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Abstract
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Chapter 1: Introduction

Wetland and riparian ecosystems comprise a very small percentage of the western
U.S. land area, yet provide important economic and ecological functions (Gregory and
others 1991, Patten 1998, Mitsch and Gosselink 2000). Wetlands provide impor-
tant habitat for many species of animals, particularly amphibians, birds, and mammals
(Nelson and others 1984, Haukos 1992, Brown and others 1996, Davidson and Knight
2001); are local and regional centers of biodiversity (Naiman and others 1993, Pollock
1998, Nilsson and Svedmark 2002); and provide biogeochemical, physical, and eco-
logical processes that maintain water quality, flood attenuation, forage production for
livestock, watershed hydrologic functioning, stream and lakeside stability, and a range
of other valuable ecosystem services.

As the ecological importance of wetland and riparian ecosystems has become better
understood, laws and regulations have been promulgated toward ecosystem conservation
and management (e.g., Clean Water Act, National Environmental Policy Act, Endangered
Species Act, and floodplain regulation). However, many wetland and riparian ecosys-
tems in the United States have been damaged or destroyed by anthropogenic activities,
including drainage for agriculture, dewatering and altered flow regimes by dams and
reservoirs and groundwater pumping, stream water diversions, filling, gravel mining,
and other activities (Tiner 1984, Patten 1998, Graf 1999, Brinson and Malvarez 2002).
Of growing concern is the increasing human demand for water, particularly in arid and
semiarid regions of the West. This demand is intensifying the pressure on rivers and
their adjacent riparian areas, wetlands, and groundwater systems and is threatening the
functioning and long-term viability of these areas (Pringle 2000, Baron and others 2002).

Purpose and scope

The U.S. Department of Agriculture Forest Service manages 193 million acres of
National Forests and Grasslands in the United States, which includes over 400,000 miles
of streams and rivers and 3 million acres of lakes. The National Forests are the largest
single source of drinking water in the United States, providing 20 percent of the nation’s
water supply. The Forest Service is responsible for balancing often conflicting multiple
uses when managing public lands for “favorable conditions of flows” while enhancing
the quality of life for the American public by supporting agriculture; sustaining the
health, diversity, and productivity of the nation’s forests and grasslands; and supporting
recreation, mining, timber harvest, energy development, and water extraction. The esti-
mated value of water and ecosystem services provided by healthy National Forest and
Grassland watersheds currently exceeds $7 billion annually (Brown 2004). Most U.S.
Forest Service land management plans highlight the economic and ecological importance
of maintaining the biological integrity of aquatic and riparian ecosystems. Meeting the
objectives of managing the numerous activities that alter or stress freshwater ecosystems,
while at the same time maintaining their ecological functions, is increasingly difficult
due to the growing human demand for water. An important point often overlooked in
conflicts over permitting land uses is that while there are benefits associated with most
industrial, commercial, and recreational activities on public lands, there are also costs
associated with these activities. Quantitative information about the costs and benefits
of such activities is essential for making informed management decisions. This report
focuses on providing tools for examining linkages between surface water, groundwater,
and wetland and riparian vegetation. Such tools will enable managers to quantify the
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costs and benefits of various activities associated with water, land, and river management
as well as to examine the physical and biological responses of freshwater ecosystems
to factors associated with climate change.

There are 2226 high head dams (greater than 7.6 m high), thousands of smaller dams
and detention ponds, tens of thousands of water diversions, and over 90,000 water rights
administered on public lands managed by the Forest Service. The Forest Service has
the administrative authority to influence the flow regimes and water levels of streams
and wetlands on public lands through: (1) the instream flow programs of some states,
(2) input (and Section 4e authority) to the hydropower dam relicensing process man-
aged by the Federal Energy Regulatory Commission (FERC 1920), (3) conditioning
ditch easements (under the Ditch Bill), (4) restrictions on water extraction and related
activities included in land management plans, and (5) terms and conditions applied to
such grants of authorization for water diversions, including wells, to minimize damage
to scenic and aesthetic values and fish and wildlife habitat and otherwise protect the
environment, Federal property, and the public interest (under Federal Land Policy and
Management Act).

Although the importance of river flow regime and wetland hydroperiod are well
known and a variety of methods have been developed for establishing environmental
flows for wetland riverine ecosystems (usually represented by a few species and pro-
cesses), defining defensible flows and groundwater levels that are necessary to meet
management objectives for a site or ecosystem remains challenging. Quantifying how
much water is required to maintain desirable characteristics of a wetland, river, or ri-
parian area requires an understanding of the relationships between flow regime and the
ecosystem attributes being managed (Richter and others 1997, Richter and others 2003).
This often requires an integration of available information about a site and data gathered
in the field. Because stream reaches may be gaining (supplied by groundwater) or los-
ing (recharging groundwater), wetlands may be influent or effluent, and water sources
may change over time, it is necessary to understand linkages between the factors that
influence hydrologic regime and the interactions between surface water, groundwater,
and wetland and riparian vegetation. In many cases, this requires examination of avail-
able streamflow gauge records, land cover maps or geographic information systems,
climatic history, remote sensing imagery, and other information as well as site-specific
field measurement of climatic variables, stream discharge, stream and wetland stage,
and groundwater levels.

This document will provide guidance to land managers, research scientists, and others
tasked with understanding the hydrologic interrelationships between riverine and wetland
ecosystems, groundwater, climate, land uses, and stressors. This work begins with a
classification and description of major wetland types in the western United States. We
then examine factors that influence hydrologic regime in wetlands and rivers, followed
by a primer on plant-water relations, plant physiology, and plant and vegetation mea-
surement techniques. Approaches to experimental design and techniques for measuring
surface and groundwater are presented along with methods of gathering, processing, and
analyzing data from such studies and linking attributes of wetland and riparian vegeta-
tion to hydrologic processes. We conclude with several case studies and examples of
applications of the tools and methods presented here to systems in the western United
States. Though this guide is tailored to the range of wetland and riparian system types
in the western United States, the basic principles and methods presented apply to other
regions as well.
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Wetland and riparian concepts and definitions

Wetlands

While most people are able to identify a forest or grassland as a particular vegetation
type, wetlands are more of a challenge to identify, define, and delineate. Wetlands may
be dominated by trees, shrubs, herbaceous plants, or mosses or they can be comprised
of a mosaic of several of these cover types. Wetland soils range from ancient peat ac-
cumulations in high mountain valleys to recent gravel or cobble bars along streams, and
they may be highly saline or fresh. Wetland hydrologic regimes are also varied and may
include shallow groundwater tables or flooding created by flowing or ponded surface
water or groundwater. This range of characteristics makes a simple definition of wetlands
elusive. Furthermore, different definitions are appropriate for different purposes (e.g.,
administrative, functional, academic, or regulatory delineation purposes).

The definition used for Federal regulatory activities of jurisdictional wetlands in
the western United States under Section 404 of the Clean Water Act is presented in
the U.S. Army Corps of Engineers (COE) Manual (USACE 2009): wetlands are those
areas that are saturated or inundated at a frequency and duration sufficient to support
and that under normal circumstances do support a prevalence of vegetation typically
adapted for life in saturated soils. According to this definition, wetlands are saturated
or inundated by surface water or groundwater often enough and long enough during the
growing season that they support wetland plants. A key tenet of wetland identification
using the COE manual is application of the three parameter approach. Jurisdictional
wetlands must have positive indicators of each of the three parameters: (1) hydrophytic
vegetation, (2) wetland hydrologic regimes, and (3) hydric soils. Hydrophytes —plants
with morphological or physiological adaptations for life in saturated soils—are listed
in the U.S. Fish and Wildlife Service National Wetlands Inventory “List of Plant Spe-
cies that Occur in Wetlands” (Reed 1988, Lichvar and Kartesz 2012). Hydric soils are
gleyed, or mottled, or may have peat accumulation as described in the COE manual.
Hydrologic regimes of wetlands often create flooding, ponding or soil saturation in the
upper 30.5 cm of soils for at least two weeks during the growing season, as presented
in the COE manual and recent regional supplements (USACE 2009).

A second widely used definition of wetlands was developed by the U.S. Fish and
Wildlife Service for the National Wetlands Inventory mapping program (Cowardin and
others 1979): wetlands are lands transitional between terrestrial and aquatic systems
where the water table is usually at or near the surface or the land is covered by shal-
low water. For purposes of this classification wetlands must have one or more of the
following three attributes: (1) at least periodically, the land supports predominantly
hydrophytes, (2) the substrate is predominantly undrained hydric soil, and (3) the
substrate is non-soil and is saturated with water or covered by shallow water at some
time during the growing season of the year. The concept of wetland presented in this
definition is broader than the COE definition, as only one of the three parameters need
be present for a site to be classed as a wetland. Hydrophytes are plants listed by Reed
(1988), hydric soils are defined similarly to the COE, and non-soils are areas that do
not support plants because they are too saline, flooded too deeply, or are bare sediment.

Wetland definitions have also been developed by the National Research Council
(National Research Council 1995), other Federal agencies such as the Natural Resources
Conservation Service, and different regions of the U.S. Forest Service and Bureau of
Land Management. All wetland definitions recognize, to one degree or another, the key
role of hydrologic processes (e.g., inundation timing, periodicity, and depth) in wetland
formation and the resulting suite of distinctive soil and vegetation characteristics.
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For this report, we consider wetlands to be ecosystems that have saturated and anoxic
soils for at least two weeks during the growing season over many years.

Riparian

The term riparian has been variously defined and applied for legal, regulatory, and
ecological contexts. The term originates from the Latin word riparius, which means
of or pertaining to the bank of a river and is both a geographic concept identifying
lands adjacent to streams as well as a hydrologic, geomorphic, and ecological concept
identifying sites that are hydrologically and geomorphically influenced by the flowing
water of streams. The definition we apply in this assessment closely follows that used
by Naiman and Décamps (1997): it is the portion of the stream channel occurring be-
tween the low and high water marks and adjacent terrestrial areas extending from the
high water mark toward the uplands where vegetation may be influenced by elevated
water tables or flooding. A key element of this definition is the existence of a physi-
cal hydrologic and geomorphic connection, at least intermittently, between the stream
and riparian area. In the case of ephemeral streams, this connection may be infrequent
and limited to the physical effects of isolated flood events. In contrast, along perennial
streams, the stream exerts a more constant and dominant control on ecological function
through flooding as well as by influencing water table dynamics. Riparian ecosystems
have unique geomorphic characteristics, hydrologic regimes, landforms, biota, and
ecological processes that distinguish them from aquatic, isolated wetland, and upland
ecosystems.

There are a number of characteristics common to all riparian ecosystems. The first
is the periodic or perennial influence of flowing water. Flood events are key drivers of
geomorphic, biogeochemical, and biological characteristics of riparian areas (Bowden
1987, Knighton 1998, Pinay and others 2002, Arscott and others 2003) and act to dif-
ferentiate riparian from other wetland and non-wetland ecosystem types. Riparian areas
typically have shallow water tables when compared to adjacent uplands and support
distinct vegetation types (Carsey and others 2003), in both perennial and many
ephemeral streams (Shaw and Cooper 2008).

Wetland and riparian ecosystem types

Hydrologic regime is the daily, weekly, seasonal, and interannual pattern of flooding,
inundation, water table dynamics, and/or soil saturation of a wetland, river, or stream.
The hydrologic regime is a function of watershed- and local-scale climate and physi-
cal processes that provide water to a site and influence soil conditions and plant water
availability. It also includes annual, interannual, and seasonal flooding, ponding or water
table depth variation, the ability of water to transport sediment and dissolved materials
and nutrients on a seasonal and long-term basis, and the rate of change in transitioning
from seasonal high to low water levels. The hydrologic regime of a wetland influences
the wetland type and its ecological functioning more than other factors. For example, it
influences ecosystem productivity, decomposition of organic matter, mineral sediment
erosion and deposition, seasonality of drought, depth of flooding (Pinay and Naiman
1991, Mitsch and Gosselink 2000, Weltzin and others 2000), rates of denitrifica-
tion (Pinay and others 2007), and site biotic composition (Cooper and Andrus 1994,
Seabloom and others 1998). At local scales, the hydrologic regime operates as a driver
of ecological structure and function, facilitating peat accumulation or mineral sediment
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deposition to create landforms, while at larger scales it shapes landscape-scale patterns
of wetland and riparian ecosystem abundance and distribution. Collectively, climate,
geology, and hydrologic regime structure the template from which wetlands and riparian
ecosystems form, develop, and function.

There are five main inland wetland and riparian ecosystem types in the western United
States, and they vary in their relative abundance, distribution on the landscape, vegetation
composition, structure and dynamics, and functional characteristics. These types are:
(1) fens, (2) wet meadows, (3) marshes, (4) salt flats, and (5) riparian areas. Each type
can also be subdivided based upon hydrologic regime, vegetation, geochemistry, and
other factors into a number of different subtypes, typically defined by dominant plants,
plant associations, or communities. Although frequently managed and regulated as a
single resource, wetland and riparian ecosystem types differ widely in their hydrologic
regimes and processes, vegetation, and functional characteristics and in their responses
to stresses posed by humans and natural disturbances. The processes occurring within a
wetland or river are typically not controlled, thus they cannot often be managed, at the
scale of the site. Conditions and activities that influence water and sediment within the
contributing groundwater and surface watershed must be considered.

