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Abstract. Understanding the link between terrestrial and aquatic systems is important
because disturbance to terrestrial systems may also influence stream processes. Military
training lands provide a unique opportunity to examine the influence of large-scale dis-
turbance on terrestrial and aquatic communities in the absence of other anthropogenic
disturbances (e.g., agriculture, urbanization). The objective of this study was to determine
the effects of past mechanized infantry training on terrestrial and aquatic ecosystem prop-
erties on Fort Riley Military Reservation in northeastern Kansas. We used a long-term data
set and supplemental study plots to determine the effects of military training use on ter-
restrial systems. Headwater and middle stream reaches were also sampled to determine the
effects of watershed training use on habitat and fish community structure. High military
training use was associated with increased bare soil, reduced total plant cover, and com-
positional shifts in plant communities. Reduced cover of perennial, matrix-forming grasses
and native species, and increased cover of annuals and introduced species were also as-
sociated with high training activity. High military training use in study watersheds was
associated with increased sediment in pools and riffles and reduced abundance of benthic
insectivores, herbivore–detritivores, and silt-intolerant species. Sites in watersheds receiv-
ing high training use were also characterized by an abundance of trophic generalists and
tolerant species. Our results suggest that military training activities had significant eco-
logical effects on the properties of terrestrial and aquatic ecosystems, both with respect to
recovery from past disturbance and resilience to future disturbance.

Key words: community structure; disturbance; Flint Hills; Fort Riley Military Reservation, Kan-
sas; tallgrass prairie; military training; watershed.

INTRODUCTION

Since the settlement of the Great Plains grasslands
of North America, human land use has increasingly
dominated native grassland systems. Historically, the
structure and function of these grasslands was primarily
a function of interactions among climatic variability,
native ungulate grazers, and periodic fires (Knapp et
al. 1998). The aquatic systems draining these grass-
lands display community structure and productivity dy-
namics dominated by patterns of terrestrial runoff,
which is in turn governed by variability in precipitation
patterns, underlying geology, and characteristics of ter-
restrial vegetation cover (Axelrod 1985, Matthews
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1988, Resh et al. 1988). Central Plains grasslands now
occupy a fraction of their original area due to the ex-
pansion of row-crop agriculture and urban areas. The
remaining native grasslands have experienced alter-
ations in climatic regimes, replacement of native graz-
ers by domestic cattle, changes in fire frequency, and
introductions of non-native invasive species, leading
to shifts in the species composition and productivity
of both terrestrial and aquatic systems (Knapp et al.
1998, Kemp and Dodds 2001, Schrank et al. 2001).

In some parts of the Central Plains, grasslands con-
trolled by the U.S. Army are subject to additional im-
pacts from training exercises. Typical military land use
includes maneuvers by large, tracked and wheeled ve-
hicles that can traverse thousands of hectares in a single
training exercise. These activities cause impacts rang-
ing from minor soil compaction and lodging of standing
vegetation to severe compaction and complete loss of
vegetative cover in areas with concentrated training use
(Wilson 1988, Milchunas et al. 1999). Some military
training sites are larger than many national parks and
refuges, are often relatively isolated, and have expe-
rienced little or no urbanization (Cohn 1996). As a
result, these ecosystems are also increasingly important
reserves of habitat for populations of native species
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(Shaw and Diersing 1989, Cohn 1996). Thus, military
land managers face the conflicting demands of balanc-
ing the primary military mission with legal require-
ments to protect land and water quality and endangered
species (U.S. Army 1994, Cohn 1996, Milchunas et al.
1999).

In response, the Army has developed the Land Con-
dition Trend Analysis (LCTA) program to systemati-
cally monitor terrestrial impacts from military training
and to support the mitigation and remediation of se-
verely impacted training lands. Because of the func-
tional linkages between terrestrial and aquatic systems,
an important question is whether the terrestrial LCTA
monitoring program can be used to predict changes in
aquatic systems caused by terrestrial training activities.
The U.S. Army manages ;4.8 3 106 hectares of land
for military training and in some grassland regions,
Department of Defense lands account for over 75% of
all federal land holdings (Shaw and Diersing 1989).
Thus, the utility of LCTA to account for both terrestrial
and aquatic communities is important for military land
managers. In addition, comprehensive studies have not
been conducted to determine the influence of training
on aquatic communities. Therefore, this study sought
to determine to what extent LCTA monitoring of ac-
cumulated military training use and terrestrial plant
cover and composition served to characterize stream
ecosystem properties at an Army installation in mesic
tallgrass prairie in northeastern Kansas.

STUDY AREA

Fort Riley Military Reservation is a 40 200-ha U.S.
Army installation in northeast Kansas. Fort Riley was
established in 1853 and currently serves as a combat
training ground for mechanized infantry units. Large
numbers of tanks, artillery, tracked-personnel carriers,
and support vehicles engage in spatially extensive,
year-round maneuver training (U.S. Army 1994). These
maneuvers are generally concentrated in a 26 400-ha
area in the central and northern portions of the instal-
lation (Fig. 1).

