Chapter 1
Aquatic Landscapes: The Importance
of Integrating Waters

Robert P. Brooks, Craig Snyder, and Mark M. Brinson’

Abstract The landscapes of the Mid-Atlantic Region are dissected by networks of
rivers, with their associated wetlands and riparian areas. These systems provide
important ecosystem services, both ecological functions and societal values, such as
floodwater storage, public water supplies, recreational greenbelts, and habitats for a
diversity of flora and fauna. Ecologists and hydrologists have increasingly focused
on integrating across the four dimensions of these ecosystems: longitudinal, lateral,
hyporheic, and time. Here, we use a hydrogeomorphic classification system to
describe wetland types, and present a conceptual model of how they connect to
other waters through critical components such as hydrologic connectivity, energy
flows and sources, and biological integrity. The connectivity of aquatic habitats is
described and related in a watershed context. Concepts are supported by a technical
review of pertinent literature. We emphasize the flow of water, nutrients, and organ-
isms from headwaters downstream through an interconnected riverine ecosystem.
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1.1 Introduction

The landscapes of the eastern USA, including the Mid-Atlantic Region (MAR), are
dissected by networks of rivers, with their associated wetlands and riparian areas.
These systems historically have provided important ecosystem services, both eco-
logical functions and societal values, to the inhabitants, and continue to provide for
floodwater storage, public water supplies, recreational greenbelts, and habitats for a
diversity of flora and fauna. Yet 70-90% of the waterways of the eastern USA have
been drastically altered by human activities, and significant amounts of the original
wetlands of the eastern states, varying from 30 to 70% among the different states,
have been lost (Dahl 1990).

Administratively, the MAR usually includes the states of Pennsylvania, Delaware,
Maryland, Virginia, and West Virginia. We define the Mid-Atlantic with somewhat
more porous boundaries and an emphasis on the drainage basins of major rivers,
ranging in geographic extent east-to-west from the Atlantic beaches and marshes to
the top of the Appalachian Mountains, and including the western slopes draining
into the Ohio River Basin, approximately to the Pennsylvania—Ohio border. Then,
proceeding north-to-south from the most northerly extent of Susquehanna and
Delaware river basins in New York and New Jersey, and finally south to the northern
portions of North Carolina that drain into the Ablemarle-Pamlico system; this is our
region of study (Fig. 1.1).

The importance of the headwater portions of watersheds to the overall health of
aquatic ecosystems in this region cannot be over emphasized. In the MAR, headwa-
ters typically comprise about 67-75% of the contributing area of any given water-
shed. That is, the combined areas of terrestrial habitats, wetlands, floodplains, and
headwater streams occupy two-thirds to three-quarters of the total area of the drain-
age basin for larger rivers (Fig. 1.2). Given this influence on downstream portions of
large river watersheds, understanding the impacts of human activities on the eco-
logical structure and function of headwater or tributary watersheds is foundational
for optimizing their conservation and management. That said, it is also critically
important to understand the linkages and contributions of headwaters to the down-
stream portions of watersheds where large rivers and broader floodplains dominate.

Increasingly, during the past decade, ecologists and hydrologists have moved
toward integrating the traditional studies of the upstream—downstream gradient of
rivers (i.e., longitudinal or first dimension, river channel, streambanks) with lateral
or second dimension (e.g., floodplains, riparian corridors, wetlands) and vertical or
third dimension (e.g., groundwater flows, hyporheic zone) portions to represent a
more comprehensive view of all the aquatic components of watersheds, and their
interactions with terrestrial areas (e.g., Ward et al. 2002; Naiman et al. 2005)
(Fig. 1.3). The separation of constituent aquatic components of watersheds is
common in regulatory and management contexts where streams and rivers are
treated as separate entities from lakes, wetlands, and estuaries. In fact, such a sepa-
ration was more for the convenience of defining and managing these units, than it
was based on any ecological principles. In this chapter, we discuss the important
hydrological and ecological linkages between streams, rivers, and their adjacent
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Fig. 1.1 Extended study area of the Mid-Atlantic Region (MAR) showing boundaries of states,
ecoregions, and major river basins

floodplains and wetlands, together, comprising a riverine ecosystem. When the
interactions with terrestrial components are considered, a holistic aquatic landscape
can be visualized.

Historically, rivers have been variously portrayed as continuous linear (upstream—
downstream) gradients (e.g., the River Continuum Concept (RCC), Vannote et al.
1980; Minshall et al. 1985), or as a series of distinct, interconnected habitat patches
(e.g., Link Discontinuity Concept, Rice et al. 2001). In addition, alternative concep-
tual models have evolved seeking to classify stream networks (Frissell et al. 1986;
Rosgen 1994), explain the physical heterogeneity of rivers (natural flow regimes,
Poff et al. 1997; river discontinua, Poole 2002; network dynamics hypothesis, Benda
et al. 2004), describe material cycling (riverine productivity model, Thorp and
DeLong 1994, 2002; nutrient spiraling, Newbold et al. 1982; process domains,
Montgomery 1999), and perturbations (intermediate disturbance hypothesis applied
to rivers, Townsend et al. 1997). Of particular value to this discussion focused on
wetlands are the ideas that characterize riverine ecosystems as a series of intercon-
nected hydrogeomorphic (HGM) patches (Church 2002; Poole 2002; Thorp et al.
2006) and the relationship of these dynamic patches to aquatic biodiversity
(Townsend et al. 1997; Lake 2000; Ward et al. 2002; Thorp et al. 2006).
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Increasingly, these syntheses have begun to move beyond the stream or river
channel alone, to incorporating linkages between streams and the landscape in
which they flow, thus recognizing longitudinal, lateral, and vertical aspects of the
riverine network (e.g., Forman 1995; Ward et al. 2002; Wiens 2002; Naiman et al.
2005). Still missing, however, are attempts to create conceptual models that directly
integrate stream, wetland, riparian, and terrestrial components for headwater, tribu-
tary, and mainstem portions of watersheds. Within biogeographical constraints,
species composition and biological integrity of watersheds are the result of interac-
tions among numerous important instream variables including flow regime, energy
source, water quality, instream habitat, and biological interactions. Yet, these vari-
ables themselves are largely driven by processes that occur outside of the individ-
ual stream channel including weather and climate, geomorphology of the watershed
(geology and terrain), and the structure and topology of the surrounding landscape
(Karr 1991, 1999). As one moves downstream, instream characteristics are deter-
mined by characteristics and processes that occur in upstream areas. Hychka
(2010), while exploring the hydrologic responses of wetlands, found that a riverine
reach was the spatial unit most appropriate for characterizing the interaction of the
stream with the adjacent floodplain and wetlands (Fig. 1.4). It is the magnitude and
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Fig. 1.3 Longitudinal, vertical and lateral dimensions of riverine ecosystems incorporating river-
ine, wetland, and riparian components (modified from Ward (2002) by S. Yetter)
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Fig. 1.4 Spatial and temporal scales of relevance for studying wetlands at a reach scale (from
Hychka 2010)
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interplay among these longitudinal, lateral, and vertical processes that form the
basis for most conceptual models integrating riverine ecosystems into aquatic land-
scapes. In this chapter, we will consider these concepts in light of the characteris-
tics of riverine ecosystems that connect to and support freshwater wetlands found
in the MAR.

1.2 Types of Freshwater Wetlands in the Mid-Atlantic Region

During our studies of MAR wetlands, we have found that starting classification with
HGM characteristics (i.e., geomorphic setting, water source, hydrodynamics;
Brinson 1993a), combined with portions of the hierarchical classification system
used for the National Wetlands Inventory (NWI; Cowardin et al. 1979; Tiner 2003)
aids in discriminating among wetland types, particularly during field investigations
as opposed to using NWI just for mapping. Early attempts to classify wetlands
Cowardin et al. (1979) lumped most vegetated wetlands into a single broadly defined
Palustrine system. Using an HGM classification approach, we separate additional
types based on their hydrologic characteristics and landscape positions. These
HGM classes can be further subdivided by their dominant vegetative life forms;
aquatic bed, emergent, shrub, and forest. The additional discrimination of wetland
types associated with the HGM approach represents a substantial improvement in
wetland classification because it incorporates features that influence wetland func-
tion and allows assessment of condition. Our approach to classification and inven-
tory is detailed in Chap. 2 of this book, although terms are introduced here for
purposes of introducing concepts and terminology.

