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Organic matter dynamics in riparian ecosystems are largely driven by interactions

among hydrology, soil, and vegetation. In two riparian meadows, northeast Oregon, I

examined the hypothesis that vegetation and soil characteristics in three plant communities

- defmed as wet, moist, and dry meadow - were strongly influenced by hydrological and

redox variables associated with the geomorphological position of each community on the

floodplain. Along short transects that extended from stream-side wet communities to

terrace dry communities, I sampled plant species composition, biomass, and soil;

calculated carbon and nitrogen pools; and monitored water table elevation, soil redox

potential, and dissolved organic carbon (DOC) and nitrate-nitrogen (nitrate-N) in shallow

ground water.

Strong gradients in water table elevation and soil redox potential existed along the

transects.. Water table elevation followed seasonal patterns of stream stage, and was

consistently highest in wet communities, intermediate in moist communities, and lowest in

dry communities. Soil redox potential indicated seasonal anaerobic conditions 300 mV)

in the wet and moist communities, and year-round aerobic conditions in the dry

communities. Plant communities differed markedly in species richness (dry> moist>

wet), total biomass (wet> moist> dry), and ratios of belowground-to-aboveground

biomass (wet> moist> dry). Soil carbon and nitrogen pools were highest in dry

communities and similar in wet and moist communities. Vegetation and soil

characteristics were strongly correlated to median water table elevation and redox

potential. Ecosystem (biomass + soil) carbon ranged from 7.01 to 11.7 kg/rn2, with2 to

4 % in aboveground biomass, 2 to 23% in belowground biomass, and 81 to 95% in



soil. Ecosystem nitrogen ranged from 0.03 5 to 0.093 kg/rn2, with 0.7 to 1.6 % in

aboveground biomass, 1.5 to 6 % in belowground biornass, and 94 to 98% in soil. In

shallow ground water, concentrations of DOC and nitrate-N were two to six times greater

than in stream water, with highest values in wet communities. Collectively, these results

indicate that, in unconstrained reaches, water table elevation and soil redox potential

strongly influence distribution of plant species, and dynamics and storage of organic

matter.
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Relations Among Hydrology, Soils and Vegetation in Riparian Meadows:
Influence on Organic Matter Distribution and Storage

1. Introduction

Riparian areas are dynamic and complex ecosystems that include sharp

environmental gradients, provide critical habitat to a variety of aquatic and terrestrial biota,

and exert strong influence on water quality (Gregory et al. 1991, Naiman et al. 1993,

Kauffman et al. 2001). Research on riparian ecosystems has documented their contribution

to local, regional, and landscape-level biodiversity (National Research Council 1992,

Malanson 1993), described hydrologic and geomorphic processes that are critical to the

establishment and maintenance of riparian vegetation (Tabacchi et al. 1990, Rood and

Mahoney 1990, Rood and Mahoney 1995, Auble and Scott 1998), and identified land use

practices that threaten their integrity (National Research Council 1992). In the past two

decades, considerable research has focused on stream-riparian interactions, particularly the

role of riparian vegetation as a source of large wood (Bilby and Likens 1980) and

allochthonous inputs to streams (Webster and Meyer 1997), and the influence of riparian

areas on biogeochemical cycling within watersheds (Jones and Mulholland 2000).

Current perspectives of organic matter and nutrient dynamics in riparian zones are

derived from both terrestrial ecology (primarily forest ecology) and stream ecology, both

of which have used ecosystem approaôhes to estimate element budgets (Stanford 1998).

Numerous studies have investigated the role of riparian areas as 'filters' in water quality

improvement through sediment retention, denitrification, and transformation and uptake of

nutrients (Peterjohn and Correll 1983, Lowrance et al. 1984, Lowrance 1992, Correll

2000). These studies have combined information about subsurface flowpaths, surface and

subsurface water chemistry, and soil processes to assess the extent of nutrient

transformation in riparian areas. In lotic systems, the Nutrient Spiraling Concept provides

the conceptual basis for studying element cycling, and proposes that biogeochemical cycles

are stretched into spirals (Newbold et al., 1982, Elwood et al. 1983). Elements are

transported and removed from the water by biotic or abiotic uptake, and the balance

between uptake and transport within the stream indicates the amount of nutrient retained.
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Dahm et al. (1998) have suggested that the stream-spiraling perspective be merged with the

riparian-nutrient-filter perspective, so that the stream and riparian zones are viewed as

interacting parts of the same ecosystem. This perspective appears to be a dominant

direction in ongoing research, as studies of streams and riparian areas become increasingly

multidisciplinary.

A basic principle of current stream-riparian ecology is that these ecosystems must

be considered in three spatial dimensions. Several theoretical constructs have been

developed to describe the multi-dimensional interactions within stream-riparian

ecosystems. The River Continuum Concept (Vannote et al. 1980, Minshall et al. 1985)

emphasized longitudinal connectivity of streams along a continuum from headwaters to

low order reaches. The Flood Pulse Concept (Junk et al. 1989) reinforced the importance

of flooding and resultant lateral exchanges between rivers and floodplains, particularly in

large, alluvial reaches. Both the Riparian Corridor Concept (Gregory et al. 1991) and the

Hyporheic Corridor Concept (Stanford and Ward 1993) stressed the importance of the

vertical dimension, and reinforced the influence of geomorphological processes and

landform features on stream-riparian ecosystems. Each of these conceptual frameworks

emphasizes the connectivity of stream-riparian ecosystems to the surrounding landscape.

In this study, I have drawn on conceptual frameworks from both terrestrial and

stream ecology. To examine organic matters dynamics in unconstrained reaches, I studied

the influence of water table elevation and associated redox potential on plant species

composition, distribution of biomass, carbon and nitrogen pools in riparian soils, and

seasonal concentrations of organic carbon and nitrate-nitrogen in two montane meadows,

northeast Oregon. My research design consisted of a series of transects extending from the

stream's edge to the floodplain terrace through three dominant plant communities. I

hypothesized that soil and plant community characteristics were strongly influenced by

hydrological and soil redox potential variables associated with the geomorphological

position of the plant communities on the floodplain.

In the past two decades, there has been a rapid expansion of research on the role of

surface- groundwater interactions in regulating carbon and nutrient dynamics in stream-

nparian ecosystems (Jones and Muiholland 2000). Most of these studies have considered

only the physical characteristics of subsurface environments in assessing carbon or nutrient

cycling (Triska et al. 1989, Hill 1990, Wondzell and Swanson 1996; Baker 2000). In many
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riparian areas, however, belowground plant components may also strongly influence

organic matter distribution. In a review of over 700 published articles on water quality

functions of riparian buffers, Correll (1999, 2000) concluded that few studies adequately

analyzed the hydrology, soils, and vegetation of the study sites, and recommended that

future studies incorporate plant aspects of riparian areas.

My research related plant community characteristics to hydrology and soil redox

potential in an effort to better understand organic matter distribution in riparian meadows.

The specific objectives were: (1) to characterize and compare seasonal patterns of water

table elevation, and soil redox potential in portions of meadow floodplains dominated by

three different plant communities; (2) to compare plant species composition, biomass, and

carbon and nitrogen pools among the three plant communities; (3) to relate water table

elevation and redox potential to community attributes; (4) to quantify seasonal

concentrations of organic carbon and nitrate-nitrogen in stream and shallow groundwater

from the meadows.

In Chapter 2, I describe relations among water table elevation, soil redox potential

and plant species composition and abundance at West Chicken Creek and Limber Jim

Creek. The seasonal dynamics of water table elevation and soil redox potential are

described in detail, thus providing a template for the remaining chapters. In addition,

features of plant diversity and composition in the three dominant meadow plant

communities are presented. In Chapter 3, the distribution of above and belowground

biomass are described for the plant communities in relation to water table elevation and

soil redox potential. Results presented in Chapter 4 build on biomass measurements given

in the preceding chapter, which I used to calculate carbon and nitrogen pools for

vegetation. In addition, I present estimates for soil and ecosystem (biomass + soil) carbon

and nitrogen pools, and discuss the distribution of pools in the two meadows. In Chapter 5,

I described the spatial and temporal patterns in concentrations of organic carbon and

nitrate-nitrogen in stream and shallow groundwater from the meadows. Chapter 6 provides

an overall sunimary of the research.



2. Plant Species Composition and Distribution in Relation to Water
Table Elevation and Redox Potential in Riparian Meadows

"Any alluvial reach ... must be viewed as a dynamic mosaic of fully or seasonally
saturated habitats that exist as interconnected patches above and below ground."
Jack Stanford, Freshwater Biology (1998) 40:403.

Abstract

In riparian areas, plant species composition and distribution are strongly influenced

by features of the hydrologic regime. I studied relations among water table elevation,

oxidation-reduction (redox, in mV) potential and plant species richness, diversity, and

composition in two montane meadows, northeast Oregon. The hypothesis tested was that

features of plant diversity and composition in three meadow plant communities - a priori

defmed as wet, moist, and dry meadow were strongly influenced by hydrological and

redox variables associated with the geomorphological position of the plant communities on

the floodplain. Transects were established from stream-side wet meadow communities to

the dry meadow communities, located on the floodplain terrace. Within each community, I

sampled plant species composition and monitored water table elevation and redox potential

at 10 and 25 cm depths from July, 1997 to August, 1999.

Strong environmental gradients existed along these near stream transects.

Significant differences among the three communities were observed in water table

elevation and redox potential at both depths. Water table elevation followed the seasonal

patterns of stream stage and discharge, and was consistently highest in the wet meadow

communities (ranging from +26 cm above the soil surface to 37 cm below the surface),

lowest in the dry meadow communities (-8 cm to - 115 cm), and intermediate in the moist

meadow communities (+17 cm to -73 cm). Redox potential was associated with the

seasonal fluctuations in water table elevation, particularly in the wet and moist meadow

communities. In the wet meadow communities, redox potential indicated anaerobic

conditions 300 mV) from March through July at 10 cm depth and throughout the year at

25 cm depth (mean ± 1 SE; 71 ± 11 niV). In the moist meadow communities, redox

potential values indicated anaerobic soil conditions during spring and aerobic conditions in

4



5

suimner and fall at both depths. In the dry meadow communities, redox measurements

indicated aerobic conditions at both depths throughout the year (531 ± 5 mV at 10 cm and

452±8at25 cm).

Wet meadow communities were dominated by sedges and had the lowest species

richness (total number of species 18; mean number of species per plot 3 ± 2) and

diversity (H' = 1.05). Dry meadow communities were composed of a mixture of grasses

and forbs and had the greatest number of species (total number of species = 51, mean

number of species per plot = 12 ± 3). Species richness was negatively correlated with

median water table elevation (Spearman rank correlation r -0.74; p< 0.01), and

positively correlated with mean redox potential at 10 cm (r = 0.61; p <0.01) and 25 cm (r

= 0.64; p < 0.01). Distribution of the 18 most abundant species in relation to water table

elevation and redox potential showed considerable overlap, suggesting that small changes

in water table elevation can lead to shifts in species dominance. These results indicate that

the biological diversity often observed in montane riparian meadows is strongly related to

steep environmental gradients in hydrology and soil redox status.

Introduction

Riparian areas are dynamic ecotones between terrestrial and aquatic ecosystems

(Naiman and Decamps 1997) that include sharp environmental gradients, a range of

ecological processes, and diverse vegetation (Gregory et al. 1991, Naiman et al. 1993,

Patten 1998). The composition and distribution of riparian vegetation are largely

influenced by features of the hydrologic regime, including seasonal flooding (Auble and

Scott 1998), duration of inundation (Roberts and Ludwig 1991, Auble et al. 1994),

infrequent large floods (Stromberg et al. 1997, Rood et al. 1998), instream flows (Nilsson

1987, Stromberg and Patten 1990, Stromberg 1993, Rood et al. 1995), and levels of

groundwater (Allen-Diaz 1991, Stromberg et al. 1996). Changes in hydrological regimes

of streams and rivers through diversions, groundwater withdrawal, and damming have

resulted in dramatic changes in the composition and distribution of riparian plant

communities (Tabacchi et al. 1990, Rood and Mahoney 1990, Rood and Mahoney 1995,

Naiman and Turner 2000) and aquatic biota (Ligon et al. 1995, Poff et al. 1997, Pringle

2000).
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Hydrologic regimes, particularly seasonal flooding, also influence riparian soils by

controlling the areal extent and duration of saturation. In saturated soils, oxidation-

reduction potential, or redox potential, quantifies the intensity of anaerobic conditions and

provides an integrative measure of physical and biological conditions in subsurface

environments (Cogger et al. 1992, Mitsch and Gosselink 1993). Spatial and temporal

gradients in redox potential commonly occur in near steam portions of riparian areas

(Hedin et al. 1998, Dahm et al. 1998), and can exert strong influences on the distribution of

plant species. The United States Fish and Wildlife Service (USFWS) Wetland Indicator

Categories, developed to assist in the determination of jurisdictional wetlands, are used to

assign hydrophyte status to individual species based on frequency of occurrence in

wetlands (US Army Corps of Engineers 1989). By definition, plant species categorized as

obligate wetland, facultative wetland, or facultative (Reed 1988, 1996) are hydrophytic,

and "have adapted in one way or another to life in permanently or periodically inundated or

saturated soil" (US Army Corps of Engineers 1989), which may include a range of redox

potential conditions. Thus, knowledge of soil redox potential assists in understanding the

distribution of plant species and communities, and provides insights into functional

characteristics of saturated environments.

The influence of hydrological variables and soil redox potential on plant

characteristics has been investigated most frequently under controlled experimental

conditions (Moog and Janiesch 1990, Brix and Sorrell 1996, Kludze and DeLaune 1996,

Yetka and Galatowitsch 1999). While controlled experimental work has identified

hydrologic requirements for a few species under specified conditions, results may have

limited utility in predicting species presence or abundance in natural settings. Most field

investigations of interactions among hydrological variables, redox potential and plant

species distribution have been conducted in salt marshes with low species diversity, and

have focused on obligate wetland species (Howes et al. 1981, DeLanne et al. 1983,

Woerner and Hackney 1997). Fewer studies on relationships among hydrology, soil redox

potential and plant species distribution have been conducted in riparian areas (Cooper

1990, Green 1992, Castelli et al. 2000). For most riparian plant species and communities,

little is known about the spatial and temporal extent, duration, or intensity of soil redox

conditions. Moreover, few data exist on the tolerances and responses of common riparian



plant species to flooding and low soil redox potentials in natural environments (Keddy
1999).

In two riparian meadows in northeast Oregon, I examined relations among water

table elevation, redox potential, and plant species composition in three riparian plant

communities along streamside gradients. The three communities a priori defmed as

wet, moist, and dry meadow - occurred along a short topographic gradient and occupied

different geomorphic positions on the floodplain. The objectives were: (1) to characterize

and compare seasonal patterns of water table elevation and soil redox potential in portions

of the floodplain dominated by these three different plant communities; (2) to compare

plant species composition and diversity among the three communities; (3) to relate water

table elevation and redox potential to plant species composition and distribution. I

hypothesized that features of plant diversity and composition in the three dominant plant

communities were strongly influenced by hydrological and soil redox potential variables

associated with the geomorphological position of the plant communities on the floodplain.

Methods

Study Sites

The study sites are located along unconstrained reaches of West Chicken Creek

and Limber Jim Creek, two second-order tributaries to theupper Grande Ronde River,

northeast Oregon (Figure 2.1, Clarke et al. 1997). Even though both have historically been

grazed, these meadows are among the most intact of the region, and are considered

reference sites by the USDA Forest Service Wallowa-Whitman National Forest, La Grande

Ranger District. The West Chicken Creek study site was fenced to exclude livestock in

1993 and the Limber Jim Creek study site has not been managed for livestock grazing

since 1978. The study sites have similar histories of upsiope logging. The two streams are

located within 13.0 km of each other and are similar in elevation and gradient (Table

2.1). However, Limber Jim Creek is a wider, larger stream with considerably higher

discharge and larger drainage area than West Chicken Creek (34.4 km2 and 21.8 km2,

7
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Table 2.1. Physical characteristics of West Chicken Creek and Limber Jim Creek
meadow study sites, northeast Oregon.

Variable West Chicken Creek Limber Jim Creek

Latitude 45°06'15"N 45°3'17"N

Longitude 118°19'41"W 118°24'll"W

Elevation(m) 1317 1323

Mean Annual Precipitation (cm) 55 55

Stream Order 2nd 2nd

Catchment Area (km2)* 21.8 34.4

Aspect (stream flow direction) southwest north

Gradient (%) 2.5% 2%

Wetted Width: Thaiweg Depth 5.3 10.1

Sinuosity** 3.8 2.1

Discharge (m3/ sec) 0.01 - 1.0 0.01 - 2.5

Precipitation data from Starkey Experimental Forest, Pacific Northwest Research Station,
USDA Forest Service, located 15 miles NE of study sites.

* from Bohle 1994.

¶ Average ratio of wetted width to thaiweg depth based on paired measurements of stream width
and depth collected along 200 m of stream.

Sinuosity calculated as ratio of stream length to valley length.

Discharge data collected by the USDA Forest Service, Wallowa-\Vhitxnan National Forest, La
Grande Ranger District. Values indicate the range of discharge that occurred from April through
October 1998.

9
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respectively). Mean annual precipitation is approximately 55 cm, with> 80% falling

between November and June. The hydrologic regime is dominated by spring snowmelt,

which typically begins in March or April, with peak flows in May (Figure 2.2, Clarke et al.

1997).

The study sites were approximately 250 meters in length and 80 meters in width.

At each site, the meadow vegetation is composed of three plant communities, which are

distributed along a topographic moisture gradient across the narrow floodplain (Figure 2.3,

Otting 1998). I refer to the three communities as wet, moist, and dry meadow. At West

Chicken Creek, the wet meadow community is dominated by Carex utriculata; at Limber

Jim Creek, Carex aquatilis is the dominant species. Streamside wet meadow conmiunities

are typically flooded for several weeks each spring. Dominant moist meadow species are

Deschampsia cespitosa at West Chicken Creek and Calamagrostis canadensis and Carex

lanuginosa at Limber Jim Creek. During spring flooding, moist meadows are partially

inundated. At both sites, the wet and moist meadow communities are restricted to the near

stream zone, and along relict channels. Dry meadow communities are composed of a

mixture of forbs and native and introduced grasses, particularly Poa pratensis, and

generally occur on floodplain terraces. Dry meadow communities occupy approximately

70% of the West Chicken Creek study site, and approximately 80% of the Limber Jim

Creek study site.

The upstream forest reaches are dominated by Engehnann spruce (Picea

engelmannii Parry), Douglas fir (Pseudotsuga menziesii (Mirbel) Franco), and western

larch (Larix occidentalis Nutt.), with mountain alder (Alnus incana (L.) Moench) along the

stream edge (Case 1995). Uplands are dominated by lodgepole pine (Pinus contorta

Dougl.), western larch, and ponderosa pine (Pinusponderosa Dougi.). Geology of the

floodplain meadows consists of Holocene alluvium, which has been deposited over Grande

Ronde Basalt (Ferns and Taubeneck 1994). The shallow alluvial soils (-. 40 cm to 120 cm

deep) are ash-influenced Mollisols and Entisols, underlain by coarse gravels (Robert

Ottersberg, personal communication).
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Figure 2.2. Daily discharge data for the water years 1993 - 1999 obtained from the Oregon
Water Resources Department gaging station at Woodley Campground, Upper Grande Ronde
River, Oregon. Data for 1998 were lost due to vandalism.



Figure 2.3. Cross section of a well transect, showing installation of wells and probes for
measurement of soil redox potential in the wet, moist, and dry meadow plant communities.



Physical Variables

Daily discharge data for the Upper Grande Ronde River were collected upstream

of the study sites at the Woodley gaging station from 1993 through 1999 by the Oregon

Water Resources Department (Figure 2.2). Unfortunately, discharge data for 1998 were

lost due to vandalism. At West Chicken Creek and Limber Jim Creek, discharge data were

collected at gauging stations established near the downstream boundaries of the meadow

study sites by the USDA Forest Service, Wallowa-Whitman National Forest, La Grande

Ranger District. Monitoring equipment was installed in spring and removed in fall to

avoid low temperatures that could result in freezing of the streams. A staff gauge was

installed at each gauging station, and stream stage was recorded during each site visit from

July, 1997 through September, 1999. In 1998, discharge records were continuous for

Limber Jim Creek from April through October (Figure 2.4). Unfortunately, continuous

records for West Chicken Creek were lost due to disturbance of the monitoring equipment

by trespass cattle in July, 1998. Instantaneous discharge was measured periodically at

West Chicken Creek using a flow meter (Swoffer 2100) (Figure 2.4).

Paired measurements of wetted width and thaiweg depth were collected along

approximately 200 m of stream at each site (Robert Beschta, unpublished data), and the

average ratio of wetted width to thaiweg depth was calculated for each site. Sinuosity was

calculated as the ratio of stream length to valley length; stream length measurements were

obtained during site surveys, which included characterizing longitudinal profiles of the

stream thaiweg within each 250 m meadow study site.

Water Table Elevation and Redox Potential

Water table elevation and soil redox potential were measured along five transects

at each site. In June 1997, transects were established across topographic gradients through

the three plant communities. Prior to transect establishment, plant communities were

mapped, and locations for installation of wells were randomly selected within five

streamside wet meadow communities. Transects extended from each of the wet meadow

well locations to the floodplain terrace through the moist and dry meadow communities

13
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(Figure 2.3). Along each transect, well locations were selected within the moist and dry

communities, for a total of five wells within each community at each site. At West

Chicken Creek, transect length averaged 17.7 m (range 14.0 m to 22.2 m); at Limber Jim

Creek, transect length averaged 11.2 m (range 9.3 m to 14.0 m).

For measurement of water table elevation, holes were driven with a steel rod and

sledge hammer through the shallow soils and into the underlying gravels, and wells were

installed approximately 20 cm into the gravel layer (Figure 2.3). Depths of the wells

ranged from 64 cm to 112 cm below the surface (Appendix 1). Well casings were made

from 2.54 cm-diameter PVC pipe, drilled with 0.32 cm-diameter holes. Water table

elevation was measured with a metered copper wire connected to an ohmmeter. The wire

was lowered into each well, and depth of contact with water was recorded. Water table

elevation was measured from July 1997 through August 1999, approximately every two-to-

three weeks during the spring, fall, and summer seasons, for a total of 28 sampling dates at

West Chicken Creek and 26 sampling dates at Limber Jim Creek.

Adjacent to each well location at each site, redox potential was measured at 10 and

25 cm depths. Platinum electrodes were installed in the soil within 0.5 m of each well at

each depth (n = 3 probes per depth). Platinum electrodes were constructed by soldering a

15-mm length of 18-gauge Pt wire to varying lengths of insulated 18-gauge Cu wire, and

sealing the Pt-Cu junction with a waterproof epoxy (similar to construction described by

Mueller et al. 1985, Faulkner et al. 1989, Cogger et al. 1992). Following field installation,

probes were allowed to equilibrate for 7 to 10 days before measurements were taken.

Redox potential was measured using a voltmeter in conjunction with a saturated single-

junction Ag/AgCl reference electrode (similar to method described by Faulkner et al.

1989). The voltmeter measurements were corrected by adding 214 mV to each value

(Bohn 1971, Bates 1973). Soils were considered to be anaerobic if redox potential was less

than + 300 mV (Gambrell and Patrick 1978, Faulkner and Patrick 1992). Redox potential

were measured from July 1997 through August 1999, approximately every two-to-three

weeks during the spring, fall, and summer seasons, for a total of 28 sampling dates at West

Chicken Creek and 26 sampling dates at Limber Jim Creek.



Plant species composition

To characterize the vegetation at each well location, plant species composition and

abundance were sampled in four 0.5 m x 0.5 m plots that were placed directly to the north,

south, east, and west of each well. The cover of all vascular plant species, mixed

bryophytes, and ground surface conditions (bare ground, litter, and water) was sampled in

each plot. Cover was estimated using the following intervals: 1% units up to 5%, 5% units

from 5-100% (after Daubenmire 1959 and Gauch 1982). Plant species with less than 1%

cover were recorded as either 0.1% or 0.5%, depending on approximate cover. With this

method, each species is assigned an absolute rather than relative cover value. Because

multiple layers of plant cover may occur in a plot, total cover may exceed 100%. Data

were collected from 14 to 29 July, 1997. In late-August 1997 and mid-June 1998, the plots

were revisited to obtain a more complete species list, and to verify identification of plant

species that were either past flowering or not phenologically mature during the first

sampling period. Nomenclature and native or introduced status followed Hitchcock and

Cronquist (1973), except for the family Cyperaceae (Hickman 1993). Each species was

assigned to a USFWS growth habit and Wetland Indicator Category (Reed 1988, 1996).

Data analysis

Mean redox potential (n =3) for each well location, depth, and date of sampling

were used in all analyses. For each site, repeated-measures analysis of variance was used

to test for plant community differences in water table elevation, redox potential at 10 cm,

and redox potential at 25 cm depth (Ramsey and Schafer 1997). To best represent annual

water table elevation and redox potential dynamics, only 1998 data were used in the

repeated-measures analysis of variance. Plant community was treated as a fixed factor, and

water table elevation and redox potential were treated as the dependent, repeated variables.

Species diversity was summarized for the communities using the following

measures: average species richness per plot, species heterogeneity, total number of species,

and Shannon-Weiner diversity index, indicated by If (Magurran 1988, Krebs 1989). The

first three measures, referred to as alpha, beta, and gamma diversity, are analogous to the

16
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three types of species diversity described by Whittaker (1972) for larger scale plant

sampling. Species heterogeneity, or beta diversity, was calculated as the ratio of the total

number of species in each community to the average number of species per plot (Whittaker

1972, Wilson and Mobler 1983). Jaccard's similarity coefficients were used to determine

the overlap in species composition among plant communities at each site and between sites

(Magurran 1988). Diversity indices were calculated for each site individually, as well as

both sites combined. For each site, one-way analysis of variance was used to test for

community differences in mean cover (Ramsey and Schafer 1997). Analyses of variance

were conducted using Statistical Analysis System (General Linear Model procedure, SAS

1990).

For each community at each site, a weighted average index, or prevalence index,

was calculated to determine predominance of hydrophytic vegetation (Wentworth et al.

1988). The prevalence index, also referred to as a wetland score (National Research

Council 1995), was computed by weighting the abundance (cover) of each species with the

following index values for each Wetland Indicator Category: obligate wetland (OBL) = 1,

facultative wetland (FACW) = 2, facultative (FAC) =3, facultative upland (FACU) 4,

upland (UP) = 5. Prevalence indices were calculated as follows:

Prevalence Index = A, W1 I W1

Where: A = the abundance (cover) of species i

W, = Wetland Indicator Category index value for species i

i = species

Vegetation was defined as hydrophytic if the prevalence index was less than 3.0

(Wentworth et al. 1988, US Army Corps of Engineers 1989).

Spearman rank correlations of species richness (total number of species occurring

in four 0.25 m2 plots at each well) against the variable 'depth-to-gravels' (an estimate of

soil depth), and hydrological and redox variables were conducted for each well location (n

= 30). For water table elevation, redox potential at 10 cm depth, and redox potential at 25

cm depth, the following variables were used in correlation analyses: mean, median, 1998

mean, 1998 median, and interquartile range. The interquartile range, i.e. the range of the
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middle 50% of the data, is an estimate of the degree of fluctuation in water table elevation

or redox potential.

The distributions of the 18 most abundant plant species were characterized by

summarizing water table elevation and soil redox potential data for all well locations where

the species of interest occupied> 5% cover. Medians and quartile ranges of water table

elevation and redox potential were calculated (Ramsey and Shafer 1997) and plotted for

each of the 18 species.

Results

Seasonal Dynamics of Water Table Elevation and Soil Redox Potential

Water Table Elevation
Strong gradients in water table elevation existed along the near stream transects

(Figure 2.5). Water table elevation differed significantly among plant communities at both

West Chicken Creek (F212 = 37.5, P < 0.01) and Limber Jim Creek (F212 = 24.4, P <

0.0 1). Water table elevation in the three plant communities followed the seasonal patterns

of stream stage and discharge and reflected the relative geomorphic positions of the plant

communities on the floodplain (Figure 2.4, Figure 2.5). Peak water table elevation

occurred during high flows in May of both 1998 and 1999. The two peaks in early and late

May, 1998 - most evident at West Chicken Creek - corresponded to two distinct snow

melt events. During high flows, the wet meadow communities were flooded for four to six

weeks; water table elevation ranged from 36 to 2 cm above the soil surface in the wet

meadow at West Chicken Creek and from 21 cm above the soil surface to 6 cm below the

soil surface at Limber Jim Creek. In the spring of both 1998 and 1999, considerably more

overland flooding occurred at West Chicken Creek than at Limber Jim Creek, reflecting the

differences in the channel characteristics of the two streams (Brookshire 2001). During

late summer low flow conditions, water table elevation ranged from -21 to -36 cm in the

wet meadow communities at West Chicken Creek and from -25 to -37 cm at Limber Jim

Creek.
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During the period of study, depth to water table in the moist meadow communities

ranged from +18 to -73 cm at West Chicken Creek and from +8 to -73 cm at Limber Jim

Creek. In the dry meadow communities, water table elevations ranged from -14 to -115 cm

at West Chicken Creek and from -8 to -84 cm at Limber Jim Creek. Maximum depths to

water table elevation occurred in mid-to-late September at all sampling locations, during

seasonal low-flows and prior to fall rains. During the sampling period, similar seasonal

patterns in water table elevation occurred each year within the communities at each site.

Differences in the water table elevation between the plant communities were greater at

West Chicken Creek than Limber Jim Creek for most sampling dates.

Soil Redox Potential
The seasonal patterns in soil redox potential were very distinctive within each of

the three plant communities at both sites (Figure 2.6). Redox potentials at 10 cm depth

differed significantly among plant communities at both West Chicken Creek (F2,12 = 11.4,

P < 0.01) and Limber Jim Creek (F212 = 9.5, P < 0.01). Redox potentials at 25 cm depth

also differed among plant communities at both West Chicken Creek (F212 = 22.7, P<

0.01) and Limber Jim Creek (F212 = 6.2, P = 0.01). In the wet meadow communities, soil

redox potential indicated anaerobic soil conditions 300 mV) from spring through mid-

summer at 10 cm depth and throughout the year at 25 cm depth. In the moist meadow

communities, soil redox potential values indicated anaerobic conditions during spring and

aerobic conditions in summer and fall at both depths. In the dry meadow communities, soil

redox measurements indicated aerobic conditions at both depths throughout the year.

From 1997 to 1999, seasonal patterns in redox potential were consistent at both

depths among the three plant communities, and similar at the two study sites (Figure 2.6).

Seasonal dynamics in redox potential coincided with fluctuations in stream stage and water

table elevation, particularly in the wet and moist meadows (Figure 2.6A-D). Redox

measurements were highly variable on most sampling dates, particularly in the wet and

moist communities (Figure 2.6, Dwire et al. 2000). Throughout the year, redox potential

measurements were least variable in the dry communities at 10 cm (CV = 14% for both

sites), and most variable in the wet communities at 25 cm (CV= 442% at West Chicken

Creek, CV = 194% at Limber Jim Creek).
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In the wet meadow communities, redox potentials at 10 cm depth indicated mostly

anaerobic conditions from spring through mid-summer; redox values ranged from -113 to

436 mV at West Chicken Creek and from -136 to 361 mV at Limber Jim Creek during the

period from 13 May 1998 through 9 August 1998. In late summer and fall, redox

potentials at 10 cm depth in the wet meadows were mostly aerobic, particularly at West

Chicken Creek (Fig. 2.6A and C). At 25 cm, however, redox potentials in the wet meadow

communities remained anaerobic at most sampling locations throughout the sampling

period; averages (mean ± 1 SE) were 37± 14 mV at West Chicken Creek and 106 ± 18 mV

at Limber Jim Creek. Although redox potentials indicated that soil conditions were

consistently anaerobic, values at 25 cm in the wet meadows still displayed seasonal

patterns. Lowest redox potentials, indicating highly reducing conditions (Gambrell et al.

1991) occurred from mid-May to mid-July in both 1998 and 1999 (range: -126 to 73 mV at

West Chicken Creek and from -136 to 155 mV at Limber Jim Creek); higher redox

potentials occurred from mid-September to mid-October (range: from -40 to 394 mV at

West Chicken Creek and from -15 to 558 mV at Limber Jim Creek).

In the moist meadows, redox potentials responded strongly to seasonal changes in

stream stage and water table elevation and showed greater seasonal shifts than either the

wet or dry communities at both depths (Figure 2.6). From spring to mid-July, redox

potentials in the moist meadow community were intermediate between the wet and dry

communities at both depths. From mid-July through mid-October, redox potentials at 10

cm in the moist communities were very similar to the dry communities, averaging 513 ± 7

(mean ± 1 SE) for both sites. For the same time period, average redox potential at 25 cm

for the moist communities was 394±20 at West Chicken Creek and 385 ±22 at Limber

Jim Creek.

In the dry meadow communities at West Chicken Creek, average redox potential at

10 cm was 525 ± 5 mV, and remained above 300 mV throughout the sampling period,

indicating that soil conditions were continuously aerobic (Figure 2.6A). At Limber Jim

Creek, average redox potential in the dry meadow community at 10 cm was 537 ± 8 mV,

and remained aerobic with the exception of a short period in May 1998, when soils at two

dry meadow well locations became anaerobic, averaging 22 mV on 31 May 1998 (Figure

2.6C). In the dry meadow communities at both sites, redox potentials at 25 cm decreased

during spring flooding in both 1998 and 1999 (Figure 2.6B and 2.6D).



Plant Species Composition

Total plant cover per plot was significantly different among communities at both

West Chicken Creek (F2, 12 = 22.0, P < 0.01) and Limber Jim Creek (F2 12 = 11.9, P <

0.01). Mean total plant cover (mean ± 1 SE) was lowest in the wet communities (109 ± 1%

at West Chicken Creek, 96± 1% at Limber Jim Creek), intermediate in the moist

communities (126 ± 1% and 111 ± 1%), and highest in the dry communities (147 ± 1% and

152 ± 2%). At West Chicken Creek, Carex utriculata dominated most wet meadow

conmiunities, although dense stands of Carex aquatilis also occurred (Table 2.2). At

Limber Jim Creek, wet meadow communities were almost exclusively dominated by Carex

aquatilis. In the moist meadow communities, the grasses Deschampsia cespitosa, and Poa

pratensis comprised 55% cover at West Chicken Creek, while Limber Jim Creek was

dominated by Calamagrostis canadensis, and Carex lanuginosa, which together accounted

for 40% cover. In the dry meadows at West Chicken Creek, forbs and graminoids were

approximately equal in cover, with Faa pratensis being the most abundant graminoid. In

the dry meadow communities at Limber Jim Creek, forb species were responsible for

65% of the cover, with Frageria virginiana being the most abundant species. Abundant

graminoids were Poa pratensis and Juncus balticus. Mixed bryophytes, dominated by the

moss Philonotis fontana (Hedw.) Brid., were most common in the dry meadows,

particularly at West Chicken Creek.