Fort Riley is on the western edge of the Flint Hills,
a region in eastern Kansas that contains the largest
contiguous remnant of tallgrass prairie in North Amer-
ica (Bragg and Hulbert 1976, Zimmerman 1985, Lauver
1994). The eastern portion of Fort Riley displays to-
pography and vegetation typical of the Flint Hills, with
an underlying substrate of alternating layers of lime-
stone and shale, and vegetation dominated by a group
of highly productive, warm-season C4 grasses mixed
with a diverse assemblage of annual and perennial forbs
(Freeman 1998). The western portion of Fort Riley ex-
hibits less relief, deeper soils, and a plant community
undergoing succession back to native prairie from cul-
tivation prior to annexation by the Army in the 1960s.

Fifteen streams are located on Fort Riley, including
portions of the Kansas and Republican rivers. Most of
the streams are perennial due to groundwater inputs

and few are impounded. Nearly all of the streams orig-
inate in the central portion of Fort Riley and are com-
pletely contained within the boundaries of the instal-
lation (Fig. 1). Riparian vegetation is confined to rel-
atively narrow corridors along the streams, covering
;5–10% of the installation. Dominant riparian species
include Quercus spp. and Celtis occidentalis.

The streams of Fort Riley are typical of streams in
the Flint Hills, having relatively steep gradients with
eroded limestone and shale forming the dominant sub-
strate (Metcalf 1966). Due to the lack of intensive row-
crop agriculture and other large-scale anthropogenic
disturbances, most Flint Hills streams have well-de-
veloped pool–riffle sequences and large substrates
(Tripe and Guy 1999). In addition, Flint Hills streams
support the most diverse fish fauna in the Kansas River
Basin (Metcalf 1966), and in many streams, the fauna
includes threatened and endangered species, such as
Notropis topeka.

METHODS

Our study consisted of three major components: (1)
determining the accumulated level of impacts from mil-
itary training activity on terrestrial vegetation cover
and species composition as indicated by LCTA mon-
itoring on Fort Riley from 1989 through 1996, (2) a
detailed assessment of vegetation cover and species
composition on supplemental transects, and (3) char-
acterization of stream habitat quality and fish com-
munities.

Disturbance history and vegetation

The accumulated levels of military land use impacts
and vegetation cover and composition in the study wa-
tersheds were compiled from 79 permanent LCTA tran-
sects, a subset of 160 permanent LCTA transects. The
transects were sampled once each growing season. Be-
cause of access limitations imposed by military training
activities, sampling was conducted from May through
August each year.

Transect sampling procedures followed LCTA stan-
dard methods (Diersing et al. 1992, Tazik et al. 1992).
Observations were made at 1-m intervals along each
100-m transect. Each point was assigned to one of five
standard categories of visually evident military training
use (none, pass, trail, road, other). Most sample points
(68% of all observations between 1989 and 1996) re-
corded no visible evidence of military training use.
When a disturbance from training was observed, most
(30%) were assigned ‘‘pass,’’ which describes lodged
vegetation or other impacts from random, one-time ve-
hicle passage. The other categories (trail, road, and
other) were assigned to only 2% of the observations.
These categories denote more persistent impacts, such
as regularly used off-road vehicle paths or various non-
vehicular disturbances. The training use categories do
not describe when training occurred, only that there
was visual evidence of training use at the time of ob-
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servation. Wildfires and prescribed burns were not ac-
counted for in our analysis, since Fort Riley does not
maintain records of the locations of wildfires or pre-
scribed burns.

A military training index was estimated for each year
by tabulating the number of points per transect with
evidence of military training use, converting to percent,
and then averaging over the eight years of sampling
(1989–1996). Mean military training index values over
all transects and years was 31.8% (SD 5 19.0; CV 5
86.0). The coefficient of variation decreased in tran-
sects with high mean training index values (r 5 20.71,
P 5 0.0001), indicating that plots with high frequencies
of observed impacts tended to be consistently high
through time due to either early, persistent impact, or
repeated use. Weighting schemes to incorporate the se-
verity or persistence of each training use category (e.g.,
pass, trail) were considered in preliminary analyses,
but had little effect on training index values and were
omitted.

When the observations were made to assess military
training impacts, vegetation cover and species com-
position were also characterized using a point-intercept
method. If no vegetative cover was present, the sam-
pling point was categorized as bare soil, and the number
of such points was used as an estimate of percent bare
soil for each transect. Species richness and the Shannon
diversity index were also calculated for each transect.

To corroborate and extend the LCTA characteriza-
tion of training use and plant community structure, 20
supplemental 60-m transects were established in 1996
throughout the study watersheds where nearby LCTA
transects and site visits indicated either high (80.9 6
0.04 [mean training index 6 1 SE]) or low (25.5 6
0.04) levels of military training use (Fig. 1). Supple-
mental transect locations were chosen to minimize to-
pographic variation, an important influence on plant
species composition in the Flint Hills (Knapp et al.
1998). Training use was quantified with LCTA methods
along each transect. In addition, three 10-m2 circular
subplots were overlaid on the transect to further quan-
tify cover of each plant species and bare soil. A mod-
ified Daubenmire technique (Daubenmire 1959) was
chosen because this method records more species than
the point-intercept method. Vegetation was sampled on
the subplots in mid-June and August in 1996 and 1997,
and the maximum cover value for each species was
retained for analysis. Species cover was tabulated by
life history strategy (annual, perennial) and growth
form (forb, grass), and used to calculate species rich-
ness and diversity. All but one supplemental transect
burned at least once in either prescribed or accidental
fires during the study.

