40 16.7 13
1086 0 263361.0 167.9 0.2 4.8 30.7 20.0 3.2 58 3.0 7.2 0.00 62.1 3.9 19.0 15
1094 0 332725.0 160.3 0.2 24.4 28.6 15.1 51 60 30 122 039 592 37 18.8 15
1096 0 235545.0 114.8 0.2 9.1 24.8 19.4 8.3 58 3.0 9.9 0.00 653 4.7 16.8 15
1097 0 231833.0 207.2 0.2 84.4 25.6 125 7.5 6.7 30 208 017 537 27 16.8 15
1108 0 146014.0 196.6 0.2 57.3 29.9 17.0 4.2 45 3.0 9.1 0.00 610 7.0 18.3 15
1119 0 229476.0 117.7 0.2 3.1 30.8 17.0 3.0 59 3.0 7.1 0.00 621 27 19.2 15
1122 0 164818.0 181.4 0.2 10.1 32.6 21.6 3.0 56 3.0 7.3 0.00 60.1 3.8 19.7 15
1128 0 207133.0 201.2 0.2 25.1 30.1 25.2 5.3 55 32 110 026 589 43 194 15
1130 0 234046.0 186.4 0.2 3.8 31.0 17.5 3.0 58 3.0 7.1 0.00 619 43 19.3 15
1132 0 576174.0 175.7 0.2 3.8 30.5 20.6 3.4 58 3.0 7.3 0.00 622 40 19.1 15
1136 0 501538.0 149.7 0.2 0.0 24.6 21.4 8.3 54 27 9.2 0.00 66.2 4.1 16.3 15
1139 0 289595.0 117.0 0.2 0.0 24.9 21.3 8.4 54 27 9.2 0.00 659 37 16.4 15
1141 0 175683.0 173.8 0.2 0.0 23.9 20.7 8.7 54 27 9.4 0.00 66.6 3.6 16.1 15
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ID Gully Area Aspect AWC Bedrock Clay Horizon KSAT KW OM Sand SAR Silt Slope SoilH20 Wgt

1147 0 273366.0 108.5 0.2 0.0 25.5 21.8 8.2 6.0 3.0 9.3 0.00 652 3.0 17.0 15
1148 0 177417.0 1455 0.2 17.0 311 24.8 54 52 3.0 8.3 0.00 60.7 55 19.1 15
1150 0 519266.0 134.6 0.2 0.0 24.1 31.7 9.0 49 30 9.3 0.00 66.6 4.1 16.5 15
1155 0 978115.0 198.2 0.2 2.7 30.1 17.1 3.0 59 3.0 7.1 0.00 628 2.8 18.7 15
1161 0 128957.0 102.3 0.2 33.7 34.3 25.0 3.8 55 3.0 8.2 0.00 576 4.1 20.2 15
1166 0 275788.0 172.2 0.2 50.7 33.3 24.0 4.6 54 29 8.9 0.00 578 53 20.0 15
1167 0 197820.0 148.7 0.2 26.2 32.7 17.6 3.7 6.2 29 4.5 0.00 628 2.2 20.5 15
1176 0 413889.0 163.8 0.2 1.7 24.9 21.3 8.2 55 28 9.2 0.00 659 3.8 16.5 15
1178 0 391845.0 207.5 0.2 46.6 31.9 23.1 3.8 45 3.1 8.5 0.00 596 85 19.1 15
1190 0 186309.0 208.5 0.2 25.1 31.3 26.7 4.2 48 34 8.3 0.00 604 7.7 19.6 15
1191 0 608744.0 154.3 0.2 12.6 28.5 20.6 5.2 56 3.2 9.5 0.00 619 27 18.6 15
1197 0 200855.0 168.7 0.2 28.6 29.6 27.9 5.9 53 33 118 019 6586 438 19.0 15
1212 0 582527.0 150.9 0.2 12.8 31.6 17.6 6.3 51 29 8.4 0.00 601 2.9 19.7 1.6
1226 0 171766.0 153.3 0.2 22.0 29.9 15.7 6.0 55 28 105 000 6596 3.8 18.6 15
1227 0 108424.0 152.1 0.2 35.2 31.2 23.0 4.7 58 31 9.8 0.00 59.0 41 19.3 15
1229 0 192605.0 162.4 0.2 7.8 32.5 18.9 6.7 48 28 8.3 0.00 593 4.2 20.1 1.6
1230 0 252573.0 173.4 0.2 8.8 30.7 27.3 51 52 33 9.0 0.26 60.3 4.8 19.8 15
1231 0 391101.0 190.4 0.2 25.7 30.6 20.3 4.7 59 31 8.5 0.00 609 35 19.4 15
1233 0 436892.0 185.9 0.2 3.4 24.2 20.6 8.3 50 26 9.2 0.00 66.6 3.6 15.9 15
1244 0 726637.0 152.9 0.2 31.0 30.8 29.0 5.6 52 31 8.9 0.14 603 4.8 19.5 15
141 1 235745.0 148.7 0.2 28.7 33.7 22.9 3.4 58 29 7.2 0.09 591 33 20.0 15
176 1 215326.0 140.8 0.2 27.8 33.8 17.2 3.3 6.1 27 5.0 022 612 23 20.7 15
199 1 147587.0 224.3 0.2 0.0 34.7 18.3 2.8 6.0 26 2.7 0.00 626 20 19.4 1.4
220 1 274556.0 171.8 0.2 16.8 31.4 19.8 4.4 59 29 9.0 031 595 25 194 15
238 1 233605.0 229.2 0.2 11.2 37.0 16.1 1.8 6.0 25 1.7 0.00 613 2.8 22.7 1.6
261 1 246162.0 164.9 0.2 39.1 315 21.0 5.7 56 29 9.8 0.17 587 31 19.6 15
268 1 522496.0 160.9 0.2 16.3 32.9 16.9 3.8 6.1 27 6.5 0.07 60.7 1.9 19.0 14
317 1 369894.0 179.3 0.2 30.0 295 17.6 5.0 60 31 135 056 570 34 19.7 1.6
318 1 191359.0 120.7 0.2 93.5 34.1 17.1 3.9 6.2 26 6.9 0.15 59.1 3.9 21.3 15
340 1 602696.0 154.1 0.2 92.8 34.1 16.9 4.5 6.2 26 6.9 0.07 59.0 29 20.8 15
479 1 604502.0 190.1 0.2 30.0 34.3 211 3.5 58 2.7 6.5 0.00 59.2 29 19.6 15
498 1 377586.0 123.6 0.2 75.6 30.7 19.5 54 59 28 106 008 587 3.0 19.5 15