Fens

Fens have perennial groundwater inflows that maintain water tables at or near the
ground surface. This constant saturation retards the decomposition of organic matter and
allows for peat accumulation. Being groundwater driven, fens vary considerably in the
chemical content and pH of the source water. The chemical composition of groundwater
is controlled by the mineral composition of bedrock and unconsolidated sediments in the
contributing watershed. Fens form in a variety of landscape settings and are among the
most floristically diverse ecosystems in the region, and many support rare and widely
disjunct species (Cooper and Andrus 1994, Cooper 1996, Cooper and Sanderson 1997,
Chadde and others 1998, Weber 2001, Bedford and Godwin 2003, Hiedel and Laursen
2003). In contrast to riparian areas, little mineral sediment generally moves into or out
of fens, and they are geomorphically stable on a time scale of millennia. Fens may occur
within or adjacent to riparian areas or other wetland types in valley bottoms, but they
have independent groundwater sources and are not dependent directly upon stream water.
Fens are typically dominated by herbaceous monocots in the family Cyperaceae (sedge
family) and may have a continuous carpet of mosses. However, some fens have a canopy
of shrubs or conifer trees. Fens have formed in a variety of landforms, including slopes
and basins, and create landforms such as floating mats, hummocks, strings, and pools
through the process of peat accumulation. Fens provide critical habitat for amphibians,
many small mammals, aquatic invertebrates, and passerine birds (Figure 1-1).

Most fens have formed in locations where groundwater discharges to the surface.
These are the most stable spring complexes in the region, and plants colonize these
springs, blanketing the water source with layers of roots, rhizomes, leaf and stem lit-
ter, and other undecomposed plant remains that form the peat bodies. The water flows
vertically up through the peat body and laterally through layers within the peat. Some
peatlands have sheet flow across their surfaces in early through mid-summer, others
have distinctive water-tracks, while others rarely have surface water. Fens that formed
in basins may have pools or ponds that are being encroached upon by floating mats that
will eventually fill the basin with peat.
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Figure 1-1. Fens. (A) is East Lost Park in the Taryall Mountains, Colorado. (B) is Green Mountain
Trail pond fen with a floating mat in Rocky Mountain National Park, Colorado. (C) is High Creek
fen, an extremely rich fen in South Park, Colorado. (D) is Drosera fen in Yosemite National Park,
California. (E) is Long Meadow in Rocky Mountain National Park, Colorado.
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Wet meadows

Wet meadows are widespread and likely cover more area in the mountainous west-
ern United States than all other wetland types combined. They occur from alpine areas
to plains and from intermountain parks and basins to foothills. Despite their relative
abundance, few studies have examined their hydrologic and edaphic characteristics or
vegetation dynamics. Although wet meadows typically have seasonally saturated soils,
they lack the perennial high water tables of fens or the large seasonal and inter-annual
water table fluctuations of marshes, and they do not form peat soils. Many natural wet
meadows are managed for livestock forage and hay production, and in agricultural
areas, wet meadows have been created by application of water from ditches. Most wet
meadows are dominated by herbaceous plants, particularly Juncus arcticus, Carex
nebraskensis, and C. lanuginosa. Woody plants, such as Pentaphylloides (Potentilla)
floribunda (cinquefoil) and a number of Salix (willow) species, may also be present
(Figures 1-2A through D).

Figure 1-2. Wet meadows. (A) is Convict Creek valley, Sierra
Nevada, California. (B) is Log Meadow in Sequoia National
Park, California. (C) is in the San Luis Valley, Colorado. (D) is
a meadow at the foot of Great Basin range, Nevada.
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Marshes

Marshes form in depressions and include such diversely named regional wetland types
as prairie potholes, playas, vernal pools, lacustrine fringes, and oxbow lakes on river
flood plains (Figure 1-3). Marsh hydrologic regimes are variable, with both prolonged
periods of inundation and desiccation (Winter and Rosenberry 1998, Winter and others
2001). Marshes periodically have deep standing water (>1m), which limits the species
that occur to aquatic and wetland species tolerant of submersion or deep inundation.
Because some marshes are terminal basins with surface water inflows but little or no
outflow, their chemical content varies from freshwater to saline and this influences plant
and animal species composition, litter decomposition rates, and productivity of plants,
aquatic invertebrates, and larger animals (Thormann and others 1999). Hydrologic
variability, water depth, and salinity are key factors determining the species composi-
tion of marshes, both spatially within and among marsh complexes and temporally
from wet to dry climate periods (van der Valk and others 1994, Seabloom and others
1998, Smith and Haukos 2002). Seed banks play a particularly important role in marsh
vegetation dynamics (van der Valk and Davis 1976, Smith and Kadlec 1983, Wilson
and others 1993), with large fluctuations in species composition commonly occurring
over relatively short time scales. The large water depth gradients also generate distinct
vegetation zonation patterns in many marshes (Johnson and others 1987, Lenssen and
others 1999), and their diverse hydrologic regimes and vegetation types provide critical
habitat for waterfowl, shorebirds, and amphibians.

Figure 1-3. Marshes. (A) is bulrush-dominated marsh with prominent zonation near Denver, Colorado. (B) is large marsh with
fringing vegetation and floating bulrush clones in North Dakota. (C) is marsh on Yellowstone National Park’s northern range,
Wyoming. (D) is Heart Lake marsh in Yellowstone National Park, Wyoming.
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Salt flats

Saltflats are widespread atlow elevations through the West, particularly in intermoun-
tain basins (Figure 1-4). They form where high soil salt concentrations occur near the
soil surface. The two main processes that promote salt flat formation are surface water
evaporation from basins with fine-textured soils, and evaporation from the capillary
fringe of a shallow water table that leads to salt accumulation on the soil surface. The
combination of high salt concentrations and saturated soils creates difficult growing
conditions for plants; consequently, plant cover and productivity are typically low, and
vegetation composition is limited to species tolerant of both high salt concentrations
and saturated soils (Dodd and Coupland 1966, Ungar 1966, Ungar 1974). Salt flats
may also occur in saline soils on river floodplains, particularly along rivers that rarely
experience overbank flooding due to upstream dams or diversions (Jolly and others
1993). Ironically, because salt flats are marginal for forage production and are unsuit-
able for crops, they have been spared many of the anthropogenic impacts affecting other
wetland types, other than dewatering. Salt flats are typically dominated by grasses such
as Distichlis spicata (salt grass), Sporobolus airoides (alkali sacaton), Spartina gracilis
(cordgrass), and herbaceous dicots such as Triglochin maritimum (arrow grass) and other
halophytes, many of which also occur in coastal salt marshes. When flooded, salt flats
support high densities of aquatic invertebrates and are important habitat for migratory
waterfowl and shorebirds.

Riparian areas

Riparian ecosystems have diverse landforms, stream sizes, valley gradients, hy-
drologic regimes, vegetation, and ecological functions. They vary from low-gradient water
tracks running adjacent to peatlands at high elevations; to steep-gradient, small-order
headwater mountain streams; to ephemeral streams in mountain foothills; to those along
broad, low-gradient alluvial rivers in the Great Plains (National Research Council 2002).

Figure 1-4. Salt flats. (A) is in the San Luis Valley, Colorado.
(B) is in North Park, Colorado.
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The principal characteristic unifying riparian ecosystems is the presence of moving
water, which has the potential to erode, transport, and deposit sediment and to create
distinctive landforms such as point bars, floodplains, and abandoned channels. These
landforms and the fluvial processes that influence their creation, destruction, and turnover
are critical for the establishment and persistence of riparian plants.

The energy of flowing water is a key variable influencing riparian structure and
function. The frequency, magnitude, and energy of floods, which vary widely due to
differences in basin size, topography, and climatic regime, affect all ecological processes
from nutrient cycling to plant establishment to rates of channel migration, floodplain
development, and riparian forest formation and turnover (Karrenberg and others 2002,
Cooper and others 2003a, Adair and others 2004).

The hydrologic regimes of streams also vary widely and provide important constraints
and opportunities for riparian and aquatic organisms. Though all streams receive multiple
sources of water over time, streams may be broadly divided into classes based upon the
dominant sources of water that influence the hydrologic regime (Poff 1996). Hydrologic
regimes of riparian areas vary from relatively stable, groundwater-driven flows, such
as those in the Nebraska Sandhills (Bio/West 1986, Winter 1999), to infrequent and
unpredictable flash floods associated with ephemeral streams located throughout the
mountainous and semiarid western United States (Friedman and Lee 2002, Shaw and
Cooper 2008).

Seasonal flooding may be governed by frontal weather systems, monsoons, convec-
tive storms, or seasonal changes in temperature that govern snowmelt regimes (Wohl
2000). An understanding of the sources of flow to a stream, the magnitude and frequency
of those flows, and the seasonal and interannual timing in those flows is important in
understanding principal forces that govern species composition, turnover, and ecologi-
cal functioning of riparian areas and their potential responses to changing stream flow
or groundwater regimes.

Many riparian areas are dominated by woody plants, in particular by species of
Populus (cottonwood) at the lowest elevation and Salix species at all elevations. At mid
elevations, species of Alnus (alder) and Betula fontinalis (birch) may be common. The
smallest springs and brooks may be dominated by herbaceous plants, including species
of Mertensia (blue bells), Glyceria (mannagrass), Senecio (groundsel), and Mimulus
(monkey flower). In more arid regions such as the Sonoran desert, riparian areas may be
characterized as forests dominated by species of Juglans (walnut), Platanus (sycamore),
Populus, Salix, Prosopis (mesquite) and Fraxinus (ash) (Figure 1-5).

Vegetation of wetland and riparian areas in the western United States

10

Wetlands and riparian areas support a variety of plant species and community types
found nowhere else in the West. For example, 183 (31%) of the nearly 600 ecological
system types (groups of plant community types that co-occur in similar ecological set-
tings) defined by Comer and others (2003) in their analysis of Rocky Mountain region
vegetation are wetlands, even though wetlands occupy only 1 to 2 percent of the western
landscape.

In order to understand the range of wetland forms throughout the western United
States, we compiled vegetation data from 5266 wetland and riparian plots from the Rocky
Mountain region (including the Great Plains). To understand the structure and variety
of wetlands represented in this large data set and to see relative relationships between
wetland types, we performed an indirect ordination on the riparian and wetlands plots
(Figure 1-6) using detrended correspondence analysis (DCA; McCune and Mefford
1999). Plot data include species composition and percent canopy coverage by species.
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Figure 1-5. Riparian areas. (A) is small, glaciated stream valley on east side of Wind River Range, Wyoming. (B) is subalpine
stream in Rocky Mountain National Park, Colorado. (C) is the Blue River downstream from Dillon, Colorado. (D) is Yampa River
in Deer Lodge Park, Colorado. (E) is Lithodendron Creek in Petrified Forest National Park, Arizona.
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Figure 1-6. Detrended Correspondence Analysis (DCA) ordination of wetland and riparian communities. The location of major wetland
communities are identified in the graph. The main direction of environmental variation is shown using arrows. Centroids of diagnostic
and common plant species are shown using the following abbreviations: CARNIG = Carex nigricans, DREADU = Drepanocladus
aduncus, ELEQUI = Eleocharis quinqueflora, KALPOL = Kalmia polifolia, CARILL = Carex illota, TOMNIT = Tomenthypnum nitens,
BETFON = Betula fontinalis, CARSCO = Carex scopulorum, SALPLA = Salix planifolia, CARVES = Carex vesicaria, SENTRI =
Senecio triangularis, CARAQU = Carex aquatilis, CARUTR = Carex utriculata, CALCAN = Calamagrostis canadensis, SALMON
= Salix monticola, SALGEY = Salix monticola, DESCES = Deschampsia cespitosa, PENFLO = Pentaphylloides floribunda, PIC-
PUN = Picea pungens, BETGLA = Betula glandulosa, POPANG = Populus angustifolia, SALIRR = Salix irrorata, CARSIM = Carex
simulata, JUNARC = Juncus arcticus, SALEXI = Salix exigua, CARNEB = Carex nebraskensis, CIRCAN = Cirsium canadensis,
AGRGIG = Agrostis gigantea, BROINE = Bromopsis inermis, NEGACE = Negundo aceroides, ULMAME = Ulmus americanus,
POPDEL = Populus deltoides, ELEANG = Eleagnus angustifolia, PHRAUS = Phragmites australis, SPAEUR = TAMRAM = Tamarix
spp., PASSMI = Pascopyrum smithii, PUCAIR = Puccinellia airoides, SUACAL = Sueda calcioliformia, SARVER = Sarcobatus
vermiculatus, BOLMAR = Bolboschoenus maritimus, DISSTR = Distichlis stricta, AMPNEV = Amphiscirpus nevadensis, SPOAIR
= Sporobolus airoides, GLAMAR = Glaux maritimus, TRIMAR = Triglochin maritimum, SCHPUN = Schoenoplectus pungens, EL-
EPAL = Eleocharis palustris, SPAPEC = Spartina pectinatus, GLYGRA = Glyceria grandis, BECSYZ = Beckmannia syzygachne,
TYPLAT = Typha latifolia, SCHLAC = Schoenoplectus lacustris, SPAEUR = Sparganium eurycarpum.
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DCA places observations (vegetation plots) in a multi-dimensional ordination space,
with plots with the most similar floristic composition occurring close to each other,
and those most dissimilar being farthest apart. The axes are in standard deviation units,
with 200 to 400 units indicating a complete species turnover; for example, a plot at 100
on axis 1 (x-axis) and a plot at 500 on axis 1 would likely have no species in common.