Aquatic community sampling

Stream habitat and fish communities were sampled
during June and July 1997 and 1998 from 14 reaches
in 10 streams (Fig. 1). The 14 reaches were delineated

as headwater or middle (mid-) reaches based on drain-
age area (headwater 5 0.0–9.0 km2 and mid-reaches
5 9.1–20.0 km2). Two sites were randomly selected per
reach for sampling of habitat and fish community char-
acteristics. Site length was generally 35 times the mean
stream width (Lyons 1992, Simonson et al. 1994), with
a maximum length of 300 m. Preliminary analyses in-
dicated that habitat and fish communities were similar
between years; therefore, sites and years were aggre-
gated by stream and reach for a total of eight headwater
and six mid-reaches (Fig. 1).

Habitat and fish community sampling was conducted
in 112 pool and 106 riffle macrohabitats within these
reaches. Well-defined run macrohabitats were absent.
Stream width, depth, current velocity, and substrate
particle size were measured at four equidistant points
and the midpoint along transects spaced at 0.25 and
0.75 times the length for macrohabitats #30 m long
and at 0.25, 0.50, and 0.75 times the length for ma-
crohabitats .30 m. Mean water column velocity was
measured with a Marsh-McBirney Flowmate 2000
flowmeter (Marsh-McBirney, Incorporated, Frederick,
Maryland, USA) following the guidelines of Buchanan
and Somers (1969). Substrate particle size was clas-
sified on a modified Wentworth scale (Cummins 1962),
except for the inclusion of a bedrock category and pool-
ing of sand categories. Riparian canopy cover was mea-
sured with four readings from a spherical densiometer
at the stream margins, and upstream and downstream
at the midpoint of each transect (Murphy et al. 1981).
Stream morphology and riparian cover data were av-
eraged by macrohabitat for both reach types.

Fish communities were sampled by conducting one
upstream-electrofishing pass per macrohabitat with a
Smith-Root Model 15-C backpack electrofisher (Smith-
Root Incorporated, Vancouver, Washington, USA),
supplemented by two seine hauls (bag seine: 7.6 3 2.0
m with a 1.0 3 1.0 m bag and 6.0-bar mesh; Hoyt et
al. 1979, Bayley and Dowling 1990, Reynolds 1996).
All fish were identified in the field and counted. Each
fish species was categorized into trophic guilds
(Schlosser 1982, Gorman 1988, Cross and Collins
1995, Pflieger 1997): benthic insectivore, generalized-
insectivore, herbivore–detritivore, insectivore–pisci-
vore, omnivore, and surface- and water-column insec-
tivore (see Appendix). Several species were also cat-
egorized as tolerant or intolerant of sedimentation
based on their habitat and reproductive requirements
(Cross and Collins 1995, Pflieger 1997). The abun-
dance of fishes by species, trophic guilds, and tolerance
categories was indexed as catch per unit of effort
(C/f 5 number of fish per minute of electrofishing).
Seining and electrofishing data were combined to cal-
culate species richness and Shannon’s index.

Statistical analyses

Associations of plant and bare soil cover with mean
training index values were quantified by regression
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FIG. 1. Satellite image of Fort Riley Military Reservation in the Flint Hills region of northeast Kansas (1997). Light
green regions indicate areas of low vegetative biomass, and red areas are regions of high biomass. White squares (high
training use) and triangles (low training use) represent supplemental transects sampled during June and September 1996 and
1997. Yellow symbols represent headwater (circle) and middle (diamond) stream reaches sampled during 1997 and 1998.

analysis (Ott 1993). The LCTA and supplemental tran-
sects were pooled in the regressions because prelimi-
nary analyses indicated similar relationships for the
two transect types. Plant cover by species, growth form
(grass or forb), life history (annual or perennial), and

origin (native or introduced) of plants on supplemental
transects were assessed using repeated-measures anal-
ysis of variance (ANOVA; Littell et al. 1996). Fre-
quency of silt substrate, fish abundance, and training
index associations were examined with separate re-
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FIG. 2. Relationships between mean training index values and species richness, species diversity (H9), total cover of
vegetation, and bare soil in watersheds surrounding stream reaches on Fort Riley Military Reservation, Kansas (USA).

gressions for pool and riffles in headwater and mid-
reaches. Mean training index values, fish functional
group abundance, species richness, and diversity in
pool and riffles were compared between reaches using
ANOVA.

RESULTS

Disturbance history and vegetation

Military training activities varied considerably in the
study watersheds. Several watersheds had training use
index values ,25%, but the majority were .50% (Fig.
2). Training activities were strongly associated with
plant community characteristics and the amount of bare
soil (Fig. 2). Plant species richness, species diversity,
and total cover decreased with increased training use
of the watershed. Conversely, cover of bare soil in-
creased with military training use, reaching over 35%
on several areas.