The majority (>80%) of freshwater wetlands in the MAR are riverine types,
associated with streams and rivers (Brooks et al. 2011a). Some of these riverine
wetlands occur as narrow terraces or vegetated islands within the defined channel
banks. Most, however, are found in the adjacent floodplain. If a river is free-flowing
and it’s channel is not incised, then it interacts with the adjacent floodplain when
discharge exceeds channel capacity. Major flood pulses move laterally away from
the river channel into the floodplain, and in the process initiate a series of important
biogeophysical processes (Junk et al. 1989; Sparks et al. 1990; Bayley 1995).

In headwater portions of a watershed, the most relevant HGM subclasses of wet-
lands are topographic slopes, depressions, and riverine upper perennial floodplains
(which together compose riverine headwater complexes). Perennial and seasonal
depressions, some of which are isolated or have subsurface connections, but no
surface water connections, and stratigraphic slopes further uphill (e.g., springs and
seeps) may contribute to base flow of headwaters. In the lower portions of a water-
shed, riverine lower perennial types, consisting primarily of the wetland portions of
expansive floodplains dominate the system. In some rivers, instream wetlands occur
within the defined channel itself, either as low terraces or vegetated islands.
Throughout a given watershed, ponds, lakes, and reservoirs (lacustrine types), either
naturally formed or impounded, may provide direct hydrologic support or even
flow-through connections to streams and rivers.
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During the flood pulse as water flows across the floodplain, sediments are deposited
and nutrients have an opportunity to be transformed. Pulses of increased flow in the
channel that do not overtop most of the riparian banks to inundate the floodplain
occur at higher frequencies than overbank flooding events. These are important for
replenishing or maintaining sufficient water levels in remnant channels and inter-
connected depressions. More aptly described as flood flows or minor flood pulses,
these events supply water to communities of aquatic macroinvertebrates and
wetland plants that occur in the low-lying sections of floodplains (see Chap. 10).

Following the lead of the NWI (Cowardin et al. 1979; Tiner 2003), we divide
wetlands associated with riverine reaches of a watershed into upper perennial (i.e.,
wetlands along smaller tributaries typically with higher gradients; headwaters with
or without floodplains) and lower perennial types (i.e., wetlands along rivers with
well-developed floodplains, typically with lower gradients) (Brooks et al. 2011a).

Lakes are not common water bodies in the MAR, and, therefore, lacustrine
(or fringing) wetlands are not abundant compared to the Great Lakes or New
England regions. The greatest density of fringing wetlands occurs along natural and
hydrologically altered lakes and ponds in the glaciated ecoregions of northeastern
and northwestern Pennsylvania, northern New Jersey, and southern New York.
Reservoirs, impounded for water supplies and/or flood control, increase the area of
open water and fringing wetlands throughout the remainder of the MAR. Fringing
wetlands are found along the edges of these lakes and reservoirs, usually at depths
of <2 m, where light penetration is sufficient to promote the growth of rooted aquatic
plants. Although most are comprised of emergent plant communities, shrubs and
trees can dominate if suitable conditions prevail.

Flats, by definition, occur where water sources are dominated by precipitation
and vertical fluctuations of the water table (Brinson 1993a, b). They typically occur
in regions of low topographic relief, such as the coastal plains of Delaware,
Maryland, Virginia, and North Carolina. There are other ecoregions of the MAR
with landscapes that are relatively flat topographically, including parts of the
Allegheny Plateau, and the glaciated regions (Fig. 1.1), but hydrologic regimes in
these locales are based on a mix of surface flows and soils saturated with groundwa-
ter that are more like other wetland types than characteristic flats. Thus, these wet-
lands continue to be classified as a mixture of shallow depressions, low gradient
slopes, and riverine floodplains, rather than flats.

We have identified two major types of slope wetlands (Stein et al. 2004; Brooks
et al. 2011a). Topographic slopes, found at the toe of hillslopes, are expressed
groundwater discharges. Stratigraphic slopes, located farther upslope, generally
represent geologic discontinuities. Both types tend to have unidirectional flows of
groundwater from shallow and deep origins.

Wetland depressions are quite diverse, being formed through a variety of geo-
physical processes, and varying in area, depth, and permanence. Isolated depres-
sions, by definition, have no surface water connections to other water bodies.
Due to their separation from navigable waters, isolated depressions have been a
contentious topic in the wetlands regulatory arena. Depressions can occur anywhere
in the landscape where a low-lying area collects and stores water in a shallow or
deep, bowl-shaped feature.
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1.3 Conceptual Model of the Structure and Functions
of Riverine Ecosystems

A primary goal of this chapter is to synthesize the salient aspects of existing eco-
logical theory as it relates to wetlands closely associated with rivers. Our synthesis
attempts to move toward a holistic understanding of the ecology and management
of what could be termed “riparia,” the areas of transition between water and land.
We believe that it is useful to characterize watersheds as a mosaic of interconnected
HGM patches (Ward and Stanford 1983; Townsend 1989; Ward 1989; Brinson
1993b) or settings that contain a set of functional process zones (FPZs, Thorp et al.
2006). FPZs consist not only of a distinguishable stream reach, but also include the
geologic and topographic aspects of the surrounding terrestrial landscape. This can
lead to considering streams, wetlands, and riparian areas as definable landscape
units at a reach scale that support characteristic biota and that respond predictably
to a set of anthropogenic stressors.

As the various elements of the system are discussed in subsequent sections,
information about potential stressors is included to assist the reader in understand-
ing their influence on ecological integrity (Bryce et al. 1999). The elements of the
conceptual model, including anthropogenic drivers and stressors, are summarized in
Fig. 1.5 (modified from Karr 1991; Karr and Chu 1999; Brooks et al. 2006a, b).

Terrestrial i

Environment/ | Weather/Climate
Land Use

Water Quality J

\

[ Habitat Structure ]
—

| Biotic Interactions ]

Fig. 1.5 Conceptual model of a riverine ecosystem and its elements (modified from Karr 1991,
1999; from Brooks et al. 2006a, b)
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Fig. 1.6 (a—e) Conceptual model of elements in riverine ecosystems. (a) Legend. (b) Headwater
stream (second order with floodplain). (¢) Stream (third/fourth order with floodplain). (d) River
(fifth order with floodplain). (e) Tidal River/Subestuary (with floodplain)

The structure and function of these ecosystems is considered under the following
headings: 1.3.1, 1.3.2, 1.3.3, 1.3.4 and 1.3.5. For the purposes of this chapter, the
hypothesized interactive relationships among the stream, wetland, riparian, and
upland components of watersheds for different stream orders are illustrated in
Fig. 1.6a—e. Key features of these illustrations are the relative contributions to the
functioning of these systems by upstream portions of the watershed vs. immediately
adjacent or lateral components.
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Fig. 1.7 Typical discharge curve for a river in central Pennsylvania showing higher peaks in win-
ter and spring and lower flows in summer and autumn (Data from U.S. Geological Survey Station
01547700, prepared by S. Yetter)

1.3.1 Hydrologic Connectivity in Riverine Ecosystems

In the MAR, there is a surplus of precipitation relative to rates of evapotranspiration
(i.e., P>ET, see Chap. 3 of this book), thus, many stream and river channels are
perennial, receiving sufficient groundwater discharge to sustain base flow through-
out the year. Headwater streams (defined here as Strahler (1952, 1957) first through
third orders) often occur in proximity to depressions and slopes such that collec-
tively they encompass the type we call a riverine headwater complex. The same
phenomenon can contribute to the hydrologic regime of floodplains of larger rivers,
referred to as lower perennial wetlands, or a riverine floodplain complex. In these
HGM settings, the discharge of groundwater or underlying shallow water table may
form a broader band of hydrologically similar conditions such that larger areas of
forested wetlands or emergent marshes are formed.

