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ABSTRACT 
 
 

Salinization of soil and water resources exists on a global scale, largely due to 
irrigated agriculture in semi-arid climates.  Coal bed methane (CBM) development, 
resulting in the co-production of saline-sodic discharge water, is a potential new source of 
salinzation in the Powder River Basin of Montana and Wyoming.  Constructed wetlands 
may serve to reduce CBM product water volumes while applying saline-sodic product 
water to a beneficial use. 
 The objective of this study was to assess the potential of constructed wetlands as a 
new management tool for CBM product water management.  To accomplish this, riparian 
species native to Montana and Wyoming and classified as halophytes were selected as 
experimental treatments.  Species chosen were subjected to saline-sodic conditions 
designed to mimic CBM product water for a 24-week period and harvested once every 8 
weeks.  Water use rates, water chemistry, biomass production, forage value, and salinity 
tolerance of each species were monitored throughout the experimental period. 
 Due to turbulent airflow and high diffusion rates of water vapor from the plant 
canopy, plant water use rates of mature plants exceeded reference evaporation rates over 
a range of salinities for most species.  For high water use species, ratios between plant 
water use rates and reference evaporation exceeded 3.00 at lower salinities.  High ratios 
between plant water use and reference evaporation indicate that reference evaporation 
buckets were not subjected to the same evaporative conditions as the plant canopy, and 
may not represent potential evapotranspiration.      
 Biomass production of traditional wetland species declined following defoliation 
and under increasing salinity.  Grass species increased biomass production following 
defoliation and under elevated salinity in the third growth period.  Crude protein (CP) 
also decreased with progressive harvests for wetland species, but increased in the third 
period for grass species.  Based on percent acid detergent fiber and CP, forage value of 
most species is equal to or greater than average grass hay forage value. 
 Results suggest that wetlands constructed of species analyzed will thrive in saline-
sodic conditions, and will outperform or perform similarly to evaporation ponds for CBM 
product water disposal while providing a forage resource and beneficial use. 
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CHAPTER 1 
 

 
Introduction 

 
 

Salinization can be either natural or human-induced, occurs on irrigated and non-

irrigated soils, and occurs in the presence or absence of agriculture (Wood et al., 2001).  

Salinity problems, with respect to soils and plants, are a result of elevated concentrations 

of total dissolved solids in soil and water associated with accumulations of calcium, 

magnesium, sodium, and potassium sulfates and chlorides at high enough concentrations 

to interfere with plant growth (CPHA, 2002; Hanson et al., 1999).  Accumulations of 

salts in soil generally occur in arid and semi-arid climates where evapotranspiration 

exceeds precipitation (Brady and Weil, 1999) or where drainage is restricted.  Saline soil 

or water are often described as having an electrical conductivity (EC) exceeding 3 to 4 

dS/m (saturation paste extract) and is dominated by calcium and magnesium on exchange 

complexes of the soil (Brady and Weil, 1999).  

 Secondary, or human-induced salinization is as old as irrigated agriculture and the 

history of human settlement.  Historic evidence from the world over, including the fertile 

crescent of Mesopotamia, indicates “secondary salinization permeates our civilized 

history” (Ghassemi et al., 1995).  More recently, development of new irrigation schemes, 

along with industrialization, has contributed to global salinization.  Rough estimates 

indicate that about 20 percent of irrigated land globally suffers from salinization and of 

these irrigated lands, around 1.5 million hectares are lost to salinization each year (Wood 

et al., 2001).  In the United States soil salinity occurs on 23 percent of irrigated acreage 
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(USDA, 1989) and also occurs on non-irrigated croplands and rangelands.  Oldeman 

(1991) reports that approximately 76.3 million hectares are salt-affected globally.   

 While irrigated agriculture is generally recognized as the primary source of 

salinization, industry plays a potentially crucial role in future salinization.  Coal bed 

methane (CBM) development is of particular interest as a salinity source in the western 

United States, including the Powder River Basin (PRB) of Wyoming and Montana. The 

Powder River Basin is a geologic feature that extends from east central Wyoming into 

southeast Montana and covers approximately 12,000 square miles (Ellis et al., 1998).  

Underlying coal seams have been mined and drilled for oil and gas using conventional 

methods for over fifty years while CBM development has occurred more recently.  Coal 

seams in the basin often contain large volumes of groundwater and in some places serve 

as aquifers for area residents and as stock water sources.  

Extraction of methane from coal seams in the Powder River Basin results in co-

production of large volumes of water.  This water often contains moderately high 

concentrations of total dissolved solids (TDS), particularly sodium and bicarbonate (Van 

Voast, 2003).  Direct measurements of TDS are often not practical and a common way of 

measuring TDS is to measure the electrical conductivity (EC) of water.  Dissolved salt 

dissociates in water into charged ions.  When electrodes connected to a power source are 

placed in water, ion movement causes the water to conduct electricity and is easily 

measured with an EC meter (Hanson et al., 1999). 

  Rice et al. (2002) sampled 83 wells in the Powder River Basin and found TDS 

increases from south to north and from east to west, with TDS values ranging from 270 
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mg/L up to 2,720 mg/L.  Increasing TDS is a product of increasing concentrations of 

sodium and bicarbonate in the groundwater, resulting in elevated electrical conductivities 

and sodium concentrations in the northern basin (Rice et al., 2002).   

The sodium adsorption ratio (SAR) is used as an index for determining the 

sodium hazard of soil or water.  High SAR’s may result in dispersion of clay particles 

and decreased soil permeability.  It is calculated as an adjusted ratio of sodium relative to 

calcium and magnesium on the soil exchange complex or in water.  SAR values in 83 

wells sampled by Rice et al. (2002) ranged from 5 to 69 and followed the same trend as 

TDS.  According to Van Voast (2003), the northern end of the basin experiences lower 

calcium and magnesium contents and higher sodium content than the eastern part of the 

basin where recharge occurs.    

Currently, CBM product water is stored in evaporation and infiltration ponds, 

directly discharged to channels, and to a limited extent, used for irrigation where water 

quality permits.  However, EC and SAR trends reported by Rice et al. (2002) suggest that 

product water may be unsuitable for irrigation in some areas, and may not meet direct 

discharge standards in the northern portion of the basin.  As water quality declines and as 

drilling progresses north in the basin, industry will become more restricted in water 

management options and possible new management tools may become important.  

 
Objectives 

 
 

The goal of this research was to explore the potential of using constructed 

wetlands as a new management tool for CBM product water management.  Numerous 
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native wetland species in Montana and Wyoming are salt tolerant and have large growth 

forms.  Due to the large surface area of these plants and potentially unlimited 

transpiration due to an abundant water supply, it is possible that transpiration rates from 

vegetated surfaces could equate to open water evaporation rates, thus performing 

similarly to evaporation ponds for product water disposal while putting the water to 

beneficial use.  However, very little information is available on wetland species 

evapotranspiration (ET) rates in the semi-arid west.  The objectives of this study were to: 

1) define water use of select species relative to open water evaporation and relative to one 

another; 2) confirm species viability in saline-sodic water; and 3) determine viability of 

constructed wetlands as a water management option for moderately saline-sodic water 

disposal.    

 
Literature Review 

 
 
Constructed Wetlands 
 

Wetlands have been found to cleanse polluted waters, prevent floods, protect 

shorelines, recharge groundwater aquifers and are therefore becoming increasingly 

valued, protected, and mimicked in the form of constructed wetlands.  Constructed 

wetlands have traditionally been used for treatment of domestic wastewater effluent but 

are becoming increasingly used for treatment of a variety of point and non-point pollution 

sources (Mitsch and Gosselink, 1993).  They can be low-cost, low maintenance, effective 

treatment systems. 
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 Plant contaminant removal capabilities are determined by many plant attributes 

including tolerance to the contaminant, accumulation capability, transpiration rate, plant 

size and biomass production, root type, and rooting depth.  Numerous studies have 

demonstrated the effectiveness of wetlands for removing suspended sediments and 

nutrients, particularly nitrogen and phosphorus, from wastewater.  Constructed wetlands 

are also recognized as low-cost alternatives to chemical treatment of acid mine drainage.  

However, wetland effectiveness is less certain when used for mitigating trace metals and 

other toxic materials such as salts, because of the potential they might concentrate in the 

wetland (Knight, 1990).  Larcher (2001) reports that halophytic vascular plants can 

accumulate NaCl in their cell sap up to a 10% salt concentration.  However, a mass 

balance approach may reveal that plants are removing a small portion of total salt loads.  

Gopal (1999) noted that as nutrient loading of wetlands increases, nutrient removal by 

uptake processes decreases sharply and that some of the nutrients are returned to the 

system through death of plant parts.  Phelps (2003) found that while plants were taking 

up base cations from saline irrigation water, ET of halophytes tended to elevate EC at 

shallow water table depths.  For halophytes with high transpiration rates, it is likely that 

ET will occur at a greater rate than accumulation of salts within the plants.  Therefore, 

constructed wetlands can serve to reduce saline effluent water volumes, while salt 

concentration in wetland soils and water is increased .   

 All wetlands, whether natural or constructed, have surface or near surface water 

tables.  Shallow water tables and the resulting saturated substrate generally create 

oxygen-poor conditions and limit vegetation within the wetland to those adapted to 
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anoxic or near-anoxic environments.  In this manner, “hydrology regulates all the 

characteristics of wetland structure and function” (Gopal, 1999).  According to Mitsch 

and Gosselink (1993), “hydrology is probably the single most important determinant of 

the establishment and maintenance of specific types of wetland and wetland processes”. 

Natural wetlands often experience large water level changes throughout a growing season 

and from year to year and vegetation is adapted according to the hydrologic regime.  

Water level changes or pulsing water events often result in the most productive wetlands.  

Consequently, constructed wetlands can be designed to optimize plant performance by 

optimizing water table levels and fluctuations. 

 
Halophyte Background 
 
 Plants are categorized into two broad groups based on their response to salinity.  

Glycophytes are plants unable to tolerate salt accumulations in the soil, include most 

agricultural crops (Lauchli and Epstein, 1990) and usually have a salt tolerance less than 

1% total soluble salts (dry weight basis) (Ungar, 1991).  Halophytes are plants adapted to 

completing their life cycles in saline environments.  Ungar (1991) reports that halophytes 

tolerate salinities greater than 5% total soluble salts (dry weight basis) for at least short 

time periods.  With respect to plant responses to salinity, problems arise when 

concentrations of soluble salts in the root zone are high enough to alter the osmotic 

gradient between plant roots and soil water or through specific ion toxicity (Hanson et al., 

1999; Ungar, 1991).  In non-saline environments, soil water potential is greater than cell 

water potential, and water moves along a "downhill" gradient into the plant roots.  

However, in saline environments, the osmotic gradient is reversed and soil water 
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potential becomes lower than cell water potential due to differences in concentration of 

soluble salts so plants can no longer obtain water.  In turn, closing stomata impairs 

photosynthesis, respiration in the above ground plant and roots either increases or 

decreases, nitrogen assimilation is impaired, and protein metabolism is disturbed 

(Larcher, 2001).  Negative effects of salinity are generally expressed as a decline in 

biomass (El-Haddad and Noaman, 2001) or plant death.    

