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ABSTRACT

Riparian ecosystems supply valuable resources in all landscapes, but especially in
semiarid regions such as the Great Basin of the western United States. Over half of Great Basin
streams are thought to be in poor ecological condition and further deterioration is of significant
concern to stakeholders. A thorough understanding of how physical processes acting at multiple
scales work independently and interactively to shape riparian communities is necessary for
successful management and restoration. I investigated: 1) geomorphic influences on riparian
vegetation pattern at the watershed scale; 2) the ecological significance of process zones, a
hydrogeomorphic classification scheme; and 3) relationships between geomorphic characteristics,
riparian community distribution, and plant species abundances.

The study was conducted in small, upland watersheds in several mountain ranges of
central Nevada, USA. The watershed-scale component used a GIS-based approach to quantify
riparian extent, vegetation type proportions, and geomorphic characteristics of eighteen
watersheds. The process zone component involved field-mapping process zones and vegetation
types, followed by sampling of geomorphic and vegetation data at 184 sites along main stream
channels in four watersheds. Regression and multivariate analyses related geomorphic variables
to patterns of riparian vegetation. An ANOVA tested for differences in physical characteristics of
process zones.

Riparian extent was positively related to percent intrusive bedrock, and was negatively
related to percent carbonate bedrock and relative stream power. Riparian forest and shrub types
were more abundant in small, rugged watersheds of high relief; meadow vegetation types were
more abundant in large, low gradient, and less rugged watersheds. Process zones exhibited some
significant differences in valley and channel geomorphic attributes, but were not strongly
associated with specific assemblages of vegetation types. Riparian plant communities were

primarily distinguished by elevation and contributing area, and secondarily by valley and channel



il

attributes. Variables describing the larger-scale geomorphic context (e.g. watershed, bedrock,
contributing area, elevation) also were strong predictors of plant species abundances.

Watershed geomorphology significantly constrained riparian corridor extent and relative
abundance of woody or herbaceous vegetation within the corridor. In addition, riparian
community composition and species abundances were strongly influenced by the larger-scale
geomorphic context, such as differences in watershed characteristics and site bedrock, elevation
and contributing area. Although I did not identify distinct process zone-vegetation type
assemblages with the classification applied in this study, my results suggest that incorporation of
such variables into the classification scheme should make it more meaningful for explaining and

predicting patterns of riparian vegetation in these small upland watersheds.
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INTRODUCTION

Riparian areas are important landscape components that provide numerous ecosystem
services, including regulation of light and temperature regimes, nourishment and habitat for
aquatic and terrestrial biota, and corridors for animal and plant dispersal (Naiman et al. 2005).
Overutilization of water and forage resources in riparian areas due to anthropogenic activities has
led to widespread degradation, especially in semiarid regions such as the Great Basin (western
USA) (Jenson & Platts 1990). These activities include water diversions, groundwater extraction,
flood control, land use change, and livestock grazing. Channel incision can occur following
anthropogenic or natural disturbances (Miller et al. 2001), resulting in lowered water tables and
undesirable changes to riparian structure and function (Stromberg et al. 1996; Scott et al. 2000;
Chambers et al. 2004; Loheide & Gorelick 2007). Rivers and riparian ecosystems are currently a
high priority for conservation and restoration activities, but the success of these programs
depends on a thorough understanding of the environmental factors shaping physical habitats and
ecological communities.

Current ecological and geomorphic research emphasizes a hierarchical and multi-scale
approach to characterize riparian ecosystem processes (Turner et al. 2004; Sarr & Hibbs 2007).
The diversity and distribution of riparian communities are often described at the reach scale based
on those environmental characteristics that change perpendicular to the channel. These
“transverse” gradients include groundwater depth, soil texture, surface characteristics, and
susceptibility to flood disturbances (Castelli et al. 2000; Merritt & Cooper 2000; Chambers et al.
2004). Changes in environmental characteristics that parallel the length of the valley bottom,
known as “longitudinal gradients” (Bendix 1994), include position in the watershed (e.g.
elevation of a site, contributing area above a site) and certain site characteristics, such as bedrock
type, valley width, stream gradient, and channel dimensions. Longitudinal and transverse

variables influence riparian vegetation through their effects on temperature and moisture regimes,



potential discharge, disturbance intensity, and substrate characteristics (Hupp & Osterkamp 1996;
Wasklewicz 2001; Bendix 1994; Friedman et al. 2006). However, spatial scale and level of
ecological organization (e.g. vegetation type, community, individual species) can affect the
relative importance of transverse and longitudinal variables (Friedman et al. 2006; Yang et al.
submitted).

In addition to local-scale attributes, riparian vegetation is constrained by geomorphic
characteristics of individual watersheds (Baker 1989). In steep, mountainous settings, vegetation
adjacent to streams is strongly influenced by flood disturbance, which in turn is determined by
watershed characteristics that affect hydrograph properties. These characteristics include bedrock
geology (affects infiltration rates, erosion, and sediment load), collection area for precipitation
events, overall watershed gradient, and development of the drainage network. Flood disturbance
is particularly important in the western USA because reproduction in many native riparian trees
and shrubs (e.g. Populus and Salix spp.) depends on bare surfaces for seedling establishment or
physical damage to initiate resprouting and suckers (Rood et al. 1994; Scott et al. 1996; Sheppard
et al. 2001; Karrenberg et al. 2002). The occurrence of riparian meadows and wetlands in arid and
semiarid regions is dependent on elevated groundwater tables (Allen-Diaz 1991; Castelli et al.
2000; Loheide & Gorelick 2007). In mountainous watersheds of the central Great Basin, areas of
elevated groundwater typically occur upstream of side-valley fans and bedrock constrictions,
features related to watershed shape and geology (Chambers et al. 2004; Jewett et al. 2004).

Due to the countless arrangements of geomorphic characteristics at multiple scales, rivers
and riparian communities exhibit great variety in their physical and biological structures,
processes, and assemblages. Classification schemes are useful for identifying functionally similar
sites within and among rivers and for prioritizing conservation and restoration efforts (Naiman et
al. 2005). The hydrogeomorphic classifications proposed by Montgomery (Process Domain

Concept; 1999) and Brierley and Fryirs (River Styles; 2000) partition rivers into distinct valley



segments within a watershed context. These valley segments are called process zones. A process
zone is a section of river with a characteristic behavior (e.g. erosion, deposition, transport) and
uniform structure in terms of geometry (channel shape and size), channel planform (shape when
viewed from above), and assemblage of geomorphic units (pool, rifle, run, terrace) (Montgomery
1999; Brierley & Fryirs 2000). Because the magnitude and timing of geomorphic processes vary
among segments, this classification divides the drainage network into segments where unique
disturbance regimes structure ecological communities (Montgomery & Buffington 1997;
Swanson et al. 1998; Montgomery 1999).

Hydrogeomorphic research in upland watersheds of the central Great Basin has
demonstrated that, due to the depletion of hillslope sediment during an extended drought 2500 to
1900 years ago, modern streams are sediment limited and have a natural tendency to incise
(Miller et al. 2001). Variation in the rate of incision among these watersheds prompted a
quantification of watershed sensitivity (sensu Schumm 1977). The more sensitive watersheds
were large, steep, and rugged with volcanic and igneous lithologies; these characteristics
synergistically promote rapid runoff (Germanoski & Miller 2004). If a process zone classification
effectively quantifies variation in geomorphic processes that are meaningful for riparian plant
species, process zones could help clarify spatial patterns of disturbance sensitivity and identify
the plant communities most susceptible to future incision (Montgomery & Buffington 1997;
Swanson et al. 1998).

This study investigates the importance and interrelatedness of hydrogeomorphic controls
on riparian vegetation at two nested scales: watershed and process zone. In Chapter 1, I quantify
the relationships between watershed-scale morphometry and geology and watershed-scale
riparian vegetation, as measured by riparian extent and composition. Extent refers to the relative
abundance of riparian vegetation within a watershed and composition refers to the relative

proportion of vegetation types within the riparian corridor. In Chapter 2, I quantify the



geomorphic characteristics of process zones and determine whether they support unique
assemblages of riparian vegetation types; describe the geomorphic characteristics that are most
related to riparian plant community distribution; and quantify the geomorphic characteristics that
are most predictive of the abundance of key riparian species. In this way I provide a
comprehensive basis for assessing or improving the ecological relevance of the process zone
classification.

Study Area

The Great Basin section of the Basin and Range physiographic province is a semiarid,
internally-draining basin in the western United States encompassing approximately 650,000 km?
of land, including most of Nevada and portions of neighboring states. The Great Basin is
characterized by a series of isolated north-south trending mountain ranges and intervening
valleys. The watershed-scale analysis was completed for eighteen upland watersheds in the
Toiyabe, Toquima, Monitor, and White Pine mountain ranges of central Nevada; the process
zone-scale analysis was completed for a subset of four watersheds, all located in the Toiyabe
mountain range. Elevations range from approximately 2000 m to over 3500 m. Mean annual
precipitation ranges from 20 cm at the watershed mouths to 45 cm at the highest elevations, and
falls primarily as winter snow with peak runoff occurring in late May to early June.

The watersheds are underlain by a variety of lithologies including volcanic, granitic, and
carbonate rocks, and are characterized by relatively narrow valleys with generally high gradient,
gravel-bed stream channels. Along perennial stream reaches, woody species include water birch
(Betula occidentalis), coyote willow (Salix exigua), yellow willow (Salix lutea), wild rose (Rosa
woodsii), narrowleaf cottonwood (Populus angustifolia), and quaking aspen (Populus
tremuloides). Meadows are characterized by wetland obligate and facultative graminoids and

forbs (e.g. Carex nebrascensis, Deschampsia cespitosa, Juncus arcticus, and Symphyotrichum



spathulatum). Basin and mountain big sagebrush (Artemisia tridentata ssp. tridentata &
vaseyana) occur in dry meadows and along ephemeral stream reaches.

The study watersheds are managed by the Austin Ranger District of the Humboldt-
Toiyabe National Forest with the exception of several small private inholdings. Historic and

current human uses include grazing, mining, water diversions, and recreation.
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CHAPTER 1. Geomorphology influences extent and composition of riparian plant

communities at the watershed scale

ABSTRACT

Riparian vegetation diversity and distribution are typically described at the reach scale according
to environmental gradients that occur perpendicular to the channel. Few studies have directly
related watershed-scale geomorphology to riparian vegetation pattern. Watershed characteristics
influence riparian ecosystems via their effects on the hydrograph, infiltration rates, sediment load,
and drainage network development. I addressed the following question: How strongly do
watershed-scale morphometry and geology influence the extent and composition of vegetation
along riparian corridors? These relationships were investigated for eighteen small, upland
watersheds in central Nevada, USA. Watershed morphometry and geology were derived from
digital datasets (DEMs and geologic maps). Riparian corridors were classified into five
vegetation types (riparian forest, riparian shrub, wet/mesic meadow, dry meadow, and shrub dry
meadow) using high-resolution aerial photography. Regression and multivariate analyses were
used to relate geomorphic characteristics to riparian vegetation extent and composition. Riparian
extent ranged from 0.4% to 3.6% of watershed area, was positively related to percent intrusive
bedrock, and was negatively related to percent carbonate bedrock and relative stream power.
Riparian forest and shrub types occupied greater than 75% of the riparian corridor in 12 of 18
watersheds; meadow types comprised a smaller proportion. Watershed size, topography, and
geology were important in predicting riparian composition. Riparian forest and shrub types were
more abundant in small, rugged watersheds of high relief. Meadow types were more abundant in
large, low gradient, and less rugged watersheds. The importance of woody vegetation increased
with more volcanic and intrusive bedrock, whereas meadow vegetation increased with increasing

alluvium, carbonate, and metasedimentary rocks. Watershed geomorphology significantly



constrains riparian corridor extent and abundance of woody versus herbaceous vegetation within
the corridor. Watershed variables related to riparian vegetation are indicators of runoff regimes or
water and sediment residence times. Consideration of relationships between watershed-scale
geomorphology and riparian vegetation can improve predictive modeling and inform restoration

efforts.

INTRODUCTION

Riparian areas are critical landscape components that supply numerous ecosystem
services and sustain biodiversity (Naiman & Décamps 1997). In semiarid regions such as the
Great Basin (western USA), overutilization of water and forage resources in riparian areas has led
to widespread degradation (Jenson & Platts 1990). Channel incision occurs in response to both
natural and anthropogenic disturbances (Miller et al. 2001) and results in declines in water table
base levels and adverse changes to riparian ecosystem structure and function (Stromberg et al.
1996; Scott et al. 2000; Chambers et al. 2004; Loheide & Gorelick 2007). However, the
magnitude and timing of both historic and current incision often reflect individual watershed
properties (Germanoski & Miller 2004). Numerous studies have examined local environmental
controls on riparian ecosystems, but few have related watershed-scale geomorphology to riparian
vegetation pattern. An improved understanding of watershed-scale constraints on riparian
vegetation diversity and distribution is necessary to predict responses to climate change and
anthropogenic activities, and to develop appropriate target communities for ecological restoration.

Riparian vegetation diversity and distribution are typically described at the reach scale
according to environmental gradients that occur perpendicular to the channel (Hupp & Osterkamp
1996; Wasklewicz 2001). These transverse gradients, defined by elevation, groundwater depth,
soil texture, and susceptibility to flood disturbances (Castelli et al. 2000; Merritt & Cooper 2000;

Chambers et al. 2004) are highly sensitive to anthropogenic modifications such as groundwater
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pumping and river regulation (Stromberg et al. 1996; Cooper et al. 2003). Predictive modeling
based on transverse environmental gradients is reinforced by the zonation of plant communities
according to elevation above the channel that is apparent along many rivers (e.g. Hupp & Rinaldi
2007).

Riparian vegetation at any particular location is influenced not only by local-scale
transverse variables but is constrained by physical characteristics of the watershed (Baker 1989).
Riparian vegetation in steep mountainous watersheds is strongly influenced by flood disturbance,
which in turn is determined by watershed characteristics that influence the hydrograph, such as
collection area for storm events, geologic factors that affect infiltration and sediment load, overall
gradient, and drainage network development. Flood events in riparian corridors are fundamentally
cumulative processes, where flood disturbance frequency, intensity, and type (e.g. scouring,
submersion or burial) at a specific position are dependent on the physical characteristics of the
upstream contributing area. Similarly, plant communities respond to the cumulative physical and
biotic processes of flood disturbances that influence substrate texture, nutrient availability, and
seed dispersal.

Current ecological and geomorphic research emphasizes a hierarchical and multi-scale
approach to characterize riparian ecosystem processes (e.g. Turner et al. 2004; Sarr & Hibbs
2007a; Baker & Wiley 2009). In a hierarchical system, watershed-scale properties place
important constraints on the boundary conditions, range of behaviors, and local site conditions
present within the watershed. For example, in ephemeral drainages of northeastern Arizona, Shaw
& Cooper (2008) found that watershed size and gradient exerted strong influences on stream
reach hydrology and geomorphology. Collectively, watershed morphology and geology regulate
the movement of water and sediment from hillslopes to the channel and through the channel
network. Flood discharge and time-to-peak are related to watershed size, relief, and shape (Costa

1987; Patton 1988; Howard 1990). Bedrock geology affects infiltration and runoff rates via the
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hydraulic conductivity of surface and subsurface materials; it also influences the grain size and
erodibility of materials on the hillslopes and in the channel (Kelson & Wells 1989; Sable & Wohl
2006).

The likelihood that a particular riparian vegetation type will occur in any specific
watershed depends on the ecological tolerances of component plant species and their preferences
for specific hydrogeomorphic conditions, including water availability, surface characteristics, and
flood disturbance regimes (Harris 1988; Hupp & Osterkamp 1996; Steiger et al. 2005). Individual
watershed characteristics have substantial effects on these conditions due to differences in water
capture rates, valley-bottom topography, and hydrologic characteristics. In riparian areas of the
Western USA, flooding and other disturbances are particularly important because reproduction in
native woody species such as Populus and Salix spp. requires bare surfaces for seedling
establishment or physical damage to mature individuals that initiates resprouting and suckering
events (Rood et al. 1994; Scott et al. 1996; Sheppard et al. 2001; Karrenberg et al. 2002). In small
remote watersheds that are often ungauged, watershed characteristics such as size, drainage
density or stream power can serve as surrogates for hydrograph properties (Germanoski & Miller
2004). The occurrence of riparian meadows and wetlands in arid and semiarid regions primarily
depends on elevated groundwater tables (Allen-Diaz 1991; Castelli et al. 2000; Loheide &
Gorelick 2007). In mountainous watersheds of the central Great Basin, areas of elevated
groundwater typically occur upstream of side-valley fans or bedrock constrictions, features that
are related to watershed shape and geology (Chambers et al. 2004; Jewett et al. 2004).

