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Abstract

Streams, riparian areas, floodplains, alluvial aquifers and downstream waters (e.g., large rivers,
lakes, oceans) are interconnected by longitudinal, lateral, and vertical fluxes of water, other
materials and energy. Collectively, these interconnected waters are called fluvial hydrosystems.
Physical and chemical connectivity within fluvial hydrosystems is created by the transport of
nonliving materials (e.g., water, sediment, nutrients, contaminants) which either do or do not
chemically change (chemical and physical connections, respectively). A substantial body of
evidence unequivocally demonstrates physical and chemical connectivity between streams and
riparian wetlands and downstream waters. Streams and riparian wetlands are structurally
connected to downstream waters through the network of continuous channels and floodplain form
that make these systems physically contiguous, and the very existence of these structures provides
strong geomorphologic evidence for connectivity. Functional connections between streams and
riparian wetlands and their downstream waters vary geographically and over time, based on
proximity, relative size, environmental setting, material disparity, and intervening units. Because
of the complexity and dynamic nature of connections among fluvial hydrosystem units, a complete
accounting of the physical and chemical connections and their consequences to downstream
waters should aggregate over multiple years to decades.
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INTRODUCTION

Streams are flowing water bodies that occur as hierarchical, interconnected networks
draining surface and subsurface water from watersheds to downstream waters (e.g., large
rivers, lakes, estuaries, and oceans). Stream channels, riparian areas, floodplains, underlying
alluvial aquifers, and downstream waters have been collectively described as the fluvial
hydrosystem (Petts and Amoros, 1996). Most (98%) of fluvial hydrosystems in North
America drain to oceans through surface and subsurface flow paths (Vérosmarty et al.,
2000). Connectivity is a fundamental property of fluvial hydrosystems, which are
characterized by longitudinal, lateral, and vertical fluxes of energy, materials and biota
within and among hydrosystem units (Figure 1). The types of connections formed by fluxes
through fluvial hydrosystems can be broadly classified as physical, chemical, or biological
based on the type of material and energy conveyed (Lamberti et al., 2010).

The objective of this paper is to review and synthesize existing evidence of the physical and
chemical connections by which streams and associated riparian and floodplain wetlands
influence the structure and function of downstream waters. The synthesis includes
identifying nine key factors governing how downstream waters are connected to and then
respond to the fluxes from streams and wetlands. Hereafter, we use the term rijparian wetland
to collectively describe both floodplain wetlands and other wetlands in riparian areas.
Riparian wetlands are distinguished from wetlands situated outside of floodplains and
riparian areas by having at least occasional bidirectional, lateral hydrologic flows with the
adjacent stream or river segment (Alexander et al., this issue; Lane et al., this issue).
Bidirectional flows can be through overbank and hyporheic flows during the lateral
expansion and subsequent contraction associated with periodic flooding and other water
level oscillations (e.g., seiches, tides).

Physical connections refer to the transport of nonliving materials that do not chemically
change en route from streams and riparian wetlands to downstream waters, whereas
chemical connections refer to the transport of nonliving materials that can chemically
change. Although we recognize that streams and wetlands also exchange water and other
materials with nearby terrestrial and deep ground-water systems, this review only considers
surface and shallow subsurface flow paths that establish physical and chemical connections
from streams and riparian wetlands to larger surface waters, such as rivers, lakes, and coastal
bays (Alexander et al., this issue). Evidence of the numerous biological connections between
fluvial hydrosystem units by the active and passive movements of living organisms is
reviewed by Schofield et al. (this issue). However, this paper does consider biological
activities of microbes, primary producers, invertebrates, and vertebrates, in terms of their
importance in mediating fluxes of nonliving material between fluvial hydrosystem units.
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SYNTHESIZING CONCEPTUAL FRAMEWORKS OF CONNECTIVITY

Connectivity is defined by Leibowitz et al. (this issue) as the degree to which different
fluvial hydrosystem units, including streams, riparian wetlands, and downstream waters, are
joined and interact, both structurally and functionally. Structural connectivity (or
connectedness sensu Baudry and Merriam, 1988) describes the spatial configuration and
contiguity of units, whereas functional connectivity describes the spatiotemporally-variable
processes linking units (Amoros et al., 1996). Connectivity, therefore, reflects not only the
composition and spatial configuration of fluvial hydrosystem units but also how the
movement, transformation, and other processes of materials and energy respond to those
structural aspects.