For both sites combined, 63 taxa were sampled in the 10 transects and 120 plots

(Table 2.3, Appendix 2). Perennial forbs were the most diverse growth habit (34 taxa),

followed by sedges (Carex spp., 10 taxa), and perennial grasses (9 taxa). At both sites, the

wet meadow communities had the fewest species (1 to 10 species per plot; 2 to 13 species

per well), and the dry meadow communities had the highest (7 to 18 species per plot; 12 to

26 species per well) (Table 2.3). The total number of species within each community was

similar at both sites (Table 2.3). II' values were lowest in the wet meadow communities

and comparable for the moist and dry meadow communities at both sites.

Nine non-native species, all of which occurred at both sites, were sampled. The

most abundant non-native species were the grass, Poa pratensis (70% of plots and 23%

mean cover at West Chicken Creek; 58% of plots and 9% mean cover at Limber Jim

Creek), and the forb Trifolium repens (30% of plots and 3% mean cover at West Chicken
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Table 2.2. Percent cover (mean ± SE, n =20), USFWS growth habit and Wetland Indicator
Category of dominant species (?5% cover) for the wet, moist, and dry meadow plant
communities at West Chicken Creek and Limber Jim Creek. Growth habit includes: P =
perennial, E = emergent, F = forb, G = grass, GL = grasslike; N = native, and I
introduced (Reed 1988). USFWS Wetland Indicator Categories are: OBL = obligate
wetland; FACW = facultative wetland; FAC = facultative; FACU = facultative upland.

Species West
Chicken
Creek

Limber
Jim

Creek

Growth
Habit

Wetland
Indicator
Category

Wet Meadow
Carex utriculata Boott. 64 ± 8 3 ± 1 PNEGL OBL
Carex aquatilis Wahl. 35± 8 88 ±2 PNEGL OBL

Moist Meadow
Deschampsia cespitosa (L.) Beauv. 35 ± 6 6 ± 2 PNG FACW
Poapratensis L. 20±3 9± 1 PIG FACU
Calamogrostis canadensis (Michx.) 4±2 25 ± 5 PNG FACW
Beauv
Juncus balticus Willd. 5±3 8 ± 2 PNGL OBL
Carex aquatilis Wahl. 7±3 6±3 PNGL OBL
Carex microptera Mack. 7±2 1 ± 0.4 PNGL FAC
Carex lanuginosa Michx. 4± 1 15±4 PNGL OBL
Polemonium occidentale Greene 10 ± 4 5 ± 2 PNF FACW
Senecio pseudoareus Rydb. 7± 3 3 ± 1 PNF FACW
Frageria virginiana Duchesne 0.2 ± 0.2 5 ± 3 PNF FACU
Arnica chamisonis Less. 5 ± 1 6± 1 PNF FACW

Dry Meadow
Poapratensis L. 50 ± 5 19 ± 2 PIG FACU
Deschampsia cespitosa (L.) Beauv 11 ± 3 2± 1 PNG FACW
Danthonia caljfornica Boland. 10± 3 0 PNG FACU
Juncus balticus Wilid. 2 ± 1 16 ± 4 PNGL OBL
Trfolium repens L. 9±2 16±2 PIF FACU
Trfolium longipes Nutt. 8± 2 5± 1 PNF FAC
Frageria virginiana Duchesne 4±2 20 ± 3 PNF FACU
Potentilla gracilis Dougi. 7± 2 15 ± 4 PNF FAC
Achillea niillefolium L. 8 ± 2 5 ± 1 PNF FACU
Aster occidentalis (Nutt.) T&G 6± 1 5 ± 1 PNF FAC
Mixed bryophytes 9± 1 5 ± I moss



Table 2.3. Diversity measures and wetland prevalence indices for the wet, moist, and dry meadow plant
communities at West Chicken Creek and Limber Jim Creek, northeast Oregon.

fl

No. species
per plot

(mean±SD)

Species
Heterogeneity

Total
No. Species

Shannon-
Weiner

H'

Prevalence
Index

West Chicken Creek

Wet Meadow 20 4±3 3.23 14 1.16 1.07
Moist Meadow 20 9±3 3.88 33 2.57 2.39
DryMeadow 20 12±3 3.16 37 2.51 3.50
All 60 8 ± 4 6.46 53 2.40

Limber Jim Creek

Wet Meadow 20 2 ± 1 4.09 9 0.41 1.04
Moist Meadow 20 8 ± 3 3.57 30 2.63 2.16
Dry Meadow 20 13 ± 3 2.85 37 2.90 3.11
All 60 8 ± 5 5.94 47 2.25

Both Sites

Wet Meadow 40 3 ± 2 5.45 18 1.07 1.05
Moist Meadow 40 8 ± 3 5.12 43 2.82 2.28
Dry Meadow 40 12±3 4.11 51 2.94 3.30
All 120 8±5 7.75 63 2.32
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Creek; 57% of plots and 6% mean cover at Limber Jim Creek). The remaining seven non-

native speciesAgrostis alba var. sto1infera L., Rumex crispus L., Veronica serpyllifolia

L., Plantago major L., Taraxacum officianale Weber, Phleum pratense L., Ceratium

nutans Raf. - occurred in 5 to 28% of the plots, and generally averaged less than 1%

cover at each site.

Floristically, the sites were similar, sharing approximately 70% of the vascular

taxa. There was considerable overlap of species among the communities at each site,

particularly in the moist and dry communities (Table 2.4, Appendix 2). At West Chicken

Creek, approximately 24% of the species occurred in both the wet and moist communities,

while 40% were present in both the moist and dry. At Limber Jim Creek, approximately

14% of the species occurred in both the wet and moist communities, while 60% were

present in both the moist and dry. At both sites, 11% of the species occurred in both the

wet and dry communities (Table 2.4).

For both sites combined, the distribution of species within Wetland Indicator

Categories reflected the streamside hydrological and soil redox gradients (Figure 2.7). The

proportion of mean percent cover within categories indicated the dominance of certain

species in the different communities (Figure 2.7B). In the wet meadow communities, most

species were obligate wetland (OBL) or facultative wetland (FACW); obligate species

were responsible for over 97% of the mean percent cover. In the moist meadow

communities, 30% of the species were categorized as FACW, and accounted for

approximately 59% mean cover (Figure 2.7B). Although the dry meadow communities

included species from all categories, FACU species comprised 90% of the mean total

cover. These results are corroborated by the prevalence indices for the communities (Table

2.3), which show that wet and moist communities were dominated by hydrophytic

vegetation (index values <3.0) while the dry meadows were composed largely of

mesophytic and 'drier end' species (index values > 3.0).



Table 2.4. Jaccard's similarity coefficients between and within the wet, moist,
and dry meadow plant communities at West Chicken Creek and Limber Jim Creek,
northeast Oregon.

Within
Communities

Both Sites 40 0.28 0.47 0.45

n Wet - Moist Moist - Dry Wet - Dry

Between Communities

n Wet - Wet Moist - Moist Dry - Dry

28

West Chicken Creek 20 0.24 0.40 0.11
Limber Jim Creek 20 0.14 0.60 0.11
Both Sites 40 0.30 0.48 0.19
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Figure 2.7. Number of species (A) and proportion of species cover (B) in USFWS
Wetland Indicator Categories for the wet, moist, and dry meadow communities at
West Chicken Creek and Limber Jim Creek. Data from both sites are combined.
OBL = obligate wetland; FACW = facultative wetland, FAC facultative,
FACU = facultative upland; UP = upland, ABS = absent from list; NI = no indicator;
UNK = unknown.



Influence of Water Table Elevation and Soil Redox Potential on Plant Composition and
Distribution

Species richness was negatively correlated to 'depth-to-gravels' (r = -0.48, p <

0.01), and all water table elevation variables except interquartile range (r 0.51, p <0.01)

(Table 2.5). Spearman correlations between species richness and water table elevation

variables (mean and median for entire sampling period, 1998 mean, 1998 median) were

negative and significant, ranging from -0.70 to -0.74. Species richness was positively

correlated to all redox potential variables, except interquartile range at both 10 cm and 25

cm (Table 2.5). Spearman correlations between species richness and redox potential

variables were significant and similar, ranging from 0.53 to 0.64 (Table 2.5). Species

richness was most strongly correlated to mean redox potential and 1998 mean redox

potential at both depths. The relationships between species richness and median water

table elevation and mean redox potential are also illustrated by scatterplots (Figure 2.8).

The eighteen most abundant species exhibited a range of distributions in relation to

water table elevation and redox potential at 10 and 25 cm depth (Figure 2.9). The ranges

show a large degree of overlap among species and growth forms (i.e. sedges, rush, grasses,

forbs) for each variable (i.e. water table elevation, soil redox potential at 10 and 25 cm).

However, consideration of the medians and ranges of the three variables together reveal

certain distinctions. For example, the range in water table elevation for obligate wetland

sedges, Carex utriculata, Carex aquatilis, and Carex lanuginosa, show considerable

overlap; however, the medians for redox potential at both 10 and 25 cm depths indicate

that Carex utriculata and Carex aquatilis occupied locations where the soil conditions

were more reducing than those where Carex lanuginosa occurred.
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Table 2.5. Spearman rank correlations of species richness with depth to gravels,
hydrological and redox variables for West Chicken Creek and Limber Jim Creek (n30).

Variable Spearman Rank
Correlation
Coefficient

r

p<x

Depth to gravels -0.48 0.01

Hydrological Variables

Mean Water Table Elevation -0.72 0.01
Median Water Table Elevation -0.74 0.01
1998 Mean Water Table Elevation -0.72 0.01
1998 Median Water Table Elevation -0.70 0.01
Water Table Elevation - Interquartile Range 0.51 0.01

Reclox Variables

Mean Redox (10 cm) 0.61 0.01
Median Redox (10 cm) 0.54 0.01
1998 Mean Redox (10 cm) 0.59 0.01
1998 Median Redox (10cm) 0.56 0.01
Redox (10 cm) - Interquartile Range -0.39 0.04

Mean Redox (25 cm) 0.64 0.01

Median Redox (25 cm) 0.56 0.01
1998 Mean Redox (25 cm) 0.62 0.01
1998 Median Redox (25 cm) 0.53 0.01

Redox (25 cm) - Interquartile Range -0.09 0.63
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Figure 2.9. Distributions of the 18 most abundant species for (A) median water table
elevation, (B) median redox potential at 10 cm depth, and (C) median redox potential
at 25 cm depth. Boxes enclose the 25th and 75th quartiles; whiskers extend to the 10th
and 90th percentiles; circles indicate the 5th and 95th percentiles. Data are from plots
(both sites combined) where the species accounted for ? 5% cover. Horizontal dashed
line at 300 mV (B and C) indicates aerobic/anaerobic boundary.



Discussion

Water Table Elevation and Redox Potential

Strong gradients in water table elevation and soil redox potential existed along the

near stream transects at each site. Seasonal dynamics in water table elevation paralleled

those of stream stage, with peak flows associated with spring snowmelt resulting in

maximum water table elevations in each plant community. The seasonal patterns of water

table elevation were similar at Limber Jim Creek and West Chicken Creek and consistent

from year-to-year (Figure 2.2). The differences in mean water table elevation between the

wet and moist communities and between the moist and dry communities ranged from 16 to

28 cm. At a few wells, the influence of summer and fall rain storms was detected by a

brief increase in water table elevation (personal observation; Offing 1998). However,

growing season water table elevations appeared to be governed by spring snow melt,

followed by the gradual draining of retention water storage of the basins.

During low flows, water table elevation was slightly higher in the moist and dry

communities at Limber Jim Creek than at West Chicken Creek. Although discharge was

over two times as great at Limber Jim Creek during spring high flows (Table 2.1), much

less overland flooding occurred at this site, and high flow water table elevation values were

slightly lower in the wet and moist communities. These differences may be partly

explained by characteristics of the two channels and the placement of wells. Limber Jim

Creek is less sinuous than West Chicken Creek, with a higher width-to-depth ratio (Table

2.1). At Limber Jim Creek, the streamside wet and moist communities were less extensive.

Consequently, mean transect lengths were shorter, and most wells in the moist and dry

communities were located closer to the stream than at West Chicken Creek.

Soil redox potential coincided with the seasonal fluctuations in stream stage and

water table elevation, particularly in the wet and moist communities (Figure 2.6). When

soils in these communities were saturated as a consequence of high flows, soil conditions

were anaerobic. In the wet meadow community, soil conditions at 25 cm remained

anaerobic throughout the study period. Persistent anaerobic conditions have also been

observed in Carex nebrascensis communities at 30 cm depth in central Nevada (Castelli et

al. 2000) and Carex nebrascensis and Carex utriculata communities at 10 and 30 cm

34
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depths in northeast Oregon (Green 1992). Redox potentials increased in the moist

community as water table elevation declined during the summer months. In the dry

meadow communities, which were briefly or never saturated within 30 cm of the surface,

redox potentials indicated well-oxidized conditions, with relatively little change through

the seasons. These seasonal patterns in water table elevation and associated redox potential

measured at Limber Jim Creek and West Chicken Creek are probably representative of

intact riparian meadows that occur in long narrow valleys of the region. Similar

relationships among seasonal water table elevation, redox potential, and meadow plant

communities have been observed in wetland prairies (Finley 1995), riparian meadows in

northeast Oregon (Green 1992) and central Nevada (Castelli et al. 2000), and a Colorado

fen (Cooper 1990, Cooperetal. 1998).

The community differences in seasonal water table elevation and redox potential

dynamics suggest that certain biogeochemical processes - such as denitrification, Fe and

Mn reduction, and sulfate reduction - differ along the streamside topographic gradients.

The seasonal changes in redox potential from anaerobic to aerobic in the wet and moist

plant communities represent the conditions under which redoximorphic soil features, such

as mottling and oxidized root channels, are formed (Mendelssohn et al. 1995, Vepraskas et

al. 1999). These locations have potential for high rates of biogeochemical activity

involving numerous redox sensitive transformations of nitrogen, iron, phosphorus, and

other elements (Hedin et al. 1998, Dahm et al. 1998, Baker et al. 2000). During this study,

the dry meadow communities were rarely if ever saturated, nor did they exhibit redox

potentials low enough to indicate reducing soil conditions for significant time periods.

These fmdings strongly suggest that degradation or loss of wet and moist meadow

communities could result in modification of biogeochemical functions in riparian

meadows.

Plant Species Composition and Distribution

The near stream environmental gradients are reflected in the characteristics of the

wet, moist, and dry meadow communities. At both sites, each of the three communities

had similar floristic composition (Table 2.2, Table 2.4), and measures of diversity and
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prevalence indices (Table 2.3). For example, the wet communities at both West Chicken

Creek and Limber Jim Creek had the lowest number of species per plot, lowest total

number of species, lowest H', and lowest prevalence index of the three communities.

Similar shared characteristics were observed for the moist and dry communities at both

sites. Despite these similarities, the respective communities were dominated by different

species at each site, thus differing in composition, and illustrating the diversity of plant

assemblages that occur in riparian meadows (Crowe and Clausnitzer 1997). Differences in

composition may be partially explained by the channel characteristics, soil textures, and

extent of overland flow in spring at the two study sites, as well as the attributes of the plant

species. The occurrence of widespread non-native species, particularly Poa pratensis and

Trifolium repens, likely reflects the grazing history of both sites (Crowe and Clausnitzer

1997). Poa pratensis, a nearly ubiquitous non-native species throughout the western U.S.,

is known to persist in dry meadow sites for decades following the cessation of livestock

grazing (Allen-Diaz 1991).

Influence of Water Table Elevation and Redox Potential on Plant Species Composition and
Distribution

The strong correlations of species richness with mean and median water table

elevation reinforce the importance of growing season variables in explaining the

distribution of meadow vegetation. In most field studies, water table elevation is measured

during a defined growing season of approximately 4 months (Halpern 1986, Otting 1998,

Law et al. 2000). Although multi-year, seasonal characterization of water table elevation

(Figure 2.5, this study; Allen-Diaz 1991) assists in understanding the hydrology of riparian

meadows, growing season hydrological variables are effective explanatory variables for

plant species composition. Correlations between species richness and redox potential

variables were weaker than for water table elevation variables (Table 2.5, Figure 2.8),

which may be due to the strong correlations between water levels and redox potential

(Appendix 3), as well as the high variability in redox measurements.

The relationship between number of species and median water table elevation

shows that the wettest locations at both sites have the lowest species richness, while drier

locations support a higher number of species (Figure 2.8). The relationship between
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number of species and mean redox potential at 10 cm depth implies that few species can

tolerate sustained anaerobic soil conditions. At well locations with mean redox potential

below 300 mV at 10 cm depth, nearly the entire soil profile is anaerobic throughout the

year. The relationship between number of species and mean redox potential at 25 cm depth

shows that a greater number of species can tolerate anaerobic conditions that occur deeper

in the soil profile. The segregation of plant species along these short scale streamside

gradients suggests that physiological constraints in response to soil saturation may be

largely regulating species distribution.

The zonation and composition of plant communities in riparian meadows reflect

the competitive ability, moisture and nutrient requirements, and stress tolerance for anoxic

conditions of individual plant species (Scuithorpe 1967, Blom et al. 1994, Blom and

Voesenek 1996, French and Chambers 1996). Ranges in water table elevation and redox

potential for 18 common species showed a large degree of overlap, but also a consistent

pattern along the hydrological gradient. In two floodplain meadows in England,

Silvertown et al. (1999) found that fme-scale differences in soil moisture and aeration

status structured the plant communities and assisted in defining niche separation among

species and assemblages. At West Chicken Creek and Limber Jim Creek, the distribution

of species along the streamside gradients reflects their characteristic optima for water table

elevation and tolerances for soil redox potential.

In general, the ranges in water table elevation observed for certain species (Figure

2.9) are consistent with published values. At West Chicken and Limber Jim Creeks, the

obligate wetland sedges, Carex utriculata and Carex aquatilis, occurred in locations where

water levels ranged from 20 cm above the surface to -40 cm. In a Sierran meadow, water

table elevation for Carex rostrata Stokes (= C. utriculata Boott) remained above the soil

surface for the entire season (6 July to 8 November, 1983), although data were collected in

a particularly wet year (Halpern 1986). In meadows of western Montana, Law et al. (2000)

measured water table elevation from June through October in Carex rostrata communities

where water levels ranged from approximately -10 cm to -30 cm. For the grass

Calamagrostis canadensis, Cooper (1990) reported water table elevations ranging from 0

to -90 cm during one year and from 0 to -140 cm during the second year of his study in a

Colorado fen. In our study, Calamagrostis canadensis occurred in locations with water

levels ranging from +5 to -70 cm, with a median of -38 cm. In meadows of the northern
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Sierra Nevada, California, Allen-Diaz (1991) reported similar ranges for Deschampsia

cespitosa (-10 to -80 cm; this study = +5 to -80 cm), Carex lanuginosa (-15 to -54 cm; this

study = + 20 to -55cm), Poapratensis (-20 to -60 cm; this study = 0 to -85 cm), and

Potentilla gracilis (-25 to -62 cm; this study = -25 to -85 cm).

Published values for ranges in water table elevation for the rush, Juncus balticus,

are variable. Manning et al. (1989) reported water table elevations ranging from 0 to -15

cm depth for a Juncus balticus community type in northern Nevada. For 'mesic meadows'

in central Nevada that were dominated by Poa pratensis -Juncus balticus, Castelli et al.

(2000) reported water table elevations ranging from 0 to -34 cm at one site and from -90 to

-149 cm at another site. In this study, Juncus balticus occurred in locations with water

levels ranging from the soil surface to approximately -70 cm, with a median water table

elevation of -45 cm. These disparate ranges may be due to differences between sites or

sampling years, as well as the plasticity of Juncus balticus, which is widespread throughout

the western U.S. These results suggest that Juncus balticus may be misclassified as an

obligate wetland species throughout portions of the western U.S., and may be more

accurately classified as a facultative wetland species in some regions.

The strong correlations between water table elevation and plant species

composition at West Chicken Creek and Limber Jim Creek underscore the potential impact

of changes in water table for riparian meadow vegetation. Certain species, such as the

obligate wetland sedges, occur within a fairly restricted range of water table elevation,

while the common grasses Deschampsia cespitosa and Poa pratensis, occur over wide

ranges. The overlap in ranges of water table elevation (Figure 2.9) for individual species

indicates that even small changes in water table elevation could result in shifts in

dominance by different species, and ultimately replacement or loss of certain species.

Declines in water table elevation have been cited as a primaiy cause for degradation of

riparian plant communities in incised floodplain reaches (Platts and Nelson 1989, Crowe

and Clausnitzer 1998), while increases in water table elevation have contributed to the

restoration of meadows (Cooper et al. 1998). These results describe hydrologic conditions

that support common native species, thus increasing our ability to anticipate plant

community changes associated with potential hydrologic shifts and providing direction for

classification, management, assessment and restoration of riparian meadows.



3. Distribution of Plant Biomass in Relation to Water Table Elevation
and Redox Potential in Riparian Meadows

Abstract

Herbaceous streamside vegetation influences riparian function by dissipating

hydraulic energy, trapping sediment, stabilizing banks, and contributing inputs of organic

matter to the stream-riparian ecosystem. These processes are affected by the distribution of

above and belowground biomass within the streamside plant communities. I hypothesized

that the distribution of biomass in meadow plant communities - a priori defined as wet,

moist, and dry meadow was strongly influenced by water table elevation and redox

potential associated with geomorphological and topographic position of the plant

communities on the floodplain. The wet meadow communities were dominated by sedges,

the moist meadow communities by a mixture of grasses and sedges, and the dry meadow

communities by a mixture of grasses and forbs. At two sites, I installed wells and platinum

electrodes along transects (n = 5 per site) through the three plant communities, and

monitored water table elevation and redox potential at 10 and 25 cm depths from July 1997

to August 1999. I sampled above and belowground biomass at each well (n = 15 per site).

Total aboveground biomass ranged from 1081 g/ m2 (wet meadow) to 394 g/ m2

(dry meadow). Belowground biomass was two to four times greater than aboveground

biomass in the wet and moist communities, and ranged from 3502 ± 344 g/ m2 (wet

meadow) to 749 ± 82 g/ m2 (dry meadow). Species composition of the plant communities

was reflected in: (1) distribution of aboveground biomass components (graminoids, forbs,

moss); (2) distinctive vertical profiles of belowground biomass; (3) significant differences

among communities in total biomass (above + belowground), as well as graminoid, root,

rhizome, and total belowground biomass.

Strong gradients in water table elevation and soil redox potential existed along the

short near-stream transects. Water table elevation followed the seasonal patterns of stream

stage and discharge, and was consistently highest in the wet meadow communities (mean ±

I SE for both sites; -14 ± 1 cm), intermediate in the moist meadow (-35 ± 1 cm), and

lowest in the dry meadow (-60 ± 1 cm). Soil redox potential indicated seasonal anaerobic

conditions 300 mV) in the wet and moist meadow communities, while the dry meadow
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communities remained mostly aerobic at both depths throughout the year. Total biomass

was strongly correlated with mean water table elevation (Spearman rank correlation r =

0.85; p <0.01), and mean redox potential at 10cm (r = -O.79;p <0.01) and 25 cm (r = -

0.81, p< 0.01). Quantification of biomass distribution in relation to environmental

gradients contributes to an understanding of organic matter dynamics in stream-riparian

ecosystems, and assists in assessment and management of riparian function in montane

meadows.

Introduction

Streamside vegetation influences critical functions of riparian and stream

ecosystems, including cycling of nutrients and organic matter, regulation of sediment

dynamics, and provision of terrestrial and aquatic habitat (Gregory Ct al. 1991, Naimen et

al. 1993). Characteristics of riparian plant communities are strongly correlated to the

hydrologic regime and related gradients in soil moisture and redox potential in the riparian

corridor (Brinson et al. 1981, Tabacchi et al. 1998, Chapter 2). Plant biomass structure, i.e.

the distribution of biomass among the above and belowground components (van der

Maarel and Tityanova 1989), is a distinctive feature of plant communities that reflects a

number of environmental factors, including hydrologic regime and nutrient status (Brinson

et al., 1981, Szumigakski and Bayley 1997, Thormann and Bayley 1997). Aboveground

biomass of riparian plant communities furnishes shade and al!ochthonous inputs to

streams, and provides hydraulic roughness to streambanks and floodplains, thus dissipating

hydraulic energy during periods of high flow. Belowground biomass stabilizes banks,

provides habitat for aquatic organisms (Rhodes and Hubert 1991), and affects subsurface

biogeochemical processes.

Plant biomass structure has been evaluated most frequently for aboveground

components of riparian forest vegetation in studies estimating inputs of large wood

(McDade et al. 1990), allochthonous inputs of coarse particulate organic matter, and

evaluation of shade (Bohie 1994). Few studies have investigated the aboveground biomass

structure in shrub or herbaceous dominated riparian areas. The importance of rooting

characteristics of riparian vegetation, particularly herbaceous species, in protection of
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stream banks from erosion, has frequently been cited (Beschta and Platts 1986, Murgatroyd

and Ternen 1983, Osborne and Kovacic 1993, Dunaway et al. 1994, Trimble 1997, Lyons

et al. 2000). However, very few studies have quantified belowground biomass for specific

plant community types (Manning et al. 1989). In addition, limited research has been

conducted on the distribution of above and belowground biomass in relation to

environmental gradients in riparian areas (Tabacchi et al. 1998).

The composition and distribution of riparian vegetation are largely influenced by

seasonal flooding (Auble and Scott 1998), duration of inundation (Roberts and Ludwig

1991, Auble et al. 1994), and levels of groundwater (Allen-Diaz 1991, Stromberg et al.

1996, Chapter 2). Seasonal flooding and changes in water table also influence riparian

soils by controlling the areal extent and duration of saturation. In saturated soils,

oxidation-reduction potential, or redox potential, quantifies the intensity of anaerobic

conditions and provides an integrative measure of physical and biological conditions in

subsurface environments (Cogger et al. 1992, Mitsch and Gosselink 1993). Spatial and

temporal gradients in redox potential commonly occur in near-steam portions of riparian

areas (Hedin et al. 1998, Dahm et al. 1998), and can exert strong influences on the

distribution of plant species (Chapter 2).

In two montane meadows in northeastern Oregon, I studied relations among water

table elevation, redox potential, and above and belowground biomass of three riparian

plant communities. The three communities - referred to as wet, moist, and dry - occur

along a topographic moisture gradient and occupy different geomoiphic positions on the

floodplain. As described in Chapter 2, strong environmental gradients in water table

elevation and redox potential existed along these short scale topographic gradients. The

objectives of this study were: (1) to quantif' the distribution of above and belowground

biomass components along the streamside topographic gradients; (2) to compare above and

belowground biomass in each of the three plant communities; (3) to relate water levels,

redox potentials, and biomass of meadow plant communities. I hypothesized that above

and belowground biomass differed among the three meadow plant communities and was

largely controlled by spatial gradients in water table elevation and redox potential.



Methods

Study Sites

The study sites were located along unconstrained reaches of West Chicken Creek

and Limber Jim Creek, two second-order tributaries to the upper Grande Ronde River,

northeast Oregon (Figure 2.1). Although the study sites have historically been grazed, the

West Chicken Creek study site was fenced to exclude livestock in 1993, and the Limber

Jim Creek study site has not been managed for livestock grazing since 1978. Both sites

have similar histories of upslope logging. The two streams are located 13 km of each

other, are similar in elevation (1 320 m) and gradient (2.0 to 2.5 %). However, Limber

Jim Creek is a wider, larger stream, drains a larger area than West Chicken Creek (34.4

km2 and 21.8 km2, respectively), and has considerably higher discharge (0.01 to 2.5 m3/sec

and 0.01 to 1.0 m3/sec). Mean annual precipitation is approximately 55 cm, with> 80%

falling between November and June. The hydrologic regime is dominated by spring

snowmelt, which typically begins in March or April, with peak flows in May (Figure 2.2,

Clarke et al. 1997).

The study sites were approximately 250 meters in length and 80 meters in width.

The meadow vegetation was composed of three dominant plant communities defmed as

wet, moist, and thy meadow which occurred along a topographic moisture gradient from

the stream edge to the floodplain terrace (Figure 2.3, Otting 1998). Plant species

composition and distribution at the two study sites are described in detail in Chapter 2. At

both sites, the wet meadow communities were typically flooded each spring for several

weeks. At West Chicken Creek, the wet meadow community was dominated by Carex

utriculata; at Limber Jim Creek, Carex aquatilis was the dominant species. Moist meadow

communities were partially inundated during spring flooding. Dominant moist meadow

species were Descharnpsia cespitosa at West Chicken Creek and Calamagrostis

canadensis and Carex lanuginosa at Limber Jim Creek. The dry meadow communities

were composed of a mixture of forbs and native and introduced grasses. At West Chicken

Creek, dry meadow communities were dominated by Poa pratensis (mean ± 1 SE; 50±5 %

cover), Danthonia caljfornica (10 ± 3 % cover), and Trifolium repens (9±2% cover). At
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Limber Jim Creek, dry meadow communities were dominated by Poa pratensis (19 ±2 %

cover), Juncus balticus (16±4 % cover), and Trjfolium repens L. (16 ±2% cover). Dry

meadow communities occurred on floodplain terraces, and occupied approximately 70% of

the area at each study site. The upstream forest reaches and valley uplands were conifer

dominated (Case 1995, Brookshire 2001). Geology of the floodplain meadows consists of

shallow Holocene alluvium, which was deposited over Grande Ronde Basalt (Ferns and

Taubeneck 1994). The alluvial soils (.- 40 cm to 120 cm deep) are ash-influenced

Mollisols and Entisols (Robert Ottersberg, personal communication), underlain by coarse

gravels.

Water Table Elevation and Redox Potential

Water table elevation and soil redox potential were measured along five transects

at each site. In June 1997, the transects were established through the three dominant

meadow plant communities at each site (Figure 2.3). Along the transects, well locations

were randomly selected within each plant community, resulting in a total of five well

locations per community at each site. At West Chicken Creek, the average transect length

was 17.7 m (range 14.0 m to 22.2 m); at Limber Jim Creek, transect length averaged 11.2

m (range 9.3 m to 14.0 m). Wells were installed approximately 20 cm into the gravel layer

underlying the soil; well depths ranged from 64 cm to 112 cm below the soil surface

(Appendix 1). Well casings were made from 2.54-cm-diameter PVC pipe, drilled with

0.32-cm-diameter holes along the entire buried length.

Water table elevation was measured with a metered copper wire connected to an

ohmmeter. The wire was lowered into each well, and depth of contact with water was

recorded. To measure soil redox potential, platinum electrodes were installed in the soil

within 0.5 m of each well at 10 and 25 cm depths (n = 3 probes per depth). Redox

potential was measured using a voltmeter in conjunction with a saturated single-junction

Ag/AgCl reference electrode (similar to method described by Faulkner et al. 1989). The

voltmeter measurements were corrected by adding 214 mV to each value (Bohn 1971,

Bates 1973). Soils were considered to be anaerobic if redox potential was less than + 300

mV (Gambrell and Patrick 1978, Faulkner and Patrick 1992). Water table elevation and
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redox potential were measured from July 1997 through August 1999, approximately every

two-to-three weeks during the spring, fall, and summer seasons, for a total of 28 sampling

dates at West Chicken Creek and 26 sampling dates at Limber Jim Creek.

Above and Belowground Biomass

Three 0.25 m x 0.25 m plots were randomly located within 1 5 m of each well.

Between 23-27 September 1997, all litter and vegetation rooted within the plots was

clipped to the ground surface. In these meadows, mid-fall was the period when

aboveground biomass for graminoids appeared to be near maximum, although some of the

forbs had become senescent. No woody vegetation was rooted in the plots; however,

transported wood and woody debris that occurred in the plot were sampled. Samples were

air-dried, sorted into five categories - forbs, graminoids, moss, litter, and wood oven

dried for 72 h at 65°C, and weighed. Subsamples from each category and plant community

were ashed at 550°C for 12 hours, and all aboveground biomass values are reported on an

ash-free dry mass basis (AFDM g/ m2).

At each well location, belowgroünd biomass samples were collected at two of the

three plots clipped for aboveground biomass, using a Gidding soil coring and sampling

tube (8 cm diameter). Belowground biomass samples were collected from 25 -27 October

1997. After extraction, each core was sliced into 10 cm segments, yielding samples from

the following depths: 0-10 cm, 10-20 cm, 20-30 cm, 30-40 cm. Samples were stored at

4°C until processed. Belowground biomass samples were washed using a hydropneumatic

elutriation system and 0.5 nm-i mesh screens (Gillison's Inc., Benzonia, Michigan), and

dried at 65°C for at least 24 hours. Dried samples were sorted into rhizomes and roots, but

not separated into live and dead categories. Roots were fme to very fme (Böhn 1979); all

roots encountered were 1.3 nm-i diameter, with over 80% being 0.8 mm diameter.

Sorted samples were dried at 65°C for at least 48 hours, weighed, then were ashed at 550°

C for 12 hours to obtain AFDM g/ m2.



Data Analysis

Mean redox potential (n = 3) was calculated for each well, depth, and date of

sampling. Biomass data were log-transformed prior to analysis to more closely meet the

assumptions of normal distribution and constant variance (Little and Hills 1978, Sabin and

Stafford 1990). One-way analysis of variance was used to test for community differences

in aboveground biomass and total biomass at each site. Belowground biomass data were

analyzed using a two-way analysis of variance with plant community and depth as factors,

and community x depth as the interaction term. When analysis of variance showed

significant differences among communities, means were separated using Fisher's Protected

Least Significant Difference (Fisher's PLSD) (Ramsey and Schafer 1997). Despite

transformation, biomass data for forb, moss, and woody litter did not meet assumptions

regarding distribution and variance. Kruskal-Wallis tests were used to determine

community differences among these components, and among ratios of belowground-to-

aboveground biomass and rhizome-to-root biomass (Ramsey and Schafer 1997). Statistical

analyses were performed in SAS version 6.12 (SAS 1990).

