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EXECUTIVE SUMMARY

BACKGROUND

The objective of the Clean Water Act is to restore and maintain the chemical, physical, and biological
integrity of the nation’s waters. The U.S. Environmental Protection Agency’s (U.S. EPA’s) Office of
Research and Development developed this report to inform rulemaking by the U.S. EPA and U.S. Army
Corps of Engineers (U.S. ACE) on the definition of “waters of the United States” under the Clean Water
Act (CWA). Its purpose is to summarize current scientific understanding about the connectivity and
mechanisms by which streams and wetlands, singly or in aggregate, affect the physical, chemical, and
biological integrity of downstream waters. The focus of the review is on surface and shallow subsurface
connections of small or temporary streams, nontidal wetlands, and certain open waters. Because this
report is a technical review of peer-reviewed scientific literature, it neither considers nor sets forth legal
standards for CWA jurisdiction, nor does it establish EPA policy.

The report is organized into six chapters. Chapter 1 outlines the purpose, scientific context, and
approach of the report. Chapter 2 describes the components of a river system and watershed; the types
of physical, chemical, and biological connections that link those components; the factors that influence
connectivity at various temporal and spatial scales; and methods for quantifying connectivity. Chapter 3
reviews literature on connectivity in stream networks in terms of physical, chemical, and biological
connections and their resulting effects on downstream waters. Chapter 4 reviews literature on the
connectivity and effects of nontidal wetlands and certain open waters on downstream waters. Chapter 5
applies concepts and evidence from previous chapters to six case studies from published literature on
Carolina and Delmarva bays, oxbow lakes, prairie potholes, prairie streams, southwestern streams, and
vernal pools. Chapter 6 summarizes key findings and conclusions, identifies data gaps, and briefly
discusses research approaches that could fill those gaps. A glossary of scientific terms used in the report
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and detailed case studies of selected systems (summarized in Chapter 5) are included in Appendix A and

Appendix B, respectively.

SUMMARY OF MAJOR CONCLUSIONS

Based on the review and synthesis of more than 1,200 publications from the peer reviewed scientific
literature, the evidence supports five major conclusions. Citations have been omitted from the text to
improve readability; please refer to individual chapters for supporting publications and additional

information.

Conclusion 1: Streams

The scientific literature unequivocally demonstrates that streams, individually or cumulatively,
exert a strong influence on the integrity of downstream waters. All tributary streams, including
perennial, intermittent, and ephemeral streams, are physically, chemically, and biologically
connected to downstream rivers via channels and associated alluvial deposits where water and
other materials are concentrated, mixed, transformed, and transported. Streams are the
dominant source of water in most rivers, and the majority of tributaries are perennial,
intermittent, or ephemeral headwater streams. Headwater streams also convey water into local
storage compartments such as ponds, shallow aquifers, or stream banks, and into regional and
alluvial aquifers; these local storage compartments are important sources of water for
maintaining baseflow in rivers. In addition to water, streams transport sediment, wood, organic
matter, nutrients, chemical contaminants, and many of the organisms found in rivers. The
literature provides robust evidence that streams are biologically connected to downstream
waters by the dispersal and migration of aquatic and semiaquatic organisms, including fish,
amphibians, plants, microorganisms, and invertebrates, that use both upstream and
downstream habitats during one or more stages of their life cycles, or provide food resources to
downstream communities. In addition to material transport and biological connectivity,
ephemeral, intermittent, and perennial flows influence fundamental biogeochemical processes
by connecting channels and shallow ground water with other landscape elements. Physical,
chemical, and biological connections between streams and downstream waters interact via
integrative processes such as nutrient spiraling, in which stream communities assimilate and
chemically transform large quantities of nitrogen and other nutrients that otherwise would be
transported directly downstream, increasing nutrient loads and associated impairments due to

excess nutrients in downstream waters.

Conclusion 2: Riparian/Floodplain Wetlands and Open Waters

The literature clearly shows that wetlands and open waters in riparian areas and floodplains are
physically, chemically, and biologically integrated with rivers via functions that improve
downstream water quality, including the temporary storage and deposition of channel-forming
sediment and woody debris, temporary storage of local ground water that supports baseflow in
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rivers, and transformation and transport of stored organic matter. Riparian/floodplain wetlands
and open waters improve water quality through the assimilation, transformation, or
sequestration of pollutants, including excess nutrients and chemical contaminants such as
pesticides and metals, that can degrade downstream water integrity. In addition to providing
effective buffers to protect downstream waters from point source and nonpoint source
pollution, these systems form integral components of river food webs, providing nursery habitat
for breeding fish and amphibians, colonization opportunities for stream invertebrates, and
maturation habitat for stream insects. Lateral expansion and contraction of the river in its
floodplain result in an exchange of organic matter and organisms, including fish populations that
are adapted to use floodplain habitats for feeding and spawning during high water, that are
critical to river ecosystem function. Riparian/floodplain wetlands and open waters also affect
the integrity of downstream waters by subsequently releasing (desynchronizing) floodwaters
and retaining large volumes of stormwater, sediment, and contaminants in runoff that could

otherwise negatively affect the condition or function of downstream waters.

Conclusion 3: Non-floodplain Wetlands and Open Waters

Wetlands and open waters in non-floodplain landscape settings (hereafter called “non-
floodplain wetlands”) provide numerous functions that benefit downstream water integrity.
These functions include storage of floodwater; recharge of ground water that sustains river
baseflow; retention and transformation of nutrients, metals, and pesticides; export of organisms
or reproductive propagules to downstream waters; and habitats needed for stream species. This
diverse group of wetlands (e.g., many prairie potholes, vernal pools, playa lakes) can be
connected to downstream waters through surface-water, shallow subsurface-water, and

ground-water flows and through biological and chemical connections.

In general, connectivity of non-floodplain wetlands occurs along a gradient (Conclusion 4), and
can be described in terms of the frequency, duration, magnitude, timing, and rate of change of
water, material, and biotic fluxes to downstream waters. These descriptors are influenced by
climate, geology, and terrain, which interact with factors such as the magnitudes of the various
functions within wetlands (e.g., amount of water storage or carbon export) and their proximity
to downstream waters to determine where wetlands occur along the connectivity gradient. At
one end of this gradient, the functions of non-floodplain wetlands clearly affect the condition of
downstream waters if a visible (e.g., channelized) surface-water or a regular shallow subsurface-
water connection to the river network is present. For non-floodplain wetlands lacking a
channelized surface or regular shallow subsurface connection (i.e., those at intermediate points
along the gradient of connectivity), generalizations about their specific effects on downstream
waters from the available literature are difficult because information on both function and
connectivity is needed. Although there is ample evidence that non-floodplain wetlands provide
hydrologic, chemical, and biological functions that affect material fluxes, to date, few scientific
studies explicitly addressing connections between non-floodplain wetlands and river networks
have been published in the peer-reviewed literature. Even fewer publications specifically focus
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on the frequency, duration, magnitude, timing, or rate of change of these connections. In
addition, although areas that are closer to rivers and streams have a higher probability of being
connected than areas farther away when conditions governing the type and quantity of flows—
including soil infiltration rate, wetland storage capacity, hydraulic gradient, etc.—are similar,
information to determine if this similarity holds is generally not provided in the studies we
reviewed. Thus, current science does not support evaluations of the degree of connectivity for
specific groups or classes of wetlands (e.g., prairie potholes or vernal pools). Evaluations of
individual wetlands or groups of wetlands, however, could be possible through case-by-case

analysis.

Some effects of non-floodplain wetlands on downstream waters are due to their isolation, rather
than their connectivity. Wetland “sink” functions that trap materials and prevent their export to
downstream waters (e.g., sediment and entrained pollutant removal, water storage) result
because of the wetland’s ability to isolate material fluxes. To establish that such functions
influence downstream waters, we also need to know that the wetland intercepts materials that
otherwise would reach the downstream water. The literature we reviewed does provide limited
examples of direct effects of wetland isolation on downstream waters, but not for classes of
wetlands (e.g.,, vernal pools). Nevertheless, the literature we reviewed enables us to conclude
that sink functions of non-floodplain wetlands, which result in part from their relative isolation,
will affect a downstream water when these wetlands are situated between the downstream
water and known point or nonpoint sources of pollution, and thus intersect flowpaths between

the pollutant source and downstream waters.

Conclusion 4: Degrees and Determinants of Connectivity

Watersheds are integrated at multiple spatial and temporal scales by flows of surface water and
ground water, transport and transformation of physical and chemical materials, and movements
of organisms. Although all parts of a watershed are connected to some degree—by the
hydrologic cycle or dispersal of organisms, for example—the degree and downstream effects of
those connections vary spatially and temporally, and are determined by characteristics of the

physical, chemical, and biological environments and by human activities.