The connections that integrate units of environmental systems can be described based on
their physical structure, transmission mechanisms, materials conveyed, temporal dynamics,
and influences on other units. The functional connectivity framework (Leibowitz et al.,
2008; Leibowitz et al., this issue) classifies connectivity according to the functions by which
streams and wetlands affect material and energy fluxes to downstream waters. Central to the
functional connectivity framework is the idea that fluxes from watershed units to
downstream waters can be mediated by 1) functions occurring within units that affect
material and energy fluxes and 2) alteration of connectivity or isolation between units that
allows or prevents the transport of materials and energy. The distinction between functions
occurring within a unit and the transport of materials from a unit to downstream waters
varies with the unit. Within-unit functions and downstream transport can occur
simultaneously when and where streams are flowing or when rivers and riparian wetlands
are connected by high water conditions. Within-unit functions and downstream transport
become more distinct when streams and riparian wetlands are temporarily disconnected
from downstream waters by drying or other factors that halt or delay transport between units.
Most within-unit functions continue under such conditions (although some may be enhanced
or suppressed), but the fluvial transport of materials and energy downstream is dramatically
reduced or temporarily ceases.

Characterizing connectivity in fluvial hydrosystems that span large, heterogeneous areas can
be daunting (Lamberti et al., 2010), even for the relatively narrow set of flow paths
considered in this review. It may be helpful to consider the downstream connections of
streams and wetlands in terms of the interacting structural and functional elements of flow
paths that propagate ecological influence from one hydrosystem unit to another. Reiners and
Driese (2001; 2003) proposed a framework for documenting propagation events — that is,
how conditions in one location can lead to ecological effects elsewhere. This framework
divides propagation events into four elements: 1) the causal agent that initiates event or
chronic condition; 2) the conveyance mechanism or vector; 3) the conveyed entity; and 4)
the locus of deposition or consequence (Figure 2). In terms of propagation events, streams
and their associated riparian wetlands can be considered the causal agents that result in
effects at a downstream water (i.e., the locus of consequence).

There are parallels between how the functional connectivity framework classifies
connectivity between fluvial hydrosystem units and how others have classified interfaces or
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boundaries (Amoros et al., 1996; Strayer et al., 2003). For example, conveyance mechanisms
and boundaries can be further classified into exchanges or boundary functions that transfer
materials and energy (can be neutral to or amplify the transfer) and those that fi/ter, which
absorb, reflect, slow or accelerate movement of material energy through obstruction, storage
and transformation (Amoros et al., 1996; Strayer et al., 2003). These classifications describe
changes in the form and quantities of conveyed entities or materials as they are transported
by the conveyance vector from the causal agent to the locus of consequence (Figure 2).
Water flow (this paper) and the movement of aquatic fauna (Schofield et al., this issue) are
the dominant transport or conveyance mechanisms for cause and effect in fluvial
hydrosystems. Table 1 uses examples of stream and riparian wetland connections to
downstream waters to align the functional connectivity framework with other frameworks
that describe the interactions between fluvial hydrosystem units.

PHYSICAL AND CHEMICAL CONNECTIONS AS FUNCTIONS

The functional connectivity framework classifies connectivity based on the means by which
streams and wetlands influence material fluxes into downstream waters. Five functions
(source, sink, refuge, lag and transformation) are used to describe net differences in terms of
the quantity, form, and timing of material or energy fluxes from streams and wetlands to
downstream waters for a given unit of time (Leibowitz et al., 2008; Leibowitz et al., this
issue). Under the functional connectivity framework, the function ascribed to the
relationship between a fluvial hydrosystem unit and a downstream water for a given material
at within a time and space is mutually exclusive (Leibowitz et al., this issue). However, the
function of a fluvial hydrosystem unit may vary with the type of material or energy and vary
over space and time for a given material or energy. In the following sections, we present
examples that describe these functions (source, sink, lag, and transformation) in terms of the
different physical and chemical connections between fluvial hydrosystem units. The refuge
function of a stream or wetland enables biota to avoid mortality when conditions are
inhospitable in downstream waters. Examples of this function are discussed in Schofield et
al. (this issue). Under this framework, functions are dynamic such that a fluvial unit may
serve multiple functions simultaneously for different materials or under different
environmental conditions for the same materials (Leibowitz et al., this issue).