Typically, sustained high flows occur in the late winter and early spring due to
either snowmelt or spring rains that often come when water levels are already near
peak (Fig. 1.7). There are, of course, exceptions, with singular events like severe
thunderstorms or hurricanes precipitating torrential rains over short periods of hours
or days. In either case, when flood levels are high, overbank flooding can occur
rapidly or over sustained periods of time, and the kinetic energy of these lateral
flows is correspondingly strong. This provides the power to erode floodplain soils,
alter existing remnant oxbows, cut through sharp meanders of the current river
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channel, carve new channels, and create vertical banks. The resulting changes in
surface flow patterns are influenced by existing floodplain topography (e.g., past
channels, areas of dense vegetation, erosion-resistant rock or compact soils) and
those interactions modify the location, shape, depth, and size of wetlands within the
floodplain. Dams or bank burrows created by beaver, debris piles, or large tree
windrows can all influence the directional pathways and force of water flows across
the floodplain.

Higher elevation areas, such as portions of the natural levee, distal upland edges,
and upland inclusions within the floodplain tend to divert the flows and resist ero-
sive forces. Low-lying depressions, narrow berms, and old and new channels are
more likely to shift their shapes and locations dynamically. Through the combina-
tion of erosive and depositional forces, existing wetlands may be deepened, filled,
or otherwise altered, and new wetlands and channels may be formed. Shallow
depressions are scoured out, with and without inflow or outflow channels to the
river. Low elevation areas are flooded for extended periods of time, which may shift
plant communities toward more hydrophytic species. When the floodwaters recede,
infiltrate, or evaporate, then the duration of inundation or saturation, coupled with
the interplay of these surface waters with groundwater, will determine whether a
wetland is formed, and if so, of what type.

Flow resistance on a floodplain, and hence, its ability to withstand the high
kinetic energy of flood pulses and flood flows, is based on the presence and amount
of coarse woody debris (CWD), microtopography, and vegetation. The size and
density of plant stems (e.g., tree trunks vs. dense grasses) introduces impediments
to surface water flow and reduces the energy of storm runoff. Roughness created by
vegetation and other physical features (as represented in roughness coefficients such
as those in Arcement and Schneider 1989) slows current velocities, causing water to
deposit sediment and debris. High vegetation density corresponds to higher effec-
tive roughness, flow resistance, and erosion protection of the system. Areas of dense
vegetation, including herbaceous and shrub species, and especially mixed age
classes of trees, slow flow and create slack water, allowing the water retained by the
floodplain to be available for infiltration and potential groundwater recharge.
Microtopographic complexity increases the tortuosity of flow pathways, reduces
average velocity and increases the variety of moisture conditions present in a site.
This increases the diversity of biogeochemical processes occurring in the wetland,
especially nitrogen cycling (Brinson et al. 1995), and the presence of abundant and
varied microhabitats (Brooks et al. 2004). CWD in the channel, derived from large
trees and snags, blocks flows and modifies flow patterns, accelerating the lateral
migration of streams and rivers as is expected in a naturally functioning floodplain.

1.3.2 Hydrology/Floodplain and Channel Morphometry

Patterns of discharge and current velocity are the primary hydrologic determinants
of species composition in streams and rivers through their influence on carbon and
nutrient transport (Newbold et al. 1982), habitat formation and stability (Giberson
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and Caissie 1998), and direct effects on species mortality patterns resulting from
extreme flow events including floods and droughts (Reice 1984). Similarly, wet-
lands depend on specific hydrologic flows patterns, energies, and duration to main-
tain their characteristic flora and fauna. While precipitation is the driving force in
initiating a flooding event, the physical characteristics of the drainage basin, hydrol-
ogy, and geomorphology of the stream—floodplain ecosystem are the primary fac-
tors controlling the concentration, spatial distribution, and dispersal rate of
floodwaters (Staubitz and Sobashinski 1983). Thus, the amount of flooding in a
wetland or floodplain is dependent on climate, topography, channel capacity and
slope, soil, and lithology (Novitzki 1989; Brinson 1990; Thorne 1998).

Small streams are more directly influenced by precipitation events and thus are
“flashier” than larger rivers (Junk and Welcomme 1990; Benke et al. 2000).
Although climate and geology are important, they are generally considered to be
similar within a given region and wetland type, which holds true for much of the
MAR. Differences in landscape-level characteristics, such as upland land uses and
stream size are important characteristics to consider. Site-level indicators, however,
can be useful for describing these systems with regard to measures of ecological
integrity and for functional assessments (Brinson et al. 1995). Riparian—wetland
areas function properly when site-level indicators such as adequate vegetation,
landforms, or large woody debris are present to dissipate stream energy and improve
floodwater retention and groundwater recharge.

The physical characteristics of floodplain wetlands determine the potential of an
area to store and manage floodwaters. Wetlands, particularly various types of
depressions adjacent to streams, reduce the amount of runoff that reaches the
streams by storing runoff from adjoining areas (Demissie and Khan 1993). This
desynchronizes water delivery to streams, which decreases the frequency and mag-
nitude of flooding downstream (McAllister et al. 2000). Floodplains provide a broad
area for floodwaters to dissipate energy through the reductions of water velocities,
flood peaks, and erosion. Floodplain vegetation retards water flow through surface
roughness (Arcement and Schneider 1989), although slope remains an overarching
variable in determining discharge. Topographic depressions, backwater swamp
areas, and low elevation areas behind natural levees trap floodwaters as long-term
storage, only to be depleted by subsurface seepage to the channel and evapotranspi-
ration (Owen and Wall 1989). In a recent white paper, the Association of State
Floodplain Managers (2008) reversed past guidance by stating that conserving the
natural hydrodynamics and vegetative structure of floodplains would do more for
protecting these critically important systems than imposing engineered solutions.

It is useful to consider the flow of water and materials from the upper reaches of
the watershed to lower reaches. Initially, waters at the watershed boundary begin to
accumulate in surface and near-surface areas. Precipitation, surface runoff, and near-
surface runoff (i.e., interflow) accumulate in narrow, ephemeral, or intermittent
channels (sometimes referred to as zero-order streams), or in headwater depressions.
A portion of the precipitation component infiltrates into shallow and deep aquifers.
The amount is dependent on the areal extent, vertical structure, and composition of
vegetation, soil type, topographic gradients, surficial geology, and coverage of
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human-built structures. Discharges of shallow and deep groundwater may be
expressed at the surface as springs, seeps, and slope wetlands, or below the surface
entering directly into streams and wetlands, forming a hyporheic zone. Such dis-
charges generally constitute the base flow to these aquatic systems.

As water tables rise to the surface near headwater stream channels, especially in
areas of steep topography, the surface runoff of precipitation is nearly instantaneous
and contributes to the flashiness of these streams. This “variable source area”
expands and contracts depending on antecedent position of the water table as well as
duration and intensity of a storm (Hewlett and Nutter 1970). Downstream from the
headwater region, eventually, and somewhat dependent on season and the accumula-
tion of base flow, sufficient water accumulates to sustain the flow as a perennial
stream. Whereas the zero-order channel tends to dry out seasonally, first-order
streams tend to have a persistent base flow in all but the driest of years, usually in a
relatively linear channel with little or no floodplain. These relatively small elements
are strongly influenced by the characteristics of the adjacent riparian corridor,
including the amount of tree cover, type of soil, or range of stressors present. These
influences, separated from inputs originating upstream, can be referred to as lateral
effects, keeping in mind that these effects include flood flows moving in the opposite
direction, connecting the stream channel back to the floodplain. The correspondence
between stream order and perennial flow differs in the coastal plain ecoregion.
Because of the flat topography, water tables frequently fall below the elevation of
low order stream channels during periods of high evapotranspiration during the
growing season. For this reason, channelized stream channels, created through deep-
ening and widening actually have more perennial flow than their natural counterparts
because the channel is incised deeper into the water table (Hardison et al. 2009).

As discharge increases, energy also increases to the point where physical modi-
fications to the channel can occur. Pool-riffle complexes develop in the widening
channels of tributary streams (second to fourth order) (Forman 1995; Naiman et al.
2005). Floodplains continue to widen as the flow transitions from tributary streams
to larger rivers (Fig. 1.3). In these stages, the river itself, and to some extent the
adjoining floodplain, are tied more closely to the characteristics and periodicity of
the flows that have accumulated from upstream reaches, and less by the activities in
the riparian corridor and adjacent contributing watershed. Thus, mid-reach and
mainstem portions of the river network become uncoupled from upland hill slopes
and the sediments eroded from uplands. Sediments, first deposited and then resus-
pended and redeposited during flood events across the alluvial floodplain, define the
channel and its flow path, and determine where and what type of wetland might be
formed. This dependency is represented conceptually in Fig. 1.6a—e by the size of
the arrows, which represent the strength of influence.