Variation in species composition along axis 1 represents an increase in elevation and
an increase in water table permanence (from right to left). High-elevation sites with
perennially high water tables occur on the left, and low-elevation sites with varying
water tables occur on the right. Variation in axis 2 appears to be driven by water chem-
istry, with saline sites near the top and freshwater sites toward the bottom. Each plot is
represented by one point, and the centers of abundance of key indicator plant species
are shown in the ordination space.

The five major wetland types break out distinctly in the ordination space. Fens are on
the far left, salt flats are on the top right, marshes are on the bottom right, wet meadows
are on the bottom center, and riparian areas are along a band that extends from the top
right to the left. The riparian continuum includes springs and small headwater mountain
streams with herbaceous communities dominated by species such as Senecio triangularis,
Salix geyeriana, and other Salix-dominated thickets (also called carrs) along small- to
medium-sized mountain rivers, Populus angustifolia (narrowleaf cottonwood)- and
Picea pungens (blue spruce)-dominated forests along mid-elevation mountain rivers,
Acer negundo (box elder) forests in canyons, and Salix irrorata and Populus deltoides
forests with Tamarix (salt cedar) and Elaeagnus angustifolia (Russian olive) along
foothills and plains streams.

A range of fen types are separated in the ordination, including basin fens dominated
by sedges such as Carex utriculata and Carex vesicaria; sloping fens dominated by
Eleocharis quinqueflora (spike rush), Carex aquatilis, and Carex illota; and wooded
fens with Kalmia polifolia (swamp laurel) and Salix planifolia. There are a range of
wet meadows dominated by Deschampsia cespitosa (tufted hairgrass) at high elevation,
Juncus arcticus (arctic rush) at mid to low elevation, and Carex nebraskensis at the
lowest elevations. A wide range of marshes occur, and due to the deep water, many are
monocultures or have very low floristic diversity, creating a wide spread in the plots.
The deepest water sites have Schoenoplectus lacustris (bulrush) and Typha latifolia
(cattail), while more shallow water sites are dominated by Eleocharis palustris and
Schoenoplectus pungens (three-square). The latter species can also occupy marshes
that are highly saline and plot adjacent to salt flats. The salt flat communities are also
species poor, and many monocultures occur.
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Chapter 2: Hydrologic Regime and Factors

That Govern Hydrologic Processes

The principal source of water supplying most streams, groundwater, and wetlands
is precipitation in the form of rain and snow. Five main hydrologic processes influence
all riparian and wetland ecosystems: (1) the amount, timing, and type of precipitation,
(2) groundwater recharge, (3) groundwater discharge, (4) surface water runoff, including
stream flow, and (5) evapotranspiration (Figure 2-1). Regions with higher total annual
precipitation typically have higher annual stream flows, a higher proportion of perennial
streams, and, in many areas, perennial groundwater flow systems (Lins 1997).

Atmosphere Net transport

to land

Precipitation Evaporation
_on land

Evapotrafé.ﬁ?ation ‘R \
from land \
l
/

Precipitation
on lake

/
/

Ground
Water

T

Figure 2-1. Components of the hydrologic cycle that influence riparian and wetland ecosystems,
including precipitation, runoff and river flow, groundwater flow, and evaporation and evapotrans-
piration.

River Flow
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Surface water runoff occurs whenever the rate of water delivery to soils—from pre-
cipitation, snowmelt, or groundwater discharge—exceeds the rate and capacity of the
soil for infiltration. Infiltration rates are influenced by soil texture and structure, depth
to bedrock, vegetation, and soil bioturbation. Shallow bedrock or permafrost forms a
confining or impermeable layer that slows or detains groundwater, which leads to pool-
ing. Coarse textured soils and those with high porosity and/or abundant macropores
generally have higher infiltration rates and higher hydraulic conductivity. Vegetation can
slow the flow of surface water over the land surface and facilitate infiltration. Ground-
water recharge is the process of water infiltrating through the soil profile to a local or
regional water table. The water table is the top of the most shallow groundwater flow
system. Below the water table, soils are saturated; above the water table, the soils are
unsaturated and under tension. Groundwater is present beneath most landscapes where
there is shallow bedrock or thick deposits of unconsolidated material such as moraine,
alluvium, or colluvium underlain by an impermeable layer.

Groundwater flows along pressure gradients and discharges to the ground surface
where the water table intersects the soil surface. Groundwater discharge may be caused
by physical features such as a decrease in depth to bedrock, which forces groundwater
to the surface, or a reduction in land slope that reduces the rate of groundwater flow
causing the water table to rise. Groundwater discharge may occur at a point, which is
typically termed a spring, but it may also occur along broad seepage faces (e.g., along
a valley wall) or beneath streams, lakes, or fens. Surface water and groundwater are
subject to evaporation as well as transpiration by plants, and the combined loss of water
to the atmosphere is termed evapotranspiration (ET).

The distribution, abundance, and types of wetland and riparian ecosystems that occur
within a watershed are linked to and dependent upon water availability. Precipitation
varies dramatically across the western United States, with the highest annual precipita-
tion totals occurring west of the Cascade Range and Sierra Nevada and in some high
mountain regions occurring in the Great Basin and Rocky Mountains (Figure 2-2A).
Annual precipitation totals also vary markedly along elevation gradients, even over short
distances due to orographic lift, producing higher precipitation totals on mountains, with
rain shadows forming in the leeward side of mountains. High mountain watersheds may
receive five times more precipitation than valleys and basins, as illustrated for North
Park and the Park Range in northern Colorado (Figure 2-2B). Winter storms typically
move from the Pacific Ocean to the east, and west-facing mountain slopes receive higher
precipitation totals than eastern slopes, as occurs in the Sierra Nevada and Cascades.

The seasonality of precipitation also varies across the region. The far west and northern
Rocky Mountains receive mainly winter precipitation. On the Great Plains, the precipi-
tation peak is in spring and early summer from air masses moving north from the Gulf
of Mexico (Figure 2-2C). In the Southwest, including the southern Rocky Mountains,
there is a winter peak and a second late summer monsoon precipitation (rain) peak. The
seasonality of precipitation, along with the temperature-controlled timing of snowmelt,
influences the pattern of stream flow, groundwater recharge and discharge, and surface
runoff that fills basins.

A deep snowpack may accumulate in high mountain regions from October through
April and melt in spring to produce a snowmelt-driven flow peak and an important
period of groundwater recharge (Figure 2-3). Once the watershed snowpack has
melted, streamflow is supported by groundwater discharge and runoff from pre-
cipitation events; lower stream flows occur during most of the summer. The majority
of snowmelt-driven streams are relatively small and occur at high elevations, however,
they feed the relatively few perennial regional streams. Some perennial rivers in the
southwestern United States have high flow events due to both snowmelt and monsoon
rains, as illustrated by the San Miguel River in southwestern Colorado (Figure 2-3).
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Figure 2-2A. Average annual precipitation for the western United States (http://www.wrcc.dri.edu/pcpn/

westus_precip.gif).
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Figure 2-2B. Average annual precipitation for Colorado. Arrow points to North Park, a low-elevation basin surrounded by
mountains. The Park Range on the west side of North Park receives approximately five times the average annual precipita-
tion as the Park floor.
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Figure 2-2C. Percentage of winter (top left), spring (top right), and late summer (bottom)
precipitation for the western United States.
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Figure 2-3. (Top left) Snow water equivalent (SWE) (blue line) in inches at the Snake River station, Wyoming, for 2006. Red
line is total cumulative precipitation in 2006, orange is mean cumulative precipitation for 1971 to 2000, and grey is mean
cumulative SWE for 1971 to 2000. (Top right) Mean daily discharge of the Snake River at the Flagg Ranch, Wyoming, show-
ing the timing of stream peak flow relative to snowpack at the Snake River snow course. (Center left) Mean daily flow for the
San Miguel River, Uruvan, Colorado, showing an early summer snowmelt runoff peak with additional monsoon rain peaks in
August, September, and October. (Center right) Niobrara River, Sparks, Nebraska, showing that river stage height for this
spring-fed river varies little. Bottom left: Puerco River at Chambers, Arizona, is an ephemeral stream flowing only following
snowmelt, or rain events. In 2008, there were three large snowmelt-driven floods in January through February and six mon-
soon rain-driven floods in late summer.
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Ephemeral streams flow only following runoff events, triggered by either snowmelt or
summer rainstorms or both, as illustrated by the Puerco River in Arizona (Figure 2-3).
Other streams may be spring-fed (groundwater supported) and have little annual varia-
tion, as illustrated by the Niobrara River in Nebraska (Figure 2-4).

Most streams are connected to and interact with groundwater systems. Most perennial
streams are fed by surface runoff as well as groundwater, the latter of which sustains
flow during periods lacking precipitation or snowmelt. Streams may gain groundwater
through their banks and from under their bed, and are termed gaining streams, as their
flow increases as it moves downstream due to groundwater inputs (Figure 2-5: top panel).
Streams may also lose water from their bed and banks to the groundwater system, and
are termed losing streams, as their surface flow decreases in a downstream direction
(Figure 2-5: middle panel). Many losing streams are intermittent or ephemeral in at least
some reaches. Many streams are gaining in some reaches and losing in other reaches,
supporting very different environments in the stream and on the floodplains. Some
ephemeral streams in arid regions with deep water tables, or those on bedrock, are not
connected to the water table (Figure 2-5: bottom panel). The relationship of a stream
and the local or regional water table will influence stream and riparian zone functions.

Valley form (width, slope, and depth to bedrock) may influence whether a stream is
gaining or losing along its length. As valleys narrow in a downstream direction, ground-
water may upwell, causing the stream to gain groundwater and flow on the surface or
increase in volume (Figure 2-6). As valleys widen, surface water may be lost to the
deeper, wider alluvium, and the stream may decrease in volume or disappear completely
as water infiltrates into the groundwater. This process of valley-controlled gaining and
losing may result in secondary biogeochemical processes that can influence ecologi-
cal patterns on the landscape, such as the presence of particular riparian communities
(Harner and Stanford 2003).
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Figure 2-4. Typical discharge patterns for a range of rivers. Rivers originating in the high mountains such as the
Animas and Shoshone have large, snowmelt-dominated peak discharges. In contrast, flood flows along Great Plains

rivers such

as the Cimarron and Cheyenne are driven principally by rain events and are frequently less predictable

and more “flashy” in nature. The Niobrara River and other rivers in the Sandhill region of Nebraska have continuous
groundwater inputs with relatively constant stream discharge.
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Iow Direction
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Figure 2-5. Connections of streams and groundwater (modi-
fied from Winter and others 1996).

Figure 2-6. Valley form may influence whether a reach is gaining or losing. Where valleys narrow, groundwater may upwell
and result in gaining stream reaches; where valleys widen, streams may lose water to deeper and wider alluvium. This pattern
may be revealed by higher abundance and productivity of riparian vegetation in upwelling valley segments. From Harner and
Sanford (2003).
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Riparian vegetation along gaining and losing stream reaches may respond differently
to altered flow regimes. Small changes in streamflow may have significant effects on
riparian vegetation along a losing reach, whereas gaining reaches may have limited
effects from certain altered flow regimes.

Wetlands form where surface water ponds or where groundwater saturates soils. In
the prairie pothole region of North Dakota, rain and snowmelt runoff fills basins
(Figure 2-7) where groundwater recharge occurs. Groundwater flow paths may connect
basin A through basin B to basin C (Figure 2-7). Basin A is likely to be intermittently
flooded, while the long groundwater flow path may produce perennial saturation or
inundation in basins B and C. Because basin B has water flow through, it does not ac-
cumulate salts; then again, basin C is a terminal basin with water leaving by evaporation,
and high salt concentrations may occur. The complex recharge, groundwater flow, and
discharge patterns produce a range of wetland types. Recharge basins (A) support fresh
water marshes, flow through basins (B) may be peat accumulating fens, and discharge
areas (C) may support salt marshes. The range of wetland types and the chemistry of
surface water and groundwater will vary depending upon the bedrock or surficial mate-
rial that water flows through and the availability and the availability and solubility of
salts and other materials.

Four wetland hydrologic regimes can be conceptualized: (1) groundwater depres-
sion wetland, (2) groundwater slope wetland, (3) surface water depression wetland, and
(4) surface water slope wetland (Novitzki 1982: Figure 2-8). Groundwater depression
wetlands form in basins that intercept the regional or local water table. If the groundwater
flow is seasonal or if water levels vary, the wetland likely will be a marsh (Figure 2-8:
top left panel; Figure 2-9: top panel). If the flow is perennial, without considerable
annual and interannual variation, a fen will likely form. Groundwater slope wetlands
form where groundwater discharges at a geologic discontinuity or toe slope, and wet
meadows or fens are formed (Figure 2-8: top right). Where surface flows occur in chan-
nels, riparian zones may develop (Figure 2-8: bottom right). Surface water slopes can
also form on the fringes of lakes (Figure 2-9). Surface water depressions are formed by
overland flow or as terminal sumps for streams and would form marshes or salt flats
(Figure 2-8: bottom left panel).