Stream and wetland connections have particularly important consequences for downstream
water integrity. Most of the materials—broadly defined as any physical, chemical, or biological
entity—in rivers, for example, originate from aquatic ecosystems located upstream or elsewhere
in the watershed. Longitudinal flows through ephemeral, intermittent, and perennial stream
channels are much more efficient for transport of water, materials, and organisms than diffuse
overland flows, and areas that concentrate water provide mechanisms for the storage and

transformation, as well as transport, of materials.

Connectivity of streams and wetlands to downstream waters occurs along a continuum that can
be described in terms of the frequency, duration, magnitude, timing, and rate of change of water,

material, and biotic fluxes to downstream waters. These terms, which we refer to collectively as
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connectivity descriptors, characterize the range over which streams and wetlands vary and shift
along the connectivity gradient in response to changes in natural and anthropogenic factors and,
when considered in a watershed context, can be used to predict probable effects of different
degrees of connectivity over time. The evidence unequivocally demonstrates that the stream
channels and riparian/floodplain wetlands or open waters that together form river networks
are clearly connected to downstream waters in ways that profoundly influence downstream
water integrity. The connectivity and effects of non-floodplain wetlands and open waters are
more variable and thus more difficult to address solely from evidence available in peer-

reviewed studies.

Variations in the degree of connectivity influence the range of functions provided by streams
and wetlands, and are critical to the integrity and sustainability of downstream waters.
Connections with low values of one or more descriptors (e.g., low-frequency, low-duration
streamflows caused by flash floods) can have important downstream effects when considered in
the context of other descriptors (e.g., large magnitude of water transfer). At the other end of the
frequency range, high-frequency, low-magnitude vertical (surface-subsurface) and lateral flows
contribute to aquatic biogeochemical processes, including nutrient and contaminant
transformation and organic matter accumulation. The timing of an event can alter both
connectivity and the magnitude of its downstream effect. For example, when soils become
saturated by previous rainfall events, even low or moderate rainfall can cause streams or
wetlands to overflow, transporting water and materials to downstream waters. Fish that use
nonperennial or perennial headwater stream habitats to spawn or rear young, and invertebrates
that move into seasonally inundated floodplain wetlands prior to emergence, have life cycles
that are synchronized with the timing of flows, temperature thresholds, and food resource

availability in those habitats.

Conclusion 5: Cumulative Effects

The incremental effects of individual streams and wetlands are cumulative across entire
watersheds and therefore must be evaluated in context with other streams and wetlands.
Downstream waters are the time-integrated result of all waters contributing to them. For
example, the amount of water or biomass contributed by a specific ephemeral stream in a given
year might be small, but the aggregate contribution of that stream over multiple years, or by all
ephemeral streams draining that watershed in a given year or over multiple years, can have
substantial consequences on the integrity of the downstream waters. Similarly, the downstream
effect of a single event, such as pollutant discharge into a single stream or wetland, might be
negligible but the cumulative effect of multiple discharges could degrade the integrity of

downstream waters.

In addition, when considering the effect of an individual stream or wetland, all contributions and
functions of that stream or wetland should be evaluated cumulatively. For example, the same

stream transports water, removes excess nutrients, mitigates flooding, and provides refuge for
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fish when conditions downstream are unfavorable; if any of these functions is ignored, the

overall effect of that stream would be underestimated.

SUPPORT FOR MAJOR CONCLUSIONS

This report synthesizes a large body of scientific literature on the connectivity and mechanisms by
which streams, wetlands, and open waters, singly or in aggregate, affect the physical, chemical, and
biological integrity of downstream waters. The major conclusions reflect the strength of evidence
currently available in the peer-reviewed scientific literature for assessing the connectivity and

downstream effects of water bodies identified in Chapter 1 of this report.

The conclusions of this report were corroborated by two independent peer reviews by scientists

identified in the front matter of this report.

The term connectivity is defined in this report as the degree to which components of a watershed are
joined and interact by transport mechanisms that function across multiple spatial and temporal scales.
Connectivity is determined by the characteristics of both the physical landscape and the biota of the
specific system. Our review found strong evidence supporting the central roles of the physical, chemical,
and biological connectivity of streams, wetlands, and open waters—encompassing varying degrees of
both connection and isolation—in maintaining the structure and function of downstream waters,
including rivers, lakes, estuaries, and oceans. Our review also found strong evidence demonstrating the
various mechanisms by which material and biological linkages from streams, wetlands, and open waters
affect downstream waters, classified here into five functional categories (source, sink, refuge, lag, and
transformation; discussed below), and modify the timing of transport and the quantity and quality of
resources available to downstream ecosystems and communities. Thus, the currently available literature
provided a large body of evidence for assessing the types of connections and functions by which streams

and wetlands produce the range of observed effects on the integrity of downstream waters.

We identified five categories of functions by which streams, wetlands, and open waters influence the

timing, quantity, and quality of resources available to downstream waters:
e Source: the net export of materials, such as water and food resources;
e Sink: the net removal or storage of materials, such as sediment and contaminants;
o Refuge: the protection of materials, especially organisms;

e Transformation: the transformation of materials, especially nutrients and chemical

contaminants, into different physical or chemical forms; and
o Lag: the delayed or regulated release of materials, such as stormwater.
These functions are not mutually exclusive; for example, the same stream or wetland can be both a

source of organic matter and a sink for nitrogen. The presence or absence of these functions, which
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depend on the biota, hydrology, and environmental conditions in a watershed, can change over time; for
example, the same wetland can attenuate runoff during storm events and provide ground-water
recharge following storms. Further, some functions work in conjunction with others; a lag function can
include transformation of materials prior to their delayed release. Finally, effects on downstream waters
should consider both actual function and potential function. A potential function represents the capacity
of an ecosystem to perform that function under suitable conditions. For example, a wetland with high
capacity for denitrification is a potential sink for nitrogen, a nutrient that becomes a contaminant when
present in excessive concentrations. In the absence of nitrogen, this capacity represents the wetland’s
potential function. If nitrogen enters the wetland (e.g., from fertilizer in runoff), it is removed from the
water; this removal represents the wetland’s actual function. Both potential and actual functions play

critical roles in protecting and restoring downstream waters as environmental conditions change.

The evidence unequivocally demonstrates that the stream channels and riparian/floodplain wetlands or
open waters that together form river networks are clearly connected to downstream waters in ways
that profoundly influence downstream water integrity. The body of literature documenting connectivity
and downstream effects was most abundant for perennial and intermittent streams, and for
riparian/floodplain wetlands. Although less abundant, the evidence for connectivity and downstream
effects of ephemeral streams was strong and compelling, particularly in context with the large body of
evidence supporting the physical connectivity and cumulative effects of channelized flows that form and

maintain stream networks.

As stated in Conclusion 3, the connectivity and effects of wetlands and open waters that lack visible
surface connections to other water bodies are more difficult to address solely from evidence available in
the peer-reviewed literature. The limited evidence currently available shows that these systems have
important hydrologic, water-quality, and habitat functions that can affect downstream waters where
connections to them exist; the literature also provides limited examples of direct effects of non-
floodplain wetland isolation on downstream water integrity. Currently available peer-reviewed
literature, however, does not identify which types or classes of non-floodplain wetlands have or lack the
types of connections needed to convey the effects on downstream waters of functions, materials, or
biota provided by those wetlands.

KEY FINDINGS FOR MAJOR CONCLUSIONS

This section summarizes key findings for each of the five major conclusions, above and in Chapter 6 of
the report. Citations have been omitted from the text to improve readability; please refer to individual

chapters for supporting publications and additional information.