Halophytes have adopted salinity tolerance mechanisms that include salt 

exclusion, uptake and compartmentalization of salts, and extrusion of salts (Badger and 

Ungar, 1990).  The physiological uniqueness of halophytes is often expressed in 

morphological features such as salt glands, salt hairs, and succulence.  In many cases, 

plants may rely on more than one tolerance mechanism for salt resistance (Waisel, 1972).  

Salt exclusion allows plants to regulate and minimize the amount of salt reaching 

meristems, developing leaves, and young fruits (Larcher, 2001).  Some species have 

developed diverse “excluder mechanisms” (Larcher, 2001) such as salt filtration in the 

roots and interruption of salt transport through storage in roots, upper stem and stalks. 

In general, salt entry to the plant is an active process, regulated specifically by the 

physiology of the plant.  However, sodium ions can enter roots passively.  Some salt 

resistant species do not exclude the sodium ion at the root, but rather excrete salt through 

glands, at the surface of the shoot, and by shedding parts heavily loaded with salt 

(Larcher, 2001).  Salts excreted through glands and hairs are transported via the 

transpiration stream (xylem) to the glands and extruded to the leaf surface (Taiz and 

Zeiger, 1998).  The salt is crystallized on the surface and is no longer harmful to the 
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plant.  Hairs of some species accumulate chlorides in the cell sap, die off, and are 

replaced by new hairs (Larcher, 2001).  Additionally, shedding of older leaves that have 

accumulated salts allows a plant to rid itself of salinity.  Young leaves replace the older, 

salt-laden leaves and are eventually shed as salts again accumulate.  

Succulence is a widespread phenomenon among halophytes in wet, saline 

environments (Larcher, 2001).   Damage to protoplasm is a result of high salt 

concentrations within a cell.  In order to maintain survivable salt concentrations, the 

storage volume of the cell will increase progressively with the uptake of salt through 

commensurate greater water storage.  This allows the plant to take up an adequate 

amount of water to keep salt concentrations reasonably constant for extended periods. 

Lastly, halophytes have the ability to adjust their water potential in response to 

salinity (osmotic stress) through uptake and compartmentalization of salts.  Halophytic 

plants accumulate ions in the vacuole and synthesize organic solutes in the cytosol (Taiz 

Zeiger, 1998).  Accumulation of ions in the vacuole allows the plant to absorb water 

along an osmotic gradient without damaging salt sensitive enzymes.  Vascular 

accumulation also reduces the concentrations of salt to which the chloroplasts are 

exposed (Taiz and Zeiger, 1998; Larcher, 2001).  Synthesis of organic solutes enables 

plants to maintain water balance between the cytoplasm and vacuoles (Taiz and Zeiger, 

1998; Lauchli and Epstein, 1990).  When total water potential in the plant is lower than 

the water potential of salty soil, the plant is able to extract water from soil solution (Taiz 

and Zeiger, 1998).  
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Selected Plant Species 
 

Primary considerations for selecting wetland species for saline water mitigation in 

this study included: 1) species classified as halophytes or demonstrated salt tolerance; 2) 

species native to eastern Montana and Wyoming and posing no threats as introduced 

species; and 3) plants known to be riparian species or occurring in riparian areas, 

suggesting high water requirements and possible adaptations to anoxic conditions.  Other 

features of interest included availability of plants from wetland plant suppliers, rate of 

spread or growth, suitability for transplanting, and forage and habitat value of each 

species.  Species meeting these requirements mentioned by Patz (2002) and other 

resources include Scirpus americanus Pers. (American bulrush), Scirpus maritimus L. 

var. paludosus (A. Nels.) Kuek. (Maritime bulrush), Distichlis spicata (L.) Greene 

(Inland saltgrass), Spartina pectinanta Link (Prairie cordgrass), Puccinellia nuttalliana 

(Schult.) Hitchc. (Nuttall’s alkaligrass), Juncus balticus Willd. (Baltic rush), and Typha 

latifolia L. (Common cattail).  

A study conducted by Patz (2002) in a channel receiving perennial flow of CBM 

product water in the Powder River Basin of Wyoming found that plant communities 

shifted from upland communities towards wetland plants tolerant of saline and saturated 

sediment conditions within a matter of twelve to eighteen months of introduction of CBM 

water.  Patz (2002) identified S. americanus and S. maritimus growing along the bank 

and within the channel of one study site and noted that from 0 to 1.8 meters from the 

north bank, these species accounted for 90% of species composition.  Also, with the 

exception of 16.5 to 18.3 meters from the shallow and low gradient channel, Scirpus 
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species accounted for 80% or greater of all species composition measured.  Besides 

occurring naturally in CBM receiving channels, Scirpus species are rhizomatous, 

widespread in the northern United States, generally found in areas with season-long 

saturated soils, and can be grown in various soils (NRCS, 2001).  Both S. americanus and 

S. maritimus are classified as halophytes.   

S. maritimus has a high tolerance for alkaline and saline soils (NRCS, 2001) and 

has a maximum reported electrical conductivity (EC) tolerance of 77 dS/m (Aronson, 

1989).  S. maritimus is a valuable species for wildlife, including waterfowl, upland game 

birds, and small mammals; it also spreads at a moderate rate (NRCS, 2001).   

S. americanus is classified as a halophyte and has a maximum reported EC 

tolerance of 42.5 dS/m (Aronson, 1989).  It is a valuable species for wildlife and is 

readily available through wetland plant suppliers (NRCS, 2001).  A study conducted on 

wetland species with duration of exposure to salinity pulses as a treatment found that 

percent of total aboveground biomass comprised of S. americanus increased with 

increased exposure duration (Howard and Mendelssohn, 2000).  In addition, S. 

americanus survived all treatment combinations of varying salinity influx rates, duration 

of salinity exposure, and water depth, and persisted at 12 g/L salinity (approximately 

18.75 dS/m) for a period of 3 months.  This data strongly suggests that S. americanus is 

tolerant of salinity. 

Patz (2002) also noted that D. spicata, P. nuttalliana, and S. pectinata occurred in 

the study area.  Warren and Brockelman (1989) report “Distichlis spicata is one of the 

most salt tolerant graminoids frequently associated with salt marshes and inland saline 
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wetlands”.   The maximum reported EC tolerance of D. spicata is very high, at 70 dS/m 

(Aronson, 1989) and supports its classification as a halophyte.   

P. nuttalliana occurs in wet saline areas, has a high anaerobic tolerance, high 

salinity tolerance, and moderate spreading rate (NRCS, 2001).  Unger (1974) reported P. 

nuttalliana widely occurring on moist, saline soils with an average EC of 11 dS/m and 

occurring to a lesser extent on drier, saline soils with an average EC of 34 dS/m.  

Additionally, P. nuttalliana is a native to eastern Montana. 

Relatively little is known or is reported in the literature about S. pectinata, or 

Prairie cordgrass.  However, it is a native to eastern Montana and is classified as a 

halophyte.  Specific salinity thresholds are unknown, but Duncan (1974) reports S. 

pectinata tolerates brackish conditions and the NRCS (2001) plant guide reports that it 

tolerates alkaline soils.  S. pectinata grows to a large size (1-3 m tall) and produces an 

extensive rhizomatous root system that aids in bank stabilization (Patz, 2002; USFS, 

1998).      

While the previously described species were observed in Patz’s study, J. balticus 

was planted and responded well in the study area.  High plant survival rates attest to the 

species suitability in saline conditions.  Moreover, J. balticus is rhizomatous, very 

common throughout the U.S., generally found in areas with season-long saturated soils, 

spreads rapidly, is readily available from plant suppliers, and has some forage value when 

growing (NRCS, 2001; Stubbendeick et al., 1997).  J. balticus is classified as a halophyte 

and is commonly observed in channels receiving CBM water in the Powder River Basin 

(personal observation).     



 12

 In addition to the wetland species recommended by Patz (2002), Typha species 

are a common component of constructed wetlands because of their capabilities at nutrient 

and heavy metal uptake (NRCS, 2001).  T. latifolia is very prevalent in the United States 

and occurs up to 2133 meters elevation.  It is known to exhibit salt tolerance (Duncan, 

1974), is rhizomatous, spreads quickly, is a good species for transplanting, and is readily 

available from plant suppliers. The maximum reported EC tolerance of T. latifolia is 17.5 

dS/m (Aronson, 1989). 

    
Evapotranspiration in Semi-arid Climates 
 

Evapotranspiration (ET) is the consumptive use of water by plant communities 

(transpiration) along with evaporation from soil and free water surfaces (Lenfest, 1987).  

The rate of ET is a function of plant community composition and density, availability of 

moisture, temperature, solar radiation, wind, and humidity.  Evapotranspiration is 

generally discussed as potential evapotranspiration (PET) or actual evapotranspiration.  

PET was defined by Penman (1956) as “the amount of water transpired by a short green 

crop, completely shading the ground, of uniform height and never short of water”.  Pan 

evaporation, or free-water evaporation from a Class A evaporation pan, is very similar to 

PET for short vegetation (Brutsaert, 1982) and is commonly used to estimate PET.  

However, in semi-arid climates where PET greatly exceeds precipitation, water is often a 

limiting resource, and actual ET occurs at a lesser rate than PET.  Constructed wetland 

species provided with an abundant supply of water and subject to steep vapor pressure 

gradients should experience ET rates equal to or similar to PET.   
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 Wetland vegetation ET rates are generally unknown or not understood.  Surface 

area of wetlands is large relative to the volume of water and ET is an important factor in 

wetland water budgets.  There is a plethora of literature suggesting ET of wetland 

vegetation exceeds, is less than, or is approximately equal to open water evaporation.  A 

study conducted on wetland species in the northeast U.S. found T. latifolia ET rates were 

on average, 2.46 times higher than open water evaporation (Pauliukonis and Schneider, 

2001).  The study concluded that certain wetlands may act as “critical hot spots” for ET 

and that if “wetlands contain plants that do not limit their transpiration rates in response 

to the environmental factors that control upland plants, they potentially contribute much 

more water to the atmosphere than do upland areas” (Pauliukonis and Schneider, 2001).  

Furthermore, extreme ET rates of Typha species grown in small-diameter lysimeters have 

been measured at four to six times free water evaporation rates (Otis, 1914; Young and 

Blaney, 1942).  Typha and Scirpus species grown in a greenhouse study in wastewater 

effluent exhibited higher ET rates than the unplanted control (Towler et al., 2004).  

Kadlec (1993) found that dense stands of emergent vegetation removed less water 

through transpiration than would have been lost from open surface evaporation.  Other 

studies argue that experiments reporting ET rates higher than open surface evaporation 

have been conducted on too small a scale to compensate for edge effects (Davis, 2000).  