Hydrologic and geomorphic research of riparian ecosystems has focused on large,
perennial floodplain rivers, while less attention has been given to the smaller but more numerous
perennial and ephemeral streams of mountain ranges such as those of the Great Basin.
Watershed-level constraints may be equally important as local site characteristics in small

watersheds because disturbances are more proximal and there is less dampening of the hydrologic
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response to precipitation events (Etheredge et al. 2004; Naiman et al. 2005). Here I quantify the
relationships between watershed-scale morphometry and geology and watershed-scale riparian
vegetation, as measured by riparian extent and composition. Extent refers to the relative
abundance of riparian vegetation within a watershed and composition refers to the relative
abundance of different vegetation types within the riparian corridor. I mapped five broad
categories of riparian vegetation type (riparian forest, riparian shrub, wet/mesic meadow, dry
meadow, and shrub dry meadow) for 18 watersheds in the central Nevada Great Basin, and used
generalized linear regression and multivariate ordination analyses to assess the following
predictions:

1. Extent of riparian vegetation is greater in larger watersheds with less topographic relief
and lower gradients, and with greater amounts of metasedimentary and carbonate
bedrock. This is due to an increased availability of low-lying habitat with elevated water
tables adjacent to the main channel.

2. Riparian composition is strongly related to watershed morphometrics like hypsometric
integral, stream power and relief that influence flood regimes and sediment transport.
Woody vegetation types will dominate the small, steep watersheds with resistant rock
types that promote flashy flood regimes and sediment transport. Meadow vegetation
types will occur in greater proportions in lower gradient watersheds with more erodible
rock types that supply abundant fine sediments and promote longer water retention times.

Thus, I propose that watershed geomorphology influences riparian vegetation extent and
composition both directly and indirectly via valley bottom topography, water availability, flood

disturbance regimes, and sediment retention and transport.
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METHODS
Site Description

The Great Basin section of the Basin and Range physiographic province is a semiarid,
internally-draining basin in the western United States encompassing approximately 650,000 km®
of land, including most of Nevada and portions of neighboring states. The Great Basin is
characterized by a series of isolated north-south trending mountain ranges and intervening
valleys. Study sites are eighteen upland watersheds in the Toiyabe, Toquima, Monitor, and White
Pine mountain ranges of central Nevada (Figure 1). Elevations range from approximately 2000 m
to over 3500 m. Mean annual precipitation ranges from 20 cm at the watershed mouths to 45 cm
at the highest elevations, and falls primarily as winter snow with peak runoff occurring in late
May to early June. Occasional thunderstorms augment stream flow during the summer months.
The watersheds are underlain by a variety of lithologies including volcanic, granitic, and
carbonate rocks (Appendix 1) and are characterized by relatively narrow valleys occupied by
streams with generally high gradient and coarse, gravel-bed channels.

Along perennial stream reaches, woody vegetation consists of narrow bands of water
birch (Betula occidentalis), coyote willow (Salix exigua), yellow willow (Salix lutea), wild rose
(Rosa woodsii), narrowleaf cottonwood (Populus angustifolia), and quaking aspen (Populus
tremuloides). Meadows occur in areas with elevated water tables and are characterized by
wetland obligate and facultative graminoids and forbs (e.g. Carex nebrascensis, Deschampsia
cespitosa, Juncus arcticus, and Symphyotrichum spathulatum). Basin and mountain big sagebrush
(Artemisia tridentata ssp. tridentata & vaseyana) occur in dry meadows and along ephemeral
stream reaches. A detailed ecological type classification exists for central Nevada riparian areas

based on soil, water, climate, and plant species composition (Weixelman et al. 1996).
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Figure 1. The locations of 18 study watersheds in the Toiyabe, Toquima, Monitor and White
Pine mountain ranges of central Nevada, USA: (1) Marshall, (2) Veetch, (3) Johnson, (4)
Birch, (5) Big, (6) Kingston, (7) Washington, (8) Cottonwood, (9) San Juan, (10) Indian, (11)
Upper Reese, (12) South Twin, (13) Stoneberger, (14) Pine, (15) Mosquito, (16) Barley, (17)
Illipah, and (18) Little Currant.

The study watersheds are managed by the Austin Ranger District of the Humboldt-
Toiyabe National Forest with the exception of several small private inholdings. Historic and
current human uses include grazing, mining, water diversions, and recreation. A graded
secondary road is present along all or part of the valley bottom in most watersheds.

Geomorphic Variables

Watershed morphometrics (Table 1) were derived from 10-m resolution Digital Elevation
Models (DEMs) using ArcHydro tools (version 1.2, ESRI, Redlands, CA, US) in ArcGIS 9.2
software. Cells of internal drainage or “sinks” in the DEMs were identified and filled in order to
properly determine water flow direction and accumulation. The bottom of the watershed or “pour

point” was defined as the location where the main stream channel exited the constrained portion
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of the canyon and flowed onto a broad alluvial fan. Watershed boundaries were derived by
delineating all DEM cells that flowed into the pour point.

Stream networks in each watershed were derived based on the cumulative number of
upstream cells draining to each cell. The critical threshold for stream definition represents the
minimum upstream drainage area necessary to initiate a stream. I used a critical threshold of 0.8
or 8% of the total watershed area because this value produced stream networks that closely
resembled those identified in the field and on 1:24,000 topographic maps (USGS, 2001).

Watershed area was calculated from the derived watershed polygons, and watershed
length was calculated by summing the length of the main stream channel and the distance from
the top of the main channel to the watershed boundary. Total stream length was calculated by
summing the lengths of all stream segments in each watershed. Because planimetric and surface
area measurements can differ significantly in mountainous settings, all watershed area and length
measurements were slope-corrected to account for the additional area of curved surfaces. Slope-
corrected values for the remaining morphometric variables were derived from slope-corrected
area, length, and total stream length. Hypsometric integral (HI) was not slope-corrected because it
is defined as horizontal cross-sectional area relative to elevation above the watershed outlet
(Strahler 1952). HI is used as a measure of the erosional state of the watershed; larger values
indicate less eroded landscapes. HI was calculated by reclassifying the DEMs into 10-m elevation
bands and calculating the planimetric area of each band. Total planimetric area above each band
was plotted against relativized elevation and HI was set equal to the area under the curve.

Explanations of additional morphometric variables are given in Table 1. Larger values of
drainage density (Horton 1945), ruggedness (Melton 1957), and relief ratio (Schumm 1956)
indicate more rapid, higher magnitude transport and delivery of water and sediment. Stream
power, the product of channel discharge and slope (Bull 1979), could not be directly calculated

because the majority of the study watersheds are ungauged. Instead, relative stream power was
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calculated as the product of watershed area and relief ratio. Watershed area can be substituted for
discharge because they are proportional (Bendix 1997), and relief ratio provides a reasonable
estimate of average channel gradient or slope (Strahler 1957). Large values of relative stream
power indicate greater amounts of energy available to transport water and sediment. Larger
values of watershed shape (Strahler 1964) indicate more elongated watersheds with a slower but
more sustained response to precipitation events due to a greater variety of flow path lengths and
range of travel times. Watershed aspect was included as a predictor variable because the north-
south orientation of Great Basin mountain ranges can produce a “rain-shadow effect,” where the
leeward (east-facing) watersheds receive less precipitation than west-facing watersheds.

Table 1. Morphometric parameters derived for each of the study watersheds.

Morphometric Abbreviation  Units Explanation or Equation of Definition

Watershed Area AREA ha Surface area of the watershed

Watershed Length LNGTH_W km Length of the watershed along the main channel

Total Stream Length TLNGTH_S km Sum of the length of all channels in the drainage network

Drainage Density DRNDN km/km” TLNGT H_S/ AREA

Shreve Magnitude SHREVE # Number of first-order streams in the watershed

Relief RELIEF m Difference in elevation between the highet and lowest points in the watershed
Ruggedness RUGGED --- RELIEF * DRNDN

Relief Ratio RLFRATIO - RELIEF / LNGTH_W

Relative Stream Power STRMPOW km' AREA * RLFRATIO

Watershed Shape SHAPE -—- (LNGT H_W)2 / AREA

Hypsometric Integral HI % Percentage area under a dimensionless curve produced as the ratio of h/H and

a/A, where h=elevation, H= watershed relief, a= planimetric area above h, and
A= planimetric watershed area.
Watershed Aspect ASPECT - Predominant aspect of the watershed (North, South, East or West)

Bedrock geology of each watershed was obtained from the USGS Geologic Map of
Nevada (1:250,000; Crafford 2007). The geologic map was clipped to watershed boundaries and
the area of seven bedrock lithologies within each watershed was calculated as a percentage of
total watershed area (Appendix 1). Carbonate rocks include limestone and dolomite; intrusive
igneous rocks are primarily granite and some quartz monzonite; volcanic rocks are comprised of
welded tuff and rhyolitic tuff; metasedimentary rocks are phyllite, schist, and slate; and

siliciclastics include shale and siltstone.
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Vegetation Classification

Riparian vegetation was classified from USDA National Agricultural Imagery Program
(NAIP) images of the study area taken during the 2006 agricultural growing season. The images
are true-color, digital orthophotographs with 1-m resolution. Riparian vegetation in the eighteen
study watersheds, encompassing a total mapped area of 17.2 km?, was assigned to one of five
types: riparian forest, riparian shrub, wet/mesic meadow, dry meadow, and shrub dry meadow
(Table 2). These aggregated vegetation types encompassed the full range of plant communities
found in central Nevada riparian areas and could be reliably differentiated on the NAIP imagery.

The NAIP images were clipped to the boundaries of each watershed and segmented into
polygons of maximum spectral and textural homogeneity using eCognition image processing
software (version 4.0, Definiens Imaging, Miinchen, Germany). The software segments images
into self-similar polygons based on user-defined scale, color, and shape parameters. The size of
the polygons increases as the scale parameter increases. A higher color parameter maximizes the
contribution of color and minimizes the contribution of shape to the segmentation process. This
helped to separate riparian vegetation from upland vegetation. The shape parameter is composed
of two sub-parameters: smoothness and compactness. A higher value of smoothness parameter
allows for long and irregular patches as is appropriate in a riparian environment. After testing
many possible combinations of parameters, I performed a segmentation using the following
parameter values: scale = 30, color = 0.9, shape = 0.1, smoothness = 0.7 and compactness = 0.3.

The resulting polygons that bounded riparian vegetation were manually photo-interpreted
into one of the five vegetation types. Riparian vegetation included the linear patches of vegetation
along both axial and secondary channels. Large circular patches of hillslope vegetation that were
likely spring-fed or snowmelt-dependent were not classified as riparian vegetation. Riparian
polygons were extracted in a GIS and the relative extent of riparian vegetation was calculated by

summing the areas of all riparian polygons in each watershed and dividing by total watershed
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area. Riparian composition was determined by calculating the relative proportions of the five
vegetation types within each of the study watersheds. All areas of vegetation polygons were
slope-corrected in order to measure surface area.

Table 2. Riparian vegetation types identified on NAIP imagery for the eighteen study
watersheds.

Vegetation Type Abbreviation  Description Important Species
Shrub Dry Meadow SHRB MDW  Sagebrush overstory with riparian facultative  Artemisia tridentata, Chrysothamnus viscidiflorus,
and upland graminoid understory Leymus cinereus, Leymus triticoides, Pascopyrum smithii
Dry Meadow DRY MDW Riparian facultative and upland graminoid Poa secunda ssp. juncifolia, Muhlenbergia richardsonis,
species with fewer forb species Leymus triticoides
Wet/Mesic Meadow ~ WM MDW Riparian obligate and facultative graminoid Carex spp., Deschampsia cespitosa, Juncus balticus,
and forb species Poa pratensis
Riparian Shrub SHRUB Overstory of riparian obligate shrubs Betula occidentalis, Salix spp., Rosa woodsii,

Prunus virginiana

Riparian Forest FOREST Overstory of riparian obligate and facultative ~ Populus angustifolia, Populus tremuloides
trees

Statistical Analysis

To determine the relationship between watershed morphometrics and relative riparian
extent, an information theoretics approach utilizing the Akaike’s Information Criterion (AIC)
statistic was used to compare models (Burnham & Anderson 2002). Least squares regression
models were developed to relate the relative extent of riparian vegetation to ecologically
significant watershed environmental variables, and Akaike weights (w;) for each model were

calculated according to the formula:

exp(-1/2 A)
R
> exp(-1/2 A)

r=1

i=

where A is the difference in the minimum AIC value and the AIC value of model 1, and A, is the
difference in the minimum AIC value and the AIC value of each model in the set of R models.
The relative importance of the best predictor variables was determined by calculating variable
weights (w,), the sum of the Akaike weights of all models containing the variable of interest. The
larger the value of w, the more important the model or variable relative to the other models or

variables.



19

To assess vegetation classification accuracy, I used independent data collected by field-
mapping the riparian corridor in four of eighteen watersheds. I randomly selected 3,450 points
that occurred within the extent of the vegetation classification and field mapping. Agreement
between the classification and ground-truthed vegetation was summarized in an error matrix and
compared to chance agreement using the kappa statistic Kyar (Congalton & Green 1999). Values
of Kyar > 0.80 represent strong agreement, values between 0.80 and 0.40 represent moderate
agreement, and values of Kyar <0.40 represent poor agreement.

The relationships between composition of vegetation types and watershed morphometrics
and geology were examined with multivariate statistical methods. Nonmetric Multidimensional
Scaling (NMS) was used to produce an ordination of the study watersheds based on the relative
proportions of riparian vegetation types. Vegetation proportions were arc sine square root
transformed prior to analysis. Important environmental gradients of watershed morphometry were
identified by examining Pearson’s correlation coefficients (r) of environmental variables with
axis scores and graphical interpretation of species distributions along the ordination axes. A
Multi-Response Permutation Procedure (MRPP) was used to test for differences in riparian
vegetation composition among groups of watersheds defined by watershed aspect (the only
categorical environmental variable). MRPP is a nonparametric procedure for testing for
differences between two or more groups.

Ordination analyses were conducted using PC-ORD (version 5.10, MjM Software,
Gleneden Beach, OR, US). All other statistical analyses were completed with S-PLUS (version
8.1, TIBCO Software Inc., Palo Alto, CA, US).

RESULTS
Watershed Geomorphology
The study watersheds ranged in area from 531 to 15,215 hectares and in length from 3.7

to 27.8 km (Appendix 1). All watersheds were either third or fourth order drainages according to
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the Strahler method of stream ordering (Strahler 1957). Strong correlations existed among many
of the watershed morphometrics (Table 3). For example, increasing watershed area corresponded
with increased watershed length, total stream length, and Shreve #. Drainage density, ruggedness,
relief ratio, and stream power were closely correlated with watershed area and length and total
stream length. Relief, watershed shape, and hypsometric integral did not exhibit significant
correlations with most of the other watershed morphometrics and appeared to be unique
descriptors of watershed morphometry.

Table 3. Pearson product-moment correlations between watershed morphometrics.
Correlations in bold type are significant at o < 0.05. AREA = watershed area (ha);
LNGTH_W = watershed length (km); TLNGTH_S = total stream length; DRNDN =
drainage density (km/kmz); SHREVE = Shreve magnitude; RELIEF = relief (m); RUGGED
= ruggedness; RLFRATIO = relief ratio; STRMPOW = relative stream power (km?);
SHAPE= shape; HI = hypsometric integral (%); ALLVM = alluvium (%); CARB =
carbonate (%); INTRSV = intrusive igneous (% ); METASED = metasedimentary (%);
QRTZT = quartzite (%); SILCLT = siliciclastic (%); and VOLC = volcanic (%).

