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ABSTRACT 

 

We used stormwater runoff data to determine the effectiveness of two best 

management practices (BMPs) upon reducing erosion accelerated by military training 

activities at Fort Hood, Texas.  Due to the nature of the heavy vehicles involved, military 

maneuvers damage vegetation and alter soil conditions resulting in vegetation loss, soil 

compaction, stormwater runoff channelization, erosion, and large gully system 

development.  These conditions contribute to training disruption and subsequent alluvial 

sedimentation of downstream waterbodies.  Natural Resources Conservation Service 

(NRCS) and Integrated Training Area Management (ITAM) land managers have 

implemented numerous erosion-reducing BMPs across the Fort Hood reservation.  Two 

in particular, Maneuver Access Structures (MAS), or gully plugs, and Mechanical 

Treatment (MT), deep soil ripping on the contour, were heavily implemented in the Shoal 

Creek watershed.  Blackland Research and Extension Center (BREC) staff members 

measured stormwater runoff and associated sediment loads from this watershed for five 

years before and four years after the BMPs were installed.  Differences in storm runoff 

and sediment loss before and after BMP implementation were compared using non-

parametric statistical methods to quantify BMP effectiveness.  BMPs reduced mean storm 

runoff by 60 percent and sediment concentration in runoff more than 79 percent.  Mean 

sediment load per storm event was reduced greater than 90 percent.  Water quality data 

quantified the BMPs effectiveness of reducing storm runoff, and associated erosion, in 

heavily disturbed landscapes.     



 

INTRODUCTION 

 

In 1995 the Texas Agricultural Experiment Station’s Blackland Research and 

Extension Center (BREC) along with the Natural Resources Conservation Service 

(NRCS) and Fort Hood Integrated Training Area Management (ITAM) staff, 

implemented a reservation-wide surface water monitoring program, which included over 

a dozen stream gauging stations equipped with automated stormwater runoff sampling 

capabilities.  This network was deployed to help Fort Hood resource managers track and 

assess their watershed management and protection plans.  Coordinated efforts by BREC, 

NRCS and ITAM assist Fort Hood land managers in maintaining high quality training 

areas while protecting water resources for future generations.  Lake Belton lies adjacent 

to Fort Hood along its eastern boundary and is the water supply for the surrounding 

population of more than 250,000 people.  The Temple-Belton-Killeen Metroplex in 

Central Texas is currently experiencing substantial economic growth and its population is 

expected to double by 2050 making water from Lake Belton an extremely important 

commodity.   

Fort Hood is a United States Military Reservation located on the northern end of 

the Edwards Plateau in Central Texas approximately 100 kilometers north of Austin.  The 

reservation established in 1942 encompasses some 88,000 hectares with just over 26,000 

hectares assigned to vehicular maneuver training.  Fort Hood accommodates two armored 

divisions and support groups including:  Headquarters III Corps, the 1st Cavalry 

Division, 4th Infantry Division, 13th Corps Support Command, 3d Signal Brigade, 89th 

Military Police Brigade, 504th Military Intelligence Brigade, 21st Cavalry Air Combat 



 

Brigade, and 31st Air Defense Brigade (Jones 2005).  Almost 12,000 tracked and 

wheeled vehicles use Fort Hood including: the M1A2 Abrams Main Battle Tank, the 

M2A2 Bradley Infantry Fighting Vehicle, the M109A6 Paladin Howitzer, the familiar 

“HUMMWV”, and a fleet of large cargo, transport, and support trucks.  In addition, there 

are considerable numbers of civilian off-road vehicles and heavy land-moving equipment 

in use (Kramer 1999).   

The varied traffic experienced in the maneuver training areas provides a 

significant source of ground disturbance resulting in vegetative cover loss, soil 

compaction and bare ground exposure (Anderson et. al. 2005).  Althoff and Thein (2005) 

measured significantly reduced vegetative biomass, higher soil bulk densities, and 

decreased soil porosity within tank tracks at Fort Riley, Kansas while Fuchs et. al. (2003) 

correlated sediment loss with plant cover affected by M1A1 tank traffic, at the Fort Bliss 

Military Reservation in New Mexico.   Range grass establishment and rhizome 

production at the Yakima Training Center in Washington were negatively impacted by 

tracked vehicle pressure with trafficked areas showing decreased vegetative cover and 

increased bare-ground (Palazzo et. al. 2005).   Disturbance during wet conditions 

amplifies the effects and subsequent land degradation (Althoff and Thein 2005, Fuchs et. 

al. 2003).  Most of this disturbance has been measured through direct ground 

measurement, aerial photography, and satellite imagery techniques (Herl et. al. 2005, 

Palazzo et. al. 2005).    