Conclusion 1, Streams: Key Findings

e Streams are hydrologically connected to downstream waters via channels that convey surface
and subsurface water either year-round (i.e., perennial flow), weekly to seasonally (i.e.,
intermittent flow), or only in direct response to precipitation (i.e., ephemeral flow). Streams are
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the dominant source of water in most rivers, and the majority of tributaries are perennial,
intermittent, or ephemeral headwater streams. For example, headwater streams, which are the
smallest channels where streamflows begin, are the cumulative source of approximately 60% of

the total mean annual flow to all northeastern U.S. streams and rivers.

e In addition to downstream transport, headwaters convey water into local storage compartments
such as ponds, shallow aquifers, or stream banks, and into regional and alluvial aquifers. These
local storage compartments are important sources of water for maintaining baseflow in rivers.
Streamflow typically depends on the delayed (i.e., lagged) release of shallow ground water from
local storage, especially during dry periods and in areas with shallow ground-water tables and
pervious subsurfaces. For example, in the southwestern United States, short-term shallow
ground-water storage in alluvial floodplain aquifers, with gradual release into stream channels,

is a major source of annual flow in rivers.

e Infrequent, high-magnitude events are especially important for transmitting materials from
headwater streams in most river networks. For example, headwater streams, including
ephemeral and intermittent streams, shape river channels by accumulating and gradually or
episodically releasing stored materials such as sediment and large woody debris. These
materials help structure stream and river channels by slowing the flow of water through

channels and providing substrate and habitat for aquatic organisms.

e There is strong evidence that headwater streams function as nitrogen sources (via export) and
sinks (via uptake and transformation) for river networks. For example, one study estimated that
rapid nutrient cycling in small streams with no agricultural or urban impacts removed 20-40%
of the nitrogen that otherwise would be delivered to downstream waters. Nutrients are
necessary to support aquatic life, but excess nutrients lead to eutrophication and hypoxia, in
which over-enrichment causes dissolved oxygen concentrations to fall below the level necessary
to sustain most aquatic animal life in the stream and streambed. Thus, the influence of streams

on nutrient loads can have significant repercussions for hypoxia in downstream waters.

e Headwaters provide habitat that is critical for completion of one or more life-cycle stages of
many aquatic and semiaquatic species capable of moving throughout river networks. Evidence
is strong that headwaters provide habitat for complex life-cycle completion; refuge from
predators, competitors, parasites, or adverse physical conditions in rivers (e.g., temperature or
flow extremes, low dissolved oxygen, high sediment); and reservoirs of genetic- and species-
level diversity. Use of headwater streams as habitat is especially critical for the many species
that migrate between small streams and marine environments during their life cycles (e.g.,
Pacific and Atlantic salmon, American eels, certain lamprey species). The presence of these
species within river networks provides robust evidence of biological connections between
headwaters and larger rivers; because these organisms also transport nutrients and other
materials as they migrate, their presence also provides evidence of biologically mediated
chemical connections. In prairie streams, many fishes swim upstream into tributaries to release

eggs, which develop as they are transported downstream.
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Human alterations affect the frequency, duration, magnitude, timing, and rate of change of
connections between headwater streams, including ephemeral and intermittent streams, and
downstream waters. Human activities and built structures (e.g., channelization, dams, ground-
water withdrawals) can either enhance or fragment longitudinal connections between
headwater streams and downstream waters, while also constraining lateral and vertical
exchanges and tightly controlling the temporal dimension of connectivity. In many cases,
research on human alterations has enhanced our understanding of the headwater stream-
downstream water connections and their consequences. Recognition of these connections and
effects has encouraged the development of more sustainable practices and infrastructure to
reestablish and manage connections, and ultimately to protect and restore the integrity of

downstream waters.

Conclusion 2, Riparian/Floodplain Wetlands and Open Waters: Key Findings

Stream and Wetland Connectivity:
A Review and Synthesis

Riparian areas and floodplains connect upland and aquatic environments through both surface
and subsurface hydrologic flowpaths. These areas are therefore uniquely situated in watersheds
to receive and process waters that pass over densely vegetated areas and through subsurface
zones before the waters reach streams and rivers. When pollutants reach a riparian or
floodplain wetland, they can be sequestered in sediments, assimilated into wetland plants and
animals, transformed into less harmful or mobile forms or compounds, or lost to the
atmosphere. Wetland potential for biogeochemical transformations (e.g., denitrification) that
can improve downstream water quality is influenced by local factors, including anoxic
conditions and slow organic matter decomposition, shallow water tables, wetland plant

communities, permeable soils, and complex topography.

Riparian/floodplain wetlands can reduce flood peaks by storing and desynchronizing
floodwaters. They can also maintain river baseflows by recharging alluvial aquifers. Many
studies have documented the ability of riparian/floodplain wetlands to reduce flood pulses by
storing excess water from streams and rivers. One review of wetland studies reported that
riparian wetlands reduced or delayed floods in 23 of 28 studies. For example, peak discharges
between upstream and downstream gaging stations on the Cache River in Arkansas were

reduced 10-20% primarily due to floodplain water storage.

Riparian areas and floodplains store large amounts of sediment and organic matter from
upstream and from upland areas. For example, riparian areas have been shown to remove

80-90% of sediments leaving agricultural fields in North Carolina.

Ecosystem function within a river system is driven in part by biological connectivity that links
diverse biological communities with the river system. Movements of organisms that connect
aquatic habitats and their populations, even across different watersheds, are important for the
survival of individuals, populations, and species, and for the functioning of the river ecosystem.
For example, lateral expansion and contraction of the river in its floodplain result in an exchange

of matter and organisms, including fish populations that are adapted to use floodplain habitats
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for feeding and spawning during high water. Wetland and aquatic plants in floodplains can
become important seed sources for the river network, especially if catastrophic flooding scours
vegetation and seed banks in other parts of the channel. Many invertebrates exploit temporary
hydrologic connections between rivers and floodplain wetland habitats, moving into these
wetlands to feed, reproduce, or avoid harsh environmental conditions and then returning to the
river network. Amphibians and aquatic reptiles commonly use both streams and
riparian/floodplain wetlands to hunt, forage, overwinter, rest, or hide from predators. Birds can

spatially integrate the watershed landscape through biological connectivity.

Conclusion 3, Non-floodplain Wetlands and Open Waters: Key Findings

e Water storage by wetlands well outside of riparian or floodplain areas can affect streamflow.
Hydrologic models of prairie potholes in the Starkweather Coulee subbasin (North Dakota) that
drains to Devils Lake indicate that increasing the volume of pothole storage across the subbasin
by approximately 60% caused simulated total annual streamflow to decrease 50% during a
series of dry years and 20% during wet years. Similar simulation studies of watersheds that feed
the Red River of the North in North Dakota and Minnesota demonstrated qualitatively
comparable results, suggesting that the ability of potholes to modulate streamflow could be
widespread across eastern portions of the prairie pothole region. This work also indicates that
reducing water storage capacity of wetlands by connecting formerly isolated potholes through
ditching or drainage to the Devils Lake and Red River basins could increase stormflow and
contribute to downstream flooding. In many agricultural areas already crisscrossed by extensive
drainage systems, total streamflow and baseflow are increased by directly connecting potholes
to stream networks. The impacts of changing streamflow are numerous, including altered flow
regime, stream geomorphology, habitat, and ecology. The presence or absence of an effect of
prairie pothole water storage on streamflow depends on many factors, including patterns of
precipitation, topography, and degree of human alteration. For example, in parts of the prairie
pothole region with low precipitation, low stream density, and little human alteration,

hydrologic connectivity between prairie potholes and streams or rivers is likely to be low.

e Non-floodplain wetlands act as sinks and transformers for various pollutants, especially
nutrients, which at excess levels can adversely impact human and ecosystem health and pose a
serious pollution problem in the United States. In one study, sewage wastewaters were applied
to forested wetlands in Florida for 4.5 years; more than 95% of the phosphorus, nitrate,
ammonium, and total nitrogen were removed by the wetlands during the study period, and
66-86% of the nitrate removed was attributed to the process of denitrification. In another
study, sizeable phosphorus retention (0.3 to 8.0 mg soluble reactive P m-2 d-1) occurred in
marshes that comprised only 7% of the lower Lake Okeechobee basin area in Florida. A non-
floodplain bog in Massachusetts was reported to sequester nearly 80% of nitrogen inputs from
various sources, including atmospheric deposition, and prairie pothole wetlands in the upper
Midwest were found to remove >80% of the nitrate load via denitrification. A large prairie

marsh was found to remove 86% of nitrate, 78% of ammonium, and 20% of phosphate through
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assimilation and sedimentation, sorption, and other mechanisms. Together, these and other
studies indicate that onsite nutrient removal by non-floodplain wetlands is substantial and
geographically widespread. The effects of this removal on rivers are generally not reported in

the literature.

e Non-floodplain wetlands provide unique and important habitats for many species, both common
and rare. Some of these species require multiple types of waters to complete their full life cycles,
including downstream waters. Abundant or highly mobile species play important roles in

transferring energy and materials between non-floodplain wetlands and downstream waters.

e Biological connections are likely to occur between most non-floodplain wetlands and
downstream waters through either direct or stepping stone movement of amphibians,
invertebrates, reptiles, mammals, and seeds of aquatic plants, including colonization by invasive
species. Many species in those groups that use both stream and wetland habitats are capable of
dispersal distances equal to or greater than distances between many wetlands and river
networks. Migratory birds can be an important vector of long-distance dispersal of plants and
invertebrates between non-floodplain wetlands and the river network, although their influence
has not been quantified. Whether those connections are of sufficient magnitude to impact
downstream waters will either require estimation of the magnitude of material fluxes or
evidence that these movements of organisms are required for the survival and persistence of

biota that contribute to the integrity of downstream waters.

e Spatial proximity is one important determinant of the magnitude, frequency and duration of
connections between wetlands and streams that will ultimately influence the fluxes of water,
materials and biota between wetlands and downstream waters. However, proximity alone is not
sufficient to determine connectivity, due to local variation in factors such as slope and

permeability.

e The cumulative influence of many individual wetlands within watersheds can strongly affect the
spatial scale, magnitude, frequency, and duration of hydrologic, biological and chemical fluxes or
transfers of water and materials to downstream waters. Because of their aggregated influence,
any evaluation of changes to individual wetlands should be considered in the context of past and

predicted changes (e.g., from climate change) to other wetlands within the same watershed.

e Non-floodplain wetlands can be hydrologically connected directly to river networks through
natural or constructed channels, nonchannelized surface flows, or subsurface flows, the latter of
which can travel long distances to affect downstream waters. A wetland surrounded by uplands
is defined as “geographically isolated.” Our review found that, in some cases, wetland types such
as vernal pools and coastal depressional wetlands are collectively—and incorrectly—referred to
as geographically isolated. Technically, the term “geographically isolated” should be applied only
to the particular wetlands within a type or class that are completely surrounded by uplands.