Examination of the training use index values in Fig.
2 indicates two broad categories of military training:
low use (,30%) and high use (.40%). Therefore, cov-
er of vegetation on supplemental transects was pooled
into either high or low training use categories (Fig. 3).
High military use was associated with reduced cover
of perennial grasses (e.g., Adropogon gerardii, A. sco-
parius), perennial forbs (e.g., Artemisia ludoviciana,
Schrankia nuttallii), and native species (e.g., Andro-
pogon spp., Sporobolus asper), and increased abun-
dance of annuals (e.g., Aristida oligantha, Helianthus
annus) and introduced species (e.g., Bromus inermis,
Lespedeza stipulacea).

Aquatic habitat and fish community characteristics

Military training use in the watershed was strongly
associated with habitat quality and fish community
composition. Military training index values were sig-
nificantly higher (P 5 0.02) in headwater reaches
(47.6% 6 8.0 [mean 6 1 SE]) compared to mid-reaches
(18.7% 6 5.6). Mean depth, current velocity, and width
were generally higher in mid-reaches compared to
headwater reaches, but the differences were not sig-
nificant (P . 0.05). Riparian canopy cover averaged
over 80% at all sites and was not significantly different
between reaches or habitat types (P . 0.05). The pro-
portion of silt substrate in riffle habitats was similar
(P 5 0.99) between headwater (33.7% 6 11.7) and
mid-reaches (33.7% 6 8.8), while pools from head-
water reaches (65.4% 6 6.7) had significantly more silt
substrate (P 5 0.02) than mid-reaches (38.3 6 7.7).
Military training index values in the watershed were
positively correlated with percent silt substrate in pools
and riffles from both reach types (Fig. 4).

Fishes representing 29 taxa and 6 families were sam-
pled from all of the study reaches. Fish species richness
and diversity were lower in headwater reaches com-
pared to mid-reaches and was especially evident in pool
macrohabitats (Table 1). Similar to terrestrial plant
communities, military training in the watershed was an
important factor influencing fish community compo-
sition. Species richness and diversity in headwater
reaches were inversely correlated with training index
values, but the relationships were not significant (Table
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FIG. 3. Total cover of vegetation by life his-
tory and growth form on supplemental transects
grouped into high and low training-use cate-
gories (see Methods, Disturbance history and
vegetation). Key to abbreviations: P, perennial;
A, annual; G, graminoid; F, forb; N, native; I
introduced). Error bars represent one standard
error. An asterisk represents a significant dif-
ference (P # 0.05) between plots with histories
of high and low military training use.

FIG. 4. Relationships between military
training use and percent silt substrate in (P)
pools and (R) riffles sampled from (H) head-
water and (M) middle stream reaches sampled
on Fort Riley Military Reservation during June
and July 1998 and 1999.

1). Species richness and diversity in headwater reaches
were relatively low and exhibited low variation, which
likely explains the lack of statistically significant re-
sults. Fish species richness and diversity showed op-
posite trends at mid-reach sites where richness and di-
versity increased with military training use.

Silt-tolerant species and omnivores (e.g., Pimephales
promelas) often dominated fish communities in head-
water reaches, but their abundance was not correlated
with training index values in the watershed (r , 0.40,
P . 0.05). Rather, catch rates of benthic insectivores
(e.g., Etheostoma spectabile, Catostomus commerson-
ii), herbivore–detritivores (i.e., Campostoma anomal-
um), and silt-intolerant species (e.g., E. spectabile,
Phoxinus erythrogaster) in headwater reaches de-
creased in pool and riffle macrohabitats with increased
military training (Fig. 5). In mid-reaches, abundance
of insectivore–piscivores (e.g., Lepomis cyanellus, L.

humilis), omnivores (e.g., Pimephales promelas, P. no-
tatus), and silt-tolerant species (e.g., Pimephales spp.,
Cyprinella lutrensis) increased with military training
use in the watershed (Fig. 6). These trends are attri-
buted to increased abundance of individual species
(e.g., L. cyanellus, Pimephales promelas), as well as
species additions (e.g., Cyprinus carpio, Ameiurus na-
talis, Gambusia affinis). Notropis topeka (a federally
endangered species) were not sampled in any of the
headwater reaches; rather, they were only sampled from
sites (Wind and Little Arkansas creeks) with little mil-
itary training use (i.e., ,20%) and a relatively low
proportion of silt substrate in pool habitats (i.e.,
,30%).

DISCUSSION

Military lands are considered important ecological
reserves because they often encompass large tracts of
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TABLE 1. Mean species richness (S) and diversity (H9) and relationships between military
training index values within the watershed and species richness and diversity for pools and
riffles sampled from headwater and middle stream reaches on Fort Riley Military Reservation,
Kansas, during June and July 1997 and 1998.