Data from both sites were combined to explore relations between total biomass,

water table elevation and redox potential. Spearman rank correlations of total biomass

against the variable depth to gravels (an estimate of soil depth) and hydrological and redox

variables were conducted for each well location (n = 30). For water table elevation, redox

potential at 10 cm depth, and redox potential at 25 cm depth, the following variables were

used in correlation analyses: mean, median, 1998 mean, 1998 median, and interquartile

range. The interquartile range, i.e. the range of the middle 50% of the data, is an estimate

of the degree of fluctuation in water table elevation or redox potential.

Measurements for water table elevation and redox potential were taken from July

1997 through August 1999, yet biomass samples were collected in fall 1997. I assumed

that water table elevation and redox measurements taken after the biomass collection were

generally representative of the conditions that had influenced primary production and

biomass accumulation in 1997.
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Results

Aboveground Biomass

Differences in aboveground biomass components reflected differences in species

composition within each of the communities (Table 3.1). Graminoid biomass in the wet

meadow communities differed significantly from the moist and dry meadow communities

at both West Chicken Creek (F212 9.6, P < 0.01) and Limber Jim Creek (F212 = 10.4, P =

0.01). In the wet meadow communities, aboveground biomass was composed almost

entirely of plant material from the dominant sedge species, Carex utriculata and Carex

aquatilis ( 90 - 98% of total; graminoid + litter biomass). In the moist and dry meadow

communities, graminoid biomass accounted for 46% to 66% of the total aboveground

biomass, and was composed of a mixture of grass, sedge, and rush species (Chapter 2).

Along each transect at West Chicken Creek, graminoid biomass was consistently highest in

the wet community (526 to 852 g/ m2), intermediate in the moist community (392 to 597 g/

m2), and lowest in the dry community (112 to 524 g/ m2). At Limber Jim Creek, graminoid

biomass was lowest in the dry meadow communities (166 to 296 g/ m2), but did not differ

significantly between the wet and moist meadow communities (335 to 516 gI m2 and 215

to 409 g/ m2, respectively). Total aboveground biomass ranged from 394 g/ m2 to 1081 gI

m2 and differed among communities at Limber Jim Creek (F2j2 3.8, P = 0.05), but not at

West Chicken Creek (F2,12 = 1.5, P= 0.27).

Forbs comprised < 1% of the total aboveground biomass in the wet meadow

communities at both sites and from 6% to 12% of the aboveground biomass totals for the

moist and dry communities. Moss biomass was highest in the moist and dry communities,

comprising 23% of the aboveground total for the dry meadow at West Chicken Creek,

and 17% of the aboveground total for the moist meadow at Limber Jim Creek. The

distribution of moss biomass was somewhat patchy, ranging from 35 g/ m2 to 302 g/ m2 in

the dry meadow communities (Table 3.1). Herbaceous litter biomass was a large

component in each community at both sites, comprising from 18 to 34 % of the total above

ground biomass, and did not differ significantly among communities at either West

Chicken Creek (F212 = 1.0, P = 0.39) or Limber Jim Creek (F2,24 = 2.4, P = 0.13). Woody

debris, which was likely deposited during high flows, was found more frequently at Limber
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Table 3.1. Aboveground and belowground biomass (AFDM g/ m2; mean ± 1 SE, n = 5) for West Chicken Creek and Limber Jim
Creek. Within each biomass component for each site, different letters denote a significant difference between means (Fisher's PLSD,
a = 0.10).

West Chicken Creek Limber Jim Creek

Wet Moist Dry Wet Moist Dry

Aboveground (AG)
Graminoids 648±SSa 46936b 31068b 43734a 344±36a 23621b
Forbs
Moss

0.1±0.la
1±la

4113b
137b

419b
152±38°

2±la
2±la

40±111,
1056b 67±23°

Litter-herb 147±33a 188±28a 136±19" 129±58a 206±38" 131±8a

Litter-wood 13±13" 0 15±14k 56±27" 3±2k 15±9°
AG Total 809 ± 78" 711 ± 25 a 654 ± 88 a 627 ± 36 a 603 ± 23 ab 513 ± b

Belowground (BG)
Rhizomes 1387±263a 64342b 226±52° 1253±21V 1281±113"
Roots 2115±298a 920236b 519±42° 1368±17V 1229±97a 598± 43b

BGTotal 3502±344a 1525206b 749±82C 2712±285 a 2412147ab 93982b

Above and
Belowground

Total 4311±289" 2236±221k 1403±113° 3338±284" 3015±155" 1451± 103 b

Ratios
Rhizomes/Roots 0.72 ± 0.16a 0.94 ± 0.24a 0.43 ± ØØ9a 0.91 ± 0.09" 1.06 ± 0.12" 0.57 ± 006b

BG Total/AG Total 4.60 ± 0.76 a 2.13 ± 0.25 b 1.23 ± 0.22° 4.38 ± 0.56 a 4.01 ± 0.24 a 1.84 ± 014b
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Jim Creek (53% of the wells) than West Chicken Creek (13% of the wells). Woody debris

was considered part of the litter layer (noted as wood litter in Table 3.1), and was most

abundant in the wet communities, with biomass ranging from 0 to 142 g/ m2.

Belowground Biomass

Total belowground biomass (roots + rhizomes, combined for all depths) was

notably greater than total aboveground biomass in each plant community (Table 3.1), and

differed significantly among the communities at both West Chicken Creek (F2,12 = 36.1, P

<0.01) and Limber Jim Creek (F212 = 24.7, P < 0.01). In the wet meadow communities,

total belowground biomass, which averaged 3502 ± 344 g/ m2 at West Chicken Creek and

2712 ± 285 g/ m2 at Limber Jim Creek, was over four times as great as total aboveground

biomass (Table 3.1). The distribution of total belowground biomass among communities

at each site reflected the distribution of aboveground graminoids. Along each transect at

West Chicken Creek, total belowground-biomass was consistently highest in the wet

community (2641 to 4141 g/ m2), intermediate in the moist community (1049 to 2071 g/

m2), and lowest in the dry community (554 to 971 g/ m2). At Limber Jim Creek, total

belowground biomass was lowest in the dry meadow communities (719 to 1164 g/ m2), but

did not differ significantly between the wet and moist meadow communities (1800 to 3560

g/ m2 and 1973 to 2890 g/ m2, respectively) (Table 3.1). Root biomass differed

significantly among the communities at both West Chicken Creek (F2,12 = 14.1, P < 0.07)

and Limber Jim Creek (F212 = 12.3, P <0.01), and comprised from 50% to 69% of the

total belowground biomass Rhizome biomass also differed significantly among the

communities at both West Chicken Creek (F2,12 = 14.01, P< 0.07) and Limber Jim Creek

(F212 = 14.3, P <0.01), and comprised from 30% to 50% of the total belowground biomass.

Significant interactions between community and depth were observed for

belowground biomass components, with the exception of roots at Limber Jim Creek (F6,48

= 1.9, P = 0.09; Table 3.2). The vertical distribution of total belowground biomass was

distinctive for each community (Figure 3.1). In the wet communities, approximately 33%

to 37% of the total belowground biomass occurred in the top 0-10 cm. Although

belowground biomass decreased with depth, approximately 24% of the total belowground



Table 3.2. Results of analysis of variance of log-transformed AFDM (g/ m2) for roots,
rhizomes, and total belowground biomass for West Chicken Creek and Limber Jim
Creek.
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df

A. West Chicken Creek

P F P F P

Community 2 53.5 <0.01 32.4 <0.01 97.1 <0.01
Depth 3 21.9 <0.01 30.9 <0.01 47.4 <0.01
CommunityXDepth 6 3.5 <0.01 4.4 <0.01 4.8 0.06
Error 48

B. Limber Jim Creek

Community 2 20.0 <0.01 34.4 <0.01 31.6 <0.01
Depth 3 16.9 <0.01 23.5 <0.01 25.9 <0.01
Community X Depth 6 1.9 0.09 5.5 <0.01 2.6 0.03
Error 48

Roots Rhizomes Total
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Figure 3.1. Distribution of belowground biomass for the (A) wet, (B) moist, and
(C) dry meadow plant communities at West Chicken Creek (means ± 1 SE, n = 5).
The proportion of total profile biomass (rhizomes + roots, 0-40 cm) is indicated
for each depth increment. Different letters denote a significant difference in total
biomass between depths (Fisher's PLSD, alpha = 0.10).
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biomass occurred at 20-30 cm and 12-16% at 30-40 cm depth. In addition, total

belowground biomass was not significantly different between the 10-20 cm depth and the

20-30 cm depths in the wet meadow communities at either site (Figure 3.1 A and 3.1 D). In

the moist communities at both sites, approximately 56% of the belowground biomass

occurred within the top 10 cm of the soil profile (Figure 3.1 B and 3.1 E). In the dry

communities at Limber Jim Creek, 60% of the belowground total biomass occurred in

the top 10 cm, while at West Chicken Creek, 76% occurred in the top 10 cm. No

significant differences in total belowground biomass were observed among the lower three

depths in the dry communities at West Chicken (Figure 3.1C and 3.1F).

The relative distribution of roots and rhizomes within communities and with depth

was generally similar for the two sites, with some notable exceptions (Figure 3.1). In the

wet meadow communities at 0-10 cm depth, the proportion of root and rhizome biomass

was approximately equivalent at each site. At lower depths, however, rhizome biomass

comprised 27% to 40% of the total belowground biomass at West Chicken Creek, and from

44% to 53% at Limber Jim Creek (Figure 3. 1A and 3. 1D). In the moist communities at 0-

to-i 0 cm, rhizome biomass at Limber Jim Creek (816 ± 135 g/ m2), greatly exceeded root

biomass (478 ± 64 g/ m2) and was over twice the rhizome biomass in the moist

communities at West Chicken Creek for the same depth (404 ± 57 g/ m2) (Figure 3.1 B and

3.1 E). In the dry meadow communities at 0-10 cm, rhizomes comprised 36% to 40% of

the total biomass at both sites. At the lower depth increments, however, rhizome biomass

was greater at Limber Jim Creek than West Chicken Creek. These distributions are

reflected in the ratios of rhizome-to-root biomass for each community (Table 3.1). At each

site, rhizome-to-root ratios were highest in moist meadows, lowest in the dry meadows,

and intennediate in the wet meadows (Table 3.1). Rhizomes comprised a greater relative

proportion of the belowground biomass in each of the communities at Limber Jim Creek,

resulting in higher rhizome-to-root ratios for this site.

The ratios of total belowground to total aboveground biomass illustrate the

predominance of belowground biomass in total biomass pools in these meadows. In the

wet meadow communities, the belowground-to-aboveground biomass ratios were

approximately twofold higher than those for the dry communities at each site (Table 3.1).

At West Chicken Creek, the belowground-to-aboveground ratio for the moist community

(2.13 ± 0.25) was intermediate between the wet and dry communities. At Limber Jim



Creek, however, the belowground-to-aboveground ratio for the moist community (4.01 ±

0.24) was similar to the ratio for the wet community.

Water Table Elevation and Redox Potential

As described in Chapter 2, water table elevation followed seasonal patterns of

stream stage in all communities at both sites, with highest levels occurring during spring

flooding and lowest levels occurring during late summer low flows. At both sites, water

table elevation differed significantly among plant communities. Water table elevation was

consistently highest in the wet meadows and averaged -11 ±2 cm at West Chicken Creek

and -18 ±2 cm at Limber Jim Creek (Table 3.3). In the moist meadows, water table

elevation averaged -35 ±2 cm at both sites. Water table elevation was consistently lowest

in the dry meadows, and averaged -63 ±2 cm (mean ± SE) at West Chicken Creek and -57

±2 cm at Limber Jim Creek (Table 3.3). During the sampling period, seasonal patterns

were repeated from year-to-year at both sites.

Soil redox potential paralleled the seasonal fluctuations in water table elevation in

the wet and moist communities, as described in Chapter 2. In the wet meadow

communities at both sites, redox values at 10 cm depth indicated anaerobic conditions

300 mV) during the spring and early summer months and aerobic conditions (>300 mV) in

late sunmier, resulting in averages of 245 ±20 mV for West Chicken Creek and 231 ±21

mV for Limber Jim Creek. At 25 cm depth, redox potential in the wet meadows remained

anaerobic at most locations throughout the seasons, and averaged 37 ± 14 mV at West

Chicken Creek and 106 ± 18 mV at Limber Jim Creek (Table 3.3). In the moist meadows,

redox potentials followed the seasonal changes in water table elevation at both 10 and 25

cm depths, with anaerobic soil conditions during spring and aerobic conditions in late

summer and fall. In the dry meadow communities, soil conditions remained aerobic

throughout the year at 10 cm depth, and redox potentials averaged 525 ± 5 mV at West

Chicken Creek and 537 ± 8 mV at Limber Jim Creek. At 25 cm, average redox potentials

were slightly lower due to a decrease in redox potential for several weeks during spring

high flows. During the sampling period, seasonal patterns in redox potential were repeated

from year-to-year at both depths for the three plant communities at each site (Chapter 2).
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Table 3.3. Mean (± 1 SE), range, median and coefficient of variation (CV) for water table elevation and
soil redox potential (mV) at 10 and 25 cm depths for the wet, moist, and dry meadow plant communities
at West Chicken Creek and Limber Jim Creek.

Soil Redox Potential at 10 cm Depth (mV)

West Chicken Creek Limber Jim Creek

Wet Moist Dry Wet Moist Dry

Water Table Elevation (cm)

Mean±SE 245±20 443±14 525±5 231±21 414±19 537±8
Range -127to638 -64to641 282to637 -137to671 -159to663 -22to659

Median 195 502 543 163 505 557
CV(%) 97 38 12 103 53 17

n 136 139 140 129 130 130

Soil Redox Potential at 25 cm Depth (mY)

Mean ± SE 37± 14 305± 19 478±7 106±18 316±21 424±13
Range -195to524 -142to609 86to634 -170to627 -144to647 -88to628
Median -24 375 494 29 344 459
CV (%) 442 73 17 194 75 36

n 136 139 140 130 130 130

Mean±SE -11±2 -35±2 -63±2 -18±1 -35±2 -57±2
Range 36 to 36 18 to 73 -14 to 115 2 Ito 37 9 to 73 -7 to 84
Median -19 -39 -63 -22 -37 -60
CV (%) -180 -70 -38 -76 -59 -35

n 140 140 140 135 135 135



Influence of Water Table Elevation and Redox Potential on Biomass

Total biomass was strongly correlated to water table elevation and redox potential

variables (mean and median for entire sampling period, 1998 mean, 1998 median), and

wealdy correlated to the 'depth to gravels' (Table 3.4). Correlations were stronger between

total biomass and redox potential at 25 cm depth than with redox potential at 10 cm depth.

Total biomass was weakly correlated to interquartile range of water table elevation and

redox potential at 25 cm; however, the correlation between total biomass and interquartile

range of redox potential at 10 cm was high and significant (Table 3.4).

Discussion

Measurements of total biomass (above + belowground) illustrate the high

productivity of riparian meadows, particularly in the wet and moist communities, and

highlight the contribution of belowground biomass to total community biomass (Table

3.1). Strong correlations among water table elevation, redox potential and total biomass

support the hypothesis that environmental gradients correspond to biomass gradients in

these montane meadows. Herbaceous biomass is a major source of organic matter to both

the riparian area and the stream (Brookshire 2001), and the relative spatial distribution of

biomass components assists in understanding the dynamics of organic matter distribution

and processing and exchange along the streamside topographic gradients (Chapters 4 and

5).

Aboveground Biomass

Differences in species composition among the three communities were more

evident in the components of aboveground biomass - particularly graminoid and moss

biomass than in the totals. The significant differences in graminoid biomass among the

communities at each site reflect the species attributes and distribution of the dominant

grass and sedge species. At West Chicken Creek, graminoid biomass in the dry

55



Table 3.4. Spearman rank correlations of total biomass with depth to gravels,
and hydrological and redox variables for West Chicken Creek and Limber Jim
Creek (n = 30; data for both Sites combined).
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Variable
Spearman Rank

Correlation
Coefficient

r

p<x

Depth to gravels (soil depth) 0.45 0.01

Hydrological Variables

Mean Water Table Elevation 0.85 <0.01
Median Water Table Elevation 0.84 <0.01
1998 Mean Water Table Elevation 0.86 <0.01
1998 Median Water Table Elevation 0.86 <0.01
Water Table Elevation - Jnterquartile Range -0.38 0.04

Redox Variables

Mean Redox (10 cm) -0.79 <0.01
Median Redox (10 cm) -0.65 <0.01
1998 Mean Redox (10 cm) -0.78 <0.01
1998 Median Redox (10 cm) -0.65 <0.01
Redox (10 cm) - Interqu&tile Range 0.78 <0.01

Mean Redox (25 cm) -0.81 <0.01
Median Redox (25 cm) -0.75 <0.01
1998 Mean Redox (25 cm) -0.81 <0.01
1998 Median Redox (25 cm) -0.79 <0.01
Redox (25 cm) - Interqnartile Range 0.35 0.06
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community was less than half that in the wet community. However, differences in total

aboveground biomass were not significant among the communities at this site, largely due

to the amount of moss biomass in the dry meadows. Moss was also an important

component of aboveground biomass in the moist community at Limber Jim Creek. In

montane meadows of northeast Oregon, moss accounts for up to 50% of the ground cover

in certain plant community types (Crowe and Clausnitzer 1997), yet its contribution to total

biomass has not been previously reported (Otting 1998). In an extensive study of

mesophytic meadows of Central Europe, moss biomass showed high annual and seasonal

variation over the study period (1976 - 1984), but on average contributed 10% of the

total aboveground biomass (Jakrlová 1993).

Aboveground biomass values from this study are in the general range of published

values. The wet meadow communities are dominated by Carex utriculata (formerly Carex

rostrata Stokes) at West Chicken Creek (64 ± 8 % cover; Chapter 2). Aboveground

biomass values are near the higher end of the range reported for this species in northern

Europe and North America (Hultgren 1989a). The average value for Carex utriculata at

West Chicken Creek (794 AFDM g/ m2 - graminoid plus herbaceous litter) was similar to

the dry mass reported by Bernard (1990) (852 g/ m2) in Minnesota, and somewhat lower

than the air-dry mass (975 g! m2) reported for C. rostrata stands near Ithaca, New York

(Bernard and Hankinson 1979). However, considerably lower dry mass (420 g/ m2) was

reported for C. rostrata stands in England (Pearsall and Gorham 1956), and in Alberta,

Canada (640 g/ m2; Gorham and Somers 1973). For a riverine sedge fen dominated by

Carex aquatilis, C. rostrata, and C. lasiocarpa, Thonnann and Bailey (1997) estimated

annual production to be 409 g /m2 /year. This is similar to the average aboveground

biomass (437±34 gI m2) for the wet meadow communities at Limber Jim Creek, which

are dominated by Carex aquatilis (88 ±2% cover) (Chapter 2). At West Chicken Creek,

Otting (1998) reported higher dry mass values for both the moist plant community (mean ±

1 SE; 816 ± 51 g/ m2; this study = 469 ± 36 g/ m2), which he referred to as hydrophytic,

and for the dry community (445 ± 41 g 1m2; this study = 310±68 g/ m2), which he referred

to as mesophytic. In meadows of Central Europe with a mixture of graminoids, forbs, and

moss comparable to the moist meadow communities, Jakrlová (1993) reported maximum

aboveground biomass estimates ranging from 632 g/ m2 to 1278 g/ m2, which are generally
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higher than aboveground biomass in the moist meadow communities at West Chicken

Creek and Limber Jim Creek (Table 3.1).

Aboveground biomass values, probably underestimated annual production, even

though aboveground biomass was near maximum when harvested at the end of the growing

season. Many of the forb species had become senescent at the time of biomass sample

collection, and I probably underestimated their contribution to total biomass. Given the

limitation of one harvest during the growing season, fall was the optimal time for

collection of biomass samples of these riparian meadow plant communities, and

aboveground biomass values are probably reasonable estimates of annual production. I

assumed that fall was also the period of maximum belowground biomass, realizing that

belowground samples probably included growth and accumulation from more than one

year. Although roots and rhizomes generally do not live more than 1-2 years (Böhn 1979),

some may live longer. Therefore, ratios of above-to-belowground biomass ratios should be

considered as relative measures of biomass allocation among the communities, rather than

indicators of above and below ground production.

Several limitations should be considered when comparing these results with

published biomass values. Many published values are reported for single species, either

collected from monospecific stands, or from plants grown in pots or experimental plots that

are sorted by species. I sorted biomass by growth form for each community, and did not

separate biomass or differentiate weights by species. The wet meadow communities are

largely dominated by one or two species, so comparisons with certain published values are

reasonable. Additional considerations when comparing biomass values include year-to-

year variation in biomass (Jakrlová 1993, Thonnann and Bailey 1997), differences in

sampling times (mid-season vs end-of-season) and seasonal variation in biomass (Gorham

and Somers 1973, Aerts et al. 1992, Aerts and De Caluwe 1995), and comparison of results

reported in air-dry mass, dry mass, and AFDM.

Few studies have quantified belowground biomass in riparian meadows. In central

Nevada, Manning et al. (1989) collected belowground biomass in four meadow plant
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community types, defmed by the dominant graminoid. For the Carex nebrascensis

community type, they found total belowground biomass (AFDM; 0-40 cm) to be 3382

gIm2, which is similar to the value for the wet community (dominated by Carex utriculata)

at West Chicken Creek (3502 g! m2). Otting (1998) reported similar values for the wet

plant community at West Chicken Creek, which he referred to as "high groundwater level"

(2784 g/m2) and the moist community, which he referred to as "intermediate groundwater

level" (2325 gIm2). However, in the dry community, which he referred to as "low

groundwater level", his mean value for total belowground biomass was higher (1932 g/m2).

In Central European meadow communities similar to the moist meadow communities in

this study, Fiala (1993) reported total belowground biomass ranging from 1611 g/ m2 to

2745 g/ m2, which are similar to our estimates for moist meadows at West Chicken Creek

(1525 g/ m2) and Limber Jim Creek (2412 g/ m2).

Belowground biomass usually exceeds aboveground biomass in graminoid

dominated ecosystems (Fiala 1993). In a long-term study often Siberian grasslands

(meadows and steppes), Titlyanova et al. (1999) found that approximately 70% of the live

biomass was belowground, and that 70% of the net primary productivity was allocated to

belowground portions of the plants. In arctic (Henry et al. 1990) and alpine (Fisk et al.

1998) meadows dominated by sedge species, approximately 65% to 75% of the net

production was belowground. In contrast, Hultgren (1 989a) and Bernard and Hankinson

(1979) reported that belowground biomass generally contributed less than 50% to of the

total biomass in wetlands dominated by Carex rostrata in Sweden and New York,

respectively. Allocation of photosynthate to belowground biomass depends on

environmental conditions as well as species-specific rooting patterns and responses to soil

moisture conditions, nutrient availability, and herbivory.

The distinctive vertical profiles of belowground biomass within each community

reflect the characteristics and distribution of the dominant species, particularly graminoids

(Figure 3.1). The dominant sedges of the wet meadow communities (Carex aquatilis and

Carex utriculata) are clonal species that form extensive horizontal and vertical networks of

long, stout rhizomes (Bernard 1990), interspersed with expansive meshes of fme roots.

Although anaerobic conditions can dramatically influence the energy status and survival of

roots (Drew 1992), these sedge species are evidently capable of extensive belowground

production in low oxygen and anoxic environments. The dominant graminoids in the
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moist meadow communities at Limber Jim Creek (Carex lanuginosa and Calamagrostic

canadensis) are also strongly rhizomatous, which probably explains the similarities in

amounts and distribution of belowground biomass between the wet and moist communities

at this sites. In contrast, Poa partensis, the dominant grass in the dry meadow

communities, is shallow rooted, and produces short rhizomes that extend horizontally near

the soil surface (Tilman and Wedin 1991).

Relations Among Water Levels, Redox Potential, and Biomass

The near stream environmental gradients correspond to distinctive biomass

composition gradients, with highest total biomass in the streaniside wet meadow

communities and lowest biomass in terrace dry meadow communities. The strong

correlations of total biomass with mean and median water table elevation indicate that

average water table elevation is strongly influencing the biomass structure of the floodplain

plant communities (Table 3.4, Figure 3.2). The weak correlation of total biomass with the

variable "depth to gravels" (r = -0.45; p <0.01) suggests that soil depth does not have a

strong influence on plant biomass distribution. The weak negative correlation between

total biomass and interquartile range of water table elevation (r = -0.35; p < 0.04) suggests

that the fluctuation in subsurface water levels, i.e. the rapid changes that occur during the

rising limb, flooding, and falling limb, is not as strong an influence as mean or median

water table elevation.

Total biomass was also strongly correlated with mean and median redox potential

at both 10 and 25 cm, although the correlations were not as strong as with water table

elevation variables. The interquartile range for redox potential at 10 cm was significantly

correlated to total biomass, indicating that fluctuation in redox values at 10 cm strongly

influenced biomass in these meadows. This is expected for two reasons: (1) redox

potential undergoes large fluctuations at this depth (Dwire 2000); (2) depending on the

plant conmiunity, approximately 30 to 76% of the belowground biomass is located in the

top 10 cm. The interquartile range for redox potential at 25 cm was only weakly correlated

(r, = 0.3462; p< 0.0609), suggesting that fluctuation in redox conditions lower in the soil

profile has less influence on total biomass.
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Ecological Importance ofBiomass Distribution

The distribution of above and belowground biomass influences several critical

functions of riparian meadows. Herbaceous vegetation increases hydraulic roughness,

particularly during high flows, thus increasing the deposition of suspended sediment

(Osborne and Kovacic 1993, Daniels and Gilliam 1996). Kadlec (1990) reported that

sedges have higher resistance to overland flow than grass species, largely due to

differences in stem diameter, density, and height. At West Chicken Creek and Limber Jim

Creek, differences among the communities in seasonal water table elevation and

distribution of aboveground biomass suggest that the wet and moist conmiunities may

effectively trap suspended sediments during high flows.

Several studies have emphasized the importance of grassy riparian vegetation in

protecting banks from erosion, noting that the dense rooting habits of graminoid species

reinforce streambanks (Buckhouse et al. 1981, Murgatroyd and Ternen 1983, Osborne and

Kovacic 1993, Dunaway et al. 1994, Trimble 1997, Lyons et al. 2000). Comparisons of

forested and grassy streambanks have shown that grassy reaches are narrower, and have

greater complexity of bank features, such as undercuts (Murgatroyd and Ternen 1983,

Davies-Colley 1997, Trimble 1997). In addition, the frequency of pools is frequently

greater in reaches dominated by herbaceous vegetation (Mcintosh et al. 1994, Lyons et al.

2000). These results suggest that the clonal, rhizomatous growth habit, in addition to the

production of fine roots, contributes to bank building and stabilization in the streamside

wet communities. An understanding of biomass distribution in relation to streamside

environmental gradients assists in the assessment of riparian function in moritane

meadows.
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4. Carbon and Nitrogen Distribution Along Hydrologic-Redox Potential
Gradients in Two Riparian Meadows, Northeast Oregon

Abstract

Riparian areas function as sources, transformers, and sinks of organic matter.

Considerable research has focused on riparian areas as sources of allochthonous inputs and

as zones of nutrient transformation; however, few studies have quantified organic matter

storage in riparian areas. I hypothesized that carbon (C) and nitrogen (N) pools in three

riparian meadow plant communitiesa priori defined as wet, moist, and dry meadow -

differed and were strongly influenced by hydrological and redox variables associated with

the geomorphological position of plant communities on the floodplain. At two sites in

northeastern Oregon, I quantified C and N pools in soil and plant biomass along transects

that extended from streamside wet meadow communities to the dry meadow community,

located on the floodplain terrace.

In plant tissue, C and N concentration were similar among plant communities

(range: 35 to 50 % and 0.54 to 1.62 %, respectively). However, the quantity and

distribution of plant biomass C and N differed among communities, especially for

belowground components. In wet meadow communities, 80% of total biomass C and

75% of total biomass N occurred in belowground components and were distributed

throughout the soil profile. In moist communities, 67 to 80 % of total biomass C and

68 to 74% of total biomass N occurred in belowground components, and were

concentrated in the top 20 cm of the soil profile. In dry meadow communities, 55% of

total biomass C and N occurred in belowground components, and was concentrated in the

top 10 cm of the soil profile.

Carbon pools in plant biomass ranged from 0.40 kg! m2 (dry meadow) to 2.01 kg!

m2 (wet meadow); nitrogen pools in plant biomass ranged from 0.01 kg! m2 (dry meadow)

to 0.04 kg! m2 (wet meadow). In contrast to biomass C and N, soil pools were highest in

the dry meadow communities and similar in the wet and moist meadows at each site.

Carbon pools in mineral soil ranged from 5.56 kg! m2 (moist meadow) to 11.32 kg! m2 (dry

meadow); nitrogen poois in mineral soil ranged from 0.33 kg! m2 (moist meadow) to 0.93

kg! m2 (dry meadow). Carbon and N storage was considerably greater at West Chicken
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Creek, possibly due to differences in soil texture, fluvial dynamics, or relative ages of the

meadows. Ecosystem (biomass + soil) carbon pools were composed of 2 to 4 %

aboveground biomass, 2 to 23% belowground biomass, and 81 to 95% mineral soil.

Ecosystem nitrogen pools were composed of 0.7 to 1.6 % aboveground biomass, 1.5 to

6 % belowground biomass, and 94 to 98% mineral soil. Total biomass C and N pools,

soil N pools, ecosystem N pools, and soil C:N were strongly correlated to median water

table elevation and redox potential at both sites, suggesting that hydroperiod is a dominant

control over accumulation and storage of C and N in these riparian meadows.

Introduction

As ecotones between aquatic and terrestrial ecosystems, riparian areas occupy a

unique position in the landscape, and can simultaneously serve as sources, transformers,

and sinks of organic matter (Gregory et al. 1991, Naiman and Decamps 1997). Riparian

vegetation is a major source of allochthonous organic matter for many low order streams

(Webster and Meyer 1997) and strongly influences aquatic trophic structure and nutrient

dynamics (Fisher and Likens 1973, Cunimins 1974, Meyer et al. 1988, Wallace et al.

1997). In addition, subsurface inputs of dissolved and particulate organic matter from

riparian soils may provide substantial energy and nutrient sources for alluvial streams,

particularly during periods of high flow (Wallis et al. 1981, Fiebig et al. 1990, Jones and

Holmes 1996, Baker et al. 2000). Because they are located at the interface between

uplands and streams, riparian areas also function as transformers for fluxes of nitrogen and

other nutrients from terrestrial to aquatic ecosystems (Hill 1996, Dahm at al. 1998, Hedin

et al. 1998). Numerous studies have investigated the role of riparian areas in water quality

improvement through denitrification, and transformation and uptake of nutrients

(Peterjohn and Correll 1983, Lowrance et al. 1984, Lowrance 1992, Correll 2000). Recent

perspectives of stream-riparian ecosystems, which emphasize land-water interactions and

watershed processes, have reinforced the importance of riparian areas as sources and

transformers of organic matter (Pringle et al. 1988, Stanford and Ward 1993, Stanford

1998, Hill 2000).
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In contrast, very few studies have addressed the role of riparian areas as sinks or

reservoirs of carbon and nutrients (see Boggs and Weaver 1994). To assess stream organic

matter dynamics, stream ecologists have measured benthic storage (Webster and Meyer

1997) and in-stream retention of organic matter (Bilby and Likens 1980, Bilby 1981,

Speaker et al. 1984, Smock et al. 1989). To describe regional and global biogeochemical

cycles, terrestrial ecologists have estimated carbon and nutrient poois in various biomass

components and upland vegetation types (Trumbore 1997). However, very little data exist

for organic matter storage at the interface between uplands and streams. Although basic

mechanisms of organic matter processing are similar in streams and soils, they occur at

different temporal and spatial scales, which has led to differences in research approaches

taken by terrestrial and aquatic ecologists in studying nutrient cycling (Wagener et al.

1998). Estimates of organic matter storage in floodplains could improve understanding of

spatial and temporal linkages between streams and riparian areas, including processes

contributing to riparian soil development, export of dissolved organic matter via

subsurface flowpaths, and seasonal exchanges between riparian areas and streams.

The extent to which a riparian area can accumulate and store organic matter

depends on climate and numerous physical and biotic factors. Characteristics of the

riparian area, mechanisms of organic matter retention, and hydrological linkages between

riparian zones and streams vary greatly along the river continuum (Montgomery 1999) and

in response to gradient, topography, and disturbance regime (Gregory et al. 1991).

Riparian soils and plant conununities are strongly correlated to the hydrologic regime,

geomorphic surfaces, and related gradients in soil moisture and redox potential in the

riparian corridor (Brinson et al. 1981, Tabachii et al. 1998, Chapter 2). Thus, the amount

of organic matter stored may be very wide ranging in different portions of a given

watershed.

Meadows are zones of deposition, where sediment is retained and continues to

build over time (Montgomery 1999). Montane meadows are generally characterized by

high water tables, which promote high productivity and influence soil development,

including the accumulation of soil organic matter (Beschta and Platts 1986). Although

meadow ecosystems are sometimes considered to be relatively temporary on a geologic

time scale, they may be as stable over time as upland vegetation (Wood 1975, Benedict

1982), and may serve as valuable reservoirs of carbon and nutrients in montane
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environments. Many streams in the mountains of the western United States flow through

alluvial reaches and are referred to as "stringer meadows". These long, narrow, alluvial

valley segments occur between relatively steep side slopes, generally contain fine-textured

valley fill, and are dominated by herbaceous vegetation (Crowe and Clausnitzer 1997).

To improve the understanding of organic matter exchange between meadows and

streams, I quantified the distribution of soil organic matter and plant carbon and nitrogen

pools of three ripanan plant communities in two montane meadows in the Blue Mountains,

northeast Oregon. The three communities - referred to as wet, moist, and dry - occur

along a topographic moisture gradient and occupy different geomorphic positions on the

floodplain. As described in Chapter 2, I found that strong environmental gradients in

water table elevation and redox potential existed along these short scale topographic

gradients. The objectives of this study were; (1) to quantify carbon and nitrogen pools in

soil and plant biomass in each of three meadow plant communities positioned along the

streamside topographic gradients; (2) to compare the distribution of soil and plant biomass

carbon and nitrogen pools among the communities; (3) to relate water levels, redox

potentials, and carbon and nitrogen pools of meadow plant communities at two sites. I

hypothesized that carbon and nitrogen pools in soil and plant biomass differed among the

three plant communities and were largely controlled by spatial gradients in water table

elevation and redox potential.