Furthermore, “geographic isolation” should not be confused with functional isolation, because
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geographically isolated wetlands can still have hydrologic, chemical, and biological connections

to downstream waters.

e Non-floodplain wetlands occur along a gradient of hydrologic connectivity-isolation with
respect to river networks, lakes, or marine/estuarine water bodies. This gradient includes, for
example, wetlands that serve as origins for stream channels that have permanent surface-water
connections to the river network; wetlands with outlets to stream channels that discharge to
deep ground-water aquifers; geographically isolated wetlands that have local ground-water or
occasional surface-water connections to downstream waters; and geographically isolated
wetlands that have minimal hydrologic connection to other water bodies (but which could
include surface and subsurface connections to other wetlands). This gradient can exist among

wetlands of the same type or in the same geographic region.

e (Caution should be used in interpreting connectivity for wetlands that have been designated as
“geographically isolated” because (1) the term can be applied broadly to a heterogeneous group
of wetlands, which can include wetlands that are not actually geographically isolated; (2)
wetlands with permanent channels could be miscategorized as geographically isolated if the
designation is based on maps or imagery with inadequate spatial resolution, obscured views,
etc.; and (3) wetland complexes could have connections to downstream waters through stream
channels even if individual wetlands within the complex are geographically isolated. For
example, a recent study examined hydrologic connectivity in a complex of wetlands on the Texas
Coastal Plain. The wetlands in this complex have been considered to be a type of geographically
isolated wetland; however, collectively they are connected both geographically and
hydrologically to downstream waters in the area: During an almost 4-year study period, nearly
20% of the precipitation that fell on the wetland complex flowed out through an intermittent
stream into downstream waters. Thus, wetland complexes could have connections to
downstream waters through stream channels even when the individual wetland components

are geographically isolated.

Conclusion 4, Degrees and Determinants of Connectivity: Key Findings

e The surface-water and ground-water flowpaths (hereafter, hydrologic flowpaths), along which
water and materials are transported and transformed, determine variations in the degree of
physical and chemical connectivity. These flowpaths are controlled primarily by variations in
climate, geology, and terrain within and among watersheds and over time. Climate, geology, and
terrain are reflected locally in factors such as rainfall and snowfall intensity, soil infiltration
rates, and the direction of ground-water flows. These local factors interact with the landscape
positions of streams and wetlands relative to downstream waters, and with functions (such as
the removal or transformation of pollutants) performed by those streams and wetlands to

determine connectivity gradients.

e Gradients of biological connectivity (i.e., the active or passive movements of organisms through
water or air and over land that connect populations) are determined primarily by species
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assemblages, and by features of the landscape (e.g., climate, geology, terrain) that facilitate or
impede the movement of organisms. The temporal and spatial scales at which biological
pathways connect aquatic habitats depend on characteristics of both the landscape and species,
and overland transport or movement can occur across watershed boundaries. Dispersal is
essential for population persistence, maintenance of genetic diversity, and evolution of aquatic
species. Consequently, dispersal strategies reflect aquatic species’ responses and adaptations to
biotic and abiotic environments, including spatial and temporal variation in resource availability
and quality. Species’ traits and behaviors encompass species-environment relationships over
time, and provide an ecological and evolutionary context for evaluating biological connectivity

in a particular watershed or group of watersheds.

Pathways for chemical transport and transformation largely follow hydrologic flowpaths, but
sometimes follow biological pathways (e.g., nutrient transport from wetlands to coastal waters
by migrating waterfowl, upstream transport of marine-derived nutrients by spawning of

anadromous fish, uptake and removal of nutrients by emerging stream insects).

Human activities alter naturally occurring gradients of physical, chemical, and biological
connectivity by modifying the frequency, duration, magnitude, timing, and rate of change of
fluxes, exchanges, and transformations. For example, connectivity can be reduced by dams,
levees, culverts, water withdrawals, and habitat destruction, and can be increased by effluent

discharges, channelization, drainage ditches and tiles, and impervious surfaces.

Conclusion 5, Cumulative Effects: Key Findings

Stream and Wetland Connectivity:
A Review and Synthesis

Structurally and functionally, stream-channel networks and the watersheds they drain are
fundamentally cumulative in how they are formed and maintained. Excess water from
precipitation that is not evaporated, taken up by organisms, or stored in soils and geologic
layers moves downgradient by gravity as overland flow or through channels carrying sediment,
chemical constituents, and organisms. These channels concentrate surface-water flows and are
more efficient than overland (i.e., diffuse) flows in transporting water and materials, and are

reinforced over time by recurrent flows.

Connectivity between streams and rivers provides opportunities for materials, including
nutrients and chemical contaminants, to be transformed chemically as they are transported
downstream. Although highly efficient at the transport of water and other physical materials,
streams are dynamic ecosystems with permeable beds and banks that interact with other
ecosystems above and below the surface. The exchange of materials between surface and
subsurface areas involves a series of complex physical, chemical, and biological alterations that
occur as materials move through different parts of the river system. The amount and quality of
such materials that eventually reach a river are determined by the aggregate effect of these
sequential alterations that begin at the source waters, which can be at some distance from the
river. The opportunity for transformation of material (e.g., biological uptake, assimilation, or

beneficial transformation) in intervening stream reaches increases with distance to the river.
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Nutrient spiraling, the process by which nutrients entering headwater streams are transformed
by various aquatic organisms and chemical reactions as they are transported downstream, is
one example of an instream alteration that exhibits significant beneficial effects on downstream
waters. Nutrients (in their inorganic form) that enter a headwater stream (e.g., via overland
flow) are first removed from the water column by streambed algal and microbial populations.
Fish or insects feeding on algae and microbes take up some of those nutrients, which are
subsequently released back into the stream via excretion and decomposition (i.e., in their
organic form), and the cycle is repeated. In each phase of the cycling process—from dissolved
inorganic nutrients in the water column, through microbial uptake, subsequent transformations
through the food web, and back to dissolved nutrients in the water column—nutrients are
subject to downstream transport. Stream and wetland capacities for nutrient cycling have
important implications for the form and concentration of nutrients exported to downstream

waters.

e Cumulative effects across a watershed must be considered when quantifying the frequency,
duration, and magnitude of connectivity, to evaluate the downstream effects of streams and
wetlands. For example, although the probability of a large-magnitude transfer of organisms
from any given headwater stream in a given year might be low (i.e., a low-frequency connection
when each stream is considered individually), headwater streams are the most abundant type of
stream in most watersheds. Thus, the overall probability of a large-magnitude transfer of
organisms is higher when considered for all headwater streams in a watershed—that is, a high-
frequency connection is present when headwaters are considered cumulatively at the
watershed scale, compared with probabilities of transport for streams individually. Similarly, a
single pollutant discharge might be negligible but the cumulative effect of multiple discharges
could degrade the integrity of downstream waters. Riparian open waters (e.g., oxbow lakes),
wetlands, and vegetated areas cumulatively can retain up to 90% of eroded clays, silts, and
sands that otherwise would enter stream channels. The larger amounts of snowmelt and
precipitation cumulatively held by many wetlands can reduce the potential for flooding at
downstream locations. For example, wetlands in the prairie pothole region cumulatively stored

about 11-20% of the precipitation in one watershed.

e The combination of diverse habitat types and abundant food resources cumulatively makes
floodplains important foraging, hunting, and breeding sites for fish, aquatic life stages of
amphibians, and aquatic invertebrates. The scale of these cumulative effects can be extensive;
for example, coastal ibises travel up to 40 km to obtain food from freshwater floodplain
wetlands for nesting chicks, which cannot tolerate salt levels in local food resources until they

fledge.
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CLOSING COMMENTS

The structure and function of downstream waters highly depend on materials—broadly defined as any
physical, chemical, or biological entity—that originate outside of the downstream waters. Most of the
constituent materials in rivers, for example, originate from aquatic ecosystems located upstream in the
drainage network or elsewhere in the drainage basin, and are transported to the river through
flowpaths illustrated in the introduction to this report. Thus, the effects of streams, wetlands, and open
waters on rivers are determined by the presence of (1) physical, chemical, or biological pathways that
enable (or inhibit) the transport of materials and organisms to downstream waters; and (2) functions
within the streams, wetlands, and open waters that alter the quantity and quality of materials and

organisms transported along those pathways to downstream waters.

