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Introduction

The Powder River coalfield within the Powder River Basin of Wyoming and
Montana has the largest coal resources in the United States (Bartos and Ogle,
2002). Resources developed in the basin include oil, conventional natural gas, coal,
uranium, and coal-bed methane (CBM) (Bartos and Ogle, 2002). Coal-bed methane
was first developed in the San Juan Basin, Colorado, in the late 1980s and continued
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to the land surface have created flowing perennial streams where there were pre-
viously none. Co-produced CBM waters contain high salinity at numerous sites
(Powder River Basin Resource Council, 2003), which salinity has resulted in the
swelling and dispersion of clayey soils characteristic of those found in Montana
and Wyoming. These discharge waters have the potential to increase the concen-
tration of total dissolved solids in soils, which could interfere with nutrient uptake
by plants, possibly resulting in a decline in growth of agricultural crops and native
plants and grasses (Horpestad, 2001b). For example, salinity becomes a problem,
especially for plants at the germination, emergence, and seedling stages (Ayers,
1976; Horpestad et al., 2001). Plants will expend greater amounts of energy to ex-
tract water from soil as salinity of the soil water increases (Horpestad, 2001a). This
increased soil salinity decreases yields of agricultural crops and growth of native
vegetation.

High concentrations of sodium in soils cause both dispersion of soil colloids and
deterioration of soil structure, making it difficult for roots to penetrate the subsurface
and extract necessary nutrients and water to support plant life (Foth et al., 1977,
Chaudhari, 2001). Further, introduced vegetation species that are tolerant of high
sodium concentrations may sustain these conditions making it easier for them to
invade and outcompete local native vegetation. Introduced species can also be
harmful to local wildlife (Bashkin et al., 2003), elevating the level of concern to
vegetation sustainability in Juniper Draw Basin (a sub basin within Powder River
Basin).

The main purpose of this study was to assess the effects of CBM co-produced
discharge waters on the soil and vegetation ecosystem in Juniper Draw. The data
collected and analyzed were used to: (1) determine if CBM discharge waters in-
crease salinity and sodicity in the soils; (2) investigate growth and distribution
patterns of native, invasive, and salt-tolerant plant species in relation to soil salinity
and sodicity from CBM discharge waters; and (3) extrapolate the results of water
chemistry analyses to soil analyses to determine the effect of CBM discharge waters
on local soil systems.

Materials and Methods
STUDY SITE

The Powder River Basin encompasses a vast area in Wyoming (31,080 km?), in-
cluding Sheridan, Johnson and Campbell counties. The basin is bounded by the
Yellowstone River to the north, the Laramie and Casper Mountains to the south
and the Bighorn Mountains to the west (Bartos and Ogle, 2002; Bergquist, 2003).
All tributaries within the basin flow into the Powder River and provide most of the
water for agricultural and domestic use, including stock-water supplies (Bergquist,
2003). The predominant land use of the basin is for rangeland, which is composed
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of primarily grass-shrub vegetation utilized for grazing and wildlife habitat (Flores
et al., 2001; Bureau of Land Management (BLM), 2002).

For purposes of this study, “riparian control sites” are reference sites for compar-
isons to the “riparian affected sites.” Both riparian (control) and riparian affected
sites contain a gully and an upland site (a natural draw) or basin, and an ele-
vated landscape). However, only the affected gullies contain the co-produced CBM
discharge waters associated with perennial flow. Affected upland includes areas
affected by CBM construction development, including roads or fences, but does
not include CBM discharge waters.

The project area of Juniper Draw, located in the Powder River Basin on Bureau
of Land Management (BLM) land northwest of Gillette, is the location for the soil,
water, sediment sampling, and vegetation survey (Figure 1; centered at 44°12'40"N,

C oo Wil Casgraphuc Saciary MONTANA
avell :
iDano ‘ﬂhlc Cody® WCreybull " Sundance, 3
5 Sanin® Buttale® "y
| Y v
4 L.l‘w “Wortang umm?’
sThermopalis Wright
‘s‘v_ ’mh- St Pask Mideany
* | 04 =
s HUITE aivenon
JAiton |ePImedsie o e Casper,
. Alcove
Big v *
riaey (eetrvatr
— ] AR i Seminas
u Meservoir
Kem@horai, %, Rawhinie
I +*. Wamsutien,
Grest Green Biver® *Rock Springs  Saratoga,
Salt Babe FEvaniton i;-:_—«. Garge
| = e
| LTS UTAH |
Wyoming eeve e L