Methods

Study Sites

The meadow study sites are located along unconstrained reaches of West Chicken

Creek and Limber Jim Creek, two second order tributaries to the upper Grande Ronde

River, northeast Oregon (Figure 2.1). The two streams are located within about 13.0 km

of each other, and are similar in elevation (approximately 1320 m) and gradient (2.0 to 2.5

%). However, Limber Jim Creek is a wider, larger stream, drains a larger area than West

Chicken Creek (34.4 km2 and 21.8 km2, respectively), and has considerably higher
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discharge ( 0.01 to 2.5 m3/sec and 0.01 to 1.0 m3/sec, respectively). Geology of the

floodplain meadows consists of Holocene alluvium, which has been deposited over

Grande Ronde Basalt (Ferns and Taubeneck 1994). The shallow alluvial soils (-j 40 cm to

120 cm deep) are ash-influenced Mollisols and Entisols (R. Ottersberg, personal

communication), underlain by coarse gravels. Mean annual precipitation is approximately

55 cm, with> 80% falling between November and June. The hydrologic regime is

dominated by spring snowmelt, that typically begins in March or April, with high flows in

May (Figure 2.2, Clarke et al. 1997).

The meadow study sites were approximately 250 meters in length and 80 meters in

width. The vegetation was composed of three plant communities - defined here as wet,

moist, and thy meadow - which occurred along a topographic moisture gradient from the

stream's edge to the floodplain terrace (Figure 2.3, Otting 1998). Plant species

composition and distribution are described in detail in Chapter 2. At both sites, the wet

meadow communities are typically flooded each spring for several weeks. At West

Chicken Creek, the wet meadow community is dominated by Carex utriculata Boott; at

Limber Jim Creek, Carex aquatilis Wahl. is the dominant species. Moist meadows are

partially inundated during spring flooding. Dominant moist meadow species are

Deschampsia cespitosa (L.) Beauv. at West Chicken Creek and Calamagrostis canadensis

(Michx.) Beauv. and Carex lanuginosa Michx. at Limber Jim Creek. The dry meadow

communities are composed of a mixture of forbs and native and introduced grasses,

predominantly Poa pratensis L., Trfolium repens L., and Juncus balticus Willd. Dry

meadows occur on floodplain terraces, and occupy approximately 70% of the area at each

study site. Livestock have been excluded at the West Chicken Creek study site since 1993,

and from the Limber Jim Creek study site since 1978. Upstream forested reaches and

valley uplands are conifer dominated (Case 1995, Brookshire 2001).

Water Table and Redox Potential Along Well Transects

In June 1997, five near-stream transects were established through the three

meadow plant communities at each study site (Figure 2.3). Along the transects, well

locations were randomly selected within each plant community, resulting in a total of five
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well locations per community at each site. At West Chicken Creek, the average transect

length was 17.7 m (range 14.0 m to 22.2 m); at Limber Jim Creek, transect length averaged

11.2 m (range 9.3 m to 14.0 m). Wells were installed 20 cm into the gravel layer

underlying the soil; well depths ranged from 64 cm to 112 cm below the surface

(Appendix 1). Well casings were made from 2.54-cm-diameter PVC pipe, drilled with

0.32-cm-diameter holes along the entire buried length.

Water table elevation was measured with a metered copper wire connected to an

ohmmeter. The wire was lowered into a well, and depth of contact with water was

recorded. To measure redox potential, platinum electrodes were installed in the soil

within 0.5 m of each well at 10 and 25 cm depths (n = 3 probes per depth at each well

location). Redox potential was measured using a voltmeter in conjunction with a saturated

single-junction Ag/AgCl reference electrode (similar to method described by Faulkner et

al. 1989). Voltmeter measurements were corrected to a standard hydrogen reference

electrode by adding 214 mV to each value (Bohn 1971, Bates 1973). Soils were

considered to be anaerobic if redox potential was less than 300 mV (Gambrell and Patrick

1978, Faulkner and Patrick 1992). Paired measurements of water table elevation and

redox potential were taken from July 1997 through August 1999, approximately every

two-to-three weeks during the spring, fall, and summer seasons.

Plant Tissue Sampling and Calculation of Carbon and Nitrogen Pools

Collection and processing of above and belowground biomass were described in

detail in Chapter 3. At each site, aboveground plant material was collected from three

0.25 m x 0.25 m plots that were randomly located within 1.5 m of each well (3 replicates

per well, 5 wells per community at each site). Samples were air-dried and sorted into five

biomass components: forbs, graminoids, moss, litter, and wood. Belowground biomass

samples were collected at two of the three plots clipped for aboveground biomass from the

following depths: 0-10 cm, 10-20 cm, 20-30 cm, 30- 40 cm (4 depths per replicate, 2

replicates per well, 5 wells per community at each site). Belowground biomass samples

were washed, oven-dried, and sorted into roots and rhizomes. I did not separate

belowground biomass into live and dead categories. Roots were fine to very fme (Böhm
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1979); all roots were 1.3 mm diameter, with over 80% being 0.8 mm diameter. A set

of subsamples of plant material from each biomass component and communitywere asbed

at 550°C for 12 hours, and all biomass values were corrected to ash-free drymass (AFDM

g/ m2, Chapter 3). Another set of subsamples of plant material from each biomass

component and community were composited for tissue analysis.

Composited subsamples of plant material were ground using a Cyclone Udy Mill.

The number of composited subsamples for each biomass component ranged from 3 to 18

(Table 4.1), depending on available quantity of each tissue type. Plant tissue was analyzed

for carbon (C ) and nitrogen (N) concentration (%) using the induction furnace method on

a Carla-Erba NA Series 1500 CNS analyzer (Fisons Instruments, Danvers, Massachusetts,

USA). Carbon and N pools of biomass components were determined by multiplying the

AFDM g/ m2 of each component by its respective C and N concentration (Table 4.1).

Total pools (aboveground, belowground, and above + belowground = total biomass) were

calculated for each well location by summing component pools, then well sums were

averaged for each community at each site.

Soil Sampling and Calculation of Soil Carbon and Nitrogen Pools

Percent soil organic matter (SOM) and soil C and N concentrations were

determined from soil samples that were collected within 0.5 m of each well location, for a

total of five sampling locations per community at each site. Soils were augered to the

depth of the underlying gravels, and samples were collected from 10 cm depth increments.

Although the number of depth increments varied with location (4 - 8), samples from the

first four increments (0-10 cm, 10-20 cm, 20-30 cm, 30-40 cm) were obtained from each

well location. Soil samples were air dried, sieved (2.0 mm), and homogenized. Organic

matter content was determined by loss on ignition (450°C for at least two hours; Blume et

al. 1990, adapted from U.S. Department of Agriculture 1984) of subsamples (= 10 g) from

each location and depth. SOM data are reported on a dry weight basis.

Soil C and N concentrations were determined from a subset of the soil samples

collected as described above. Samples from well locations along three transects (rather

than 5) were used; the transects were the most upstream, the center, and the most
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downstream transects at each site. Subsamples ( 2-5 g) of seived, homogenized soil were

ground with a mortar and pestle, and analyzed for C and N concentration (%) using the

induction-furnace method on a Carla-Erba NA Series 1500 CNS analyzer (Fisons

Instruments, Danvers, Massachusetts, USA, Nelson and Sommers 1982).

Bulk density was determined at the same well locations used for characterizing

soil C and N concentrations. In the wet and moist communities, soils were sampled within

0.5 m of each well using a Gidding soil coring and sampling tube (8 cm diameter). In the

dry community, a customized sampler of known volume was used. After extraction, each

core was sliced into 10 cm increments, yielding samples from the following depths: 0-10

cm, 10-20 cm, 20-30 cm, 30-40 cm. Samples were oven-dried at 105°C until constant

weight was reached, and bulk density was calculated as the total core mass per core

volume (Blake and Hartge 1986). Few rocks or rock fragments occurred in the top 40 cm

in the wet and dry communities. In the moist communities, occasional coarse strata were

found near the surface. Where encountered, the volume of rocks was estimated and

subtracted from the volume of the respective depth increment. Mass of carbon and

nitrogen in soil was calculated for each depth and sampling location by multiplying mean

concentrations for each 10 cm depth increment by the corresponding soil bulk density. I

assumed that soil carbon was organic in origin because the soils were slightly acidic and

carbonates were not observed in any soil samples (R. Ottersberg, personal communication)

and rarely occur in parent materials (Ferns and Taubeneck 1994).

Soil moisture content was determined gravimetrically on the bulk density samples,

and is expressed as percentage of dry weight. Dry weights were subtracted from initial

moist weights; the resulting difference indicated the weight of water that had been

removed from the moist soil. Soil moisture content was calculated as follows:

Soil moisture content = ( g water / g soil ) X 100

Some samples from the wet meadow communities contained more water by weight than

dry soil, resulting in soil moisture content values that exceeded 100% (Faulkner et al.

1989).



Data analysis

Mean redox potential (n = 3) was calculated for each well, depth, and date of

sampling. One way analysis of variance was used to test for: (1) community differences in

total C and N pools for above and belowground biomass, soil, and biomass + soil

(ecosystem) at each site; (2) depth differences in C and N poois for soils and belowground

biomass within each community at each site; and (3) site differences in total C and N pools

for biomass, soil, and biomass + soil (ecosystem). Percent SOM, C, N, and C:N ratio data

(to 40 cm depth) were analyzed using a two-way analysis of variance with plant

community and depth as factors (Ramsey and Schafer 1997). When analysis of variance

showed significant differences, means were separated using Fisher's Protected Least

Significant Difference (Fisher's PLSD) (Ramsey and Schafer 1997). Statistical analyses

were performed in SAS version 6.12 (General Linear Model procedure; SAS 1990).

Assumptions of normalcy and constant variance were tested using analysis of variance and

Bartlett's test of homogeniety of variance.

Spearman rank correlations were calculated on the following variables to

determine the strength of correlations among water table elevation, redox potential, and C

and N pools: total biomass C, total biomass N, soil C (to 40 cm), soil N (to 40 cm), soil

C:N ratio, ecosystem C (biomass + soil), ecosystem N (biomass + soil), depth to gravels

(an estimate of soil depth), median water table elevation, water table elevation

interquartile range, median redox potential at 10 cm depth, redox potential interquartile

range at 10 cm depth, median redox potential at 25 cm depth, and redox potential

interquartile range at 25 cm depth. The interquartile range (the range of the middle 50%

of the data) is an estimate of the degree of fluctuation in water table elevation or redox

potential. In 1998, water table elevation and redox potential were monitored from March

through November, and provided the most complete record of annual conditions during the

study period. Therefore, only 1998 data were used to calculate median and interquartile

ranges for water table elevation and redox potential.
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Results

Mass of Carbon and Nitrogen Pools in Soil and Plant Biomass

Concentrations of Carbon and Nitrogen in Plant Tissue

Concentrations of C ranged from 35 % in litter (wet meadow, West Chicken

Creek), moss (moist meadow, West Chicken Creek) and roots (dry meadow, both sites) to

51% in wood (all communities, both sites) (Table 4.1). Graminoids and forbs were

similar in C concentration ( 40 to 43%) in the moist and dry communities at both sites;

however, litter C concentration ranged from 35 to 43%. The concentration of C was

slightly higher in rhizomes than roots in all communities. Concentrations of N were more

variable than C concentrations, but were generally lowest for rhizomes and highest for

moss. In the wet and moist communities, the concentration of N in litter was similar to the

concentration in graminoids. In the dry meadow communities, however, the concentration

of N in litter was higher than in graminoids, probably reflecting the greater abundance of

forbs and moss represented in the litter. Concentrations of N were greater at West

Chicken Creek than Limber Jim Creek in the wet meadow community for graniinoids,

litter, roots, and rhizomes, and for roots and rhizomes in the moist and dry communities.

Plant tissue C:N ratios ranged from 32:1 in forbs (dry meadow, Limber Jim Creek) to

76:1 in rhizomes (wet meadow, Limber Jim Creek).

Mass of Carbon and NitrQgen in Plant Biomass (Above and Belowground)

Total aboveground C pools ranged from 165 gCt m2 in the dry meadow at Limber

Jim Creek to 445 gC/ m2 in the wet meadow at West Chicken Creek. Total aboveground C

pools differed among communities at Limber Jim Creek (F2,12 = 5.14, P = 0.02), but not at

West Chicken Creek (F212 = 1.30, P = 0.31) (Figure 4.1, Table 4.2). Graminoids

accounted for 71 to 82% of the total aboveground C mass in the wet meadow

communities, 59 to 67% in the moist meadow communities, and 48% in the dry

meadow communities. In the wet meadow communities, forbs comprised <0.01 % the
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Table 4.1A. Percent carbon and nitrogen (%) and C:N ratios for above and
belowground biomass components at West Chicken Creek. Data are means and one
standard error.

* Values are from Brookshire 2001.

West Chicken Creek
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Growth Form n Carbon (%) Nitrogen (%) C:N
Wet Meadow

Graminoids 14 42.7 (0.2) 1.2 (0.03) 36.5 (0.9)
Litter 15 35.4(1.2) 1.0 (0.03) 35.5 (1.7)
Wood* 12 50.2(0.2) 0.8 (0.15) 63.8 (4.1)
Roots 17 39.1 (0.5) 0.8 (0.04) 48.1 (2.7)
Rhizomes 13 42.9 (0.2) 0.7 (0.04) 67.7 (4.5)

Moist Meadow
Graminoids 8 42.6(0.4) 0.8 (0.03) 53.0 (1.5)
Forbs 10 42.7(0.2) 1.3 (0.18) 37.7 (4.3)
Litter 10 40.2(0.7) 0.9 (0.02) 47.4 (1.3)
Moss 3 35.4 (1.0) 1.3 (0.05) 26.9 (1.6)
Roots 5 36.5 (1.8) 0.9 (0.04) 40.6 (2.6)
Rhizomes 8 42.3 (0.7) 0.7 (0.05) 61.6 (4.2)

Dry Meadow
Graminoids 10 42.1 (0.2) 0.8 (0.04) 55.6 (3.1)
Forbs 10 40.6 (0.6) 1.0 (0.05) 43.5 (2.4)
Litter 10 41.9 (1.6) 1.2 (0.07) 35.2 (1.7)
Moss 3 35.4(1.0) 1.3 (0.05) 26.9 (1.6)
Wood* 10 50.2(0.2) 0.8 (0.15) 63.8 (4.1)
Roots 6 35.6 (1.4) 1.0 (0.06) 35.1 (3.0)
Rhizomes 5 42.3 (0.4) 0.8 (0.05) 50.8 (2.5)



* Values are from Brookshire 2001.

Limber Jim Creek

74

Table 4.1B. Percent carbon and nitrogen concentrations (%) and C:N ratios for above and
belowground biomass components at Limber Jim Creek. Data are means and one
standard error.

Growth Form n Carbon (%) Nitrogen (%) C:N
Wet Meadow

Graminoids 11 43.0 (0.2) 0.9 (0.02) 49.1 (1.5)
Litter 10 36.1 (0.6) 0.8 (0.02) 45.7 (1.2)
Wood* 17 50.8 (0.2) 1.0 (0.07) 56.7 (3.9)
Roots 6 38.9 (1.1) 0.7 (0.05) 59.8 (3.8)
Rhizomes 6 39.8 (1.0) 0.5 (0.04) 76.4 (6.9)

Moist Meadow
Graminoids 14 42.1 (0.2) 0.9 (0.08) 46.4 (1.0)
Forbs 10 42.3(0.4) 1.4 (0.09) 32.7 (2.5)
Litter 17 38.4 (0.4) 0.9 (0.15) 43.4 (1.6)
Moss 3 41.7(1.0) 1.5 (0.25) 28.5 (0.8)
Wood* 10 50.8(0.2) 1.0 (0.07) 56.7 (3.9)
Roots 11 38.9 (0.7) 0.7 (0.02) 56.6 (2.8)
Rhizomes 6 42.1 (0.5) 0.7 (0.06) 66.1 (6.6)

Dry Meadow
Graminoids 15 42.6 (0.1) 1.1 (0.04) 38.8 (1.4)
Forbs 10 42.6(0.6) 1.4 (0.34) 31.7 (2.2)
Litter 17 37.9 (0.3) 1.2 (0.03) 33.1 (0.9)
Moss 18 40.3 (0.9) 1.6 (0.07) 25.5 (0.9)
Wood* 10 50.8 (0.2) 1.0 (0.07) 56.7 (3.9)
Roots 4 34.9(1.5) 0.8(0.11) 43.5(4.1)
Rhizomes 3 41.6 (0.9) 0.6 (0.07) 68.4 (8.0)
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Figure 4.1. Carbon pools (g/m2) in biomass components of the wet, moist, and dry meadow communities at West Chicken
Creek (A) and Limber Jim Creek (B). Aboveground pools are shown above the 0 line, belowground pools below the 0 line.
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Figure 4.1 continued. Nitrogen pools (gIm2) in biomass components of the wet, moist and dry meadow communities
at West Chicken Creek (C) and Limber Jim Creek (D). Aboveground pools are shown above the 0 line, belowground
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Table 4.2. Mass of C and N in aboveground, total biomass, and biomass + soil (= ecosystem) for the wet, moist, and dry meadow
communities at West Chicken Creek and Limber Jim Creek. Data are means ± I SE (n-5 for biomass; n = 3 or 4 for biomass + soil).
Different superscr:pt capital letters denote a significant difference between communities (Fisher's PLSD, a= 0.10).

Carbon
(kg! m2)

Nitrogen
(kg! m2)

Carbon
(kg! m2)

Nitrogen
(kg! m2)

Carbon
(kg/rn2)

Nitrogen
(kg! m2)

A) West Chicken Creek

Aboveground
Biomass

Total Biomass
Ecosystem

0.34 ± 0.03 A

l.76±O.I2A

0.009 ± 0.002 A

0.036 ± 0.002 A

0.30 ± 0.01 A

0.91 ± 0.09 B

0.006 ± 0.001 B

0.019±0.0028

0.27 ± 0.04 A

0.55 ± 0.05

0.006 ± 0.002 B

0.014 ± 0.001 8

(biomass + soil) 11.43 ±0.31 A 0.641 ± 0.03 1 A 10.23 ± 0.45 B 0.663 ± 0.003 A 11.75 ±O.13A 0.928±0.001 B

B) Limber Jim Creek

Aboveground 0.27 ± 0.01 A 0.006 ± 0.00 1 A 0.25 ± 0.01 A,B 0.006 ± 0.001 A 0.21 ± 0.01 B 0.006 ± 0.00 1 B

Biomass
Total Biomass 1.33 ± 0.11 A 0.022 ± 0.002 A 1.23 ± 0.06 A 0.022 ± 0.00 1 A 0.56 ± 0.04 B 0.013 ± 0.001 B

Ecosystem
(biomass + soil) 7.01 ±0l7A 0.355 ± 0.005 A 7.67 ± 0.32 A 0.401 ±O.016A 7.89 ± 0.33 A 0.510 ± 0.002 B

Wet Meadow Moist Meadow Dry Meadow
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total aboveground C mass and from 6% to 13% of the aboveground C mass for the moist

and dry communities at both sites. Although litter C mass was similar among communities

at both sites, litter accounted for 15 to 18% of the total aboveground C mass in the wet

meadow communities, 25 to 32 % in the moist meadow communities, and 20 to 23%

in the dry meadow communities (Figure 4.1).

Total aboveground N pools ranged from 4.5 gN/ m2 in the dry meadow at Limber

Jim Creek to 12.4 gN/ m2 in the wet meadow at West Chicken Creek. Total aboveground

N pools differed among conmiunitjes at West Chicken Creek (F2,12 = 7.04, P < 0.01), but

not at Limber Jim Creek (F212 = 1.06, P = 0.38) (Figure 4.1, Table 4.2). Differences

among communities at West Chicken Creek were partly due to high graminoid biomass

with relatively high N concentrations in the wet meadow communities, as well as high

moss biomass with high N concentrations in the dry meadow communities. Partitioning of

nitrogen among components of aboveground biomass was generally similar to partitioning

of carbon, particularly for graminoids, litter, and forbs in the wet and moist meadow

communities (Figure 4.1). Moss C and N pools were highest in the dry communities. At

West Chicken Creek, moss comprised 22% of the aboveground C mass and 30% of the

aboveground N mass in the dry meadow communities; at Limber Jim Creek, moss

accounted for 12% of the aboveground C mass and 17% of the aboveground N mass in

the dry meadow communities. Total aboveground pools were greater at West Chicken

Creek than at Limber Jim Creek for both carbon (F129 = 10.01, P < 0.01) and nitrogen

(F1 29 = 5.72, P = 0.02).

Total belowground plant C pools (roots + rhizomes, combined for all depths)

differed significantly among communities at both West Chicken Creek (F2,12 = 37.87, P <

0.01) and Limber Jim Creek (F212 = 26.31, P < 0.01), and were notably greater than total

aboveground C pools in the wet and moist communities (Figure 4.1, Table 4.2 and Table

4.3). In the wet meadow communities, total belowground plant C pools were over four

times as great as total aboveground C poois at each site (Table 4.2 and Table 4.3). In the

moist meadow communities, the ratio of belowground-to-aboveground biomass C was

2.1:1 at West Chicken Creek and 4.0:1 at Limber Jim Creek. In contrast, ratios in the

dry meadow communities were =1.1:1 at West Chicken Creek and =1.7:1 at Limber Jim

Creek. Root C pools comprised from 49 to 65% of the total belowground plant C pools,



Table 4.3A. Mass of C and N in belowground biomass and soils of the wet, moist, and dry meadow communities at West Chicken Creek.

Data are means ± 1 SE (n-5 for biomass; n=3 or 4 for soil). Different superscript capital letters denote a significant difference in

belowground biomass and soil (total to 40 cm) between communities (Fisher's PLSD, a= 0.10; A, B, C for belowground biomass; D,E for

soil). Different superscript lower case letters denote a significant difference between depths within each community (Fisher's PLSD, a =

0.10; a, b, c for belowground biomass; d, e for soil).

West Chicken Creek

Element by Depth
(cm)

Carbon (kg! m2)

Wet Meadow

Below-ground
Biomass Soil

Moist Meadow

Below-ground
Biomass Soil

Dry Meadow

Below-ground
Biomass Soil

0- 10cm 0.52 ± 0.05 a 2.28 ± 0.02 d 0.32 ± 0.02 a 2.67 ± 006d 0.21 ±0.05
b

3.11 ±O.25d

10-20 cm O.38±O.O3b 2.29±O.14d O.11±O.05b 2.22±O.l5 0.03 ± 0.01 2.91 ± 019d

20-30cm 0.35 ± 0.06 b 2.47 ± 0.22 d 0.09 ± 0.03 b.c l.97±O.l7d 0.02 ± 0.01 b 2.33 ± 0.09

30-to40cm 0.17 ± 0.03 e 2.63 ± 014d 0.04 ± 0.01 C 2.47 ± 037d 0.02 ± 0.01 b 2.38 ± o.19

Total to 40 cm 1.42 ± 014A 9.67 ± 0.30° 0.61 ± 0.08 B 9.33 ± 0.45° 0.28 ± 0.03 11.11 ± 0.12 E

Nitrogen (kg! m2)
0 - 10cm
10 - 20 cm

0.010 ± 0.0018
0.007 ± 0.0018

0.151 ± 0.008 d

0.147 ± 0.009 d

0.007 ± 0.00 1 a
0.004 ± 0001b

0.186 ± 0.004 d

0.162 ± 0.011 d,e
0.006 ± 0.00 1 a
0.001 ± 0.001 b

0.254 ± 0.020 d

0.248 ± 0.016 d

20 - 30 cm
30 - 40 cm

0.007 ± 0.001 a
0.004 ± 0.001 b

0.153 ± 0.013 d

0.155 ± 0.008 d
0.002 ± 0001b,c

0.001 ± 0.001
0.136 ± o.olle
0.161 ±OO24de

0.001 ± 0.001 b

0.001 ± 0.001 b
0.195 ± o.0o7
0.186 ± o.olse

Total to 40 cm 0.027 ± 0.003 A 0.606 ± 0.019 D 0.0 13± 0.002 ° 0.644 ± 0.029° 0.007 ± 0.001 B 0.915 ± 0.010 E



Table 4.3 B. Mass of C and N in belowground biomass and soils of the wet, moist, and dry meadow communities at Limber Jim Creek.

Data are means ± 1 SE (n5 for biomass; n=3 or 4 for soil). Different superscript capital letters denote a significant difference in
belowground biomass and soil (total to 40 cm) between communities (Fisher's PLSD, a = 0.10; A, B,C for biomass; D, E for soil).

Different superscript lower case letters denote a significant difference between depths within each community (Fisher's PLSD, a 0.10;

a, b, c for belowground biomass; d, e for soil).

Limber Jim Creek

Nitrogen (kg! m2)
0 -10 cm 0.005 ± 0.00 1 0.084 ± 0009d,e 0.009 ± 0.001 a 0.076 ± 0.007 d 0.004 ± 0.001 a 0.121 ± 0.024 d

d
10-20 cm 0.005 ± 0.001 a,b 0.100 ± 0.004 d 0.004 ± 0.001 b 0.075 ± 0.006 d 0.002 ± 0001b 0.144 ± 0.024

20-30 cm 0.004 ± 0.001 a,b 0.072 ± o.007 0.002± 0.001 b,c 0.096 ± 0.002 d 0.001 ±0.001e O.lO'7±O.0l4"
d

30 - 40 cm 0.003 ± 0.00 1 b 0.078 ± 0.0028 0.002 ± 0.001 0.131 ± 0.039e 0.001 ± 0.00 1 C 0.125 ± 0.004

Total to 40 cm 0.016 ± 0.333 ± 0.004 D 0.017 ± 0001A 0.378 ± 0.019 ° 0.007 ± 0.001 B 0.497 ± 0.02 1 E

Element by Depth
(cm)

Below-ground
Biomass Soil

Below-ground
Biomass Soil

Below-ground
Biomass Soil

Carbon (kg! m2)
0-10 cm 0.36±0.048 l48±0l5(1e 0.53 ± 0.078 1.57 ± 0.15 d,e 0.21 ± 0.02 a 1.85 ± 0.36 d

10 -20 cm 0.29 ± 0.03 ,b 1.75 ± 0.06 d 0.23 ± 0.04 b 1.17 ± 0.09 e 0.08 ± 0.01 b 2.16 ± 038d

20-30 cm O.2S±O.OS8.t 1.20±0.11 e 0.14 ± 0.01 b 1.59 ± 0.03 d,e 0.04 ± 0.01 C 1.56 ± 0,21 d

d
30-40 cm 0.17 ± 0.05 b 1.25 ± 0.04 O.O9±O.03b 2.11 ±O.32d 0.03 ± 0.01 C 1.76 ± 0.07

Total to 40 cm l.O7±O.11A 568±007D 0.98 ± 0.06 A 6.45 ± 0.32 D, E 0.35 ± 0.03 B ± 0.34 E

Wet Meadow Moist Meadow Dry Meadow
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and rhizome C pools accounted for 34 to 51% of the total belowground plant C pools

(Figure 4.1).

Similar to belowground C pools, total belowground N pools differed significantly

among the communities at both West Chicken Creek (F212 = 26.04, P < 0.01) and Limber

Jim Creek (F212 = 20.4, P < 0.01). Total belowground plant N pools were two to three

times greater than total aboveground N pools in the wet and moist meadow communities,

and nearly equal in the dry meadow communities (Figure 4.1, Table 4.2 and Table 4.3).

Root N pools accounted for 52 to 66% of the total belowground plant N pools in the wet

and moist meadow communities, and 69 to 74% in the dry meadow communities.

Rhizome N pools comprised from 26% to 48% of the total belowground plant N pools

(Figure 4.1). Unlike total aboveground pools, total belowground plant pools did not differ

between sites for either carbon (F129 = 0.03, P = 0.86) or nitrogen (F129 = 0.79, P 0.38).

Total plant C pools (above + belowground = total biomass) ranged from 405 gC/

m2 (dry meadow) to 2015 gC/ m2 (wet meadow) and total plant N pools ranged from 10.8

gC/ m2 (dry meadow) to 39.4 gC/ m2(wet meadow) (Figure 4.1). Because total plant C and

N pools were largely composed of belowground components, they did not differ between

sites for either carbon (F129 = 0.03, P = 0.86) or nitrogen (F129 1.59, P = 0.22).

At both sites, the vertical distribution of total belowground plant C and N pools

(roots + rhizomes, combined for each 10 cm depth increment) was distinctive for each

community (Table 4.3). In the wet communities, only 33 to 36% of the total

belowground biomass C and N occurred in the top 10 cm. In the moist communities, 50

to 53% of the total belowground biomass C and N pools occurred within the top 10 cm of

the profile (Table 4.3). In the dry communities, 60% of the belowground plant C and N

pools occurred in the top 10 cm at Limber Jim Creek, and 76% at West Chicken Creek

(Table 4.3). In the wet communities, C and N mass decreased gradually with depth, and

13 % of the total belowground biomass C and 12 to 17% of the total belowground N pool

occurred at 30-40 cm depth. In contrast, total belowground plant C and N pools decreased

markedly with depth in the moist and dry communities, and only 6 to 9 % of the total

belowground C and N pools occurred at 30-40 cm depth.

In summary, the plant C and N poois were dominated by belowground

components. In the wet meadow communities, 80% of the total biomass C and 75% of
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the total biomass N occurred in belowground components, and were well distributed

throughout the soil profile. In the moist meadow communities, 67 to 80% of the total

plant Cand 67 to 74% of the total biomass N occurred in belowground components, and

was concentrated in the top 20 cm of the soil profile. In the dry meadow communities,

51 to 62% of the total plant C and 54% of the total plant N occurred in belowground

components, and was concentrated in the top 10 cm of the soil profile.

Soil Organic Matter (SOM), C and N Concentrations. Bulk Density. and Percent Moisture

The distribution of soil organic matter (SOM) differed between the two sites

(Figure 4.2). At West Chicken Creek, SOM differed significantly among communities

(F553 = 34.46, P <0.01) and with depth (F553 = 40.76, P < 0.01), and ranged from 15.8 %

(wet meadow, 040 cm increment) to 1.0 % (moist meadow, 70-80 cm increment) (Figure

4.2A). At Limber Jim Creek, soil organic matter differed significantly with depth (F5,54 =

13.19, P <0.01) but not among communities (F554 = 1.50, P = 0.23), and ranged from

13.3% (moist community, 0-10 cm) to 1.9% (dry community, 70-80 cm) (Figure 4.2B).

Patterns of distribution for soil C and N concentrations were similar to the distribution of

SOM at each site (Figure 4.2); concentrations decreased with depth but varied

considerably among soil profiles, particularly in the wet meadow communities at West

Chicken Creek.

Soil organic matter and C and N concentrations were considerably higher at West

Chicken Creek than Limber Jim Creek (Figure 4.2 A-B). For a given community and

depth, soil C:N ratios were generally higher at Limber Jim Creek relative to West Chicken

Creek. Soil C:N ratios ranged from 11:1 (West Chicken, dry meadow, 10-20 cm depth)

to 29:1 (Limber Jim, moist meadow, 1-10 cm depth), and were lowest in the dry meadow

communities at each site.

At both sites, soil bulk densities were low, particularly in the top 20 cm in the wet

and moist meadow communities (Table 4.4). As expected, soil moisture content in mid-

August, 1999 was highest in the wet meadow communities and lowest in the dry meadow

communities. Soil moisture content tended to decrease with depth in the wet and moist

meadow communities and increase with depth in the dry meadow communities at both

sites (Table 4.4). At West Chicken Creek, average soil depths (depth to gravels) were 44
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Figure 4.2A, Distribution of percent SOM, carbon, nitrogen, and C:N ratio in 10-cm depth increments from 0 to 80 cm

for the wet, moist, and dry meadow communities at West Chicken Creek. Mean values are shown; horizontal bars
indicate 1 SD. For SOM, sample size is 5 in the top 4 depth increments, and 1- 4 in the lower increments. For concentrations
of C and N and C:N ratio, sample size is 3 in the top 4 depth increments and 1- 2 in the lower increments. Values are offset

for clarity in presentation.
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Figure 4.2B. Distribution of percent SOM, carbon, nitrogen, and C:N ratio in 10-cm depth increments from 0 to

80 cm for the wet, moist, and dry meadow communities at Limber Jim Creek. Mean values are shown; horizontal
bars indicate 1 SD. For SOM, sample size is 5 in the top 4 depth increments, and 1-3 in the lower increments. For

concentrations of C and N and C:N ratio, sample size is 3 in the top 4 depth increments and 1-4 in the lower

increments. Values are offset for clarity in presentation.
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Table 4.4. Bulk density and moisture content (% dry weight) for soils in wet, moist, and dry meadow communities at West

Chicken Creek and Limber Jim Creek. Data are means ± 1SD. Soil samples were collected from August 14 to 17, 1999.

Moisture Moisture Moisture

Depth Bulk Density Content Bulk Density Content Bulk Density Content

(cm) n (g/ cm2) (%) n (g/ cm2) (%) n (g/ cm2) (%)

Wet Meadow

A) West Chicken Creek

1-10 3 0.38±0.03 142±6 3

Moist Meadow

0.49±0.02 65±30 4

Dry Meadow

0.69±0.11 18±2
10-20 3 0.57 ±0.06 92±6 3 0.81 ± 0.10 54 ±22 4 0.89 ±0.12 20±3
20-30 3 0.69 ± 0.11 80 ± 22 3 0.97 ± 0.14 43 ± 13 3 0.93 ± 0.06 22 ± 3

30-40 3 0.70 ±0.07 73±4 3 1.15 ± 0.30 31±6 3 1.02 ±0.15 27±6

B) Limber Jim Creek

1-10 3 0.60±0.11 90±29 4 0.48±0.09 79±30 4 0.70±0.07 21±5
10-20 3 0,77 ± 0.05 68 ± 8 4 0.68 ± 0.10 60 ± 13 4 0.96 ± 0.10 22 ± 6

20-30 3 0,80±0.13 59±8 4 0.71 ±0.03 62±19 4 0.98±0.11 29±14
30-40 3 0.86 ± 0.05 65 ± 11 4 1.01 ± 0.31 45 ± 22 4 1.16 ± 0.11 27 ± 11



cm in the wet meadow, 52 cm in the moist meadow, and 74 cm in the dry meadow

communities. At Limber Jim Creek, average soil depths were 40 cm in the wet meadow,

58 cm in the moist meadow, and 69 cm in the dry meadow communities.