Incongruency of results suggests environmental factors and vegetation type are highly 

influential of wetland ET.  In theory, wetland species that typically grow in water 

abundant situations may not use water efficiently while plants adapted to dry climates 

may be highly water efficient.  Water use efficiency (WUE) provides a gage by which to 
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assess how efficiently a plant uses water to produce biomass (Brady and Weil,1999).  

 A consequence of high ET rates in saline wetlands is a probable increase in the 

salinity of the water supply due to evapoconcentration.  Elevated salinity levels can, in 

turn, become a limiting factor for plant available water and consequently, ET rates.  

Halophytes will potentially be able to maintain high ET rates at elevated salinity levels.  

ET rates of Typha domingensis (Pers.) in a greenhouse growth experiment were 

negatively affected by salinity treatments (Glenn et al., 1995).  Glenn et al. (1995) 

reported an ET rate of 17 l m-2 day-1 in control treatment of 1.1 ppt salinity for T. 

domingensis but that declined to 5.5 l m-2 day-1 for the 9 ppt salinity treatment.  They also 

found that dry matter production was directly proportional to ET rates across all salinity 

treatments, and both were negatively correlated with salinity treatments.  T. domingensis 

is relatively sensitive to salinity.  However, salt tolerant halophytes will likely exhibit 

similar declines in ET and biomass production at more extreme salinities. 

 
 Salinity Gradients 
 

The density of water is mainly a function of salinity and temperature.   

Water density increases with increasing salinity, decreasing temperature, and increasing 

pressure (Garrison, 1999).  Evaporation can form salty, dense water that will sink towards 

the bottom until meeting a layer of equal or greater density.  In the ocean, fresh water 

entering from a river is much less dense and floats for miles above the cool, salty layers 

of water below (Garrison, 1999).  Stratification of a water body due to salinity gradients 

is known as a halocline.  Stratification of a water body due to salinity and temperature 

gradients is known as a thermohalocline.  The Salton Sea of California exhibits a sharp 
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interfacial layer that separates shallow, relatively dilute water from deep hypersaline 

brines (Williams, 1997).  Williams explains that the density stratified thermohaline 

system is, in part, a function of the “generation of hypersaline brines by evaporative 

means and pooling of dense fluids at the base of the permeable section, separated from 

dilute basin waters by a sharp salinity interface”.  The differences in salt concentrations 

between stratified layers of water range from a few hundred milligrams up to the upper 

limits of hundreds of milligrams per liter (Toth and Lerman, 1975).  Significant 

differences in salinity concentrations of stratified layers in a water column could 

potentially have management implications.  Stratification may allow for partitioning of 

water volumes into smaller increments of hypersaline water, intermediate water, and 

relatively non-saline water.  Partitioning would then minimize the need for expensive 

treatment, such as reverse osmosis, of hypersaline water by reducing the volume of water 

requiring treatment. 

 
Forage Quality and Salinity 
 

Although wetlands are often not viewed as a forage resource, good quality forage 

from a wetland would provide an additional resource to area residents in semi-arid 

climates.  Additionally, formerly ephemeral stream channels are becoming inhabited with 

wetland/riparian type species (Patz, 2002) that replace upland type species that previously 

occupied the channels.  If wetland species have forage value, the forage resource 

previously available in grass-lined ephemeral channels may not be lost due to perennial 

discharge of saline-sodic water and the subsequent shift in species. 
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Caddel and Allen (1994) assert that animal productivity is the best single measure 

of forage quality and is directly affected by forage intake, digestibility, and nutrient 

utilization efficiency.  Principal forage values of interest are often crude protein (CP), 

acid detergent fiber (ADF), neutral detergent fiber (NDF), and relative feed value (RFV) 

(Stokes and Prostko, 1998).  Studies have demonstrated that irrigating with saline water 

influences several forage quality parameters.  Irrigation of 10 forage species in the San 

Juan Basin of California with saline-sodic drainage water resulted in significantly 

reduced biomass production of plants irrigated with the higher salinity irrigation water 

(25 dS/m) relative to those plants treated with lower salinity irrigation water (15 dS/m) 

(Robinson et al., 2004).  In the third and fifth of five total harvests, higher irrigation 

salinity generally increased organic matter content of all species.  NDF was decreased for 

all species in high salinity water for the third harvest, and increased salinity resulted in 

increased CP values for all species for the fifth harvest (Robinson et al., 2004).  

Similarly, ryegrass irrigated by drip irrigation with saline effluent exhibited declining 

NDF values and biomass yields with increasing salinity of irrigation water (Ben-Ghedalia 

et al., 2001).  Ryegrass increased sodium accumulations and maintained potassium 

accumulations as salinity of irrigation water increased, presumably to adjust the osmotic 

gradient (Ben-Ghedalia et al., 2001).  Previous research indicates that salinity may have 

appreciable effects on forage quality and ultimately forage intake. 

 
Hypotheses 
 
 Based on this review, we hypothesized that 1) Maritime bulrush, Inland Saltgrass, 

and American bulrush would be the most salt tolerant species examined while Common 
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Cattail and Nuttall’s alkaligrass would be the least salt tolerance of the species examined; 

2) Common cattail, American bulrush, and Prairie cordgrass would have the highest 

water use rates due to high biomass production and large evaporative surface area; and 

that 3) Wetland species American bulrush, Baltic Rush, Maritime bulrush, and Common 

cattail would thrive in a shallow water table resembling saturated conditions while grass 

species (Poaceae) would perform better in non-saturated conditions created with a deeper 

water table. 
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CHAPTER 2 
 
 

STUDY OF HALOPHYTE RESPONSES 
 
 

Materials and Methods 
 
 

Location 

 The study was conducted in the Plant Growth Center located on the Montana 

State University Campus.  A greenhouse experiment was chosen to minimize sources of 

variation and to extend the growing season.  Treatment plants will be referred to by their 

common names for ease of discussion (Table 1).  A ‘Blank’ treatment is a column 

instrumented the same as other columns, but without a plant. 

 
Table 1.  Latin names of treatments, associated common names, and abbreviated names 
used in tables and figures. 

Latin name: Common name: Abbreviated name: 

Puccinellia nuttalliana (Schult.) Hitchc. Nuttall’s alkaligrass Alkali 
Scirpus americanus Pers.  American bulrush American 

Juncus balticus Willd. Baltic rush Baltic 
Typha latifolia L. Common cattail Cattail 

Spartina pectinanta Link Prairie cordgrass Cord 
Scirpus maritimus L. var. paludosus (A. Nels.) Kuek Maritime bulrush Maritime 

Distichlis spicata (L.) Greene Inland saltgrass Salt 
Blank (no plant – gravel only) Blank Blank 

 

Column Preparation 

 Sixty-four columns were constructed of 25.4 cm diameter, schedule 80 PVC 

sewer pipe, cut 102 cm long.  A 25.4 cm PVC cap was glued to one end of each pipe to 

create a column sealed at the lower end.  An approximately 1.3 cm diameter hole was 

drilled at the bottom edge of each column to provide drainage.  The holes were plugged 
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with rubber stoppers.  To provide a method of measuring water table depth, 5 cm 

diameter PVC pipe was cut to 102 cm lengths and perforated with drill holes at 

approximately 7.6 cm increments the entire length of the pipe.  The pipe was then taped 

to the inside wall of the larger, 25.4 cm column and acted as a well inside the column.  

Water depth was measured in the well with a voltmeter attached to a meter stick with the 

tines taped at the zero centimeter level.  When the tines hit the water, the voltmeter would 

indicate electrical conductance and depth to water table could be measured.  Prior to 

planting but after columns were filled with gravel, we calibrated the columns for changes 

in water table height and the volume of water associated with changes in water depth.  

Water of a known volume was added or removed from a column and the resulting change 

in water table height was measured.  Results were plotted with change in volume of water 

in the column dependent on the change in water table height (Figure 1).  The columns 

were calibrated for water inputs and water loss to account for hysteresis (Figure 1).   

 We found that hysteresis was occurring to a minimal extent due to a film of water 

adhered to the gravel surfaces when columns were drained that resulted in smaller 

volumes of water associated with changes in water table depth when removing water 

from the column than the volume of water associated with changes in water table depth 

when adding water to the column.  The resulting linear trendline equation was used to 

calculate ET throughout the experiment.  ET was estimated as the difference between the 

water table height when full and the water table height measured after two weeks time. 
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Figure 1.  Calibration of columns for the volume of water (mL) associated with a change 
in the height of the water table (cm).  The trendline for water removed represents the 
hysteric effect that occurred when columns were drained. 
 
 

To provide a means of sampling for salinity stratification at depth intervals, a 

series of 2.5 cm diameter pipes cut to three depths was constructed for each column.  The 

2.5 cm pipes were capped at the bottom, drilled with 2 holes just above the cap, and cut 

to allow for sampling at 15 cm depth increments (15, 30, 45 cm) in the 25.4 cm deep 

water table columns, and 30.5 cm depth increments (30.5, 61, 91.5 cm) in the surface 

water table columns.  Each column was equipped with a group of 3 salinity stratification-

sampling tubes clustered together in the center of the column.  Rounded, 2.5 cm diameter 

gravel was then filled in around the clusters of 2.5 cm tubes and suspended the tubes at 

the specified depths within the column (Figure 2).  The gravel provided substrate for 

plants without altering or interfering with water chemistry.   
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Figure 2.  Water monitoring well and stratification sampling tubes suspended in the 
gravel. 
 

Experimental Design and Treatment 

Large PVC columns, 25.4 cm diameter and 102 cm deep, were arranged in a 

completely randomized block design, replicated four times (Figure 3).  Experimental 

factors consisted of seven plant species and one blank (no plant) treatment, and two water 

table heights. The primary response variable was plant water use or evapotranspiration.  

Other response variables included biomass production, crude protein production, and 

cation uptake.  Two water table heights were chosen to explore optimal growing 

conditions for species and included water table at the gravel surface, and water table 45 

cm below the gravel surface.  One water chemistry, designed to mimic CBM product 

water chemistry in the northern portion of the Powder River Basin, was chosen for all 

treatment combinations.  Following plant establishment, plant water use was monitored 

and columns were refilled to designated water table treatment levels on a bi-weekly basis.  

When plants matured and started producing seed heads (after 8 weeks time), above 

ground biomass was harvested for plant productivity analysis and to avoid plant 
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dormancy.  The experiment ran for 24 weeks and resulted in three harvests and 12 water 

use measurements per column.     

 

  
Figure 3.  Experimental design consisted of eight species treatments, two water table 
treatments, and four replications arranged in a completely randomized block design.   
 
 
Planting and Plant Establishment 

Selected halophytic species include those described by Patz (2002) and others 

including S. americanus, S.  maritimus, P.  nuttalliana, S.  pectinata, D. spicata, and J. 

balticus.  T. latifolia was also chosen because of its popularity in constructed wetlands, 

large growth form, potential ability to use water, and its known salt tolerance.  All species 

were obtained from a wetland plant supplier in 10 T conetainers as established seedlings.  