2

Figure 1. Project site northwest of Gillette, WY, in Juniper Draw of the Powder River Basin. +
indicates the location of Reservoir M and Reservoir N.
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106°9'30”"W). Recently, Juniper Draw has emerged as one of many sites used
for expelling CBM co-produced waters to the land surface. CBM well water at
Juniper Draw discharges through pipes into two impoundment reservoirs that drain
downstream in the direction of Dry Creek (which drains into the Powder River). The
two reservoirs (unnamed) are referred to as Reservoir M (106°67'35”N, 40°30'36”E)
and Reservoir N (106°58'11”N, 40°19'00"E).

All soil, sediment, and water samples were collected over a two-week period in
June of 2003, in conjunction with the vegetation sampling. Soil, sediment and water
samples were placed in ice chests and transported back to the laboratory for refrig-
eration storage. Sampling occurred at several sites in Juniper Draw of the Powder
River Basin, northwest of Gillette. The study plots were divided into two categories;
(1) riparian areas upstream from CBM water discharge for reference sites and (2) ri-
parian areas downstream from CBM water discharge for “affected” sites. The areas
sampled included the selected sites of the CSU graduate survey on vegetation, al-
lowing for the comparison of vegetation and soil data to investigate patterns related
to soil salinity and sodicity. Water was sampled at the Juniper Draw reservoirs and
at various locations in the stream channels between the reservoirs and Dry Creek.

Soils
SOILS COLLECTION

Soil samples were collected in conjunction with a vegetation survey (Bergquist,
2003) that acquired data related to the distribution, diversity, and abundance of na-
tive and non-native flora. The vegetation survey used 40 modified Forest Inventory
and Analysis (FIA) plots, a method utilized by the United States Forest Service
(USFS). The FIA plots are an upgraded version of the original Forest Health Mon-
itoring (FHM) plots utilized in the past, circa 1930 (Bergquist, 2003). Figure 2a
is a graphical depiction of the modified version of the USFS FIA that was used
in the CSU vegetation survey to determine species composition, microhabitat, and
percent cover for each plant species (Bergquist, 2003). In this project, the FIA plots
were also utilized for soil sampling purposes to correlate patterns of salinity and
sodicity with native and non-native vegetation diversity and abundance.

Subplots measuring 1-m? were located within the perimeter of the FIA plots
to provide in-depth analysis of plant diversity. Soil samples were taken within the
subplots. Methods used for soil collection in relation to vegetation diversity and
abundance were obtained from the soil sampling field book distributed by the Na-
tional Resource Conservation Service (NRCS, 2002). For purposes of the vegetation
survey, 40 plots were used for sampling from each area of disturbance including
roads, pipelines, pads, riparian areas upstream and downstream of discharge waters,
and localized near reservoirs (Bergquist, 2003).
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Figure 2. (a) Modified version of USFS FIA utilized to determine species composition, dominant
microhabitat codes, percent cover for each plant species and also utilized for soil physical and chemical
analyses. (b) Composite soil samples extracted from each 1 m? subplot within the circular layout of
the FIA plot.

Soil samples were taken only from the riparian impact (gully and upland) and
riparian reference (gully and upland) areas, which included 28 plots, 14 from each
type of environment. Sediment samples were taken at the same distances and loca-
tions as the water samples (7-m, 23-m, and 29-m downstream of discharge wellhead)
using methods from NRCS (2002). Three soil samples were taken via hand auger to
a depth of 10 cm (depth was limited due to rocky soils) at random locations within
each 1-m? subplot. The soil samples were then combined to form a composite sam-
ple and were placed in a soil tin tightly bound to prevent evaporation and possible
contamination. A total of 84 soil samples were collected yielding 28 composite sam-
ples. The following physical and chemical soil properties were measured: particle
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size; pH; electrical conductivity (EC); and SAR. Chemical properties of a soil-water
extract from each sample were also measured: pH; EC; and SAR. Soil texture was
determined using the hydrometer method (Gee and Bauder, 1986). Texture varied
between sites, with clay loam representing the dominant texture at the affected sites
and a range from mostly loam soils to sandy loam at the reference sites.