The strong hydrologic connectivity of river networks is apparent in the existence of stream channels
that form the physical structure of the network itself. Given the evidence reviewed in this report, it is
clear that streams and rivers are much more than a system of physical channels for efficiently conveying
water and other materials downstream. The presence of physical channels, however, is a compelling line
of evidence for surface-water connections from tributaries, or water bodies of other types, to
downstream waters. Physical channels are defined by continuous bed-and-bank structures, which can
include apparent disruptions (such as by bedrock outcrops, braided channels, flow-through wetlands)
associated with changes in the material and gradient over and through which water flows. The
continuation of bed and banks downgradient from such disruptions is evidence of the surface

connection with the channel that is upgradient of the perceived disruption.

Although currently available peer-reviewed literature does not identify which types of non-floodplain
wetlands have or lack the types of connections needed to convey functional effects to downstream
waters, additional information (e.g., field assessments, analysis of existing or new data, reports from
local resource agencies) could be used in case-by-case analysis of non-floodplain wetlands. Importantly,
information from emerging research into the connectivity of non-floodplain wetlands, including studies
of the types identified in Section 4.5.2 of this report, could close some of the current data gaps in the
near future. Recent scientific advances in the fields of mapping, assessment, modeling, and landscape
classification indicate that increasing availability of high-resolution data sets, promising new
technologies for watershed-scale analyses, and methods for classifying landscape units by hydrologic
behavior can facilitate and improve the accuracy of connectivity assessments. Emerging research that
expands our ability to detect and monitor ecologically relevant connections at appropriate scales,
metrics to accurately measure effects on downstream integrity, and management practices that apply
what we already know about ecosystem function will contribute to our ability to identify waters of

national importance and maintain the long-term sustainability and resiliency of valued water resources.
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CHAPTER 1. INTRODUCTION

1.1 Purpose

The objective of the Clean Water Act is to restore and maintain the chemical, physical, and biological
integrity of the nation’s waters. The U.S. Environmental Protection Agency’s (U.S. EPA’s) Office of
Research and Development developed this report to inform rulemaking by the U.S. EPA and U.S. ACE on
the definition of “waters of the United States” under the Clean Water Act (CWA). Its purpose is to
summarize current scientific understanding about the connectivity and mechanisms by which streams
and wetlands, singly or in aggregate, affect the physical, chemical, and biological integrity of
downstream waters. Because this report is a technical review of peer-reviewed scientific literature, it
does not consider or set forth legal standards for CWA jurisdiction. Rather, the report evaluates,
summarizes, and synthesizes the available peer-reviewed scientific literature to address three

questions:

1. What are the physical, chemical, and biological connections to and effects of ephemeral,
intermittent, and perennial streams on downstream waters (e.g., rivers, lakes, reservoirs,

estuaries)?

2. What are the physical, chemical, and biological connections to and effects of riparian or
floodplain wetlands and open waters (e.g., riverine wetlands, oxbow lakes) on downstream

waters?

3. What are the physical, chemical, and biological connections to and effects of wetlands and open
waters in non-floodplain settings (e.g., most prairie potholes, vernal pools) on downstream

waters?

These questions were developed in collaboration with the U.S. EPA’s Office of Water to translate

regulatory questions and terminology into more scientifically relevant questions and terms (Table 1-1).
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This report focuses on the physical, chemical, and biological connections (or lack thereof) by which
small or temporary streams, nontidal wetlands, and certain open waters can affect the integrity of

downstream waters.

In addition to a broad survey of literature responding to the three questions above, the U.S. EPA’s Office
of Water asked the Office of Research and Development to create six case studies with more detailed
reviews of published literature on Carolina and Delmarva bays, oxbow lakes, prairie potholes, prairie

streams, southwestern streams, and vernal pools.

Table 1-1. Translating connectivity-related questions between policy and science. This table presents a
crosswalk of regulatory and scientific questions this report addresses. Policy questions use regulatory

terms (shown in quotation marks) that lack scientific definitions or are defined differently in scientific
usage. All terms used in this report reflect scientific definitions and usage.

Policy question Science question
What tributaries have a “significant®* nexus” to What are the connections to and effects of ephemeral,
“traditional navigable waters”? intermittent, and perennial streams on downstream
waters?

What “adjacent” waters have a “significant* nexus” to | What are the connections to and effects of riparian or
“traditional navigable waters”? floodplain wetlands and open waters on downstream
waters?

What categories of “other waters” have a “significant®* | What are the connections to and effects of wetlands
nexus” to “traditional navigable waters”? and open waters in non-floodplain settings on
downstream waters?

* “Significant,” as used here, is a policy determination informed by science; it does not refer to statistical significance.

1.2 Scientific Context
1.2.1 Concepts of Connectivity in Hydrology and Ecology

Streams, wetlands, and other surface waters interact with ground water and terrestrial environments
throughout the landscape, from the mountains to the oceans. Thus, an integrated perspective of the
landscape, described in this section, provides the appropriate scientific context for evaluating and
interpreting evidence about the physical, chemical, and biological connectivity of streams, wetlands, and

open waters to downstream waters.

Connectivity has long been a central tenet for the study of aquatic ecosystems. The River Continuum
Concept (Vannote et al., 1980) viewed the entire length of rivers, from source to mouth, as a complex
hydrologic gradient with predictable longitudinal patterns of ecological structure and function. The key
pattern is that downstream communities are organized, in large part, by upstream communities and
processes (Vannote et al., 1980; Battin et al,, 2009). The Serial Discontinuity Concept (Ward and
Stanford, 1983) built on the River Continuum Concept to improve our understanding of how dams and
impoundments disrupt the longitudinal patterns of flowing waters with predictable downstream effects.

Stream and Wetland Connectivity:

A Review and Synthesis 12 January 2015




The Spiraling Concept (Webster and Patten, 1979; Newbold et al,, 1981; Elwood et al., 1983) described
how river network connectivity can be evaluated and quantified as materials cycle from dissolved forms
to transiently stored forms taken up by living organisms, then back to dissolved forms, as they are
transported downstream (Section 3.4.1). These three conceptual frameworks focused on the
longitudinal connections of river ecosystems, whereas the subsequent flood pulse concept (Junk et al.,
1989) examined the importance of lateral connectivity of river channels to floodplains, including
wetlands and open waters, through seasonal expansion and contraction of river networks. Ward (1989)
summarized the importance of connectivity to lotic ecosystems along four dimensions: longitudinal,
lateral, vertical (surface-subsurface), and temporal connections; he concluded that running water
ecosystems are open systems that are highly interactive with both contiguous habitats and other
ecosystems in the surrounding landscape. As these conceptual frameworks illustrate, scientists have

long recognized the hydrologic connectivity that the physical structure of river networks represents.

More recently, scientists have incorporated this connected network structure into conceptual
frameworks describing ecological patterns in river ecosystems and the processes linking them to other
watershed components, including wetlands and open waters (Power and Dietrich, 2002; Benda et al,,
2004; Nadeau and Rains, 2007; Rodriguez-Iturbe et al., 2009). The Network Dynamic Hypothesis (Benda
et al,, 2004) is a physically based framework for predicting patterns of habitat heterogeneity observed
along a river, based on dynamics that generate potential biological “hotspots” at tributary confluences. It
essentially reexamines earlier, linearly driven frameworks given the patchy and stochastic nature of
lotic ecosystems (e.g., Resh et al,, 1988; Townsend, 1989; Rice et al,, 2001), and thus reflects a more
realistic river network perspective. Bunn and Arthington (2002) identified natural flow variability and
associated lateral and longitudinal connectivity of stream channels and floodplains as two principal
mechanisms linking hydrology to aquatic biodiversity of riverine species (also Leigh et al,, 2010). In
addition, application of metapopulation theory and population genetic theory to natural populations has
greatly improved our understanding of the role of dispersal and migration in the demographic
persistence, community assembly, and evolution of aquatic species (Hastings and Harrison, 1994;
Moilanen and Hanski, 1998; Hanski, 1999; Pannell and Charlesworth, 2000; Fagan, 2002; Bohonak and
Jenkins, 2003; Waples, 2010; Fronhofer et al., 2012). Sheaves (2009) emphasized the key ecological
connections—which include process-based connections that maintain habitat function (e.g., nutrient
dynamics, trophic function) and movements of individual organisms—throughout a complex of
interlinked freshwater, tidal wetland, and estuarine habitats as critical for the persistence of aquatic

species, populations, and communities over the full range of time scales.