Source Functions

Streams and riparian wetlands commonly serve as sources of materials or energy to
downstream waters (Amoros et al., 1996; Leibowitz et al., this issue). A fluvial hydrosystem
unit functions as a source if the quantity of material or energy exported from the fluvial unit
is higher than the quantity imported into the fluvial unit (Figure 2).

Hydrologic Source Function.—Water is the key medium transferring energy and other
materials between streams and riparian wetlands to downstream waters. Therefore, the
physical connection of water flowing through fluvial hydrosystems is the foundation for
most other connections (but see Schofield et al., this issue).

Rivers receive more of their water from tributaries than from direct precipitation on or
ground-water input into river segments (Bukaveckas, 2009). Rivers are fundamentally
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cumulative in their formation and maintenance. Flows of materials and energy from
headwater channels combine to form larger channels, incrementally accumulating volume
and impact. For example, first-order tributaries (designated on 1:100,000-scale National
Hydrography Dataset; 57% of total drainage area) in the northeastern United States were
estimated to provide ~70% of mean annual water volume in second-order streams and ~55%
of mean annual water volume in fourth- and higher order rivers (Alexander et al., 2007).
Cumulatively, first-order streams were estimated to be the source of ~60% of mean annual
flow to all northeastern streams. First-order stream catchments in the Upper Colorado River
basin represent 61% of the total drainage area, but first-order streams produced only 41% of
the total annual flow of the Upper Colorado River basin, in part because 84% of the first-
order streams were intermittent (i.e., they ceased to flow for part of the year) (Caruso and
Haynes, 2011). Although conducted in different hydroclimatic regions of the United States,
both studies indicate tributary streams supply much of the water to downstream rivers.

Water in riparian wetlands can originate from direct precipitation, surficial water transported
from the river or adjacent hillslopes, groundwater from river infiltration, and groundwater
from the hillslope (Amoros and Bornette, 2002). For example, Keizer et al. (2014)
concluded that spatial water chemistry patterns in the inundated floodplain show that its
water originated from multiple sources, including groundwater mixed with river water
during inundation. Multiple riparian wetland water sources were also identified to contribute
to inundation patterns prior to the onset of river overbank flow, and following overbank flow
there were mixing zones that combined river and riparian wetland source (Mertes, 1997).

Storm flows, particularly when generated by localized storms over a headwater portion of
the river network, provide opportunities to observe flow propagation from tributaries to a
downstream river. For example, a monsoonal storm event dropped 18-25% of the annual
rainfall on a tributary catchment that is ~14% of the Rio Grande drainage area (above Ft.
Quitman, NM), over just a 2-day period (Vivoni et al., 2006). Storm-flow contributions from
an ephemeral tributary stream accounted for 76% of flood volume in the Rio Grande despite
the flood return interval being only 1.11 to 1.84 years across the gage network. A
combination of high antecedent wetness, changes to watershed land cover and river
regulation factored into the large contributions from the ephemeral tributary during that
moderate-return interval flood.

Sediment Source Function.—Flow from streams and riparian wetlands to downstream
waters can also entrain other physical and chemical materials. Sediments are transported
through river networks, deposited to form floodplains and other channel features, and
thereby influence hydrodynamics and chemical processes (Church, 2006). Sediment entering
streams derives from different locations and sources, including hillslopes via overland flow,
bank and channel erosion, and infrequent mass wasting (Grimshaw and Lewin, 1980; Miller
et al., 2003; Florsheim et al., 2008).