SOILS METHODS

Using the FIA plots, fourteen plots were randomly selected at riparian areas up-
stream from CBM discharge for the reference sites and another 14 plots were ran-
domly selected 10 m downstream from CBM water discharge (Bergquist, 2003).
Each plot was marked at the center point with a flag, and for the subplot distribution,
three transect lines were constructed (T1, T2, T3) located by compass marking 30°,
150°, and 270° azimuths from the center point flag (Figure 2b). Each transect was
7.32m (24 ft) in length from the center point and the three 1-m? subplots were lo-
cated along the three transect lines at 4.57 m (15 ft) and 5.57 m (18.3 ft) (Bergquist,
2003).

SoIL pH AND EC

All composite soil samples were subjected to laboratory analysis for pH and elec-
trical conductivity (EC). Both analyses required the extraction of a 5-g air-dried
soil sample, combined with 5-mL pure deionized water, be mixed into a slurry
(Page et al., 1982). Both pH and EC were determined using a pH/ion/conductivity
meter that was calibrated prior to each measurement. Duplicate measurements with
two different slurries were conducted on every third sample for quality assurance
purposes. Descriptive statistics (min, max, mean and standard deviation) were com-
puted for pH and EC for both affected and non-affected soils because the protocol
required three or more readings for accuracy. The laboratory EC analyses (us/cm)
were used to determine the soil salinity hazard classification (Table I).

TABLE I

Soil survey manual (Soil Survey Division Staff, 1993) classifi-
cation scheme for salinity hazard index of soils

Electrical conductivity

Class dS/m (mmhos/cm) uS/cm

0 Non saline 0-2 0-2000

1 Very slightly saline 24 2000-4000
2 Slightly saline 4-8 4000-8000
3 Moderately saline 8-16 8000-16000

4 Strongly saline >16 >16000
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SOIL CATIONS

Soil samples were also analyzed to determine concentrations of calcium, magne-
sium, and sodium cations for calculation of SAR values. Analysis was performed
using ion chromatography with duplicate samples; concentration was measured
in pg/L. Cations were extracted from a saturated paste as described by Page et al.
(1982). The paste was prepared as described by US Salinity Laboratory Staff (1954).
The soil sample was centrifuged for 15 min and filtered using a 0.45 wm membrane.
The resulting 5-mL extraction was added to the ion chromatography auto-sampler,
after appropriate dilutions were applied to the volume to lessen the potential con-
tamination impact to the ion analysis column. Dilutions, either 1:5 or 1:10, were
based on the electrical conductivity of the sample.

Cation concentrations were averaged for replicates only, with uncertainty anal-
ysis applied to all Mg?* concentrations due to fluctuations in accuracy with the
standard runs during ion chromatography analyses. SAR values were calculated
but reported without the uncertainty analysis since values were consistently less
than £4%. To assess statistical significance of the relationship between the treat-
ment sites and the independent soil chemical variables, a one-way ANOVA test was
computed at @ = 0.05 significance. Discriminative analysis was used to aid in the
prediction of future soil chemical analyses for areas affected by CBM co-produced
discharge waters.

SOIL TEXTURE

Analysis of soil physical properties included determination of soil texture (% sand,
% silt and % clay). Particle size analysis was performed to determine the soil
texture, using the hydrometer procedure (Gee and Bauder, 1986; Day, 1965). Soil
texture was determined by referencing the soil texture triangle (Tindall and Kunkel,
1999).

CBM Water
WATER COLLECTION

Twelve water samples were collected in Juniper Draw for pH, EC and cation anal-
yses. Three samples were collected from the CBM discharge waters in the dis-
charge channel 7, 23 and 29 m downstream of the discharge wellhead at Reser-
voir N. Three samples were collected further downstream of Reservoir N, at 5,
90 and 186 m below the man-made road/dike. Three samples were collected at
5, 40 and 94 m downstream from Reservoir M in the discharge channel located
directly north of the dam. Finally, three samples were obtained in the discharge
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channel at 5, 17 and 34 m downstream from the man-made dike further north of
Reservoir M.