Long-term surface water storage, for weeks or more, helps to maintain the char-
acteristic hydroperiod of wetlands and streams. Hydroperiod affects just about all
components of aquatic ecosystems; plant communities, soil processes, nutrient
cycling, and faunal communities are all influenced by the duration and frequency of
inundation (Gosselink and Turner 1978, Carter 1986; Tiner 1988). Standard gauging
stations have long been used to plot the expected hydrographs for streams and rivers
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throughout the USA. These data are readily available digitally online, although not
all streams are gauged. On a smaller scale, Riparia and others have prepared typical
hydrographs of the expected hydrologic regime for making comparisons among
wetland subclasses (Fig. 1.8) (e.g., Cole and Brooks 2000; Brooks 2004; Cole
unpublished, see Chap. 3 of this book). Deviations from this expected pattern can be
used to suggest the presence of watershed stressors.

When one incorporates components outside the stream channel proper into the
riverine model, complexity of the ecosystem increases. The accumulation and flow
of water across the landscape coupled with the varied microtopography of these
areas results in a river mosaic of hydrologically derived gradients and discontinui-
ties across the surface (Forman 1995; Ward et al. 2002). The wetland components
of these mosaics can be referred to as headwater and floodplain complexes (see
Chap. 2 of this book for details on classification), whereas previously, wetlands
were classified primarily on the dominant vegetation and hydrology (Cowardin
et al. 1979). Alternatively, the HGM approach (Brinson 1993a; Smith et al. 1995;
Cole et al. 2008; Brooks et al. 2011a) emphasizes physical elements for classifying
wetlands and for comparing functions and condition across reference sites.

1.3.2.1 Impacts of Human and Beaver Activities and Alterations
on Riverine Ecosystem Hydrology

Human activities upstream influence flood frequency and intensity (McAllister et al.
2000). Urbanization creates impervious surfaces and underground sewers, which
accelerate the delivery rate of surface water to the stream (Pennsylvania
Environmental Council 1973; Paul and Meyer 2001). As little as 3% impervious
cover in a contributing area has been shown to negatively impact the ecological
integrity of aquatic ecosystems (e.g., May et al. 1997). Serious declines in biological
integrity have been observed when urban land exceeds 7% of total watershed area
(Snyder et al. 2003). Channelization, levees, and floodwalls, both on-site and
upstream, disconnect or destroy wetland and riparian habitat, restrict river flows,
decrease water elevations at low flows, and increase water levels at the same loca-
tions during floods (Scientific Assessment and Strategy Team 1994). Channelization
restricts flow within the stream channel, rather than allowing overbank flow to
spread water across wetlands and decrease velocity (Brown 1988). This results in
decreases in the ability of wetlands to perform other functions, such as removing
sediment and nutrients, and long-term surface water storage (Johnston et al. 1984;
Brown 1988; Rheinhardt et al. 1999). Channelization also alters stream morphom-
etry, which leads to scouring and incision. Highway embankments remove vegeta-
tion, eliminate natural storage areas, and reduce space available for floodwater
storage (Owen and Wall 1989). These and other activities often result in channel
degradation, which lessens the depth, frequency, duration, and predictability of
flooding. The floodplain frequently becomes increasingly isolated from the stream
channel through incision and no longer has the opportunity to perform this function.
These activities not only impair performance on-site, but they also increase the flood
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Fig. 1.8 Typical hydrograph for HGM Wetland Subclass, riverine lower perennial wetland in the
floodplain of a fifth order river in central Pennsylvania, showing depth to water table in slotted well
(0 cm on left side represents ground level) vs. precipitation (along top of graphs, scale in cm on right
side) for: (a) drought year, (b) wet year, and (c¢) across a 12-year period (Data collected by C.A.
Cole, graphs prepared by K.C. Hychka)
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pulse downstream, a process that places additional pressure on downstream wet-
lands to dissipate energy and temporarily detain floodwaters. Even in urban areas
where intensified peak flows lead to overbank events in incised channels, flooding is
too brief to effectively saturate floodplain sediments and substantially raise water
tables to permit wetland biogeochemical functioning (Hardison et al. 2009).

Changes in the structure and composition of surrounding landscape, particularly
forests, can also have large effects on stream flow. For example, complete removal
of forest vegetation associated with logging dramatically increases annual water
yields and bank flow flood frequencies (Swank et al. 1988). In addition, human or
pest-induced changes to the composition of surrounding forests can alter stream
flow. For example, the hemlock woolly adelgid (HWA), an exotic insect forest pest
that kills eastern hemlock trees, has been identified in numerous Mid-Atlantic water-
sheds. The pest is expected to cause significant and perhaps complete hemlock mor-
tality. In a study designed to determine potential effects of HWA-induced hemlock
decline on headwater streams in Delaware Water Gap National Recreation Area
(DWG), Snyder et al. (2002) found that headwater streams draining hemlock forests
were less likely to dry up completely during drought years than similar streams
draining mixed hardwood forests. Based on their findings, they predict that HWA
will have dramatic effects on headwater stream hydrology, and thus, biodiversity.

Channelization increases the rate of runoff, which increases peak flow, and
decreases water storage and the residence time of water (Brown 1988). Studies
show that increases in water level fluctuation relate directly to increases in runoff
from adjacent uplands (Euliss and Mushet 1996). Human alterations also cause an
increase in the amount of sediment transported in a stream and ultimately across a
floodplain. Excess sediment can fill critically important interstitial spaces in the
substrate of streams, reducing or eliminating aquatic biota (e.g., larvae of aquatic
insects, salamanders, and fishes). This same source of sediment may result in the
filling of depressions or reduce plant germination rates (Mahaney et al. 2004), and
hence, cause a reduction in the storage capacity and topographic complexity of
wetlands and on the floodplain in general.

A discussion of headwater wetlands would not be complete without describing
the role of beaver. The primary effect of beaver ponds is to expand the area of wet-
lands in headwater streams, often by several-fold. Several studies in the MAR have
demonstrated both the habitat and the water quality consequences of beaver pond
establishment in the Adirondack Mountains of New York (Cirmo and Driscoll
1993), the Appalachian Plateau of Pennsylvania and Maryland (Margolis et al.
2001) and the coastal plain of Maryland (Correll et al. 2000) and North Carolina
(Bason 2004; Bason and Brinson in preparation). These and studies in other geo-
graphical regions demonstrate an expansion of aquatic habitat, conversion of ripar-
ian forest and adjacent upland forest to open water and herbaceous wetland
vegetation, and the concomitant shift in species composition toward more abundant
waterfowl, wading birds, and a host of amphibians and reptiles. Effects on water
quality are profound and represent an amplification of the biogeochemical pro-
cesses discussed below in the section on Water Quality and Biogeochemistry.
Principal among these effects is the removal of nitrate, presumably by denitrification,
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due to the detention of water in the ponds (relative to a stream channel) and the
expansion of surface area of organic-rich sediments (Bason and Brinson in
preparation).

1.3.3 Energy Flow and Sources

The changes in the relative importance of energy sources and the associated changes
in plant and animal species structure and composition is the basis of the RCC.
Essentially, the RCC proposes that, in unperturbed watersheds, stream communities
change in predictable ways as we move from headwaters to large rivers and these
changes are mediated by a continuum of physical gradients that control the amount
and sources of energy (Vannote et al. 1980). It is important to understand these
aspects of headwater stream to understand how they potentially interact with adja-
cent wetlands.