The high traffic volume when combined with vegetative cover loss and seasonal 

heavy rainfall events leads to soil erosion and entrainment of eroded soils in storm runoff 

(Althoff and Thein 2005).  Unchecked, eroding gully systems worsen and may affect a 



 

significant portion of the catchment.  Additionally, eroded gullies contribute significant 

amounts of sediment to local streams and lakes where it may be stored for long periods of 

time (Gomez 2003).  The sedimentation experienced by Lake Belton has been identified 

as Fort Hood’s prime environmental concern by Fort Hood land managers. Aerial photos 

from 1995 and 2000 show visible alluvial delta formation in the Cowhouse Creek arm of 

Lake Belton.  In addition to environmental impacts, gully formation from channel erosion 

results in loss of valuable training area by posing a hazard to vehicular and foot traffic.   

Considerable time and effort has been spent to predict the impacts of military 

maneuvers on training area conditions and determining the best mitigation plans using 

computer modeling techniques.  Modeling, when coupled with empirical measurements, 

allows land managers to predict erosion potential based upon landscape characteristics 

and land use activity (Anderson et. al. 2005, Harrison and Doe 1997).  Many best 

management practices (BMP) developed to address erosion and sediment control on 

military reservations can be modeled prior to actual installation.  This helps land 

managers select, size, and place appropriate BMPs with efficiency in order to gain 

maximum training, environmental, and economic benefit (Warren et. al. 2000).   

While most studies focus on training impacts and computer modeling to predict 

future impacts, less attention is paid toward assessing BMP effectiveness to restore and 

maintain training lands to usable status.  The costs associated with BMP implementation 

can be significant; therefore a clear understanding of the improvement gained from a 

particular BMP has training, ecological, and economic worth.  In this report, we 

demonstrate how storm water runoff data may be useful for quantifying erosion-reducing 

BMP effectiveness at the watershed scale.  Our results have allowed land managers to 



 

promote two specific BMPs and justify their investments.  Furthermore, these data can be 

used to develop and calibrate the many computer model routines designed for use on 

military lands.   The ability to predict training impacts should be augmented with the 

ability to predict effectiveness of specific land management strategies. 

Water mediated erosion is a function of storm water runoff, local geology, and 

land use (Hauer and Lamberti, 1996).  We measured the storm flow, sediment 

concentration in those flows, and determined the sediment mass lost from training areas 

for more than ten years in several Fort Hood sub-watersheds.  Comparing the pre and 

post BMP storm event variables, normalized by precipitation, provided a quantitative 

measurement of BMP effectiveness to reduce runoff and erosion.  The method could be 

easily adapted to measure the trends for other water-born constituents such as petroleum 

products, nutrients, or other toxicants.  

Two BMPs extensively implemented at Fort Hood are Maneuver Access 

Structures (MAS); rock cobble dams placed perpendicular to the slope within gully 

systems (NRCS 2000), and large area Mechanical Treatment (MT), contour ripping of the 

soil profile (NRCS 2001).  Both BMPs are designed to slow or reduce stormwater runoff.  

Since water mediated erosion is a function of runoff, these BMPs ultimately reduce 

erosion. 

MT, such as pitting, contour furrowing or sub-soiling, modify the physical soil and 

plant conditions resulting in reduced storm water runoff and increased infiltration (NRCS 

2001).  Ripping the soil on the contour accomplishes several things that directly affect 

runoff and sediment loading.  During a large storm event, overland flow is intercepted 

and drains into the fractured soil profile.  This BMP, when heavily implemented (Figure 



 

1), effectively eliminates overland flow and runoff channelization.  There is some 

evidence of increased soil moisture in the ripped areas enhances seed germination, 

survival, and growth which leads to increased vegetative cover.  The improved vegetation 

further decreases overland flow and erosion by slowing runoff from large storm events.   