— <+ Direction of local flow /

\ \ Direction of regional flow ’

==

Figure 2-7. Surface water and groundwater flow in complex, glaciated terrain. Precipitation
runoff fills ponds (A) that recharge groundwater that flows through basin B and discharges into
basin C. Modified from Winter (1989).
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Figure 2-8. Hydrologic processes supporting four main wetland types. Modified from

Novitzki (1978).
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Figure 2-9. Geomorphic settings for marsh
development. Arrows indicate principal water
fluxes of water. Modified from Brinson and
Malvarez (2002).
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Salt flat wetlands may form through several hydrologic processes. Salt accumulates
in wetlands associated with seasonal ponds that occur on low-permeability soils or
seasonally flooded lake margins (Figure 2-10A). Salt also accumulates where ground-
water discharges to the soil surface (Figures 2-10B and C) or is elevated by capillary
rise and evaporates, or it occurs where the capillary fringe reaches the surface and water
evaporates (2-10D). High salt accumulation can only occur where flow does not remove
salts from a site, and in such places, salt may accumulate even when source water has
low ion concentrations (Jolly and others 1993).

A

Medium permeability Salt accumulations

Water table

Low permeability

Medium permeability

Water table

Salt accumulations

C Salt accumulations

Medium permeability Water table

Low permeability

D
High permeability

Low permeability

Figure 2-10. Schematic illustrations of different hydrogeomorphic settings that create salt flats. Ponds create
salt accumulation where they dry seasonally or where the surface water-supported water table is close to the
soil surface (A). Salt also accumulates where groundwater discharges to the surface and evaporates (B and
C), or where capillary water reaches the soil surface (D). Modified from Alberta Agriculture and Food (2004).
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One approach to the classification of wetlands, the hydrogeomorphic system, provides
a classification based upon site properties (Brinson 1993). Indicators of function are
discussed as derivatives of the three basic properties along with the ecological signifi-
cance of each of the properties. The core of the classification has three components: (1)
geomorphic setting, (2) water source and its transport, and (3) hydrodynamics. Geomor-
phic setting is the topographic location of the wetland within the surrounding landscape.
Water sources can be simplified to three: precipitation, surface or near-surface flow, and
groundwater discharge. Hydrodynamics refers to the direction of flow and strength of
water movement within the wetland. While the three components are treated separately,
there is considerable interdependency. Such redundancy may be useful where it reduces
errors in interpretation and reinforces the underlying principles that explain wetland
functions. As shown in Table 2-1 (Smith and others 1995), there are a number of different
hydrogeomorphic classes, several of which occur in the western United States. Riverine
wetlands occur along streams; depressional wetlands form in basins and typically are
marshes or fens; and slope wetlands are groundwater discharge driven and support fens
and wet meadows (Figures 2-10 and 2-11). Mineral soil flats include salt flats.

Table 2-1. Hydrogeomorphic classes of wetlands showing dominant water sources, hydrodynamics, and examples of sub-
classes (Brinson 1993).

Hydrogeomorphic class

Examples of regional subclass

Water source

Hydrodynamics

Western USA

(geomorphic setting) (dominant) (dominant) Eastern USA and Alaska
Riverine Overbank flow Unidirectional, Bottomland Riparian
from channel horizontal hardwood forests forested wetlands
Depressional Return flow from Vertical Prairie pothole California
groundwater and marshes vernal pools
interflow
Slope Return flow from Unidirectional, Fens Avalanche
groundwater horizontal chutes
Mineral soil flats Precipitation Vertical Wet pine Large
flatwoods playas
Organic soil flats Precipitation Vertical Peat bogs; Peat bogs
portions of
Everglades
Estuarine fringe Overbank flow Bidirectional, Chesapeake Bay San Francisco
from estuary horizontal marshes Bay
Lacustrine fringe Overbank flow Bidirectional, Great Lakes Flathead Lake
from lake horizontal marshes marshes
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Figure 2-11. (Top) Aerial photograph of Poison fen, Sierra National For-
est, California, showing the directions of groundwater flow from granite
domes, unforested uplands on east (bottom) and west (left) side of the
fen. Groundwater discharges into the fen and sheet flows to the south,
as shown with red arrows. (Bottom) lllustrative cross section along the
dotted blue line (in top frame) showing the granite domes, hillslope talus
and alluvium, and groundwater flow and discharge patterns that form the
sloping Poison fen (green areas) at the toe of slope.

Landscape form and function

26

Hydrologic and geomorphic processes determine where wetland and riparian eco-
systems occur in landscapes, and they control the type of wetland that occurs as well
as the way it functions. The wetland ecosystem types that occur in the western United
States (fens, marshes, salt flats, riparian areas, and wet meadows) can be defined by
their hydrologic and geomorphic regime. Hydrologic processes supporting wetlands
and riparian areas can be complex. Many wetland complexes have multiple surface
and/or groundwater flow systems (Winter and others 2001). Wetlands dominated by
groundwater versus surface water and precipitation may respond differently to natural
and anthropogenically driven climatic events and variability (Winter 1999). Wetlands
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that depend primarily on runoff from precipitation for their water supply, such as some
marshes, may have highly variable water levels, while those dependent on discharge
from local or regional groundwater flow systems, such as most fens, have the least
variable water levels (Winter 1999, 2001).

Geomorphic processes drive many disturbances, and landform generation strongly
influences hydrologic processes and vegetation patterns in all wetland types. For ex-
ample, riparian landforms are generated by flood-driven sediment erosion and deposi-
tion that leads to channel changes and creates a mosaic of landforms such as channels,
floodplains, point bars, and in-channel islands (Gregory and others 1991) (Figure 2-12).
These landforms influence the spatial pattern and successional development of ripar-
ian vegetation. Riparian plant establishment is linked to the frequency and magnitude
of flood driven landscape disturbances that produce bare and moist sediment (Baker
1990, Auble and others 1994, Scott and others 1997, Johnson 2000, Friedman and Lee
2002, Cooper and others 2003a). For example, braided streams have very high erosion
and deposition rates and are highly dynamic. Ephemeral streams have only periodic
flows; little vegetation may occur in the channel or on the floodplain; and the stream
may wander across the floodplain on a time scale of hours or days. Stream avulsion
may occur when meander bends erode to shorten a channel length, thereby forming a
new channel (Figure 2-12), or when a beaver dam pushes flow across the floodplain.
Disturbance regimes vary as a function of position in the landscape, and the distinc-
tive style, magnitude, frequency, and duration of disturbances may be categorized into
process domains (Montgomery 1999).

Atalandscape scale, glaciers have created the template for wetland formation in many
regions where glacial till has blocked drainages and created large bodies of unconsolidated
sediments as well as landforms such as kettle basins and moraine-dammed basins. This
sediment is recharged with groundwater and may form aquifers with important ground-
water flow systems. Glaciers originating in high mountain cirques have created broad,
U-shaped valleys instead of the V-shaped valleys characteristic of unglaciated areas.

Identifying the water sources and hydrologic regimes of wetlands and riparian areas
is the first step in understanding the ecological patterns and processes occurring at a site
of interest. Putting a site into context by identifying its hydrogeomorphic class and its
process domain can also assist in identifying appropriate reference sites. Such context
may assist in assessing desired conditions and in identifying sources of stress that may
be modifying processes that maintain the functions that a wetland or riparian area per-
forms. Furthermore, understanding natural disturbance regimes and distinguishing them
from human-caused disturbances can help in determining appropriate management
actions that facilitate desired functions of a site.

Figure 2-12. Processes of lateral channel migra-
tion and meander cutoff (modified from Richter
and Richter 2000). Establishment of riparian cot-
tonwoods and willows occur as a consequence of
channel migration and point bar formation (green
areas) as establishment sites are created by
stream bank erosion on the outside of meander
bends and the deposition of transported sediments
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on point bars. Channel abandonment and beaver
pond formation and failure may create large areas
suitable for riparian plant establishment, allowing
for the formation of large cohorts of seedlings.
From Cooper and others (2006) and Westbrook
and others (2006).

27



28

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-282. 2012



Chapter 3: Plant Water Requirements and

Vegetation Sampling

How plants acquire and use water

Terrestrial plants acquire water to obtain mineral ions and nutrients from the soil, to
maintain cell turgor pressure and prevent wilting, and to fix carbon through the process
of photosynthesis. Vascular plants have specialized tissues for water absorption and
transport, including roots for absorption, xylem vessels (or tracheids) for transport, and
leaves that regulate water loss. Vascular plant cells have a large central vacuole and
maintain hydration via water acquisition primarily from the soil. Non-vascular plants,
such as bryophytes and lichens, lack specialized tissue for water transport, so they must
directly acquire atmospheric moisture (humidity, dew, and precipitation) or near surface
soil water. Bryophytes and lichens may periodically be dry or only rarely wet, and their
water content typically changes seasonally.

A prerequisite for plant photosynthesis is gaseous exchange with the atmosphere
through specialized openings in leaves called stomata. Stomata allow carbon dioxide
(COy) toenter the leaves, providing a carbon source for making carbohydrates. However,
when stomata open to allow CO, into the leaf, water may escape into the atmosphere in
a process called transpiration. The rate of water loss is driven by atmospheric demand
for water, measured as a vapor pressure deficit (VPD)—the difference between how
much water a parcel of air can hold at a given temperature and the actual amount of
water vapor present. VPD drives the energy gradient that pulls water up through the
plant, creating the soil-plant-atmosphere continuum. The difference between atmospheric
demand for water and moisture availability to the roots influences the internal water
status, or water potential, of the plant. Transpiration may create stress on plants if water
is not available in the soil to replace that which is lost to the atmosphere. The plant
may respond by regulating (constricting or closing) its stomata, if possible. Prolonged
water deficit may result in leaf wilting, leaf death, xylem cavitation, branch loss, and,
ultimately, whole plant death (Rood and others 2000).

Stomatal resistance is the most significant regulation of transpiration for plants that
closely regulate their stomata because it occurs at the steepest part of the water potential
gradient, where open stomata expose the interior leaf cells to the potentially desiccat-
ing atmosphere. Guard cells adjust the stomatal opening to reduce water loss when soil
water availability is limited or when very high atmospheric demand makes it impossible
for a plant’s vascular tissue to provide sufficient water to leaves. Most species undergo
daily or seasonal stomatal adjustments in response to water availability. Stomata in most
plants close at night to reduce transpiration when the lack of sunlight reduces the need
for CO, exchange for photosynthesis. This stomatal control allows many species to oc-
cur in environments that experience seasonal or nearly permanent drought conditions
or extreme fluctuations in water availability and/or atmospheric conditions. Stomatal
aperture, transpiration rates per unit leaf area, and photosynthetic rates per unit leaf area
can all be measured and provide an excellent means of understanding plant functioning.

Vascular plants often have well-developed root systems that allow them to acquire
water from a range of soil depths and, in some cases, directly from the saturated zone
(surface or groundwater) or the capillary fringe. Plants that acquire water from the water
table and its capillary fringe are termed phreatophytes. Vascular plants typically have
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greater stomatal control than non-vascular plants and dominate a wide range of environ-
ments, including deserts, tropical forests, and polar highlands. The only environments
dominated by non-vascular plants are constantly moist or wet environments such as bogs
and some fens (peatlands). Sites that are seasonally or periodically wetted, including wet
meadows, many riparian areas, and all uplands, may have little moss and lichen cover
because non-vascular plants lack roots and have little ability to regulate their stomata.

Water enters vascular plants primarily through root hairs (Figure 3-1) that have great
surface area for absorption and high permeability to water. Once water enters the root, it
flows to vascular tissue where it moves up stems to leaves. Water flows along a pressure
gradient, which is greatest between the atmosphere and leaf and lowest from soil to root.
The trunks of woody plants such as trees and shrubs have several tissues, including bark
and phloem that moves food from photosynthetic to non-photosynthetic portions of the
plants, and the cambium, where phloem and xylem cells are formed (Figure 3-2). The
xylem or wood is composed of sapwood that actively transports water and heartwood,
which provides structure but little water conduction. Most xylem tissue is composed of
dead hollow cells with lignified walls.

Cross section of
transpiring leaf

Cross section of
absorbing root

Figure 3-1. Whole tree showing a cross section of leaf with stomata (c), and a cross
section of a root showing rootlets and root cells (b).
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Figure 3-2. Cross section of typical tree showing layers of
woody tissue. The arrow at (A) points to the outer layer, which
isbark. Inside the barkin succession are the phloem, cambium,
sapwood, and heartwood shown at (B). The sapwood is the
main water conducting tissue in the tree and contains xylem
vessels. Large pores are shown in (C).