1.2.2 Connectivity Gradients and Descriptors

The landscape and flowpath perspectives illustrated in Figure 1-1 draw heavily from the connectivity
frameworks described in Section 1.2.1. These perspectives are essential to understanding connections
from streams, wetlands, and open waters that affect the integrity of downstream waters. Connectivity is
defined here as the degree to which components of a watershed are joined and interact by transport
mechanisms that function across multiple spatial and temporal scales (Section 2.3.2.1). The primary

transport mechanisms considered in this report are surface-water and shallow ground-water flows,
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Table 1-2. Dimensions of watershed connectivity.

Dimension Examples and flowpaths in Figure 1-1 or Figure 1-2

Longitudinal Streamflow and downstream transport of materials, organisms (1-1A); hyporheic flow
(1-1A); ground-water flow through local and larger scale aquifers (1-1A), aquatic or
overland movement of organisms in or along stream channels (1-1B); biogeochemical
transport and transformation (1-1B) (Alexander et al., 2007; Freeman et al., 2007)

Lateral Overbank flow and transport from channels into banks, floodplains, and riparian areas
(1-1A); spillage and transport from wetlands and open waters into streams (1-1A);
overland flow and interflow (1-1A); ground-water recharge from streams and wetlands
(1-1A); bank storage (1-1A); transport or movement of organisms between streams and
wetlands or open waters (1-1B) (Ward, 1989; Stanford and Ward, 1993)

Vertical Surface-subsurface exchange of water, materials, organisms (1-1A and 1-1B); ground-
water recharge from streams and wetlands (1-1A); atmospheric losses (1-1A) (Amoros
and Bornette, 2002; Banks et al., 2011)

Temporal Variable source area (1-2); seasonal cycles of wetland inundation and outflow to
streams (1-1A); migration or diapause of aquatic organisms (1-1B) (Hewlett and
Hibbert, 1967; Bohonak and Jenkins, 2003; Zedler, 2003)

transport and transformation of physical and chemical materials, and movements of aquatic and
semiaquatic organisms, all of which connect watersheds in four dimensions (Table 1-2). Figure 1-1
illustrates the continuous hydrologic flowpaths (Figure 1-1A) and biological pathways (Figure 1-1B)
that connect watershed components spatially; Figure 1-2 illustrates the temporal dynamics of
hydrologic flowpaths (Sections 2.2.3 and 2.3.2.2).

Although all parts of a watershed are connected to some degree—by the hydrologic cycle or dispersal of
organisms, for example—the degree of connectivity among aquatic components varies along a
continuum from highly connected to highly isolated. This continuum can be described in terms of the
frequency, duration, magnitude, timing, and rate of change (Poff et al., 2007) of physical and
chemical fluxes to and biological exchanges with downstream waters. These terms, which we refer to
collectively as connectivity descriptors, characterize the range over which streams and wetlands vary
and shift along the connectivity gradient in response to changes in natural and anthropogenic factors
and, when considered in a watershed context, can be used to predict probable effects of different
degrees of connectivity over time. These and similar descriptors are used in hydrology and disturbance
ecology to characterize the variability and alteration of natural flow regimes (Resh et al., 1988; Poff,
1992; Poff et al,, 1997; Lake, 2000; Leibowitz et al., 2008). For example, in hydrology, magnitude is the
amount of water moving past a fixed location per unit time, frequency is how often a particular flow
magnitude occurs, duration is a measure of how long a particular flow magnitude persists, and rate of
change is how quickly one type of flow changes to another. Because the presence of water determines
hydrologic connectivity, these descriptors also can be used to describe the timing and magnitude of
hydrologic connections. Further, they can describe other types of connections. The number of

individuals immigrating or emigrating during a dispersal event, for example, could be used to determine
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Figure 1-1A. Hydrologic flowpaths. Arrows are representative of surface-water and ground-water flows occurring throughout the watershed.
Subsurface flows are shown within the cross section, and by faded arrows outside the cross section.
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Figure 1-1B. Biological flowpaths. Arrows are representative of biological pathways occurring throughout the watershed. This figure also

includes representative biogeochemical pathways occurring in streams and floodplains.
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Figure 1-2. Temporal dynamics of hydrologic flowpaths. (A) A riverscape at peak hydrologic expression.
(B) The same riverscape in a dry period. Intermittent and ephemeral streams, and some wetlands, are dry.
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the magnitude of the event; the probability, length, and predictability of similar events could be
expressed in terms of their frequency, duration, and timing; and fluctuations in dispersal could be

described as the rate of change through time (e.g., across seasons or years).

Stream and wetland connections have particularly important consequences for downstream water
integrity. Longitudinal flows through ephemeral, intermittent, and perennial stream channels

(Figure 1-1A, blue lines and arrows) are much more efficient for transport of water, materials, and
organisms than diffuse overland flows and interflows (Figure 1-1A, green arrows). Over time, stream
transport pathways are reinforced by recurrent flows that maintain channel form. Areas that
concentrate water also provide mechanisms for storage, transformation, and transport of materials.
Differences in flow frequency, duration, magnitude, timing, and rate of change (e.g., rapid flow in
mountain streams, slow flow through glacial ice or bedrock, intermittent flow in seasonal streams,
ephemeral flow in arid rivers) create conditions needed for a range of ecosystem functions that affect
downstream waters. Such functions include short- and long-term storage of water and sediment,
transformation or sequestration of contaminants, recycling of excess nutrients, provision of habitat for
aquatic and semiaquatic species, recharge of river baseflow, and provision of drinking water for humans
and wildlife. For example, areas that are prone to wetting and drying cycles in response to seasonal
conditions (e.g, stream and wetland perimeters shown in Figure 1-1A) are “hotspots” for chemical

transformations (Vidon et al., 2010).

Ultimately, differences in the frequency, duration, magnitude, timing, and rate of change of physical,
chemical, and biological connections describe different positions along the connectivity gradient and
produce different types of downstream effects. For example, highly connected stream channels convey
water and channel-forming sediment to rivers, whereas highly isolated wetlands can reduce flooding
and store excess sediment. Connections with low values of one or more descriptors (e.g., low-frequency,
short-duration flooding) can have important downstream effects when values for other descriptors are
high (e.g., large-magnitude downstream transfer of floodwaters, sediment, large woody debris, and
organisms). At the other end of the frequency gradient, high-frequency, low-magnitude vertical and
lateral flows (Table 1-2) contribute to aquatic biogeochemical processes, including nutrient and
contaminant transformation and organic matter accumulation (e.g., Brunke and Gonser, 1997; Karwan
and Saiers, 2012; Lawrence et al.,, 2013).

In addition, timing is a key connectivity descriptor that can influence downstream waters. For example,
when soils are saturated by previous rainfall events, even low or moderate rainfall can cause streams or
wetlands to overflow, transporting water and materials to downstream waters. The same wetland or
wetland type can attenuate floods or generate floods, depending on hydrologic conditions (Acreman and
Holden, 2013). Predictable events also can profoundly influence the effects of connections. Wetlands and
river networks expand and contract in response to seasonal and decadal cycles and longer term changes
in environmental conditions. In wet conditions (Figure 1-2A), streams and rivers expand longitudinally
into headwaters and laterally into floodplains or riparian areas, wetlands inundate and connect via
surface water and ground water to other wetlands and the stream network, the water table rises, and

local aquifers are recharged. In dry conditions (Figure 1-2B), the river network is limited to perennial
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streams, wetlands dry down, and the water table level lowers. Seasonal flooding and drying events over
an annual cycle are formative processes of physical, chemical, and biological attributes of streams in the
western United States (Gasith and Resh, 1999). Large seasonal waterfowl migrations can move
nutrients, plants (seeds), and invertebrates between wetlands and downgradient waters (Figuerola and
Green, 2002; Green and Figuerola, 2005; Frisch et al., 2007). Fish that use nonperennial or perennial
headwater stream habitats to spawn or rear young, and invertebrates that move into seasonally
inundated floodplain wetlands prior to emergence, have life cycles that are synchronized with the timing
of flows and flood pulses, temperature thresholds, and food resource availability in those habitats (Junk
etal, 1989; Falke et al,, 2010).

The surface-water and ground-water flowpaths along which water and materials are transported and
transformed (Sections 2.2.2, 3.3, 3.4, 4.3.2,4.3.3, 4.4.2, and 4.4.3; Figure 1-1A) determine variations in
the degrees of physical and chemical connectivity. These flowpaths are controlled primarily by variation
in climate, geology, and terrain within and among watersheds and over time. These factors have been
used to group watersheds into hydrologic landscapes units that, although not necessarily spatially
contiguous, are predicted to exhibit similar hydrologic function (Wolock et al., 2004; Wigington et al.,
2013). Climate, geology, and terrain are reflected locally in factors such as rain and snowfall intensity,
soil infiltration rates, and the direction of ground-water flows. These local factors interact with stream
and wetland function and landscape position to influence degrees of connectivity through time and
across space. When considered together with these local factors, hydrologic landscapes could provide a
regional context for evaluating the physical and chemical connectivity of streams and wetlands in a

particular watershed or group of watersheds (Section 2.4.1).