AREA LNGTH_W TLNGTH_S DRNDN SHREVE RELIEF RUGGED RLFRATIO STRMPOW

AREA

LNGTH_W 0.955

TLNGTH_S 0.963

DRNDN -0.820

SHREVE 0.728

RELIEF 0.286

RUGGED -0.755

RLFRATIO -0.833

STRMPOW 0.742 0.678 0.725 -0.795 0.578 0.801 -0.317 -0.436 1
SHAPE 0.394 0.617 0.352 -0.418 0.209 0.102 -0.366 -0.612 0.059
HI -0.336 -0.370 -0.382 0.265 -0.449 -0.242 0.070 0.248 -0.297
% ALLVM 0.310 0.349 0.451 -0.235 0.594 -0.235 -0.466 -0.507 0.023
%CARB 0.007 -0.079 0.027 -0.012 0.196 -0.094 -0.078 0.077 0.025
%INTRSV -0.532 -0.561 -0.544 0.782 -0.366 -0.480 0.511 0.393 -0.592
%METASED -0.300 -0.333 -0.371 0.327 -0.232 -0.178 0.182 0.419 -0.260
%QRTZT -0.497 -0.417 -0.488 0.437 -0.418 -0.087 0.520 0.403 -0.473
%SILCLT -0.018 0.001 0.028 -0.137 0.217 0.269 0.028 -0.008 0.183
% VOLC 0.568 0.555 0.521 -0.605 0.186 0.273 -0.511 -0.431 0.526

SHAPE % ALLVM 90 INTRSV  %METASED %QRTZT  %SILCLT % VOLC

SHAPE 1

HI -0.288

% ALLVM 0.171

% CARB -0.377

%INTRSV -0.144

%METASED -0.277

%QRTZT 0.156

%SILCLT -0.146

% VOLC 0.194
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Riparian Extent

Riparian vegetation extent ranged from 0.4 to 3.6% of the total watershed areas. AIC-
weighted model comparisons and AIC-weights of individual variables indicated that riparian
vegetation extent was best explained as a function of both geologic and morphometric variables
(Table 4a). Together the percentage of intrusive and carbonate bedrock in the watershed and the
relative stream power of the watershed explained 64% of the variation in riparian vegetation
extent. Riparian vegetation extent increased with more intrusive bedrock and decreased with
more carbonate bedrock and higher relative stream power (Table 4b).
Table 4. AIC analysis of linear regression models of the influence of watershed
geomorphology on riparian vegetation extent. a) Hypothesized regression models, R* values,

AIC and A; scores, and model weights (w;). b) Variable weight (w,) and direction of effect
for the best predictor variables.

Multiple Direction
Model R’ AIC A W Variable ~ w,  ofEffect
% Intrsv + % Carb + StrmPow 0.64 -124.910  0.000 0.465 % Intrsv 0.964 +
% Intrsv + % Carb + StrmPow + DrmDn (.64 -122.997 1.913 0.179 % Carb 0.915 -
% Intrsv + % Carb + DrnDn 0.59 -122.638  2.272 0.149 StrmPow 0.692 -
%Intrsv + % Carb 053  -122.143 2.767 0.116 b) DrnDn 0.344 +
% Intrsv + StrmPow 045  -119.337 5573 0.029
% Intrsv 039  -119.205 5.705 0.027
StrmPow 033 -117.768  7.142 0.013
DrnDn 0.31 -117.084  7.826 0.009
DrnDn + StrmPow 036  -116.461  8.450 0.007
a) %Carb 028 -116.391 8.519 0.007

Riparian Composition

Classification accuracy of vegetation types was 82% overall (Kyat = 0.74, p < 0.001)
(Appendix 2), suggesting strong agreement between the classification and field-identified
vegetation. Most misclassifications resulted from the confusion of the other two meadow types
for dry meadow and riparian forest for riparian shrub.

All five vegetation types occurred in all eighteen watersheds except for the shrub dry
meadow type which was absent from two watersheds. Twelve of the 18 watersheds had a woody

component (riparian forest and riparian shrub) that occupied more than 75% of the riparian zone
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(Figure 2). The proportion of riparian forest showed high variation among the watersheds
(median = 0.260, range = 0.010 — 0.721), but the proportion of riparian shrub was generally larger
and more consistent (median = 0.414, range = 0.032 — 0.729). Meadow types typically occupied
smaller proportions of the riparian corridor, with several exceptions. Illipah and Indian had larger
dry and shrub dry meadow components and several watersheds (e.g. [llipah, Johnson) had
considerable wet/mesic meadow cover (median = 0.056, range = 0.002 — 0.506).
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Figure 2. Relative proportions of five riparian vegetation types occurring in eighteen upland
watersheds of central Nevada, with watersheds ordered according to decreasing proportion
of woody vegetation.

The NMS ordination of watershed vegetation composition resulted in a three-dimensional
solution with Final Stress = 2.81 and cumulative R” = 0.84. All five vegetation types separated
clearly on Axis 3 (Figure 3a), which explained the majority (56%) of the variance in vegetation
composition and described a gradient of watershed size and topography (Table 5). Riparian forest
and shrub occurred in greater proportions in small, high relief, and rugged watersheds. In
contrast, the three meadow types were more abundant in large, low gradient, and less rugged

watersheds. Axis 1 and 2 explained similar, but smaller, proportions of the variance (15% and

14%, respectively).
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Figure 3. Nonmetric multidimensional scaling ordination biplots of riparian vegetation
types with watershed morphometrics and lithology. FOREST = Riparian Forest, SHRUB =
Riparian Shrub, WM MDW = Wet/Mesic Meadow, DRY MDW = Dry Meadow, SHRB
MDW = Shrub Dry Meadow.

Axis 1 was strongly associated with geology as well as relief (Table 5), and separated
wet/mesic meadow from shrub dry meadow, and both of these from a cluster of the remaining
three types (Figure 3). The meadow types differed primarily in their association with watershed
relief and geology. Wet/mesic meadow was most abundant in low-relief watersheds, dry meadow
was most abundant in high-relief watersheds, and shrub dry meadow was intermediate. Also,
wet/mesic meadow was positively associated with the percentage of metasedimentary and
carbonate rock, dry meadow was positively associated with the percentage of volcanic rock, and
shrub dry meadow was intermediate. On Axis 2, a gradient of erosion (HI), stream power, and
geology (Table 5), riparian forest clearly separated from the rest of the vegetation types and was
associated with watersheds of large hypsometric integral and more intrusive igneous bedrock
(Figure 3b). Watersheds coded by aspect did not aggregate in ordination space, and there was no

significant difference in vegetation composition among groups defined by watershed aspect based

on a Multi-Response Permutation Procedure (A =-0.0149, p = 0.56).



Table 5. Proportion of variance (R?) represented by each NMS axis
and Pearson correlations (r) of watershed morphometrics and geology

with each NMS axis.
Axis
3 1 2
R’=0.56 R’=0.15 R’=0.14
% Allvm -0.756 0.179 0.110
Shreve -0.667 -0.057 0.426
Rugged 0.660 -0.039 -0.146
RlfRatio 0.645 0.215 -0.125

TLngth S -0.635 -0.175 0.406
Area W -0.555 -0.191 0.401
Lngth W -0.541 -0.279 0.354

HI 0.417 0.007 -0.501
% Qrtzt 0.408 0.031 -0.324
In_DmDn 0.391 0.362 -0.369
% Carb -0.327 0.656 0.526
% Intrsv 0.318 0.064 -0.533
Relief 0.216 -0.558 0.368

Shape W -0.194 -0.370 -0.038
StrmPow -0.186 -0.426 0.522
% Silclt -0.139 0.369 0.047
% Volc -0.091 -0.574 0.232
%MetaSed -0.024 0.633 0.137

Subtle differences in the relationships of vegetation proportion and watershed
morphometry were found by identifying the best predictor variable for each of the vegetation
types. Although the proportions of riparian forest and riparian shrub increased in watersheds of
similar geomorphology, riparian shrub was correlated with higher stream power but lower
hypsometric integral than riparian forest (Figure 3b). The best univariate predictor of riparian
forest proportion was hypsometric integral (Figure 4a); riparian shrub proportion was best
predicted by relative stream power (Figure 4b). The three meadow types were generally more
abundant in similar kinds of watersheds, but the proportion of wet/mesic meadow was best
predicted by watershed relief (Figure 4c) whereas the proportions of dry meadow and shrub dry

meadow were best predicted by watershed ruggedness (Figure 4d, 4e).
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Bedrock lithology of the watersheds also was important in distinguishing riparian
vegetation composition (Figure 3, Table 5). Greater proportions of riparian forest occurred in
watersheds dominated by volcanic and intrusive rocks. Riparian shrub proportion was greater in
watersheds with more volcanic bedrock. Greater proportions of the wet/mesic meadow and shrub
dry meadow types were correlated with larger percentages of alluvium, carbonate rocks, and

metasedimentary rocks within a watershed.
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Figure 4. Relationships between relative proportions of riparian vegetation types and
watershed morphometric variables with the best explanatory power.
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DISCUSSION

In this study, I found strong relationships between watershed-scale geomorphology and
riparian vegetation extent and composition. The extent of the riparian zone was closely related to
bedrock lithology in the watersheds, but in a direction counter to my hypothesis: riparian extent
increased with percent intrusives and decreased with percent carbonates. Carbonate rocks tend to
be more resistant than intrusive rocks to weathering in arid climates (Cooke et al. 1993). In this
study, watersheds underlain by more intrusive rocks were characterized by higher drainage
density with continuous riparian zones comprised of riparian forests on multiple terraces,
resulting in high overall riparian extent. Watersheds with more carbonate bedrock contained
extensive meadow complexes along the main stream channels, but along tributary drainages
riparian vegetation was confined to narrow corridors of shrub or herbaceous vegetation thereby
reducing the overall riparian extent. Riparian vegetation extent also decreased with greater
relative stream power. Large values of stream power indicate greater amounts of energy available
to transport water and sediment (Bull 1979). In the central Great Basin, stream reaches with high
stream power often are losing systems with narrow riparian corridors that exhibit increased
susceptibility to channel incision following large flood flows (Germanoski & Miller 2004).
Incision can contribute to lowering of the local groundwater table and result in a transition from
riparian to upland species, further decreasing the extent of the riparian zone in the watershed
(Belsky et al. 1999; Loheide & Gorelick 2007).

Although all five vegetation types were identified in the majority of the watersheds, the
composition of the riparian zone was highly variable, with the relative proportion of riparian
vegetation types strongly related to watershed morphometrics and geology. Woody vegetation
types were best explained by watershed variables related to the hydrograph and the potential for

flood disturbances. Small, steep, and rugged watersheds promote rapid runoff (Howard 1990;
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Germanoski & Miller 2004) and riparian forest and shrub types were generally more abundant in
these kinds of watersheds.

Watersheds with large proportions of riparian forest (Populus spp.) were characterized by
larger hypsometric integrals, indicating greater land area at high elevations. Such watersheds can
most effectively capture and retain snow, producing sustained snowmelt discharge in spring and
early summer. Spring floods are especially important for the regeneration of cottonwoods (Scott
et al. 1996); quaking aspen, a facultative riparian species with primarily clonal reproduction, is
frequently associated with greater water availability and cooler temperatures (Weixelman et al.
1996). The riparian shrub type was the vegetation type most positively associated with relative
stream power, an indicator of the potential for high magnitude flood events. The species
comprising this vegetation type (Befula and Salix spp.) share traits that allow them to thrive
where scouring flood events are likely, including high bending stability of shoots and roots, and
the ability to re-sprout when uprooted or damaged by flood waters (Naiman et al. 2005;
Karrenberg et al. 2002).

The geology of watersheds with large proportions of riparian forest and shrub primarily
consisted of volcanic and intrusive rocks. Watersheds underlain by volcanic or coarse-grained
intrusive rocks are potentially more hydrologically responsive to precipitation events (higher
discharge and sustained high discharge) than those underlain by sedimentary rocks (Kelson &
Wells 1989). Previous research in the study area indicates that watersheds underlain by volcanic
rocks have shorter lag times, higher peak flows, and shorter-duration high flows than those
underlain by other rock types (Amacher et al. 2004, Germanoski & Miller 2004). My results
support these findings because disturbance-tolerant woody species were more abundant in
watersheds underlain by more volcanic and intrusive rocks.

Riparian meadows are dependent on ground water and reach their greatest extent where

geomorphic conditions promote fine sediment deposition and elevated water tables (Allen-Diaz
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1991; Miller et al. 2001). In this study, larger but more gently sloping watersheds contained
higher proportions of meadow types. Larger watersheds with slower water release times likely are
conducive to the persistent high water tables necessary to support meadow ecosystems. These
watersheds had the highest percentage of alluvium deposits, indicating a sediment supply in
excess of transport capacity (Montgomery & Buffington 1997). The wet/mesic meadow type was
strongly associated with a greater percentage of carbonate and metasedimentary rocks within the
watershed; weathering of these rock types produces smaller particle sizes compared to intrusive
igneous rocks (Kelson & Wells 1989; Sable & Wohl 2006). These watersheds also were
characterized by less topographic relief, which facilitates longer water and sediment retention
times. Finally, side-valley alluvial fans are common and important geomorphic features that can
constrain flow and result in sediment deposition upstream (Miller et al. 2001). In those cases
where elevated water tables occur above the alluvial fans due to fault-associated springs or seeps,
meadow ecosystems are common (Chambers et al. 2004; Jewett et al 2004). These results suggest
that watershed characteristics related to water and sediment residence times are important for
predicting the abundance of meadow vegetation types.

My results demonstrate that watershed-scale environmental characteristics strongly
influence the extent and composition of riparian vegetation. Geology and watershed
morphometry, attributes that influence runoff regimes as well as water and sediment retention,
successfully explained a majority of the variation in broad patterns of riparian vegetation. These
results parallel those of other recent studies that indicate watershed characteristics influence
riparian communities directly and independently in addition to their constraints on reach-scale
environments (e.g., Sarr & Hibbs 2007b; Baker & Wiley 2009; Mortenson & Weisberg 2010).
Although prediction of the vegetation type at any specific position in the watershed depends on
local site factors, watershed-scale geomorphology constrains the extent of the riparian corridor

within the watershed as well as the likelihood that a vegetation type will be present in large
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amounts within that corridor. Thus, watershed characteristics are important elements in
determining appropriate target communities for riparian ecosystem restoration and management

and should be incorporated into predictive modeling of riparian vegetation.

REFERENCES

Allen-Diaz, B.H. 1991. Water tables and plant species relationships in Sierra Nevada meadows.
American Midland Naturalist 126: 30-43.

Amacher, M.C., Kotuby-Amacher, J. & Grossl, P.R. 2004. Effects of natural and anthropogenic
disturbances on water quality. In: Chambers, J.C. & Miller, J.R. (eds.) Great Basin Riparian
Ecosystems - Ecology, Management and Restoration, pp. 162-195. Island Press, Covelo, CA, US.

Baker, M.E. & Wiley, M.J. 2009. Multiscale control of flooding and riparian forest composition
in Lower Michigan, USA. Ecology 90: 145-159.

Baker, W.L. 1989. Macro- and micro-scale influences on riparian vegetation in western Colorado.
Annals of the Association of American Geographers 79: 65-78.

Belsky, A.J., Matzke, A. & Uselman, S. 1999. Survey of livestock influences on stream and
riparian ecosystems in the western United States. Journal of Soil and Water Conservation 54:
413-431.

Bendix, J. 1994. Among-site variation in riparian vegetation of the southern California
Transverse Ranges. American Midland Naturalist 132: 136-151.

Bendix, J. 1997. Flood disturbance and the distribution of riparian species diversity. The
Geographical Review 87: 468-483.

Bull, W.B. 1979. Threshold of critical power in streams. Geological Society of America Bulletin
90: 453-464.

Burnham, K.P & Anderson, D.R. 2002. Model Selection and Multimodel Inference — A Practical
Information-Theoretic Approach. 2nd ed. Springer-Verlag, New York, NY, US.

Castelli, R.M., Chambers, J.C. & Tausch, R.J. 2000. Soil-plant relations along a soil-water
gradient in Great Basin riparian meadows. Wetlands 20: 251-266.

Chambers, J.C., Tausch, R.J., Korfmacher, J.L., Miller, J.R. & Jewett, D.G. 2004. Effects of
geomorphic processes and hydrologic regimes on riparian vegetation. In: Chambers, J.C. &
Miller, J.R. (eds.) Great Basin Riparian Ecosystems - Ecology, Management and Restoration, pp.
196-231. Island Press, Covelo, CA, US.

Congalton, R.G & Green, K. 1999. Assessing the accuracy of remotely sensed data: Principles
and Practices. CRC Press Inc., Boca Raton, FL, US.

Cooke, R.U., Warren, A. & Goudie, A.S. 1993. Desert geomorphology. University College
London Press, London, UK.