WATER pH, EC, AND CATIONS

pH and electrical conductivity were analyzed from 10-20 mL of water from each
sample using a calibrated Denver Instrument AP50 pH/ion/conductivity meter and
standard buffers. Replicates were taken on every third sample, with means and stan-
dard deviation calculated. Descriptive statistics (minimum, maximum, mean and
standard deviation) were computed and recorded. Water samples were filtered in the
laboratory (0.45 um) and analyzed for Ca, Mg, and Na using ion chromatography.
Samples were diluted 1:10 using DI water for analysis. Prior to analysis, an ion
chromatograph (IC) was calibrated with standards of 1, 10, 100, and 200 ppm man-
ufactured by Fisher Scientific. A blind standard was included for every 10 samples
analyzed.

Vegetation
VEGETATION SURVEY

Vegetation data, reported by Bergquist et al. (2004), were grouped into percent cover
(native, introduced, salt-tolerant) and by density (native, introduced, salt-tolerant
and total number) categories. Analysis included percent cover of native species,
percent cover of introduced species, and species density. Data for percent cover of
salt-tolerant species (native and introduced) was computed for this project utilizing
the USDA U.S. Salinity Laboratory Halophyte Database, updated and available on-
line (Yenson, 2004). Density was determined by mean number of native species,
mean number of introduced species, mean number of salt-tolerant species and total
number of all species/density. Vegetation data were analyzed as percent cover and
species density to provide an assessment of community structure and diversity,
respectively.

To assess the vegetation diversity among the treatment sites, statistical anal-
ysis (multiple regression) was performed using both mean percent composition
and number of native, introduced and salt-tolerant species. The main goal of the
vegetation survey was to determine relations between soil chemistry and vegeta-
tion, particularly any effects leading to an increase in dominance of salt-tolerant
native or introduced species, mainly in the affected gullies. Multiple regressions
were computed with each type of vegetation as the dependent variable, including
both community composition and number of vegetation species, with the three soil
chemical properties (SAR, pH and EC) as the independent variables. Results de-
termine which independent soil chemical property had the greatest influence on
vegetation diversity in the affected versus reference treatment sites.
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Statistical Analysis

Statistical analyses were conducted for the soils, vegetation, and water chemistry
data. Descriptive statistics (minimum, maximum, mean and standard deviation)
were computed for the soil data for both affected and non-affected soils, and for the
water data above and below the CBM discharge points. To determine any overall
effect of disturbance on exposed soils, including all soil chemical variables, one-
way analysis of variance (ANOVA), the Fischer MCT test was used to identify any
significant differences between the reference (upland and gully) and the affected
(upland and gully) sites at « = 0.05. Reference gully, reference upland and the
affected upland site were unaffected by CBM co-produced waters. Affected up-
land includes areas affected by CBM construction development, including roads
or fences, but does not include CBM discharge waters. The affected gully includes
those soils submerged by perennial CBM discharge waters.

Multiple regressions were performed with the SAR as the independent variable
and pH and EC as the dependent variables in four separate categories: (1) with soils,
incorporating all treatment sites (reference and affected), to determine significance
between the variables, (2) combining the CBM water data from all four channels
downstream of Reservoirs N and M as discussed earlier (including trends), (3) to
determine significance between the variables in the sediment saturated with CBM
co-produced waters taken at the same distance intervals as the water samples, and
(4) to determine any significance between the variables incorporating both CBM
co-produced waters and the affected sediment.

One-way ANOVA tests were used to determine any statistically significant dif-
ferences between relationships (o« = 0.05). Categories included plant species com-
position (a measure of the plant community structure) and plant species density
(an estimate of species diversity) at all reference and affected sites. The following
dependent variables were used for the species composition category: mean percent
native species, mean percent introduced species, and percent salt-tolerant species
with treatment as the analysis factor. Dependent variables for species density in-
cluded mean number of native species, mean number of introduced species, mean
number of salt-tolerant species and mean species count/density. Multiple compar-
isons were made to determine which means were significantly different from others;
comparisons are represented by alphabet letters illustrated on the vegetation charts
(composition and density — Figures 3 and 4).