Previously established plants were chosen because wetland species are generally known 

to be difficult to start from seed, and to speed up the plant establishment process.  Plants 

were ordered in February, 2002 and were dormant upon reception.  They were planted in 

the respective columns immediately on June 27, 2003.  Eight plants were planted per 
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column and arranged equidistantly around the center water sampling tubes.  Columns 

were immediately filled with simulated CBM product water to the surface of the gravel to 

provide adequate water for the shallow root systems, and to verify that plants could 

establish in saline conditions.   

Water levels were maintained at or near this level for about four weeks in all 

columns.  Supplemental lighting provided 14 hours of light per day, and temperatures 

were maintained at 24 to 27 degrees C to encourage plant emergence from dormancy and 

growth.  After four weeks, water levels in columns with below surface water table 

treatments were allowed to begin slowly dropping, in hopes that roots would be 

encouraged to extend to deeper depths.  After approximately two months post-planting, 

all plants had emerged from dormancy and had grown to varying extents.  On May 5, all 

plants were clipped to 8 cm height above the gravel surface to remove biomass produced 

during plant establishment.  Columns with surface water table treatments were filled, and 

depth to water table was determined for deep water table columns.  Surface water table 

treatment columns were then watered back to the gravel surface on a two-week basis, and 

plant water use was monitored at the same time for all treatments.  Below surface water 

table treatment columns were not watered until water was drawn down to 46 cm below 

the gravel surface.  Water was never drained from the columns and the only source of 

water use was plant transpiration or evaporation.   As a result of unequal irrigation events 

and varying ET rates among treatments and replications, beginning EC values and water 

table depths (for deep water table treatments) were unique for each column. 
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 Water Chemistry and Preparation 
 
 Treatment water chemistry was designed to mimic the EC, SAR, and pH of an 

average CBM product water chemistry that might occur in the northern portion of the 

Powder River Basin of Montana.  Mean EC, SAR, and pH values were obtained from 

eastern Montana PRB well data provided by John Wheaton of Montana Bureau of Mines 

and Geology (personal communication1).  By adjusting product water chemistries from 

previously conducted experiments, we were able to obtain approximate target EC and 

SAR values in the lab by using 1.0 g/L of sodium bicarbonate (NaHCO3) and 1.0 g/L 

sodium chloride (NaCl) in tap water.  However, the dissolution of sodium bicarbonate in 

water causes pH to increase, and resulted in a slightly higher pH than the target.  Target 

and simulated CBM product water chemistries are summarized in Table 2.  

 
Table 2.  Target CBM product water values obtained from northern PRB well data, 
synthesized CBM product water quality obtained in the laboratory, and chemical 
constituents used to achieve water quality targets.  

Water quality 
attributes 

Target CBM product 
water quality 

Synthesized CBM 
product water quality 

Chemical 
constituents utilized 

(g/100 L)  
EC (dS/m) 3.15 ~3.25 100 g NaHCO3  

SAR 33 ~35 100 g NaCl 
pH 7.75 ~8.15 37 g Miracle Grow®  

 

Simulated product water was prepared in 100 L batches in large plastic barrels.  

Because sodium bicarbonate dissociates in water allowing free carbonate to bind with  

________________________________ 

1John Wheaton, Montana Bureau of Mines and Geology, MT Tech – University of MT, 1300 
North 27th Street, Billings, MT  59101, (406) 657-2629, jwheaton@mtech.edu. 
product water chemistry is dynamic and needs to equilibrate before the final chemistry is 
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calcium in the tap water and precipitate as relatively insoluble calcium carbonate, CBM 

product water chemistry is dynamic and needs to equilibrate before the final chemistry is 

achieved.  For this reason, reagents were mixed with the water with a small, 19 liter per 

minute submersible pump for one hour and allowed to equilibrate for an hour before 

being added to the columns.  To provide plant nutrients, 37 grams of Miracle Grow® 

fertilizer was added to each batch of synthesized water.  A new supply of water was 

synthesized each time columns were refilled. 

 
Water Quality Sampling 
 

Initial water quality samples were collected from all columns at the beginning of 

the monitoring period (May 5, 2003) and on a monthly basis thereafter.  A hand crank 

pump with a rubber feed hose was used to collect 100 mL samples from the clusters of 

sampling tubes.  Initially, samples were collected from all three sampling tubes at depth 

intervals to determine if salinity stratification was occurring in the columns.  After three 

collections, it was readily apparent that no trend existed in salinity gradients and/or 

salinity gradients were not occurring.  Subsequent water quality samples were collected 

only from the mid-depth sampling tubes.  Water quality analyses were completed by 

Agvise Laboratories, Northwood, ND.  Submitted samples were analyzed for Na+, Ca2+, 

Mg2+, pH, and EC.  SAR was calculated for all samples submitted by converting reported 

cations in ppm to meq/L and with the SAR calculation recommended by the Agricultural 

Salinity and Drainage Handbook (Hanson et al., 1999):  

    SAR = Na+/ √((Ca2+ + Mg2+)/2) 
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Additionally, two samples were collected from each batch of bulk water supply 

synthesized every two weeks and sent to the lab for analysis to ensure that target water 

quality parameters were obtained. 

 
Harvesting Technique and Analysis 

 Plants were harvested on an 8 week basis when initial seed production of faster 

maturing species appeared, primarily S. pectinata, P. nuttalliana, and D. spicata.  Plants 

were harvested to about 8 cm height and virtually all aboveground biomass was removed 

and collected.  Biomass samples were separately bagged and oven dried at 40 degrees C 

for a four-day period.  Oven-dried samples were weighed and ground for laboratory 

analysis.  All samples were sent to Midwest Laboratories, Omaha, NE.  Laboratory 

analysis included mineral analysis of total nitrogen (%), K+, Na+, Ca2+, Mg2+ and feed 

value analysis, comprised of crude protein (%), relative feed value, neutral and acid 

detergent fiber (%), and total digestible nutrients (%).  Four successive harvests, 

including one baseline harvest, were collected during this study. 

 
 Open Water Evaporation Estimates 

 During the period of study, open water evaporation rates were monitored in the 

greenhouse on the same schedule as plant water use.  Two 7.6 L buckets, 26 cm in 

diameter, were positioned with the top of each bucket at an equal elevation to the column 

surface among the columns (Figure 4).  Buckets were used instead of standard U.S. 

Weather Bureau class A evaporation pans because of space constraints.  Buckets were 

filled bi-weekly with room temperature tap water from a bulk supply located in the 
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greenhouse unit.  Buckets were kept clean of algae by a periodic washing with diluted 

bleach and were the same color as the columns (white) to avoid incongruent effects from 

radiation.  Evaporation from the buckets will be referred to as reference evaporation. 

      

 
Figure 4.  Placement of evaporation buckets within columns and at the same elevation as 
surface of gravel in columns. 
 
 
Statistical Analysis 
 
 All statistical analysis was conducted with R version 1.7.1 statistical software (R 

Development Core, 2003).  Analysis of variance (ANOVA) and multiple comparison 

procedures were used to ascertain whether significant differences were present among 

and within treatments at the 95% confidence level (P = 0.05).  Single factor ANOVA 

with species as factor were conducted on cumulative biomass (g, dry weight), cumulative 

water use (mm), water use efficiency (WUE = cumulative biomass(g)/cumulative water 

use (kg)), cumulative base cations sequestered (g), cumulative crude protein produced 

(g), and change in water EC (dS/m) over three growth periods.  Significant differences at 

P ≤ 0.05 were separated using Tukey’s multiple comparison procedures for equal sample 

size data sets.  Blank treatment columns were eliminated from all biomass dependent 
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analyses because of zero biomass production.  Additionally, disregarding blank treatment 

values (0 values) provided normality of data.   

 To analyze response variables among growth periods within a species, one-way 

ANOVA was conducted with growth period as a factor.  Analysis was conducted for each 

species on rate of change of ET (mm/period) among periods (∆ET), biomass produced (g, 

dry weight) among periods, WUE (g biomass/kg water use) among periods, crude protein 

(CP) produced (g) among periods, and acid detergent fiber (ADF, g) among periods.  For 

species with significantly different rates of change of ET (mm/period), one-way ANOVA 

was conducted with EC (dS/m) of column water as a factor.  Significant differences at P 

≤ 0.05 were separated using Tukey’s multiple comparison procedures for equal sample 

size data sets.   

 In some instances when Blank treatment data was markedly different than species 

data, the data sets failed normality tests.  This occurred for several reasons including 

small samples sizes and few replications (only 4 replications per treatment).  The 

necessary minimum sample sizes to accurately test for normality typically include n > 50 

and often approaching 100 (Robinson, 2003).  However, a lack of normality does not 

necessarily discredit the data or the use of ANOVA for data analysis (Robinson, 2003) 

and we proceeded with analysis for the given data sets.  

 
Amendments to Methods  

 Plants subjected to the deep water table treatment had difficulty extending roots to 

this depth.  Plants had to be continuously watered to survive, and roots never extended to 

a 46 cm depth.  Approximately 8 weeks into the experimental period, all plants were 
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obviously dead due to a lack of water.  For this reason, all columns designated the deeper 

water table treatment were removed from the greenhouse and no further analysis was 

conducted.  It was immediately apparent that the deep water table was inappropriate for 

this experimental design.  In this study, because the rooting medium was coarse gravel, 

the column retained little water above the free water surface.  In a soil environment, a 

capillary fringe will develop above the free water surface, and plants may be able to 

develop roots and survive with a deeper water table. 

 Additionally, some water chemistry difficulties were encountered early on during 

plant establishment.  Due to the dynamic nature of simulated product water chemistry and 

the chemical composition of tap water, desired SAR values were difficult to achieve.  

During plant establishment, plants were watered with a simulated product water with 

SAR of 10, EC of 3.25 dS/m, and pH of 8.00.  By the time the experimental period 

began, the chemistry had been refined and we were able to achieve the target product 

water values of SAR of 35, EC of 3.25 dS/m, and a slightly elevated pH of 8.15.    
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CHAPTER 3 
 
 

RESULTS AND DISCUSSION 

 
Cumulative Plant Responses 

 
 

Cumulative plant responses over all growth periods were analyzed and compared 

among species.  Plant treatments are referred to by their common names throughout the 

discussion.  Cumulative plant responses of interest include ET (mm), change in EC 

(dS/m), WUE (g/kg), base cations sequestered (g), and CP content (g) from three 

harvests.  Results are summarized in Table 3.  As previously mentioned, significant 

differences are distinguished at the P ≤ 0.05, or 95% confidence level.  Treatment means 

are summarized in Table 4. 