30

Cooper, D.J., Andersen, D.C. & Chimner, R.A. 2003. Multiple pathways for woody plant
establishment on floodplains at local to regional scales. Journal of Ecology 91: 182-196.

Costa, J.E. 1987. Hydraulics and basin morphometry of the largest flash floods in the
conterminous United States. Journal of Hydrology 93: 313-338.

Crafford, A.E.J. 2007. Geologic Map of Nevada. USGS Survey Data Series 249, 46 pp., 1 plate.

Etheredge, D., Gutzler, D.S. & Pazzaglia, F.J. 2004. Geomorphic response to seasonal variations
in rainfall in the southwest United States. Geological Society of America Bulletin 116: 606-618.

Germanoski, D. & Miller, J.R. 2004. Basin sensitivity to channel incision in response to natural
and anthropogenic disturbance. In: Chambers, J.C. & Miller, J.R. (eds.) Great Basin Riparian
Ecosystems - Ecology, Management and Restoration, pp. 88-123. Island Press, Covelo, CA, US.

Harris, R.R. 1988. Associations between stream valley geomorphology and riparian vegetation as
a basis for landscape analysis in the eastern Sierra Nevada, California, USA. Environmental
Management 12: 219-228.

Horton, R.E. 1945. Erosional development of streams and their drainage basins; Hydrophysical
approach to quantitative morphology. Bulletin of the Geological Society of America 56: 275-370.

Howard, A.D. 1990. Role of hypsometry and planform in basin hydrologic response.
Hydrological Processes 4: 373-385.

Hupp, C.R. & Osterkamp, W.R. 1996. Riparian vegetation and fluvial geomorphic processes
Geomorphology 14: 277-295.

Hupp, C.R. & Rinaldi, M. 2007. Riparian vegetation patterns in relation to fluvial landforms and
channel evolution along selected rivers of Tuscany (Central Italy). Annals of the Association of
American Geographers 97: 12-30.

Jenson, S.E. & Platts, W.S. 1990. Restoration of degraded riverine/riparian habitat in the Great
Basin and Snake River regions. In: Kusler, J.A. & Kentula, M.E. (eds.) Wetland creation and
restoration: The status of the science, pp. 367-398. Island Press, Covelo, CA, US.

Jewett, D.G., Lord, M., Miller, J.R. & Chambers, J.C. 2004. Geomorphic and hydrologic controls
on surface and subsurface flow regimes in riparian meadow ecosystems. In: Chambers, J.C. &

Miller, J.R. (eds.) Great Basin Riparian Ecosystems - Ecology, Management and Restoration, pp.
124-161. Island Press, Covelo, CA, US.

Karrenberg, S., Edwards, P.J. & Kollman, J. 2002. The life history of Salicaceae living in the
active zone of floodplains. Freshwater Biology 47: 733-748.

Kelson, K.I. & Wells, S.G. 1989. Geologic influences on fluvial hydrology and bedload transport
in small mountainous watersheds, northern New Mexico, USA. Earth Surface Processes and
Landforms 14: 671-690.

Loheide, S.P. & Gorelick, S.M. 2007. Riparian hydroecology: A coupled model of the observed
interactions between groundwater flow and meadow vegetation patterning. Water Resources
Research 43: article W07414.



31

Melton, M.A. 1957. An analysis of the relations among elements of climate, surface properties,
and geomorphology. Project NR 389-042, Technical Report 11. Columbia University, New York,
NY, US.

Merritt, D.M. & Cooper, D.J. 2000. Riparian vegetation and channel change in response to river
regulation: A comparative study of regulated and unregulated streams in the Green River Basin,
USA. Regulated Rivers: Research and Management 16: 543-564.

Miller, J.R., Germanoski, D., Waltman, K., Tausch, R.J. & Chambers, J.C. 2001. Influence of
late-Holocene hillslope processes and landforms on modern channel dynamics in upland
watersheds of central Nevada. Geomorphology 38: 373-391.

Mortenson, S.G. & Weisberg, P.J. 2010. Does river regulation increase dominance of invasive
woody species in riparian landscapes? Global Ecology and Biogeography, in press.

Montgomery, D.R. & Buffington, J.M. 1997. Channel-reach morphology in mountain drainage
basins. Geological Society of America Bulletin 109: 596-611.

Naiman, R.J & Décamps, H. 1997. The ecology of interfaces: Riparian zones. Annual Review of
Ecological Systems 28: 621-658.

Naiman, R.J., Décamps, H. & McClain, M.E. 2005. Riparia — Ecology, Conservation, and
Management of Streamside Communities. Elsevier Academic Press, Burlington, MA, US.

Patton, P.C. 1988. Drainage basin morphometry and floods. In: Baker, V., Kochel, R. & Patton,
P. (eds.) Flood Geomorphology, pp. 51-64. John Wiley & Sons, New York, NY, US.

Rood, S.B., Hillman, C., Sanche, T. & Mahoney, J.M. 1994. Clonal reproduction of riparian
cottonwoods in Southern Alberta. Canadian Journal of Botany 72: 1766-1774.

Sable, K.A. & Wohl, E. 2006. The Relationship of Lithology and Watershed Characteristics to
Fine Sediment Deposition in Streams of the Oregon Coast Range. Environmental Management
37: 659-670.

Sarr, D.A. & Hibbs, D.E. 2007a. Woody riparian plant distributions in western Oregon, USA:
comparing landscape and local scale factors. Plant Ecology 190: 291-311.

Sarr, D.A. & Hibbs, D.E. 2007b. Multiscale controls on woody plant diversity in western Oregon
riparian forests. Ecological Monographs 77: 179-201.

Schumm, S.A. 1956. Evolution of drainage systems and slopes in badlands at Perth Amboy, New
Jersey. Bulletin of the Geological Society of America 67: 597-646.

Scott, M.L., Friedman, J.M. & Auble, G.T. 1996. Fluvial process and the establishment of
bottomland trees. Geomorphology 14: 327-339.

Scott, M.L., Lines, G.C. & Auble, G.T. 2000. Channel incision and patterns of cottonwood stress
and mortality along the Mojave River, California. Journal of Arid Environments 44: 399-414.

Shaw, J.R. & Cooper, D.J. 2008. Linkages among watersheds, stream reaches, and riparian
vegetation in dryland ephemeral stream networks. Journal of Hydrology 350: 68-82.



32

Sheppard, W.D., Bartos, D.L. & Mata, S.A. 2001. Above- and below-ground effects of aspen
clonal regeneration and succession to conifers. Canadian Journal of Forest Research 31:739-745.

Steiger, J., Tabacchi, E., Dufour, S., Cornblit, D. & Peiry, J.L. 2005. Hydrogeomorphic processes
affecting riparian habitat within alluvial channel floodplain river systems: A review for the
temperate zone. River Research and Applications 21: 719-737.

Strahler, A.N. 1952. Hypsometric (area-altitude) analysis of erosional topography. Bulletin of the
Geological Society of America 53: 1117-1142.

Strahler, A.N. 1957. Quantitative analysis of watershed geomorphology. American Geophysical
Union Transactions 38: 913-920.

Strahler, A.N. 1964. Quantitative geomorphology of drainage basins and channel networks. In:
Chow, V.T. (ed.) Handbook of Applied Hydrology, 4.40-4.74. McGraw-Hill, New York, NY, US.

Stromberg, J.C., Tiller, R. & Richter, B.D. 1996. Effects of groundwater decline on riparian
vegetation of semiarid regions: The San Pedro, Arizona. Ecological Applications 6: 113-131.

Turner, M.G., Gergel, S.E., Dixon, M.D., & Miller, J.R. 2004. Distribution and abundance of
trees in floodplain forests of the Wisconsin River: Environmental influences at different scales.
Journal of Vegetation Science 15: 729-738.

Wasklewicz, T.A. 2001. Riparian vegetation variability along perennial streams in central
Arizona. Physical Geography 22: 361-375.

Weixelman, D., Zamudio, D., Zamudio, K. & Heise, K. 1996. Central Nevada Riparian Field
Guide. R4-ECOL-96-01. USDA Forest Service, Ogden, UT, US.



33

CHAPTER 2. The influence of process zone and geomorphic characteristics on the

distribution of riparian plant communities and species abundances.

ABSTRACT

Rivers and riparian ecosystems exhibit great variety in physical and biological structures,
processes, and assemblages. I investigated the ecological significance of process zones, a
hydrogeomorphic stream classification that was proposed to link geomorphic processes and
disturbance regimes with ecological communities. Objectives of this study were to 1) quantify the
geomorphic characteristics of process zones and determine whether they support unique
assemblages of riparian vegetation types; 2) describe the geomorphic characteristics most related
to riparian plant community distribution; and 3) quantify the geomorphic characteristics most
predictive of key riparian species abundances. Process zones and riparian vegetation types were
field-mapped in four small, mountainous watersheds in central Nevada, USA. Geomorphic and
plant species data, stratified by process zone and vegetation type, were collected at a total of 184
sites along the main stream channels. Geomorphic attributes of process zones were compared
using ANOVA, and vegetation composition of process zones was compared with relative
frequency graphs. Plant community groups were defined by cluster and indicator species
analyses, and patterns of community distribution were related to geomorphic variables with
nonmetric multidimensional scaling. Mixed effects models predicting abundances of key riparian
species tested for improvement in predictive power when larger-scale geomorphic characteristics
(watershed, process zone, bedrock type) were included in addition to local-scale attributes.

The main stream channels were classified into four process zones with some significant
differences in valley and channel dimensions. Within individual watersheds, the vegetation
composition of the two dominant process zones was similar and reflected the overall pattern of

vegetation composition in the watershed. Seven riparian plant communities were identified from
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the cluster analysis: aspen, birch, willow, C. utriculata meadow, mesic meadow, basin big
sagebrush, and upland. These communities were primarily distinguished by elevation and
contributing area, and secondarily by valley width and gradient. Mixed-effects models of the
percent cover of Populus tremuloides, Betula occidentalis, Artemisia tridentata vaseyana, Salix
lutea, and Juncus arcticus indicated that species abundances often were dependent on watershed,
bedrock type, contributing area or elevation, in addition to valley and channel characteristics.
Although distinct process zone-vegetation type assemblages were not identified with the
classification applied in this study, both riparian community composition and species abundances
were strongly influenced by variables describing site position in the watershed and the larger-
scale geomorphic context (e.g. watershed, bedrock type). These variables should be integrated
into classification schemes used for explaining and predicting patterns of riparian vegetation in

small upland watersheds.

INTRODUCTION

Although riparian ecosystems occupy a small proportion of the landscape, they contain a
disproportionate amount of resources and provide numerous ecosystem functions, including
regulation of light and temperature regimes, nourishment and habitat for aquatic and terrestrial
biota, and maintenance of corridors for animal and plant dispersal (Naiman et al. 2005). However,
widespread degradation of rivers and riparian communities has occurred due to anthropogenic
activities such as water diversion, groundwater extraction, flood control, land use change, and
livestock grazing (Richardson et al. 2007). Also, past and present shifts in global climate regimes
have had long-term effects on sediment budgets and hillslope processes, channel form and
function, and patterns of riparian vegetation (Miller et al. 2001). Riparian ecosystems are

currently a high priority for conservation and restoration efforts worldwide (Wohl et al. 2005).
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Rivers and associated riparian ecosystems exhibit great variety in physical and biological
structures, assemblages, and processes. Numerous classification schemes have been proposed to
identify functionally similar sites within and among rivers and to aid in prioritizing conservation
and restoration efforts (see Kondolf et al. 2003 and Naiman et al. 2005 for reviews). A
hydrogeomorphic approach to riparian classification is generally considered appropriate because
hydrologic and geomorphic processes, such as flooding, erosion, and sediment movement,
structure and maintain the physical template for riparian habitats (Gregory et al. 1991; Hupp &
Osterkamp 1996; Steiger et al. 2005). Many geomorphic classification schemes assume but do
not explicitly test for ecological significance (e.g. Phillips 2008; but see Thomson et al. 2004).
Others incorporate the ecological communities into the development of the final classification
(e.g. Harris 1988).

The hydrogeomorphic classification frameworks proposed by Montgomery (Process
Domain Concept; 1999) and Brierley and Fryirs (River Styles; 2000) classify rivers into distinct
valley sections within a watershed context based on uniform hydrologic and geomorphic
behaviors and characteristics. These river sections are called process zones. A process zone is a
section of river defined by characteristic behaviors (e.g. erosion, deposition, transport) and
uniform structure in terms of geometry (channel shape and size), channel planform (shape when
viewed from above), and assemblage of geomorphic units (pool, rifle, run, terrace) (Montgomery
1999; Brierley & Fryirs 2000). Because the magnitude and timing of geomorphic processes vary
between process zones, such a classification divides the channel network into discrete sections
where ecological communities are structured by unique disturbance regimes (Montgomery &
Buffington 1997; Swanson et al. 1998; Montgomery 1999; Fryirs & Brierley 2001).

Riparian plant species in steep mountainous watersheds are strongly influenced by flood
disturbance regimes (Swanson et al. 1998; Friedman et al. 2006) and are characterized by

variation in their response to flooding (e.g. colonizer, endurer, or avoider; sensu Naiman et al.
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2005). However, in arid and semiarid regions, water table depth and soil moisture content are also
essential limiting factors for plant species distributions in riparian and meadow settings
(Stromberg et al. 1996; Castelli et al. 2000; Loheide & Gorelick 2007). Furthermore, riparian
communities or individual plant species may be restricted to particular elevation ranges or require
specific substrate textures for establishment and persistence (Weixelman et al. 1996; Karrenberg
et al. 2002). Hydrogeomorphic classifications that account for these additional physical
constraints are more likely to exhibit strong relationships with patterns of riparian vegetation.

Environmental variables that change along the length of the valley bottom quantify
among-site variation and are referred to as longitudinal variables (Bendix 1994b). They include
position in the watershed (e.g. elevation of a site, contributing area above a site) and site-specific
characteristics, such as bedrock type, valley width, stream gradient, and channel dimensions.
Transverse variables are those that change perpendicular to the channel and quantify within-site
variation; they include height above and distance from the stream channel, substrate texture, and
inundation frequency. Both longitudinal and transverse variables exert important influences on
riparian community distribution and species abundances through their influence on temperature
and moisture regimes, potential discharge, disturbance intensity, and substrate characteristics
(Hupp & Osterkamp 1996; Wasklewicz 2001; Bendix 1994b; Friedman et al. 2006). However,
the relative importance of longitudinal versus transverse variables can change depending on
spatial scale and level of ecological organization (e.g. vegetation type, community, individual
species) (Friedman et al. 2006; Yang et al. in prep).

In addition, the riparian environment is influenced by hydrogeomorphic processes and
landscape characteristics occurring at larger spatial scales (Frissell et al. 1986; Baker 1989;
Bendix 1994b; Newson & Newson 2000). Differences in individual watershed characteristics
influence the hydrograph and flood disturbance regime via collection area for storm events,

geologic factors that affect infiltration and erosion rates, overall gradient, and drainage network
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development (Patton 1988; Howard 1990; Kelson & Wells 1989). Watershed characteristics exert
independent, direct effects on riparian vegetation extent and composition (Chambers et al. 2004;
Sarr & Hibbs 2007; Engelhardt 2009) in addition to indirect effects via constraints on valley and
channel characteristics and hydrology (Baker 1989; Shaw & Cooper 2008).

The process zone concept was proposed as a way of explicitly linking geomorphic
processes and disturbance regimes to ecosystem structure and classification (Montgomery 1999).
An ecologically significant classification scheme would be useful for selecting similar sites for
comparison in monitoring and research, determining reference conditions for degraded sites, and
improving predictions of response to anthropogenic disturbances, land management activities, or
global climate change (Frissell et al. 1986; Montgomery & Buffington 1997; Thomson et al.
2004). Additionally, quantifying the geomorphic characteristics most relevant to patterns of
riparian vegetation distribution and species abundance will strengthen our understanding of
species-environment relationships and provide a basis for assessing or improving the ecological
significance of the process zone classification. Specific objectives of this study were to: (1)
evaluate differences in geomorphic characteristics among process zones and determine whether
they support unique assemblages of riparian vegetation types; (2) quantify the geomorphic
characteristics that are most related to riparian plant community distribution and species
abundances; and (3) assess the ecological significance of the process zone classification and
suggest improvements if necessary.