Multiple regression analyses were performed with the vegetation and soil chem-
istry data to determine any significance of independent soil chemical variables
(SAR, pH and EC) and vegetation species composition and density at « = 0.05,
between reference and affected treatment sites. More specifically, these analyses
were primarily applied to determine any increase in salt-tolerant native or non-native
species for each site type. Discriminative analysis was performed with ‘treatment’
as the classification factor, including soil chemical parameters for the data to be
analyzed.



EFFECTS OF COAEBED METHANE DISCHARGE WATERS 43

Figure 3 One-way ANOVA comparisons illustrate percent composition of native, introduced, and
salt-tolerant species (meanlSE) at each treatment site (legend). Moplelalue and sample number
labeled, with standard error (pooled s) depicted for each treatment site. Alphabet letters similar between
treatment sites represent no statistically signibcant difference.

Results and Discussion
SoiL

Linear regressions were performed with the ion chromatography (IC) software
PeakNet, reporting concentrations of two cations, sodium®{Nand calcium
(C&*), in microequivalents per litepeq/L) for all soil, sediment and water analy-
ses. Magnesium (Mg ) was more variable than other cations due to Ructuations in
the specibed analytical column used on the IC. Therefore, polynomial regression
was utilized for determination of M§f concentrations(eq/L), to develop a better
r-squared value for all magnesium values for soil, sediment and water samples.
Once the polynomial regression was run, residuals were calculated to determine
Pnal concentrations of Mg (1eq/L). Uncertainty analysis was then calculated for
Mg?* concentrations to determine percent error.

Sodium differed among sitep (< 0.0001, Figure 5), indicating a strong inf3ux
of sodium ions to the affected gully sites only. There was no difference for calcium
(p = 0.2918) or magnesiump(= 0.1254, Figure 5) among the various treatment
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Figure 4. One-way ANOVA comparisons illustrate density of native, introduced, and total species
density (native and introduced) and salt-tolerant species (mean + 1SE) at each treatment site (legend).
Model p-value and sample number labeled, with standard error (pooled s) depicted for each treatment
site. Alphabet letters similar between treatment sites represent no statistically significant difference.

sites. Descriptive statistics for evaluating soil chemical properties were used to
describe pH and electrical conductivity for each soil sample taken from the 1-m?
subplots at individual reference and affected sites. Replicates were averaged to
determine means utilized for data analysis with ANOVA comparative statistics.

One-way ANOVA comparative statistics were completed referencing soil chem-
ical properties (SAR, pH and EC) as dependent variables and treatment sites as the
factor. The soil pH did not differ among treatment sites (p = 0.1603, Figure 6).
However, using a multiple comparison test, there was a significant difference be-
tween the affected upland and affected gully sites, but not between both aftected
sites versus both reference sites.

Soil EC differed among sites (p = 0.0303, Figure 7). Analyzing the multiple
comparison procedure calculated by ANOVA, there was no significant difference
between the affected sites nor between both reference sites and the affected upland
sites, although there was a statistically significant difference between the affected
gullies versus the reference sites.

SAR differed significantly among sites (p < 0.0001, Figure 8). Reference sites
and the affected upland site revealed no significant difference, while the affected
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Figure 5. One-way ANOVA comparison with cation concentration (mean + 1SE) values at each
treatment site (legend). Model p-value and sample number labeled, with standard error (pooled s) de-
picted for each treatment site. Alphabet letters similar between treatment sites represent no statistically
significant difference.

gully site was statistically different from both reference sites and the affected upland
site. Regression with SAR as the independent variable and pH and EC as the
dependent variables were run for all soils incorporating all treatment sites (reference
and affected).

SAR and EC were significantly correlated (p = 0.0383, Figure 9); as SAR
increased, the EC of the soil increased. The regression reveals, however, a relatively
weak correlation between the variables (0.38) and explains only approximately
14% of the variability in EC (r?> = 13.5%) at all treatment sites. There was a
significant difference between SAR and pH among all treatment sites as well (p =
0.0213, Figure 10). However, there was a relatively weak correlation between the
variables (0.41) with r -squared value indicating that SAR explains only 16.5% of
the variability in pH.