Within the headwater stream component of tributary watersheds (zero through
second order), the source of detrital energy is mainly from outside the stream chan-
nel (i.e., allochthonous inputs), largely in the form of leaf litter, or coarse particulate
organic matter (CPOM) (Cummins et al. 1973). The quantity, quality, and timing of
leaf litter inputs vary depending on regional climate and the structure and composi-
tion of the surrounding forests. In watersheds draining deciduous forests (which
predominate in Mid-Atlantic watersheds), the majority of leaf litter inputs to streams
occur in autumn when deciduous trees naturally lose their leaves. However, in water-
sheds comprising mainly coniferous forests, inputs may be more consistent through-
out the year. The source of leaves can originate from either upland forests or forested
wetlands. Once leaves or conifer needles fall into headwater streams, a large fraction
of the associated carbon is rapidly dissolved or leached directly into the water as
dissolved organic matter (DOC) and transported to downstream reaches with flow.
The CPOM tends to accumulate in pools and stream margins into leaf packs where
they are colonized and undergo decomposition by bacteria and aquatic fungi, a pro-
cess termed conditioning (Cummins and Klug 1979). These incompletely decom-
posed but conditioned leaves are then available as food for aquatic macroinvertebrates,
which in turn supports the production of fish and other secondary consumers. In
addition to being used directly by microbial and macroinvertebrate assemblages, a
significant fraction of the CPOM component is broken down into smaller particles
or fine particulate organic matter (FPOM), by the abrasive forces of stream flow and
by the feeding activity of leaf-shredding macroinvertebrates (Boling et al. 1975;
Iversen et al. 1982). Subsequently, FPOM is suspended into the water column and
exported to stream reaches downstream (e.g., Neatrour et al. 2004).

In forested watersheds, the quantity of leaf litter that enters streams is not limiting.
However, the extent to which litter inputs are available to stream communities depends
on two factors. The first is the extent to which headwater streams can retain CPOM
within headwater reaches in the face of downstream flow. Although increases in flow
associated with storms are responsible for most export of CPOM from headwater



18 R.P. Brooks et al.

streams on an annual basis (Schlesinger and Melack 1981), correlations between
discharge and transport of organic carbon are weak in headwater streams, especially
during non-storm periods indicating the importance of retention. There are many fac-
tors that influence organic matter retention including biological uptake. However, the
physical structure and complexity of stream channels have been implicated as pri-
mary determinants. Specifically, physical features of streams such as boulders and a
stream channel that allows floodwaters to overflow their banks, slow the transport of
water and materials downstream. Of particular note is the role that CWD plays in
retaining particulate organic matter within headwater stream reaches (e.g., Bilby and
Likens 1979; Wallace et al. 1995; Brookshire and Dwire 2003). Recent research indi-
cates that undisturbed watersheds contain more CWD and are more retentive of car-
bon than disturbed watersheds, thus enhancing the availability of organic material to
benthic consumers (Wallace et al. 2001; Scott et al. 2002).

The second factor that affects organic matter availability in headwater streams is
the species composition of the leaf litter itself. Specifically, leaves of different plant
species break down at different rates due in large measure to the chemical character-
istics, especially nitrogen and fiber content, of the leaves (Webster and Benfield
1986). In an extensive study of leaf breakdown in streams, Peterson and Cummins
(1974) found wide variation in leaf breakdown rates among species and suggested
that this variation ensured that carbon was available to secondary consumers
throughout the year. Conifer needles break down much slower than deciduous spe-
cies and the leaves of herbaceous plant break down faster than those of woody
plants. Thus, disturbances that change the composition of the surrounding riparian
area would be expected to result in changes in the amount and timing of organic
carbon available to stream communities. Forest pests such as HWA and gypsy moth
are both common in some Mid-Atlantic watersheds and can have dramatic effects on
the species composition of riparian forests. In addition, numerous abiotic factors
have been shown to affect litter decomposition rates within plant species. For
instance, litter breakdown rates are positively correlated with temperature and dis-
solved nutrients, and negatively correlated with acidity and various toxic effluents.
Consequently, factors that reduce water quality are also expected to significantly
alter the energy pathway in headwater streams and lead to disruptions in ecological
integrity. Water quality of stream and wetland resources is a major concern through-
out the various ecoregions of the MAR.

Further downstream in the mid-reaches (third and fourth order), stream channels
begin to widen which allows more light to penetrate the forest canopy and reach the
stream bottom. At this point, the RCC predicts instream primary production (i.e.,
autochthonous inputs) becomes an important energy source mainly in the form of
benthic diatoms (Molloy 1992). In addition, FPOM derived and exported from
upstream reaches also represents a significant energy source to stream biota. Thus, in
unperturbed mid-reaches, direct litter inputs from the riparian zone diminish in
importance and instream primary production and carbon inputs derived from upstream
reaches become more important carbon sources to fuel secondary production.
In addition to increased production and diversity of benthic algae in mid-reach
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streams, the composition of macroinvertebrate assemblages also change in response
to changing sources of energy. Therefore, from an energy perspective, the ecological
integrity of stream communities in mid-reach streams is determined mostly by factors
that affect retention, transport, and the quality of organic matter from headwater areas
upstream, and by factors that influence instream primary production within mid-
reach areas. In particular, the effects of nonpoint source pollutants associated with
agriculture and urban land use in upstream or adjacent landscapes, of significant con-
cern in the MAR, have been shown to affect energy pathways in mid-reach areas. The
colonization and movement of macroinvertebrates between streams and the adjoining
floodplain and wetlands is discussed further in Chapter 10.

Herbicides and increased sediment inputs have been shown to reduce overall
instream primary production with subsequent changes in macroinvertebrate diver-
sity and production (Georgian and Wallace 1983; Guasch et al. 1998). Also, nutrient
enrichment from agriculture has been shown to cause a shift in benthic algal
composition from an assemblage dominated by diatoms, a preferred food source of
many macroinvertebrate species, to an assemblage dominated by filamentous green
and blue-green algae that detritivores mostly avoid (Hart and Robinson 1990;
Jacoby et al. 1990). Acidification of stream habitats has also been shown to alter
primary production in streams (e.g., Planas and Moreau 1986). Brooks et al. (2009)
showed that for watershed throughout the MAR, the aforementioned set of stressors
occurring collectively in wetlands, the floodplains, and in the stream channel, nega-
tively impact both benthic macroinvertebrate and fish communities.

The RCC also makes specific predictions regarding energy sources in larger riv-
ers and the associated responses of biological communities. Essentially, the RCC
predicts that in larger rivers (>4th order) the primary energy source fueling second-
ary production is derived from terrestrial inputs that were inefficiently processed by
consumers in headwaters and mid-reach sections of the drainage network and
exported downstream. However, the data from larger rivers show less agreement
with the predictions of the RCC than do headwater and mid-reach streams (Thorp
et al. 2006). Consequently, other models have been proposed to explain energy
pathways and food webs in larger rivers. The two that have received considerable
attention are the Flood Pulse Concept (FPC, Junk et al. 1989) and the Riverine
Productivity Model (RPM, Thorp and Delong 2002). The FPC emphasizes linkages
between the river channel and the floodplain arguing that most secondary produc-
tion is attributed to organic matter directly or indirectly derived from the periodic
flooding of floodplain vegetation and aquatic macrophytes. Thus, the FPC explicitly
singles out riparian wetlands as important drivers of large river food webs.

Like the FPC, the RPM recognizes that by the time organic matter, leaked from
upstream areas, made it to large rivers (as proposed by the RCC) it is highly refrac-
tory and thus probably not sufficient to support secondary production in large rivers.
Rather, Thorp and Delong (2002) postulated in the RPM that most large river con-
sumers preferentially assimilate autochthonously derived carbon (i.e., algae and
phytoplankton), and to a lesser extent, direct inputs from riparian areas. The RPM
also explicitly recognizes the importance of impoundments and reservoirs to large
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river food webs. There is empirical support for both the FPC (e.g., Bayley 1989;
Junk et al. 1989) and the RPM (Bunn et al. 2003; Delong and Thorp 2006), and it
appears that the most appropriate of the two models for a given river depends on
landscape-scale hydrologic characteristics (Hoeinghaus et al. 2007). Specifically,
landscapes that result in low-gradient floodplain rivers are fueled primarily by
aquatic macrophyte production associated with wetlands and riparian areas which
supports the FPC, whereas landscapes that result in relatively shallow, high-gradient
floodplain rivers are disproportionately driven by algae and phytoplankton which
conforms to the RPM. Thus, although neither of these models has been tested suf-
ficiently in MAR rivers, we would expect a higher fraction of the food web to be
fueled by algae and phytoplankton in those systems located in mountainous regions
such as the Ridge and Valley or Allegheny Highlands physiographic provinces, and
by macrophytes and riparian vegetation in low-gradient regions such as the Piedmont
and Coastal Plain physiographic provinces.