METHODS
Study Area

The Great Basin section of the Basin and Range physiographic province is a semiarid,
internally-draining basin in the western United States encompassing approximately 650,000 km?,
including most of Nevada and portions of neighboring states. The Great Basin is characterized by

a series of isolated north-south trending mountain ranges and intervening valleys. Study sites are
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four upland watersheds in the Toiyabe mountain range of central Nevada: Birch, Cottonwood,
Kingston and San Juan Canyons (Figure 1). Elevations range from approximately 2000 m to
nearly 3500 m. Mean annual precipitation ranges from 20 cm at the watershed mouths to 45 cm at
the highest elevations, and falls primarily as winter snow with peak runoff occurring in late May
to early June. Occasional thunderstorms contribute additional moisture during the summer
months.

The study watersheds are small (mean = 4475 ha, range = 2200 — 7292 ha) and of high
relief (mean = 1332 m, range = 1078 — 1574 m), and are characterized by relatively narrow
valleys occupied by streams with generally high gradient and coarse, gravel-bed channels. The
Great Basin is geologically complex and the watersheds are underlain by a variety of lithologies.
Siliciclastic and intrusive igneous rocks (granite, quartz monzonite) underlie the majority of Birch
Canyon, which is characterized by discontinuous and localized incision. The bedrock of
Cottonwood Canyon is primarily quartzite, and the bedrock of Kingston Canyon is primarily
siliciclastic and carbonate (limestone) rocks. Both Cottonwood and Kingston are moderately
incised, but incision is moderated by the coarse materials comprising side-valley fans that
prograde onto the main channel. San Juan Canyon is almost entirely underlain by volcanic rocks
(welded and rhyolitic tuff) and is characterized by deep incision with smoothed longitudinal
profiles and extensive terraces (Germanoski & Miller 2004).

Along perennial stream reaches, woody vegetation consists of narrow bands of water
birch (Betula occidentalis), coyote willow (Salix exigua), yellow willow (Salix lutea), wild rose
(Rosa woodsii), narrowleaf cottonwood (Populus angustifolia), and quaking aspen (Populus
tremuloides). Meadows occur in areas with elevated water tables and are characterized by
wetland obligate and facultative graminoids and forbs (e.g. Carex nebrascensis, Deschampsia
cespitosa, Juncus arcticus, and Symphyotrichum spathulatum). Basin and mountain big sagebrush

(Artemisia tridentata ssp. tridentata & vaseyana) occur in dry meadows and along ephemeral
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Figure 1. The locations of the four study watersheds in the Toiyabe mountain range of
central Nevada, USA.
stream reaches. A detailed ecological type classification exists for central Nevada riparian areas
based on soil, water, climate, and plant species composition (Weixelman et al. 1996).

The study watersheds are managed by the Austin Ranger District of the Humboldt-
Toiyabe National Forest with the exception of several small private inholdings. Historic and
current human uses include grazing, mining, water diversions, and recreation. A graded

secondary road is present along all or part of the valley bottom in most watersheds.
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Data Collection

Prior to field sampling, process zones and vegetation types were mapped along the main
channel of each watershed. Classification and identification of process zones were based on the
predominant geomorphic process (erosion, deposition, or transport) and valley fill material (Table
1). Process zones were delineated on color photocopies of 1:15,000 - 1:19,000 scale aerial
photographs (Humboldt Toiyabe National Forest, 1993). Vegetation was field mapped according
to ecological types defined by Weixelman et al. (1996) and delineated on color photocopies of
1:3,000 scale aerial photographs (Humboldt Toiyabe National Forest, 2003) or on color prints of
1:3,000 scale National Agriculture Inventory Program (NAIP) images (USDA 2006). Process
zones and vegetation types were digitized from paper maps to raster NAIP imagery in a GIS.
Several ecological types were aggregated resulting in seven final vegetation types (Table 2) and a
stratified design was used to locate three to five sampling sites in all process zone/vegetation type
combinations within each watershed for a total of 184 sampling sites (Appendix 3). The mesic
meadow vegetation type consisted of the wet, mesic, and dry meadow ecological types defined by
Weixelman et al. (1996). Sampling sites were systematically located to characterize
representative conditions based on field inspections. Geomorphic and vegetation data were
collected simultaneously at all locations.
Geomorphology
At each sampling site, transects were oriented perpendicular to the channel to include all inset
terraces from the channel thalweg to the upland (valley floor) surface. Channel cross-sectional
profiles were measured along transects with a leveled meter tape and stadia rod. Field
measurements were made of stream gradient, number of terraces, and knickpoints. Stream
gradient was calculated by measuring horizontal distance with a meter tape and vertical distance
with a clinometer and stadia rod. Particle size distribution and lithology of the channel bed were

determined from a modified Wolman pebble count (Wolman 1954). Soil texture of the active
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Table 1. Characteristics and descriptions of main channel process zones occurring in the
study watersheds.

Vally Fill Dominant

Process Zone Frequency Composition Processes Description
Aggrading Alluvial rare alluvium deposition, channel aggradation generally localized and often
(AA) avulsion associated with avulsion processes, defined

by deposition along margins of channel or
on valley floor

Bedrock Valley = uncommon  bedrock sediment transport  distinct channels with significant bedrock

BV) exposure in channel bed and along channel
margins, channel form created by valley
form, minimal sediment along banks

Incised Alluvial very common alluvium erosion, sediment  flat and broad valley floors underlain by
TA) transport, sediment alluvial deposits, channel generally incised
storage into alluvium, major long-term and minor

short-term storage

Incised Colluvial common colluvium and erosion, sediment  channel incised into colluvial and fan
1o fan material ~ generation, deposits, steep channel banks and well-
sediment transport defined erodible channel form, significant
long-term and limited short-term storage

Table 2. Riparian vegetation types identified from field mapping on the main channels of
the study watersheds.

Vegetation Type Description Important Species

Aspen Overstory of riparian facultative trees Populus tremuloides

Birch Overstory of riparian obligate trees Betula occidentalis

Cottonwood Overstory of riparian obligate trees Populus angustifolia

C. utriculata Meadow Riparian obligate graminoids and forbs Carex utriculata, Senecio hydrophilus
Mesic Meadow Riparian obligate and facultative graminoids and forbs Carex nebrascensis, Juncus arcticus
Narrow Mesic Narrow corridor of riparian facultative shrubs with Symphoricarpos oreophilus,

riparian facultative and upland graminoid understory ~ Rosa woodsii, Poa pratensis

Willow Overstory of riparian obligate shrubs Salix exigua, Salix lutea

channel bank was quantified by a bulked soil sample collected two meters upstream and two
meters downstream of the transect just above the water surface. At confined locations, riparian
and valley widths were measured with a meter tape. For unconfined locations, these variables
were measured from a 10-m digital elevation model (DEM) and the NAIP imagery. Elevation,

valley slope, contributing area, and main channel length above each site were calculated from the
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10-m DEM. The stream was categorized as perennial or ephemeral at each site. Bedrock geology
of each site was obtained from the USGS Geologic Map of Nevada (1:250,000; Crafford 2007).

Active channel width, depth, and width:depth ratio, incised channel width, depth, and
width:depth ratio, as well as terrace width, height above the channel, and distance from the
channel, were derived from the cross-sectional profile. The incised channel depth was the vertical
height from the valley floor surface to the channel thalweg, and the incised channel width was the
corresponding horizontal distance between valley floor surfaces. Channel bed Dsg, Dg4, and
percent of seven rock types were derived from the Wolman pebble count data. Soil samples were
air dried and passed through a 2-mm sieve to determine the percentage of fine fragments (< 2-mm
diameter) in the bank soil. Descriptions and units of geomorphic variables are given in Table 3.
Vegetation

Riparian vegetation was sampled at the same time and location as the geomorphic
attributes. Plants were identified to species and aerial cover was recorded in plots one meter
upstream and one meter downstream of the geomorphic transect on all terraces and at the water’s
edge. Percentage aerial cover of each herbaceous species in a 0.25-m” plot was estimated using
the following codes: 1=<1%, 2=1-5%, 3=6-15%, 4=16-25%, 5=26-35%, 6=36-45%, 7=46-55%,
8=56-65%, 9=66-75%, 10=76-85%, 11=86-95%, 12=96-100% (Castelli et al. 2000). Ground
cover was recorded as a total percentage of the 0.25-m? plot using ten categories: vegetation, bare
ground, gravel, rock, litter, woody debris, live roots and stems, moss, water, and other.

At each site where shrubs occurred, shrub data were collected in 1-m*plots placed at the
same locations as the 0.25-m” herbaceous plots. Shrubs were identified to species and aerial cover
was estimated using the same codes as for herbaceous species. At sites with trees (B. occidentalis
and Populus spp.), a 2-m belt transect was located parallel to and on the upstream side of the

meter tape. Aerial cover of tree species was ocularly estimated by terrace using the same codes.



Table 3. Geomorphic variables measured for the transect and all terraces
at each sampling site.

Transect variables

AREA contributing area above the site (mz)
ELEV elevation of the site (m)

S_LNGTH stream length of main channel above the site (km)
W_WDTH water width (cm)

THAL thalweg depth (cm)

WD_RATIO width:depth ratio

I_WDTH width of channel incision (cm)

I_DPTH depth of channel incision (cm)

I_RATIO incised width:depth ratio

% FINES % fine fragments in bank soil (<2mm diameter)
D50 channel bed Dso (mm)

D84 channel bed Dg4 (mm)

% SIL'T % silt in the channel

% CARBS % carbonate in the channel

%INTRS % intrusive in the channel

9% METASED % metasedimentary in the channel

% QTZT % quartzite in the channel

% SLCLT % siliciclastic in the channel

% VOLCS % volcanic in the channel

% SNDSTN % sandstone in the channel

S_GRAD stream gradient (%)

V_SLOPE valley slope parallel to channel (%)
RIP_WDTH riparian zone width (m)

VAL_WDTH valley width (m)

#TERRS # of terraces

#KNICK # of knickpoints within 20m upstream and

Terrace variables

downstream of the site

TERR# terrace position: 1st, 2nd, 3rd, etc.

HEIGHT surface vertical height above channel (cm)
DIST surface horizontal distance from channel (cm)
WIDTH surface width perpendicular to channel (cm)

43
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Species nomenclature follows the PLANTS database (USDA Natural Resources
Conservation Service, April 2009). For the analysis of herbaceous, shrub, and groundcover data,
aerial cover values from the upstream and downstream plot on each geomorphic terrace were
averaged together to produce one cover value for each terrace.

Statistical Analysis

A Kruskal-Wallis ranked ANOVA was used to test for differences in geomorphic
variables by process zone types with a Bonferroni correction for multiple tests. Multiple
comparisons by the Bonferroni method were used to test for differences between specific
combinations of process zones. To determine if the IA and IC process zones occurred at different
elevations, elevation and process zone were sampled from the DEM and digitized maps with
regular points spaced 10 meters apart along the valley bottom. Elevational distributions of process
zones were compared with a Welch’s t-test, which does not require equal variance. Bivariate
correlations between transect geomorphic variables were examined with Pearson correlation
coefficients (r).

To determine riparian composition within each process zone, field-mapped riparian
vegetation type was sampled from the digitized maps for the same set of points. The vegetation
composition of each process zone was assessed with relative frequency graphs for all four
watersheds combined and separately for each watershed. If process zones were highly predictive
of riparian vegetation, I expected to see unique process zone-vegetation type assemblages.

To define plant community groups from the species aerial cover values on each terrace, |
conducted a hierarchical, agglomerative cluster analysis using the Sorensen (Bray-Curtis)
distance measure and the flexible beta linkage method with B = -0.25. Rare species that occurred
at less than 1% (4 or fewer) of the sites were excluded. All species cover values were arc-sine
square root transformed prior to the cluster analysis. Indicator species analysis (Dufrene &

Legendre 1997) was used to determine an appropriate number of groups from the cluster analysis
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and to characterize the identified community groups. This method calculates an indicator value of
each species for each group, based on the species abundance in the group relative to all other
groups and the proportion of sites in the group in which it is present. The statistical significance
of indicator values was evaluated by Monte Carlo tests with 1000 randomizations. I chose an
optimal number of plant community groups by comparing the sum of significant indicator values
for multiple cluster levels and the sums of the positive and negative differences in all species
indicator values between successive levels (Dufrene & Legendre 1997). The significance of
compositional differences between community groups was verified with a Multi-Response
Permutation Procedure (MRPP) (McCune & Grace 2002).

I related patterns of plant community distribution to geomorphic variables with nonmetric
multidimensional scaling (NMS) using the Sorensen (Bray-Curtis) distance measure. NMS, an
indirect gradient analysis method, is preferable for use with ecological community data because it
does not assume multivariate normality or linear relationships among variables and it is robust to
datasets containing many zero values (McCune & Grace 2002). I compared 250 runs with the real
data and the randomized data to select a dimensionality with a stable solution and low stress
(McCune & Grace 2002). The variance in the original data that was represented by the ordination
axes was calculated with the coefficient of determination (R?) between plot distances in the
original species similarity space and plot distances in the ordination space. Important
environmental gradients were identified by interpreting the ordination axes and examining
correlation coefficients with the ordination using Pearson’s r. Group membership derived from
the cluster analysis was overlaid on sites in ordination space to aid in axis interpretation.

I used the results of the cluster and ordination analyses to identify the important
geomorphic variables of each process zone for structuring riparian vegetation composition and
the amount of variability in vegetation composition that can be explained by process zone

geomorphic characteristics. I used a Kruskal-Wallis ANOVA and multiple comparisons
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(Bonferroni method) tests to determine significant differences in geomorphic characteristics of
plant communities. A finer scale analysis of the relations between geomorphic characteristics and
plant communities was conducted through a separate cluster analysis and NMS ordination that
included only terraces from sites field-mapped as the mesic meadow vegetation type. The same
statistical procedures were applied as for the analysis of all sites.

Linear mixed effects (LME) models predicting abundances of key riparian species were
developed to test for improvement in predictive power when larger scale categorical effects
(watershed, process zone, bedrock type) were included in addition to quantitative longitudinal and
transverse geomorphic characteristics (e.g. elevation, valley width, terrace height), while
accounting for the possible correlation structure among plots within the same transect, bedrock
type, process zone, or watershed. Quantitative geomorphic characteristics were treated as fixed
effects, and the categorical variables watershed, process zone, and bedrock type were compared
as fixed versus random effects. Transect was always included as a random effect in order to
account for possible pseudo-replication among multiple plots within the same transect. In mixed-
effects modeling, the mean value is modeled for each level of the fixed effects as in standard
multiple regression models, but additional error terms are included for each random effect to
account for lack of independence among plots within the same level of the random effect. This
allows for a more precise estimation of the coefficients for the fixed effects (Pinheiro & Bates
2000).

For each of the communities identified in the cluster analysis, the species with the highest
indicator value for that community was selected for LME modeling. In this way I was able to
model the percent cover of plant species that were responsive to the distinct geomorphic
characteristics of each riparian plant community. Only five of the seven community types had a
strong indicator species with sufficient number of occurrences in the sampling plots to be used in

the analysis. Species cover values were arc sine square root transformed prior to regression
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analysis. Bivariate correlations between transect geomorphic variables were examined prior to
developing any LME models, and no models included any pair of geomorphic variables with a
correlation coefficient > 0.40. Highly skewed geomorphic variables were log transformed.
Models were compared with an information theoretics approach utilizing the Akaike’s
Information Criterion (AIC) statistics to calculate AIC differences (A;) and Akaike weights (w;).
AIC differences are rescaled AICs where A; is the difference between the smallest AIC value in
the model set and the AIC value of model i. It is the relative values of the AIC statistic as
opposed to the absolute values that are useful for comparing models. Models having a A; within
1-2 of the best model have substantial support relative to the best model. Models having a A;
within 3-7 of the best model have considerably less support, and models with A; >10 have
essentially no support (Burnham & Anderson 2002). Akaike weights (w;) for each model i were

calculated according to the formula:

_exp(-112 Ay)

i=

R
> exp(-1/2 A)

where A, is the difference in the minimum AIC value and the AIC value of each model i in the set
of R models. The relative importance of the best predictor variables was determined by
calculating variable weights (w,), the sum of the Akaike weights (w;) of all models containing the
variable of interest. The larger the value of w; or w,, the more important the model or variable is
relative to the other models or variables. The top LME models with different fixed effects were
also compared with likelihood ratio tests based on maximum likelihood fits. Models with more
parameters were considered a significant improvement at p < 0.05.