CBM Waters

Descriptive statistics including min, max, mean (X), and standard deviation (o) were
used to describe pH and salinity for each water sample taken at various distances
at four affected sites (data not shown). Cations (mmol/L) were calculated in the
same way as the soil cations with replicates averaged, along with SAR values. All
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Figure6. One-way ANOVA comparison with pH (mean + 1SE) values at each treatment site (legend).
Model p-value and sample number labeled, with standard error (pooled s) depicted for each treatment
site. Alphabet letters similar between treatment sites represent no statistical significant difference.

four sites at the reservoir channels indicated no general trend for any of the cation
constituents or the SAR value downstream from the reservoirs. Results indicate no
significant relation between pH and SAR of the co-produced waters (p = 0.2187).
However, results indicate a significant relation between SAR and EC of the co-
produced waters (p = 0.0006 — data not shown). An R-squared value of 0.92 and
correlation coefficient of 0.96 indicated a very strong linear relation between the
variables.

There was no significant relation between sediment pH and sediment SAR (p =
0.0816) at the 95% confidence level nor was there a significant difference between
EC and SAR (p = 0.3394). However, to include a 90% confidence level, there
is a moderately strong correlation (0.69) between pH and SAR. CBM water and
sediment samples were correlated with distance in the regression analysis. Results
indicated no significant difference between the SAR of the CBM co-produced water
downstream and the SAR of the CBM-wetted sediment downstream (p = 0.5308)
and there was no significant relation between CBM water EC and EC in the affected
sediment (p = 0.6117). The same was true for pH (p = 0.7303).
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Figure7. One-way ANOVA comparison with EC (mean + 1SE) values at each treatment site (legend).
Model p-value and sample number labeled, with standard error (pooled s) depicted for each treatment
site. Alphabet letters similar between treatment sites represent no statistical significant difference.

Vegetation

Data regarding vegetation cover for each site are referenced from Bergquist (2004).
Mean percent native species differed among sites (p = 0.0264, Figure 3). Review-
ing the multiple comparison procedure produced by one-way ANOVA statistics, the
primary significant difference occurs at the affected gully site, clearly contrasting
with the other treatment sites in its lower mean percentage of native species compo-
sition. Similarities in percent native species composition occur within both affected
sites and reference sites, with highest percent native composition represented in the
upland areas.

Mean percent introduced species composition differed among sites as well (p =
0.0262, Figure 3). The trend for percent introduced species composition is similar
to percent native species composition in relation of significance between reference
and affected sites, i.e., the introduced species are inversely correlated with the
percent native species, which would be expected (reference and affected).

The mean percent salt-tolerant species showed no differences among the treat-
ment sites (p = 0.0863, Figure 3). The mean number of native salt-tolerant species
is different between sites (p = 0.0011, Figure 4), similar to percent native compo-
sition distribution. Although the Anova comparison procedure for percent native
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Figure 8. One-way ANOVA comparison with SAR (mean + 1SE) values at each treatment site
(legend). Model p-value and sample number labeled, with standard error (pooled s) depicted for
each treatment site. Alphabet letters similar between treatment sites represent no statistical significant

difference.
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Figure 9. Regression between SAR and EC of soils at all treatment sites (p = 0.0383). Equation of
the fitted model: EC = 475.477 4 37.5838*SAR.

composition distribution indicates a significant difference between the affected
gully versus the other sites, including both references and the affected upland area,
the multiple comparison procedure (MCP) does not support a difference between
the reference gully and the affected gully. This is likely due to insufficient sampling
number for the MCP. Results also indicate the highest number of native species
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Figure 10. Statistical relationship between pH and SAR of soils at all treatment sites (p = 0.0213).
Equation of the fitted model: pH = 7.62912 + 0.0503228*SAR.

is found at the upland sites, with the lowest number in the gullies. The number
of introduced species did not differ among treatments (p = 0.2389, Figure 4).
However, introduced species made up a greater composition (percent) of the plant
community in the gully of the affected sites, compared to the reference sites and
affected upland (Figure 3).

The total number of species is significantly different between treatments (p =
0.0019, Figure 4). With multiple comparison analysis, the affected gully is signifi-
cantly different from both references and the affected upland site, with the lowest
number of total species (native or introduced). Species density reveals the highest
number of total species at the upland sites with just a slightly lower number at the
reference gully site.