Habitat

Mean (6 1 SE)

S H9

Relationships with military
training index

S

r P

H9

r P

Pool
Headwater (N 5 8)
Middle (N 5 6)

2.6 (0.7)*
5.5 (0.7)

1.2 (0.4)
1.2 (0.1)

20.41
0.83

0.30
0.04

20.12
0.82

0.58
0.04

Riffle
Headwater (N 5 6)
Middle (N 5 6)

0.8 (0.1)*
1.2 (0.2)

0.2 (0.1)*
0.4 (0.1)

20.28
0.83

0.58
0.04

20.75
0.18

0.08
0.74

* P # 0.05 between reach types.

land that are protected from intensive agriculture and
urban development. However, military training activ-
ities involving large-vehicle maneuvers are a wide-
spread land use that have been consistently shown to
have negative effects across a variety of terrestrial eco-
systems. These include training areas in California (La-
throp 1982, Prose 1985), Colorado (Milchunas et al.
1999), Washington (Severinghaus and Goran 1981),
Wisconsin (Smith et al. 2002), Texas (Severinghaus et
al. 1981), Manitoba (Wilson 1988), and western Europe
(Vertegaal 1989). The extent of military lands indicates
the importance of understanding the impacts from
training. Although these studies have been conducted
across a variety of ecosystems (e.g., desert, prairies),
several generalizations have emerged. Milchunas et al.
(1999) examined the effects of military vehicles on
plant communities and soil characteristics in shortgrass
steppe at Piñon Canyon Maneuver Site, Colorado. Cu-
mulative military disturbances resulted in reduced
abundance of perennial species, increased abundance
of introduced species, and an increase in the amount
of bare soil. Wilson (1988) examined the influence of
tank traffic on terrestrial communities at a training site
located in the mixed-grass prairie of Manitoba. Similar
to studies in more arid ecosystems, tank traffic resulted
in a significant loss of native species, increased abun-
dance of introduced species, and increased bare soil.
The results of our study fill an important gap in our
understanding of military training effects on terrestrial
systems. Despite differences in climate, geomorphol-
ogy, and natural disturbance regimes among desert,
shortgrass prairie, mixed-grass prairie, and tallgrass
prairie, our results suggest that reductions in native,
perennial grasses, increased abundance of introduced
species, and increased bare soil (but see Smith et al.
2002) are a generalized response to military training.

Most of these studies have focused on the effects of
large military vehicles (e.g., tanks), but the observed
relationships probably relate to other vehicular distur-
bances (i.e., off-road vehicles). The impacts of off-road
vehicles have been well documented in the California

Mojave Desert and include destruction of soil inver-
tebrate communities, soil compaction, reduced water
infiltration, destruction of vegetation (especially pe-
rennial species), and increased erosion (see reviews in
Webb and Wilshire 1982, Lovich and Bainbridge
1999). Parallel effects are observed with military traf-
fic. The similarities between military and recreational
impacts are not limited to vehicular disturbances. Rec-
reational and military foot traffic have both been shown
to adversely affect soil bulk density, infiltration rates,
vegetation communities, and soil erosion (Trumbull et
al. 1994, Whitecotton et al. 2000). The effects of rec-
reational activities in tallgrass prairie have not been
investigated in detail, but the high correspondence be-
tween recreational and military activities in other sys-
tems suggests that recreational activities may have ef-
fects similar to those observed in our study. Although
a large number of studies have been conducted to assess
the impacts of military training and recreational dis-
turbances to terrestrial disturbances, similar studies on
aquatic systems are nonexistent and represent a major
gap in our understanding of the overall effects to the
ecosystem.

Streams are functionally linked with their adjoining
watershed (Schlosser 1991, Johnson and Gage 1997,
Fausch et al. 2002). Consequently, the surrounding ter-
restrial ecosystem and its disturbance regime are im-
portant determinants of stream ecosystem properties
(Hynes 1975, Vannote et al. 1980, Schlosser 1991).
Although our results are correlative, they suggest a
strong link between terrestrial disturbance from mili-
tary training and stream degradation. The influence of
terrestrial disturbance on instream habitat is well doc-
umented in forested systems (Greacen and Sands 1980,
Chamberlin et al. 1991). For example, Reid and Dunne
(1984) found that large vehicles increased sediment
input to streams by 40% due to soil compaction and
increased exposure of bare soil to rainfall and surface
water runoff. On Fort Riley, a similar mechanism (i.e.,
bare soil, soil compaction) likely influenced the amount
of silt in the study reaches. In addition to directly in-
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FIG. 5. Relationships between catch per unit effort (number of fish per minute of electrofishing) for trophic guilds and
for tolerance categories and military training index values in headwater reaches of streams sampled on Fort Riley Military
Reservation during June and July 1998 and 1999.

creasing the amount of bare soil, indirect effects on the
plant community may also explain the observed pat-
terns. Native, matrix-forming grasses, with their char-
acteristic dense root systems, are often preferred in
reclamation activities due to their ability to reduce sur-
face erosion (Thames 1977). It was these native grasses
whose abundance was reduced in watersheds receiving
high training use on Fort Riley.

Stream reaches in watersheds that experienced high
military training use were dominated by silt-tolerant
species and trophic generalists. These results are im-
portant because fish communities dominated by trophic
generalists and tolerant species are not characteristic
of high-quality Flint Hills streams (Tripe and Guy

1999, Schrank et al. 2001) and generally indicate a
decline in aquatic ecosystem health. In addition, the
federally endangered Notropis topeka was only found
in reaches with low training use in the watershed and
a low proportion of silt substrate, suggesting the im-
portance of watershed recovery for sensitive species.