Many species of riparian plants require access to a permanent or seasonal water supply
and are intolerant of low internal water potentials (e.g., high water stress). Whereas most
phreatophytes are thought to maintain contact with the vadose zone (unsaturated zone
of capillary rise above the water table), even during periods of low flow, other species
may have an affinity for fine textured substrates with high water holding capacity or
may be able to utilize water at low soil water pressure potentials (Naumburg and others
2005). Some riparian species can utilize different water sources over the course of the
season, with various proportions of transpired water coming from groundwater versus
soil water depending on relative availability (Busch and Smith 1995, Smith and oth-
ers 1998). Species that can acquire water from multiple sources may be better adapted
to extended periods of low flow caused by drought, groundwater pumping, and water
extraction (Stromberg and others 2007a).

Flow permanence (length of time with surface flow) and depth to groundwater,
accounted for much of the variability in dominance by native or exotic species along a
riparian hydrologic gradient in Arizona, USA (Lite and Stromberg 2005). Sites that had
surface flow for 76 percent of the time, groundwater depths of <2.6 m, and variability of
groundwater depth of <0.5 m tended to be dominated by native forest species. Decreas-
ing flow permanence and increasing depth and variability of groundwater beyond these
thresholds resulted in an increasing probability that native-dominated woodlands could
shift to exotic shrublands, leading to changes in stand-level vegetation characteristics
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(e.g., canopy height and vegetation volume). Along a depth to water table gradient,
non-riparian phreatophytes, such as Sarcobatus vermiculatus (greasewood), also vary
their use of soil and groundwater (Chimner and Cooper 2004).

When subjected to prolonged periods of drought, even the most drought-tolerantriparian
plants are vulnerable to water stress, wilting, leaf death and stem dieback, and, ultimately,
mortality (Tyree and others 1994, Scott and others 1999). As desiccation occurs, species
vary greatly in their ability to regulate their water pressure potential (through stomatal
closure or other leaf morphologic traits) (Pockman and Sperry 2000). Loss of leaves
through leaf abscission and/or xylem cavitation and branch death (“drought pruning”),
reduces the total plant water requirements and may actually save the individual at the
cost of some portion of the canopy (Tyree and others 1994). For some species, such
as Populus deltoides, there is an identifiable threshold of percent leaf and branch loss
before mortality is likely (Scott and others 1999, Cooper and others 2003b).

Measuring plant water relations

Stomatal conductance

Measures of stomatal conductance are important for understanding transpiration
rates and water use efficiency. Furthermore, the diurnal and seasonal patterns of plant
adjustment to changes in water availability provide key information for understand-
ing plant functioning. For example, the diurnal pattern of stomatal conductance (g,) is
important for understanding how plants function during the day and recover at night
(Oren and Sperry 1999).

Leaf stomatal conductance and transpiration rates can be measured with a porometer
or portable photosynthesis system (Figures 3-3A and B). This instrument measures the
rate of dry air needed to maintain a constant relative humidity inside a small chamber
enclosing a transpiring leaf. Photosynthesis systems utilize one or more infra-red gas
analyzers that measure the CO, and H,O vapor concentrations within the leaf. Porometer
measurements are made on leaves in situ (Figure 3-3A). Ladders or scaffolding may be
needed to access suitable leaves. Leaves or twigs that hold the set of leaves for measure-
ment should be marked, making repeat measures over the day or season possible. Data

Figure 3-3. The measurement of transpiration and stomatal conductance of a Populus spp. tree using a porometer (Li-COR LI-
1600 or similar instrument).
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depicted in Figure 3-4 are from an experiment where Populus spp. trees were irrigated
and compared with unwatered trees. Plants opened their stomata at dawn and reached
maximum g, by early to mid morning (Figure 3-4). By late morning, unwatered plants
were adjusting their stomata to reduce transpiration, while watered plants were not. On
a seasonal basis, stomatal conductance may increase, however morning g, is higher than
afternoon g, throughout the summer, indicating that afternoon stomatal control occurred
due to limited water availability and a desiccating summer environment.
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Figure 3-4. Morning and afternoon stomatal conductance (left panels) and diurnal patterns of stomatal con-
ductance of Populus spp. trees using a porometer. Irrigated Populus are indicated with black filled symbols;
unwatered Populus are unfilled symbols at sites NR1, NR2, R1C, and R2C.

Xylem pressure potential

Water is a polar molecule. As a result, water molecules adhere to each other and to
the vessel walls of the xylem. Transpiration pulls the chain of water molecules up the
plant, but when water is transpired faster than it can be replaced in the xylem, tension
on the chain of water molecules in the xylem increases and is exerted through the entire
plant. When a twig or leaf petiole and its xylem is severed from the parent plant, the
pressure necessary to force water back to the cut surface is equivalent to the negative
pressure (internal water stress) in the xylem prior to cutting. A Scholander-type pres-
sure chamber can be used to measure this pressure and provides an excellent measure
of tension within the xylem. A leaf with a petiole or twig is cut and placed upside down
into the chamber with the cut end protruding (Figures 3-5). Pressure is increased in the
chamber and the cut end is observed with a magnifying glass. When the pressure exerted
equals the tension at which water is held within the xylem, water flows back through
the xylem and appears on the cut end. When water first appears, this xylem pressure
potential is recorded and represented with the symbol ‘¥,

Differences in hydraulic architecture make some tree species more sensitive to water
stress than others (Sperry 1995, 2000). Vulnerability curves have been developed for a
number of species to quantify their loss of hydraulic conductivity along a gradient of
xylem pressures (Tyree and Sperry 1989). For example, Tyree and others (1994) pro-
duced vulnerability curves for Populus spp. to show loss of water conducting ability
and the pressures at which partial or complete loss of xylem conductance occur (Blake
and others 1996).
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Figure 3-5. Left: cross section of pressure bomb showing cut leaf (or twig) inside the chamber with the cut end protruding through
the rubber stopper and chamber top. The exhaust valve is closed and pressure increased until water flows back through the xy-
lem and is expressed on the cut leaf or twig surface (top right). The researcher carefully watches the cut surface as the pressure
increases, recording the pressure at which the water emerges (bottom right).
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Measuring transpiration rates

Transpiration is an important determinant of leaf energy balance and plant water
status (Pearcy and others 1989). Most studies of plant-water relations involve mea-
surement of leaf transpiration and leaf conductance to water vapor as they enable an
investigator to determine plant water use efficiency. Transpiration can be measured at
the scale of the leaf, individual plant, or a meadow, forest, or stand using a variety of
techniques. These measurements require specialized equipment and expert knowledge
of the techniques and theory behind them, so clear objectives should be made in the
study planning phase. Brief explanations of several techniques follow. For more detailed
explanations, theory, and instructions, please refer to plant physiology textbooks (e.g.,
Chapters 3, 8, 9, 11, and 13 of Pearcy and others 1998) and/or instruction manuals for
specific measurement devices.

Leaf-level transpiration is typically measured as previously described. Leaf-level water
conductance (water exiting a leaf through stomata) is often derived from transpiration
rates measured in chambers. A number of companies make instruments for measuring
leaf-level water conductance in the field, including LI-COR (www.licor.com), PP systems
(www.ppsystems.com), and Decagon (www.decagon.com). Leaf-level measurements
may be made on multiple leaves on the individual of interest over the course of a day
(or season) to better understand the physiological response of the plant to changes in air
temperature, humidity, precipitation events, soil moisture, water levels, and streamflow.
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Whole plant-level transpiration rates may be analyzed using heat as a tracer to
measure water flux through the stems of woody plants. One method for measurement
of sap (water) flux through trees uses pairs of probes inserted through the sapwood as
shown in Figures 3-6A, B, and C. The bottom probe measures ambient temperature of
the wood. The top probe measures temperature and also has a heating element that pro-
duces a constant flow of heat. Water conducts heat and transports it up and away from
the heating element. The difference in temperature between the two probes is measured.
Higher temperature differences between the two probes indicates a slow flow of water
up the tree, while a smaller difference indicates a higher rate of flow. Water movement
up the tree is calculated as sapwood cross sectional area multiplied by the rate of sap
flux. These data can be calculated as daily or annual flux. The thickness of sapwood
for a tree (light area in the cross section shown in Figure 3-6A) can be determined by
measuring sapwood thickness with increment cores (Figure 3-6B), or other methods,
from around the tree bole or through measurement from a cross section of the stem.
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Figure 3-6. Sap flow methods can be used to calculate flow rates of water up the sapwood of tree boles. Knowledge of the sapwood
thickness and area (A and B) is determined with cores, or cross sections, and flow rates are determined with pairs of probes (C) or
bands. Sap flow can provide informative (D) diurnal patterns of water use in trees. The Granier 20 and TPD30 are two different
types of sap flow probes, and a number of methods and systems are available for sap flow studies.
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However, there are many new approaches for measuring sap flux and many different
probe types are available, each of which may be most appropriate for a particular tree
species or question. Since differentiation of active xylem can be challenging for some
species, laboratory analyses are required and probes can be calibrated in the lab fol-
lowing the procedures of Steppe and others (2010). Sap flux technology is complex
and a thorough understanding of the methods, calibration, and analysis of these data
is required to successfully utilize these techniques. Many studies have shown that the
original Granier sap flow equations are not robust for all species, and new ideas about
how to measure sap flow are being published (Clearwater and others 1999, Taneda and
Sperry 2008, Bush and others 2010, Hubbard and others 2010). Sap flux over time may
be plotted and compared across treatments, through space, and over time (Figure 3-6D).

Identifying plant water sources

Many wetland and riparian plants utilize groundwater as well as soil water that
is recharged by precipitation. Although many wetland and riparian plant species are
phreatophytes, they may primarily utilize soil water recharged by precipitation. Some
plants are adept at taking advantage of groundwater and soil water at different times of
the year (Busch and Smith 1995). Understanding the water sources used by plants is
critical to understanding plants’ link to, and degree of dependency upon, groundwater.
Relationships between incremental growth, branch growth, productivity, and canopy
condition and hydrologic variables (such as streamflow) can provide strong clues about
linkages between fitness and various water sources to plants (Stromberg and Patten 1991,
Willms and others 1998). In determining water sources and needs for riparian vegetation,
it is important to understand the relationship between plant age or developmental stage,
root morphology, and water acquisition. Vulnerability to water stress may decline as a
function of age or developmental stage for many species. As a result, it is important to
understand how many years it takes for woody plant seedlings or saplings to develop
roots deep enough to acquire groundwater in the summer, or to determine the proportion
of rain-recharged soil water that typical phreatophytes utilize.

Stable isotope ratios of oxygen (O) and hydrogen (H) can be used as tracers to identify
water sources. Water is composed of O and H, and both elements occur in elemental and
isotopic forms. O has an atomic number (protons) of 8 and an atomic mass (neutrons +
protons) of 16. However, its most common isotope has two extra neutrons, and while
its atomic number remains identical, its atomic mass is 18. H has an atomic number and
atomic mass of 1; however, its most common isotope deuterium (D) has an atomic mass
of 2. If a basin of water is set in the sun, water molecules with D or 130 evaporate more
slowly (due to their greater atomic mass) than do water molecules with H or 100, leading
to an enrichment of water in D and '80. Evaporative enrichment occurs in most soils
that are recharged by precipitation. The ratio of D to H (expressed as 8D), or '80/1°0
(expressed as §'80) can be measured with a mass spectrometer. If 8D or §'30 is distinct
in soil water as compared to groundwater, then the water source used by plants can be
identified by comparing plant sap extracted from suberized stems (those with well-
developed bark) with potential water sources. Water is extracted from soil samples and
plant stems using a process called cryogenic distillation, and groundwater is collected
by pumping water from monitoring wells. The isotope ratio is then calculated relative
to a standard water source using the following equation:

0D (%o0) = [(D/H)sample/(D/H)standard -1] x 1000

The typical standard is Standard Mean Ocean Water (SMOW).
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Cooper and others (1999) used stable isotope methods to determine that Populus
seedlings along the Yampa River were using primarily soil water during the summer
until they were at least two to three years old (Figure 3-7). Older plants used primarily
groundwater, although much older plants (>90 years old) used both soil and ground-
water. This investigation identified that seedlings were not phreatophytes and that their
survival was not dependent upon growing a taproot fast enough to remain connected
to the declining summer water table. Using stable isotopes, Busch and others (1992)
found that a group of native riparian woody species (including Populus spp. and Salix
spp.) were obligate phreatophytes along an arid land river but that a non-native shrub
utilized both soil and groundwater during the growing season.

Stable isotopes of carbon (C) can also be used for analyzing plant-water relations
(Jackson and others 1993). The isotopic ratio of 13C to 2C in plant tissue is less than
the isotopic ratio of 13C to 12C in the atmosphere, indicating that plants discriminate
against 13C during photosynthesis. Variation in discrimination against '3C is due to both
stomatal limitations and enzymatic processes. Theoretical and empirical studies have
demonstrated that carbon isotope discrimination is highly correlated with plant
water use efficiency, providing an integrated measure of water use efficiency (a
measure of carbon fixation for an amount of water transpired). Measurement of
carbon isotope discrimination is relatively easy to carry out because carbon used
to build plant tissue reflects the amount of discrimination present when the tissue
was constructed. Samples are easily collected in the field for later processing in a
laboratory. Moreover, in woody plants, carbon isotope discrimination can be deter-
mined from annual ring samples, providing a historical analysis of plant response to
environmental conditions. Using carbon isotope discrimination to determine water
use efficiency, Busch and Smith (1995) found that a non-native riparian species had
higher water use efficiency than several native shrubs. This higher water use efficiency
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Figure 3-7. Sap water dD of groundwater (water); plants of 90+, 20-,
8-, 4-, 2-, and 1-year old cottonwoods; and soil water, illustrating that
younger plants used primarily soil water.
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provided an explanation for the differential survival of non-native versus native species
along a flow altered river. Studies have found that depleted groundwater and altered
timing and magnitude of flow may cause a shift in riparian areas from those dominated
by native obligate phreatophytes to those dominated by non-native species (Stromberg
and others 2007b, Merritt and Poff 2010).