Gradients of biological connectivity (i.e., the active or passive movements of organisms through water
and air and over land that connect populations of aquatic species; Sections 3.5, 4.3.4, and 4.4.4; Figure
1-1B) are determined primarily by species assemblages and by landscape features, including the factors
discussed above, that facilitate or impede the movement of organisms. Organisms move across the
landscape to colonize new habitats, avoid inbreeding, escape predation or competition, locate mates,
and acquire resources needed to survive and reproduce. The temporal and spatial scales at which
biological pathways connect aquatic habitats depend on characteristics of both the landscape and
species, and overland transport or movement can occur across watershed boundaries. Dispersal is
essential at higher levels of biological organization for population persistence, maintenance of genetic
diversity, and evolution of aquatic species (Labbe and Fausch, 2000; Fagan, 2002; Malmqvist, 2002;
Bohonak and Jenkins, 2003; Armsworth and Roughgarden, 2005). Consequently, dispersal strategies
reflect aquatic species’ responses and adaptations to biotic and abiotic environments, including spatial
and temporal variation in resource availability and quality (e.g., Clobert et al., 2009). Dispersal-related
traits and behaviors (e.g., habitat specialization, dispersal mode, behavioral response to environmental
cues) therefore encompass species-environment relationships over time and provide an ecological and
evolutionary context for evaluating biological connectivity in a particular watershed or group of

watersheds.
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Pathways for chemical transport and transformation largely follow hydrologic flowpaths (Figure 1-14A),
but sometimes follow biological pathways (e.g., nutrient transport from wetlands to coastal waters by
migrating waterfowl, upstream transport of marine-derived nutrients by anadromous fish, uptake and
removal of nutrients by emerging stream insects; Figure 1-1B). The transport and transformation of
nutrients (e.g., sequential transformations, Section 2.3.2.1; and nutrient spiraling in streams, Section
3.4.1) and other chemicals associated with water integrate physical, chemical, and biological

connectivity of streams and wetlands to downstream waters (Figure 1-1B).

1.2.3 Cumulative Effects of Streams and Wetlands on Downstream
Waters

Stream and wetland connectivity to downstream waters, and the resulting effects on downstream water
integrity, must be considered cumulatively. First, when considering the effect of an individual stream or
wetland, including the cumulative effect of all the contributions and functions that a stream or wetland
provides is essential. For example, the same stream transports water, removes excess nutrients,
mitigates flooding, and provides refuge for fish when conditions downstream are unfavorable; ignoring

any of these functions would underestimate the overall effect of that stream.

Secondly, stream channel networks and the watersheds they drain are fundamentally cumulative in how
they are formed and maintained. Excess precipitation that is not evaporated, taken up by organisms, or
stored in soils and geologic layers moves downgradient as overland flow or through channels, which
concentrate flows and carry sediment, chemical constituents, and organisms (Sections 3.3, 3.4, and 3.5).
As flows from numerous headwater channels combine in larger channels, the volume and effects of
those flows accumulate as they move through the river network. As a result, the incremental
contributions of individual streams and wetlands accumulate in the downstream waters. Important
cumulative effects are exemplified by ephemeral flows in arid landscapes, which are key sources of
baseflow for downgradient waters (Sections 5.6 and B.5; Schlesinger and Jones, 1984; Baillie et al., 2007;
Izbicki, 2007), and by the high rates of denitrification in headwater streams (Section 3.4.1). The amount
of nutrients removed by any one stream over multiple years or by all headwater streams in a watershed
in a given year can have substantial consequences for downstream waters (Alexander et al., 2007;
Alexander et al., 2009; Bohlke et al., 2009; Helton et al., 2011). Similar cumulative effects on
downstream waters have been documented for other material contributions from headwater streams
(Chapter 3). For example, although the probability of a large-magnitude transfer of organisms from any
given headwater stream in a given year might be low (i.e., a low-frequency connection when each stream
is considered individually), headwater streams are the most abundant type of stream in most
watersheds (Section 3.2). Thus, the overall probability of a large-magnitude transfer of organisms is
higher when considered for all headwater streams in a watershed—that is, there is a high-frequency
connection when considered cumulatively at the watershed scale, compared with probabilities of
transport for streams individually. Similarly, a single pollutant discharge might be negligible but the

cumulative effect of multiple discharges could degrade the integrity of downstream waters.
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Evaluating cumulative contributions over time is critical in streams and wetlands with variable degrees
of connectivity. For example, denitrification in a single headwater stream in any given year might not
affect downstream waters; over multiple years, however, this effect could accumulate. Western vernal
pools provide another example of cumulative effects over time. These pools typically occur as complexes
in which the hydrology and ecology are tightly coupled with the local and regional geological processes
that formed them (Section B.6). When seasonal precipitation exceeds wetland storage capacity and
wetlands overflow into the river network and generate stream discharge, the vernal pool basins, swales,
and seasonal streams function as a single surface-water and shallow ground-water system connected to

the river network.

1.2.4 Effects of Human Activities on Connectivity

Human activities alter naturally occurring gradients of physical, chemical, and biological connectivity by
modifying the frequency, duration, magnitude, timing, and rate of change of fluxes, exchanges, and
transformations. For example, all dimensions of connectivity (Table 1-2) can be reduced by dams and
levees (Ward and Stanford, 1983; Ligon et al., 1995; Collier et al., 1996; Wohl, 2005; Franklin et al,,
2009), water withdrawals (Haag and Pfeiffer, 2012), and habitat destruction. Alternatively, connectivity
can be increased by point source discharges (Brooks et al., 2006); channelization, drainage ditches, and
tiles (Randall et al., 1997; Min et al., 2010); and storm drains and impervious surfaces (Booth, 1990; Paul
and Meyer, 2001; Elmore and Kaushal, 2008; Walsh et al., 2012). The effects of human activities on
connectivity are often complex. For example, a levee will decrease connectivity between a river channel
and its floodplain at the levee site, but might increase connectivity of the channel and floodplain farther
downstream, due to increased flow. Similarly, drainage ditches that increase hydrologic connectivity
between isolated aquatic systems also can decrease biological connectivity through habitat loss and

fragmentation.

Human activities modify the natural biological processes, material fluxes, and energy fluxes that link
watershed components, resulting in a suite of stressors with measurable effects on downstream
ecosystems. Some of these activities are illustrated in a hypothetical watershed (Figure 1-3). In

Figure 1-3 (A), buried and ditched streams have eliminated aquatic habitat, increased downstream
export of runoff and contaminants, and eliminated stream functions that could benefit downstream
water quality. Figure 1-3 (B) shows a dam and reservoir that have constrained natural river expansion
and contraction cycles by increasing water storage, trapping sediment, and regulating the volume and
timing of river discharge. Dams and reservoirs also block upstream movement of migrating fish and
other organisms, alter riparian areas, and impair riparian and floodplain wetland functions. In Figure
1-3 (C), levees and channelization have disconnected the river from its floodplain; decreased exchange
of water, materials, and biota between the channel bed and hyporheic zone; and eliminated stream and
wetland habitats. In addition, levees decrease the volume of river discharge at the levee site, but
increase discharge downstream of the levee site. In Figure 1-3 (D), urban stormwater drainage has
increased export of runoff and contaminants from impervious surface areas, altered stream
temperature, and impaired instream habitats. In Figure 1-3 (E), drained and ditched wetlands have

impaired wetland habitat and functions; increased downstream export of excess nutrients and
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Figure 1-3. Effects of human alterations on watershed connectivity. See Section 1.2.4 for description of alterations illustrated in A-G.
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Figure 1-4. The role of connectivity in maintaining the physical, chemical, and biological integrity of
water. Climate, landscape, and species’ traits (Influencing Factors) interact to form Connections
(hydrologic, chemical, and biological) that control the frequency, duration, magnitude, timing, and rate
of change of material and energy fluxes, and biological dynamics (Processes) linking watershed

components. The Functions by which these connections affect downstream waters modify the timing
of transport and the quantity and quality of resources available to downstream communities.
Biomonitoring programs have developed structural metrics for assessing physical habitat, water
quality, and biological assemblages as indicators of the physical, chemical, and biological integrity of
downstream waters (Assessment Endpoints and Metrics).
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other contaminants; and decreased recharge of local and regional aquifers. In Figure 1-3 (F), ground-

water withdrawal has lowered the water table, disconnecting surface water and ground water, thereby

causing local streams and wetlands to dry. Finally, in Figure 1-3 (G), pollutant discharges into effluent-

dominated streams have altered the volume and timing of streamflow, and increased the export of

contaminants into streams. Because watersheds typically experience multiple covarying stressors,

determining the cause of a specific downstream effect can be difficult. Relating observed effects to

probable causes requires not only reliable measures of candidate stressors and observed effects, but

also a clear understanding of the intermediate processes that link them mechanistically (U.S. EPA, 2010;

Farrar et al,, 2014).