MAS have many names; gully plugs, check dams, rock crossings, etc.  They are 

constructed from stone cobble ranging from 0.2 to 0.3 meters in diameter that is precisely 

placed within an eroding channel using earth-moving equipment.  The resulting 

permeable dam is placed perpendicular to the eroding channel spanning the distance 

between the banks.  Successive gully plugs are installed in “stair-step” fashion with the 

top of one roughly equal in level to the base of the one preceding it (Figure 2).  These 

structures are typically 10 to 15 meters in length, 4 to 6 meters in width, and 1 to 3 meters 

high but actual dimensions depend upon the size of the channel within which they are 

located (NRCS 2000).  They function by temporarily ponding overland flow from large 

rain events and permitting slow drainage through the structure.  This reduces the energy 

of the flowing water such that sediment loads are deposited in the channel directly above 

the gully plug (Kramer 1999).  Visual observation indicates sedimentation is occurring 

above the MAS in the Shoal Creek Watershed and the gullies are gradually filling in. 

  Additionally, the MAS improve training area safety as military personnel enjoy 

increased maneuverability in locations where MAS are installed.  The structures are 

designed to support tracked and wheeled vehicle traffic, thus providing needed maneuver 

lanes across the training area.  Limestone formations dominate the Fort Hood landscape 

and is the material mined for MAS construction.  The rock cobble is a bright white 

making the structures easily visible during the day.  They exhibit a unique heat signature 



 

easily recognized with night vision equipment.  This design artifact promotes safe 

maneuvering across the training areas both day and night.   

MATERIALS AND METHODS 

Experimental Area:    Fort Hood’s landscape is generally rolling with interspersed 

ridges and plateaus where elevations range from 120 to 180 m above mean sea level.  The 

average annual precipitation for the area is approximately 310 mm.  Historically Fort 

Hood was covered with tall grass prairies and several small mountain ranges.  Much of 

the area has been forever changed by military activity.  Shifts in plant community 

structure are noticeable.  The vegetation now present on the installation is the result of 

many variables operating over the past five decades including; the extent of vehicular 

ground disturbance, restoration/maintenance activities, livestock grazing, and climatic 

conditions (Jones 2005).   

The Shoal Creek watershed is located in the northwest corner of Fort Hood.  It 

comprises 22.5 square kilometers and 95 percent is contained within the reservation 

boundary.  Two soil types dominate the area, Slidell and Ulysses.    Slopes range from 3 

to 20 percent and numerous limestone based ridges rise up to 60 m in elevation from the 

lower prairies.  The prairie areas receive the maximum impacts from tracked and wheeled 

vehicular traffic and therefore suffer the greatest impact.   As of 2001, over 63 km of 

eroding gullies were mapped within this area.  BREC began collecting storm water runoff 

data in this watershed in 1997.   

Water Quality Monitoring Equipment:  The stream gauging station was placed at 

the Shoal Creek basin outflow and outfitted with an equipment shelter, a solar panel / 

battery power supply system, an ISCO 4230 Bubble Flow Meter (ISCO, Inc., Lincoln, 



 

NB), an ISCO 3700 Automated Water Sampler, and a Texas Electronics TX25 (Texas 

Electronics, Dallas, TX) tipping bucket rain gauge (Figure 3).  The equipment shelter was 

located approximately 5 meters above the channel bottom such that the electronic 

equipment was safe from submersion due to flood conditions.  It was also positioned so 

that the solar panel and rain gauge received full exposure to the sky.  The ISCO 4230 

Bubbler Flow Meter determines stream stage by forcing a metered amount of air, 

supplied by an internal air compressor, through a 5 mm vinyl tube to an outlet fastened 

near the channel bottom.  The pressure needed to force air through the line is calibrated to 

the corresponding stream stage.   A 10 mm vinyl tube connects the ISCO 3700 automated 

water sampler to its sampling point adjacent to the bubble flow meter outlet point.  The 

tubing for both the bubble flow meter and automated water sample tubing were housed in 

a 25 mm polyethylene irrigation conduit pipe to add protection.  The gauging station was 

visited every 7-10 days to service and download data from the electronic equipment, 

check battery voltage, and check for unexpected damages due to vandalism, insects, 

rodents, etc.  Numerous unexpected problems were corrected during these routine 

maintenance visits insuring that the gauge would function and collect data during 

stormwater runoff events.       

Stream discharge determination:  Water velocity at the gauge location was 

estimated mathematically using Manning’s equation (Grant and Dawson 1995).  A stream 

cross-sectional and slope survey was conducted at the gauging point using a tape and 

transit while Manning’s roughness coefficient was estimated through a visual assessment 

using USDA descriptions (Brakensiek 1979).  These data were used to calculate a stream 

stage-discharge relationship with FlowMaster PE 6.0 software (Haestad Methods, Inc., 



 

Waterbury, CT).  The ISCO 4230 bubble flow meter was programmed with the stage-

discharge relationship data to yield estimates of continuous stream flow, above the air 

bubble outlet, and stormwater sampling elevation.  The experimental period yielded a 

total of 51 useable storm runoff data points with 29 pre BMP events and 22 post BMP 

events. 