Hydrogen isotope composition of cellulose from tree rings may also be used as an
index of historical water source use by riparian trees (Alstad and others 2008). Analysis
of cellulose D provides a time-integrated signal of changes in water sources to woody
riparian plant species (currently only about a decade into the past) and may provide
indications of switches in water use from one source to another or may provide insight
into reductions in water availability from an existing source. For example, analysis of
cellulose D from tree ring tissue may provide insight into a switch in water use from
groundwater to soil or atmospheric water following groundwater decline or streamflow
alteration.

Sampling of tissue and water for stable isotope analysis involves collection, proper
handling, and timely delivery of samples to alaboratory for analysis using an isotope ratio
mass spectrometer. Collection of water samples from groundwater wells, rain gauges,
stream water, and/or soil water as well as water in plant tissues may be necessary for
determination of isotopic composition, depending on the objectives of the study. Water
samples should be immediately sealed in filled glass vials to avoid any evaporation of
water from plant tissues. Leaves, stems, and xylem water from tissue samples have com-
monly been used in stable isotope studies and may be collected by clipping or pruning
the desired portion of the plant. Samples should be packaged and chilled (preferably
frozen) and shipped immediately to the laboratory to avoid fractionation and loss of or-
ganic material. For a more thorough discussion, refer to Ehleringer and Osmond (1989).

Laboratories that perform isotopic analysis on tissue and water samples include:

University of Colorado: http://instaar.colorado.edu/sil/about/index.php;
University of California, Davis: http://stableisotopefacility.ucdavis.edu/;
Northern Arizona University: http://www.mpcer.nau.edu/isotopelab/pricing.html;
and many private laboratories.

A critical issue in riparian management in western North America is Populus and/or
Salix establishment and survival. Since rivers have varying interannual flow regimes,
knowing the exact year woody plants establish allows researchers to link plant
establishment to a particular year’s flow regime. In addition, determining the age
structure of woody plant populations is critical for helping to understand the years in
which plant establishment success has been high, the hydrologic conditions associ-
ated with establishment and survival, and possible hydrologic or climatic bottlenecks
in survival of such species. The determination can also allow scientists to suggest flows
for environmental maintenance or restoration.

When the seed of a woody plant such as Populus germinates, its cotyledon grows
a stem and a root. This germination point, which occurs at the soil surface (Figures 3-8
and 3-9), is termed the root crown or root collar. As the plant grows and develops
woody tissue, stem tissue develops a pith. Stem tissue can always be identified in cross
section by the presence of pith (even following burial), while root tissue lacks a pith.
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Figure 3-8. Diagram of young tree showing the

Apical soil surface and the stem tissue above and root
mensiem  helow that point. The stem contains a pith and
Apical growth rings reflecting each year’s growth. The

bud point where the pith originates is the root crown.
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Figure 3-9. Photograph of an excavated Tamarix. The
sanded Tamarix spp. slab at bottom contains a pith (the light
center), indicating that it is stem tissue. Root tissue lacks a
pith. Excavated Populus bottom right.
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Because stems grow upward and add successive layers of wood in a ring-like pattern,
the younger stem areas contain fewer rings than the root crown. While an increment core
collected above the ground surface from a tree bole can be used to obtain a general idea
of tree age, it cannot be used to determine the year in which riparian tree establishment
occurred (Figure 3-10). Along fluvially active streams, the stems of individuals may be
sheared off or buried by sediment, causing the germination surface of the resprouted
plant to be buried and the aboveground portion of the plant not to reflect the true age
of the individual. When attempting to determine establishment age of such individu-
als, the plant must be excavated to find the root crown, and the age at the root crown
must be determined through examining growth rings. For shrubs, or browsed plants,
it should be assumed that no stem contains the full set of rings, and excavation of the
plant to identify the root crown is necessary. Through excavation of the roots of wil-
low, cottonwood, or Tamarix (Figure 3-9), root morphology can be characterized and
the taproot can be preliminarily identified. Then, cross sections of the stem should be
collected, and the root crown can be identified. The root crown is located between the
cross section that has pith (stem tissue) and the cross section that does not contain pith
(root tissue). If a cross section has pith on the top and no pith on the bottom, the root
crown (and germination surface) is contained in the cross section.

This section bridges the root crown and should contain the full complement of an-
nual rings. If plants are deeply buried by fluvial sediments, stem tissue becomes root
tissue, which can be very porous and, in some cases, difficult or impossible to interpret.
In addition, trees along some intermittent streams or following drought may produce
false rings (more than one per year). In extreme cases, rings may be absent. Therefore,
it is important to cross date ring widths among trees and relate them to known climate
and hydrologic events.

In addition to simple ring counts to age trees, cores extracted from aboveground
stems may also be analyzed to measure the width of incremental (annual) growth rings
and to quantify tree growth rates. Tree cores may be measured precisely using a bin-
ocular microscope. Ring width may be digitized using specialized equipment such as a
Velmex TA Unislide measuring system with an ACU-Rite linear encoder and QC1100
digital readout device (Velmex, Inc., Bloomfield, New York). Ring-reading software

Figure 3-10. An increment borer may be used to collect cores of trees
and shrubs. Cores are then dried, mounted onto a board, sanded, and
polished. Rings are counted or ring widths are measured to determine age
or growth rate, respectively.
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includes Measure J2X, Version 3.1 (Project J2X, Voortech Consulting, Holderness,
New Hampshire).

Another growth measure that is tightly coupled with water availability in arid and
semiarid riparian systems is annual branch growth. Measuring the increments between
annual bud scale scars provides a measure of growth in the past growing seasons. An
annual branch growth measurement may be sensitive (in some cases, more so than incre-
mental ring growth) to the effects of changes in groundwater levels (e.g., groundwater
pumping; Scott and others 1999) and to variations in river flow regime (Willms and oth-
ers 1998). Branch growth increments may provide an accurate record of environmental
favorability for recent growth over a period of one to two decades. Close correlations
between branch growth and stream flow indicate that water limits growth of riparian
plants and that such plants obtain their water from a source linked to the stream, such
as the riparian water table (Willms and others 1998). Analyses of branch increments
provide a management tool for determining instream flow needs for riparian trees and
for analyzing impacts of stream flow alterations due to river damming, water diversion,
and groundwater pumping.

Patterns of plant dieback

The outward signs of water stress in plants may include discoloration, wilting, and/or
dead leaves or branches. Woody plant stems or root systems may dieback due to drought,
water management actions, disease, and other factors. Understanding the patterns of
dieback assists in linking plant health to environmental and management actions.

Other plant morphological measures that can be useful in assessing riparian and
wetland health and tracking changes in condition through time are: vegetation volume,
canopy cover, canopy height, woody plant stem density, and woody plant basal area
(Stromberg and Patten 1991, 1996; Lite and Stromberg 2005). Vegetation volume may
be measured using the vertical line intercept method at a number of points per plot
(Mills and others 1991). Maximum canopy height within plots may be measured using
either a vertical measuring pole or a clinometer. Canopy cover may be measured using
a spherical densiometer at several points (plot corners and center) per plot or by using
a densitometer with point or line intercept layout (Elzinga and others 2001).

Percent of potential canopy can be used to assess damage caused by water stress as-
sociated with leaf death and abscission, water stress and cavitation, and branch dieback
(Scott and others 1999) (Figure 3-11). Potential canopy should be estimated as a visual
determination of percentage of live canopy relative to potential crown volume (i.e.,
extent of all branches; Scott and others 1999) for all woody species. Crown dieback has
been associated with increased risk of mortality the year following dieback in riparian
trees (Scott and others 1999).

Root density and biomass with depth can be quantified from samples collected in pits
or cores to compare areas affected by water management activities to reference areas.
Williams and Cooper (2005) found that cottonwood root density and biomass was much
higher for the unregulated Yampa River, which still has overbank flooding compared
with the regulated Green River which rarely floods.

Dead stems can also be collected and their ring patterns can be compared with other
live trees to identify the year of death (Figure 3-11). This requires the development of
a tree ring chronology from healthy stems using collected increment cores. Analysis
of tree populations in a holistic manner (evaluating their physiological functioning),
including analysis of stomatal conductance and/or xylem pressure, age structure of
stands, and dieback patterns of roots or stems, informs researchers on tree- and stand-
level condition and the effects of long-term management activities on the persistence
of riparian vegetation (Figure 3-11).

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-282. 2012 41



42

Figure 3-11. Individual trees, such as the cottonwood shown here, can yield a wide range of data and information, including
physiological measures (top right), increment cores to illustrate overall growth rates and patterns of stem dieback (center
image), root distribution and density (top left), and root crown age (bottom left).
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Vegetation sampling

Vegetation is sampled to characterize the current composition of plants occurring
on a site and to develop a baseline for future vegetation analyses. A large number of
methods have been proposed and used for vegetation analysis; for an overview of this
topic, please consult a textbook (e.g., Mueller-Dombois and Ellenberg 1975, Elzinga
and others 2001). Two of the most popular methods are plot-based and transect-based
sampling. Each method has its strengths and weaknesses and can be used for distinct
purposes. Plots can be centered around groundwater monitoring wells to characterize
the composition of homogenous stands or patches of vegetation in different hydrologic
settings, or they can be around monitoring wells with different long-term water table
depths. Transects can be used to sample vegetation along environmental gradients or
in large stands where a broad sample area is desired (Figure 3-12). It is critical that
sample size of plots meets the criteria for minimal area, that is, the minimal sample area
that adequately represents the community composition. The sum of sample area along
transects should also meet this minimal area criterion.

Figure 3-12. A tape measure laid out to measure vegetation
using the line intercept method, a transect-based method.
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Some sample procedures use a single plot, while others have nested plots or nested
plots placed along transects. Different plot sizes are used to sample herbaceous and
woody plants. For example, 1x2 m plots are used to sample the composition and cover
of herbaceous vegetation and two- to four-year old saplings (woody species), and 2x10
m plots are used to sample shrubs and trees (for estimation of shrub cover, tree stem
density, and tree diameter). Along one transect, an example of plot layout is: 1x2 m plots
located on the downstream side of the transect line/meter tape (the landward upstream
corner of the plot on the selected distance along the tape). Each 2x10 m plot would have
its origin (landward upstream corner) on the same point as the herbaceous plots. Each
nested herbaceous and shrub-tree plot would correspond to its associated distance along
one transect, with the exception of the belt transects nearest the lowest extent of vegeta-
tion, in which case each shrub-tree plot will be associated with two herbaceous plots.

If a single plot is used, the plot should be within a homogenous stand of vegetation. A
list should be made of all plant species that are present, including bryophytes and other
taxa if possible, and the absolute canopy cover of each species should be estimated.

Modified Braun-Blanquet cover classes are suitable for visually estimated vegetative
cover in plots: cover class 1 = <1 percent canopy cover, 2 = 1 to 5 percent, 3 =5 to 25
percent, 4 = 25 to 50 percent, 5 = 50 to 75 percent, and 6 = 75 to 100 percent. Within
each plot, cover of each vascular species and ground cover feature (water, bare ground,
litter, bryophytes, rock, and large wood pieces) should be recorded. If nested plots are
used, or transects with different sized plots, the smaller plots are used to record the
cover and abundance of herbaceous plants, bryophytes, shrubs, and young trees, and
larger plots are used for trees.

Woody plant recruitment

Size-class structure

44

The presence of woody species saplings should be recorded (by species) along
transects when the stem or canopy of a two- to four-year old individual intersects the
transect. Age may be determined by taking a cross section of several individuals off of
the transect and counting annual growth rings. The presence of two- to four-year old
individuals is considered evidence of recruitment, and the frequency of recruitment
provides an important and sensitive measure of the recruitment success along a reach
(Merritt and Poff 2010). Younger individuals (<two years) are less informative because
they may be abundant annually but mortality is often quite high on most years (e.g.,
seedlings are not a good indicator of successful recruitment; Cooper and others 1999).
Care should be taken to distinguish between saplings resulting from root sprouting and
those germinated from seed; this should be recorded when distinguishable.

Distance along the transect where the regenerate occurs should be recorded for each
individual intersecting the transect. This will provide a count of regenerates by fluvial
feature for the entire reach and a calculation of number of saplings per meter.