The dynamic balance between sediment supply and transport capacity is a principal
paradigm of fluvial geomorphology (Lane, 1955). Sediment load and grain size are
dynamically balanced against factors that influence transport capacity (i.e., discharge,
channel slope, channel dimensions). If any of these variables change, there is a
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compensatory response in at least one of the other variables. This balance is particularly
relevant to connectivity in river networks, because variables controlling sediment supply and
transport capacity change along the river network (Ferguson and Hoey, 2008). Typically,
slope and grain size decrease in the downstream direction, whereas channel dimensions and
discharge increase (\Vannote et al., 1980). Therefore, the cumulative sediment source
function of streams to downstream waters mirrors the hydrologic source function, and is
reflected in the physical contiguity of river networks, their continuous bed and bank
structure, and adjustments in channel dimensions and floodplain form.

Longitudinal discontinuities along downstream waters also illustrate the transfer of material
and energy from streams and riparian wetlands (Poole, 2002). Studies have linked abrupt
changes in sediment grain size and channel morphology in rivers with tributary confluences
with symmetry ratios (ratio of tributary drainage area to the main stem drainage area) falling
in the range 0.01 to 0.1 (Rice, 2017). Tributaries with smaller symmetry ratios are less likely
to be associated with abrupt mainstem changes because sediment fluxes from such
tributaries are likely overwhelmed by sediment fluxes in the mainstem. Tributaries with
larger ratios are likely to have sediment fluxes with similar grain size as their mainstems and
other conditions (e.g., broad valley width, similar terminal channel slopes) that discourage
confluence effects resulting in longitudinal discontinuities (Benda et al., 2004; Rice, 2017).
Therefore, tributaries of intermediate size (1/100 to 1/10) relative to mainstem channels will
have the highest probability of being associated with channel discontinuities at confluences.

Although surface flows infrequently connect ephemeral streams to downstream waters at
any given point in time, the flow magnitudes and sediment loads transported by ephemeral
streams can still make them significant sources (e.g., Laronne and Reid, 1993; Coppus and
Imeson, 2002). For example, the ephemeral Santa Clara River carries plumes of suspended
sediment ~10 km off the southern California coast during 2-y recurrence floods and ~30 km
offshore during ~10-y recurrence floods (Warrick and Milliman, 2003). The heavy,
sediment-laden flows, referred to as hyperpycnal flows, are caused when the density of
water entering the ocean is greater than the receiving seawater. Hyperpycnal plumes are
significant because they transport sediment farther offshore than other flows to the
continental slope and beyond. These pulsed sediment-laden discharges represent only 0.15%
of the loading time period for the Santa Clara River but carry 75% of ephemeral river’s
cumulative load offshore of region’s beaches, and thus do not directly contribute to long-
term beach maintenance (Warrick and Milliman, 2003).

Chemical Source Function.—Streams and riparian wetlands can also be sources of
organic carbon, nutrients, and contaminants to downstream waters. Dissolved and particulate
organic carbon support heterotrophic biological activity in fluvial hydrosystems. Nutrients
are elements (e.g., nitrogen, phosphorus) required by biota for growth, are often in short
supply, and can limit primary production and heterotrophic activity. Contaminants are
chemicals that can adversely affect biota when present at sufficient concentrations.

Studies have documented nutrient-based chemical source functions provided by streams and
riparian wetlands to downstream waters. For instance, Alexander et al. (2007) investigated
how stream size affected nitrogen transport in a northeastern U.S. river network.
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Approximately 65% of the nitrogen mass in second-order streams, and approximately 40%
of the nitrogen mass in fourth- and higher-order streams had been transported from first-
order headwater streams (Alexander et al., 2007). Long-term discharge and nutrient
concentration data were also used to assess how three Midwestern tributaries functioned as
nutrient sources to the Mississippi River (Royer et al., 2006). Nearly all the nitrate-nitrogen
and dissolved reactive phosphorus exported by the tributaries occurred when tributary flow
was equal to or greater than their median discharge. Over 50% and 84% of the nitrate and
phosphorus, respectively, were exported during the largest (> 90th percentile) floods, such
that the nutrient source function of these tributaries was largely restricted to periods of high
discharge (mid-January through June) (Royer et al., 2006). In another study, investigators
used spatial analyses to assess the degree of spatial dependence of water chemistry
measurements taken throughout a portion of the Gallatin River network in southwest MT;
their results indicated that tributary streams influence downstream nitrate-nitrogen
concentrations over channel distances up to 5.5 km downstream (Gardner and McGlynn,
2009).