To summarize, recent evidence indicates that the ultimate carbon sources driving
large river food webs primarily originate within the river reach or the adjacent flood-
plain, and not from POM exported from upstream reaches as postulated in the RCC.
This does not imply, however, that large river food webs are not influenced by pat-
terns and processes that occur within upstream portions of the watershed. In fact,
disruptions to headwater and mid-reaches can have dramatic effects on riverine
hydrology and water quality that would ultimately affect large river food webs. For
example, urbanization in upstream portions of watersheds increases the frequency
of major floods in large rivers (reviewed in Praskievicz and Heejun 2009) that could
destroy or degrade riparian wetlands. Likewise, nonpoint source pollution from
upstream has been shown to affect instream primary production in large rivers (e.g.,
Van Nieuwenhuyse and Jones 1996). Rather, predictions from the FPC and the
RPM suggest that management and regulatory programs that rely solely on protect-
ing upstream components of watersheds will, by themselves, not be sufficient to
maintain biological integrity of large rivers. The protection of riparian areas (espe-
cially wetlands) and preserving floodplain—river channel linkages are also required.
This new paradigm has significant implications for the conservation of large river
biota and further complicates management activities that seek to balance environ-
mental protection with human development. This is because many human activities
that routinely take place within or adjacent to large rivers and once thought to be
relatively benign to aquatic communities are now believed too highly disruptive.
Moreover, many of these activities such as channelization projects to enhance navi-
gation, dikes and levees for flood control, and development within the floodplain are
either irreversible or restoration would be prohibitively expensive.

Tributary components of headwater systems are mainly forested under relatively
unaltered conditions throughout the MAR. Not only do trees contribute leaf litter and
downed wood described below, but forests provide shade, root structure for stream
bank stability, and other physical and microclimatic controls to the stream. Wetlands
in the riparian zone maintain the organic-rich conditions in the soil that is critical for
denitrification in groundwater flowing to stream channels from nitrate sources such
as agriculture (Peterjohn and Correll 1984). Forested wetlands support both aquatic
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and terrestrial food webs; aquatic food webs when they are flooded and terrestrial
food webs when they are seasonally dry. As in nearly all terrestrial and aquatic food
webs, the detrital food web dominates over grazing pathways (Brinson et al. 1981).

What sets apart headwater streams is the extent to which they are hydrologically
connected to riparian wetlands (Fig. 1.6a). In contrast to larger rivers, where large
volumes of water flow past floodplain wetlands, both headwater streams and their
associate wetlands are minute by comparison, but they form dense dentritic or trellis
networks intersecting the terrestrial areas throughout the MAR, often at a density of
1 km of stream per 1 km? of land surface. The consequence of this proximity and
abundance is that they are most exposed to human activities that modify wetland
condition. The most pernicious are channelization and ditching (straightening,
deepening, and widening), processes that remove most hydrological and biological
connections between stream channels and floodplain. The conversion of riparian
forest to agriculture, pasture, residential areas, and urban land uses fundamentally
changes ecological processes. To the extent that overbank flow during floods con-
nected stream habitat with floodplain habitat, channelization and incision totally
disrupts this connection and simplifies the complexity of food webs and the com-
plex pathways of energy. Detrital biomass is an important component of headwater
ecosystems and plays a role in nutrient cycling and habitat for plant and animal
communities in tributary watersheds. Detrital biomass is represented by snags,
down and dead woody debris, organic debris on the forest floor, and organic com-
ponents of mineral soil. This has been described for wetlands in the national riverine
HGM model (Brinson et al. 1995) and regional HGM models (Brooks 2004), and
for Mid-Atlantic streams by Barbour et al. (1999) and Boward et al. (1999). Detritus
is considered an indicator of the potential decomposition and nutrient cycling rates
at a site. Decomposition is generally faster in aquatic than in terrestrial landscapes
due to increased leaching, fragmentation, and microbial activity (Shure et al. 1986).
Large pieces of CWD derived from adjacent or upstream forests are processed into
FPOM and then further processed and incorporated into organic matter (Bilby and
Likens 1979; Jones and Smock 1991). Organic material may be transported to chan-
nels or respired as CO, atany stage of the decomposition process (Bilby and Likens
1979; Jones and Smock 1991).

Riverine wetlands are a major source of particulate organic carbon (POC) enter-
ing streams. Woody debris is a nutritional substrate, provides habitat for microbes,
invertebrates, and vertebrates, is a substrate for seedling growth, and serves as a
long-term nutrient reservoir; a consistent source of organic material (Harmon et al.
1986; Brown 1990). POC is a small fraction of total organic carbon (TOC), but
ranks disproportionately higher as a food source for fish and invertebrates (Taylor
et al. 1990). POC from wetlands contributes substantial amounts of organic matter
to stream channels (Mulholland and Kuenzler 1979, Dosskey and Bertsch 1994). In
fact, POC comprises between 24 and 46% of the TOC in streams (Dosskey and
Bertsch 1994). Detrital inputs to the stream during peak inundation periods support
microbial and macroinvertebrate communities in the stream channel (Smock 1990).
Although we tend to view movement of materials from uplands and wetlands into
headwater streams, there are a significant number of invertebrate and vertebrate taxa
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moving laterally between streams and their associated floodplains and wetlands.
There are macroinvertebrate taxa that are obligate to floodplain wetlands, relying on
sufficient flood pulses to create habitats, periodic flood flows to maintain sufficient
hydrology, and retention of POC within the wetland itself as a food source (see
Chap. 9 of this book, Yetter).

The rate of particulate matter degradation depends on many factors, including
soil moisture levels. According to Bilby et al. (1999), when compared to either fully
submerged or terrestrial conditions, wood decays at a much faster rate when peri-
odically wetted and dried, conditions typical of many wetlands and floodplains.
Floodplains have higher decomposition rates for wood than streams (Cuffney 1988).
Forested riparian corridors maintain more benthic habitat, increase channel and
bank stability, and provide additional contact area for transforming both nutrients
and pesticides than non-forested reaches (Sweeney et al. 2004).

1.3.4 Water Quality and Biogeochemistry

Headwater stream and wetland communities are strongly influenced by the chemis-
try of the surface and ground waters than those associated with larger rivers (Jones
and Mulholland 2000). Natural variation in water hardness, specific conductance,
acidity, and dissolved oxygen are all major determinant of species composition, and
consequently must be considered when seeking to understand reference conditions
and when designing a sampling program to monitoring aquatic resources. This is of
interest because human sources of pollution reduce water quality and alter aquatic
communities directly by killing or weakening individuals, or by altering energy
pathways.

In the headwater portions of watersheds, measures of water chemistry are more
reflective of the geologic and topographic characteristics of the landscape than for
the lower reaches of larger rivers. The complex geology of the Appalachians, run-
ning through several Mid-Atlantic ecoregions, can create circumstances where rela-
tively short stream reaches and individual wetlands can have different water
chemistry than their neighbors (USEPA 2000; Snyder et al. 2006). Such variability
produces extraordinary biodiversity at a regional scale.

Numerous human sources of water quality degradation have been identified
within the region, including urbanization, failing septic systems, agriculture, acid
mine drainage (AMD), and acid precipitation. Wetlands and riparian corridors often
act as buffers to these water sources due to their ability to filter out and transform
contaminants (e.g., Fig.1.6a—e). Of particular importance are nonpoint pollutants,
including nutrients such as nitrogen, phosphorus, pesticides, herbicides, and sedi-
ments that enter stream and wetland habitats through shallow groundwater and sur-
face runoff.

Eutrophication from excess nutrients (e.g., nitrogen and phosphorus) can be a
significant stressor in aquatic ecosystems. Over time, eutrophication typically alters
energy pathways by increasing primary production (see section on Energy flow and
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Sources above), which often results in lower dissolved oxygen concentrations due
to excessive organic matter decomposition. These changes usually lead to highly
productive, but taxonomically and trophically simple biological communities in
both streams and wetlands (Reddy et al. 1999; Sandin and Johnson 2000; Brinson
and Malvarez 2002). Herbicides also disrupt energy pathways, but they cause reduc-
tions in instream primary production, and pesticides directly affect survival and
reproduction of populations. Excess turbidity caused by high levels of suspended
sediment decreases oxygen levels and photosynthesis rates, impairs the respiration
and feeding of aquatic organisms, destroys fish habitat, and kills benthic organisms
(Johnston 1993b). In wetlands, high sedimentation rates decrease the germination
of many wetland plant species by eliminating light penetration to seeds, lowering
plant productivity by creating stressful conditions, and slowing decomposition rates
by burying plant material (Jurik et al. 1994; Vargo et al. 1998; Wardrop and Brooks
1998; Mahaney et al. 2004).