ID Gully Area Aspect AWC Bedrock Clay Horizon KSAT KW OM Sand SAR Silt Slope SoilH20 Wgt

541 1 364358.0 198.2 0.2 18.1 31.7 20.9 4.3 59 30 100 034 584 43 19.8 15

673 1 367933.0 231.4 0.2 8.3 31.9 20.5 3.2 56 3.0 7.4 0.00 60.7 3.7 19.5 15
825 1 275761.0 179.1 0.2 16.9 315 175 3.5 6.1 3.0 6.6 015 619 26 20.3 1.6
829 1 266969.0 226.0 0.2 3.2 30.8 17.1 3.0 59 3.0 7.1 0.00 621 2.8 19.2 15
850 1 391210.0 228.1 0.2 50.4 28.9 17.5 54 62 30 140 000 571 33 17.9 15
863 1 288902.0 202.2 0.2 0.0 34.5 18.1 3.0 6.0 26 3.3 0.00 622 23 19.2 14
898 1 464850.0 188.0 0.2 24.6 32.7 20.7 3.8 57 29 7.5 0.00 598 3.7 19.5 15
969 1 263469.0 207.4 0.2 9.0 32.4 20.9 3.0 56 3.0 7.3 0.00 604 41 19.7 15
1058 1 416317.0 223.4 0.2 0.0 28.4 15.6 3.0 6.0 3.0 7.0 0.00 646 22 17.8 15
1087 1 224969.0 207.1 0.2 67.3 26.7 14.0 7.0 63 30 174 021 559 35 17.6 15
1095 1 169503.0 191.3 0.2 98.1 32.3 22.8 55 57 28 7.6 0.00 601 24 20.6 15
1098 1 181135.0 146.6 0.2 0.0 29.3 15.0 3.0 6.0 3.0 8.0 033 627 25 18.9 1.6
1127 1 375489.0 189.6 0.2 39.4 32.2 25.1 4.7 56 30 114 000 565 5.1 19.1 15
1129 1 224225.0 122.6 0.2 33.2 29.5 18.0 4.9 60 31 115 048 590 33 19.6 1.6
1135 1 385474.0 214.2 0.2 6.5 315 20.4 3.2 57 3.0 7.3 0.00 612 4.2 19.4 15
1321 1 546595.0 165.8 0.2 19.9 28.0 39.3 7.2 52 27 8.8 0.00 632 6.6 18.1 15
1330 1 208320.0 162.8 0.2 20.3 29.4 22.6 5.3 51 34 9.5 0.00 611 44 195 1.6
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Table A.2 SampleVariable Data (Continued)

Hydric ~ LULC  Runoff PartSize |

HydrGrp

—
[%2)
o
pust

LL

Flood

Drainage Erosion

Gully

71

102
106
125
152
162
165
166
180
183
187
190

71

71

71

71

71

71

71

71

71

41
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71

194
197
198
207

71

71

71

71

208
243
245

71

71

71

246
260
267
277
281

71

71

71

71

71

285
293
308

71

71

71

324
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Appendix B - Watershed Data Maps

The following include maps ofariabledata separated by watershed data.

Figure B.1 Slopemap of Fort Riley based on a 3 meter spatial resolution digital elevation
model (Data Source: FortRiley Integrated Training Management Program2007)

MEAN
| 0024

[ 25409

Bl sos

B 7408

| EERPX

D Fort Riley Boundary

0 125 25 5 Kilometers
| .

11¢€



Figure B.2 Aspectmap of Fort Riley based on a 3 meter spatial resolution digital elevation

model (Data Source: Fort Riley Integrated Training Management Progran2007)














































