Within plots, the number of small (<2 cm diameter at breast height [DBH]) tree stems
should be counted and all tree stems =2 cm DBH should be measured. It should be
noted if tree stems occur in a cluster (e.g., they are sprouting from a larger tree). If a
tree occurs near the edge of the plot, it should be measured if >50 percent of the tree
stem is within the plot boundary. If stem density is relatively uniform in the plot and of
high density, stems can be subsampled by counting the number of stems in a smaller
measured area. If a tree or shrub occurs near the edge of the plot, it should be measured
if >50 percent of the shrub or tree stems are inside the plot boundary. Histograms of size-
class structure distributions may be constructed from gathered data and comparisons of
distributions, central tendency (e.g., mean or median), variation (e.g., standard deviation
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Condition

and coefficient of variation) can be made between treatments, effected and unaffected
reaches, etc. Furthermore, basal area can be calculated and summarized by species.

Shrub and tree health can be assessed visually through a simple evaluation of leaf
condition (Cooper and others 2003b; Chapter 6: Case Study II). Wilting from prolonged
water stress can result in leaf discoloration and partial or complete leaf death. Record
the collective status of the canopy of shrubs and trees by species within the shrub-tree
plots using the following categories:

o critically stressed = major leaf death and/or branch dieback (>50 percent of canopy
volume affected);

e significantly stressed = prominent leaf death and/or branch dieback (20 to 50 per-
cent of canopy volume affected);

* stressed = minimal leaf death and/or branch dieback (<20 percent of canopy
volume affected);

* normal = little or no sign of leaf water stress/no water stress-related leaf death;

* vigorous = no sign of leaf water stress/very healthy looking canopy.

Using this ordinal scale, frequency of categories may be statistically compared be-
tween sites or reaches. Crown dieback has also been associated with increased risk of
mortality in riparian trees (Scott and others 1999). Percent of potential canopy can be
used to assess damage caused by water stress associated with leaf death and abscis-
sion, water stress and cavitation, and branch dieback (Scott and others 1999). Potential
canopy should be estimated as a visual determination of percentage of live canopy
relative to potential crown volume (i.e., extent of all branches; Scott and others 1999)
for all woody species (Figure 3-13).

55% Potential canopy

-

Figure 3-13. Visual estimation of
percent live canopy as a measure of
condition. The observer visualizes a
full canopy and then estimates the per-
centage of that maximum area that is
occupied by canopy (to the nearest5%).

35% Potential canopy
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Chapter 4: Measurement of Surface Water

and Groundwater Levels

Many wetland and riparian areas are supported by both surface and groundwater,
which should be considered a single resource (Winter 1999). Surface water recharges
groundwater in some areas and groundwater discharges to the surface in other situations.
Riparian ecosystems occur along streams and are hydrologically and geomorphically
driven by surface waters, which supply shallow alluvial groundwater and influence
turnover between surface and groundwater (also referred to as hyporheic exchange).
Thus, stream flow, stream stage, stream dynamics, overbank flooding, and groundwater
recharge or bank storage are interrelated functions. The measurement of these compo-
nents is key to understanding the processes supporting these systems. The hydrologic
processes supporting each wetland or riparian type should be carefully considered before
designing a hydrologic monitoring program.

Fens are largely groundwater driven, and the analysis of water table depth relative
to the soil surface, vertical gradients of groundwater flow, and as surface water inflows
and outflows (if any exist) are critical components to measure in these systems. Fens
also have little mineral sediment deposition; therefore, monitoring surface sediment
deposition may be critical.

Wet meadows are also largely groundwater fed but may have surface water inflows
or outflows as well. The critical features to analyze are the duration of the water table
near the soil surface, duration of soil drought, and mineral sediment deposition rates.
Measurement of soil redox potential over the course of a season or several seasons in
wet meadows (and other wetland types) may provide insight into the range of variability
typical of these systems and how hydrological alteration might change such systems.

Salt flats may be supported by surface water ponding on a relatively impermeable
mineral sediment layer or shallow groundwater that supports a capillary fringe that at
least seasonally reaches the soil surface. Measuring surface water inflows and outflows
as well as pond water depth and duration is critical for surface water-supported salt flats.

Marshes are basins filled largely by shallow surface water, or wetlands fringing larger
and deeper lakes. Measuring surface water inflows, outflows, and the depth, duration,
and extent of ponded water as well as the rate of groundwater recharge is critical for
understanding marsh functioning and the distribution of plant species.

These sites could be instrumented to investigate the connection between surface water
and groundwater. Such instruments include piezometers (measure the hydraulic head
above a well opening within confining layers), groundwater monitoring wells (measure
water table level of unconfined water surface at atmospheric pressure), and staff gauges
(measure surface water level) (Figure 4-1). Measurement of soil moisture and/or redox
potential, particularly in wetter areas, may also provide important information about
these wetlands.

Spatial scale of analysis and monitoring

The spatial scale of analysis should be determined in the planning stages, before
installation of any instruments, and should include the area that may provide water,
sediment, or other inputs to the study site. The distribution of measuring points and
monitoring instruments should be preliminarily determined from analysis of air photos.
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Figure 4-1. Connections between surface and groundwater may be measured using nested piezometers (which
can indicate vertical flow within confined aquifers), groundwater monitoring wells (which measure water table
level at atmospheric pressure), and staff gauges (which measure water surface level in a stream or water body).

Single wells only provide information about depth to water table (and its variation)
below a single point. Installing grids or arrays of wells, peizometers, and staff gauges
that cover the extent of the area of interest can enable the development of two- and
three-dimensional water surface profiles. Surface waters should be measured at points
of inflow and outflow to the study area, and water stage should be measured in areas
where groundwater would be measured along transects, grids, or in plant communities
that are of special interest. Groundwater should be measured in locations thought to
have significant inflows to the wetland, within communities of special interest, near
streams, and, in some instances, under streams.

Temporal scale of analysis and monitoring
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The temporal scale of analysis should be determined in advance and be based upon
the questions being addressed. For questions regarding the influence of precipitation or
flow events on river stage or water tables or daily evapotranspiration-driven water table
changes, data loggers associated with groundwater monitoring wells and staff gauges
may provide information at the correct temporal scale. The most suitable temporal scale
may vary from minutes or hours to weeks or months. Frequent data collection is needed
to answer questions regarding seasonal duration of the water table within the root zone
of plants. In remote areas, it may be difficult to visit the site regularly and make manual
measurements. Instead, an automated measurement system that allows the collection of
complete data sets can be installed with one or two visits made annually.
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Approaches for measuring surface water and groundwater

Surface water

Surface water, including stream flow and pond or lake levels, is measured using
staff gauges, weirs, and/or flumes. The relative or absolute level (elevation) of the
water surface (also called stage) is measured using a staff gauge or staff plate, which
is a measuring device anchored to the stream or lake bottom on which water level is
measured. Regular measures of stage relative to the stream bottom, pond bottom, some
datum below the ground surface (e.g., to keep all values positive), or a permanent refer-
ence benchmark can be made by hand and recorded in a field book. Water depth, stage,
or elevation can be plotted using a simple line graph to show the water height in meters
or feet above the datum, pond, or stream bottom (Figure 4-2). Regular measures (daily,
weekly, or biweekly) are best for understanding the overall annual change in stage. For
snowmelt-driven streams, there may be considerable daily stage change in spring and
early summer due to the diurnal pattern of snowmelt. Measurements should be made
at (or throughout) the same time of day, so that relative seasonal changes can be ad-
dressed. Manual measures would not provide a measure of instantaneous daily peak
stage because the exact timing of peak flow and stage is unknown. In addition, some
streams and ponds have stage rises during the summer that are driven by rain events,
and manual measures will likely miss the exact timing and total stage change produced
by these events.

If discharge can be measured simultaneously with stage, a rating curve relating water
stage to discharge can be constructed (Figure 4-3A). This rating curve can then be used
to calculate flow from stage height or vice versa (Figure 4-3B).

Continuous data on river or pond stage provide much more information on the maxi-
mum peak river stage, the duration of peak stage, whether multiple peaks occur, and
the rate of stage change. However, since most streamflow gauge data are published as
discharge, stage data may be absent or not specific to a study area. Most U.S. Geological
Survey (USGS) and state gauge sites measure stage and use a rating curve constructed
from a subset of field-measured stage and discharge to estimate stream discharge. Dur-
ing 2000, the Tuolumne River (Figure 4-4) had three major periods of high flow, one
in mid-May, a second in early June, and a third in late June.
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Figure 4-2. Stage (height) of water column over time based upon a series
of manual measures.

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-282. 2012 49



2000

1500
2 1000
=

500

Water level (ft)

3.07 Q=31(h-1.9)*° i
2.5+ -
0 200 400 600 800 1000 1200
Q (ftes™)
82500 1 1 1 1 1
Calculated ® Measured Q
2000 -
'I-U'J
& 1500 -
[eb]
o
£ 1000+ -
[+
0
=
500
0
2002 2003 2004 2005 2006

Figure 4-3. Rating curve for Tuolumne River at Highway 120in
Yosemite National Park, California, and stream flow calculated
using river stage for water years 2002 to 2006. Portions of the
discharge lines in the rating curve (A) indicate results from
least squares fit alternating between stage or discharge as
the predictor. Both yield the same equation: Q = 31(h-1.9)23,
where h is the staff gage reading in feet. Solid black dots
on the hydrograph (B) indicate measured discharge used to

construct and validate the rating curve.

Tuolumne River at Highway 120

May Jun Jul

Figure 4-4. Continuous discharge for the Tuolumne
River near Highway 120 in Yosemite National Park,
California, from April 2000 through early August 2000.
Streamflow peaked in early June followed by a cold-
spell and then returned to high flow in late June, which
was punctuated by afternoon thundershowers that
caused small stage rises.
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Groundwater

Fens, wet meadows, and some salt flats are groundwater-dependent wetlands, with
plants deriving most of their water from a shallow water table. Understanding the
sources, flow paths, seasonal dynamics, and interactions with the soil surface is critical
for managing the hydrologic driver of these ecosystems. Groundwater can flow from
bedrock or from unconsolidated aquifers, or it can be recharged by surface waters such
as streams and lakes. A single wetland may have more than one groundwater source.
For example, different parts of a single wetland complex may be supported by a bedrock
aquifer and groundwater associated with a glacial moraine, each source having distinct
chemical composition and seasonality.

As previously mentioned, two primary types of instruments are used to measure
groundwater in wetlands: water table monitoring wells and piezometers. Water table
monitoring wells are used to measure the water table, which is unconstrained by
confining sediment layers (e.g., open to the atmosphere) and is in equilibrium with
atmospheric pressure. A piezometer is used to measure the pressure head in a soil or
bedrock layer or at a particular depth below the water table. Other techniques for mea-
suring groundwater are available (e.g., ground penetrating radar) but are more costly
and require expensive equipment (McClymont and others 2011).

Installation of instruments

A water table monitoring well can be installed using a hand auger, a hand-
held or vehicle mounted machine auger, or a backhoe (Figure 4-5). In many
wetland settings, especially in peatlands and wetlands with sand/silt sub-
strates, an option for installing water table wells or piezometers is to drive them.

Figure 4-5. Hand augers can be used to bore holes for
installing a groundwater monitoring well. Mounted power
augers may be used in cobble or hardpan substrate.
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Driven wells have the advantage of not requiring augering. Driven wells can,
however, be problematic in areas with substantial clay content in the substrate
or a hardpan. The hole or pit must not penetrate any confining layers and should
be deep enough that the water table can be measured in any season and in any year.
A hand-augered well could consist of a 2.5 to 10 cm (1 to 4 inches) diameter bore
hole, and the layers of material that are bored through should be logged. A hand
driven well casing can have its slots or holes filled with clay or other particles and
the well rendered inoperable. The water table should be encountered when augering
this hole, although in very fine grained sediments with very low porosity, the water
table may not be apparent. Iron and manganese mottles or streaks (orange or black
spots that can range from a few millimeters to a centimeter in width) may occur
near the top of the seasonal water table.

Wells should be installed during the dry season, if possible, when the seasonal water
table is deepest. It also can be difficult to remove sediment from a hand-augered bore
hole when augering below the water table because the saturated sediment is likely to
flow from the auger head. The well should extend below the water table allowing its
measurement in the driest season and in a dry year.

A section of PVC pipe should be placed in the bore hole. The pipe should have
machine slots or hand installed slots sawn into the pipe using a hacksaw, or it
should have holes created with a drill. The slots should extend from the bottom of
the casing to just below the ground surface. The holes and saw cuts should be as
thin as possible so that sediment from the bore hole will not enter and fill the well
casing. A filter fabric may be wrapped around the PVC to exclude sediment, but
often is not needed. The bore hole around the casing can be filled to near the ground
surface with clean sand or gravel of slightly larger diameter than the slots or holes.
In many instances, the hole can be simply backfilled with native soils. The bore hole
should be bailed using a commercial well bailer until fresh, clean groundwater fills the
hole. This is especially needed when the water is muddy or contains shreds of partly
decomposed peat. A bottom cap should be installed prior to placement and have a hole
drilled through it to allow water to freely drain from the PVC if the water table drops
below the bottom of the slots. A top cap is needed to keep rain and debris from the well
casing. A monitoring well can also be used as a staff gauge to measure surface water
height. In the case where the well would be used both as a groundwater and surface water
monitoring device, slots or holes could be placed above the ground surface. However,
in some cases, it is informative not to slot monitoring wells above the ground surface
and to place clay, such as bentonite, or concrete in the top several inches of the bore
hole so that surface water does not enter the sand or gravel pack around the well casing.