Mass of Carbon and Nitrogen Pools in Soils

Patterns in distribution of total soil C and N were similar among communities

(Table 4.3). Total soil C pools (to 40 cm depth) ranged from 5.52 kg! m2 to 11.33 kg! m2

and were highest in the dry meadow communities at both sites. Total soil N pools (to 40

cm depth) were also highest in the dry meadow communities at both sites, and ranged from

0.32kg!
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m2 to 0.93 kg! m2. At each site, the wet and moist meadow communities were

similar in total soil C and N mass (Table 4.3). Total soil pools were significantly greater

at West Chicken Creek for both carbon (F120 = 74.47, P < 0.01) and nitrogen (F1,20

36.22, P < 0.01). At each depth within each community, soil C and N mass was

considerably greater at West Chicken Creek than Limber Jim Creek. In most profiles,

distribution of soil C and N mass was either similar at all four depths, or did not decrease

consistently with depth (Table 4.3).

Ecosystem (Biomass + Soi1 Carbon and Nitrogen

Total ecosystem (biomass + soil) C pools ranged from 6.62 kg! m2 (wet meadow,

Limber Jim Creek) to 11.99 kg! m2 (dry meadow, West Chicken Creek), and were slightly

higher in the dry communities than in the wet and moist meadow communities at both sites

(Table 4.2). Differences were due to the carbon pools in the mineral soils. Total

ecosystem C pools differed among communities at West Chicken Creek (F2,6 5.76, P =

0.04), but not at Limber Jim Creek (F28 2.11, P = 0.18) (Figure 4.3A). Ecosystem C

pools were lowest in the moist meadow con'ununities at West Chicken Creek, and lowest

in the wet meadow communities at Limber Jim Creek. In these meadows, only 2 to 4% of

ecosystem C was stored in aboveground vegetation, with 81 to 95% in mineral soils and

2 to 13% in roots and rhizomes.

Total ecosystem N pools ranged from 0.35 kg! m2 (wet meadow, Limber Jim

Creek) to 0.95 kg! m2 (dry meadow, West Chicken Creek), and were significantly higher in

the dry meadow communities at both West Chicken Creek (F2,6 = 54.41, P < 0.01) and

Limber Jim Creek (F28 = 18.53, P <0.01), than in the wet and moist communities (Figure
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4.3B). Only 0.7 to 1.6 % of ecosystem N was stored in aboveground vegetation, with 94

to 98% in mineral soils and 1.5 to 6% in roots and rhizomes. At Limber Jim Creek, the

amount of C and N stored in soils increased from the streamside wet community to the

terrace dry meadow community (wet <moist < dry). At West Chicken Creek, soil C and

N pools were similar in the wet and moist meadow communities, and highest in the dry

meadow communities (wet = moist < dry). Ecosystem storage was considerably greater at

West Chicken Creek than at Limber Jim Creek for both carbon (F120 107.70, P < 0.01)

and nitrogen (F1,20 =41.43, P <0.01) (Figure 4.3).

At both sites, the depth patterns of belowground biomass C and N did not coincide

with those of soil C and N (Table 4.3). Although vertical distribution of belowground

biomass C and N differed among the communities, quantities consistently decreased with

depth. In contrast, soil C and N mass was either fairly uniform or did not decrease

consistently with depth.

Seasonal Water Table Elevation and Redox Potential

Seasonal changes in water table elevation and redox potential followed seasonal

patterns of stream stage, as shown in Figure 4.4 and described in Chapter 2. In all

sampling locations, water table elevation began to rise in late winter with the initiation of

snow melt, peaked in late spring during periods of stream high flows, and dropped to base

flow levels in mid summer (Figure 4.4). In fall, slight increases in water table elevation

corresponded to fall storms. At both sites, water table elevation differed significantly

among plant communities, reflecting both distance from the stream as well as geomorphic

position of each community (Chapter 2). For 4-6 weeks during high flows, the wet

meadow communities were completely inundated, and remained saturated within portions

of the top 40 cm throughout the year. The moist meadows were inundated by overland

flow during spring run-off, and remained partially to completely saturated in the top 40 cm

from early spring to mid-summer. Water table elevation was consistently lowest in the dry

meadow communities, where soils were intermittently saturated at 40 cm depth for a few

weeks during high flows. From late April through late May, shallow groundwater was in
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contact with the entire soil profile in the wet and moist communities, and rose to within

about -20 cm of the surface in the thy communities.

Soil redox potential paralleled the seasonal fluctuations in stream stage and water

table elevation in the wet and moist communities (Figure 4.4, Chapter 2). In the wet

meadow communities at both sites, redox values at 10 cm depth indicated anaerobic

conditions 300 mV) during winter, spring, early summer, and fall months and aerobic

conditions (> 300 mV) in late swmner. At 25 cm depth, redox potential in the wet

meadows remained anaerobic at most locations throughout the seasons. In the moist

meadows, redox potentials followed the seasonal changes in water table elevation at both

10 and 25 cm depths, with anaerobic soil conditions during spring and aerobic conditions

in late summer and fall. In the dry meadow communities, soil conditions remained aerobic

throughout the year at 10 cm depth. At 25 cm, average redox potentials were slightly

lower due to a decrease in redox potential for several weeks during spring high flows.

During the sampling period, seasonal patterns in redox potential were repeated from year-

to-year at both depths for the three plant communities at each site (Chapter 2, Dwire et al.

2000).

Relations Among Water Table Elevation, Redox Potential and Carbon and Nitrogen Pools

Total biomass C and N pools, soil N pools, ecosystem N pools, and soil C:N were

strongly correlated to median water table elevation and redox variables at both sites (Table

4.5). Of the seven water table elevation and redox potential variables considered, median

water table elevation, redox potential interquartile range at 10 cm depth, and median redox

potential at 25 cm depth were most consistently correlated with C and N pools. Although

soil C pools were correlated to water table elevation and redox potential, particularly at

Limber Jim Creek, ecosystem C pools were either not correlated or only weakly correlated

to these environmental variables. As expected, soil N pools were strongly correlated to

total plant C pools and soil C pools, and soil C:N was strongly correlated to total biomass

C and N pools. Correlations between C and N pools, water table elevation, and redox

potential were generally similar at both West Chicken Creek and Limber Jim Creek,

although the strength of correlations differed between sites.



Soil C
SoilN
Soil C:N

T Bio C T Bio N Soil C Soil N WT Med Eh 10 cm Eh 25cm
IQR Med

A) West Chicken Creek

TBio C 0.98** 0.67* 0.85* 0.87** 0.82* _0.89**
T Bio N 0.98** 057NS _0.78* 0.85** 0.76** 0.87**

**P 000l, * P NS P> 0.10

Eco C -0.08 NS -0.03 NS 0.67* 0.43 NS -0.03 NS -0.05 NS 0.03 NS

EcoN 0.77* 0.67* 0.98** Ø97** 0.76* _0.92* 0.71*

B) Limber Jim Creek

TBio C 0.93** 0.6l* 0.77* 0.71* 0.66* 0.62*
TBioN 0.93** 045NS 0.63* 0.59* 0.67* 0.54*

SoilC 061* 045NS 0.95** 0.69* 0.74* 0.71
SoilN .077* 0.64*. Ø95** 0.77* _0.84* 0.78*
SoilC:N 0.62* 0.62* 049NS 0.68* 0.65* Ø77* -0.57

Eco C -0.30 NS -0.05 NS 0.88** 0.76* -0.52 048N5 0.61*
Eco N 0.68* -0.52 0.91** 0.96** 0.85** _0.82* 0.76*

Notes: Variables are defined as follows:
T Bio C Mean total biomass carbon pool
T Bio N Mean total biomass nitrogen pool
Soil C Mean total soil carbon pool to 40 cm
Soil N Mean total soil nitrogen pool to 40 cm
Soil C:N Soil C:N ratio
Eco C Mean ecosystem carbon (biomass + soil) pool
Eco N Mean ecosystem nitrogen (biomass + soil) pool
WT Med Median annual water table elevation
Eh 10 cm IQR Interquartile range of redox potential at 10 cm depth
Eh 25cm Med Median redox potential at 25 cm depth

Correlations for soil C, N, and C:N, and ecosystem C and N, based on 9 well locations at West Chicken
Creek and 11 well locations at Limber Jim Creek. Correlations for biomass C, N, median water table
elevation and redox variables based on values from 15 well locations at each site.
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Table 4.5. Spearman rank correlation coefficients for correlations of carbon and
nitrogen pools, soil C:N, median water table elevation, and redox potential variables for
(A) West Chicken Creek and (B) Limber Jim Creek.

Ø93** 0.68* 057NS 0.60
0.85* -0.63 0.82*

0.83* 0.87* 0.85* 0.97**

O.67* -0.57 NS

_0.85* 0.78* Ø93**
0.98** 0.93** -0.65
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Strong correlations between C and N pools and median water table elevation and

redox variables (Table 4.5) suggest that hydrology strongly influences riparian soils and

vegetation in these meadows. Correlations were consistently high between N pools, C:N

ratios, median water table elevation, and redox variables, suggesting that N dynamics are

closely associated with soil redox conditions. Correlations were weaker for C pools,

especially at West Chicken Creek, where ecosystem C pools and soil C poois showed little

or no correlation with environmental variables. Significant relations between redox

potential interquartile range and biomass and soil pools suggest that fluctuation of redox

potential affects production as well as decomposition of organic matter. As expected,

correlations were significant among biomass, soil, and ecosystem C and N pools,

reflecting the interdependence and autocorrelation of the variables, but also indicating the

strong interplay between carbon and nitrogen dynamics.

The relationship between C and N poois for biomass and soil shows similar

patterns for the three plant communities and illustrates the relative distribution of poois

along streamside topographic gradients at each site (Figure 4.5). The dry meadow

communities contain the largest soil pools and the smallest biomass pools (Figure 4.3,

Figure 4.5). At West Chicken Creek, the wet meadow communities contain the largest

biomass pools, but soil pools are similar to those of the moist meadow community. At

Limber Jim Creek, the wet and moist meadow communities are similar in both biomass

and soil pools. The displacement of the two regression lines in both graphs highlights the

between site differences in soil C and N pools at the two sites (Figure 4.5).

Discussion

Distribution of Carbon and Nitrogen Pools

Carbon and Nitrogen Concentrations in Plant Tissue

Vascular plant C and N concentrations from this study (Table 4.1) are within the

range of literature values reported for meadow vegetation (Jakrlová 1993, McJannet et al.
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Figure 4.5. Relations between biomass and soil pools for (A) carbon and
(B) nitrogen in the wet, moist, and dry meadow communities at West Chicken
Creek and Limber Jim Creek.

93

('4

2.5

E
2.0-

1.5-
a-

1.0-

1 2 3 4 5 6 7 8 9 10 11 12

Soil C Pool (kg! m2)

Limber Jim Creek - Wet Meadow
v Limber Jim Creek - Moist Meadow

Limber Jim Creek - Dry Meadow
o West Chicken Creek- Wet Meadow
v West Chicken - Moist Meadow
o West Chicken Creek - Dry Meadow



94

1995, Bedford et al. 1999). In the wet meadow communities at West Chicken Creek and

Limber Jim Creek, which are dominated by Carex species, nitrogen concentrations and

C:N ratios in litter (Table 4.1) were very similar to values reported for Carex litter in

Canadian wetlands (Szumigalski and Bayley 1996) and Carex aquatilis litter in Colorado

fens (Arp et al. 1999). Nitrogen concentrations in Deschampsia cespitosa shoots growing

in alpine moist meadows of Colorado ( 0.8 to 1.5%) (Theodose et al. 1996) were slightly

higher than moist meadow graminoid values at West Chicken Creek, where Deschampsia

cespitosa was the dominant species (Table 4.1, Chapter 2). For above and belowground

Poa pratensis litter, Wedin and Tilman (1990) cited similar nitrogen concentrations

(0.7 1%), but higher C:N ratios (63.7 and 69.2) than those in dry meadow graniinoids at

West Chicken Creek and Limber Jim Creek, where Poa pratensis is the most abundant

grass species (Table 4.1, Chapter 2). The relatively high concentrations of nitrogen in

forbs, particularly in the moist and dry meadow communities at Limber Jim Creek, were

likely due to the contribution of the nitrogen fixing Trifolium spp.

Values for N concentration in moss tissue were considerably higher than those

reported elsewhere (Szumigalski and Bayley 1996). From an extensive literature survey of

nutrient concentrations in live tissue and litter of wetland plants, Bedford et al. (1999)

found the range of N concentration in bryophytes to be 0.24 to 0.96%, while our values

ranged from 1.32 to 1.62%. However, many literature values are reported for Sphagnum

species, while biyophyte assemblages in these meadows were dominated by Philonotis

fontana (Hedw.) Brid (Chapter 2). Certain moss species are frequently associated with

blue-green algae, and may thus contain high concentrations of nitrogen (Chapin et al.

1980).

Few published values are available for C and N concentrations in belowground

plant tissue of meadow species. For roots, values reported here for graniinoid nitrogen

concentrations were lower (0.78 to 1.18% vs. 1.25 to 2.25%) and C:N ratios were higher

(37:1 to 55:1 vs. 18:1 to 35:1) than those reported for three prairie grass species (Herman

et al. 1977). From an extensive literature survey of nutrient concentrations in fme roots,

Gordon and Jackson (2000) reported an average C:N ratio of 43:1, which is intermediate

in the range of values reported in this study (35:1 to 60:1). No literature values were

found for C and N concentrations in rhizomes. The low nitrogen concentration and high



C:N ratios in rhizomes relative to roots probably reflects the storage and structural

functions of these belowground stems.

Carbon and Nitrogen Pools in Plant Biomass

Differences among the three plant communities in plant C and N poois parallel

differences in species composition (Table 4.2 and Table 4.3, Figure 4.1, Chapter 2). The

influence of plant species composition on nutrient cycling and poois depends on nutrient-

use efficiency (Aerts et al. 1999), the rate of nutrient release from above and belowground

litter, and the amount of above and belowground litter produced (Wedin and Tilman

1990). Decay rates and nutrient release are regulated by environmental factors and litter

quality (Melillo et al. 1989, Verhoeven and Arts 1992, Szumigalski and Bayley 1996).

These processes also vary with species depending on nutrient concentrations in living

tissue, nutrient resorption from senescing tissue, and nutrient leaching from dead tissue

(Aerts and De Caluwe 1997, Aerts et al. 1999). In this study, C and N in plant tissue (litter

or substrate quality), did not differ substantially among communities or between sites

(Table 4.1). Slight differences in substrate quality were likely overshadowed by

differences among the three plant communities in amounts of biomass produced and

patterns of allocation to above and belowground components. In these meadows, the plant

species that occur in the different communities are likely having the most influence on

nutrient cycling through differential net primary productivity, particularly belowground.

Allocation patterns differed among the three plant communities, with high

belowground-to-aboveground ratios for C and N pools in the wet and moist meadow

communities, and ratios near one in the dry meadow communities (Figure 4.1). The

quantity and distinctive vertical profiles of belowground plant C and N within each

community reflect the characteristics and distribution of the dominant species, particularly

graminoids (Table 4.3, Chapters 2 and 3). The dominant sedges of the wet meadow

communities - Carex aquatilis Wahi. and Carex utriculata Boott. (formerly C. rostrata)

- are vigorously rhizomatous and known for high levels of belowground productivity

(Bernard 1990, Chapter 3). The dominant graminoids in the moist meadow communities

at Limber Jim Creek - Carex lanuginosa and Calamagrostis canadensis - are also

strongly rhizomatous, which probably explains the similarities in belowground biomass

95
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pools in the wet and moist communities at this site. Dominant species in the dry meadow

communities are generally more shallow rooted, with fewer and shorter rhizomes (Figure

4.1, Chapter 3).

In these riparian meadows, fme roots accounted for more biomass carbon (25 to

63%) and nitrogen (25 to 65 %) than any other biomass component at all sampling

locations. Decomposing roots are important sources for carbon and nutrients (Hendricks

et al. 1993, Gill et al. 1999; Gordon and Jackson 2000) and have been shown to play a

significant role in biogeochemical cycling and nutrient flux in forests (Joslin and

Henderson 1987, Raich and Nadelhoffer 1989), grasslands (Gill et al. 1999), and alpine

meadows (Fisk et al. 1998). Fine roots are generally short-lived (Eissenstat and Yanai

1997), have relatively short turnover rates (Nadeihoffer et al. 1985) and may undergo

minimal retranslocation of nutrients during senescence (Nambiar 1987, Gordon and

Jackson 2000). The spatial distribution of fine roots in these meadows may greatly

influence nutrient availability as well as the size of C and N pools.

Carbon and Nitrogen in Soils

Values for SOM and soil C, and N concentrations (Figure 4.2) are somewhat

lower than those reported from other montane meadows (Blank et al. 1995, Chambers et

al. 1999, Prichard et al. 2000), particularly at Limber Jim Creek. However, soil C:N ratios

from these study sites ( 11:1 to 29:1) are similar to those cited for a riparian meadow

in the northern Sierra Nevada ( 9:1 to 28:1; Blank et al. 1995) and subalpine meadows in

the Olympic Mountains ( 10:1 to 17:1; Prichard et al. 2000). High variability in SOM

and C and N concentrations have been observed in other ecosystems (Homann et al. 1995,

Prichard et al. 2000), due to both natural variability and difficulties in measurement. In

riparian meadows, floodplain dynamics may contribute to the high variability in SOM and

soil C and N concentrations. During high flows, sediment and organic matter are

deposited and redistributed on the floodplain, particularly in near stream zones

(Brookshire 2001). Larger-scale disturbance events may deliver pulses of sediment,

possibly burying portions of meadows, resulting in "buried A horizons," or strata with

relatively high amounts of organic matter. Seasonal variation in water table elevation and
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elevation and soil redox status also influences the spatial heterogeneity of nutrient pools in

riparian soils (Blanket aLl995).

Estimates of soil C in this study (Table 4.2, Figure 4.3), which averaged 10.0 kg!

m2 at West Chicken Creek and 6.6 kg! m2 at Limber Jim Creek, were similar to those found

by the few studies that have measured soil C in meadows. Soil profiles (to 50 cm)

sampled in a subalpine meadow in the Olympic Mountains, Washington (elevation 1680

m) contained 7.8 to 11.2 kg! m2 C (Prichard et al. 2000). In meadows in the North

Cascades, Washington, soil C storage ranged from 6.6 to 12.3 kg! m2 Mg/ha (Sanscrainte

1999). Because I did not sample the entire soil profile in the dry meadow communities,

where soil depth can extend to over a meter, I underestimated meadow C and N soil

storage. Quantities of soil C stored in meadows may exceed amounts stored in some

forests in the region. For example, forests in the Oregon Cascades dominated by old-

growth Douglas -fir (Pseudotsuga menziesii (Mirbel) Franco.) contained 4.5 to 6.5 kg!

m2 of soil C in profiles that averaged 1.2 m (Edmonds and Chappell 1994). Along a forest

-meadow ecotone in the Olympic Mountains, soils in herbaceous-dominated meadows

stored more C than subalpine fir (Abies lasiocarpa (Hook.) Nutt.) forests (Prichard et al.

2000). Soil N storage averaged 0.72 kg! m2 Mg/ha at West Chicken Creek, and 0.41 kg!

at Limber Jim Creek. The relative high storage in West Chicken Creek and Limber Jim

Creek suggest that stringer meadows in montane landscapes may serve as important

reservoirs for carbon and nutrients.

Ecosystem Carbon and Nitrogen Pools

The greatest proportion of ecosystem C and N pools is belowground in these

meadows, particularly in mineral soil (Figure 4.3). This is typical of herbaceous

dominated ecosystems (Chapin et al. 1980, Schimel etal. 1985, Gill et al. 1999), where

only a fraction of the carbon and nitrogen is actually stored in biomass. Aboveground

biomass accounted for the smallest proportion of the ecosystem C and N, and the relative

contribution of be!owground biomass varied with plant community. Although ecosystem

pools were dominated by soil storage, differences in the wet and moist communities at

West Chicken Creek were due to higher belowground plant C and N in the wet

communities. The dissimilarity in the distribution of plant C and N and soil C and N
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indicates that processes contributing to organic matter decomposition and accumulation

differ along shortscale topographic-geomorphic gradients in these meadows.

Why do soils at West Chicken Creek contain so much more C and N than soils at

Limber Jim Creek despite similar biomass C and N pools? Possible explanations are

differences in fluvial dynamics, soil texture, and relative ages of the two meadow study

sites. Climate, local topography, gradient, land management history, vegetation type, and

levels of herbivory by native ungulates are similar at each site. As described in Chapter 2,

the seasonal and spatial dynamics of water table elevation and redox potential are also

similar. However, the sites differ in aspect, stream power, drainage area, and to some

extent soil parent material (Ferns and Taubeneck 1994).

During our period of study, Limber Jim Creek had 2.5 to 4.7 times higher

discharge than West Chicken Creek, and hence considerably more stream power

(Brookshire 2001). Limber Jim Creek is a wider, less sinuous, higher velocity stream than

West Chicken Creek, with considerably less overland flow during spring runoff. In a

study of organic matter transport and retention, more particulate organic matter was

exported downstream and less organic matter was redeposited on the floodplain at Limber

Jim Creek than at West Chicken Creek (Brookshire 2001). Although similar in

productivity, it is possible that less organic matter is retained and incorporated into

floodplain soils at Limber Jim Creek than at West Chicken Creek.

The texture of valley fill deposits depends on surrounding soils and geology. In

the Blue Mountains, soils are heavily influenced by volcanic ash that was deposited

following the eruption of Mt. Mazama 6800 years B. P. (Geist and Strickler 1970 and

1978, Clarke et al. 1997). In meadows of the Upper Grande Ronde, I suspect that gentle

gradients, high amounts of Mt. Mazama ash in upland soils, and interaction with meadow

vegetation have led to predominantly fine-textured valley fill sediments. However, soils at

Limber Jim Creek are more coarse-textured than those at West Chicken Creek. Although

soils on the forested hilislopes within each drainage contain large amounts of ash, the

floodplain soils at West Chicken Creek appear to contain more ash-derived material than

Limber Jim Creek (R. Ottersberg, personal communication). Ash weathers readily to

different clays, including amorphous forms, which associate strongly with organic matter

(Sposito 1984, Sollins et al. 1996). The importance of soil texture, particularly amount of

clay and clay mineralogy, in determining soil C content has been shown for soils in the
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central Great Plains, USA (Parton et al. 1987, Burke et al. 1989, Schimel et al. 1994),

although correlations between clay content and soil C content are not strong in all

environments (Sims and Nielsen 1986, Carter et al. 1997, Percival et al. 2000). The

difference in soil texture between the two sites may influence accumulation of organic

matter and partially explain higher C storage in soils at West Chicken Creek.

No information exists on the relative age of meadow study sites. In the Sierra

Nevada Mountains, radio-carbon dating of charcoal indicated that meadows were formed

3600-3900 years B. P., when Holocene fill was deposited by fluvial and colluvial

movement of sediment (Wood 1975, Blank et al. 1995). The floodplain soils at both West

Chicken Creek and Limber Jim Creek are young, with minimal horizon development (R.

Ottersberg, personal communication). It is possible, however, that the meadow at Limber

Jim Creek is more recent than West Chicken Creek, and has simply had less time to

accumulate soil C and N.

Relations Among Water Levels, Redox Potentials, and Carbon and Nitrogen Pools

The amount of organic matter stored in soil is controlled by several physical and

biotic factors, including soil texture, degree of soil development, soil pH, soil moisture and

oxygen availability, and climatic conditions (Schimel et al. 1994, Sollins et al. 1996,

Trumbore 1997). Although the mechanisms controlling decomposition throughout a soil

profile are poorly understood, the changes in organic matter that occur during

decomposition and resynthesis processes generally result in different contents of C and N

within the horizons of a soil profile (Sollins et al. 1996, Gill et al. 1999). In many soil

profiles, distribution of C and N decreases in a relatively regular pattern with depth (Carter

et al. 1997). However, in short grass steppe, Gill et al. (1999) found that uneven

distribution of soil organic carbon (higher at 10-15 cm than either above or below) was

due to large differences in decomposition rates related to soil moisture. In these riparian

meadows, the distribution of soil C and N is likely due to differences in organic matter

dynamics related to seasonal fluctuations in water table elevation.

At West Chicken Creek and Limber Jim Creek, spring run-off causes overland

flow as well as increases in water table elevation, thus wetting the soil from both the
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surface and below (Figure 4.4). Subsurface water may move laterally through the soil,

"flushing" either all or portions of the soil profile (Baker et al. 2000), particularly in the

wet and moist meadow communities. During high flows, shallow groundwater was in

contact with the entire soil profile in the wet and moist communities, and rose to within

about -20 cm of the surface in the dry communities. This flooding likely increases

leaching and export of dissolved and particulate organic matter from the soil column to the

stream, which may partially explain the lower C and N soil pools in the wet and moist

communities. Seasonal flooding may also redistribute organic matter within the soil

column, resulting in nearly even apportionment of organic matter throughout the soil

profile. Because soils on the floodplain terrace are in a more stable geomorphic position,

they may have undergone more soil development than soil profiles closer to the stream.

These dynamics may partially explain why dry meadow communities in this study contain

the greatest proportion of soil C and N.

In addition to physical movement of organic matter, seasonal flooding also

influences spatial heterogeneity of above and belowground decomposition processes.

Decomposition rates of organic matter are dependent on litter composition (substrate

quality) and microbial activity, which is regulated by temperature, moisture, pH, and

availability of oxygen (Paul and Clark 1996, McLatchey and Reddy 1998). At these

meadow study sites, substrate quality did not differ substantially among communities

(Table 4.1), and I assumed that seasonal changes in precipitation and soil temperature

were similar for all plant communities. The factors most likely to influence decomposition

processes were soil moisture and redox potential conditions - factors that are largely

determined by water table elevation and differ among the plant communities (Figure 4.4,

Chapter 2).

When a soil is flooded, the diminished diffusion of oxygen initiates a predictable

sequence of chemical and microbial processes that affect nutrient cycling, including

anaerobic respiration, denitrification, and sulfate reduction (Ponnamperuma 1972, Reddy

et al. 1986, Patrick and Jugsujinda 1992, Hedin et al. 1998). Soil saturation, with

concomitant reductions in redox potential, leads to changes in microbial populations,

decreases in microbial biomass, and inhibition of enzyme activity important in organic

matter mineralization (McLatchey and Reddy 1998). As soils became more reduced, the

rate of mineralization decreased (DeLaune et al. 1981), partly due to the decreased energy
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captured by anaerobic microorganisms using alternate electron acceptors. Because

anaerobic respiration is considerably less efficient that aerobic respiration (Paul and Clark

1996), products of incomplete decomposition accumulate in wetland soils.

Because water table elevation and redox dynamics differed significantly along the

streamside geomorphic gradients (Chapter 2), the nature of the decomposition

environment also varied among the three meadow plant communities. In the wet and

moist communities, soil redox potential changed with seasonal fluctuations in stream stage

and water table elevation (Figure 4.4, Chapter 2), and was highly variable (Dwire et al.

2000). In the wet meadow communities, redox potential indicated anaerobic conditions

during much of year, particularly at 25 cm depth. However, high variability in redox

potential values suggested that many aerated microsites existed. In the moist communities,

redox potentials underwent the most seasonal change, with fluctuations in water table

elevation corresponding to alternate aerobic and anaerobic conditions. While anaerobic

conditions could potentially result in organic matter accumulation in both the wet and

moist communities, declines in water table elevation during late summer may stimulate

microbial activity (Lockaby et al. 1 996a), thus causing increased organic matter

mineralization (Lockaby et al. 1 996b, McLatchery and Reddy 1998).

The seasonal redox dynamics in the wet and moist communities may also

contribute to nitrogen loss through denitrification. At both sites, soil N poois were

significantly lower in the wet and moist communities than in the dry meadow communities

(Figure 4.3). The C:N ratios of the soil C and N pools were lowest in the dry meadow

communities ( 15:1 at Limber Jim Creek and 12:1 at West Chicken Creek) and similar

in the wet and moist communities ( 17:1 at Limber Jim Creek and l 5-16:1 at West

Chicken Creek) (Figure 4.2), suggesting that nitrogen may be more limiting in the wet and

moist meadow communities.

In the dry meadow communities, soil conditions remained mostly aerobic, with the

exception of several weeks during spring high flows (Chapter 2). During the growing

season, conditions appear to be extremely favorable for decomposition aboveground and

throughout the soil profile. Szuniigalski and Bayley (1996) studied decomposition of

Carex lasiocarpa along a wetland gradient in Canada, and found that litter weight loss was

greatest at the driest sites and lowest at the wettest sites. Rapid turnover of detritus in the

dry meadow communities likely contributes to incorporation of C and N into soil organic



matter and may partially explain why dry meadow communities contain the greatest

proportion of soil C and N at both meadow study sites.

Summary

Plant community composition varies along streamside hydrologic and redox

potential gradients in montane meadows (Blank et al. 1995, Chapter 2). The primary

objectives were to determine the relationship between the distribution of soil and biomass

C and N pools in the meadow plant communities and to determine if biomass and soil C

and N pools also coincided with patterns of water table elevation and redox potential.

Results indicate that C and N pools change across hydrologic - redox potential gradients of

wet, moist, and dry meadow communities. Biomass C and N pools, especially

belowground components, decreased over the gradient from wet to dry meadow

communities, while soil pools increased. Soil C and N pools were similar in the wet and

moist communities, and highest in the dry meadow. Strong correlation among C and N

pools, water table elevation, and redox conditions suggest that hydrology may be a

fundamental control over accumulation and storage of C and N in these riparian meadows.

Accumulation of carbon and nutrients is important for the development of floodplain soils,

subsurface allochthonous inputs to the stream, and for storage in montane landscapes.
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5. Seasonal Concentrations of Carbon and Nitrate in Streams
and Riparian Meadows, Northeast Oregon

Abstract

Montane meadows comprise an integral part of many watersheds, yet have been

understudied relative to forested riparian areas. To examine the role of meadows as

sources of carbon and nitrogen to streams, we combined longitudinal sampling of three

stream reaches (forest, transition, and meadow) and lateral sampling within meadows at

two headwater streams in northeastern Oregon. We sampled dissolved organic carbon

(DOC) and nitrate-nitrogen (nitrate-N) in stream water in the three reaches, and shallow

ground water within the meadow reaches in fall 1997 and from March to November 1998.

Subsurface water was collected from wells that were installed in the soil (within the

rooting zone) and underlying gravels (below the rooting zone) along transects that

extended through three dominant communities (wet, moist, and dry meadow) which occur

along streamside hydrologic-soil redox potential gradients.

Concentrations of DOC and nitrate-N were similar in surface water in the forest,

transition, and meadow reaches of both streams; DOC concentrations averaged (mean ± 1

SE) 4.4 ± 0.8 mgC/ L and 4.1 ± 0.9 mgC/ L, and nitrate-N concentrations averaged 16

ugN/ L and 13 ugN/ L. Seasonal trends in stream solute concentrations appeared to be

largely influenced by stream discharge. In shallow ground water, mean concentrations of

DOC were two to five times greater than in stream water, and ranged from 6.2 ± 0.9 mgC/

L to 20.4 ± 1.8 mgC/ L, with highest values in soil wells in the streamside wet meadow

communities. Similarly, mean concentrations of nitrate-N were two to six times greater in

shallow ground water than in stream water at both sites, and ranged from 31 ±3 ugN/ L to

109 ± 3 ugN/ L. At most sampling locations, concentrations of DOC were twofold

greater in soil wells than gravel wells. Seasonal patterns were not evident in DOC and

nitrate-N concentrations in shallow ground water.



Introduction

Nutrient cycling dynamics of stream and riparian ecosystems are linked to the

degree of channel constraint and sediment characteristics of the floodplain and streambed

(Dahm et al. 1998). In montane regions of the Western U.S., many streams flow through a

mosaic of different valley segment and reach types, which vary in degree of channel

constraint (Pringle et al. 1988, Gregory et al. 1991). Constrained, moderately constrained,

and unconstrained stream reaches differ in the extent of alluvial deposition and related

hydrologic and geomorphic processes (Bisson and Montgomery 1996, Montgomery 2000),

which in turn influence the development of riparian vegetation and soils (Gregory et al.

1991, Stanford and Ward 1993). Channel constraint also affects the degree of interaction

between surface and ground water, which is more extensive in unconstrained reaches

relative to those constrained by hillslopes. As a stream flows from constrained through

unconstrained reaches, interactions between surface water and ground water may change,

thus influencing both lateral upland-stream fluxes and longitudinal processes within the

stream (Bencala 1993).

Changes in dominant riparian vegetation associated with channel constraint also

influence quality and timing of allochthonous inputs (Vannote et al. 1980, Brookshire

2001) thus affecting dynamics of dissolved organic carbon (DOC) and nutrients. Sources

of DOC to streams include both terrestrial inputs from riparian areas (McDowell and

Likens 1988, Homberger et al. 1994) and instream processes, such as decomposition and

autochthonous production (Meyer 1990). Patterns of stream DOC have been show to vary

spatially. For example, in a bottomland hardwood swamp, DOC concentrations in stream

water increased substantially as the stream passed through portions of the watershed

occupied by wetlands (Dalva and Moore 1991). In contrast, DOC concentrations in a

stream that flowed through a forested ecosystem were found to be relatively stable (Fisher

and Likens 1973, McDowell and Likens 1988). Seasonal patterns of DOC concentrations

have been studied extensively in streams (Kaplan et al. 1980, Mann and Wetzel 1995),

wetlands (Dalva and Moore 1991, Briggs et al. 1993) and subsurface waters (Vervier and

Naiman 1992, Baker et al. 2000). Increases in stream DOC concentrations have been

observed during periods of high discharge, when riparian soils become saturated, resulting

in a "flushing" of the drainage area (Hornberger et al. 1994, Baker et al. 2000). As a
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stream flows from a constrained, forested reach through an unconstrained floodplain

reach, changes in surface-ground water interactions and shifts in dominant riparian

vegetation may result in differences in concentration of DOC and nutrients in surface

water.

The degree of valley constraint also influences the extent and duration of soil

saturation associated with seasonal flooding. Saturated riparian soils are characterized by

low oxidation-reduction potential (redox potential), that directly affects biogeochemical

processes such as denitrification, decomposition, and mineral and sulfate reduction (Reddy

et al. 1986, Iledin et al. 1998). In unconstrained reaches, where periodic inundation and

drying occurs as a result of water table changes, saturated soils may strongly influence the

concentration of DOC and inorganic nitrogen in shallow ground water as well as stream

water (Dahm et al. 1998).