Longitudinal discontinuities for water chemistry and organic matter distribution along rivers
have been identified and attributed to inputs from tributaries (Bruns et al., 1984; Johnson et
al., 2010). For example, the location and water chemistry of seeps (small groundwater
discharging wetlands) flowing into nearby stream channels in a New Hampshire watershed
caused distinct changes in water chemistry throughout the stream network (Zimmer et al.,
2013). Broad spatial gradients with water chemistry discontinuities across fluvial
hydrosystems likely reflect processes simultaneously operating at different scales (e.g.,
stream network vs. landscape) and will vary with hydrologic connectivity (McGuire et al.,
2014). Spatial patterns of stream chemistry across an entire fifth-order stream network
reflected similarities over moderate longitudinal distances (1-2 km) associated with channel-
mediated transport and uniform groundwater contributions; discontinuities over short
distances were associated with groundwater seeps and the confluences of streams draining
contrasting geology (McGuire et al., 2014). However, the lack of chemical discontinuities in
fluvial hydrosystems may not always indicate that streams or wetlands do not function as
chemical sources. Weak or no spatial patterns can be associated with sources when there is
strong biological demand and chemical transformations (see below) of some materials over
very short distances (McGuire et al., 2014).

Riparian wetlands are hot spots of productivity (e.g., Nixon, 1980; Cooper et al., 2013) and
they can create productivity discontinuities in nearby rivers and lakes. Although riparian
wetlands represent 0.7% of the total Laurentian Great Lakes area (pelagic+littoral+wetland),
7-14% of Great Lakes primary productivity was estimated to originate from riparian
wetlands (Brazner et al., 2000). Wind-driven water level oscillations (seiches) have strong
local ecological effects but are also important in transferring materials from riparian
wetlands to nearby lakes (Trebitz, 2006). For example, net export of dissolved and
particulate organic carbon (DOC and POC, respectively) from Metzger Marsh, a riparian
wetland along the southwestern shore of Lake Erie, to the lake during seiche events was
measured at 7.3 mg C L™ and 3.4 mg C L1, respectively (Bouchard, 2007). This equates to
4700 Mg of DOC and 2200 Mg of POC exported from the marsh to Lake Erie annually
(Bouchard, 2007).
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Streams and riparian wetlands also can transfer dissolved and material-bound contaminants
to downstream waters. Headwater streams impacted by past mining and smelting activities
have been demonstrated to be sources of metal contaminants bound to river sediments
hundreds of kilometers downstream (e.g., Hornberger et al., 2009). Chemical spills entering
fluvial hydrosystems are among the most publicly recognized disasters and can pose
immediate and long-term human health and environmental impacts (e.g., Ruhl et al., 2010;
Dollhopf et al., 2014). Because of the widespread nature of streams and wetlands and their
hydrologic connectivity, many contaminant spills are transferred to downstream waters if
they are not rapidly contained. Often the spatial scale of exposure from such spills can be
expansive, so fate and transport models are used for early warning of downstream risks. For
example, this approach was used to forecast travel time and downstream concentration of a
37,854-L spill of coal processing organic solvents that leaked from a storage container into
the EIk River near Charleston, WV (Bahadur and Samuels, 2014). The peak concentration
402 km downstream on the Ohio River near Cincinnati, OH was modeled to be 14 ppb at
150 hours following the spill, which matched well with observed concentrations from water
samples (Bahadur and Samuels, 2014).