Cluster and ordination analyses were conducted using PC-ORD 5.10 (version 5.10, MjM
Software, Gleneden Beach, OR, US). All other statistical analyses were completed with S-PLUS

8.1 (version 8.1, TIBCO Software Inc., Palo Alto, CA, US).
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RESULTS
Process zone characteristics and riparian vegetation types

The main channel in all four of the watersheds was classified into predominantly two
process zone types: Incised Alluvial (IA) and Incised Colluvial (IC) zones (Figure 2). The
Aggrading Alluvial (AA) and Bedrock Valley (BV) zones were much rarer and did not occur in
Cottonwood and San Juan Canyons. Relatively short lengths of the AA zone occurred in Birch
and Kingston Canyons. The BV zone only occurred in Birch Canyon. Several of the IA sites were
ephemeral (N=8) but the majority were perennial (N=96). Only 1 of 64 IC sites was ephemeral.
All AA and BV sites were perennial. Within the IC type, the source of the valley fill material was
usually side-valley fan deposits (N=55) but occasionally the material was derived from adjacent

hillslopes (N=9).
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Figure 2. Classification of main channel into four types of process zones based on the
approximate length of the valley bottom in four watersheds.

These four process zones characterized a gradient of environmental conditions with
significant differences in valley and channel geomorphic characteristics between some zones

(Table 4). The AA zone, where the dominant geomorphic process was sediment aggradation, was
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the least incised zone and had the fewest terraces, smallest channel particle sizes, gentlest valley
slopes and stream gradients, and widest valleys. The incised zones, IA and IC, differed in that IC
had significantly steeper gradients and narrower valleys and was more deeply incised than IA.
Channel and bank material tended to be coarser grained in IC zones compared to IA zones, but
not significantly so. There was no difference in channel size or width:depth ratio between IC and
IA. Although the geomorphic characteristics of the BV zone were usually not significantly
different from those of IC, BV sites tended to have the largest particle sizes and steepest
gradients, and occurred in the narrowest valleys. No significant differences by process zone were
found for channel width, width:depth ratio, or bank soil texture. Geologic composition of stream
channel particles did not show any consistent patterns in differences among process zones.
Table 4. Kruskal-Wallis 2 and p-values, and means + standard errors for a difference in
geomorphic variables by process zone. 2 values in bold are significant at p < 0.002 based on

the Bonferroni correction for multiple tests. Significant differences among process zones are
indicated by unshared letters using the Bonferroni multiple comparisons method.

Kruskal- Process Zone (n)

Variable Wallis xz p AA (13) TA (104) IC (64) BV (3)
Water Width (cm) 5.76 0.12 22377 +£22.88 171.73 +7.83 171.33 £ 11.17  197.33 +£21.73
Thalweg Depth (cm) 12.63 0.006 33.77£6.62 15.53 £ 0.85 14.77 £ 1.11 23 +3.51
Width:Depth Ratio 4.26 0.23 12.08 +3.28 13.87£0.8 14.31 £ 1.19 9.19 £2.01
Incised Width (cm) 40.5 <0.001 283.08 +21.89 a 666.55 +36.45 b 773.36 + 48.84 b 569.33 + 85.66 ab
Incised Depth (cm) 26.71 <0.001 47.02+7.92 a 16294+785 b 198.71+9.6 ¢ 187.1 +26.8 bc
Incised Width:Depth Rat 11.33 0.01 7.92 +1.51 4.39 +0.22 4.09 +0.25 3.04 +0.09
# of Terraces 15.01 0.002 1.69+0.13 a 2.69+£0.08 b 2.66+0.14 b 3+£0.58 b
Bank Fines (%) 2.64 0.45 61.65+7.52 52.7 + 14.59 51.11 + 1.84 53.60 + 9.35

Channel Bed Dso (mm) 2233 <0.001 142+422a 3787197 b 4468+£355b 5468+1823 Db
Channel Bed Dg4 (mm) 32,51 <0.001 21.11+7.58 a 7415+486 b 98.13+£8.62 ¢ 124.64 £30.79 bc

% Silt 2317 <0.001 41.85+1336 a 1.77+037 b  1.34+038 b 2+1.15b
% Carbonate 5.61 0.13 0+0 1.87 £0.79 4.87 +1.63 0£0

% Intrusive 13.8  0.003 3.54+3.22 2.56 £0.71 3.42+1.32 62.67 £ 6.57
% Metasedimentary 1.96 058 36561123  20.99+3.02 20.99 +3.86 1.33 £0.67
% Quartzite 1339 0.004 20.5+698 51.79 +3.06 42.94 +3.69 34.67+5.7
% Sandstone 1125 0011  048+0.34 1.9+03 0.89 +0.25 0£0

% Silliciclastic 3.95 0.27 0£0 0.38 £ 0.15 0.22+0.12 0.67 + 0.67
% Volcanic 1549 0001 046+033 a 20.51+£2.8 ab 26.68+3.72 b 0.67 £0.67 ab
Stream Gradient (%) 36.68 <0.001 1.68+039 a 284+021 ab 477+037 ¢ 628032 be
Valley Slope (%) 49.13 <0001 034+0.12a 179+0.12b 2832016 cd 439+029d
Riparian Width (m) 36.32  <0.001 8423+906 a 3841+348 b 17.02+0.92 ¢ 11£1 be
Valley Width (m) 72.69 <0.001 88.15+831 a  71.12+4a  3292+169b 20+252b

# of Knickpoints 17.36  <0.001 0.08 +0.08 a 0.38+0.08 a 0.53+0.12 a 3.67+0.67 b
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There was a small but significant difference in the mean elevation of the IA and IC
process zones (t =-10.73, p < 0.001). Mean elevation of IC (2296 m) was higher than that of IA
(2241 m). However the approximately normal distributions and near identical ranges of elevation
of the two process zones (Figure 3) indicate that they usually co-occured along elevational

gradients within the study watersheds.
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Figure 3. Histogram of elevation of Incised Alluvial and Incised Colluvial process zones.

Geomorphic variables describing site position, valley setting, and channel characteristics
were often highly correlated (Table 5). Contributing area and stream length above the site
decreased with elevation of the site. The channel was wider and the thalweg was deeper with
greater contributing area and stream length above. Stream gradient and valley slope were steeper
when valley and riparian widths were narrower. The D5y and Dg, channel particles sizes were
larger in steeper gradient, narrower sites and when contributing area was greater. More
knickpoints were observed when valley slopes were steeper and channel particle sizes were

larger.
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Table 5. Pearson product-moment correlations between transect geomorphic variables
(N=184). Bold correlations are significant at o < 0.05.

AREA ELEV SINGTH W.WDTH THAL WD.RATIO ILDPTH LWDTH ILRATIO #TERRS D50 D84 %FINES WOODY

AREA

ELEV

S.NGTH

W.WDTH

THAL

WD.RATIO

LDPTH

LWDTH

LRATIO

#TERRS

D50

D84

%FINES

WOODY 037 -026 036 030 007 008 016 007 005 -0.18 023 033 -004 1

SGRAD 018 028 -022 002 0.8 015 017 004 012 005 038 036 019 028

VSLOPE ~ -008 015  -0.10 009 024 020 021 020 004 006 049 047 019 028

RIPWDTH 001 002 002 003 024 000 025 028 004 019 -027 -030 016 -0.14

VALWDTH -013 006 -020  -0.5 008 007 010 -013 008 002 -031 -039 005 -0.29

#KNICK 000 004 003 018 004 019 020 010 -008 -002 028 024 007 016

%CARBS 059 -042 041 043 030 009 008 016 006 013 044 066 002 030

%INTRS 019 023 020 005 002 00l 011 007 -016 004 013 01l 014 013

%METASED 034 008 0.3 021 027 020 033 017 022 016 -0.18 000 005 000

%QTZT 048 017 053 032 057 037 009 014 021 00l 002 019 -018  -020

%SLCLT 003 -012 0.5 002 002 000 020 01l 004 0Il 009 -0.10 -005 007

%VOLCS ~ -013 -007 021 009 0.5 005 032 042 001 025 014 007 003 0.3

%SNDSTN 005 -010 003  -003 -005 001 001  -009 006 005 007 000 -009  -005

%SILT 002 011 -001 005 064 020 023 020 005 013 031 027 030 -009
V.SLOPE RIP.WDTH VALWDTH #KNICK %CARBS %INTRS %METASED %QTZT %SLCLT %VOLCS %SNDSTN %SILT

'S.GRAD 1

V.SLOPE 0.64

RIPWDTH -0.33
VALWDTH  -0.40

#KNICK 0.32
%CARBS 0.05
%INTRS 0.09

9%METASED  -0.23

%QTZT 0.06 1

%SLCLT -0.02 -0.02 -0.10 -0.09 -0.01 -0.07 0.08 -0.11 -0.01 1

%VOLCS 0.23 0.27 -0.17 -0.26 0.08 -0.20 -0.10 -0.47 -0.26 0.08

%SNDSTN -0.08 -0.10 0.11 0.16 -0.15 0.15 -0.03 -0.05 0.23 0.18 1

%SILT -0.18 -0.28 0.38 0.23 -0.10 -0.07 -0.03 -0.10 -0.23 -0.02 -0.15 -0.08 1

Within the four watersheds, transects were located in seven riparian vegetation types that
closely matched ecological types identified by Weixelman et al. (1996) (Table 2). Two distinct
patterns of composition were found based on field-mapped areas of riparian vegetation types
(Figure 4a). Birch and Kingston Canyons both contained large amounts of herbaceous-dominated

vegetation in the mesic meadow and narrow mesic vegetation types, and had substantial birch
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components. Cottonwood and San Juan Canyons were dominated by the aspen vegetation type

and had much less birch and herbaceous vegetation types. Birch and Kingston Canyons both

contained some of the Carex utriculata meadow vegetation type but Cottonwood and San Juan

did not. Riparian composition based on valley bottom length also showed similarities between

Birch and Kingston, and Cottonwood and San Juan (Figure 4b). The narrow mesic vegetation

type comprised a significant length of the valley bottom in Birch and Kingston, but not in

Cottonwood or San Juan.
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Figure 4. Classification of the main channel riparian corridor into seven field-mapped
vegetation types by a) total area and b) total length, in four watersheds.

Similar associations between process zones and riparian vegetation types were found for

IA and IC, the two most common process zones (Figure 5). Both zones supported a variety of



53

vegetation types, although IC had slightly more woody vegetation (aspen and willow types), and
less herbaceous-dominated vegetation (C. utriculata meadow, mesic meadow, and narrow mesic)
than IA. Within individual watersheds, the vegetation composition of IA and IC was similar and
closely reflected the overall pattern of vegetation composition in each watershed (data not
shown). The relatively rare AA and BV zones supported just two vegetation types each. The AA
zone, the lowest-gradient and widest zone, supported primarily willow with some C. utriculata
meadow vegetation. The BV zone, the steepest and narrowest zone, supported primarily birch

vegetation with some willow.
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Figure 5. Relative proportion of seven field-mapped riparian vegetation types occurring in
four process zones, based on process zone and vegetation type sampled by points regularly
spaced every 10 m along the valley bottom (all watersheds combined).
Geomorphic characteristics and riparian plant species composition

The sampled vegetation types contained a total of 169 species of vascular plants. These
species were 27% graminoids, 58% forbs, 12% shrubs (includes Salix spp.), and 3% trees. Seven
plant communities were identified from the cluster analysis of terraces at all sampling sites:

aspen, birch, willow, C. utriculata meadow, mesic meadow, basin big sagebrush, and upland

(Figure 6). Overall MRPP and pairwise comparisons resulted in significant differences in species
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composition among all seven communities (overall T =-191.96, p < 0.0001, chance-corrected
within-group agreement A = 0.22). Several species had their highest indicator values at the level
of one group, indicating that these species were common throughout the study watersheds and in
all identified plant communities. These species were Poa pratensis, Taraxacum officianale, and
Rosa woodsii. The former two species are both naturalized non-natives that are widely distributed
through North America, and the latter is a riparian generalist that is common in disturbed areas.

Two tree communities occurred on approximately 35% of the terraces. The birch
community occurred on 59 terraces and was defined solely by the presence of B. occidentalis,
which had one of the strongest indicator values of all species in the study. Birch sites often had a
sparse understory with high percentages of litter and woody debris groundcover, explaining the
lack of strong associations with additional plant species. The aspen community occurred on 102
terraces and was indicated strongly by the presence of P. tremuloides, with Aquilegia formosa
and Symphoricarpos oreophilus as common understory species. Populus angustifolia did not
occur in significant abundance within my sampling sites to form a cottonwood community.
Instead this species was considered to be a component of the willow community or, less
commonly, the aspen community.

Shrub communities were most common and occurred on about 50% of the terraces. The
willow community occurred on 98 terraces and was defined by the presence of S. lutea and S.
exigua with P. pratensis and R. woodsii as secondary components. The basin big sagebrush
community was identified on 42 terraces and was indicated by A. tridentata tridentata and
Leymus triticoides. Species’ indicator values for this plant community were among the lowest in
the study. The upland community occurred on 90 terraces and was indicated by A. tridentata

vaseyana, Chrysothamnus viscidiflorus, and Bromus tectorum.
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Figure 6. Riparian plant communities and associated species obtained from a hierarchical,
agglomerative cluster analysis and indicator species analysis of plant species percent cover
at 461 riparian terraces. Indicator values are in parentheses and all species with an
indicator value > 20% are listed for each community where they occur. Maximum indicator
values are in bold.

The two communities dominated by herbaceous species were less common and occurred
on only 15% of all terraces. The mesic meadow community as defined here was the more

common of the meadow community types, occurring on 60 terraces, and was indicated by Juncus

arcticus, Carex nebrascensis, and Symphyotrichum spathulatum. The C. utriculata community
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was the least common, occurring on only 10 terraces, and was indicated by the presence of Carex
utriculata, Senecio hydrophilus, and Phalaris arundinacea.

The NMS ordination of species composition by terrace resulted in a three-dimensional
solution with Final Stress = 21.13 and cumulative R* = 61.2%. Most of the plant communities
separated clearly along axis 3 (Figure 7a), which was correlated with contributing area above the
site, stream length above the site, water width, and percent carbonates in the channel (Table 6).
These variables primarily describe a gradient of site position related to discharge and flow
dimensions. The aspen, mesic meadow, and upland communities occurred on terraces at sites
with smaller contributing areas, and the birch and C. utriculata meadow communities occurred on
terraces at sites with larger contributing areas. In contrast, the basin big sagebrush and willow
communities were more variable along axis 3, indicating that these communities were less
sensitive to contributing area.

Site elevation was most correlated with axis 2 (Table 6), which describes a gradient of
site position more closely related to temperature and precipitation. The aspen community
occurred at the highest elevations, mesic meadow and willow communities occurred at mid to
high elevations, and the birch, basin big sagebrush, C. utriculata meadow, and upland
communities occurred at low to mid elevations (Figure 7b). Axis 1, the gradient most related to
local geomorphic characteristics (e.g. valley width, stream gradient, Dg4 channel particle size, and
terrace height), explained the smallest proportion of the variance in riparian species composition
(Table 6). The mesic meadow, C. utriculata meadow, and willow communities were found on
lower terraces in wider, lower gradient valleys with smaller channel particle sizes (Figure 7b).
Aspen, birch and upland communities occurred in narrower, steeper valleys, where channel
particle sizes were larger and height above the channel was moderate to high. The basin big
sagebrush community was found in a comparatively greater range of settings, from wider, gentler

sites to narrow, steeper sites.
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Figure 7. NMS ordination of plant species composition on 461 riparian terraces, with
terraces coded according to plant community. Joint plots show the direction and strength of
relationships between geomorphic characteristics and ordination axes a) 3 versus 2, and b)
2 versus 1.
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Table 6. Proportion of variance represented by each NMS axis (R?) and Pearson
correlations (r) of geomorphic characteristics with each NMS axis for the 461 riparian
terraces at all sampling sites.