I studied the seasonal variations in DOC and inorganic nitrogen concentration in

two headwater streams from constrained forest reaches to unconstrained meadow reaches.

The hypothesis was that stream DOC and inorganic nitrogen concentrations would differ

as the stream flowed through forested, transitional, and meadow reaches in these streams.

The first objective was to compare seasonal concentrations of DOC and inorganic nitrogen

in three reaches that differed in riparian vegetation, canopy cover, and channel constraint.

Within the unconstrained meadow reaches, I examined DOC and inorganic nitrogen

concentration along lateral streamside transects. The hypothesis was that DOC and

inorganic nitrogen concentrations in shallow ground water would differ among meadow

plant communities and reflect the seasonal hydrologic and redox conditions of each

community. The three dominant communities - referred to as wet, moist, and dry -

occur along a topographic gradient and occupy different geomorphic positions on the

floodplain. Strong environmental gradients in water table elevation and redox potential

existed along these short scale topographic gradients (Chapter 2). Thus, the second

objective was to compare concentrations of DOC and inorganic nitrogen in shallow

ground water samples from the three dominant meadow plant communities. Through a

combination of lateral sampling across the floodplain and longitudinal sampling along a

short-scale stream continuum, I addressed the potential role of these meadows as sources

of DOC and nitrate-N to the stream.
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Methods

Study Sites

The study sites are located along unconstrained reaches of West Chicken Creek

and Limber Jim Creek, two second-order tributaries to the upper Grande Ronde River in

the Blue Mountains of northeast Oregon (Figure 5.1). The two streams are located within

13.0 km of each other, and are similar in elevation (approximately 1320 m) and gradient

(2.0 to 2.5 %). However, Limber Jim Creek is a wider, larger stream, drains a larger area

than West Chicken Creek (34.4 km2 and 21.8 km2, respectively), and has considerably

higher discharge (0.01 to 2.5 m3/sec and 0.01 to 1.0 m3/sec) (Table 2.1, Figure 2.4). Mean

annual precipitation is approximately 55 cm, with> 80% falling between November and

June.

The hydrologic regime is dominated by spring snowmelt (Clarke et al. 1997).

Annual hydrographs (1993 through 1999) for the Upper Grande Ronde River showed that

spring discharge generally begins in March or April, increases over a period of 5 to 8

weeks, and peaks in mid-to-late May (Figure 2.2). Spring run-off is usually characterized

by multiple peaks (Figure 2.2 and 2.4), and the combination of spring storms and runoff

may dominate more than one-fourth of the annual hydrograph. In most years, fall stonns

also contribute substantially to the annual hydrograph (Figure 2.2).

The meadow study sites were approximately 250 meters in length and 80 meters in

width. The vegetation is composed of three plant communities - defmed here as wet,

moist, and dry meadow - which occur along a topographic moisture gradient from the

stream's edge to the floodplain terrace (Figure 5.2, Offing 1998). Plant species

composition and distribution are described in Chapter 2. At both sites, the wet meadow

communities are dominated by Carex spp., and are typically flooded each spring for

several weeks. Moist meadow communities are dominated by a mixture of grasses and

sedges, and are partially inundated during spring flooding. The dry meadow communities

are composed of a mixture of forbs and native and introduced grasses and occur on

floodplain terraces (Figure 5.2). Dry meadow communities occupy approximately 70% of

the area at each study site.
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The study sites have similar histories of grazing, upsiope logging and are impacted

by similar levels of recreational use. Valley uplands are dominated by lodgepole pine

(Pinus contorta Dougi.), western larch (Larix occidentalis Nutt.), and ponderosa pine

(Pinus ponderosa Dougl.). Geology of the floodplain meadows consists of Holocene

alluvium, which has been deposited over Grande Ronde Basalt (Ferns and Taubeneck

1994). The shallow alluvial soils (-j 40 cm to 120 cm deep) are ash-influenced Mollisols

and Entisols (Robert Ottersberg, pers. corn.), underlain by coarse gravels.

In addition to the meadow study sites, two upstream reaches were selected at each

stream - one located within the forest (referred to as the forest reach) and the other along

a longitudinally intermediate location between the forest and meadow reaches (referred to

as the transition reach) (Figure 5.1). Each forest and transition reach was 500-rn long

(valley length). The forest reaches are dominated by Engelmann spruce (Picea

engelmannii Party), Douglas fir (Pseudotsuga menziesii (Mirbel) Franco), and western

larch, with mountain alder (Alnus incana (L.) Moench) along the stream edge (Case 1995,

Brookshire 2001). The transition reaches are dominated by a mixture of woody and

herbaceous species (Brookshire 2001). In the forest reaches, tree canopy cover is 80 %

at each site; in the transition reaches, tree canopy cover is 13% at West Chicken Creek

and 17% at Limber Jim Creek (Brookshire 2001).

Well Transects

In June 1997, five near-stream transects were established through the three plant

communities at each meadow study site. Within each plant community along the

transects, locations for well nests were randomly selected, resulting in a total of five well

nest locations within each community at each site. At West Chicken Creek, the average

transect length was 17.7 m (range 14.0 m to 22.2 m); at Limber Jim Creek, transect length

averaged 11.2 m (range 9.3 m to 14.0 m). At each well nest location, two wells were

installed in holes driven to the top of the gravels (referred to as soil wells) (Figure 5.2).

One soil well was 'closed' or sealed from the atmosphere and used for collection of

subsurface water from the rooting zone. The other soil well was covered with a PVC cap,

but left 'open' for the measurement of water table elevation (described below).
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Along three transects at each meadow site (most upstream, center, and most

downstream transects), two additional wells were installed in the gravels (referred to as

gravel wells). One gravel well was 'closed', and used for collection of subsurface water

from below the rooting zone. The other gravel well was covered with a PVC cap but left

'open' for the measurement of water table elevation (Figure 5.2). The closed wells were

sealed from the atmosphere to prevent ground water samples from becoming oxygenated

(Baham et al. in preparation). Gravel wells were installed in the wet meadow communities

at West Chicken Creek in July 1997, and in remaining well locations in April 1998. Well

casings were made from 2.54 cm diameter PVC pipe, drilled with 0.32-cm-diameter holes,

and capped at the bottom. Soil wells were perforated for the entire buried length, while

the gravel wells were perforated only along the bottom 20 cm. Well holes were backfilled

with native soil and packed to several cm above the ground surface to prevent water

infiltration along the casings.

Measurement of Water Table Elevation and Soil Redox Potential

Water table elevation was measured with a metered copper wire connected to an

ohmmeter. The wire was lowered into a well, triggered a change in electrical resistance

when water was contacted, and depth from soil surface to water level was recorded. To

measure redox potential, platinum electrodes (n - 3 probes) were installed in the soil

within 0.5 m of each well at 25 cm depth. Redox potential was measured using a

voltmeter in conjunction with a saturated single-junction Ag!AgC1 reference electrode

(similar to method described by Faulkner et al. 1989). Redox measurements were

corrected to a standard hydrogen reference electrode by adding 214 mV to each value

(Bohn 1971, Bates 1973). Soils were considered to be anaerobic if redox potential was <

300 mV (Gambrell and Patrick 1978, Faulkner and Patrick 1992). Paired measurements of

water table elevation and redox potential were taken from July 1997 through August 1999,

approximately every two-to-three weeks during the spring, fall, and summer seasons.



Collection and Analysis of Stream and Shallow Ground Water Samples

In fall 1997 and from March through November 1998, water samples were

collected at approximately monthly intervals from the streams and closed wells at each

site. On the day prior to sample collection, the closed wells were completely purged.

Wells were then injected with Argon gas to prevent oxygenation of the shallow ground

water that moved into the wells following purging (Baham et al. in preparation). Shallow

ground water samples were withdrawn from the wells through tubing that extended to the

bottom of each well using a 60 ml syringe.

On the same dates that ground water samples were collected, stream samples were

also collected at five points (every 100 m) in the forest and transition reaches, and near the

well transect locations in the meadow reaches (n = 5 per reach). Stream samples were

collected from the forest, transition, and meadow reaches as simultaneously as possible by

2 - 3 different people from the thaiweg at mid-depth using a 60 ml syringe. Upon

collection, each stream and subsurface water sample was hand filtered through a Whatman

GF/A filter (1.6 jim pore size) into a polyethylene vials (30 ml), and acidified with

hydrochloric acid to approximately pH 2.0. Samples were iced for transport, and kept at
50 C until analysis for dissolved organic carbon, which occurred within 7 days (usually 3-4

days). Following analysis for dissolved organic carbon, samples were stored frozen and

thawed immediately before analysis for inorganic nitrogen. The filter pore size used (1.6

jim) was considerably larger than standard (0.45 jim) for analysis of dissolved organic

carbon, and it is likely that particulate carbon was contained in the filtered samples.

However, the fraction analyzed is referred to as dissolved organic carbon (DOC)

throughout this chapter.

Water samples were analyzed for carbon concentration using persulfate plus UV

oxidation on a Dorhman Carbon Analyzer model DC-i 90 (Rosemount Analytical Inc.,

Dorhman Div., Santa Clara, CA). The detection limit for organic carbon was 1.0 mgC/ L;

samples with concentrations below the detection limit were set to 0.5 mgC/ L. Water

samples were analyzed for nitrate-nitrogen (nitrate-N) concentration using a Lachat flow-

injection analyzer (Lachat Instruments, Milwaukee, Wisconsin, U.S.A.). Nitrate-nitrogen

(nitrate-N) was reduced to nitrite using Cd and then determined by diazotiation (Keeney &
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Nelson 1982). The detection limit was 10.0 ugN /L. Numerous nitrate-N values were

below the detection limit (10.0 ugN IL); these were set to 5.0 ugN /L.

Data Analysis

Repeated-measures analysis of variance was used to determine the influence of

stream reach (forest, transition, and meadow) and sampling date on the concentration of

DOC and nitrate-N in stream water (Ramsey and Shafer 1997). Stream reach and

sampling date were treated as fixed factors, and DOC and nitrate-N concentrations were

treated as the dependent, repeated variables. To best represent annual DOC and nitrate-N

dynamics, only 1998 data were used in the repeated-measures analysis of variance.

Analyses of variance were conducted using Statistical Analysis System, (General Linear

Model procedure, SAS 1990).

Subsurface water chemistry data severely violated the assumptions of parametric

statistical analysis regarding distribution and variance. Thus, Kruskal-Wallis tests were

used to determine: (1) differences in DOC and nitrate-N concentrations between the soil

and gravel wells within each community at each site; (2) community differences in DOC

and nitrate-N concentrations in the soil and gravel wells at each site, and (3) differences in

DOC and nitrate-N concentrations between stream samples and shallow ground water

samples. For some sampling dates and locations, wells were dry, resulting in low sample

numbers and uneven sample sizes for DOC and nitrate-N concentrations. Therefore, it

was not possible to test for the influence of sampling time on subsurface water chemistry.

Mean water table elevation and redox potential (at 25 cm depth) were calculated for each

meadow study site, plant community, and date of sampling (Chapters 2 and 3). Resulting

means were plotted with DOC and nitrate-N concentrations against time to show

coincident seasonal patterns in water table elevation, redox potential and shallow ground

water chemistry.

The distribution of DOC and nitrate-N concentrations in stream water (meadow

reach) and shallow ground water were characterized for each stream and meadow study

site. Medians and quartile ranges of DOC and nitrate-N concentrations were calculated

(Ramsey and Shafer 1997) and plotted.
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Results

Dissolved Organic Carbon and Nitrate-N in Stream Water

Concentrations of DOC in stream water ranged from 1.2 to 21.4 mg Cl L at West

Chicken and from 0.5 (below detection limit) to 15.1 mg Cl L at Limber Jim Creek Creek

(Figure 5.3), and did not differ among the forest, transition, or meadow reaches at either

site (Table 5.1). For 1998, mean DOC concentration was 4.4 ± 0.3 mgC/ L (mean ± 1 SE;

n = 150, all reaches combined) at West Chicken Creek and 4.1 ± 0.2 mgCl L at Limber Jim

Creek. At both sites, seasonal trends were evident (Figure 5.3), and results from the

repeated-measures ANOVA indicated that sampling date was a significant factor

influencing stream DOC concentrations (Table 5.1). The significant interaction term for

Limber Jim Creek also indicated that relations between sampling date and reach

influenced concentration of DOC in this stream. Concentrations of DOC were highly

variable both within and among reaches at both sites for most sampling dates. Sampling

dates with the lowest variation in DOC concentration occurred prior to spring runoff

(March 26 1998, both streams), and during base flow (August 28 at West Chicken Creek

and September 13 at Limber Jim Creek). High concentrations of DOC occurred in stream

water following the initiation of fall rains. For example, at West Chicken Creek, peak

concentrations in each reach (20.7 to 21.4 mg C/L) were observed in October and

November. At West Chicken Creek, high concentrations were also observed during spring

run-off. Lowest DOC concentrations occurred under base flow conditions, in late August

at West Chicken Creek and in mid-September at Limber Jim Creek (repeated-measures

ANOVA, Wilks X, P < 0.05).

Nitrate-N concentrations in stream water ranged from 0 to 62 ug N/ L at both

sites (Figure 5.4), and did not differ among reaches at either site (Table 5.1). For 1998,

mean nitrate-N concentration was 16± 1 ugN! L (mean ± 1 SE; n = 150, all reaches

combined) at West Chicken Creek and 13 ± 1 ugNl L at Limber Jim Creek. Although

results from the repeated-measures ANOVA indicated that sampling date was a significant

factor influencing stream nitrate-N concentrations (Table 5.1), concentrations were

generally low throughout the year, and strong seasonal trends were not evident (Figure
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Table 5.1. Repeated-measures analysis of variance for concentrations of dissolved organic carbon and
nitrate-N in stream water collected in the forest, transition, and meadow reaches from April through
November, 1998.

Note: Reach (forest, transition, or meadow) and sampling date (n = 10) were treated as fixed factors, and
concentrations of dissolved organic carbon and nitrate-N were treated as the dependent, repeated variables.

Dissolved Organic Carbon
P F P F P

West Chicken Creek 0.32 0.73 2.57 0.02 1.16 0.32

Limber Jim Creek 0.27 0.77 17.14 <0.01 2.04 0.02

Nitrate-N

West Chicken Creek 1.16 0.35 4.78 <0.01 0.70 0.80

Limber Jim Creek 0.31 0.74 5.79 <0.01 0.62 0.86

Reach Sampling Interaction
Date
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5.4). The highest nitrate-N concentrations and greatest variability occurred during base

flow conditions, in mid-July 1998 at West Chicken Creek (51 ugN/ L, forest reach) and

mid-August 1998 at Limber Jim Creek (27 to 52 ugN/ L, various locations in all three

reaches). Relatively high concentrations (30 to 42 ugN/ L) were also observed in fall 1997

at Limber Jim Creek and on 26 October 1998 at West Chicken Creek. Stream nitrate-N

concentrations were either near or below the detection limit (10.0 ugN IL) for 20% of

the stream samples from West Chicken Creek and 36% of the samples from Limber Jim

Creek.

Dissolved Organic Carbon and Nitrate-N in Shallow Ground Water

Seasonal Water Table Elevation and Dissolved Organic Carbon in Shallow Ground Water

As described in Chapter 2, water table elevation followed seasonal patterns of

stream stage (Figure 2.5). In each community, water table elevation began to rise in late

winter with the initiation of snow melt, peaked in late spring during periods of stream high

flows, and dropped to lowest levels in mid-to-late summer (Figure 2.5, Figure 5.5). In fall,

slight increases in water table elevation corresponded to rain storms. At both sites, water

table elevation differed significantly among plant communities, which reflected relative

distance from the stream as well as geomorphic position of each community (Chapter 2).

Water table elevation was consistently highest in the wet meadows, where annual means

were -11 ± 2 cm (mean ± 1 SE) at West Chicken Creek and -18 ± 2 cm at Limber Jim

Creek (Figure 2.2, Figure 5.5A and Figure 5.5D). In the moist meadow communities,

water table elevation averaged -35 ± 2 cm at both sites (Figure 2.2, Figure 5.5B and Figure

5.5E). In the dry meadow communities, water table elevation was consistently lowest, and

averaged -63 ±2 cm at West Chicken Creek (Figure 5.5C) and -57±2 cm at Limber Jim

Creek (Figure 5.5F). During high flows from mid-April through May, shallow

groundwater was in contact with the entire soil profile in the wet and moist communities;

in the dry meadow communities, shallow groundwater rose to within about -20 cm of the

soil surface (Chapter 2).
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For the wet meadow communities at West Chicken Creek, coincident plots of

mean water table elevation and DOC concentrations in shallow ground water showed

slight seasonal differences in DOC concentrations (Figure 5.5A). High concentrations

(36.0 and 46.0 mg Cl L) occurred in two wet meadow wells in October, following the

initiation of fall rains (Figure 5.5). In spring 1998, slight increases in DOC concentrations

were observed as water table elevation rose from mid-April though late May. At West

Chicken Creek, no apparent seasonal patterns in DOC concentrations occurred in the moist

or dry communities (Figure 5.5B and 5.5C). At Limber Jim Creek, high concentrations

(52.8 and 58.4 mg Cl L) at two moist meadow wells in October 1998 coincided with slight

increases in water table elevation due to fall rains (Figure 5.5E). However, no seasonal

trends in DOC concentration were evident in the wet or dry communities at Limber Jim

Creek. From mid-to-late summer, numerous wells at both sites, particularly soil wells in

the moist and dry communities, were either dry or did not contain enough water for sample

collection. Dry wells were encountered more frequently at West Chicken Creek than

Limber Jim Creek (Figure 5.5).

Concentrations of DOC were significantly higher in shallow ground water than in

stream water (Figure 5.6, P < 0.01). For 1998, the greatest range of DOC concentrations

(from 6.2 ± 0.9 mgCl L in gravel wells in the dry meadows to 20.4 ± 1.8 mgCl L in soil

wells in the wet meadows) occurred at West Chicken Creek. Concentrations of DOC were

generally higher in soil wells than gravel wells (Figure 5.5, Figure 5.6, Table 5.2). For

example, in the moist meadow communities at Limber Jim Creek, 1998 mean DOC

concentration was 14.7 ± 1.9 mgC/ L for soil wells and 7.3 ± 0.8 mgC/ L for gravel wells.

Similar trends were observed in all other communities except the wet meadow

communities at Limber Jim Creek, where mean DOC concentrations were similar in the

soil (9.8 ± 1.3 mgCl L) and gravel (8.7 ± 1.4 mgCl L ) wells (Table 5.2). At West Chicken

Creek, concentrations of DOC were significantly higher in the wet meadow community

than in the moist or dry communities in both soil and gravel wells (Table 5.3, Figure 5.6).

In contrast, no community differences in DOC concentrations were observed at Limber

Jim Creek in either soil or gravel wells (Table 5.3, Figure 5.6).
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Table 5.2. Results of Kruskal-Wallis tests for differences in concentrations of dissolved
organic carbon and nitrate-N between soil and gravel wells in the wet, moist, and dry
meadow communities at West Chicken Creek and Limber Jim Creek.

Wet Meadow Moist Meadow Dry Meadow

P>2 2 x2 >2
Dissolved Organic Carbon

West Chicken Creek 10.48 <0.01 6.09 0.02 4.01 0.04
Limber Jim Creek 0.74 0.39 13.57 <0.01 8.84 <0.01

Nitrate-N

West Chicken Creek 3.72 0.05 2.82 0.09 2,80 0.09
Limber Jim Creek 0.39 0.53 1.22 0.23 0.02 0.88



Table 5.3. Results of Kruskal-Wallis tests for differences in the concentrations of
dissolved organic carbon and nitrate-N between the wet, moist, and dry meadow
communities at West Chicken Creek and Limber Jim Creek.
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P >

Dissolved Organic Carbon

West Chicken Creek
Gravel 18.77 <0.01
Soil 27.88 <0.01
Soil+Gravel 43.39 <0.01

Limber Jim Creek
Gravel 0.83 0.66
Soil 2.76 0.25
Soil+ Gravel 1.61 0.45

Nitrate-N

West Chicken Creek
Gravel 26.92 <0.01
Soil 32.25 <0.01
Soil+ Gravel 56.34 <0.01

Limber Jim Creek
Gravel 18.54 <0.01
Soil 5.26 0.07
Soil+Gravel 18.69 <0.01
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Seasonal Redox Potential and Nitrate in Shallow Ground Water

As described in Chapter 2, soil redox potential paralleled the seasonal fluctuations

in water table, elevation, particularly in the wet and moist communities. In the wet

meadow communities at both sites, redox potential at 25 cm depth remained anaerobic at

most locations throughout the seasons, and averaged 37± 14 mV at West Chicken Creek

and 106 ± 18 mV at Limber Jim Creek (Table 3.1, Figure 5.7A, Figure 5.7D). In the moist

meadows, redox potentials followed the seasonal changes in water table elevation, with

anaerobic soil conditions during spring and aerobic conditions in late summer and fall

(Table 3.1, Figure 5.7B and Figure 5.7E). In the dry meadow communities, soil conditions

remained mostly aerobic throughout the year at 25 cm, although there was a decrease in

redox potential for several weeks during spring high flows (Table 3.1, Figure 5.7C and

Figure 5.7F).

Concentrations of nitrate-N were significantly higher in shallow ground water

samples than in stream water (Figure 5.8, P < 0.01). For 1998, mean nitrate-N

concentrations ranged from 31 ±3 ugN/ L in gravel wells in the dry meadow communities

at Limber Jim Creek to 109 ± 10 ugN/ L in gravel wells in the wet meadow communities at

West Chicken Creek. Coincident plots of soil redox potential and nitrate-N concentrations

in shallow ground water did not show apparent seasonal patterns in nitrate-N

concentrations (Figure 5.7). Within each community, nitrate-N concentrations were

generally similar throughout the year (Figure 5.7 and Figure 5.8). Although median values

were generally greater in gravel wells, concentrations of nitrate-N did not differ

significantly between the soil and gravel wells at either site (Figure 5.8, Table 5.2).

Differences in nitrate-N concentrations among the three plant communities were observed

at both sites. At West Chicken Creek, nitrate-N concentrations were higher in the wet

meadow communities than in the moist and dry communities in both soil and gravel wells

(Table 5.3, Figure 5.8). At Limber Jim Creek, nitrate-N concentrations were higher in the

wet and moist meadow communities than in the dry communities in the gravel wells, but

not the soil wells (Table 5.3, Figure 5.8).
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Discussion

Dissolved Organic Carbon and Nitrate-N in Stream Water

The surface waters of West Chicken Creek and Limber Jim Creek were similar in

DOC and nitrate-N concentrations in the forest, transition, and meadow reaches, thus

refuting the hypothesis that concentrations would differ spatially along these streams.

Previous studies that have demonstrated significant enrichment of DOC concentrations as

a stream flowed through different reaches were conducted in streamside wetlands (Dalva

and Moore 1991, Mann and Wetzel 1995) dominated by organic soils. In this study, the

mineral soils are similar in the forest, transition, and meadow reaches at each site.

Seasonal patterns in DOC concentrations were reasonably consistent among the three

reaches in both streams, suggesting that hydrologic processes may be largely determining

DOC dynamics. Significant increases in DOC concentrations are commonly observed

during periods of high discharge (Homberger et al. 1994, Boyer et al. 1995) and have been

attributed to flushing of DOC from riparian soils and other portions of the watershed

(Hinton et al. 1998, Baker et al. 2000). In this study, the slightly higher stream DOC

concentrations observed in spring at West Chicken Creek were likely due to increased

subsurface flows to the stream during snowmelt. High DOC concentrations in October

and November may have occuned in response to fall rain, which infiltrated soils and

transported DOC to the stream. However, the variability of DOC concentrations on most

sampling dates suggests that additional factors, such as differences in riparian vegetation,

canopy cover, and geomorphic constraint, are also influencing DOC dynamics in both

streams.

Mean annual DOC concentrations at West Chicken Creek (4.4 mgC/ L) and

Limber Jim Creek (4.1 mgC/ L) were higher than values reported for forested streams in

the Oregon Cascades (0.7 to 1.6 mgC/ L, Triska et al. 1984, Muiholland 1997). Few

published values exist for stream water chemistry in northeast Oregon. In an ongoing

survey of 27 streams in the Blue Mountain Ecoregion, DOC concentrations ranged from

0.41 to 20.8 mgC/ L (Environmental Monitoring and Assessment Program [EMAP}, Alan

Herlihy, personal communication). EMAP samples were collected in July and August
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1997, and averaged 2.4 mgC/ L. At West Chicken Creek and Limber Jim Creek, mean

DOC concentrations were similar to the EMAP mean for the August 17, 1998 sampling

date (2.5 ± 0.3 mgC/ L and 3.2 ± 0.5 mgC/ L, respectively), but higher for the July 14,

1998 sampling date (4.1 ± 0.4 mgCf L and 7.2 ± 0.5 mgC/ L, respectively). Higher carbon

concentrations may be partly due to the larger filter size used in this study (1.6 Im vs. 0.45

Mean annual nitrate-N concentrations at West Chicken Creek (16 ugN! L) and

Limber Jim Creek (13 ugN/ L) were consistent with most values reported for surface water

in the montane regions of the Pacific Northwest, where nitrogen is generally considered to

be a limiting nutrient in streams (Tnska et al 1984, Wondzell and Swanson 1996).

Exceptions may occur when extensive stands of alder (Alnus spp.) are present in riparian

zones. Alders are woody plants that form associations with nitrogen-fixing bacteria, and

may contribute to levels of inorganic nitrogen levels in stream water. The presence of

Alnus incana in the forest and transition reaches at both sites may have contributed to

occasional high values of nitrate-N in stream water. In three small watersheds in eastern

north-central Washington, nitrate-N averaged 20 ugN/ L, with a maximum of 160 ugN/ L

(Tiedeman et al. 1978). In a study of four small northeast Oregon catchments, average

nitrate-N ranged from 10 to 40 ugN/ L in three watersheds, and maximum values ranged

from 100 to 200 ugN/ L (Tiedemann et al. 1988). In the fourth catchment, however,

average nitrate-N was 92 ugN! L, and was attributed to extensive stands Sitka alder (Alnus

sinuata [Regel]Rydb.). For EMAP samples collected in the Blue Mountain Ecoregion,

nitrate-N ranged from 0 to 218.9 ugN/ L, and averaged 34.2 ugN/ L.

Dissolved Organic Carbon and Nitrate-N in Shallow Ground Water

In this study, interpretation of both spatial and temporal patterns in DOC and

nitrate-N was limited by small and uneven sample sizes. Numerous dry wells, particularly

soil wells in the dry communities, indicated relative influences of water table elevation

among the communities, but restricted evaluation of spatial patterns in DOC and nitrate-N

concentrations. Although rapid changes in DOC concentrations may have occurred with

seasonal changes in water table elevation, the frequency of sampling did not allow
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defmitive characterization of seasonal patterns. In studies that have described the flushing

response, samples were collected with much greater frequency (every '/2 hour to daily)

during storms or snowmelt events (Wondzell and Swanson 1996).

Concentrations of DOC were two to five times greater in shallow ground water

than in stream water in these meadows. Similar results have been consistently observed in

numerous regions (Kaplan and Newbold 2000), although the magnitude of differences in

concentrations depends on season, land-use, vegetation, and hydro-geomorphic features of

the stream and riparian ecosystems. In the wet meadow communities at West Chicken

Creek (Figure 5.5, Figure 5.6), the high DOC concentrations are likely due to extensive

leaching and mineralization of organic matter combined with slow rates of decomposition

under saturated, anoxic conditions. At Limber Jim Creek, DOC concentrations were

considerably lower in the wet meadow communities than at West Chicken Creek, despite

similarities in biomass production and seasonal dynamics of water table elevation and

redox potential (Chapters 2 and 3). Limber Jim Creek is a wider, less sinuous, higher

velocity stream than West Chicken Creek, and it is possible that more DOC is exported

from the streamside wet community at this site. In a study of organic matter transport and

retention, Brookshire (2001) found that more particulate organic matter was exported and

less organic matter was redeposited on the floodplain at Limber Jim Creek.

At each site, concentrations of DOC were similar in the moist and dry

communities (Figure 5.5, Figure 5.6), and suggested that appreciable amounts of organic

matter were also being mineralized in these portions of the floodplain. The extent to

which solutes are either stored in the riparian area or exported via subsurface water

depends on subsurface pathways, soil characteristics (Nelson et al. 1993), and hydrologic

processes (Baker et al. 2000). In these meadows, seasonal changes in water table elevation

indicate that hydrologic linkages between the stream and portions of the floodplain

dominated by the moist and dry meadow communities were strongest during spring runoff,

when either all or most of the soil profile was saturated. Thus, it is likely that the highest

amount of DOC export occurs during spring months. During the rest of the year, however,

much of the DOC released during mineralization of organic matter may be stored through

incorporation in soil organic matter. This hypothesis is corroborated by previous results

that showed soil carbon and nitrogen pools were greatest in the dry meadow communities

(Chapter 4) of these floodplains.
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Concentrations of nitrate-N were two to six times greater in shallow ground water

than in stream water at both sites. Although soil redox conditions in the wet communities

were capable of supporting denitrifying bacteria throughout the year and DOC did not

appear to be limiting, nitrate-N concentrations were greatest in these communities at both

sites. These results are not consistent with the expectation that anaerobic zones at the

riparian-stream interface remove nitrate-N by denitrification. Numerous studies have

shown significant decreases in nitrate-N in shallow ground water as it moves from uplands

through saturated, anaerobic riparian zones (Hill 1990, Lowrance 1992, Pinay 1993), and

have attributed the differences in concentration to denitrification and plant uptake.

However, in a herbaceous-dominated riparian wetland in Michigan, Hedin et al. (1998)

found that denitrification did not consume all the available nitrate-N, and concluded that

riparian habitats can influence, but not fully control nitrate-N dynamics. Within the wet

communities in these meadows, the occurrence of aerobic microsites may influence rates

of denitrificatjon. It should also be noted that nitrate-N concentrations observed in the

ground water in these meadows is very low relative to riparian research sites where that

the removal of nitrate-N via denitrification has been demonstrated.

Concentrations of DOC were two times greater in soil wells than gravel wells at

all sampling locations in West Chicken Creek. Although DOC concentrations were

generally higher in soil wells at Limber Jim Creek, concentrations in the soil and gravel

wells were similar in the wet meadow community, suggesting that vertical mixing of

subsurface water may have occurred in these streamside locations. The higher

concentrations of DOC in the soil wells suggest high levels of organic matter

mineralization in the rooting zone, and reflect the distribution of belowground biomass

(Chapter 3) and soil carbon pools (Chapter 4). Subsurface water from the gravel wells was

from below the rooting zone, so DOC concentrations in these wells indicate that

considerable exchange and redistribution of organic matter was occurring throughout the

vertical profile.



6. Summary

The importance of flooding and seasonal water table elevation dynamics to

terrestrial and aquatic biota and ecosystem processes has been recognized for large rivers

(Junket al. 1989, Bayley 1995, Molles etal. 1998,Benke et al. 2000), but has been

examined less frequently in headwater stream-riparian ecosystems. In this study, the

characterization of seasonal water table elevation and associated soil redox potential

provided the physical template for examination of relations among hydrology, soils, and

vegetation in two montane meadows, northeast Oregon. Strong gradients in water table

elevation and soil redox potential existed along near stream transects that extended through

the three dominant meadow plant communities. The plant communities - a priori defined

as wet, moist, and dry meadow occurred along topographic and geomorphological

gradients across the floodplain. Seasonal dynamics in water table elevation paralleled

those of stream stage and discharge. Peak flows associated with spring snowmelt resulted

in maximum water table elevations in each plant community, and base flow corresponded

to minimum water table elevation. Soil redox potential indicated seasonal anaerobic

conditions 300 mV) in the wet and moist meadow communities, while the dry meadow

communities remained mostly aerobic throughout the year.

The near stream gradients in water table elevation and redox potential were

reflected in the plant species composition of the wet, moist, and dry meadow communities.

Wet meadow communities were dominated by sedges and had the lowest species richness

(Chapter 2). The greatest number of species occurred in the dry meadow communities,

which were composed of a mixture of grasses and forbs, while moist meadow communities

were dominated by a mixture of sedges and grasses.

Strong associationa between water table elevation and plant species composition

occurred in these meadows and underscore the potential impact of changes in water table

for riparian meadow vegetation. Certain species, such as the obligate wetland sedges,

occur within a fairly restricted range of water table elevation, while the common grasses,

occur over wide ranges. The overlap in ranges of water table elevation for individual

species suggests that even small changes could result in shifts in dominance by different

species, and ultimately replacement or loss of certain species. In Chapter 2, I describe the
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hydrologic conditions that support common native meadow species, and suggest plant

community changes associated with potential hydrologic shifts. These dynamics provide

direction for classification, management, assessment and restoration of riparian meadows.

As described in Chapter 3, distinctive gradients in biomass composition occurred

along the near stream enviromnental gradients, with highest total biomass in the streamside

wet meadow communities and lowest biomass in terrace dry meadow communities. Total

biomass differed significantly among communities, and was strongly correlated with

median water table elevation and soil redox potential. Species composition of the plant

communities was reflected in the distribution of aboveground biomass components

(graminoids, forbs, moss) and the distinctive vertical profiles of belowground biomass.

Belowground biomass was two to four times greater than aboveground biomass in the wet

and moist communities, and approximately equal to aboveground biomass in the dry

communities.

The distribution of above and belowground biomass influences several critical

functions of riparian meadows. Herbaceous vegetation increases channel roughness, and

can ameliorate high flows during spring run-off, thus increasing the deposition of

suspended sediment (Osborne and Kovacic 1993, Daniels and Gilliam 1996). In these

meadows, differences among the communities in seasonal water table elevation and

distribution of aboveground biomass suggest that the wet and moist communities may

effectively trap suspended sediments during high flows. Results presented in Chapter 3

also suggest that the clonal, rhizomatous growth habit of the wet meadow dominants, in

addition to the production of fine roots, contributes to bank building and stabilization in the

streamside wet conmumities. Biomass distribution along streamside gradients contributes

to both physical and chemical riparian function in montane meadows.