Automated water sampling:  Stormwater runoff samples were collected with 

ISCO 3700 automated samplers.  This equipment, which can collect up to 24, discrete, 

one liter samples, was programmed to collect samples at 30 minute intervals when 

sufficient flow depth to cover the sampler intake was present (approximately 40 cm).  

Many decisions must be made to design a sampling configuration and collection scheme 

employed at a particular location (Harmel et. al. 2002).  In this case, the sample intake, 

and bubble outlet lines were offset from the channel bottom for physical protection.  The 

Shoal Creek watershed, pre 2001, exhibited dramatic stormwater flows with 

accompanying high sediment loads.  The bubble outlet and intake lines required 

excavation from deposited sediment in the stream channel multiple times until they were 

finally raised to the current position.  An average storm event in this watershed produced 

a one to four hour runoff event with three to eight runoff samples.  Whenever possible, 

three samples were selected for laboratory analysis of entrained sediment.  These 

included:  the first sample collected, the sample closest to the maximum height of the 

hydrograph, and the sample closest to the middle of the descending arm of the 

hydrograph.        

Sediment Determination:  All stormwater runoff samples were transported to the 

BREC Water Science Laboratory as soon as practical following a storm event where they 



 

were stored at 4 degrees Celsius until analysis.  The measurement of total suspended 

solids (TSS) was used to determine the suspended sediment load in storm runoff events.  

TSS concentrations were determined gravimetrically using Standard Method 2540 D, 

total suspended solids dried at 103-105 οC (Standard Methods 2005).    Suspended 

sediment loads per individual runoff event were calculated by associating measured flow 

data with measured TSS concentrations.  The runoff hydrograph, from individual storms, 

was divided into sections representing the individual time interval in which each TSS 

sample was collected.  Sample concentrations were then multiplied by the runoff volumes 

for each time segment of the runoff event to determine the mass of suspended sediment 

entrained in the associated runoff volume.   

BMP Implementation:  The Shoal Creek watershed received two concurrent BMP 

treatments.  With a severely eroded gully system threatening training interruptions and 

downstream environmental consequences, NRCS and ITAM personal implemented MAS 

(gully plugging) and MT (contour ripping) management practices to mitigate the 

problem.  A total of 211 MAS, were installed in the Shoal Creek watershed. 135 were 

placed in the eroding channel system between August and November of 2002 and an 

additional 76 were installed between May and June of 2003.  Contour ripping was 

implemented within the Shoal Creek watershed in the summer of 2002.  A bulldozer 

equipped with two 0.5 meter chisels, set on a 2.5 meter center, and a Global Position 

System (GPS) receiver allowed the operator to follow the terrain contour and rip the 

ground to an effective depth of approximately 0.1 to 0.25 meters.  Rips were spaced an 

average of 5 meters apart.  1512 acres, or 22%, of the watershed was ripped in November 



 

and December of 2001.  Storm water monitoring commenced in 1997 and continued 

through the winter of 2005-2006.   

Statistical Procedure:  Erosion and runoff were evaluated as functions of 

precipitation.  In order to discount the possibility that observed differences between the 

two periods were due to precipitation, cumulative and maximum rainfall amounts per 

storm event were compared between the pre and post BMP periods using a non-

parametric Wilcoxon statistic (Ott 1992).  This test was chosen over the more familiar 

students-t test because precipitation data did not fit a normal (Poisson) distribution.  

Following the examination of precipitation, comparisons of standardized response 

variables between the two periods were carried out.  The measured response variables, 

due to land management BMPs, included: runoff volume, TSS concentration, and total 

sediment load as TSS entrained per storm event.  All response variables were 

standardized by precipitation amount and intensity to account for any measured effects 

due to precipitation rather than the BMPs treatment.  A total of 29 pre BMP events and 

22 post BMP events were compared for this analysis.  All statistical calculations were 

performed using Statistical Analysis System’s JMP 5.0 software (SAS Inst., Cary, N.C.).   