   
Table 3.  Summary of significant differences occurring among species for all cumulative 
response variables.  Within response variables, treatments with the same letter are not 
significantly different (P≤0.05). 
          Indicator Variables:     

Source of 
Variation: Species 

Cumulative 
ET      

(mm) 

Change in 
EC       

(dS/m) 

Cumulative 
Biomass 

(g) 

Cumulative 
WUE   
(g/kg) 

Cumulative 
Base Cation 
Uptake (g) 

Cumulative 
CP        
(g) 

Alkaligrass ac a a a ac a 
American  ab bd ac ac ac a 
Baltic  b c a ac bd ab 
Cattail cd a ac a abc bd 
Cordgrass ab d b b c c 
Maritime  d a c c d d 
Saltgrass d ab a a ab ab 
Blank e a NA NA NA NA 
Figure # 5 6 8 11 12 14 
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Table 4.  Summary of treatment mean cumulative response variables for each species.   
          Treatment Means:     

Source of 
Variation: Species 

Cumulative 
ET (mm) 

Change in 
EC (dS/m) 

Cumulative 
Biomass 

(g) 

Cumulative 
WUE 
(g/kg) 

Cumulative 
Base Cation 
Uptake (g) 

Cumulative 
CP        
(g) 

Alkaligrass 951.5 1.45 50.77 1.05 1.81 7.24 
American  1120.3 2.95 43.36 0.76 1.86 6.10 
Baltic  1245.9 4.81 47.21 0.75 1.03 6.76 
Cattail 771.1 1.17 34.03 0.87 1.62 3.60 
Cordgrass 1139.1 3.04 106.33 1.84 2.30 11.47 
Maritime  689.3 1.43 14.75 0.41 0.44 2.00 
Saltgrass 720.0 1.71 49.07 1.33 1.34 6.82 
Blank 358.9 0.53 NA NA NA NA 
 
 
Cumulative ET 
  

Cumulative ET is the summation of ET (mm) over the 24-week growing period.  

Cumulative ET of all species is illustrated in Figure 5.   
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Figure 5.  Cumulative ET (mm) over 24-week growth period for each treatment.  Bars 
capped by the same letter are not significantly different (P≤0.05). 
 
 

American bulrush, Baltic rush, Prairie cordgrass, and Nuttall’s alkaligrass 

exhibited the greatest cumulative ET while Common cattail, Maritime bulrush, and 
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Inland saltgrass used less water over the growth period.  Maritime bulrush was difficult to 

establish and never produced abundant biomass over the experimental period, which 

accounted for its lower water use.  All species had significantly greater ET rates than the 

Blank treatment.  

 
Change in EC 
 
  Change in EC (dS/m) was determined as the difference between the EC of the 

final water sample on week 24 and the initial EC of the column water during week 1.  

Because columns were never drained and pure water is lost through plant transpiration 

and evaporation, salts were evapoconcentrated in the columns.  Additionally, because 

plants use water at varying rates, evapoconcentration occurred to varying extents during 

plant establishment.  Therefore, treatments (species) had different salinity levels (EC) 

when monitoring of response variables began. 

  Change in EC over the entire growth period for each species is demonstrated in 

Figure 6.  Generally, treatments that used the most water over the experimental period 

also exhibited the greatest change in EC.  American bulrush and Prairie cordgrass, two of 

the greatest consumers of water, experienced a significantly smaller increase in EC over 

the growth period (∆EC = 2.95 dS/m and 3.04 dS/m, respectively) than Baltic rush.  

Nuttall’s alkaligrass, Common cattail, Maritime bulrush, and Inland saltgrass did not 

cause a significantly greater change in EC than the Blank over the course of the 

experiment, but the increase induced by these species was 2.2 to 3.3 times greater than 

the increase in EC induced by the Blank treatment.  Although ∆EC of Nuttall’s 

alkaligras, Cattail, Maritime bulrush, and Inland saltgrass was not greater than ∆EC of 
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the Blank, the extent of evapoconcentration over a set time period is related to the rate at 

which ET occurs (Figure 7).        
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Figure 6.  Change in EC (dS/m) over the entire growing period for each species.  Bars 
capped by the same letter are not significantly different (P≤0.05).  
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Figure 7.  An exponential relationship was fitted to cumulative ET (mm) of all species 
and the change in EC (dS/m) of all species that occurred due to evapoconcentration.   
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Cumulative Biomass 
 
 Cumulative biomass is the summation of biomass collected over three harvests, 

presented in grams dry weight.  Blanks were omitted from biomass analysis and all 

subsequent analyses dependent on biomass production (WUE, CP, and cations 

sequestered).  Prairie cordgrass, which exhibited high ET rates, had a mean production of 

106.33 grams (dry weight) of biomass, greater than biomass production for all other 

treatments (Figure 8).  However, American bulrush, Baltic rush, and Nuttall’s alkaligrass, 

with ET rates similar to Prairie cordgrass, did not produce greater biomass than Common 

cattail and Inland saltgrass, species that used less water.  In addition, American bulrush 

and Common cattail did not produce greater biomass than Maritime bulrush, which 

exhibited very poor growth (Figure 9). 
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Figure 8.  Cumulative biomass (grams, dry weight) over three harvests for each species.  
Bars capped by the same letter are not significantly different (P≤0.05). 
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Figure 9.  American bulrush (left) and Maritime bulrush produced statistically similar 
(dry weight) but volumetrically dissimilar biomass. 
 
 

Visually, American bulrush and Baltic rush were among the most productive 

biomass producing species.  This discrepancy between high water use rates and low 

biomass production of American bulrush and Baltic rush may be a function of their 

aboveground structures.  Both species have hollow or pithy stems, which may result in 

low bulk densities.  A plot of mean cumulative biomass produced as a function of mean 

cumulative ET for all species suggests a relationship did exist between ET and biomass 

production (Figure 10).  However, the relationship between ET and biomass of the data 

set is weak.  
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Figure 10.  Cumulative biomass (g, dry wt.) of all treatments (excluding Blanks) as a 
function of cumulative ET (mm) suggests a relationship exists between the response 
variables.   
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Cumulative Water Use Efficiency 

 The WUE of all treatments, excluding Blanks, are illustrated in Figure 11.  The 

WUE of each species essentially mimics cumulative biomass production (Figure 8), 

suggesting WUE is highly dependent on biomass produced. 
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Figure 11.  WUE (g/kg) (cumulative biomass and cumulative ET) over the entire growing  
period for each species.  Bars capped by the same letters are not significantly different 
(P≤0.05).  
  
 

In terms of constructed wetlands designed to maximize water disposal, plants with 

low WUE may be preferable species.  The low WUE of Maritime bulrush, American 

bulrush, and Baltic rush suggest that given large growth forms, these species may use 

large volumes of water to support photosynthesis.      

 
Cumulative Base Cations Sequestered 

 Cumulative base cations sequestered is the summation of Na+, Ca2+, Mg2+, and K+ 

sequestered in the plant over three harvests (g).  Base cation content was reported in 

laboratory analyses as a percentage of biomass and was converted to mass of base cations 
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sequestered.  Differences among species in cumulative base cation uptake were 

significant (Table 3, Figure 12).  Prairie cordgrass cation sequestration is largely a 

function of high biomass production.  In contrast, Common cattail, Nuttall’s alkaligrass, 

and American bulrush produced significantly less biomass, but accumulated a statistically 

similar mass of cations, suggesting a greater capacity to sequester cations on a per unit 

mass basis.  Analysis of the mean percentage of cations sequestered by species over the 

entire growth period supports these conclusions (Figure 13).  Maritime bulrush and Baltic 

rush sequestered fewer base cations than other treatments.  This is likely a function of 

lower biomass production for Maritime bulrush with 3.18% cation sequestration, and 

lower mean percent of biomass composed of cations for Baltic rush (2.18%).    
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Figure 12.  Cumulative base cations sequestered (g) over three harvests for all species.  
Bars capped by the same letter are not significantly different (P≤0.05). 
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Figure 13.  Average percentage of biomass as base cations sequestered among all growth 
periods. 
 
 
Cumulative Crude Protein  

 Cumulative crude protein (CP, g) is the summation of crude protein produced 

over three harvests.  CP is reported as a percentage and has been converted to a dry 

weight value (Table 3, Figure 14). 
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Figure 14.  Cumulative CP (g) produced over three harvests for each species.  Bars 
capped by the same letter are not significantly different (P≤0.05). 
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The trend among species mimics the biomass trend (Figure 8), suggesting that CP 

production is correlated with biomass production and that species abilities to produce CP 

are relatively similar.  Analysis of mean percentage crude protein for the entire growth 

period for all species indicates that Nuttall’s alkaligrass, American bulrush, Baltic rush, 

and Inland saltgrass yield essentially the same crude protein percentage of 14% (Figure 

15).  Common cattail, Maritime bulrush, and Prairie cordgrass yield slightly smaller 

percentages of crude protein at 9%, 10%, and 11%, respectively.  

 

 

0

2
4

6

8

10
12

14

16

Alka
li

Ameri
ca

n
Balt

ic
Catt

ail
Cord

Mari
tim

e
Salt

Pe
rc

en
t C

P

 
Figure 15.  Mean percent of biomass as CP for all growth periods. 
 

Plant Responses Among Growth/Regrowth Periods 
 

  
Previous analysis of treatment effects provided insight into plant responses over 

the complete study period.  Examination of plant water use among periods suggests that 

plant responses may have varied among growth and regrowth periods (Figures 16 and 

17).  The species studied were grouped into high water use species (Nuttall’s alkaligrass, 
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American bulrush, Baltic rush, and Prairie cordgrass) and low water use species 

(Common cattail, Maritime bulrush, Inland saltgrass, and Blank) for simplification of 

some figures. 
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Figure 16.  Mean ET (mm/2 weeks) over three growth periods for Baltic rush, Nuttall’s  
alkaligrass, American bulrush, and Prairie cordgrass (high ET species). 
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Figure 17.  Mean ET (mm/2 weeks) over three growth periods for Inland saltgrass, 
Maritime bulrush, Common cattail, and Blank treatments (low ET species). 
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Increased biomass production over time corresponded with elevated ET rates 

(except Blanks).  When plant evaporative surface is removed through harvest, ET 

decreases considerably.  To determine if ET varied among growth periods, single-factor 

ANOVA was conducted for each species.   

 
 ∆ET Rates 

Linear regression of ET as a function of time was conducted using Microsoft 

Excel software for all species and replications to determine the rate of change of ET per 

period (mm/week).  These data were used for the single factor ANOVA. The rate of 

change of ET as a function of time for each species and for all growth periods (and for all 

replications) are shown in Figure 18 and will be referred to as ∆ET throughout the results 

and discussion. 

Lack of differences among periods may be associated with large variance among 

replications for some species (Table 5). Nuttall’s alkaligrass had considerably different 

mean ∆ET rates of 5.98 mm/week, 1.92 mm/week, and 5.50 mm/week but a large 

variance (30.38).  Likewise, Cattail had a large variance associated with the mean ∆ET of 

growth period 1.  Variance within a species is, in part, due to the experimental setup in 

the greenhouse.  The replication nearest the wall (and receiving the least light) sometimes 

behaved considerably different than the replications (or blocks) receiving full sunlight.  