Considerable research has focused on riparian areas as sources of allochthonous

inputs and as zones of nutrient transformation; however, few studies have quantified

organic matter storage in riparian areas. Results presented in Chapter 4 indicated that C

and N pools change across hydrologic - redox potential gradients of wet, moist, and dry

meadow communities. As expected, patterns for distribution of biomass C and N pools

reflected those reported for biomass in Chapter 3. The quantity and distribution of biomass

C and N differed among communities, especially for belowground components. In wet

meadow communities, 80% of total biomass C and 75% of total biomass N occurred in
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belowground components and were distributed throughout the soil profile. In moist

communities, 67 to 80 % of total biomass C and 68 to 74% of total biomass N occurred

in belowground components, and were concentrated in the top 20 cm of the soil profile. In

dry meadow communities, 55% of total biomass C and N occurred in belowground

components, and was concentrated in the top 10 cm of the soil profile. An important

finding was that fme roots accounted for more biomass carbon (25 to 63%) and nitrogen

(25 to 65 %) than any other biomass in these riparian meadows. The spatial distribution of

fme roots in these meadows may greatly influence nutrient availability as well as

contribute to C and N accumulation and storage.

In contrast to biomass C and N, soil carbon and nitrogen pools were highest in the

dry meadow communities; these pools were similar in the wet and moist meadows at both

sites. Few estimates for soil C and N poois have been reported for meadows. However,

results presented in Chapter 4 indicate that quantities of soil C stored in meadows may

exceed amounts stored in some forests in the region. For ecosystem (biomass + soil)

carbon, these meadows. store 2 to 4 % in aboveground biomass, 2 to 23% in

belowground biomass, and 81 to 95% in mineral soil. For ecosystem nitrogen, these

meadows store 0.7 to 1.6 % in aboveground biomass, 1.5 to 6 % in belowground

biomass, and 94 to 98% in mineral soil. Carbon and N pools were strongly correlated to

median water table elevation and redox variables at both sites, suggesting that hydroperiod

is the dominant control over accumulation and storage of C and N in these riparian

meadows. Accumulation of carbon and nutrients is important for the development of

floodplain soils, subsurface allochthonous inputs to the stream, and for storage in montane

landscapes.

As described in Chapter 6, concentrations of dissolved organic carbon (DOC) and

nitrate-nitrogen (nitrate-N) were similar in the surface water of the meadow reaches, as

compared to upstream forest and transition reaches in both streams. Seasonal trends in

stream solute concentrations appeared to be largely influenced by stream discharge.

However, high variability in stream DOC concentrations on most sampling dates suggests

that additional factors, such as differences in riparian vegetation, canopy cover, and

geomorphic constraint, also influenced DOC dynamics in both streams. In shallow ground

water, mean concentrations of DOC and nitrate-N were two to six times greater than in

stream water, with highest values in the streamside wet meadow communities, suggesting
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that these areas may be net sources of DOC and nitrate-N to the stream. Although results

presented in Chapter 6 provide insights into the spatial dynamics of DOC and nitrate-N in

these meadows, small sample sizes limited definitive interpretation of patterns.

Collectively, results indicated the importance of water table elevation and

associated redox potential in structuring riparian meadow plant communities, which in turn

determined the distribution of above and belowground biomass. Correlations among water

table elevation, redox potential, and soil carbon and nitrogen pools imply that organic

matter dynamics - including production, decomposition, redistribution, and storage are

driven by the interplay of hydrology, soils, and vegetation in riparian areas.



Bibliography

Aerts, R., H. De Caluwe and H. Konings. 1992. Seasonal allocation of biomass and
nitrogen in four Carex species from mesotrophic and eutrophic fens as affected by
nitrogen supply. Journal ofEcology 80: 653-664.

Aerts, R. and H. De Caluwe. 1995. Interspecific and intraspecific differences in shoot and
leaf lifespan of four Carex species which differ in maximum productivity.
Oecologia 102: 467-477.

Aerts, R. and H. De Caluwe 1997. Nutritional and plant-mediated controls on leaf litter
decomposition of Carex species. Ecology 78: 244-260.

Aerts, R., J. T .A. Verhoeven, and D. F. Whigham. 1999. Plant-mediated controls on
nutrient cycling in temperate bogs and fens. Ecology 80: 2170-2181.

Allen-Diaz, B. H. 1991. Water table and plant species relationships in Sierra Nevada
meadows. American Midland Naturalist 126: 30-43.

Arp, C. D., D. J. Cooper, and J. D. Stednick. 1999. The effects of acid rock drainage on
Carex aquatilis leaf litter decomposition in Rocky Mountain fens. Wetlands 19:
665-674.

Auble, G. T., D. A. Doff, and M. L. Scott. 1994. Relating riparian vegetation to present and
future streamfiow. Ecological Applications 4: 544-554.

Auble, G. T. and M. L. Scott 1998. Fluvial disturbance patches and cottonwood
recruitment along the Upper Missouri River, Montana. Wetlands 18: 546-556.

Baham, J., R. Krebs, R. King, S. M. Griffith, and P. J. Wigington. Use of Argon purged
head-space wells for sampling redox sensitive soil pore waters from seasonally
reduced riparian soils. In preparation.

Baker, M. A., C. N. Dahm, and H. M. Valett, 2000. Anoxia, anaerobic metabolism, and
biogeochemistry of the stream water - groundwater interface. Pages 259-283. In:
Streams and Ground Waters. LB. Jones and P.J. Muiholland, (eds.). Academic
Press.

Baker, M. A., H. M. Valett, and C. N. Dahm. 2000. Organic carbon supply and metabolism
in a shallow groundwater ecosystem. Ecology 81: 3133-3148.

Bates, R. G. 1973. Determination of pH: Theory and Practice. John Wiley & Sons, New
York, NY.

136

Bedford, B. L., M. R. Waibridge, and A. Aldous. 1999. Patterns in nutrient availability and
plant diversity of temperate North American wetlands. Ecology 80: 2151-2169.



Benedict, N. 1982. Mountain meadows: stability and change. Madroño 29: 148-153.

Bernard, J. M. 1990. Life history and vegetative reproduction in Carex. Canadian Journal
ofBotany. 68: 1441-1448.

Bernard, J. M. and K. Fiala. 1986. Distribution and standing crop of living and dead shoots
in three wetland Carex species. Bulletin of the Torrey Botanical Club 113: 1-5.

Bernard, J. M. and G. Hankinson. 1979. Seasonal changes in standing crop, primary
production, and nutrient levels in a Carex rostrata wetland. Oikos 32: 32 8-336.

Beschta, R. L. and W. S. Platts. 1986. Morphological features of small streams:
significance and function. Water Resources Bulletin 22: 369-3 79.

Bilby, R. E. 1981. Role of organic debris dams in regulating the export of dissolved and
particulate matter from a forested watershed. Ecology 62: 1234-1243.

Bilby, R. E. and G. E. Likens. 1980. Importance of organic debris dams in the structure and
function of stream ecosystems. Ecology 61: 1107-1113.

Blake, G. R. andK. H. Hartge. 1986. Bulk density. Pages 363-375. In: Methods of Soil
Analysis Part 1. Physical and Mineralogical Methods, 2"' Edition. Arnold Kiute,
(ed.). American Society of Agronomy, Inc. Soil Science of America, Inc.

Blank, R. R., T. J. Svej car, and G. M. Riegel. 1995. Soil genesis and morphology of a
montane meadow in the northern Sierra Nevada range. Soil Science 160: 136-153.

Blom, K., R. Voesenek, M. Banga, W. Engelaar, J. Rijnders, H. M. van de Steeg, and E.
Visser. 1994. Physiological ecology of riverside species: adaptive responses of
plants to submergence. Annals ofBotany 74: 253-263.

Blom, K. and R. Voesenek. 1996. Flooding: the survival strategies of plants. Trends in
Ecology and Evolution 11: 290-295.

Blume, L. J., B. A. Schumacher, P. W. Shaffer, K. A. Cappo, M. L. Papp, R. D. van
Remortal, D. S. Coffey, M. G. Johnson, and D. Chaloud. 1990. Handbook of
Methods for Acid Deposition Studies: Laboratory Analysis for Soil Chemistry. U.
S. Environmental Protection Agency, Office of Research and Development,
Washington, DC, USA. EPA/600/4-90/058.

Boggs, K. and T. Weaver. 1994. Changes in vegetation and nutrient pools during riparian
succession. Wetlands 14:98-109.

Bohie, T.S. 1994. Stream temperature, riparian vegetation, and channel morphology in the
Upper Grande Ronde River Watershed, Oregon. M.S. Thesis. Oregon State
University, Corvallis, Oregon.

137



Bohn, H.L. 1971. Redox potentials. Soil Science 112 (1): 39-45.

Böhn, W. 1979. Methods of studying root systems. In: Ecological Studies Volume 33.
Billings, W. D., F. Golley, 0. L. Lange, and J. S. Olson (eds.). Springer-Verlag.

Brinson, M. M., A. E. Lugo, and S. Brown. 1981. Primary production, decomposition and
consumer activity in freshwater wetlands. Annual Review of Ecology and
Systematics 12: 123-161.

Brix, H. and B. K. Sorrell. 1996. Oxygen stress in wetland plants: comparisons of de-
oxygenated and reducing root environments. Functional Ecology 10: 521-526.

Brookshire, E. J. 2001. Forests to floodplain meadows: Detrital dynamics in two headwater
streams. MS thesis, Oregon State University, Corvallis, Oregon.

Buckhouse, J. C., J. M. Skovlin, and R. W. Knight. 1981. Streambank erosion and ungulate
grazing relationships. Journal ofRange Management 34: 339-340.

Burke, I. C., C. M. Yonker, W. J. Parton, C. V. Cole, K. Flach, and D. S. Schimel. 1989.
Texture, climate, and cultivation effects on soil organic matter content i. S.
grassland soils. Soil Science Society ofAmerica Journal 53: 800-805.

Carter, M. R., D. A. Angers, E. G. Gregorich, and M. A. Bounder. 1997. Organic carbon
and nitrogen stocks and storage profiles in cool, humid soils of eastern Canada.
Canadian Journal of Soil Science 77: 205-2 10.

Case, R. L. 1995. The ecology of riparian ecosystems of northeast Oregon: Shrub recovery
at Meadow Creek and the structure and biomass of headwater upper Grande Ronde
ecosystems. MS Thesis, Oregon State University, Corvallis, Oregon.

Castelli, R. M., J. C. Chambers, and R. J. Tausch. 2000. Soil-plant relations along a soil-
water gradient in Great Basin riparian meadows. Wetlands 20: 251-266.

Chambers, J. C., R. R. Blank, D. C. Zamudio, and R. J. Tausch. 1999. Central Nevada
riparian areas: physical and chemical properties of meadow soils. Journal of Range
Management 52: 92-99.

Chapin, F. S., Ill, P. C. Miller, W. D. Billings, and P. I. Coyne. 1980. Carbon and nutrient
budgets and their control in coastal tundra. Pages 458-482. In: An Arctic
ecosystem: the coastal tundra at Barrow, Alaska. Brown, J., P. C. Miller, L. L.
Tieszen, and F. L. Bunnell (eds.). Dowden, Hutchinson and Ross, Stroudsburg,
Pennsylvania, USA.

138



139

Clarke, S. E., M. W. Gamer, B. A. McIntosh, and J. R. Sedell. 1997. Landscape-level
ecoregions for seven contiguous watersheds, northeast Oregon and Southeast
Washington. Pages 53-113. In: Hierarchical subdivisions of the Columbia Plateau
and Blue Mountains Ecoregions. Oregon and Washington. Clarke, S. E. and S. A.
Bryce (eds.). General Technical Report PNW-GTR-395. Portland, OR: U.S.D.A.
Forest Service, Pacific Northwest Research Station.

Cooger, C. G., P. E. Kennedy, and D. Carlson. 1992. Seasonally saturated soils in the
Puget Lowland II. Measuring and interpreting redox potentials. Soil Science 154:
50-57.

Cooper, D. J. 1990. Ecology of wetlands of Big Meadows, Rocky Mountain National Park,
Colorado. U.S. Department of Interior, Fish and Wildlife Service, Washington,
DC, USA. Biological Report 90 (15). 45pp.

Cooper, D. J., L. H. MacDonald, S. K. Wenger, and S. W. Woods. 1998. Hydrologic
restoration of a fen in Rocky Mountain National Park, Colorado, USA. Wetlands
18: 335-345.

Correll, D. L., 1999. Vegetated stream riparian zones: their effects on stream nutrients,
sediments, and toxic substances. An annotated and indexed bibliography of the
world literature including buffer strips, and interactions with hyporheic zones and
floodplains. Eighth edition.
http://VV\VW.serc.si.eduJserc_web_htmIIpubjipzone.htm1.

Correll, D. L., 2000. The current status of our knowledge of riparian buffer water quality
functions. Pages 5-10. In: Riparian Ecology and Mana&ement in Multi-Land Use
Watersheds. Wigington, Parker J. and Robert L. Beschta (eds.). American Water
Resources Association, Middleburg, Virginia, TPS-00-2.

Crowe, E. A. and R. R. Clausnitzer. 1997. Mid-montane wetland plant associations of the
Malhuer, Umatilla, and Wallowa-Whitman National Forests. USDA Forest
Service. R6-NR-ECOL-TP-22-97. 299 pages.

Cummins, K. W. 1974. Structure and function of stream ecosystems. BioScience 24: 631-
641.

Dahm, C. N., K. W. Cummins, H. M. Valett, and T. L. Coleman. 1995. An ecosystem view
of the Kissimmee River. Restoration Ecology 3: 225-23 8.

Dahm, C. N., N. B. Grimm, P. Mannonier, H. M. Valett, and P. Vervier. 1998. Nutrient
dynamics at the interface between surface waters and groundwaters. Freshwater
Biology 40: 427-45 1.

Daniels, R. B. and J. W. Gilliam. 1996. Sediment and chemical load reduction by grass and
riparian filters. Soil Science Society ofAmerica Journal 60: 246-251.



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

Davies-Colley, R. J. 1997. Stream channels are narrower in pasture than in forest. New
Zealand Journal ofMarine and Freshwater Research 31: 599-608.

Davy, A .J. 1980. Biological flora of the British Isles: Deschampsia caespitosa (L.) Beauv.
Journal ofEcology 68: 1075-1096.

DeLaune, R. D., C. N. Reddy, and W. H. Patrick, Jr. 1981. Organic matter decomposition
in soil as influenced by pH and redox conditions. Soil Biology and Biochemistiy
13: 533-534.

DeLaune, R. D., C. J. Smith, and W. H. Patrick. 1983. Relationship of marsh elevation,
redox potential, and suiphide to Spartina alternflora productivity. Soil Science
Society ofAmerica Journal 47: 930-935.

Dent, C. L. and N. B. Grimm 1999. Spatial heterogeneity of stream water nutrient
concentrations over successional time. Ecology 80: 2283-2298.

Dent, C. L., J. J. Schade, N. B. Grimm, and S. G. Fisher. 2000. Subsurface influences on
surface biology. Pages 381-402. In: Streams and Ground Waters. J.B. Jones and
P.J. Muiholland, (eds.). Academic Press.

Dickerman J. A., A. J. Stewart, and R. G. Wetzel. 1986. Estimates of net annual above-
ground production: sensitivity to sampling frequency. Ecology 67: 650-659.

Drew, M. C. 1992. Soil aeration and plant root metabolism. Soil Science 154: 259-268.

Duff, H. H. and F. J. Triska. 2000. Nitrogen biogeochemistry and surface-subsurface
exchange in streams. Pages 197-220 In: Streams and Ground Waters. J.B. Jones
and P.J. Mulholland, (eds.). Academic Press.

Dunaway, D., S. R. Swanson, J. Wendel, and W. Clary, 1994. The effect of herbaceous
plant communities and soil textures on particle size erosion of alluvial
streambanks. Geomorphology 9: 47-56.

Dwire, K. A., J. B. Kauffman, and J. Baham. 2000. Relations among redox potentials,
water levels, and riparian vegetation. Pages 23-28. In: Riparian Ecology and
Management in Multi-Land Use Watersheds. Wigington, Parker J. and Robert L.
Beschta (eds.). American Water Resources Association, Middleburg, Virginia,
TPS-00-2.

Edmonds, R. L. and H. N. Chappell. 1994. Relationships between soil organic matter and
productivity in western Oregon and Washington. Canadian Journal of Forestry
Research 24: 1101-1 106.

140



Eissenstat, D. M. and R. D. Yanai. 1997. The ecology of root lifespan. Advances in
Ecological Research 27: 1- 60.

Ellis B. K., J. A. Stanford, and J. V. Ward. 1998. Microbial assemblages and production in
alluvial aquifers of the Flathead River, Montana, USA. Journal of the North
American Benthological Society. 17: 382-402.

Elwood, J. W., J. D. Newbold, R. V. O'Neill, and W. Van Winkle. 1981. Resource
spiraling: an operational paradigm for analyzing lotic systems. Pages 3-2 7. In:
Dynamics of Lotic Ecosystems. T. D. Fontaine Ill and S. M. Bartell (eds.). Ann
Arbor Science Publishers, Ann Arbor.

Faulkner, S. P. and W. H. Patrick, Jr. 1992. Redox processes and diagnostic wetland soil
indicators in bottomland forests. Soil Science Society ofAmerica Journal 56: 856-
865.

Faulkner, S. P., W. H. Patrick, Jr., and R. P. Gambrell. 1989. Field techniques for
measuring wetland soil parameters. Soil Science Society ofAmerica Journal
53:883-890.

Ferns, M. L. and W. H. Taubeneck. 1994. Geology and mineral resources map of the
Limber Jim Creek quadrangle, Union County, Oregon: Oregon Department of
Geology and Mineral Resources Geological Map Series GMS-82.

Fiala, K. 1993. Underground biomass in meadow stands. Pages 133-153. In: Structure and
Functioning of Seminatural Meadows. Developments in Agricultural and
Managed-Forest Ecology 27. Milena Rychnovská (ed.). Elsevier, Amsterdam.

Fiebig, D. M., M. A. Lock, and C. Neal. 1990. Soil water in the riparian zone as a source of
carbon for a headwater stream. Journal ofHydrology 116: 217-237.

Finley, K. K. 1995. Hydrology and related soil features of three Willamette Valley wetland
prairies. M.S. Thesis. Oregon State University, Corvallis, Oregon.

Fisher, S. G. and G. E. Likens. 1973. Energy flow in Bear Brook, New Hampshire: an
integrative approach to stream ecosystem metabolism. Ecological Monographs 43:
421-439.

Fisk, M. C., S. K. Schmidt, and T. R. Seastedt. 1998. Topographic patterns of above-and-
below-ground production and nitrogen cycling in alpine tundra. Ecology 79: 225 3-
2266.

French, T. D. and P. A. Chambers 1996. Habitat partitioning in riverine macrophyte
communities. Freshwater Biology 36: 509-520.

141



142

Gambrell, R. P., and W. H. Patrick, Jr., 1978. Chemical and microbiological properties of
anaerobic soils and sediments. Pages 375-423. In: Plant Life in Anaerobic
Environments. D. D. Hook and R. M. M. Crawford, (eds.). Ann Arbor Science
Pub. Inc., Ann Arbor, Michigan.

Gambrell, R. P., R. D. DeLaune, and W. H. Patrick. 1991. Redox processes in soils
following oxygen depletion. Pages 101-117. In: Plant Life Under Oxygen
Deprivation: Ecology. Physiology and Biochemistry. M. B. Jackson, D. D. Davies,
and H. Lambers, (eds.). Pergamon Press, Oxford.

Gauch, H. G., Jr. 1982. Multivariate Analysis in Community Ecology. Cambridge
University Press, England.

Geist, J. M., and G. S. Strickler. 1970. Chemical characteristics of some forest and
grassland soils of northeastern Oregon. 1. Results from reference profile sampling
on the Starkey Experimental Forest and Range. Res. Note 137. Portland: U.S.
Department of Agriculture, Forest Service, Pacific Northwest Forest and Range
Experiment Station. 11 p.

Geist, J. M. 1977. Nitrogen response to vegetation relationships of volcanic ash soils. Soil
Science Society ofAmerica Journal 41: 996-1000.

Geist, J. M., and G. S. Strickler. 1978. Physical and chemical properties of some Blue
Mountain soils in eastern Oregon. Res. Pap. 236. Portland: U.S. Department of
Agriculture, Forest Service, Pacific Northwest Forest and Range Experiment
Station. 19 p.

Gill, R., I. C. Burke, D. G. Milchunas, and W. K. Lauenroth. 1999. Relationship between
root biomass and soil organic matter pools in the shortgrass steppe of eastern
Colorado. Ecosystems 2: 226-23 6.

Green, D. M. 1992. Soil conditions along a hydrologic gradient and successional dynamics
in a grazed and ungrazed montane riparian ecosystem. Ph.D. Dissertation. Oregon
State University. Corvallis, Oregon, USA.

Gregory, S. V., F. J. Swanson, W. A. McKee and K. W. Cummins. 1991. An ecosystem
perspective of riparian zones. BioScience 41: 540-551.

Gordon, W. S. and R. B. Jackson. 2000. Nutrient concentrations in fme roots. Ecology 81:
275-280.

Gorham, E. and M. G. Somers. 1973. Seasonal changes in the standing crop of two
montane sedges. Canadian Journal ofBotany 51:1097-1108.

Halpem, C. B. 1986. Montane meadow plant associations of Sequoia National Park,
California. Madrond 33:1-23.



Hedin, L. 0., J. C. von Fischer, N. E. Ostrom, B. P. Kennedy, M. G. Brown, and G. P.
Robertson. 1998. Thermodynamic constraints on nitrogen transfonnations and
other biogeochemical processes at soil-stream interfaces. Ecology 79: 684-703.

Hendricks, J. J., K. J. Nadeihoffer, and D. D. Aber. 1993. Assessing the role of fine roots
in carbon and nutrient cycling. Trends in Ecology and Evolution 8: 174-178.

Henry, G. H. R., J. Svoboda, and B. Freedman. 1990. Standing crop and net production of
sedge meadows of an ungrazed polar desert oasis. Canadian Journal ofBotany 68:
2660-2667.

Herithy, A., Western Ecology Division, National Health and Environmental Research
Laboratory, U.S. Environmental Protection Agency, Corvallis Oregon. Personal
communication, July, 2000.

Herman, W. A., W. B. McGill, and J. F. Dormaar. 1977. Effects of initial chemical
composition on decomposition of roots in three grass species. Canadian Journal of
Soil Science 57: 205-215.

Hickman, J. C., (ed.) 1993. The Jepson Manual of Higher Plants of California. University
of California Press, Berkeley and Los Angeles, CA.

Hill, A. R. 1990. Groundwater discharge to a headwater valley, northwestern Nevada,
USA. Journal of Hydrology 113: 265-283.

Hill, A. R. 1996. Nitrate removal in stream riparian zones. Journal of Environmental
Quality 25: 743-754.

Hill, A. R. 2000. Stream chemistry and riparian zones. Pages 83-110. In: Streams and
Ground Waters. J.B. Jones and P.J. Mulholland, (eds.) Academic Press 2000.

Hitchcock C. L. and A. Cronquist. 1973. Flora of the Pacific Northwest University of
Washington Press, Seattle, WA.

Homann, P. 5., P. Sollins, H. N. Chappell, and A. G. Stangenberger. 1995. Soil organic
carbon in a mountainous, forested region: relation to site characteristics. Soil
Science Society ofAmerica Journal 59: 1468-1474.

Howes, B. L., R. W. Howarth, J. M. Teal, I. Valiela 1981. Oxidation-reduction potentials
in a salt marsh: Spatial patterns and interactions with primary production.
Limnology and Oceanography 26: 350-360.

Hultgren, A. B. C. 1989a. Above-ground biomass variation in Carex rostrata Stokes in two
contrasting habitats in central Sweden. Aquatic Botany 34: 341-352.

Hultgren, A. B. C. 1989b. Growth length of Carex rostrata Stokes shoots in relation to
water level. Aquatic Botany 34: 353-365.

143



144

Jakrlová, 3. 1993. Primary producers of the natural stand. Pages 99-132. In: Structure and
Functioning of Seminatural Meadows. Developments in Agricultural and
Managed-Forest Ecology 27. Milena Rychnovská (ed.), Elsevier, Amsterdam.

Jobbágy, E. G. and R. B. Jackson. 2000. The vertical distribution of soil organic carbon
and its relation to climate and vegetation. Ecological Applications 10: 423-436.

Jones, J. B., Jr. and R. M. Holmes. 1996. Surface-subsurface interactions in stream
ecosystems. Trends in Ecology and Evolution 11: 239-242.

Jones, J. B. and P. J. Muiholland (eds.) 2000. Streams and Ground Waters. Academic
Press.

Joslin, J. D. and G. S. Henderson. 1987. Organic matter and nutrients associated with fine
root turnover in a white oak stand. Forest Science 33: 330-346.

Junk, W. 3., P. B. Bayley, and R. E. Sparks. 1989. The flood pulse concept in river-
floodplain systems. Canadian Journal ofFisheries andAquatic Sciences, Special
Publication 106: 110-127.

Kadlec, R. H. 1990. Overland flow in wetlands: vegetation resistance: Journal of
Hydraulic Engineering 116: 691-705.

Kauffman, J. B., M. Marht, L. A. Marht, and W. D. Edge. 2001. Riparian wildlife
communities and habitats. In: Wildlife Habitats and Species Associations Within
Oregon and Washington: Building a Common Understanding for Management. W.
D. Edge (ed.). Oregon State University Press, Corvallis, Oregon.

Keddy, p. 1999. Wetland restoration: the potential for assembly rules in the service of
conservation. Wetlands 19: 716-732.

Keeney, D. R. and D. W. Nelson. 1982. Nitrogen - Inorganic forms. Pages 643-698. In:
Methods of Soil Analysis. Part 2 - Chemical and Microbiological Properties. 2
edition. A. L. Page, R. H. Miller, and D. R. Keeney (eds.). American Society of
Agronomy, Madison, Wisconsin.

Kelly R., I. C. Burke, W. K. Lauenroth. 1996. Soil organic matter and nutrient availability
responses to reduced plant inputs in shortgrass steppe. Ecology 77: 2516-2527.

Kludze, H. K. and R. D. DeLaune 1996. Soil redox intensity on oxygen exchange and
growth of cattail and sawgrass. Soil Science Society ofAmerica Journal 60: 616-
621.

Krebs, C. J. 1994. Ecology: the experimental analisis of distribution and abundance. New
York, Harper Collins College Publishers.



145

Law, D. J., C. B. Marlow, J. C. Mosley, S. Custer, P. Hook, and B. Leinard. 2000. Water
table dynamics and soil texture of three riparian plant communities. Northwest
Science 74: 234-241.

Ligon, F. K, W. E. Dietrich, and W. J. Trush. 1995. Downstream ecological effects of
dams; a geomorphic perspective. BioScience 45: 183-192.

Little, T. M. and F. J. Hills. 1978. Agricultural Experimentation: Design and Analysis.
John Wiley & Sons, Inc.

Lockaby, B. G., A. L. Murphy, and G. L. Somers. 1996. Hydroperiod influences on
nutrient dynamics in decomposing litter of a floodplain forest. Soil Science Society
ofAmerica Journal 60: 1267-1272.

Lockaby, B. G., R. S. Wheat, and R. G. Clawson. 1996. Influence of hydroperiod on litter
conversion to soil organic matter in a floodplain forest. Soil Science Society of
America Journal 60: 1989-1993.

Lowrance, R., R. L. Todd, J. Fail, Jr., 0. Hendrickson, Jr., R. Leonard, and L. Asmussen.
1984. Riparian forests as nutrient filters in agricultural watersheds. BioScience 34:
374-377.

Lowrance, R. 1992. Groundwater nitrate and denitrification in a coastal plain riparian
forest. Journal ofEnvironmental Quality 21: 401-405.

Lyons, J., S. W. Trimble, and L. K. Paine. 2000. Grass versus trees: managing riparian
areas to benefit stream of central North America. Journal of the American Water
Resources Association. 36: 919-930.

Malanson, G. P. 1993. Riparian Landscapes. Cambridge Study in Ecology, Cambridge
University Press.

Manning, M. E., S. R. Swanson, T. Svejcar, and J. Trent. 1989. Rooting characteristics of
four intermountain meadow community types. Journal ofRange Management 42:
309-312.

Margurran, A. E. 1988. Ecological diversity and its measurement. Princeton University
Press.

McDade, M. H., F. Swanson, W. A. McKee. 1990. Source distances for coarse woody
debris entering small streams in western Oregon and Washington. Canadian
Journal ofForest Research 20: 326-330.

McIntosh, B. A., J. R. Sedell, J. E. Smith, R. C. Wissmar, S. E. Clarke, G. H. Reeves, and
L. A. Brown. 1994. Historical changes in fish habitat for select river basins of
eastern Oregon and Washington. Special Issue Northwest Science 68: 3 6-52.



146

McJannet, C. L., P. A. Keddy, and F. R. Pick. 1995. Nitrogen and phosphorus tissue
concentrations in 41 wetland plants: a comparison across habitats and functional
groups. Functional Ecology 9: 23 1-238.

McLatchey, G. P. and K. R. Reddy. 1998. Regulation of organic matter decomposition and
nutrient release in a wetland soil. Journal ofEnvironmental Quality 27: 1268-
1274.

Melillo, J. M., J. D. Aber, A. E. Linkins, A. Ricca, B. Fry, and K. Nadelhoffer. 1989.
Carbon and nitrogen dynamics along the decay continuum: Plant litter to soil
organic matter. Plant and Soil 115: 189-198.

Mendelssohn, I. A., B. A. Kleiss, and J. S. Wakeley. 1995. Factors controlling the
formation of oxidized root channels: a review. Wetlands 15: 37-46.

Meyer, J. L., W. H. McDowell, T. L. Bott, J. W. Elwood, C. Ishizaki, J. M. Melack, B. J.
Peterson, P. A. Rublee. 1988. Elemental dynamics in streams. Journal of the North
American Benthological Society 7: 410-432.

Mitsch, W. J. and J. G. Gosselink. 1993. Wetlands. 2' Ed. Van Nostrand Reinhold, New
York, NY, USA.

Molles, M. C., C. S. Crawford, L. M. Ellis, H. M. Valett, and C. N. Dahm. 1998. Managed
flooding for riparian ecosystem restoration. BioScience 48: 749-756.

Montgomery, D. R. 1999. Process domains and the river continuum. Journal of the
American Water resources Association 35: 397-410.

Moog, P. R. and P. Janiesch.1990. Root growth and morphology of Carex species as
influenced by oxygen deficiency. Functional Ecology 4: 201-208.

Mueller, S. C., L. H. Stolzy, and G. W. Fick. 1985. Constructing and screening platinum
microelectrodes for measuring soil redox potential. Soil Science. 139:558-560.

Mulholland, P. J. 1997. Dissolved organic matter concentration and flux in streams. Pages
131- 141. In: Stream organic matter budgets. J. R. Webster and J. L. Meyer (eds).
Journal of the North American Benthological Society 16:3-161.

Murgatroyd, A. L. and J. L. Ternan. 1983. The impact of afforestation on stream bank
erosion and channel form. Earth Surface Processes and Landforins 8: 357-369.

Nadeihoffer, K. J., J. D. Aber, and J. M. Melillo. 1985. Fine roots, net primary production,
and soil nitrogen availability: a new hypothesis. Ecology 66:1377-1390.

Naiman, R. J. and H. Decamps. 1997. The ecology of interfaces: riparian zones. Annual
Review ofEcology and Systematics 28:621-658.



Naiman, R. J., H. Decamps, and M. Pollock. 1993. The role of riparian corridors in
maintaining regional biodiversity. Ecological Applications 3:209-212.

Naiman, R. J., and M. G. Turner. 2000. A future perspective on North America's
freshwater ecosystems. Ecological Applications 10:958-970.

Nambiar, E. K. S. 1987. Do nutrients retranslocate from fine roots? Canadian Journal of
Forest Research 17:913-918.

National Research Council 1992. Restoration of Aquatic Ecosystems. . National Research
Council. National Academy Press, Washington, DC. USA.

National Research Council 1995. Wetlands: Characteristics and Boundaries. National
Research Council. National Academy Press, Washington, DC. USA.

Nelson, D. W. and L. E. Sommers. 1982. Total carbon, organic carbon, and organic matter.
Pages 539-579. In: Methods in Soil Analysis. Part 2. Chemical and
microbiological properties. 2nd edition. A. L. Page, (ed.). Soil Science Society of
America, Madison, Wisconsin, USA.

Newbold, J. D., J. W. Elwood, R. V. O'Neill, and W. Van Winlde. 1981. Measuring
nutrient cycling in streams. Canadian Journal ofFisheries and Aquatic Science
38: 860-863.

Nilsson, C. 1987. Distribution of stream-edge vegetation along a gradient of current
velocity. Journal ofEcology 75: 513-522.

Osborne, L. L. and D. A. Kovacic. 1993. Riparian vegetated buffer strips in water-quality
restoration and stream management. Freshwater Biology 29: 243-25 8.

Ottersberg, R., Cordilleran Connection, La Grande, Oregon. Personal communication, July,
2000.

Otting, N. J. 1998. Ecological characteristics of montane floodplain plant communities in
the Upper Grande Ronde River Basin, Oregon. M.S. Thesis, Oregon State
University.

Patrick, W. H. and A. Jugsujinda. 1992. Sequential reduction and oxidation of inorganic
nitrogen, manganese, and iron in a flooded soil. Soil Science Society ofAmerica
Journal 56: 1071-1073.

Patton, D. T. 1998. Riparian ecosystems of semi-arid North America: diversity and human
impacts. Wetlands 18: 498-512.

Paul, E. A. and F. E. Clark. 1996. Soil microbiology and biochemistry. 2nd ed. Academic
Press, San Diego.

147



Pearsall, W. H. and E. Gorham. 1956. Production ecology I. Standing crops of natural
vegetation. Oikos 7: 193-201.

Perata, P. and A. Alpi. 1993. Plant responses to anaerobiosis. Plant Science 93:1-1 7.

Percival, H. J., R. L. Parfitt, and N. A. Scott. 2000. Factors controlling soil carbon levels in
New Zealand grasslands: is clay content important? Soil Science Society of
America Journal 64: 1623-1630.

Peteijohn, W. 1. and D. L. Correll 1983. Nutrient dynamics in an agricultural watershed:
observations of the role of a riparian forest. Ecology 65: 1466-1475.

Peterson, R. L. 1992. Adaptations of root structure to biotic and abiotic factors. Canadian
Journal of Botany 70: 661-675.

Platts, W. S. and R. L. Nelson. 1989. Characteristics of riparian plant communities and
streambanks with respect to grazing in northeastern Utah. Pages 73-81. In:
Practical Approaches to Riparian Resource Management: an Educational
Workshop. R. E. Gresswell, B. A. Barton, and J. L. Kershner, (eds). Billings,
Montana USA.