A piezometer is a solid section of small-diameter PVC pipe that is open only on the
ends. In relatively soft soil such as peat or in moist to wet, fine-grained sediment, the
PVC can be pushed to the correct depth. The bottom depth of the piezometer should
be determined from the logged borings of the monitoring well. A piezometer can be
installed into any soil layer for which information on pressure head is desired. A simple
piezometer can be made from a section of small-diameter (e.g., 1.3 cm inside diameter)
PVC pipe that is long enough to reach the depth to be measured, plus a suitable height of
pipe to extend above the ground surface, typically at least 20 cm (Figure 4-6). A section
of solid steel or aluminum rod (an electrical grounding rod that is copper coated steel
can also be used and can be easily purchased in large hardware stores) longer than the
PVC should be inserted into the PVC so that the bottom end sticks out 1 to 3 cm. The
rod is held in place by locking pliers where the PVC pipe contacts the rod. The rod is
held vertically with the locking pliers near the top, and the PVC assembly can be pushed
to the desired soil depth.
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Figure 4-6. (Top) Small-diameter PVC pipe
with solid metal rod inserted through the
pipe and a pair of pliers holding the rod in
place. (Bottom left) Metal rod held by pliers
is inserted into PVC and pushed into sail.
(Bottom center) Metal rod is being removed.
(Bottom right) Completed piezometer.
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pulled from piezotmeter
piezometer
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grips

The pliers are used to pull the rod out of the PVC once it is inserted to the desired
depth. Piezometers of this design are typically placed at several depths relative to the
monitoring well to create a piezometer “nest” (Figure 4-7). Care should be taken not
to auger or drive through confining sediment layers that separate aquifers. Connecting
otherwise isolated aquifers may lead to the collection of data that is erroneous or dif-
ficult to interpret.

In harder material, piezometers can be constructed using augered holes. The hole
should terminate at the depth the piezometer end will be placed. The PVC pipe can be
slotted through the bottom 10 to 20 cm of pipe and a solid end cap should be installed.
The slotting should match the soil layers that you wish to monitor. The PVC should be
placed into the hole, and coarse sand should be used to fill the bore hole to the top of
the slotted PVC. A layer of bentonite 20 cm or more thick should then be put over the
sand, tamped in place, and wetted to encourage the clay to swell and seal the bore hole.
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Figure 4-8. Steel drive points
can be pounded into the ground
to create water table monitoring
wells or piezometers.
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Figure 4-7. A well nest consisting of one water table well (right) and two piezometers.

The remaining hole can be filled with sediment removed during the boring, coarse sand,
or other material. The upper part of the bore hole fill may be capped with bentonite or
cement, as previously discussed.

Where soil material is too coarse or dry to auger through cobble, a drive point well
may be installed (Figure 4-8A and B). Each has a cast iron drive point (red tip in Fig-
ure 4-8A) and a stainless steel slotted section (silver) with a threaded end. Threaded
couplers are used to connect sections of unslotted steel pipe. A threaded drive cap is
installed onto the steel pipe, and a fence post pounder is used to install the well to the
desired depth (Figure 4-8B). Care must be taken to lubricate the coupler, and, using
pipe wrenches, thread the coupler tightly onto the drive point and the steel pipes. If the
coupler is not completely threaded on, the pounding will strip the threads. It is even
more critical to get the drive cap lubricated and threaded completely onto the threaded
end of the steel pipe. This facilitates driving and removing the drive cap to install an
additional coupler and section of steel pipe.
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Measurement

Staff gauges can be read directly from the numbers on the staff face or as distance
from the top of the staff gauge to the water surface measured with a ruler. Monitoring
wells can be measured with any commercial measuring tape (Figure 4-9). Weighted chalk
lines and stereo wire connected to a weight and an ohm meter may also be used. The
tape should be used to measure the distance from the top of the well casing to the water
surface. This measurement must be
corrected for the well casing height
above the ground, which is called
the “stick up” height of the pipe. The
stick up height should be subtracted
from the total depth to water table
from the casing top to determine the
depth to the water surface below the
ground surface. Piezometers should
be similarly measured. It is critical
to get accurate stick up heights for
all water table wells and piezometers.

Groundwater chemistry can be
useful for diagnosing one or more
sources of waters. Water within
monitoring wells can be measured
directly after first bailing the well cas-
ings out at least twice to allow fresh
groundwater to enter the pipe. Water
in streams, ponds, or monitoring
wells can be directly measured using
an electrical conductance meter, or
water can be collected for analysis of Figure 4-9. Manual measure of water table depth in
cations, anions, or nutrients. monitoring well using a tape measure.

Redox potential

Water is denser than air, and when soils flood or a water table rises to saturate soils,
water forces air out of the soil interstices. If the soils are warm enough for biological
activity, then bacteria and plant roots can remove the remaining dissolved or trapped
oxygen (O,) in the soil. At this point, the soil is anaerobic or anoxic, meaning that it lacks
free O,. Plants that must obtain O, for root metabolism directly from the soil they are
rooted in will drown if the soils remain anoxic for more than a couple of weeks during the
growing season. Once free O, in the soil is depleted, bacteria that can use molecules other
than oxygen as their terminal electron receptor for respiration processes become active.
Since electrons have a negative charge, when an electron is added to a molecule such as
ferric iron (Fe3*) or manganic manganese (Mn**), it reduces (makes more negative) the
molecule’s electrical charge, producing ferrous iron (Fe?*) or manganous manganese
(Mn?*). This process is called reduction and such soils are considered to be “reducing”.
A series of biogeochemical changes occur in soils as they become increasingly reduced,
with oxidized forms of nitrate (NO5"), Mn**, Fe*, sulfate (SO,), carbon dioxide (CO,),
and hydrogen (H) being reduced. Reduced forms of Mn and Fe are soluble in water, and
plants that uptake them can suffer heavy metal poisoning. Nitrogen reduction removes
NO; from the soils by producing gaseous N. Hydrogen sulfide (H,S), formed by the
reduction of SOy, is toxic to plant roots. Carbon dioxide reduction forms the important
greenhouse gas methane (CHy).
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Redox potential is a measure of the oxidation state of various reduction couples in
soils. The soil oxidation-reduction potential can be measured with a millivolt meter
using a pure platinum tipped electrode coupled with a reference electrode to complete
the redox circuit. The platinum must be pure (>99 percent platinum) wire and thick
enough that it can be inserted into the soil, such as 18-gauge wire. An approximately
1 cm long piece of platinum must be fused to copper or brass wire or rod without the
introduction of an additional metal such as solder. If copper is used, it should be pure.
The copper or brass is heated with a torch until it just melts. While heating the copper,
the 1 cm long piece of platinum wire is held with a pair of needle nose pliers. When
the copper melts, the heat is removed and the platinum wire is touched to the copper
simultaneously, allowing the metals to fuse. The copper and fused junction must then be
sealed using waterproof heat shrink tubing or another substance. The junction between
the platinum and copper must be completely sealed because any copper exposed to the
soil environment will foul the circuit. Detailed instructions for making platinum tipped
electrodes are presented in Wafer and others (2004) and in Mitch and Gosselink (2000).

The platinum electrode is inserted into the soil to the depth desired for measurement.
A calomel (Ag/Cl) reference electrode is also inserted into the soil, and both electrodes
are attached to a millivolt (Mv) meter, which measures the electron flow in Mv. Most
high-quality pH meters have a Mv mode. The reference electrode is attached to the ref-
erence jack, and the platinum electrode must be fitted with a Bayonet Neill-Concilman
(BNC) end to attach to the pH electrode jack. The Mv readings must be corrected for
the reference electrode by adding +244 My to the reading. In addition, pH can influ-
ence redox readings, and the raw data must be corrected by -60 Mv per pH unit greater
than or less than 7.0.

It is most reasonable to use redox potential to provide an indication of the general
oxidizing or reducing condition of the soil. Broad distinctions such as oxic (free O, is
present in the soil, and redox potential >+400 Mv), moderately reducing (+100 to +400
Mv), reduced (+100 to -100 Mv), and highly reduced (-100 to -300 Mv) are suggested
(Bohn 1971).

Soil redox potential can be highly variable depending upon the microhabitat that
the platinum electrode contacts in the soil. Therefore, it is suggested that at least three
electrodes be installed at each soil depth of interest. In practice, it’s best to install the
electrodes and leave them in place for the entire study period to disturb the soil as little
as possible. Redox potential measures are most reliable in saturated and reduced soils.
Measures should be performed often enough to allow the seasonal patterns of redox
potential to be revealed. The measures are most useful if coupled with a groundwater
monitoring well that is equipped with a pressure transducer in order to record daily
water levels at the study site. This is particularly important in sites with highly variable
hydrologic regimes. For example, a researcher may visit a field site that has saturated
soils on the day of the visit but he/she may measure oxic soils. This would make sense
if the site had recently become saturated and had insufficient time for reducing condi-
tions to develop. However, the opposite could also happen. A site could appear dry at
the surface but because of previous hydrologic conditions, it could have been saturated
for many weeks and the soils could be reducing as it may take days to weeks for air to
reach the soil depths being measured (particularly in fine-textured soils). Thus, data on
recent hydrologic patterns and processes are critical for interpreting soil redox potential
measurements.

Soil redox potential is as important to plant species distribution as is water table
depth or its duration. This is because highly reducing conditions produce inhospitable
environments that relatively few species can survive.
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Data presentation

Water table wells and piezometers

Depth to water for monitoring wells can be illustrated as simple line graphs showing
the trends in one or more wells relative to the ground surface (Figure 4-10A) or true
elevation of the water level (Figure 4-10B). This allows a direct comparison of water
levels among wells. In Figure 4-10A, water levels for 15 wells are compared for two
summers for Cottongrass Fen in Colorado’s San Juan Mountains. The year 2003 was
dry and water levels in many wells dropped well below the ground surface, while 2004
was a near average snow year and water levels for most wells remained near the soil
surface (other than well CW11). Figure 4-10B compares a staff gauge in the Merced
River (X16) and 10 monitoring wells (33-77) on the Yosemite Valley floor in Yosemite
National Park, California, using true elevation of the groundwater and surface water.

Water levels in piezometers should be compared to each other and to the adjacent
monitoring well (Figure 4-11). A piezometer with head higher than the water table
indicates an upward hydrologic gradient in the sediment layer being monitored by the
piezometer. A piezometer with head lower than groundwater in the well indicates a
downward gradient, while a similar head (relative height of water surface) and water
table indicate minimal vertical flow and suggest that groundwater flow is roughly hori-
zontal. In Figure 4-11, SpW1 has downward flow in the piezometer with a terminus at
147 cm below the soil surface, while the other piezometers have heads above the water
table. All piezometers at site SpW?2 have upward flow in all three years, while at StW?2
flow is primarily horizontal.

Cross sections and profiles

Cross sections and longitudinal profiles that illustrate both the land surface and the
water table and/or piezometric head are important tools for showing the relationship of
the water table to the land surface over large areas, and they can be used to infer flow
direction.
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Figure 4-10. (A) Water table presented as depth below ground surface and (B) as elevation for multiple wells.
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Figure 4-11. Nests of one water table monitoring wells (W) and three
piezometers (P) located adjacent to each well. SpW1 is Spruce fen
Well 1, SpW2 is Spruce fen Well 2, and StW2 is String fen Well 2 in the
Prospect Basin area of the San Juan Mountains near Telluride, Colo-
rado. The green lines are the water table depth below the soil surface
(0), and the three piezometers are used to measure the head at three
depths in each location. The completion depth, in centimeters, is listed
for piezometers.
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Figure 4-12 is a 1200-m longitudinal profile across the western portion of Tuolumne
Meadows in Yosemite National Park, California, that shows the ground surface elevation
and groundwater levels for four dates during 2006. The wells near the road are in upland
conifer forests (wells 62, 56, 55), while the other wells are in wet meadows. Ground-
water flows from the uplands on the left toward the Tuolumne River on the right. Wells
10, 11, and 71 appear to have water levels that closely follow the river stage, indicating
that these are riparian sites, while the remainder of the meadow along this transect is a
groundwater-fed wet meadow.

Many mountain streamside wetlands are groundwater-fed and supply streams with
water, as can be seen for Snow Spur Creek on Lizard Head Pass at the headwaters of the
Dolores River in Colorado (Figure 4-13A and B; cover photo). In this area, Snow Spur
Creek is a gaining stream. The San Miguel River, near Uravan, Colorado, is a losing
reach, with a higher stream stage than the adjacent floodplain groundwater elevation.

Water table maps

Water table elevations for wells that are organized in a spatial grid can be used to
make a two-dimensional water table map that illustrates the overall water table elevation
as well as the direction and gradient of groundwater flow. The map in Figure 4-14 for
Tuolumne Meadows shows groundwater flow from the south side of the valley toward
the channel (gaining reach) and flow that is parallel with the Tuolumne River in the
right side of the diagram. Flow is from right to left.

A water table map can also be used to show water table contours near a stream, such
as for t