In some instances wetland and riparian habitats can be effective mitigators of
nonpoint source pollutants, especially nutrients and sediments, due to their ability
to filter and transform contaminants, if their capacities are not exceeded. Because
sediments and phosphorus are transported from uplands to streams and wetlands
through surface flow, the primary removal mechanisms for phosphorus and metals
are the settling of particles out of the water column and adsorption to organic matter
and clay. Long-term removal can occur through roots, buried leaves, and sediment
deposition (Richardson and Craft 1993). As long as there is sufficient time for trans-
ported material to come in contact with surface litter, riparian vegetation can be
effective in retaining sediments and nutrients. For example, in a floodplain wetland
in Sweden, 95% of phosphorus entering the wetland in surface runoff was removed
within 16 m (Vought et al. 1994). In North Carolina, approximately 50% of the
phosphorus leaving agricultural fields in runoff was removed in riparian areas
(Cooper an. Gilliam 1987). However, during storms and in high-gradient water-
sheds, sediment retention by riparian zones is less effective (Jordon 1986).
Phosphorus is even more sensitive to flow rates because it tends to bind to smaller
particles that are less efficiently trapped by surface litter. In contrast, nitrogen moves
primarily through ground water as dissolved nitrate, ammonia, or organic nitrogen
(Peterjohn and Correll 1984), and thus, its removal is less tied to sediment dynamics
than phosphorus.

Most nitrogen is removed from subsurface water through denitrification by soil
microbes within wetlands and riparian soils (Davidsson and Stahl 2000). Research
has shown that riparian forests are capable of retaining up to 89% as compared to
8% for cropland, and the nitrogen loss from the forest was primarily via groundwa-
ter (Peterjohn and Correll 1984; Gilliam 1994; Jordan et al. 1997). But as with sedi-
ments and phosphorus, retention of nitrogen is also more efficient at low discharge.
During high discharge, relatively more water moves from upland and riparian areas
to streams and lowland wetlands through surface flow vs. shallow groundwater
flows. Thus, there is less time for vegetative uptake and microbial transformation of
nutrients (Pionke et al. 2000). Research has shown a 90% or more reduction in NO,~
concentrations in water as it flows through riparian areas (Groffman et al. 1992;
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Gilliam 1994; Vidon et al. 2010). Labile organic matter is fundamental to denitrifi-
cation as it provides the substrate necessary to drive this process for microbes to
perform the process of denitrification. Plant uptake is an additional means of nitro-
gen removal from the system. Channelization and channel incision interferes with
both of these processes by driving groundwater flowpaths deeper below the organic-
rich alluvium (Phillips et al. 1993).

Sediment retention in wetlands and riparian corridors not only removes phos-
phorus, but has the additional function of reducing turbidity and contaminants
sorbed to sediments, thus benefiting neighboring streams, rivers, and lakes
(Oschwald 1972; Boto and Patrick 1978; Cooper an. Gilliam 1987; Hemond and
Benoit 1988; Johnston 1991). While wetlands and floodplains have been shown to
trap sediment in relatively unaltered settings, accelerated sedimentation can quickly
overwhelm the capacity of these habitats to store and process sediments (Jurik et al.
1994; Wardrop and Brooks 1998; Freeland et al. 1999). High sedimentation rates
decrease germination of many wetland and riparian plant species by eliminating
light penetration to seeds, lower plant productivity by creating stressful conditions,
and slow decomposition rates by burying plant material (Jurik et al. 1994; Vargo
et al. 1998; Wardrop and Brooks 1998; Mahaney et al. 2004).

Landscape disturbances impact sediment loading and retention within the aquatic
components of watersheds, and for the MAR, anthropogenic disturbances have
been occurring for several centuries. Walter and Merritts (2008) reported on the
sediments stored behind 10,000 s of mill dams in the MAR that as they become
derelict are releasing “legacy” sediments to downstream areas. The influence of
these sediment releases, mostly unpredictable, on aquatic ecosystems downstream
is difficult to discern. In addition, former mill dams and beaver dams may, in fact,
be the origins of some wetlands along headwater streams. Hupp et al. (1993) found
sedimentation rates to be highest in wetlands located downstream from agricultural
and urban areas. Phillips (1989) found that between 14 and 58% of eroded upland
sediment is stored in alluvial wetlands and other aquatic environments, and as much
as 90% of eroded agricultural soil was retained in a forested floodplain in North
Carolina (Gilliam 1994). Eighty-eight percent of the sediment leaving agricultural
fields over the last 20 years was retained in the watershed of a North Carolina
swamp (Cooper et al. 1986). Approximately 80% of this was retained in riparian
areas above the swamp and 22% was retained in the wetland itself. Carline and
Walsh (2007) found that streambank fencing restricting livestock access to narrow
riparian corridors (3—4 m) along pastures in a central Pennsylvania watershed
reduced suspended solids by >50% resulting in an increase in abundance of benthic
macroinvertebrates. These studies and others demonstrate the critical need to con-
sider the aquatic and terrestrial mosaic of riverine ecosystems.

Another major threat to water quality in streams and wetlands of higher eleva-
tions is increased acidity associated with AMD and acid deposition (AD). As a
region, the pH of rainfall in the MAR is among the lowest nationwide (NADP
2003), and, although long-term monitoring have shown wide-spread improvements
in air quality and a reduction in acid deposition (Stoddard et al. 1999), aquatic biota
in MAR streams and lakes have not shown evidence of recovery to AD (Stoddard
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etal. 1999). Low pH has a negative impact on the presence and breeding success of
pond-breeding amphibians in wetlands, even more so when in combination with
high concentrations of metals like aluminum and zinc (Clark 1985; Sadinski and
Dunson 1992; Rowe and Dunson 1993; Horne and Dunson 1994). Snyder et al.
(2005) found that over one quarter of wetlands in the Delaware Water Gap National
Recreation Area along the Pennsylvania—New Jersey border had pH levels <5. In
this study area, the lowest pH levels are among depression wetlands that lack per-
manent stream connections to adjacent water bodies (Julian 2009). This trend
threatens amphibian species that breed early in the year because wetlands that lack
permanent stream connections are used most frequently by early-breeding species
(Julian 2009). Early-breeding species, like ambystomatid salamanders (Family
Ambystomatidae), prefer these habitats because the drying regimes of these wet-
lands reduce aquatic predator populations. In DWG, ambystomatid salamanders
bred in half of all wetlands whose maximum flooded areas were more than halved
by the start of summer (Julian et al. 2006), yet Snyder et al. (2005) found they were
excluded from these wetlands if the pH <4.6.

Increased acidity can have dramatic effects on stream and wetland communities,
particularly in headwaters that are poorly buffered, chemically speaking. Increased
H" ions directly disrupt ion regulation in most animal species causing death or com-
promising fitness depending on the level (Gerhardt 1993). Certain metals such as
aluminum, which are prevalent but relatively inert in streamside soils and stream
sediments, become dissolved, mobilized, and toxic to aquatic species at low pH
(Nelson and Campbell 1991). In addition, when acidic waters merge with pH neu-
tral or basic waters at stream junctures, certain metal complexes such as iron
hydroxide precipitate out of solution and coat stream substrates thus smothering
benthic algae and macroinvertebrates (DeNicola and Stapleton 2002). Consequently,
acid effects can extend downstream even in areas where stream pH is relatively
high. Finally, leaf litter decomposition rates in headwater streams and wetlands are
significantly reduced as streams become acidified (Kittle et al. 1995; Niyogi et al.
2001). The lower reaches of most rivers flow primarily through valleys of the vari-
ous ecoregions in the MAR. In the Ridge and Valley ecoregion, calcium-rich lime-
stone comprises the underlying bedrock, thus neutralizing the detrimental effects of
acidification that arises in the highlands. In other ecoregions, the larger discharges
of some rivers tend to override the influence of underlying geologic strata, or allu-
vial fill for coastal plains.