The number of salt-tolerant species differed among sites (p = 0.0134, Figure 4).
Results from the multiple comparison procedure generally indicate the greatest
number of salt-tolerant plants was found at the affected sites.

Vegetation and Soil Chemistry

Table II presents multiple regression results for percent composition of native, in-
troduced, and salt-tolerant vegetation species, all statistically significant. SAR and
EC represent the soil variables with the significant relations with percent native
vegetation and percent introduced species, and EC percent salt-tolerant species.
However, the r -squared value is low, ranging from 9-16% to explain the variance
in percent composition of each type of vegetation with the significant soil vari-
ables. Therefore, SAR and EC of the soil significantly influence percent composi-
tion of native and introduced species and only EC influences percent composition
of salt-tolerant species. The soil variable pH has no significant relation with ei-
ther percent native, percent introduced or percent salt-tolerant species composition



50 M. STEARNS ET AL.

TABLE I

Multiple regression results of percent vegetation composition at all treatment
sites

Vegetation classification Model p-value Individual soil variable p-values

% Native species 0.0433 SAR = 0.0153
r2 =0.09 pH =0.6151

EC = 0.0373

% Introduced species 0.0429 SAR = 0.0152
rz=0.09 pH=0.6112

EC = 0.0368

% Salt-tolerant species  0.0021 SAR = 0.7626
r2=0.16 pH = 0.8083

EC = 0.0004

at any treatment site, and therefore could be removed from consideration in the
study.

Table IIT illustrates the number of native, introduced and salt-tolerant vegetation
species, all with statistically significant relationships with the soil variables (SAR,
pH and EC). SAR and EC represent the soil variables most influential statistically on
total number of species and number of native species, with only salinity significantly
influencing the number of introduced and salt-tolerant vegetation species. The soil
pH has no significant relation with any of the species density types, and could

TABLE III

Multiple regression results of mean number of vegetation types at all treatment
sites

Vegetation classification Model p-value Individual soil variable p-values

# Species density <0.0001 SAR = 0.0005
r2=0.25 pH = 0.1874

EC = 0.0079

# Native species 0.0002 SAR = 0.0005
r2=0.20 pH = 0.0514

EC = 0.0661

# Introduced species 0.0015 SAR = 0.1794
r2=0.16 pH = 0.3621

EC = 0.0062

# Salt-tolerant species <0.0001 SAR = 0.3336
r2=0.31 pH = 0.5506

EC < 0.0001
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Figure 12. Scatterplots with soil variables used to distinguish between various treatment sites (RU-
reference upland, RG-reference gully, IU-affected upland, IG-affected gully). Circles indicate vari-
ables that contribute the most to the differences between the groups.

co-produced discharge waters directly contribute sodium to the soils at the affected
gully sites. Soil texture was determined to be clay loam at the affected gully sites.
These soil types are significant in the absorption of sodium ions because clays
have a high surface area for binding sodium, thereby increasing the likelihood of
sodium-dominated soils at discharge areas. It might be worthy to note the reference
sites had a different soil type than the affected sites, but they were unaffected be-
cause they did not receive CBM waters and therefore, the difference in soil types
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does not bias these results. We could postulate however, that should these soil
types receive CBM waters, since they have a lower CEC, would eventually become
as impacted as the affected gully sites with time (US Salinity Laboratory Staff,
1954).

The affected gully site differed from all other treatment sites in having the highest
soil SAR values. The mean soil SAR values ranged from 7-22 at the affected
gully and channel sites, indicating a moderate to severe sodic hazard to the soils.
These high SAR values appear to be influenced and elevated by the CBM co-
produced waters, which have SAR values ranging from 26-35. The SAR hazard
index indicates that a SAR value > 13 poses significant threats to the soil ecosystem,
causing dispersion of soils, thereby making it extremely difficult for vegetation roots
to penetrate the soil and extract water or nutrients. In fact, a study completed by
Mace and Amrhein (2001) found that even lower water SAR values, between 5 and
8, indicated an irreversible plugging of soil pores and internal swelling, resulting
in adverse affects to the soil structure. Consequently, the high CBM water SAR
values directly threaten the health of the local soil and vegetation ecosystem by
concentrating increased amounts of sodium in the soils. Elevated SAR values affect
soil stability, and high concentrations of sodium are toxic to various vegetation
species, both of which may affect local plant community density, diversity and
sustainability.