An important question regarding the results of this
study is how military training activities compares to
the natural disturbance regime of the tallgrass prairie.
Although fire is an important characteristic of tallgrass
prairie (Knapp et al. 1998), military disturbances are
probably most similar to grazing by large ungulates
and disturbances by small mammal. Similar to vehic-
ular activities, disturbance due to grazing activities by
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FIG. 6. Relationships between catch per unit effort (number of fish per minute of electrofishing) for trophic guilds and
for tolerance categories and military training index values in middle reaches of streams sampled on Fort Riley Military
Reservation during June and July 1998 and 1999.

ungulates or burrowing activities by small mammals
increases the amount of bare soil. Research on the near-
by Konza Prairie Biological Station (KPBS) has shown
that subdominant native grasses and many perennial
forbs are poor competitors in undisturbed tallgrass prai-
rie, but typically increase following soil disturbances,
such as those caused by mammalian activities (Knapp
et al. 1998). We observed a similar pattern on Fort
Riley, where several subdominant grasses and peren-
nial forbs were more abundant in watersheds receiving
high training use. Several studies have also shown that
plant species richness increases with grazing by Bos

bison (Knapp et al. 1999). Military disturbances re-
sulted in an opposite trend on Fort Riley, which was
primarily due to a shift from perennial grasses to a
community dominated by annual and introduced spe-
cies. These effects are not characteristic of native graz-
ing, except in isolated areas where large ungulates con-
gregate or wallow (McMillan 1999). We also find dis-
similar effects with regard to aquatic systems. In Kings
Creek (located within KPBS) watersheds exposed to
Bos bision grazing, silt substrate averages 26.9% (SE

5 0.08) for headwater stream reaches (C. S. Guy, un-
published data). Unfortunately, comparisons with
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streams not exposed to grazing are unavailable. Re-
gardless, the only time we observed similar values on
Fort Riley was when training index values were ,30%.
Therefore, military training activities appear to have a
substantial influence on terrestrial and aquatic com-
munities in tallgrass prairie, despite its history of com-
plex natural disturbances.

Fort Riley encompasses over 40 000 ha in the largest
remnant of tallgrass prairie in North America and has
the potential to serve as an important reserve for ter-
restrial and aquatic ecosystems. Natural resource man-
agers currently lack tools to assess and monitor aquatic
systems, but our results suggest that LCTA data may
be extended to predict military training effects on
stream habitat quality and fish community character-
istics. Military activities resulting in LCTA training
index values ,30% should be a target value for land
managers on Fort Riley. When values were ,30%, we
observed a diverse plant community dominated by ma-
trix-forming perennial grasses, low amounts of bare
soil, a low proportion silt substrate, and fish commu-
nities more typical of less disturbed Flint Hills streams.
Reaches with military training index values ,30%
were also the only sites where we found Notropis to-
peka. Whether or not these recommendations are ap-
plicable to other installations is unknown; however, the
potential for ecological degradation over extremely
large areas warrants similar studies across a variety of
mililtary lands and ecosystems.

ACKNOWLEDGMENTS

We thank N. Barger, M. Callaham, J. Delp, T. Elbel, T.
Hungerford, G. Hoch, Z. Holden, S. Meng, G. Norris, A.
Peckham, L. Quist, R. Ramundo, M. Smith, C. Stoffel, and
J. Winn for assistance in the field and laboratory. M. Kemp,
S. Proboszcz, and T. Strakosh provided information on stream
characteristics from Kings Creek. Helpful comments by M.
Turner greatly improved the quality of the manuscript. Fund-
ing was provided by the U.S. Army Corps of Engineers Re-
search Laboratory, Konza Prairie Biological Station Long-
Term Ecological Research Program, Kansas State University;
Division of Biology, and the Kansas Cooperative Fish and
Wildlife Research Unit (the unit is jointly sponsored by Kan-
sas State University, Kansas Department of Wildlife and
Parks, U.S. Geological Survey; Biological Resources Divi-
sion, and the Wildlife Management Institute).

LITERATURE CITED

Axelrod, D. I. 1985. Rise of the grassland biome, central
North America. Botanical Review 51:163–201.

Bayley, P. B., and D. C. Dowling. 1990. Gear efficiency
calibrations for stream and river sampling. Illinois Natural
History Survey, Aquatic Ecology Technical Report 90/8.
Champaign, Illinois, USA.

Bragg, T. B., and L. C. Hulbert. 1976. Woody plant invasion
of unburned Kansas bluestem prairie. Journal of Range
Management 29:19–24.

Buchanan, T. J., and W. P. Somers. 1969. Discharge mea-
surements at gaging stations. Techniques of water-resource
investigations. Book 3. U.S. Geological Survey, Washing-
ton, D.C., USA.

Chamberlin, T. W., R. D. Harr, and F. H. Everest. 1991. Tim-
ber harvesting, silviculture, and watershed processes. Pages
81–205 in W. R. Meehan, editor. Influences of forest and

rangeland management on salmonid fishes and their habi-
tats. American Fisheries Society Special Publication 19,
Bethesda, Maryland, USA.