Axis
2 3 1
R*=0.23 R*=0.22 R*=0.17

AREA 0.360 0.520 -0.080
ELEV 0.416 0.372 0.133
S_LNGTH 0.276 0.412 -0.019
W_WDTH 0.142 0.468 0.063
THAL 0.309 0.254 -0.145
WD_RATIO  -0.240 0.100 0.202
I WDTH 0.058 0.022 0.178
I DPTH -0.013 -0.018 0.235
I_RATIO 0.070 0.129 -0.071
%FINES 0.164 0.123 -0.233
D50 0.128 0.124 0.366
D84 -0.049 0.195 0.406
%CARBS 0.310 0.410 0.058
%INTRS 0.075 0.190 0.134
%METASED  0.146 -0.013 -0.077
%QTZT -0.295 -0.202 -0.021
%SLCLT -0.042 -0.005 0.129
%SNDSTN -0.039 0.003 -0.091
%VOLC -0.153 -0.062 0.189
SILT 0.200 0.126 -0.291
WOODY -0.017 0.361 0.211

S_GRAD 0.204 0.177 0.434
V_SLOPE -0.105 0.184 0.542
RIP. WDTH  -0.193 0.166 0.471
VAL_WDTH  0.089 0.252 0.512
#KNICK 0.122 0.102 0.267

WIDTH -0.146 0.106 -0.140
DIST 0.162 -0.204 0.031

HEIGHT 0.141 -0.243 0.389

The average geomorphic conditions associated with the woody communities of aspen,
birch, and willow were usually significantly different based on a Kruskal-Wallis ANOVA and
multiple comparison tests (Table 7). Some geomorphic characteristics of the willow community
were not significantly different from those of the meadow communities (e.g., contributing area,
stream length above, terrace height, and Dg,). The mesic and C. utriculata meadow communities

occurred in sites with significantly wider valleys and lower stream gradients compared to the
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basin big sagebrush community. Average elevation, contributing area, stream length above, and

terrace height of the upland community were not significantly different from the aspen

community.
The separate cluster analysis of terraces from sites located in the field-mapped mesic

meadow vegetation type resulted in five plant communities: wet meadow, mesic meadow, dry
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meadow, canarygrass, and willow (Figure 8). These communities are similar to those identified in

the cluster analysis that included all sites but with several important differences. The mesic

meadow community from the full dataset is further split into wet and mesic meadow

communities, and a new community called canarygrass was identified (strongly indicated by

Phalaris arundinacea). Also, species indicator values were generally higher for the communities

identified in this analysis compared to the analysis with all sites.
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Figure 8. Riparian plant communities and associated species obtained from a hierarchical,
agglomerative cluster analysis and indicator species analysis using plant species percent
cover on 144 terraces at sites identified as the mesic meadow vegetation type from field
mapping. Indicator values are in parentheses and all species with an indicator value > 20%
are listed for each community where they occur. Maximum indicator values are in bold.
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The NMS ordination of species composition at mesic meadow sites resulted in a three-
dimensional solution with Final Stress = 19.02 and cumulative R* = 72.4%. Axis 2, which
explained the most variance in species composition, was strongly correlated with terrace height
above and terrace distance from the stream channel (Table 8). The dry meadow community was
highest and farthest from the stream, followed by the mesic meadow and canarygrass
communities, and the wet meadow and willow communities were closest to the stream (Figure
9a). Axis 3 was correlated with valley slope and percent volcanics, with the dry meadow and
willow communities found at sites with the steepest slopes and most volcanic rocks, the
canarygrass and wet meadow communities at sites with gentler slopes and fewer volcanic rocks,
and the mesic meadow community at intermediate sites characterized by a broader range of valley
slopes and percent volcanics (Figure 9b). Axis 1 was only weakly correlated with incision ratio
(Table 8), with terraces supporting the wet and mesic meadow communities when incision ratios

were smaller.
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Figure 9. NMS ordination of plant species composition on 144 riparian terraces at sites field
mapped as the mesic meadow vegetation type, with terraces coded according to plant
community type. Joint plot shows the direction and strength of relationships between
geomorphic characteristics and ordination axes a) 3 versus 2, and b) 2 versus 1.
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Figure 9. continued.



Table 8. Proportion of variance represented by each NMS axis (R*) and Pearson
correlations (r) of geomorphic characteristics with each NMS axis for the 144 riparian
terraces at sites field-mapped as the mesic meadow vegetation type.

Axis
2 3 1
R*=0.33 R*=0.21 R*=0.19
AREA -0.033 0.145 0.030
ELEV -0.143 0.164 0.011
S_LNGTH -0.027 -0.031 0.053
W_WDTH -0.104 -0.051 -0.030
THAL 0.172 -0.054 0.018
WD_RATIO  0.094 -0.009 -0.085
I WDTH 0.115 -0.324 -0.037
I DPTH 0.023 -0.199 0.299
I_RATIO -0.203 -0.193 -0.354
#TERRS 0.042 -0.313 -0.110
D50 0.053 -0.205 0.019
D84 -0.004 -0.284 0.038
%CARBS -0.175 0.130 -0.245
%INTRS 0.122 -0.079 0.206
%METASED  -0.242 0.260 -0.083
%QTZT 0.174 0.201 0.124
%VOLC 0.083 -0.520 0.019
%SNDSTN -0.042 0.173 0.211
%SILT 0.177 0.177 0.175
%FINES -0.030 0.095 -0.097
WOODY 0.029 -0.296 -0.037
S_GRAD 0.002 -0.244 0.060
V_SLOPE 0.017 -0.551 0.117
RIP_ WDTH 0.256 0.192 0.322
VAL_WDTH  0.182 0.173 0.103
#KNICK -0.090 0.054 0.111
WIDTH -0.181 0.164 0.298
DIST -0.560 -0.065 0.268

HEIGHT -0.501 -0.098 0.332




66

Geomorphic constraints on riparian species abundance

Mixed-effects models were developed for the percent cover of P. tremuloides, B.
occidentalis, A. tridentata vaseyana, S. lutea, and J. arcticus. These five species were identified
as strong indicators of plant community structure (Figure 6) and they occurred at a sufficient
number of sampling sites to permit predictive modeling. Some species were sensitive to larger
scale factors (watershed), and others were influenced by intermediate scale factors (process zone,
bedrock). Others responded to quantitative variables describing position in the watershed
(elevation, contributing area) and/or valley and channel geomorphology (e.g. riparian width,
stream gradient, width:depth ratio). Based on AIC differences, the best model was a strong
improvement over the intercept-only model for all species, although models tended to
underestimate at higher values of percent cover, especially for A. tridentata vaseyana, S. lutea,
and J. arcticus (Appendices 4 & 5).

The best model of P. tremuloides cover included watershed as a fixed effect, and
measures of stream characteristics (width:depth ratio, stream gradient, and thalweg depth) as well
as site elevation (Table 9). P. tremuloides cover increased with larger channel width:depth ratios,
stream gradients, thalweg depths, and at higher elevations. Cottonwood and San Juan Canyons
had higher P. tremuloides cover on average than Birch and Kingston Canyons. Elevation, stream
gradient, width:depth ratio, and watershed were the strongest predictor variables (Table 10). In
contrast, the best model of B. occidentalis cover included contributing area above the site, process
zone, and bedrock as fixed effects (Table 9). B. occidentalis cover increased with greater
contributing area. Average B. occidentalis cover was highest in the BV process zone, and higher
in the IC and IA process zones relative to the AA process zone (where the species did not occur at
all). Average B. occidentalis cover was higher at sites on intrusive and quartzite bedrock, and

slightly lower at sites on carbonate and volcanic bedrock, relative to sites on alluvium.
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Contributing area and process zone, followed closely by bedrock type, were the most important
predictor variables (Table 10).

A. tridentata vaseyana cover was best predicted by a model that included watershed and
process zone as fixed effects in addition to terrace height, riparian width, and contributing area
above the site (Table 9). A. tridentata v. cover was greater on higher terraces in narrower riparian
corridors and at sites with less contributing area. Average A. tridentata v. cover was lowest in
Cottonwood Canyon, followed by Birch and San Juan, and was highest in Kingston Canyon.
Average A. tridentata v. cover was lowest in the IC process zone compared to other process
zones, but process zone was slightly less important as a predictor variable compared to site
characteristics and watershed (Table 10). The best model of S. lutea cover also included terrace
height, as well as percent volcanic rock in the channel, incised channel width:depth ratio, and
bedrock type (Table 9). S. lutea cover was greater on lower terraces, at sites with larger incised
width:depth ratios, and at sites on volcanic bedrock but with less volcanic rock in the channel.
However, local geomorphic characteristics were more important predictors of S. lutea cover than
bedrock type (Table 10).

Finally, J. arcticus cover was best modeled as a function of riparian width and water
width, with process zone as a fixed effect (Table 9). J. arcticus cover was greater at sites with
wider riparian corridors and narrower stream channels. Mean J. arcticus cover was greatest in the
IA process zone, intermediate in the IC and BV process zones, and lowest in the AA process
zone. Riparian width, water width, and process zone were equally important predictor variables of

J. arcticus cover (Table 10).
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Table 9. AIC analysis of linear mixed-effects models evaluating the influence of geomorphic
characteristics on the percent cover of five riparian plant species. The best models (A; = 0)
for each species are presented. Transect was always included as a random effect. Full
results are presented in Appendix 3. k= number of model parameters, w;= AIC weight of
model i, and LogLik= log-likelihood value (fit by maximum likelihood). wshd= watershed,
pz= process zone, bdrock= bedrock.

Species Fixed Effects Random Effects k w LogLik
Populus tremuloides wd.ratio, s.grad, thal, elev, wshd  transect 10 0.28 185.45
Betula occidentalis area, bdrock, pz transect 12 055 287.10
Artemisia tridentata vaseyana theight, rwdth, area, wshd, pz transect 12 0.55 446.59
Salix lutea theight, %volc, iratio, bdrock transect 11 039 22643
Juncus arcticus rwdth, wwdth, pz transect 8 034 83792

Table 10. Variable weights (w,) and direction of effect (for continuous variables)
determined from AIC analysis of linear mixed-effects models of the percent cover of five

riparian plant species. wshd= watershed, pz= process zone, bdrock= bedrock.

Variable Weight & Direction of Fffect

Populus Betula Artemisia . Juncus
Salix lutea

Variable tremuloides occidentalis tridentata v. arcticus
Yointrsv 028 -
Yovolc 1.00 -
area 1.00 + 1.00
elev 1.00 +
iratio 1.00  +
iwdth 0.33
rwdth 1.00 1.00 +
s.grad .00 +
thal 0.68 +
theight 1.00 1.00 -
wd.ratio 1.00 +
wwdth 1.00
bdrock 0.03 0.77 0.06 0.78 0.02
pz 0.24 1.00 0.82 0.10 1.00
wshd 1.00 0.02 1.00 0.60 0.06
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DISCUSSION

The geomorphic characteristics of the most common process zones, incised alluvial and
incised colluvial, were highly similar for channel attributes but exhibited differences in average
valley width and stream gradient. However, the vegetation composition of the incised alluvial and
incised colluvial process zones reflected the overall vegetation composition within the watersheds
and showed little difference between these two zones. Geomorphic characteristics of both of the
rarer process zones, aggrading alluvial and bedrock valley, differed quantitatively from the others
for many of the key attributes, including incision depth, stream gradient, valley width, and
channel bed particle sizes. These two process zones appeared to characterize more distinctive
geomorphic conditions because the vegetation composition within these zones was unique and
dominated by just one or two vegetation types.

The process domain concept as originally described by Montgomery (1999) suggested
that drainage networks could be divided longitudinally into regions where distinct geomorphic
processes and disturbance regimes structured unique physical habitats and ecological
communities. In these central Nevada watersheds, colluvial reaches are not limited to the upper
elevations of the watershed as in the classic organization of erosion, transport and depositional
zones (Schumm 1977, Montgomery & Buffington 1997, Montgomery & MacDonald 2002).
Instead, they are distributed more or less evenly throughout the watersheds in association with
large side-valley fans that prograde into the main channel and alternate with alluvial reaches. I
found only a small difference in the elevational distribution of the two dominant process zone
types. Thus, disturbance processes operating within these two zones probably are not
fundamentally different (Montgomery 1999), but are likely moderated by variation in valley and
channel characteristics within each zone. The process zone scheme applied in this study may not
have successfully differentiated between confined and unconfined sections, especially within the

IA process zone, which ranged in width from 14 to 216 meters and substantially overlapped with
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the width of the IC zone (range: 6-68 meters) for narrower IA sites. Valley widths have
implications for stream gradients and channel particle sizes, as well as a strong moderating
influence on the effect of flood disturbances (Bendix 1994a).

The cluster and ordination analyses indicated that variables describing position in the
watershed, namely elevation and contributing area above the site, were of primary importance for
describing overall plant community distribution. Average elevation and contributing area were
significantly different between the aspen, birch, and willow communities and separated the aspen
and birch communities from the mesic meadow community. Elevation and contributing area also
were correlated with channel dimensions such that channel width and depth both increased in the
downstream direction. Stream power, the energy available to transport sediments, is highly
dependent on stream discharge, which generally increases in proportion to contributing area and
channel size (Bull 1979). Elevation and unit stream power were important predictors of among-
site variability in riparian vegetation in two arid watersheds of southern California (Bendix
1994a). Increasing elevation is associated with cooler temperatures and lower potential
evapotranspiration (Friedman et al. 2006), less flood disturbance (Douhovnikoff et al. 2005), and
decreased response potential to changes in sediment supply or discharge (Montgomery &
Buffington 1997). Position in the watershed may be especially important in mountainous regions,
where elevation and contributing area change rapidly due to high relief and drainage density. Yet
these attributes were not captured by the current process zone classification.

Discrete breaks in position attributes that would be relevant in these specific watersheds
can be derived from the average geomorphic conditions for each plant community type (Table 7).
For example, process zones could be stratified by elevation into low (<2100m), medium (2100-
2250) and high (>2250m) zones. Or process zones could be stratified by contributing area into
zones with small (< 2000 km?2), medium (2000-5000 km?2) or large (>5000 km2) contributing

areas. Alternatively, soil temperature regimes, such as those described by Weixelman et al.
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(1996), could be used to stratify zones according to changes in temperature and moisture regime
that are correlated with changes in site elevation.

Variables describing the local geomorphic setting, such as valley width and slope,
channel sediments, and height above the stream channel, were of secondary importance to overall
plant species composition. This set of variables comprised the geomorphic characteristics that are
commonly used to predict riparian vegetation patterns at local scales (Stromberg et al. 1996;
Merritt & Cooper 2000; Chambers et al. 2004) and that showed significant variation among the
process zones utilized in this study. These variables were important for explaining some of the
patterns of community distribution. For example, greater valley width and gentler valley slope
were site characteristics that promoted the occurrence of the mesic meadow and C. utriculata
meadow communities as opposed to communities dominated by woody species. Riparian
meadows in arid regions are dependent on ground water and reach their greatest extent where
geomorphic conditions promote elevated water tables and fine sediment deposition (Allen-Diaz
1991; Miller et al. 2001). Wider valleys with gentler channel gradients, especially when located
upstream of a side-valley fan or bedrock constraint, provide the conditions conducive to
groundwater recharge, fine sediment deposition, and ultimately, meadow formation (Jewett et al.
2004).

The cluster and ordination analyses restricted to just mesic meadow sites demonstrated
that local characteristics describing transverse environmental gradients are most valuable for
finely differentiating plant communities. For sites located within one general vegetation type,
variability in elevation, contributing area, and valley setting were reduced. Therefore, variation in
species composition was most strongly related to terrace height and distance from the stream. In
contrast, the ordination analysis that included all sites incorporated significant among-site
variability, and species composition was more strongly related to position in the watershed along

with valley setting. These results parallel those of other studies that have found the influence of
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longitudinal versus transverse variables on riparian vegetation patterns to vary depending on scale
as well as the level of ecological organization (Bendix 1994b; Friedman et al. 2006; Yang et al.
submitted).

There is a need to carefully consider the level of ecological organization at which a
response to a classification scheme is most likely to be discernible. Variation in relationships
between geomorphology and the presence of a vegetation type versus the abundance of a species
may be quite nuanced. For example, the birch vegetation type was present in similar proportions
in the incised alluvial and incised colluvial process zones. Yet the average percent cover of B.
occidentalis was higher in the incised colluvial process zone. Thomson et al. (2004) found similar
results when they investigated the ecological significance of the River Styles classification.
Differences in macroinvertebrate communities between River Styles were attributed to the
relative abundances of families as opposed to their presence or absence in a specific River Style.