Vegetation analysis indicated greatest species richness (native and introduced)
occurred at both reference sites and the affected upland sites; in contrast, low-
est numbers of species were found at the affected gully sites. Because CBM co-
produced waters affect only the affected gully sites, it can be assumed that discharge
waters have a significant impact on species density in Juniper Draw Basin. Further,
EC and SAR values have a significant relationship with species density. This be-
comes an increasing concern because local soils affected by CBM waters have
increases in accumulation of salts and sodium.

With respect to differences in vegetation community structure and diversity
between native and introduced vegetation in Juniper Draw, native species consis-
tently were more abundant at upland areas (reference and affected) while introduced
species were more abundant compositionally in the gullies (reference and affected),
but with highest mean percent at the affected gully site, which was significantly
different from the reference upland and affected upland sites. This is an indication
of a potential increase in an introduced species invasion at the CBM water dis-
charge channels. There was no significant difference in community compositional
structure associated with salt-tolerant species among sites (Figure 3); however,
salt-tolerant species richness (p = 0.01, Figure 4) was generally higher at the
affected sites, with a trend toward greatest mean at the affected gully site. With
an increase in composition of introduced species, it is evident that the introduced
species are probably able to invade because they can tolerate increasing saline
and sodic-soil conditions. The introduced species, predominantly common yarrow
(Achillea millefolium) with some nettleleaf goosefoot (Chenopodium murale), are
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all salt tolerant. At the affected upland sites, there was an even distribution between
native greasewoodS@rcobatus vermiculatiisand introduced common yarrow,
salt-tolerant species. The reference upland sites contained only the native salt-
tolerant species greasewood, whereas the reference gullies were spotted with the
introduced salt-tolerant species common yarrow.

CBM discharge waters revealed extremely high SAR values (26D30) and high
EC concentrations(3000u s/cm). As a result, the co-produced waters discharging
in the Juniper Draw Basin can be termed Osaline-sodicO waters. There was no general
trend for increasing or decreasing values of SAR of the water downstream in the
channel. As the SAR values in the water increased, there was a signibcant increase
in EC, yet no signibcant increase in pH. This increase resulted from a spatial
difference in water chemistry between the Reservoir M and N sites.

Using a 90% conbdence level there is a signibcant relation between increasing
pH and increasing SAR in the affected sediment, which suggests that CBM dis-
charge waters are more sodic than saline, because increasing salt concentrations
typically decrease pH in soils through displacement of hydrogen and aluminum
by the cations in solution, hydrolyzing the aluminum ion (Phelps and Bauder,
forthcoming). Simple regression with sediment salinity and sediment SAR illus-
trated no signibcant relation between the variables, indicating that the submerged
soils are more sodic than saline. However, there was no signibcant correlation
between SAR and pH in the CBM water or in the affected sediment sampled
downstream in the channels. This implies that there is no general trend down-
stream in increasing sediment chemical properties resulting from the CBM water.
Assuming there is an impact to the sediments with increases in salinity and sod-
icity when comparing to other treatment sites, a greater sample size at further
distances down channel is needed for a more accurate prediction of signibPcant
relations.

These results do indicate the possibility of signibPcant impact of CBM discharge
waters on both soils and vegetation in Powder River Basin, but are not conclusive and
therefore, substantiate the call for further research in this area. Also, as the number
of CBM wells increases, the number of affected areas will also increase, probably
in a dramatic fashion due to the number of wells currently planned. Currently, the
Wyoming Department of Environmental Quality is inundated with CBM discharge
permits because of the continued increase in development of methane extraction.
As production of CBM continues, substantial threats to the soil, vegetation, and
surrounding environment will become more pronounced. Although BLM has an
environmental impact statement (EIS) that has been heavily scrutinized in regard
to protecting the environment, attempts to manage CBM water-quality have been
complicated and expensive (reverse osmosis, aeration techniques for removal of
metals, and impoundments/reservoirs). Additionally, current regulations are limited
and confusing, and with continuing development, there is a critical need for adequate
monitoring and management of CBM discharge waters. Itis urgent that this research
be continued.
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