Water Temperature Source Function.—Water temperature is an important control of
physical (e.g., water density, oxygen solubility), biochemical (e.g., nutrient mineralization),
and biological (e.g., organism growth and behavior) characteristics of fluvial hydrosystems.
The heat flux within water from streams and riparian wetlands into downstream waters is a
source function. The average channel distance over which water temperatures were
correlated in a Catskill Mountains, NY river network was approximately 20 km (Gardner
and Sullivan, 2004). Water temperature in two contiguous networks in the Central
Appalachian Mountains, KY, one largely draining intact forest and the other draining a
mixture of forest and surface coal mines, were correlated over an average channel distance
of 5 km (Johnson et al., 2010). These findings suggest that water temperature in small
streams influences water temperature downstream and that the extent of influence varies
geographically as a function of channel length, riparian shading, and extent of groundwater
exchange.

Water temperature maps and longitudinal profile plots show some tributary confluences
coincide with distinct peaks and troughs in river temperature and, at times, can be useful in
predicting the distribution of biota (Torgersen et al., 2001). For example, confluences with
spring-fed streams originating on floodplains were identified as the coldest patches along a
northeastern Oregon river that otherwise had summer water temperatures exceeding the
tolerance limit of native salmonids (Ebersole et al., 2003). A subsequent study determined
that tributary confluences commonly provided coldwater patches (= 3 °C colder than
mainstem temperatures) during the summer (Ebersole et al., 2015). Spring snowmelt can be
a significant contributor to summer base flow in the region. Interestingly, 39% of these
confluences were with tributaries that contributed cold hyporheic water even when they
lacked surface water—that is, they were ephemeral and intermittent tributaries that were
significantly connected to downstream waters even when they lacked surface flow (Ebersole
et al., 2015). Whether or not a tributary confluence would be a cold patch was not predicted
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by tributary size, surface flow presence, or flow-path length but was largely explained by
amount of available water at the end of the snowmelt season (Ebersole et al., 2015).

As these examples illustrate, a substantial body of evidence demonstrates that streams and
riparian wetlands are connected to downstream waters as sources. Longitudinal and lateral
transport of surface water (e.g., via stream flow, seiches) are key physical mechanisms for
transferring sediment, organic matter, nutrients, contaminants, and heat energy from streams
and riparian wetlands to downstream waters. The physical form and contiguity of streams
and floodplains with downstream waters is in itself a manifestation of this source function,
via the dynamic balance of sediment supply and transport capacity. The source functions
provided by these units vary over time and space, often alternating with other connectivity
functions (i.e., sink, lag, and transformation functions) that counteract their role as sources
of materials and energy to downstream waters.

Sink, lag & transformation functions

In addition to serving as sources of materials and energy for downstream waters, streams and
riparian wetlands can mediate physical and chemical connections to downstream waters by
decreasing or halting transport (sink function), slowing or storing (lag function), and
converting (transformation function) materials and energy (Leibowitz et al., 2008; Leibowitz
et al., this issue). The degree to which streams and riparian wetlands fuel downstream waters
with material and energy inputs depend on the extent to which streams and riparian wetlands
transform, halt, and/or store that material and energy (Covino, 2017). The framework
presented in Leibowitz et al. (this issue) categorizes functional connectivity types based on
the net change, timing, and compositional shits that result from connections. However, in
many cases the mechanisms associated with sink, lag, and transformation functions are not
mutually exclusive within and between fluvial system units, and these functions do not
operate in isolation. Even though these functions may not always be easily delineated,
recognition of the differences among functions is useful in understanding how individual
fluvial units influence downstream waters.