Cohn, J. P. 1996. New defenders of wildlife. BioScience 46:
11–14.

Cross, F. B., and J. T. Collins. 1995. Fishes in Kansas. Second
edition. University of Kansas Publications, Lawrence, Kan-
sas, USA.

Cummins, K. W. 1962. An evaluation of some techniques for
the collection and analysis of benthic samples with special
emphasis on lotic waters. American Midland Naturalist 67:
477–504.

Daubenmire, R. 1959. A canopy-coverage method of vege-
tational analysis. Northwest Science 33:43–64.

Diersing, V. E., R. B. Shaw, and D. J. Tazik. 1992. U.S.
Army land condition-trend analysis (LCTA) program. En-
vironmental Management 16:405–414.

Fausch, K. D., C. E. Torgersen, C. V. Blaxter, and H. W. Li.
2002. Landscapes to riverscapes: bridging the gap between
research and conservation of stream fishes. BioScience 52:
483–498.

Freeman, C. C. 1998. The flora of Konza Prairie: a historical
review and contemporary patterns. Pages 69–80 in A. K.
Knapp, J. M. Briggs, D. C. Hartnett, and S. L. Collins,
editors. Grassland dynamics: long-term ecological research
in tallgrass prairie. Oxford University Press, New York,
New York, USA.

Gorman, O. T. 1988. The dynamics of habitat use in a guild
of Ozark minnows. Ecological Monographs 58:1–18.

Greacen, E. L., and R. Sands. 1980. Compaction of forest
soils: a review. Australian Journal of Soil Research 18:
163–189.

Hoyt, R. D., S. E. Neff, and V. H. Resh. 1979. Distribution,
abundance, and species diversity of fishes of the upper Salt
River drainage, Kentucky. Transactions of the Kentucky
Academy of Science 40:1–20.

Hynes, H. B. H. 1975. The stream and its valley. Interna-
tionale Vereinigung für Theoretische und Angewandte
Limnologie: Verhandlungen 19:1–15.

Johnson, L. B., and S. H. Gage. 1997. Landscape approaches
to the analysis of aquatic ecosystems. Freshwater Biology
37:113–132.

Kemp, M. J., and W. K. Dodds. 2001. Spatial and temporal
patterns of nitrogen concentrations in pristine and agricul-
turally-influenced prairie streams. Biogeochemistry 53:
125–141.

Knapp, A. K., J. M. Blair, J. M. Briggs, S. L. Collins, D. C.
Harnett, L. C. Johnson, and E. G. Towne. 1999. The key-
stone role of bison in North American tallgrass prairie.
BioScience 49:39–50.

Knapp, A. K., J. M. Briggs, D. C. Hartnett, and S. L. Collins.
1998. Grassland dynamics: long-term ecological research
in tallgrass prairie. Oxford University Press, New York,
New York, USA.

Lathrop, E. 1982. Recovery of perennial vegetation in mil-
itary maneuver areas. Pages 269–276 in R. H. Webb and
H. G. Wilshire, editors. Environmental effects of off-road
vehicles: impacts and management in arid regions. Spring-
er-Verlag, New York, New York, USA.

Lauver, C. L. 1994. Natural community analysis of Fort Riley
Military Reservation. Kansas Biological Survey, Report
Number 59, Lawrence, Kansas, USA.

Littell, R. C., G. A. Milliken, W. S. Stroup, and R. D. Wol-
finger. 1996. SAS system for mixed models. SAS Institute,
Cary, North Carolina, USA.

Lovich, J. E., and D. Bainbridge. 1999. Anthropogenic deg-
radation of the southern California desert ecosystem and
prospects for natural recovery and restoration. Environ-
mental Management 24:309–326.



442 MICHAEL C. QUIST ET AL. Ecological Applications
Vol. 13, No. 2

Lyons, J. 1992. The length of stream to sample with a towed
electrofishing unit when species richness is estimated.
North American Journal of Fisheries Management 12:198–
203.

Matthews, W. J. 1988. North American prairie streams as
systems for ecological study. Journal of the North Amer-
ican Benthological Society 7:387–409.

McMillan, B. R. 1999. Bison wallowing and its influence on
the soil environment and vegetation characteristics in tall-
grass prairie. Dissertation. Kansas State University, Man-
hattan, Kansas, USA.

Metcalf, A. L. 1966. Fishes of the Kansas River system in
relation to zoogeography of the Great Plains. University of
Kansas, Museum of Natural History 17:23–189.

Milchunas, D. G., K. A. Schultz, and R. B. Shaw. 1999. Plant
community response to disturbance by mechanized military
maneuvers. Journal of Environmental Quality 28:1533–
1547.

Murphy, M. L., C. P. Hawkins, and N. H. Anderson. 1981.
Effects of canopy cover modification and accumulated sed-
iments on stream communities. Transactions of the Amer-
ican Fisheries Society 110:469–478.

Ott, R. L. 1993. An introduction to statistical methods and
data analysis. Duxbury Press, Belmont, California, USA.