As expected prior to analysis, Blank treatments were not significantly different, 

suggesting that evaporation was relatively stable in the greenhouse.  
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Figure 18.  Linear regression of ET rates for all species, replications, and growth periods. 
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Significant differences were detected in ∆ET among growth periods for high ET 

species, American bulrush, Baltic rush, and Prairie cordgrass, with substantially higher 

∆ET rates in the first growth period for each of these species (Table 5).   

 
Table 5.  Mean ∆ET rates for each growth period and species and associated variances.  
Growth periods within a treatment followed by the same letter are not significantly 
different (P≤0.05). 

 Treatment 
Growth 
Period 

Mean ∆ET Rate 
(mm/week) Variance 

Nuttall’s Alkaligrass 1 6.0a 30.38 
  2 1.9a 4.49 
  3 5.5a 2.51 
American Bulrush 1 13.2a 6.21 
  2 3.1b 0.30 
  3 3.7c 0.67 
Baltic Rush 1 10.7a 6.21 
  2 4.1b 5.23 
  3 5.7c 5.06 
Cattail 1 6.0a 11.04 
  2 2.6a 1.37 
  3 2.8a 2.35 
Prairie Cordgrass 1 13.9a 5.95 
  2 7.0b 1.42 
  3 7.3b 1.49 
Maritime Bulrush 1 2.6a 7.13 
  2 3.5a 2.22 
  3 1.4a 0.23 
Inland Saltgrass 1 3.8a 4.19 
  2 1.8a 4.68 
  3 4.0a 2.63 
Blank 1 -1.5a 1.87 

  2 -1.1a 1.47 
  3 0.7a 0.53 

 
 

 Notably, all species except Maritime bulrush and Blanks exhibited higher 

∆ET in growth period one, decreased ∆ET rates in period two, and increased ∆ET again 

in period three (although not always significant).  This may be due, in part, to plant 
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response to photoperiod.  Greenhouse lights were on in May and early June, then turned 

off in late June, July and August, and again turned on in mid September.  Lack of 

supplemental lighting may have caused decreased ∆ET rates in period 2.    

As previously mentioned, EC increased significantly for all species over the entire 

study period.  Obviously, the extent of increase in EC was dependent on the amount of 

water evapotranspired.  While trends in ET varied among the harvests due mainly to the 

effect of canopy removal by harvesting, EC increased continuously over all three growth 

periods in a linear fashion (Figures 19 and 20).   
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Figure 19.  Mean EC (dS/m) of high water use species increases over time as salts are 
evapoconcentrated in the columns.   
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Figure 20.  Mean EC (dS/m) of low water use species increases over time as salts are 
evapoconcentrated in the columns. 
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As an ancillary assessment, ANOVA of ET as a function of column solution EC 

was completed, disregarding the covariance of EC and ET.  ANOVA indicated that EC 

was not a significant source of variation in ET among growth periods for American 

bulrush, Baltic rush, and Prairie cordgrass at the 95% confidence level.  These results of 

the analysis may be erroneous as repeated harvests and the associated fluctuating ET 

rates may be disguising or acting as covariates with EC.  It is reasonable to assume that 

ET would be related to EC in as much as increasing EC of column solution would result 

in increasingly more negative osmotic potential of column solution contributing to total 

potential of column water.  Plotting change in EC (dS/m) for the entire experimental 

period as the predictor and cumulative ET (mm) as the response variable results in a 

logarithmic relationship between ∆EC and cumulative ET (Figure 21), suggesting a 

relationship between ET and EC does exist and that a greater accumulation of salts within 

plant water supply results in decreasing cumulative water use. 
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Figure 21.  Cumulative ET (mm) decreases at a logarithmic rate as salts accumulate in the 
column (as ∆EC increases in extent). 
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Biomass Among Growth Periods 

 Biomass produced among growth periods for each species is summarized in Table 

6 and Figure 22.  For purposes of presentation and visual evaluation, data are presented 

both in tabular and figure format. 

 
Table 6.  Summary of species mean biomass production (g, dry wt.), WUE (g/kg), and 
crude protein (CP, g) among growth periods.  Means within a treatment followed by the 
same letter are not significantly different (P≤0.05).   
                                            Species Means   

Source of Variation: 
Species Period 

Biomass 
(g) 

WUE 
(g/kg) 

Crude Protein 
(g) 

Crude Protein 
(%) 

ADF    
(g) 

ADF  
(%) 

Nuttall's alkaligrass 1 15.83a 1.03a 2.26a 14.5 4.96a 30.58 
  2 11.16a 0.97a 1.86a 16.25 3.3a 29.9 
  3 23.78a 1.92b 3.13a 14 6.76a 28.13 
American bulrush 1 17.91a 0.92a 2.67a 14.75 4.88a 27.2 
  2 15.67a 0.93a 2.13b 13.5 4.52a 28.93 
  3 9.78b 0.95a 1.31c 13.75 2.81b 28.65 
Baltic rush 1 16.51a 0.90a 2.58a 15.5 5.29a 32.08 
  2 15.75a 0.99a 2.27a 14.5 5.11a 32.23 
  3 14.95a 0.95a 1.90a 12.8 4.81a 32.03 
Common cattail 1 15.45a 1.20a 2.08a 13.75 4.94a 29.03 
  2 13.02ab 1.22a 1.32a 10.3 4.03a 30.88 
  3 5.57b 0.63b 0.20b 2.5 0.65b 7.78 
Prairie cordgrass 1 28.93a 1.72a 3.21a 11.25 10.11a 34.85 
  2 39.46a 2.74a 4.10a 10.5 14.3a 36.15 
  3 37.94a 2.45a 4.16a 10.75 12.76a 33.4 
Maritime bulrush 1 4.14ab 0.41ab 0.78ab 14.75 0.92a 17.37 
  2 9.94a 0.75a 1.23a 12.25 2.82a 28 
  3 0.68b 0.12b 0.00b 2.5 0a 7.61 
Inland saltgrass 1 14.45a 1.41a 1.98a 13.75 4.65a 31.63 
  2 12.64a 1.61a 1.95a 15.5 3.91a 30.93 
  3 21.98a 1.98a 2.89a 13.25 6.79a 30.56 

 

Prairie cordgrass consistently produced the greatest biomass in all growth periods, 

ranging from 28.93 g dry weight in the first growth period to 37.94 g dry weight in the 

second growth period.   
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Figure 22.  Mean biomass production (g, dry wt.) among periods for all species. 
 
 

For most species, trends in biomass production among periods mimicked trends in 

ET among growth periods.  Prairie cordgrass, however, used more water in period 1 but 

produced less biomass, and used less water in periods 2 and 3 but produced more 

biomass.  

 
WUE Among Growth Periods 

 WUE was not different among periods for American bulrush, Baltic rush, Prairie 

cordgrass, and Inland saltgrass (Table 6, Figure 23).  Prairie cordgrass had the greatest 

WUE for periods 2 and 3 due to increased biomass production and decreased ∆ET in 

these two periods.  Inland saltgrass was also a more water efficient plant, primarily due to 

low water use and average biomass production (among species).  Logically, WUE trends 

mimic those of biomass production and ∆ET rates. 
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Figure 23.  WUE (g/kg) among growth periods for each species. 
 
 
 Crude Protein Among Growth Periods 
 
 To determine if species maintained their forage value through repeated harvests 

and in saline conditions, CP was analyzed for biomass harvested during each period.  

Crude protein among periods behaved the same as biomass among periods and mimicked 

biomass production trends (Table 6, Figure 24).   

The trend in CP production was one of decrease as growth (or regrowth) period 

increased and as column solution salinity increased for American bulrush, Baltic rush, 

and Common cattail.  In contrast, the trend in CP production is one of increase as growth 

period increased and as column solution salinity increased for Nuttall’s alkaligrass, 

Prairie cordgrass, and Inland saltgrass.   
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Figure 24.  Crude Protein (g, dry wt.) among growth periods for all species. 
 
 
 While CP production is dependent on biomass production, the percentage of 

biomass produced as CP lends insight into forage quality (Table 6, Figure 25).  Prairie 

cordgrass, although the greatest producer of CP on a mass basis, produced a low 

percentage of biomass as CP (10.5 to 11.25 percent CP).  The percentage biomass 

produced as CP of Nuttall’s alkaligrass, American bulrush, Baltic rush, and Inland 

saltgrass was consistently higher than that of Prairie cordgrass.  Common cattail 

produced increasingly smaller percentage of biomass as period and salinity increased, 

suggesting it is not a reliable feed source.  Likewise, Maritime bulrush had a high initial 

percentage of biomass produced as CP, but rapidly declined with increasing period and 

salinity.   
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Figure 25.  Percentage of biomass produced as CP among growth and regrowth periods. 
 

ADF Among Growth Periods 

Acid Detergent Fiber (ADF) provides an estimate of feed digestibility (Marlow, 

personal communication2; Ruddell et al., 2002).  ADF measures the cellulose and lignin 

content in the plant.  Animal and laboratory trials have shown that increasing ADF levels 

decrease fiber digestion; therefore ADF is negatively correlated with digestibility (Stokes 

and Prostko, 1998).   

As with CP, ADF lends insight into forage quality.  While there appears to be 

little difference in percentage biomass produced as ADF among species (Table 6, Figure  

26), small differences influence the value of the plant as forage.  Notably, Nuttall’s 

alkaligrass and Inland saltgrass produced a smaller percentage of indigestible biomass as 

measured by ADF with progressive growth periods, suggesting that forage value may be  

_____________________________________ 

2Clayton Marlow, Professor, Montana State Univ. College of Agriculture, Animal and Range 
Sciences, 119 Linfield Hall, P.O. Box 172900, Bozeman, MT 59717-3120, (406) 994-2486. 
 



 51

improving with progressive harvests and increasing salinity.    
 

0
5

10
15

20
25

30
35

40
45

Alka
li

Ameri
ca

n
Balt

ic
Catt

ail
Cord

Mari
tim

e
Salt

Blan
k

%
 A

D
F

Initial

Sec. Regrowth

Tert. Regrowth

 
Figure 26.  Percentage of biomass produced as indigestible biomass as measured by ADF 
among growth and regrowth periods.    
 
 
Reference Evaporation Relative to Plant Water Use 
 
 Reference evaporation was relatively constant throughout the experimental period 

(Figure 27).  Cumulative reference evaporation over the 24 week experimental period 

was 425.13 mm (mean of two replications).   
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Figure 27.  Reference evaporation in the greenhouse for the experimental period.   

ET varies as the plant matures and increases as biomass is produced.  Thus, a 
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range of ratios between reference evaporation and ET exists for each species over a 

growing period.  The ratio of reference evaporation to plant ET immediately prior to a 

harvest may represent the ratio of a mature plant and usually takes about 8 to 10 weeks to 

achieve.  The ratio at week 8 is considered the ratio between reference evaporation and 

ET of a mature plant, or cover crop ratio.  Average ratios between ET and reference 

evaporation over the entire experimental period and over a range of salinities are 

summarized in Table 7.  Cover crop ratios for all species, excluding Blanks, exceeded 

reference evaporation. 