Hydrologic Sink Function.—Streams and riparian wetlands can function as sinks, over
varying spatial and temporal scales, by preventing surface flow from reaching downstream
waters and thereby minimizing downstream flooding. Transmission losses (i.e., losses of
surface flow volume by infiltration into underlying channel alluvium), evaporation,and
evapotranspiration are ways that streams and wetlands can function as hydrologic sinks.
Seepage through channel beds and banks commonly dominates these losses, although
evaporation and evapotranspiration losses can be significant in stream reaches with
prolonged surface flows (Dahm et al., 2002; Hamilton et al., 2005;). For example,
cumulative transmission losses over 54 km of channel reduced peak flow volumes by 57%
from a storm in an arid southwestern United States watershed (Renard and Keppel, 1966).
Similarly, up to half the flow volume in three ephemeral channels in CA and NM was lost to
channel transmission (Constantz et al., 2002). The Rio Grande’s mainstem, which has a
multi-threaded channel and an extensive floodplain area, is conducive to transmission losses
via infiltration and groundwater recharge. Along a 127-km distance downstream of a dense
riparian forest on the mainstem, these transmission losses accounted for a 49% decrease in
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flood wave volume (at rates of 39 to 46 m3/m losses to the underlying aquifer) before
reaching a downstream reservoir. As a result of these rapid transmission loss rates during
peak flood conditions, the groundwater table response declined from a 0.6-m rise to a <0.3-
m rise in the lowest floodplain transect (Vivoni et al., 2006). These examples clearly
demonstrate how streams and riparian wetlands can function as hydrologic sinks to
downstream waters.

Chemical Sink Function.—The diversion of water by channel transmission from surface
waters can also be a sink mechanism for contaminants. Field and laboratory experiments
have shown that beds of streams and ditches are preferential areas for pesticide infiltration
into underlying groundwater, but that they also retain pesticides through sorption to bed
sediments and deeper soils (Burkart et al., 1999; Dages et al., 2015). Streams and riparian
wetlands can also be sinks for excess nutrients. For example, first- to third-order and first- to
fifth-order streams are estimated to remove 8% and 16% of nitrogen, respectively, from river
networks to the atmosphere via denitrification (Alexander et al., 2007; Wollheim et al.,
2008). Headwater streams draining natural land cover were estimated to reduce downstream
delivery of nitrogen by 20-40% (Mulholland et al., 2008). Based on a combination of field
and experimental data, floodplain wetlands along the Wisconsin River, a 7t-order tributary
to the Mississippi River, are a sink for 37% of the nitrate load entering a 4-km reach of the
river during a 2-year return interval flood (Forshay and Stanley, 2005). Riparian wetlands
incidentally created during the restoration of a Maryland urban stream were sinks for 23% to
87% of the nitrate load entering the wetlands during four storm events (Harrison et al.,
2014).

Streams and riparian wetlands also function as carbon sinks through sequestration in
floodplain sediments, photo-oxidation, and outgassing to the atmosphere (Cole et al., 2007;
Battin et al., 2009). Freshwater systems are increasingly recognized as important
contributors of carbon dioxide and methane to the atmosphere; relative to land, streams in
particular are large contributors of carbon dioxide to the atmosphere because of their high
partial pressure of dissolved carbon dioxide and gas transfer velocity (Saarnio et al., 2009;
Butman and Raymond, 2011; Raymond et al., 2013). Ephemeral and intermittent streambeds
and wetlands function as sinks by redirecting materials from downstream transfer to the
atmosphere, even when they are dry and especially immediately after rewetting (Fenner and
Freeman, 2001; Gallo et al., 2013). Because of their predominance in arid regions,
ephemeral and intermittent channels were estimated to account for at least half of the carbon
dioxide emissions from all rivers and streams (Von Schiller et al., 2014).

Sediment Sink Function.—Streams and riparian wetlands can prevent sediment and
associated contaminants from being transported downstream. Most headwater streams have
low competence to transport sediment during base flow (Gooderham et al., 2007), and
contain structures (e.g., boulders, large wood) that retain and store colluvial sediments
between episodic storm flows when sediment is primarily transferred downstream (Gomi
and Sidle, 2003). Because of their abundance and distribution, headwater streams and
associated riparian wetlands can have a substantial cumulative sink effect by intercepting
and trapping sediment transported from hillslopes. For instance, Sediment accretion and
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accumulation rates were measured on forested riparian wetlands along seven Atlantic
Coastal Plain rivers draining into Chesapeake Bay (Noe and Hupp, 2009). Sediment
accumulation rates in riparian wetlands ranged from 303 — 4,600 g m=2 y~1, averaging 976 g
m~2 y~1, Scaling up to the entire wetland area, sediment retention in riparian wetlands
ranged from 30 — 690% of a river’s annual sediment load, with a mean of 119% of annual
sediment load across the seven rivers (Noe and Hupp, 2009). Floodplain wetlands trap and
store sediment carried by flooding rivers as overbank water slows down over floodplains and
floodwaters recede. For example, Kleiss (1996) measured a 16% decrease in sediment load
between upstream and downstream points in the Cache River, AR that were contiguous with
a bottomland hardwood wetland. Deposited sediment that remains in riparian wetlands
shape the habitat mosaics that contribute to the chemical and biological patterns and
diversity of fluvial hydrosystems (Amoros and Bornette, 2002; Ward et al., 2002). The
associated organic matter and nutrients also fuel the high level of plant productivity in
riparian areas (Tabacchi et al., 1998).