Pflieger, W. L. 1997. The fishes of Missouri. Revised edition.
Missouri Department of Conservation, Jefferson City, Mis-
souri, USA.

Prose, D. V. 1985. Persisting effects of armored military
maneuvers on some soils in the Mojave Desert. Environ-
ment, Geology, and Water Sciences 7:163–170.

Reid, L. M., and T. Dunne. 1984. Sediment production from
forest road surfaces. Water Resources Research 20:753–
761.

Resh, V. H., A. V. Brown, A. P. Covich, M. E. Gurz, H. W.
Li, G. W. Minshall, S. R. Reice, A. L. Sheldon, J. B. Wal-
lace, and R. C. Wissmar. 1988. The role of disturbance in
stream ecology. Journal of the North American Benthologi-
cal Society 7:433–455.

Reynolds, J. B. 1996. Electrofishing. Pages 221–253 in B.
R. Murphy and D. W. Willis, editors. Fisheries techniques.
Second edition. American Fisheries Society, Bethesda,
Maryland, USA.

Schlosser, I. J. 1982. Fish community structure and function
along two habitat gradients in a headwater stream. Eco-
logical Monographs 52:395–414.

Schlosser, I. J. 1991. Stream fish ecology: a landscape per-
spective. BioScience 41:704–712.

Schrank, S. J., C. S. Guy, M. R. Whiles, and B. L. Brock.
2001. Influence of instream and landscape-level factors on
the distribution of Topeka shiners Notropis topeka in Kan-
sas streams. Copeia 2001:413–421.

Severinghaus, W. D., and W. D. Goran. 1981. Effects of
tactical vehicle activity on the mammals, birds and vege-
tation at Fort Lewis, Washington. U.S. Army Corps of En-
gineers Technical Report N-116, Champaign, Illinois, USA.

Severinghaus, W. D., W. D. Goran, G. D. Schnell, and F. L.
Johnson. 1981. Effect of tactical vehicle activity on the
mammals, birds and vegetation at Fort Hood, Texas. U.S.
Army Corps of Engineers Technical Report N-113, Cham-
paign, Illinois, USA.

Shaw, R. B., and V. E. Diersing. 1989. Tracked vehicle im-
pacts on vegetation at the Pinon Canyon Maneuver Site,
Colorado. Environmental Management 13:773–782.

Simonson, T. D., J. Lyons, and P. D. Kanehl. 1994. Quan-
tifying fish habitat in streams: transect spacing, sample size,
and a proposed framework. North American Journal of
Fisheries Management 14:607–615.

Smith, M. A., M. G. Turner, and D. H. Rusch. 2002. The
effect of military training activity on eastern lupine and the
Karner blue butterfly at Fort McCoy, Wisconsin, USA. En-
vironmental Management 29:102–115.

Tazik, D. J., S. D. Watten, V. E. Diersing, R. B. Shaw, R. J.
Brozka, C. F. Bagley, and W. R. Whitworth. 1992. U.S.
Army land condition-trend analysis (LCTA) plot inventory
field methods. U.S. Army Corps of Engineers Research
Laboratory Technical Report N-92/03. Champaign, Illinois,
USA.

Thames, J. L., editor. 1977. Reclamation and use of disturbed
land in the Southwest. University of Arizona Press, Tucson,
Arizona, USA.

Tripe, J. A., and C. S. Guy. 1999. Spatial and temporal var-
iation in habitat and fish community characteristics in a
Kansas Flint Hills stream. Ecology of Freshwater Fish 8:
216–226.

Trumbull, V. L., P. C. Dubois, R. J. Brozka, and R. Guyette.
1994. Military camping impacts on vegetation and soils of
the Ozark Plateau. Journal of Environmental Management
40:329–339.

U.S. Army. 1994. Integrated natural resource management
plan for Fort Riley, Kansas. Directorate of Engineering and
Housing, Environmental and Natural Resources Division.
Berger and Associates, Chicago, Illinois, USA.

Vannote, R. L., G. W. Minshall, K. W. Cummins, J. R. Sedell,
and C. E. Cushing. 1980. The river continuum concept.
Canadian Journal of Fisheries and Aquatic Sciences 37:
130–137.

Vertegaal, P. J. M. 1989. Environmental impact of Dutch
military activities. Environmental Conservation 16:54–64.

Webb, R. H., and H. G. Wilshire, editors. 1982. Environ-
mental effects of off-road vehicles: impacts and manage-
ment in arid regions. Springer-Verlag, New York, New
York, USA.

Whitecotton, R. C. A., M. B. David, R. G. Darmody, and D.
L. Price. 2000. Impact of foot traffic from military training
on soil and vegetation properties. Environmental Manage-
ment 26:697–706.

Wilson, S. D. 1988. The effects of military tank traffic on
prairie: a management model. Environmental Management
12:397–403.

Zimmerman, J. L. 1985. The birds of Konza Prairie Research
Natural Area, Kansas. Prairie Naturalist 17:185–192.

APPENDIX

A table providing species, trophic guild, and tolerance category for fishes sampled from headwater and middle reach
streams on Fort Riley Military Reservation, Kansas, is available in ESA’s Electronic Data Archive: Ecological Archives A013-
008-A1.