 
Table 7.  Average ratios of ET to reference evaporation over a range of salinities and over 
all periods, from plant emergence to estimated cover (at 8 weeks of growth following 
defoliation).     

Weeks 
After 

Emergence 
Nuttall's 

alkaligrass 
American 
bulrush 

Baltic 
rush 

Common 
cattail 

Prairie 
cordgrass

Maritime 
bulrush 

Inland 
saltgrass Blank 

2 1.34 1.53 1.59 1.09 1.23 1.16 0.95 0.75 
4 1.55 2.05 2.06 1.34 1.63 1.22 1.08 0.61 
6 1.84 2.36 2.45 1.64 2.20 1.44 1.27 0.62 
8 2.00 2.68 2.75 1.70 2.81 1.56 1.49 0.63 

 

Prairie cordgrass had the greatest ratio of 2.81 (week 8) due to its large growth 

form, high salinity tolerance, and ability to recover from defoliation.  However, at lower 

salinities (period 1), American bulrush had the greatest ratio of all treatments (Table 8). 

Because ∆ET declined following the first growth period for many species, the 

ratio of plant ET to reference evaporation also differed among periods (Table 8).  In 

almost all cases, ratios of ET to reference evaporation declined with progressive growth 

periods and increasing salinity (as did ∆ET rates for American bulrush, Baltic rush, and 

Prairie cordgrass) (Table 8).    
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Table 8.  Initial (immediately following plant harvest) and final (immediately prior to 
plant harvest) ratios of ET (mm) to reference evaporation (mm) for each growth period 
and treatment.  Mean EC is the mean EC of all reps for a growth period.     

Treatment 
Growth 
Period 

Mean EC 
(dS/m) Initial Ratio Final Ratio

Nuttall's alkaligrass 1 5.18 1.29 2.48 
  2 5.78 1.48 1.77 
  3 6.47 1.13 1.93 
American bulrush 1 6.66 1.45 3.93 
  2 8.05 1.88 2.75 
  3 9.45 1.10 1.61 
Baltic rush 1 6.59 1.54 3.59 
  2 8.54 1.70 2.68 
  3 10.29 1.37 2.24 
Common cattail 1 5.94 1.20 2.38 
  2 6.50 1.11 1.67 
  3 7.07 0.83 1.23 
Prairie cordgrass 1 5.83 1.21 3.72 
  2 7.11 1.36 2.87 
  3 8.35 1.00 2.11 
Maritime bulrush 1 5.41 1.12 1.73 
  2 6.19 1.40 2.15 
  3 6.71 0.84 0.98 
Inland saltgrass 1 5.27 1.01 1.85 
  2 6.00 0.90 1.34 
  3 6.59 0.83 1.42 
Blank 1 4.96 0.82 0.70 
  2 5.57 0.70 0.56 
  3 5.32 0.64 0.68 
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CHAPTER 4 
 
 

IMPLICATIONS OF HALOPHYTE RESPONSE 
 
 

Discussion and Conclusions 
 

 
 The primary objective of this research was to quantify ET rates of wetland species 

native to Eastern Montana in saline-sodic water relative to one another and to reference 

evaporation, thereby allowing determination of  which species may be most suitable for 

saline-sodic water utilization in constructed wetlands.  Defining ET rates relative to 

reference evaporation is useful when considering constructed wetlands for the disposal of 

CBM product water.  Knowledge of ET is necessary to determine how constructed 

wetlands will perform compared to evaporation ponds, and if constructed wetlands are 

worth the additional inputs necessary for construction.  Discussion will relate primarily to 

this issue. 

 
ET of Species Relative to Reference Evaporation 

The ratio between plant water use and reference evaporation may be indicative of 

CBM product water disposal through a constructed wetland compared to product water 

disposal through impoundments.  Cumulative ET of each species, except Blanks, 

exceeded reference evaporation (Table 4).  Baltic rush, the largest water user, exceeded 

cumulative reference evaporation by almost three times (2.93 x reference evaporation), 

and displayed mean daily ET rates (mean of all growth periods) as great as 7.40 mm/day.  
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In the present study, Blank treatments displayed ET rates lower than reference 

evaporation, signifying that the gravel only acted to reduce evaporative surface area.   

  The ratios between plant ET and reference evaporation exceeding 1.00 in the 

greenhouse environment indicate that reference evaporation did not represent PET from a 

free water surface.  Differences in airflow in the plant canopy versus airflow above the 

free water surface of the buckets may partially explain the high ratios calculated.  

Roughness of the plant canopy, along with higher elevations of plant biomass and 

increased exposure to air currents in the greenhouse relative to evaporation buckets, 

create turbulent airflow patterns within the canopy.  Turbulent airflow maintains high 

vapor pressure gradients between leaf surfaces and the atmosphere through advection of 

heat and water vapor from the canopy surface and maintains a high rate of diffusion of 

water vapor from the leaf surface (Dingham, 2002).  Positioning of the buckets among 

the columns and below the plant canopy protects the free water surface from air currents 

in the greenhouse that would drive advection and diffusion.  Additionally, buckets were 

not filled to the brim and the brim of the bucket created a protective barrier from air 

currents.  A boundary layer of high vapor pressure may have developed over the free 

water surface, thus decreasing the vapor pressure gradient between the water surface and 

atmosphere (Wraith, personal communication3).  Furthermore, lack of roughness created 

by the water surface results in less turbulence relative to turbulence created by a rough 

canopy and the efficiency of turbulent eddies in the vertical transport of water vapor  

_______________________________ 

3Jon Wraith, Professor, Montana State Univ. College of Agriculture, Land Resources and 
Environmental Sciences, 334 Leon Johnson Hall, P.O. Box 173120, Bozeman, MT 59171-3120, 
(406) 994-1997. 
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decreases over the free water surface (Dingham, 2002).    

While reference evaporation in this study does not represent PET, other studies 

have also reported ET rates exceeding open water evaporation.  ET rates of Common 

cattail in non-saline water have been reported to exceed open water evaporation by an 

average of 2.46 times (Pauliukonis and Schneider, 2001).  Similarly, a study conducted 

on wetlands constructed of halophytes and grown in saline water found that for all 

species tested, ET rates were consistently above the open surface evaporation rates (Settle 

et al., 1998).  In addition, Towler et al. (2004) estimated that ET of T. latifolia growing in 

wastewater exceeded potential evaporation from saturated gravel beds by 3.29 times.  

Plant water use rates greatly exceeding open water evaporation are commonly reported, 

but not physically possible (Wraith, personal communication3).  Methods for estimating 

PET are diverse and often subject to obstacles encountered in this experiment. 

 Ratios of ET to reference evaporation generally declined with progressive growth 

periods (as did ∆ET rates for American bulrush, Baltic rush, and Prairie cordgrass) (Table 

8).  This may be a function of increasing EC, defoliation stress, climatic conditions in the 

greenhouse, or a combination of these factors.  As previously mentioned, ET rates were 

modestly correlated with EC (Figure 21), but the actual effect of EC or salt 

concentrations on ET is not distinguishable.  However, Common cattail showed typical 

signs of salinity stress in the third period, which explains the small ratios reported.  

Cattail began to yellow in the second growth period and stunted growth occurred in the 

third growth period.  From this study, it appears that Common cattail exhibits salinity 
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stress and declined biomass production in salinities around 7.00 dS/m, falling short of the 

maximum reported salinity threshold of 17.5 dS/m (Aronson, 1989).       

Ratios of ET to reference evaporation for mature species of American bulrush, 

Prairie cordgrass, and Baltic rush are higher at lower salinities than mean ratios over all 

periods.  Because removal of biomass repeatedly decreased the ratio of ET to reference 

evaporation, a constructed wetland not subject to repeated harvests may remove even 

more water by maintaining high ET requirements of mature plants.  However, excessive 

accumulation of plant tissue has also been shown to reduce photosynthetic capabilities of 

plants (Holecheck et al., 1995) and should be a consideration.   

While the results reported in this study indicate that ET of select species occurs at 

a greater rate than reference evaporation, the scale of the experiment may limit 

extrapolation of results to a larger scale.  A large body of wetland plants would not be 

uniformly subjected to radiation, advection, and climatic conditions affecting ET.  Plants 

within a canopy would be protected from air currents that drive advection and diffusion, 

and possibly partly shaded from radiation by surrounding plants while plants on the edges 

of wetlands may experience greater advection and radiation.  Overall, ET rates of the 

entire population relative to open water evaporation would most likely be lower than 

those reported in this study.  ET of a constructed wetland in the PRB may reasonably 

exceed open water evaporation by as much as 20% due to the dry and windy climate in 

the PRB during the growing season, resulting in ratios between ET and open water 

evaporation of 1.20 (Wraith, personal communication3).  Enhanced evaporation is 

dependent on climatic conditions, canopy roughness, species composition, and salinity of 
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wetland water.  While the ratios between ET and open water evaporation observed in this 

study are not transferable, the differences between species should remain relatively 

similar (not accounting for differences in canopy height) and species that used the most 

water in this experiment are likely the most suitable candidates for product water 

disposal.   

 
Biomass Production and Forage Potential 

 The potential utilization of constructed wetlands for saline-sodic water disposal 

and as a forage resource is dependent on its ability to repeatedly produce biomass 

following defoliation.  Prairie cordgrass produced the greatest cumulative biomass  

(Figure 8) of all species, and maintained or increased biomass production following each 

harvest (Figure 22).  Nuttall’s alkaligrass and Inland saltgrass, while not the greatest 

producers of cumulative biomass, were able to produce statistically similar biomass 

following repeated harvests.  Notably, the more traditional wetland species, American 

bulrush and Common cattail, produced significantly less biomass the third growth period.  

Baltic rush also produced declining biomass with repeated harvests.  While trends in 

biomass production are quite possibly related to EC, plant response to defoliation may 

also be a function of a plants physiological adaptations to defoliation (or lack of).   

Grass species (Poaceae) Nuttall’s alkaligrass, Inland saltgrass, and Prairie 

cordgrass have evolved under a grazing setting and have developed numerous 

mechanisms to rebound from defoliation.  For instance, apical dominance enables many 

range plants to recover from removal of apical buds by development of lateral branches 

or tillers (Marlow, personal communication2; Knight, 1994; Holecheck et al., 1995).  
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Additionally, location of meristems of some species near the soil surface prevents 

removal of growth points through defoliation and allows plants to regrow following 

defoliation.  Resistance to defoliation in plants occurs through numerous mechanisms 

found in many grasses and range plants, where traditional wetland species are without 

many of these mechanisms.      

 Forage value is based on many forage characteristics including protein content, 

carbohydrates, fat content, digestible nutrients, and mineral content.  Discussion focuses 

on CP production because it is typically in short supply in range environments (Holechek 

et al., 1995) and on ADF, which is negatively correlated with digestibility.  These results 

only represent species responses in saline conditions and under repeated harvests.   