In the case of AMD, acidity and metal concentrations are frequently so high that
the affected stream or wetland may be devoid of all life. In less extreme cases, AMD
and AD has been shown to adversely affect the species diversity and productivity of
benthic algae (e.g., Verb and Vis 2000), macroinvertebrates (e.g., Rosemund et al.
1992), amphibians (see Freda 1991 and Freda et al. 1991, for reviews mostly con-
cerning wetland and vernal pool-breeding amphibians), and fish (Carline et al.
1992). After completing three separate investigations, which included field sam-
pling as well as in situ and laboratory bioassays, reduced abundance and distribution
of most lungless stream salamanders (Family Plethodontidae) was attributed to
stream acidification (Rocco 2007).
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The pH of water in streams receiving AMD or AD is often poorly correlated with
the pH of the sources indicating that some systems are more vulnerable than others
to acidification. As mentioned above, the water chemistry of headwater streams are
more strongly related to the geology and terrain of the surrounding watershed than
for larger rivers (Babb et al. 1997). One important characteristic of headwater
stream water chemistry that is an important determinant of sensitivity to AMD and
AD is the concentration of base cations (e.g., calcium and magnesium). Streams
that have high base cation concentrations typically have high acid neutralizing
capacities (ANC), and are, therefore, more able to maintain a stable pH despite AD
(Faust 1983). In headwater streams, base cation concentrations are largely a func-
tion of the underlying surface geology. Streams underlain by carbonate geologies
such as limestone supply considerable ANC to streams compared to geologies with
little or no base cations like sandstone. However, the ability of carbonate geologies
to buffer acidity associated with AD also depends on the amount of time that streams
are exposed to AD. Specifically, in streams exposed to AD, the production of base
cations through mineral weathering is slower than the rate they are leached into the
stream. Thus, over time, the pool of available cations may become depleted causing
a threshold effect whereby the ability of carbonate geologies to buffer AD is com-
promised (Kirchner 1992).

Wetlands offer some mitigation potential for acidified streams. For example,
comparative research studies have shown that beaver ponds generate significant
ANC to associated streams resulting in more stable pH (Cirmo et al. 2000; Margolis
et al. 2001). Moreover, laboratory experiments using simulated wetlands have dem-
onstrated that wetland soils act as sinks for strong acid anions (nitrates and sulfates),
and wetland microbial communities transform toxic metals to less toxic or available
forms (Tarutis et al. 1992; Williams et al. 1994). Constructed wetlands have been
shown to be an effective mitigation tool for restoring streams affected by AMD by
removing up to 99% of the iron and aluminum and up to 30% of the nitrogen load-
ing (Brenner 2000). Although the ability of wetlands to ameliorate AMD was first
observed in natural systems, constructed wetlands treatment systems are more
likely to be used today, with design and size tailored to match the constituents of
specific discharges.

1.3.5 Biological Integrity

The biological diversity of aquatic ecosystems in the MAR has been documented
reasonably well. Some taxa pertinent to the region are particularly diverse, notably
salamanders (Rocco et al. 2004), freshwater mussels, aquatic insects (Klemm et al.
2003), and breeding neotropical migrant songbirds (e.g., Stein et al. 2000; O’ Connell
et al. 2003; Tiner 2005). Various investigations have tallied the species and com-
munities that are prevalent in the region (e.g., Majumdar et al. 1989; Croonquist and
Brooks 1993; Brooks et al. 1998; Myers et al. 2000; Snyder et al. 2002; Ross et al.
2003) (see Chaps. 6, 7, 8, and 9 of this book for additional information about fauna).
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The maintenance of a characteristic plant community is a fundamental property
of ecosystems. It is a designated HGM function for wetlands that also relates to a
variety of ecological functions in watersheds such as energy dissipation via rough-
ness, stabilization of sediments and soils, detrital production and nutrient cycling,
and biodiversity and habitat functions. The composition of vascular plant communities
has long been used to characterize and classify wetlands (Cowardin et al. 1979;
Tiner 1988; Mitsch and Gosselink 2000; Miller and Wardrop 2006). Plant commu-
nity composition influences many ecosystem properties, such as primary productivity
and nutrient cycling (Hobbie 1992). Plant species composition plays an important
role in determining soil fertility through feedbacks attributable to the original poten-
tial for site productivity (Wedin and Tilman 1990; Hobbie 1992). Plant community
composition also influences the habitat quality for invertebrate, vertebrate, and
microbial communities in both wetlands and streams (Gregory et al. 1991; Andreas
and Lichvar 1995; Norokorpi 1997; Ainslie et al. 1999).

Plant communities may be highly modified by human alterations that facilitate
colonization by invasive and aggressive species. Invasive species change competi-
tive interactions, which result in changes in species composition (Walker and Smith
1997; Woods 1997). A checklist, which includes provisions for invasive plants, has
been developed to record any observed stressors on streams, wetlands, and riparian
areas in the region (Brooks et al. 2006; Brooks et al. 2009). Streams and riparian
systems are particularly vulnerable to exotics because their linear nature exposes
them to invasions (Simberloff et al. 2005).

Land use can be considered a major driver of the characteristics and conditions
of aquatic landscapes, and activities tied to changing land use can be the source of
many stressors. Stream biological integrity is strongly correlated with the extent of
agriculture, wetlands, and forests in the surrounding landscape (Roth et al. 1996;
Snyder et al. 2003). Of particular importance to aquatic ecosystems are the patterns
that arise along riparian corridors (Jordan et al. 1993; Castelle et al. 1994; Sweeney
et al. 2004). In the MAR, stream reaches with wider forested riparian corridors,
composed of uplands or wetlands, support higher abundance of macroinvertebrates,
and process more carbon, nitrogen, and pesticides than narrower reaches. Because
of these relationships, attributes of both landscape patterns and riparian corridors
can be used to assess condition (King et al. 2005; Brooks et al. 2009).

When considering how various stressors influence aquatic landscapes, it is
instructive to consider deviations from reference standard conditions that support the
highest levels of biological integrity. In the eastern USA, the best attainable condi-
tions for aquatic systems are usually derived from a landscape dominated by mature
forests (or emergent marshes in the portions of some ecoregion such as the Coastal
Plain), which produce characteristic inputs of organic matter, shade over wetlands
and narrow stream corridors, and habitat for an expected set of species. In the flood-
plains of larger rivers, microtopographic heterogeneity arises from the interplay of
hydrologic forces, vegetative structure, and underlying soil characteristics. The
resultant mosaic of wet and dry patches found in natural floodplains and along the
interfaces between aquatic and terrestrial systems support a diversity of biological
communities adapted to wetting and drying cycles. These physical and biological
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complexities interact with and upon the materials present through biogeochemical
processes to produce the ecological functions and services recognized from these
systems.

Reference domains can exist for all major types of land use: forested, natural
herbaceous, mixed, agricultural, and urban (Brooks et al. 2006). Most human-
caused disturbances set back ecological succession to early stages. That is, for vary-
ing lengths of time, mature forests and large trees along riparian corridors will be
absent, soil formation may be retarded, and the composition of floral and faunal
communities will be different. Although natural processes also retard succession
(e.g., severe floods, fire, disease, and insect epidemics), in the MAR these typically
create a quilt-like mosaic of recovering habitat patches. As humans continue to
transform the landscape of the MAR and elsewhere, forest cover is generally
reduced, replaced by agricultural, suburban, and urban land uses linked through
transportation and utility corridors, although in some areas forests are stable or
increasing, and urbanization replaces agricultural lands (e.g., Brooks et al. 2011b).
The spatial extent and pattern of these changes determine the degree of alteration
and degradation observed in aquatic landscapes. Additionally, point sources of
urban stormwater, agricultural runoff, and other pollutants can severely degrade
these systems. Degrees of change can be detected through monitoring if selected
attributes are used as indicators or vital signs. If the desired spatial mix and con-
nectivity of natural habitats and human-influenced land uses can be determined,
then land use policies and management practices can be focused on achieving those
goals. The common thread to consider when planning land use policies and prac-
tices is to treat aquatic landscapes holistically rather than as a set of separate, dis-
connected components. This theme courses through the remaining chapters.
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