At the level of individual species responses, variables describing the larger-scale
geomorphic context of a site, such as watershed, bedrock type, and position in the watershed
(elevation, contributing area) were often among the most important predictors of species
abundance. Models that included these variables in addition to local-scale variables that can be
measured on-site were most successful in explaining the percent cover of key indicator plant
species. For example, species sensitive to the type of watershed included P. tremuloides, S. lutea,
and A. tridentata v. The abundances of P. tremuloides and S. lutea in central Nevada watersheds
have been shown to be related to watershed characteristics that influence hydrograph properties
such as water capture and runoff regimes (Engelhardt 2009). The influence of watershed on A.
tridentata v. cover is likely related to watershed characteristics that result in more arid conditions
overall (e.g. less shading in wider valleys, lower water availability) because A. tridentata v. does

not require groundwater and generally occurs on higher terraces (Chambers et al. 2004).
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Bedrock of the site was an important predictor of abundance for several species. For
example, S. lutea had the highest cover on volcanic bedrock. Previous research in the region
indicates that watersheds underlain by volcanic rocks have short lag times and high peak flows
(Amacher et al. 2004; Germanoski & Miller 2004), hydrograph properties that promote
dominance by disturbance-tolerant woody species like S. lutea (Engelhardt 2009). Position in the
watershed as measured by elevation and contributing area was very important for the percent
cover of several species. Increasing elevation was associated with greater abundance of P.
tremuloides, a facultative riparian species that is associated with cooler temperatures and
extended water availiabilty from snowmelt (Weixelman et al. 1996). Larger contributing area
resulted in greater abundance of B. occidentalis, which prefers sites where susceptibility to flood
events is high (Weixelman et al. 1996; Friedman et al. 2006). In the study area, the lower portions
of the two larger watersheds are narrower and more confined; coupled with large contributing
areas, these conditions facilitate intense flood flows (Swanson et al. 1998).

Even though process zone type and local geomorphic characteristics were important
predictors of abundance for certain plant species, inclusion of additional variables describing the
larger-scale geomorphic context of the site was essential to explain overall patterns of plant
species abundances (Table 11). These findings parallel those of the cluster and ordination
analyses, which found contributing area and elevation to be strongly related to the overall
distribution of riparian communities. My watershed-scale investigations of geomorphology-
vegetation relationships demonstrated the significant influence of watershed context, defined by
bedrock geology and morphometry, in determining the presence and abundance of broad
vegetation types in any specific watershed (Engelhardt 2009). Taken together, these results
demonstrate the importance of accounting for larger-scale geomorphic processes and contexts
when developing geomorphic classification schemes that are meaningful for riparian plant

communities.
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Table 11. Geomorphic attributes most important for predicting ecological units at different
spatial scales.

Level of Ecological

Spatial Scale Organization Geomorphic Attributes

Watershed Riparian Zone Geology, Topography
Extent/Composition

Valley Segment Plant Communities Elevation, Contributing Area,

Valley Characteristics

Local/Site Species Abundances Watershed Context, Elevation,
Contributing Area, Bedrock Type,
Valley & Channel Characteristics

Conclusions

Riparian plant species composition was highly predictable and strongly related to
geomorphic characteristics including contributing area, elevation, valley confinement, and stream
gradient. Even though main channel process zones exhibited minimal variation between
watersheds, the relative proportions of riparian vegetation types as well as the abundance of key
riparian species did depend on the characteristics of individual watersheds. The percent cover of
riparian plant species was sensitive to process zone type in several cases, suggesting potential
utility of the process zone framework for quantifying patterns of species abundance in addition to
patterns of plant community distribution. Variables related to transverse environmental gradients
(e.g. height above channel, distance from channel) were most important when between-site
variability was minimal.

I did not find unique process zone-vegetation type assemblages with the resolution of
process zone classification applied in this study. Variables describing position in the watershed
(e.g. elevation, contributing area), which are related to gradients of temperature, moisture, and
stream discharge, were of primary importance to overall plant species composition. Variables

describing the local geomorphic setting (e.g. valley width, stream gradient, channel sediments,
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terrace height) were of secondary importance. The abundance of riparian plant species also was
sensitive to position in the watershed, as well as geomorphic context related to watershed and
bedrock. The current process zone classification framework could be improved by accounting for
larger-scale factors, incorporating position in the watershed, and by sub-dividing the incised
alluvial and incised colluvial zones so that they represent narrower ranges of valley width and
stream gradient. This should make process zones more useful for explaining and predicting

patterns of riparian vegetation in small upland watersheds.
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APPENDICES

Appendix 1. Watershed morphometry and bedrock lithology of eighteen upland watersheds
in Central Nevada.

Drainage Shreve Relative

Density Magnitude Relief (m) Ruggedness  Relief Watershed

Watershed  Watershed Total Stream
Stream

Area (ha) Length (km) Length (km) (km/kmz) ) (=) Ratio (-) Power (kmz) Shape (-)
Barley 9802.5 25.1 80.2 0.818 31 1045.4 0.856 0.042 4.1 6.4
Big 3741.8 11.2 4.3 1.184 35 1410.2 1.670 0.126 4.7 33
Birch 5302.2 15.5 55.4 1.045 30 1413.4 1.476 0.091 4.8 4.5
Cottonwood 2208.1 10.1 31.7 1.437 22 1261.1 1.813 0.125 2.8 4.6
llipah 8568.8 17.4 82.8 0.966 33 776.3 0.750 0.045 3.8 35
Indian 8700.7 219 84.3 0.969 43 799.5 0.775 0.036 32 5.5
Johnson 501.4 3.7 13.1 2.612 20 721.8 1.885 0.194 1.0 2.8
Kingston 7291.5 18.4 59.9 0.821 32 1573.8 1.292 0.086 6.2 4.6
Little Currant 6439.2 14.3 68.6 1.066 35 1548.4 1.650 0.108 7.0 3.2
Marshall 531.1 45 17.5 3.297 24 599.2 1.976 0.135 0.7 3.7
Mosquito 10283.4 19.3 94.3 0.917 34 1208.1 1.108 0.063 6.4 3.6
Pine 3562.0 9.5 41.7 1.172 26 1360.4 1.594 0.144 5.1 2.5
San Juan 3107.9 12.2 28.4 0.913 14 1078.0 0.984 0.088 2.7 4.8
South Twin 5805.4 15.1 51.8 0.893 29 1696.3 1.515 0.112 6.5 3.9
Stoneberger 8883.2 19.4 72.1 0.811 37 985.3 0.799 0.051 4.5 4.2
Upper Reese 15215.2 27.8 99.8 0.656 36 1462.5 0.959 0.053 8.0 5.1
Veetch 904.0 5.2 18.4 2.032 22 702.9 1.428 0.135 1.2 3.0
Washington 2469.5 12.0 36.2 1.464 27 1317.0 1.928 0.109 2.7 5.9

Hypsometric Watershed Alluvium Carbonate Intrusive I\:::;t::::s,b Quartzite Siliciclastic Volcanic

Integral (%) Aspect (-) (%) (%) (%) (%) (%) (%) (%)
Barley 0.448 w 0.000 0.000 0.000 0.000 0.000 0.000 1.000
Big 0.418 w 0.000 0.332 0.000 0.018 0.000 0.643 0.007
Birch 0.405 E 0.130 0.037 0.265 0.000 0.014 0.506 0.048
Cottonwood 0.414 w 0.003 0.000 0.182 0.000 0.717 0.000 0.099
Illipah 0.409 N 0.149 0.384 0.000 0.000 0.000 0.359 0.107
Indian 0.355 N 0.290 0.000 0.011 0.011 0.000 0.000 0.687
Johnson 0.405 w 0.000 0.403 0.144 0.106 0.330 0.017 0.000
Kingston 0.433 E 0.002 0.291 0.011 0.118 0.018 0.559 0.000
Little Currant 0.295 S 0.089 0.266 0.019 0.000 0.000 0.074 0.552
Marshall 0.491 w 0.000 0.000 0.997 0.000 0.000 0.000 0.003
Mosquito 0.491 N 0.014 0.000 0.000 0.000 0.000 0.000 0.986
Pine 0.530 E 0.002 0.000 0.000 0.000 0.000 0.000 0.998
San Juan 0.457 w 0.000 0.042 0.015 0.000 0.000 0.000 0.944
South Twin 0.482 E 0.000 0.000 0.005 0.000 0.000 0.015 0.980
Stoneberger 0.459 E 0.073 0.401 0.000 0.000 0.000 0.000 0.527
Upper Reese 0.370 N 0.010 0.000 0.000 0.000 0.000 0.000 0.990
Veetch 0.557 w 0.002 0.000 0.345 0.093 0.430 0.126 0.004
Washington 0.415 \ 0.000 0.000 0.145 0.000 0.855 0.000 0.000




Appendix 2. Error matrix and kappa analysis for the classification of five riparian
vegetation types.

Reference
SHRB MDW DRYMDW WM MDW SHRUB FOREST Row Total
£ |SHRB MDW 153 10 4 19 0 186
'g DRY MDW 38 78 64 27 4 211
% WM MDW 8 20 512 42 1 583
E SHRUB 7 10 41 1038 284 1380
© [FOREST 1 0 8 47 1034 1090
Column Total 207 118 629 1173 1323 3450

Overall Agreement = 2815/3450 = 81.6 %

Kyar = 0.74, var(KHAT)= 0.000085, Z = 80.02, p < 0.001

Producers Accuracy

SHRB MDW=
DRY MDW=
WM MDW=
SHRUB=
FOREST=

73.9%
66.1%
81.4%
88.5%
78.2%

Users Accuracy

SHRB MDW=
DRY MDW=
WM MDW=
SHRUB=
FOREST=

82.3%
37.0%
87.8%
75.2%
94.9%
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Appendix 3. Distribution of 184 sample sites within a) four process zones and b) seven
riparian vegetation types. Process zones and vegetation types were derived from field

mapping.

Process Zone

#of  Aggrading Bedrock Incised Incised
Watershed transects Alluvial Valley  Alluvial Colluvial

Birch 51 2 3 32 14
Cottonwood 31 0 0 21 10
Kingston 58 11 0 28 19
San Juan 44 0 0 23 21
TOTAL: 184 13 3 104 64

a)

Riparian Vegetation Type

# of Cotton- C. utriculata  Mesic Narrow
Watershed transects Aspen Birch  wood Meadow Meadow  Mesic Willow
Birch 51 6 12 0 0 15 4 14
Cottonwood 31 19 2 0 0 3 0 7
Kingston 58 0 14 0 5 10 14 15
San Juan 44 16 5 5 0 5 0 13
TOTAL: 184 41 33 5 5 33 18 49

b)
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Appendix 4. Full results of AIC analysis of linear mixed-effects models evaluating the
influence of geomorphic characteristics on the percent cover of five riparian plant species.
Transect was always included as a random effect. Models with different fixed effects were
compared with a likelihood ratio test. Models with A; <7, as well as the null model
(intercept only model), are presented for a) Populus tremuloides, b) Betula occidentalis, c)
Artemisia tridentata vaseyana, d) Salix lutea, and e) Juncus arcticus. k= number of model
parameters, A= AIC,;, — AIC 040 Wi= AIC weight of model i, LogLik= log-likelihood value
(fit by maximum likelihood), and LR= likelihood ratio for the indicated test. wshd=
watershed, pz= process zone, bdrock= bedrock.

a) %cover Populus tremuloides

Model Fixed Effects Random Effects k Ai wi  LogLik test LR P

1)  wd.ratio(+), s.grad(+), thal(+), elev(+), wshd transect 10 0 028 18545 1vs.2 236 0.125
2)  wd.ratio(+), s.grad(+), elev(+), wshd transect 9 035 023 18427 2vs.3 725 0.123
3)  wd.ratio(+), s.grad(+), thal(+), elev(+), wshd, pz transect 13 1.10  0.16 18789 3vs.4 4.62 0.099
4)  wd.ratio(+), s.grad(+), thal(+), elev(+), wshd pz, transect 11 172 0.12 18559 4vs.1 028 0.599
5)  wd.ratio(+), s.grad(+), thal(+), elev(+), wshd bdrock, transect 11 200 0.10 18545 5Svs.1 0 1.000
6)  wd.ratio(+), s.grad(+), elev(+), wshd, pz transect 12 246 0.08 18621 6vs.3 336 0.067
7)  wd.ratio(+), s.grad(+), thal(+), elev(+), wshd, bdrock  transect 15 427 0.03 18831 7vs.1 572 0.334
8)  "intercept only" none 3 28172 O 37.58

b) %cover Betula occidentalis

Model Fixed Hfects Random Effects k Ai wi  LogLik test LR P
1) area(+), bdrock, pz transect 12 0 0.55 287.10 1vs.3 1261 0.027
2) area(+), %intrsv(-), bdrock, pz  transect 13 1.82 022 28720 2vs.1 0.18 0.668
3) area(+), pz transect 7 261 015 280.80 3vs.4 000 0.967
4) area(+), %intrsv(-), pz transect 8 461 0.06 280.80
5) area(+), wshd, pz transect 10  7.08 0.02 281.56
6) "intercept only" none 3 34270 O 106.75

¢) %cover Artemisia tridentata vaseyana

Model Fixed Effects Random Effects k Ai wi  LogLik test LR p
1) theight(+), rwdth(-), area(-), wshd, pz transect 12 0 0.55 44659 1vs.2 0 0.998
2) theight(+), rwdth(-), area(-), wshd, pz bdrock, transect 13 2.00 0.20 446,59 2vs.3 698 0.073
3) theight(+), rwdth(-), area(-), wshd pz, transect 10 2.98 0.13 44310 3vs.1 698 0.031
4) theight(+), rwdth(-), area(-), wshd, pz, bdrock  transect 17 4.57 0.06 44930 4vs.1 543 0.366
5) theight(+), rwdth(-), area(-), wshd transect 9 5.09 0.04 441.04
6) theight(+), rwdth(-), area(-), wshd bdrock, transect 10 7.09 0.02 441.04

7) "intercept only" none 3 25552 0 309.83




Appendix 4. continued.

d) %cover Salix lutea
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Model Fixed Fffects Random Fffects k Ai Wi LogLik test LR p
1)  theight(-), %volc(-), iratio(+) , bdrock transect 11 0 0.39 226.43 1vs.2 5.54 0.137
2)  theight(-), %volc(-), iratio(+), wshd, bdrock transect 14 047 0.31 22920 2vs.3 1214 0.033
3)  theight(-), %volc(-), iratio(+), wshd transect 9 2.61 0.11 22313  3vs. 1 6.61 0.037
4)  theight(-), %volc(-), iratio(+), wshd, bdrock, pz  transect 17 3.20 0.08 230.84 4vs.2 327 0.352
5)  theight(-), %volc(-), iratio(+), wshd bdrock, transect 10 4.17 0.05 223.35
6)  theight(-), %volc(-), iratio(+), wshd pz transect 10 4.6l 0.04 223.13
7)  theight(-), %volc(-), iratio(+), wshd, pz transect 12 6.35 0.02 224.26
8)  theight(-), %volc(-), iratio(+) transect 7 6.84 0.01 219.01
9)  "intercept only" none 3 22788 0 104.495
e) %cover Juncus arcticus
Model Fixed Effects Random Hffects k Ai wi  LogLik test LR p
1) rwdth(+), wwdth(-), pz transect 0 034 83792 1vs.2 084 0.360
2)  rwdth(+), wwdth(-), iwdth(-), pz transect 9 1.16 0.19 83834 2vs.5 0.00 1.000
3)  rwdth(+), wwdth(-), pz bdrock, transect 9 200 013 83792 3vs.1 0.00 1.000
4)  rwdth(+), wwdth(-), pz wshd, transect 9 200 013 83792 4vs.1 0.00 1.000
5)  rwdth(+), wwdth(-), iwdth(-), pz wshd, transect 10 316 007 83834 5vs.4 084 0360
6)  rwdth(+), wwdth(-), iwdth(-), pz bdrock, transect 10 316 007 83834 6vs.4 084 0.360
7)  rwdth(+), wwdth(-), pz, wshd transect 11 354 006 83914 7vs.1 245 0484
8)  rwdth(+), wwdth(-), pz, bdrock transect 13 619 002 839.82
9)  "intercept only" none 3 30878 O 678.53




85

Appendix 5. Scatterplots of actual values from field measurements (x-axis) versus fitted
values from Model 1 (y-axis) of the percent cover of a) Populus tremuloides, b) Betula
occidentalis, c) Artemisia tridentata vaseyana, d) Salix lutea, and e) Juncus arcticus. The solid

line indicates the least squares regression fit while the dashed line indicates perfect model fit
(y=x).
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Appendix 5. continued.
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Appendix 5. continued.
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