Cumulative CP (Figure 14) was significantly greatest for Prairie cordgrass, 

largely as a function of biomass production.  Prairie cordgrass produced 10.5 to 11.25 

percent (g/100 g dry mass basis) CP per unit of dry matter, which is similar to the average 

CP percentage of grass of 10.30% (Linn and Martin, 1999).  ADF content of Prairie 

cordgrass ranged from 33.40% in the third period to 36.15% in the second period (Table 

6), percentages that are less than the average digestibility of grasses of 40.4% (Linn and 

Martin, 1999).  Digestibility of Prairie cordgrass in this study can be assigned a quality 

standard of 1 to 2 on a scale of Prime to 5, with 5 being the poorest standard.  

Percentages of ADF and CP produced by Prairie cordgrass indicate that it is of value as a 

forage resource, although average in CP production.   

 Other species with forage potential based on CP and ADF include Nuttall’s 

alkaligrass, American bulrush, Baltic rush, and Inland saltgrass.  Nuttall’s alkaligrass had 
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the greatest average percent CP of 14.98%, and Baltic rush the second greatest average 

percent CP of 14.27% (Table 6).  The percentage CP of these species was consistently 

greater than that of Prairie cordgrass and ranked higher than average grass forage for 

percent CP (Linn and Martin, 1999).  In addition, percentage ADF for these species was 

consistently less than Prairie cordgrass and ranged from 27.2% ADF for American 

bulrush in the first period to 32.22% ADF for Baltic rush in the second period (Table 6).  

Nuttall’s alkaligrass and American bulrush generally had the lowest percent ADF of the 

four species and can be described as potential forage based on percent ADF for all three 

periods.  While these species didn’t produce the largest quantity of CP (g), they are more 

digestible than Prairie cordgrass and have higher content of CP on a per unit mass basis.  

Nuttall’s alkaligrass, American bulrush, and Inland saltgrass could be considered higher 

quality forage than other species examined based on percent CP and ADF (Linn and 

Marin, 1999).   

 
WUE 

 Comparisons of WUE (g biomass/kg water used) of species observed in this study 

to WUE described in the literature are difficult because of the numerous methods of 

calculating WUE.  In terms of constructed wetlands designed to dispose of large volumes 

of water, high WUE may be an undesirable characteristic.  Prairie cordgrass had the 

highest WUE over all periods, but used large amounts of water over the experimental 

period (Figure 5).  Prairie cordgrass’s ability to produce abundant biomass while using 

relatively similar amounts of water compared to other species observed is likely a 

function of its photosynthetic pathway.  Prairie cordgrass, along with Inland saltgrass, is a 
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C4 or warm season plant whereas Nuttall’s alkaligrass, American bulrush, Baltic rush, 

and Common cattail are C3 plants (cool season).  C4 plants have the ability to reduce the 

stomatal aperature required to allow CO2 into the leaf relative to that of C3 species, 

therefore conserving water while fixing CO2 at rates equal to or greater than C3 plants 

(Taiz and Zeiger, 1998).  Additionally, C4 plants exhibit higher nutrient use efficiency 

than C3 plants, and are generally known to produce greater biomass than C3 species 

(Larcher, 2001).    This ability of warm season species to minimize water loss without 

significantly affecting photosynthesis often allows these species to be more successful in 

water limited conditions than C3 plants.  While efficient use of water is not necessarily of 

interest in this study, the photosynthetic pathway explains trends seen in WUE over the 

experimental period.  As previously mentioned, inefficient use of water may be a more 

desirable characteristic for saline-sodic water disposal, but does not override a plant’s 

ability to use large volumes of water over a growth season.   

 
Cation Sequestration 
 
 Base cation sequestration, while not an objective of this study, is of interest in 

some applications.  For CBM product water disposal wetlands in the PRB, cation loading 

of wetlands would presumably exceed cation uptake by plants, due to the large volumes 

of water produced.  However, in situations with smaller salt loads, cation uptake may be a 

reasonable reclamation tool. As previously mentioned, salt removal from a reclamation 

site will require the subsequent removal of biomass.  Therefore, defoliation in the form of 

grazing becomes a possible management tool, and species suitable for cation removal 

must also be suitable as forage.  Results indicate that Prairie cordgrass removes the most 
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base cations due to large biomass production (Figure 12), and is also an average forage 

resource.  However, Nuttall’s alkaligrass and American bulrush are superior forages, and 

remove a larger percentage of biomass as base cations (Figure 13).  If grazing is the 

harvest technique of choice, Nuttall’s alkaligrass and American bulrush may be superior 

species for salt removal as they are more likely to be grazed than Prairie cordgrass.  

 Common cattail removed only slightly less base cations, on a percent of biomass 

basis (Figure 13), than did American bulrush and therefore sequestered a significantly 

high amount of base cations on a mass basis (Figure 12).  These results testify to 

Common cattails noted ability to remove pollutants from soil and water.   

 
Summary of Plant Performance 

 Species selection for a constructed wetland is driven by the primary purpose of 

the wetland and the beneficial uses of interest.  For the purposes outlined in this study, no 

one species provides the best performance across all responses.  Table 9 provides a rank 

for each species and response of interest in this study.  Rankings for most responses 

including forage quality, persistent ET, and persistent biomass production are somewhat 

subjective. 

 Cumulative ET rankings (Table 9) were assigned according to species that used 

the greatest cumulative water over the course of the experiment (Figure 5), with greatest 

ET receiving the highest rank (1).  Persistent ET ranking is based on: 1) species repeated 

ability to use water following defoliation and in elevated salinities; and 2) on the 

magnitude of increase in ET rates (∆ET) over each period (Table 5).  As mentioned, this 

parameter is somewhat subjective.  Prairie cordgrass was ranked first because it 
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consistently had the highest ∆ET rate in all growth periods.  Baltic rush was ranked 

second based on its high initial ∆ET rate and high ∆ET rate in the third period.  Nuttall’s 

alkaligrass was ranked third due to the plant’s ability to maintain high ∆ET rates in the 

third period.  American bulrush was ranked fourth due to its high ∆ET rate in the first 

period, but inability to maintain a high ∆ET rate following defoliation and under 

conditions of elevated salinities.  Inland saltgrass was ranked fifth because of its low ∆ET 

rates in all periods, regardless of the plant’s ability to maintain that rate following 

defoliation and in elevated solution salinities.  Common cattail was ranked sixth because 

of declining ∆ET rates over time and the low water use over all periods.  Maritime 

bulrush is ranked as seventh for all responses, due to the plant’s poor establishment and 

poor responses. 

 Persistent biomass production ranking (Table 9) follows the same line of 

reasoning, but is again subjective.  However, the rankings assigned are more obvious and 

are based on biomass production among growth periods (Table 6, Figure 22).  Clearly, 

Prairie cordgrass produces considerably more biomass than any other species.  Persistent 

biomass production is of interest because of its relationship to plant ET, and because 

quantity of forage production following defoliation is dependent on the plant’s ability to 

repeatedly produce biomass.   

 Forage quality ranking (Table 9) is perhaps the most subjective ranking.  It is 

based on specie’s ability to repeatedly produce a high percentage of its biomass as CP, 

and a low percentage of its biomass as ADF (Table 6, Figure 27).  Actual mass of CP and 

ADF was not taken into account, as it is in part a function of biomass production.  The 
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top-ranked species, Nuttall’s alkaligrass, American bulrush, Baltic rush, and Inland 

saltgrass, all performed similarly.  However, Nuttall’s alkaligrass had the highest mean 

CP percentage of all species, and second to lowest mean ADF percentage.  American 

bulrush had the lowest mean CP percentage of the four species, but the difference from 

other species was nominal.  American bulrush had the lowest mean ADF percentage of 

all species, and was therefore ranked second for persistent forage quality.  Inland 

saltgrass was ranked third because of its third highest CP percentage, and third lowest 

ADF percentage.  American bulrush had a slightly higher mean CP percentage, but the 

greatest ADF percentage of the four top species.  The last three species were ranked 

according to declining percentage of biomass composed of CP and increasing 

percentages of biomass composed of ADF.   

 Lastly, cumulative cation sequestration ranking (Table 9) is based on species 

ability to sequester cations over the entire experimental period (Figure 12).  Cation 

sequestration was not ranked according to percentage of biomass sequestered or among 

growth periods.  The goal of cation sequestration is simply to sequester as many 

milliequivalents of cations as possible, regardless of plant physiological responses to 

defoliation and increasing salinity. 
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Table 9.  Species ranked by response according to desired outcomes outlined for saline-
sodic product water disposal. 

                  Plant Response     

Common Name 
Scientific 
Name 

Cumulative 
ET 

Persistent 
ET 

Persistent 
Biomass 

Production 

Persistent 
Forage 
Quality 

Cation 
Seq. Sum* 

Prairie cordgrass S. pectinata 2 1 1 5 1 10 

Nuttall’s alkaligrass P. nuttalliana 4 3 2 1 3 13 

American bulrush S. americanus 3 4 5 2 2 16 

Baltic rush J. balticus 1 2 4 4 6 17 

Inland saltgrass D. spicata 6 5 3 3 5 22 

Common cattail T. latifolia 5 6 6 6 4 27 

Maritime bulrush S. maritimus 7 7 7 7 7 35 

Blank   8 8 NA NA NA NA 
*Due to the ranking procedure used, species with the smallest summation value exhibit the highest degree 
of suitability and utility for constructed saline-sodic wetlands; correspondingly species with the largest 
summation value exhibit the least degree of suitability. 
 
 

Results of this study show that Prairie cordgrass, Baltic rush, American bulrush, 

and Nuttall’s alkaligrass are the most suitable species of those examined for product 

water disposal through constructed wetlands.  Moreover, plants other than Common 

cattail did not show physical signs of salinity stress over the experimental period, proving 

that species examined are tolerant of saline-sodic conditions common to CBM product 

water in the PRB and can survive concentration of salts within a wetland.    

 In addition, forage is a potentially added benefit provided by constructed 

wetlands.  Species studied, including Nuttall’s alkaligrass, American bulrush, Baltic rush, 

Inland saltgrass, and Prairie cordgrass, have varying degrees of forage value based on 

crude protein and acid detergent fiber.  While the species examined in this study did have 
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forage value, it is believed that the plants should be utilized as harvested forage (hay) to 

deny any option for selectivity. 

 Constructed wetlands also provide superior wildlife habitat for waterfowl 

compared to impoundments and can be considered a “Best Management Practice” or a 

beneficial use of product water.  Cost sharing by wildlife conservation groups may be a 

possibility to help offset additional expenses associated with constructed wetlands. 

 Adequately determining potential of constructed wetlands for CBM product water 

disposal would require additional analysis, including analysis of economic 

considerations.  However, product water chemistry and environmental regulations in the 

Powder River Basin of Montana and Wyoming may require consideration of new product 

water disposal tools.  Data obtained from this research suggests that constructed wetlands 

may outperform or perform similarly to evaporation ponds for product water disposal 

through advection, and could provide forage as an additional benefit.  
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