Multiple indicators and measures have been proposed for detecting and quantifying changes in

connectivity associated with human activities (With et al., 1997; Tischendorf and Fahrig, 2000; Moilanen
and Nieminen, 2002; Calabrese and Fagan, 2004; Martin and Soranno, 2006; Fullerton et al., 2010;
Hermoso et al., 2012). Impairments that result from structural alteration of landscape attributes (e.g.,

dam construction, channel incision, loss of overland dispersal corridors) are relatively easier to detect

and quantify than impairments of functional processes (e.g, altered nutrient dynamics, reduced gene
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flow), but both have important consequences for the short- and long-term integrity of freshwater
ecosystems. Palmer and Febria (2012) proposed that ecosystem impairment can be better identified and
diagnosed by a combination of structural and functional metrics than by either type alone. Because
connectivity can be defined in both structural and functional terms and is an integral component of
aquatic ecosystem integrity, this approach is more appropriate for detecting and assessing effects of
altered connectivity. To this end, systematic approaches that are rooted in landscape analysis and which
incorporate hydroecological dynamics present in streams and wetland complexes (Section 2.4.6) are
likely to provide useful information for inferring when and where altered connectivity is a cause of

impairment to water resources.

1.3 Report Approach

In this report, we focus entirely on peer-reviewed, publicly accessible sources of information about
surface-water and ground-water (particularly shallow ground-water) connections and interactions from
streams, wetlands, and open waters that influence the function and condition of downstream surface
waters (Figure 1-5). Information about connections among water bodies of the same type (e.g., wetland-
to-wetland or headwater stream-to-headwater stream connections) and connections from terrestrial

systems to downstream waters are considered out of scope (Figure 1-5).

The topical scope of this report was chosen to consider waters that often fall under the purview of the
CWA. As a scientific review, however, this report does not consider or make judgments regarding legal
standards for CWA jurisdiction. Our review of subsurface flows emphasizes shallow (local) ground
water, because flows in this category have the greatest interchange with surface waters (Winter et al.,
1998) although relevant surface-subsurface exchanges occur at depths ranging from centimeters to tens
of meters, depending on geographic location, stream channel geometry, and other factors (Woessner,
2000). As with any literature review, readers should refer to the cited publications for quantitative
information, such as flow distance, depth, duration, timing, and magnitude, about specific surface-water
and ground-water connections, and for other details about the systems and studies discussed in this

report.

To identify connections and effects of streams, wetlands, and other water bodies on downstream waters,
we used two types of evidence from peer-reviewed, published literature: (1) direct evidence that
demonstrated a connection or effect (e.g., observed transport of materials or movement of organisms
from streams or wetlands to downstream waters) and (2) indirect evidence that suggested a connection
or effect (e.g., presence of environmental factors known to influence connectivity, a gradient of
impairment associated with cumulative loss of streams or wetlands). In some cases, an individual line of
evidence demonstrated connections along the entire river network (e.g., from headwaters to large
rivers). In most cases, multiple sources of evidence were gathered and conclusions drawn via logical
inference—for example, when one body of evidence shows that headwater streams are connected to
downstream segments, another body of evidence shows those downstream segments are linked to other
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Figure 1-5. Waters and connections considered to be within scope for this report.
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segments farther downstream, and so on. This approach, which borrows from weight-of-evidence
approaches in causal analysis (Suter et al., 2002; Suter and Cormier, 2011), is an effective way to
synthesize the diversity of evidence needed to address questions at larger spatial and longer temporal

scales than are often considered in individual scientific studies.

1.3.1 Selection and Screening of Scientific Materials

We searched the scientific literature for information on the types of waters, connections, and
downstream effects identified in the report objectives and scope (Section 1.1; Figure 1-5). We conducted
keyword searches using terms inclusive of the types of waters, connections, and downstream effects of
interest (e.g., [wetland* AND [river* OR stream*] AND [connect* OR isolat*]]). Because simple keyword
searches would have omitted relevant publications, we also searched for literature on related topics.
Topics included conceptual frameworks of watershed and landscape connectivity; hydrologic flowpaths
among watershed components; biogeochemical transformation and cycling in streams and wetlands;
natural or artificial tracers of difficult-to-observe flows (e.g., ground-water flow, gene flow); chemical
and biological processes associated with aquatic habitat fragmentation and spatial isolation; and climate
or landscape factors that influence connectivity or isolation. We also reviewed citations provided by
peer-review panels and in public comments on drafts of the report. We then screened those results and
selected the most relevant publications for review and synthesis in this report, based on the criteria in
Figure 1-6.

We used science citation databases and search engines available through Web of Science™ and Google
Scholar™ to search primary (original research) and secondary (review) literature. These searches
included examination of references citing or cited in relevant publications obtained through specific

searches.

Because the breadth and depth of topics covered in this report made an exhaustive literature review
impractical, we emphasized highly influential papers on relevant topics, review papers that summarized
multiple studies in narrative form, meta-analyses that used statistical methods to combine results from
multiple independent studies into a single evaluation of evidence, and superseding editions or versions
of published research. Publications that did not provide new information, an alternative perspective or
interpretation of evidence, or a technical improvement (e.g., improved accuracy or better study design)
were not summarized in the report to avoid redundancy and excessive length and detail.

We summarized the relevant literature in narrative form and organized each chapter into lines of
evidence pertaining to different types of connections (physical, chemical, biological) for different types
of systems (streams, riparian/floodplain wetlands, non-floodplain wetlands). Lines of evidence were
evaluated for strength, consistency, mechanistic plausibility, and relevance to the endpoints identified in
the report objectives. Finally, conclusions for each of the report’s three questions were derived from the

key findings, and placed in context with concepts and evidence provided in each chapter.

Cited in this report are 1,353 references. Most were published in refereed scientific journals (86%), as

scientific reports by federal agencies that follow peer-review guidelines of the Office of Management and
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Figure 1-6. Flow chart for screening and compiling literature.

1. Search literature on streams,
wetlands, and open waters; review
citations provided by peer reviewers

and public comments.

2. For each publication under
consideration:

3. Does it
contain scientific
information about the physical,
chemical, or biological connectivity of
streams, wetlands, or open waters to
larger downstream waters (e.g., rivers,
lakes, coastal waters)?

Stop

(Figure 1-5)

4. Has it been
peer reviewed* or
verified for quality
assurance?

Stop

5. Does it present new
information on a relevant topic,

alternative interpretations of existing
information, or technical improvements
to studies already reviewed?

Stop

6. Add to compiled literature for
further evaluation.

* Peer review is the formal evaluation of scientific information by independent experts who were not involved in the work but
have equivalent scientific and technical expertise. Its purpose is to ensure that materials accepted for publication have been
critically reviewed and revised as needed to meet the documented standards of scientific integrity and quality for specific

journals or organizations. All reports published by the U.S. EPA Office of Research and Development meet or exceed peer-review

requirements established by the Office of Management and Budget (OMB, 2004).
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Budget (4%), or scientific books (~9%). The remaining citations refer to photographs, maps, non-federal
reports, or websites (<1%) that provide supplemental information.

1.3.2 Report Structure

The report is organized into six chapters. Chapter 1 outlines the purpose, scientific context, and
approach of the report. Chapter 2 describes the components of a river system and watershed; the types
of physical, chemical, and biological connections that link those components; the factors that influence
connectivity at various temporal and spatial scales; and methods for quantifying connectivity. Chapter 3
reviews literature on connectivity in stream networks in terms of physical, chemical, and biological
connections and their resulting effects on downstream waters. Chapter 4 reviews literature on the
connectivity and effects of nontidal wetlands and certain open waters on downstream waters. Chapter 5
applies concepts and evidence from previous chapters to the case studies detailed in Appendix B.
Chapter 6 presents the five major conclusions of this report, with a summary of key findings from the
literature synthesized to develop these conclusions. It also discusses the relative abundance of literature
on topics reviewed in this report, and briefly discusses emerging research that can close some current
data gaps identified in the report. A glossary of scientific terms used in the report and detailed case
studies of selected systems (summarized in Chapter 5) are included in Appendix A and Appendix B,

respectively.

1.4 Summary

This report evaluates, summarizes, and synthesizes available peer-reviewed scientific literature on the
connectivity and mechanisms by which streams, wetlands, and open waters, singly or in aggregate,

affect the physical, chemical, and biological integrity of downstream waters.

Connectivity has long been a central tenet for the study of aquatic ecosystems. Water<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>