RESULTS 

 Wilcoxon (Rank Sums) results for cumulative precipitation per event, maximum 

precipitation per hour per event, and response variables standardized by cumulative 

precipitation per storm event and by maximum precipitation per hour per storm event are 

presented in Table 1.   Precipitation amounts and intensities were not statistically 

different between the pre and post BMP periods (Prob> Z = 0.8195 and 0.7826 

respectively).  However, all standardized response variables were significantly different 



 

between the two periods (Prob< Z = 0.0003 or better).  Means were calculated for all 

response variables and the percentage change was determined between the two periods.  

Results are shown in Table 2.  Cumulative precipitation was plotted against runoff depth 

for the pre and post BMP periods (Figure 4).  A noticeable difference between the two 

periods is expressed.  Similarly, maximum stream flow was plotted against total 

suspended solids (Figure 5).  The mean values for both maximum stream flow and total 

suspended solids were reduced between the pre and post BMP periods. 

DISCUSSION 

Erosion of the Shoal Creek watershed was reduced more than ninety percent 

between the pre and post BMP periods as a result of installing 211 gully plug dams 

within eroding gully channels and deep contour ripping 22% of the area.  There was no 

statistical difference in cumulative precipitation or maximum precipitation per hour 

between the two monitoring periods indicating that the observed differences were not due 

simply to weather patterns.  However, all standardized response variables were 

statistically different between the pre and post BMP periods (Table 1).  These data 

indicate that measured differences were due directly to BMP effect.  Mean runoff was 

reduced 61%, mean TSS was reduced 70%, and mean sediment load was reduced 91% 

between pre and post BMP periods (Table 2).   

Mechanisms involved in these reductions are physical in nature.  Intercepting 

storm water runoff by MT (contour ripping) reduces runoff volume by increasing soil 

infiltration.  The mass of entrained constituents lost from the watershed was subsequently 

decreased as less water volume was discharged per storm event.  Figure 4 demonstrates 

that runoff volumes were reduced between the two treatment periods, in response to 



 

precipitation.  The result is statistically inferred as a result of BMP implementation.    

Slowing storm water runoff using MAS (gully plugging) in eroding channels decreases 

the flow energy reducing channel erosion and allowing suspended sediment to settle.  

This lowers the sediment concentration in the remaining flow and is evident in Figure 5 

which illustrates lowered sediment concentration (mg/L) associated with peak flow 

energies (m3/s) per storm event for the pre and post BMP implementation periods.  

Lower energy in storm flows when combined with lower sediment concentrations 

ultimately results in significantly reduced sediment loads being lost from the training area 

(Table 2).  The management practices reduced both runoff energies and volumes which in 

turn reduced erosion and subsequent sedimentation of local waterbodies.  Water quality 

and quantity monitoring proved to be useful for evaluating BMP effectiveness.  Based on 

these results, we can highly recommend the use of MT and MAS to reduce storm water 

runoff and associated erosion.    

It should be noted that the effectiveness of these BMPs is temporary.  Contour 

rips will eventually settle leading to reduced storm water infiltration and increased runoff.  

NRCS estimates that MT (contour ripping) effectiveness will last between 5-7 years 

depending upon weather conditions and military activity.  Similarly, gullies containing 

MAS will fill in with deposited sediment leading to eventual overtopping and new gully 

formation.  No estimate yet exists regarding MT or MAS life expectancy; however, as 

BREC continues to monitor storm runoff and sediment losses from the Shoal Creek 

watershed this issue will be addressed.  Over time we expect to track the reduction of 

BMP effectiveness evident as increased storm flows and sediment loss.  Finally, the 

individual BMP effect cannot be separated within the study confines.  The primary 



 

function of Fort Hood training areas is military training and conducting research is 

secondary.  BREC and cooperating partners must work within these constraints.   

CONCLUSIONS 

Water quality data analysis allowed BREC staff to determine BMP effectiveness 

and give Fort Hood land managers a tool to justify BMP costs and for tracking training 

area conditions.  The ongoing assessment of BMP performance will help make decisions 

as to when to add new or re-implement older BMPs.  A successful program to sustain 

usable training areas should adopt the idea that BMPs are not one-time endeavors but 

rather an ongoing process.  Training lands will not sustain themselves when subjected to 

the constant pressures of military maneuver activities.  Controlling storm water runoff is 

the key to reducing water mediated erosion.  This study demonstrates that use of MT 

(contour ripping) and MAS (gully plugging) to control water mediated erosion is highly 

effective during the first three years following installation.  Continued water quality 

monitoring will help Fort Hood land managers determine when BMPs begin to lose 

effectiveness and when to re-apply the treatment.   
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