Poff, N. L., J. D. Allan, M. B. Bain, J. R. Karr, K. L. Prestegaard, B. D. Richter, R. E.
Sparks, and J. C. Stromberg. 1997. The natural flow regime. BioScience 47: 769-
784.

Ponnamperuma, F. N. 1972. The chemistry of submerged soils. Advances in Agronomy 24:
29-96

Prichard, S. J., D. L. Peterson, and R. D. Hammer. 2000. Carbon distribution in subalpine
forests and meadows of the Olympic Mountains, Washington. Soil Science Society
ofAmerica Journal 64: 1834-1 845.

Pringle, C. M., R. J. Naiman, G. Bretshko, J. R. Karr, M. W. Oswood, 3. R. Webster, R. L.
Welcomme, and M. J. Winterboum. 1988. Patch dynamics in lotic systems: the
stream as a mosaic. Journal of the North American Benthological Society 7: 503-
524.

Pringle, C. M. 2000. Threats to U.S. public lands from cumulative hydrological alterations
outside of their boundaries. Ecological Applications 10: 971-989.

Raich, J. W. and K. 3. Nadelhoffer. 1989. Belowground carbon allocation in forest
ecosystems: global trends. Ecology 70: 1346-1354.

Ramsey, F. L. and D. W. Schafer. 1997. The Statistical Sleuth: a Course in Methods of
Data Analysis. Duxbury Press, Belmount, CA.

Reddy, K. R., T. C. Fijtel, and W. H. Patrick. 1986. Effects of soil redox conditions on
microbial oxidation of organic matter. Pages 117-156. In: The role of organic

148



SAS Institute. 1990. SAS/STAT User's Guide, Release 6.14 Edition. SAS Institute, Cary,
North Carolina, USA.

149

matter in modem agriculture. Y. Chen and Y. Aunimelech (eds.). Martinus Nijhoff
Pubi., The Hague, The Netherlands.

Reddy, K. R. and W. H. Patrick. 1975. Effects of alternate aerobic and anaerobic
conditions on redox potential, organic matter decomposition, and nitrogen loss in a
flooded soil. Soil Biology and Biochemistry 7: 87-94.

Reed, P. B., Jr. 1988. National List of Plant Species that Occur in Wetlands: Oregon. U.S.
Fish and Wildlife Service, National Wetlands Inventory. St. Petersburg, FL, USA.
Biological Report NERC-88/1 8.37.

Reed, P. B., Jr. 1996. Supplement to National List of Plant Species that Occur in Wetlands
(Region 9). National Wetlands Inventory, U.S. Fish and Wildlife Service.
http://www.nwi.fws.gov/bhallist96.html (3 March 1997)

Rhodes, H. A. and W. A. Hubert. 1991. Submerged undercut banks as macroinvertebrate
habitat. Hydrobiologia 213: 149-151.

Roberts, J. and J. A. Ludwig 1991. Riparian vegetation along current-exposure gradients in
floodplain wetlands of the River Murray, Australia. Journal of Ecology 79: 117-
127.

Rood, S. B., A. R. Kalischuk, and J. M. Mahoney. 1998. Initial cottonwood seedling
recruitment following the flood of the century of the Oldman River, Alberta,
Canada. Wetlands 18: 557-570.

Rood, S. B., and J. M. Mahoney. 1990. Collapse of riparian poplar forests downstream
from dams in western prairies: probable causes and prospects for mitigation.
Environmental Management 14: 451-464.

Rood, S. B., and J. M. Mahoney. 1995. River damming and riparian cottonwoods along the
Marias River, Montana. Rivers 5:195-207.

Rood, S. B., J. M. Mahoney, D. E. Reid, and L. Zilm. 1995. Instream flow and the decline
of riparian cottonwoods along the St. Mary River, Alberta. Canadian Journal of
Botany 73:1250-1260.

Sabin, T. E. and S. G. Stafford. 1990. Assessing the need for transformation of response
variables. Special Publication 20. Forest Research Laboratoty, Oregon State
University, Corvallis.

Sanscrainte, C. L. 1999. Carbon storage and soil properties in subalpine parkiands of the
North Cascade Range, Washington. M. S. Thesis, University of Washington,
Seattle.



150

Schimel, D. S., B. H. Braswell, E. A. Holland, R. McKeown, D. S. Ojima, T. H. Painter,
W. J. Parton, and A. R. Townsend. 1994. Climatic, edaphic, and biotic controls
over storage and turnover of carbon in soils. Global BIogeochemical Cycles 8:
279-293.

Schimel, D., M. A. Stiliwell, and R. G. Woodmansee. 1985. Biogeocheniistry of C, N, and
P in a soil catena of the shortgrass steppe. Ecology 66: 276-2 82.

Schlesinger. W. H. 1977. Carbon balance in terrestrial detritus. Annual Review ofEcology
and Systematics 8: 51-81.

Scuithorpe, C. D. 1967. The Biology of Aquatic Vascular Plants. St Martin's Press, New
York.

Silvertown, J., M. E. Dodd, D. J. G. Gowing, and J. 0. Mountford. 1999. Hydrologically
defined niches reveal a basis for species richness in plant communities. Nature
400: 61-63.

Sims, Z. R.and G. A. Nielsen. 1986. Organic carbon in Montana soils as related to clay
content and climate. Soil Science Society ofAmerica Journal 50: 1269-1271.

Smith, R. D. 1996. Composition, structure, and distribution of woody vegetation on the
Cache River floodplain, Arkansas. Wetlands 16: 264-278.

Sollins, P., P. Homann, and B. A. Caldwell. 1996. Stabilization and destabilization of soil
organic matter: mechanisms and controls. Geoderma 74: 65-1 05.

Speaker, R. W., K. Moore, and S. V. Gregory. 1984. Analysis of the process of retention of
organic matter in stream ecosystems. Verhandlungen der Intern ationalen
Vereinigungflir Theoretische und Angewandte Limnologie 22:1835-1841.

Sposito, G. 1984. The Surface Chemistry of Soils. Oxford University Press, New York,
NY.

Stanford, J. A. and J. V. Ward. 1993. An ecosystem perspective of alluvial rivers:
connectivity and the hyporheic corridor. Journal of the North American
Benthological Society 12: 48-60.

Stanford, J. A. 1998. Rivers in the landscape: introduction to the special issue on riparian
and groundwater ecology. Freshwater Biology 40: 402-406.

Stromberg, J. C. 1993. Instream flow models for mixed deciduous riparian vegetation
within a semiarid region. Regulated Rivers: Research and Management 8: 225-
235.

Stromberg, J. C., J. Fry, and D. T. Patten. 1997. Marsh development after large floods in an
alluvial, arid-land river. Wetlands 17: 292-300.



151

Stromberg, J. C., R. Tiller, and B. Richter. 1996. Effects of groundwater decline on
riparian vegetation of semiarid regions: the San Pedro River, Arizona. Ecological
Applications 6: 113-131.

Stromberg, J. C., and D. T. Patten. 1990. Riparian vegetation instream flow requirements: a
case study from a diverted stream in the eastern Sierra Nevada, California.
Environmental Management 14: 185-194.

Szumigalski, A. R. and S. E. Bayley. 1996. Decomposition along a bog to rich fen gradient
in central Alberta, Canada. Canadian Journal ofBotany 74: 573-581.

Tabacchi, E., D. L. Correll, R. Hauer, G. Pinay, A. Planty-Tabacchi, and R. C. Wissmar.
1998. Development, maintenance and role of riparian vegetation in the river
landscape. Freshwater Biology 40: 497-516.

Tabacchi, E., A. M. Planty-Tabacehi, and H. Decamps. 1990. Continuity and discontinuity
of the riparian vegetation along a fluvial corridor. Landscape Ecology 5: 9-20.

Theodose, T. A., A. H. Jaeger, Ill, W. D. Bowman, and J. C. Schardt. 1996. Uptake and
allocation of 15N in alpine plants: implications for the importance of competitive
ability in predicting community structure in a stressful environment. Oikos 75: 59-
66.

Thormann, M. N. and S. Bayley. 1997. Aboveground net primary productivity along a bog-
fen-marsh gradient in southern boreal Alberta, Canada. Ecoscience 4: 374-384.

Tiedemann, A. R., T. M. Quigley, and T. D. Anderson. 1988. Effects of forest harvest on
stream chemistry and dissolved nutrient losses in Northeast Oregon. Forest
Science 34: 344-358.

Tiedemann, A. R., J. D. Helvey, and T. D. Anderson. 1978. Stream chemistry and
watershed nutrient economy following wildfire and fertilization in eastern
Washington. Journal ofEnvironmental Quality 7: 580-588.

Tilman, D. and D. Wedin 1991. Plant traits and resource reduction for five grasses growing
on a nitrogen gradient. Ecology 72: 685-700.

Titlyanova, A. A., I. P. Romanova, N. P. Kosykh, and N. P. Mironycheva-Tokareva. 1999.
Pattern and process in above-ground and below-ground components of grassland
ecosystems. Journal of Vegetation Science 10: 3 07-320.

Trimble, S. W. 1997. Stream channel erosion and channel change resulting from riparian
forests. Geology 25: 467-469.

Triska, F. J., V. C. Kennedy, R. J. Avanzino, G. W. Zeliweger, and K. E. Bencala. 1989.
Retention and transport of nutrients in a third-order stream in northwestern
California: hyporheic prrocesses. Ecology 70: 1893-1905.



Trumbore, S. 1997. Potential responses of soil organic carbon to global environmental
change. Proceedings of the National Academy of Science 94: 8284-8291.

Trumbore. S. 2000. Age of soil organic matter and soil respiration: radiocarbon constraints
on belowground processes. Ecological Applications 10: 399-411.

U.S. Department of Agriculture, Soil Conservation Service. 1984. Procedures for
Collecting Soil Samples and Methods of Analysis from Soil Survey. U.S.
Government Printing Office, Washington, DC, USA. Soil Survey Investigations
Report No.1.

U.S. Corps of Army Corps of Engineers. 1989. Federal Method of Identifying and
Delineating Jurisdictional Wetlands. Report 024-010-00638-8. Washington D.C.,
USA.

van der Maarel, E. and A. A. Tityanova. 1989. Above-ground and below-ground biomass
relations in steppes under different grazing conditions. Oikos 56: 364-370.

Valett, H. M., J. A. Morrice, and C. N. Dahm. 1996. Parent lithology, groundwater-surface
water exchange and nitrate retention in headwater streams. Limnology and
Oceanography 41: 333-345.

Valett, H. M., C. N. Dahm, M. E. Campana, J. A. Monice, M. A. Baker, and C. S. Fellows.
1997. Hydrologic influence on groundwater-surface water ecotones: Heterogeneity
in nutrient composition and retention. Journal of the North American
Benthological Society 16: 23 9-247.

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

Vepraskas, M. J., J. L. Richardson, J. P. Tandarich, and S. 3. Teets. 1999. Dynamics of
hydric soil formation across the edge of a created deep marsh. Wetlands 19: 78-8 9.

Verhoeven, J. T. A. and H. H. M. Arts. 1992. Carex litter decomposition and nutrient
release in mires with different water chemistry. Aquatic Botany 43: 3 65-377.

Wagener, S. M., M. W. Oswood, and J. P. Schimel. 1998. Rivers and soils: parallels in
carbon and nitrogen processing. BioScience 48:104-108.

Wallace, J. B., S. L. Eggert, J. L. Meyer, J. R. Webster. 1997. Multiple trophic levels of a
forest stream linked to terrestrial litter inputs. Science 277: 102-104.

Wallis, P. M., H. B. N. Hynes, and S. A. Telang. 1981. The importance of groundwater in
the transportation of allochthonous dissolved organic matter to the streams
draining a small mountain basin. Hydropbiologia 79: 77-90.

152



153

Ward, J. V. 1989. The four-dimensional nature of lotic ecosystems. Journal of the North
American Benthological Society 8: 2-8.

Webster, J. R. and J. L. Meyer. 1997. Organic matter budgets for streams: a synthesis.
Pages 141-161. In: Stream organic matter budgets. J.R. Webster and J.L. Meyer
(eds). Journal of the North American Benthological Society 16: 3-161.

Wedin, D. A. and D. Tilman. 1990. Species effects on nitrogen cycling: a test with
perennial grasses. Oecologia 84: 433-441.

Wentworth, T. R., G. P. Johnson, and R. L. Kologiski. 1988. Designation of wetlands by
weighted averages of vegetation data: a preliminary evaluation. Water Resources
Bulletin 24: 3 89-396.

Whittaker, R. H. 1972. Evolution and measurement of species diversity. Taxon 21: 213-
251.

Wilson, M. V. and C. L. Mohier 1983. Measuring compositional change along gradients.
Vegetatio 54: 129-141.

Woerner, L. and C. T. Hackney. 1997. Distribution of Juncus roemerianus in North
Carolina tidal marshes: the importance of physical and biotic variables. Wetlands
17: 284-291.

Wondzell, S. M. and F. J. Swanson. 1996. Seasonal and storm dynamics of the byporheic
zone of a 4thorder mountain stream. II: Nitrogen cycling. Journal of the North
American Benthological Society 15: 20-34.

Wood, S. H. 1975. Holocene stratigraphy and chronology of mountain meadows, Sierra
Nevada, California. PhD. Thesis, California Institute of Technology, Pasadena,
CA.

Yetka, L. A. and S. M. Galatowitsch. 1999. Factors affecting revegetation of Carex
lacustris and Carex stricta from rhizomes. Restoration Ecology 7: 162-171.



Appendices

154



Appendix A. Well depths and locations in the wet, moist, and dry
meadow communities at West Chicken Creek and Limber Jim Creek.
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Appendix Al. Depths of wells in the wet, moist, and thy meadow plant
communities at West Chicken Creek and Limber Jim Creek. Open wells
were used for collection of water table elevation; closed wells were used
for the collection of subsurface water.

Wet Meadow Moist Meadow Dry Meadow
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Soil

A. West Chicken Creek

Depth of Open Wells (cm)

Gravel Soil Gravel Soil Gravel

Transect 1 57.0 112.0 58.7 98.5 54.7 91.7
Transect 2 26.5 72.3 68.4 100.0 59.0 102.4
Transect 3 38.0 76.5 41.5 85.4 72.3 106.5
Transect4 31.5 70.2 39.2 111.7 70.1 110.0
Transect 5 46.9 66.1 41.0 74.8 65.0 105.6

Depth of Closed Wells (cm)

Transect 1 62.7 112.0 62.6 99.0 58.4 92.0
Transect 2 29.1 68.5 49.8
Transect 3 35.4 78.1 39.2 86.1 66.9 107.0
Transect 4 32.5 37.7 101.5
Transect 5 47.0 69.1 43.0 75.1 70.1 106.8

B. Limber Jim Creek

Depth of Open Wells (cm)

Transect 1 38.0 63.9 90.1 98.1 95.1 99.1
Transect 2 39.0 65.0 56.2 72.3 58.2 69.3
Transect 3 64.0 75.2 44.6 69.6 50.2 100.5
Transect 4 56.2 85.6 54.5 75.4 63.2 95.1
TransectS 37.4 90.1 73.1 102.2 65.4 110.2

Depth of Closed Wells (cm)

Transect 1 34.9 75.5 933 81.5 93.5 105.2
Transect 2 36.5 54.9 55.0
Transect 3 61.3 81.0 41.0 74.4 47.0 101.2
Transect 4 54.5 52.8 61.5
Transect 5 33.3 92.1 71.0 103.2 60.7 112.2



West Chicken Creek

Wet Meadow
Moist Meadow

N Dry Meadow

Appendix A2. Map showing locations of well nests in the wet, moist, and dry meadow communities
in the meadow study reach at West Chicken Creek.



Limber Jim Creek

N

Appendix A2 continued. Map showing locations of well nests in the wet, moist, and dry meadow
communities in the meadow study reach at Limber Jim Creek.
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Appendix B. Percent cover (mean ± 1 SE), percent frequency,
growth habit, and Wetland Indicator Category for vascular plant
species in the wet, moist, and dry meadow plant communities at
West Chicken Creek and Limber Jim Creek.

159



Appendix B. Percent cover (mean + I SE), percent frequency, growth habit, and Wetland Indicator Category for vascular

plant species occurring in the wet, moist, and dry meadow plant communities at West Chicken Creek and Limber Jim Creek

(n 20 plots for each plant community at each site). Growth habit includes: N native and I = introduced, as well as growth

form (Reed 1988): A = Annual, P Perennial, E = Emergent, F Forb, G = Grass, GL = Grasslike, H2 Horsetail. USFWS

Wetland Indicator Categories are: Obligate = obligate wetland, FACW = facultative wetland; FAC facultative

FACU = facultative upland; NI = no indicator; ABS absent.

Creek

Freq (%)

Limber Jim Creek

Cover (%) Freq (%)
Growth

Habit

Wetland
IndIcator
Category

West Chicken

Cover (%)Species

Wet Meadow
Agrost is alba L.
Arnica chamissonis Less.
Aster foliaceus Lindl.
Carex aquatllls WahI.
Carex lanuginosa Michx,
Carex utriculata Boott.
Deschampsia cespltosa L. Beauv.
Epilobium watsonil Barbey
Equisetum arvense L.
Glyceria elata (Nash) Jones
Juncus balticus WilId.
Pedicularis groenlandica Retz.
Poapratensis L.
Polemonium occidentale Greene
Rumex crispus L.
SeneciopseudaUreUs Rydb.
Veronica serpyllifollia L.
Viola adunca Sm.

1.1 + 0.5
1.0 + 0.4
0.2 + 0.2

28.0 + 7.1
4.3 + 1.5
64.0 + 7.7
0.7 + 0.4
0.9 + 0.4

2.2 + 0.9

0.5 + 0.2
0.1 + 0.1
0.3 + 0.3
1.3 + 0.8

0.1 + 0.1

25
25
10

100
45
80
20
30

30

20
5

10
20

10

1.2 + 0.7

88.3 + 2.2
1.2 + 0.4
3.0 + 0.9

0.3 + 0.3

0.5+ 0.5

1.0 + 1.0
0.3 + 0.3
0.2 + 0.2

15

100
40
40

5

5

5

5

5

PIG
PNF
PNF

PNEGL
PNGL

PNEGL
PNGL
PNF

PNH2
PNG

PNGL
PNF
PIG
PNF
PIF
PNF
PIF
PNF

FACW
FACW
FACW

OBL
OBL
OBL

FACW
FACW
FAC

FACW
ORL
OBL

FACU
FACW
FACW
FACW
FAC
FAC



Appendix B continued.

Species

West Chicken Creek Limber Jim Creek Wetland
Growth Indicator

Cover (%) Freq (%) Cover (%) Freq (%) Habit Category

Moist Meadow
Achillea millefolium L. 0.4 + 0.2 15 0.2 + 0.2 10 PNF FACU

Agroseris glauca (Pursh) Raf. 2.0 + 1.6 10 PNF PAC

Allium validum Wats. 0.2 + 0.2 5 PNF OBL

Anemone piperi Britt.
0.1 + 0.1 10 PNF FACU

Arnica chamissonis Less. 4.5 + 1.3 45 5.7 + 1.3 70 PNF FACW

Asterfoliaceus Lindi. 4.2 + 0.8 75 4.1 + 1.5 50 PNF FACW

Calamagroatis canadensis (Michx.) Beauv. 4.2 + 1.6 15 24.9 + 4.8 90 PNG FACW

Camassia quamash (Pursh) Greene 0.1 + 0.1 10 PNF FACW

Carex aquatilis WahI. 6.6 + 2.5 45 5.7 + 2.6 45 PNEGL OBL

Carex aurea Nntt. 3.2 + 1.5 35 PNGL FACW

Carex canecens L. 0.4 + 0.3 40 PNGL FACW

Carex lanuginosa Michx. 3.5 + 1.2 40 15.3 + 4.3 60 PNGL OBL

Carex microptera Mack. 7.0 + 2.1 50 1.1 + 0.4 30 PNGL FAC

CarexpacystaClwa Cham. 0.8 + 0.8 5 PNGL FAC

Carex practicola Rydb. 0.8 + 0.5 10 PNGL FACW

Carex sheldonil Mack.
0.2 + 0.2 5 PNGL OBL

Carex utriculata Boott. 2.3 + 1.6 10 PNEGL OBL

Castilleja viscidula Gray
0.1 + 0.1 5 PNF ABS

Cirsium scariosum Nutt. 0.1+ 0.1 5 PNF NI

Danthonia intermedia Vasey 0.3 + 0.2 10 PNG FACU

Deschampsia cespitosa L. Beauv. 35.0 + 5.7 90 5.5 + 2.3 25 PNGL FACW

Epilobium watsonii Barbey 1.0 + 1.0 5 PNF FACW

Equlsetum hymale L.
0.3 + 0,2 10 PNH2 FACW

Frageria virginiana Duchesne 0.2 + 0.2 5 5.0 + 2.6 20 PNF FACU

Galium boreale L. 0.2 + 0.2 10 0.3 + 0.3 5 PNF FACU



Appendix B continued.

West Chicken Creek Limber Jim Creek Wetland
Growth Indicator

Species Cover (%) Freq (%) Cover (%) Freq (%) Habit Category

Gnaphalium palustre Nutt. 0.1 0.1 5 ANF FAC

Juncus ballicus WilId. 5.3 + 2.5 20 7.6 + 2.4 55 PNGL OBL

Luzula campestris L. D.C. 0.2 + 0.2 5 PNGL FACU

Montia linearis (Doug!.) Greene 0.2 + 0,2 10 ANF ABS

Pedicularis groenlandica Retz. 0.1+ 0.1 10 PNF OBL

Penstemon rydbergii A. Nets. 0.3 + 0.3 5 PNF FACU

Plantago major L. 0.3 + 0.2 10 1.3 + 0.6 25 PIF FAC

Poapratensis L. 19,8 + 3.1 95 8.5 + 1.4 75 PIG FACU

Polemonium occidentale Greene 10.0 + 3.6 40 5.0 + 1.6 40 PNF FACW

Potentillagracilis Doug!. 4.6 + 1.5 40 1.2 + 0.6 25 PNF FAC

Ranuncu/us uncinatus D. Don 2.4 + 1,1 35 PNF FAC

Seneciopseudaureus Rydb. 6.5 + 2.6 25 3.3 + 1.1 45 PNF FACW

Ste//aria longipes Goldie 0.9 0.4 40 0.3 + 0.3 5 PNF FACW

Taraxacum officianale Weber 0.9 + 0.4 20 0.6 + 0.3 15 PIP FACU

Trfolium longipes NuU. 0.7 + 0.3 20 1.2 + 0.7 15 PNF FAC

Trfolium repens L. 2.9 1.0 30 PIP FACU

Veronica serpyllfollia L. 0.3 + 0.3 5 PIP FAC

Viola adunca Sm. 2.0 + 1.3 25 1.0 + 0.6 15 PNF FAC

Mixed Bryophytes 0.8 + 0.8 5 4.9 + 4.0 25

Dry Meadow
Achillea millefolium L. 7.9 + 2.1 70 4.5 + 0.9 75 PNF FACU

Agroseris glauca (Pursh) Raf. 2.1 1.0 25 PNF FAC

Agrost Is a/ba var. sto/onfer (L.) Smith 3.6 + 1.2 40 PIG FACW

Arenaria lateriflora L. 0.6 + 0.5 10 FAC

Arnica chamissonis Less. 4.7 + 1.4 70 PNF FACW

Aster foliaceus Lind!. 6.0 + 0.9 95 4.6 + 1.0 75 PNF FACW



Appendix B continued.

Species

West Chicken Creek

Cover (%) Freq (%)

Limber Jim Creek

Cover (%) Freq (%)
Growth
Habit

Wetland
Indicator
Category

Calamagroatis canadensis (Michx.) Beauv. 2.8 + 1.3 20 FACW
Camassia quamash (Pursh) Greene 0.3 + 0.3 5 PNF FACW
Carex geyeri Boott. 0.6 + 0.6 5 PNGL UPL
Carex lanuginosa Michx. 0.5 + 0.3 15 PNGL OBL
Carex microptera Mack. 1.1 + 0.8 15 PNGL FAC
Carexpacystachya Cham. 0.3 + 0.3 5 PNGL FAC
Carexpracticola Rydb. 0.1 + 0.1 5 0.7 + 0.4 20 PNGL FACW
Carex sheldonil Mack. 1.3 + 0.8 15 PNGL OBL
Castilleja vlscidula Gray 0.1+ 0.3 10 ABS
Cerastium nutans Raf. 0.8 + 0.3 25 0.7 + 0.3 25 AlP FACU
Cirsium scariosum Nutt,
Collinsiaparvjflora Lindl.

0.5 + 0.3
0.1 + 0.1

5

10

0.5 + 0.5 5 PNF
ANF

NI
ABS

Danthonia calfornica Boland. 9.8 + 3.2 75 PNG FACU

Danthonia intermedia Vasey 2.5 + 0.4 25 PNG FACU
Deschampsia cespitosa L. Beauv. 11.3 + 2.9 50 1.5 + 1.5 5 PNGL FACW

Epilobiurn minutum LindI. 0.4 + 0.3 15 ANF ABS

Equisetum arvense L. 0.1 + 0.1 5 PNH2 FAC
Equisetum laevigatum ABr. 0.2 + 0.2 5 PNH2 FACW
Erigeronspp. 0.2+0.2 5

Festuca occidentalis Hook. 0.5 + 0.5 5 0.3 + 0.3 5 PNG ABS
Frageria virginiana Duchesne 3.8 + 1.5 35 19.8 + 3.3 95 PNF FACU
Galium boreale L. 0.5 + 0.3 10 1.1+ 0.5 25 PNF FACU
Gnaphaliumpalustre Nutt. 0.2 + 0.2 10 0.3 + 0.2 15 ANF FAC
Juncus balticus WilId. 2.0 + 0.8 70 16.3 + 3.7 60 PNGL OBL
Luzula campestris L. D.C. 1.6 + 0.7 30 2.0 0.8 30 PNGL ABS
Montia linearis (Dougl.)Greene 0.4 + 0.3 15 ANF ABS
Penstemon ,ydbergii A. Nels. 0.7+ 0.4 PNF FACU



Appendix B continued.

Species

West Chicken Creek

Cover (%) Freq (%)

Limber Jim Creek

Cover (%) Freq (%)
Growth
Habit

Wetland
Indicator
Category

Perideridia gairdneri (H.&A.) Math. 0.1 + 0.1 10 PNF FACU

Phleumpratense L. 2.6 + 2.0 15 8.7 + 1.6 85 PIG FACU

Plantago major L. 1.4 + 0.6 35 PIP FAC

Poapratensis L. 49.5 + 4.8 100 18.5 + 1.6 100 PIG FACU

Polemonium occidentale Greene 0.5 + 0.3 10 PNF FACW

Potent il/a grad/is Dougl. 7.3 + 1.8 60 14.9 + 3.5 80 PNF FAC

Ranunculus uncinatus D. Don 5,0 + 1.3 65 1.8 + 0.7 30 PNF FAC

Rumex acetosella L. 1.3 + 0.6 20 PIP FACU

Sanguisorba sitchensis C.A. Meyer 1.8 + 1.3 10 PNF ABS

Seneclo crassulus Gray 1.8 + 1.2 15 0.7+ 0,4 15 PNF FACU

Seneciopseudaureus Rydb. 0.3 + 0.3 5 3.3 + 1.9 20 PNF FACW

Senicio serra Hook 2.9 + 1,5 25 PNF FAC

Stellaria longipes Goldie 0.8 + 0.3 30 1.6 + 0.8 45 PNF FACW

Taraxacum officianale Weber 1.8 + 0.7 35 0.3 0.2 10 PIP FACU

Trfolium longipes Nutt. 7,8 + 1.8 75 4.6 + 0.9 75 PNF FAC

Trfolium repens L. 8.5 + 2.0 90 15.7 + 1.7 95 PIP FACU

Urtica dioica 1.0 + 0.6 15 PNF FACU

Viola adunca Sm. 1,1 + 0.3 40 1.1 + 0.6 20 PNF FAC

Mixed Bryophytes 9.2+ 1.2 95 5.1 + 1.3 55



Appendix C. Spearman rank correlation coefficients and probabilities between
total biomass C and N, soil C:N, and hydrological and redox variables for West
Chicken Creek and Limber Jim Creek.
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Appendix C. Spearman rank correlations and probabilities among mean total biomass C and N, soil C:N and hydrological
and redox variables for West Chicken Creek (n = 9 for soil C, N, and C:N; n=15 for biomass C,N, and hydrological and
redox variables).

SOIL
C

SOIL
N

SOIL
C:N

Tot
BlOC

Tot
BION

ECO
C

ECO
N

Dep
Gravel

WT
Med

WI
IQR

RIO
Med

RIO
IQR

R25
Med

R25
IQR

SOIL 1.00
C
SOIL 0.93 1.00
N <0.01
SOIL -0.65 -0.83 1.00
C:N 0.06 <0.01
Tot -0.67 -0.85 0.98 1,00
BlOC 0.05 <0.01 <0.01
Tot -0.57 -0.78 0.93 0.98 1.00
BION 0.11 0.01 <0.01 <0.01
ECO 0.67 0.43 -0.05 -0.08 0.03 1.00
C 0.05 0.24 0.90 0.83 0.93
ECO 0.98 0.97 -0.74 -0.77 -0.67 0.54 1.00
N <0.01 <0.01 0.02 0.02 0.05 0.09
Dep -0.53 -0.55 0,38 0.52 0.52 -0.65 -0.59 1.00
Gravel 0.14 0.13 0.31 0.05 0.05 0.06 0.10
WI -0.68 -0.85 0.87 0.87 0.85 -0.03 -0.76 0.66 1.00
Med 0.04 <0.01 <0.01 <0.01 <0.01 0.93 0.02
WT 0.18 0.47 -0.63 -0.47 -0.51 -0.50 0.28 -0.39 -0.64 1.00
IQR 0.64 0.21 0.07 0.08 0.05 0.17 0.46 0.15 <0.01
RIO 0.65 0.72 -0.77 -0.73 -0.68 0.28 0.73 -0.51 -0.66 0.13 1.00
Med .0.06 0.03 0.02 <0.01 <0.01 0.46 0.03 0.05 <0.01 0.64
RIO -0.57 -0.63 0.85 0.82 0.76 -0,05 -0.92 0.57 0.73 -0.26 -0.65 1.00
IQR 0.11 0.07 <0.01 <0.01 <0.01 0.90 0.08 0.03 <0.01 0.35 0.01
R25 0.60 0.82 -0.97 -0.89 -0.87 0.03 0.71 -0.45 -0.76 0.35 0.83 -0.71 1.00
Med 0.09 <0.01 <0.01 <0.01 <0.01 0.93 0.03 0.09 <0.01 0.20 <0.01 <0.01
R251 -0.54 -0.42 0.41 0.42 0.33 -0.36 -0.47 0.21 0.31 0.29 -0.34 0.74 -0.32 1.00
QR 0.14 0.28 0.27 0.12 0.23 0.34 0.20 0.45 0.27 0.30 0.21 <0.01 0.24



Appendix C continued. Spearman rank correlations and probabilities among mean total biomass C and N, soil C:N and
hydrological and redox variables for Limber Jim Creek (n = 11 for soil C, N, and C:N; n1 5 for biomass C,N, and
hydrological and redox variables).

SOIL
C

SOIL
N

SOIL
C:N

Tot
BlOC

Tot
BION

ECO
C

ECO
N

Dep
Gray
el

WT
Med

WT
IQR

RiO
Med

RIO
IQR

R25
Med

R25
IQR

SOIL 1.00
C
SOIL 0.95 1.00
N <0.01
SOIL -0.49 -0.83 1.00
C:N 0.13 <0.01
Tot -0.61 -0.85 0.98 1.00
BlOC 0.05 <0.01 <0.01
Tot -0.45 -0.78 0.93 0.98 1.00
BION 0.17 0.01 <0.01 <0.01
ECO 0.88 0.43 -0.05 -0.08 0.03 1.00
C <0.01 0.24 0.90 0.83 0.93
ECO 0.91 0.97 -0,74 -0.77 -0.67 0.80 1.00
N <0.01 <0.01 0.02 0.02 0.05 <0.01
Dep -0.33 -0.17 0.29 0.39 0.33 -0.33 -0.02 1.00
Gravel 0.33 0.63 0.38 0.15 0.22 0.33 0.96
WT -0.69 -0.77 0.65 0.71 0.59 -0.52 -0.84 0.51 1.00
Med 0.02 <0.01 0.03 <0.01 0.02 0.10 <0.01 0.05
Wi,
IQR

0.26
0.43

0.31
0.35

-0.14
0.68

-0.47
0.08

-0.26
0.34

0.38
0.25

0.45
0.16

-0.43
0.11

-0.74
<0.01

1.00

RIO 0.65 0.72 -0.77 -0.73 -0.68 0.57 0.80 -0.31 -0.76 0.39 1.00
Med .0.06 0.03 0.02 <0.01 <0.01 0.07 <0.01 0.26 <0.01 0.15
RIO -0.57 -0.63 0.85 0.82 0.76 -0.48 -0.82 0.39 0.74 -0.17 -0.67 1.00
IQR 0.11 0.07 <0.01 <0.01 <0.01 0.13 <0.01 0.15 <0.01 0.54 <0.01
R25 0,60 0.82 -0.97 -0.89 -0.87 0.61 0.76 -0.29 -0.73 0.44 0.68 -0.58 1.00
Med 0.09 <0.01 <0.01 <0,01 <0.01 0.05 <0.01 0.30 <0.01 0.10 <0.01 0.02
R251 -0.54 -0.42 0.41 0.42 0.33 -0.03 0.24 0.41 0.29 0.10 -0.31 0.61 -0.14 1.00
QR 0.14 0.28 0.27 0.12 0,23 0.94 0.48 0.12 0.30 0.73 0.27 0.02 0.61



Appendix C continued.

Variable Descriptions for Appendix C:

SOILC Total soil C to 40 cm
SOILN Total soil N to 40 cm
SOIL C:N Soil C:N ratio
TotBIOC Mean total biomass C
TotBION Mean total biomass N
ECOC Ecosystem C (soil + biomass to 40 cm)
ECON Ecosystem N (soil + biomass to 40 cm)
WTMed Median Water Table Elevation
WTIQR Water table elevation - lnterquartile range
Ri OMed Median redox potential at 10 cm depth
Ri OIQR Redox potential at 10 cm - Interquartile range
R25Med Median redox potential at 25 cm depth
R25IQR Redox potential at 25 cm - Interquartile range
DepGravel Depth to gravels