Hydrologic Lag Function.—Streams and riparian wetlands can temporarily store water,
thereby delaying transfer to downstream waters. This lag function of fluvial hydrosystem
units on hydrologic response can be characterized as dispersion or the spreading of water
output across different spatial scales over its residence time (Saco and Kumar, 2002).
Hydrologic dispersion is subdivided to describe lag at different scales. Hydrodynamic
dispersion is the local, temporary storage that makes some of the channel’s water volume
flow downstream faster than other parts of its volume, rather than the entire volume being
transported as a single, discrete pulse. Local transient storage in the hyporheic zone, along
channel margins, in off-channel sloughs, and in eddies behind obstructions all contribute to
the temporary storage and slow downstream transport (Harvey et al., 2005; Briggs et al.,
2009). Lag at the network scale is described by geomorphologic and kinematic dispersion.
Geomorphologic dispersion is the cumulative effect of different travel distances throughout a
river network to its outlet (Rodriguez-lturbe and Valdes, 1979). Kinematic dispersion takes
into account how river network structure contributes to hydrologic response by incorporating
the cumulative effect of spatially variable water velocity (or hydraulic geometry) as water
flows through the network (Saco and Kumar, 2002). The lag described by the three scales of
hydrologic dispersion is therefore fundamental to the spread of water flowing through fluvial
hydrosystems, integrating the cumulative effects of local structure and the hierarchical
structure of river networks.

Downstream transport of peak flows following storms can be delayed via bank storage or the
transfer of stream water to an alluvial aquifer for temporary storage. Bank storage is
gradually released after flooding subsides, augmenting base flow (Whiting and Pomeranets,
1997; Menichino and Hester, 2015). Kondolf et al. (1987) investigated the role of bank
storage on streamflow in the Carmel River in central CA. They identified three key
conditions for substantial bank storage: 1) stream stage must increase during floods; 2) bank
material must be permeable; and 3) there must be sufficiently high volume within the
permeable bank material for storage relative to the base-flow stage. These conditions appear
to favor individual, large channels, but this effect diminishes when cumulative effects of
headwater streams are considered. The lower 24 km of the Carmel River flows through an
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alluvial valley with alluvium (15-30 m deep) that increases from <1 to 50 m wide near the
river mouth. Typically discharge increases proportionally with drainage area, but 60% of the
first storm flows of the wet season (Dec-Feb) each year had discharges that decreased with
drainage area. This decline reflected storm-flow losses to bank storage and shallow aquifers.
One month after peak storm flow, water released from bank storage was estimated to
contribute ~20% of the recession flow along the lower 24 km of the river. The lag continued
for another month before bank storage was depleted and discharge declined downstream due
to transmission losses (Kondolf et al., 1987).

Temporary storage and subsequent release of water by riparian wetlands can also attenuate
flooding in downstream waters. For example, peak discharges between upstream and
downstream segments of the Cache River, AR were reduced 10-20% mainly through riparian
wetland storage and subsequent release (Walton et al., 1996). A review of published studies
on wetland hydrology reported that 23 of 28 studies on riparian wetlands from all regions of
the world concluded riparian wetlands reduce or delay floods (Bullock and Acreman, 2003).

Chemical Lag Function.—Streams and riparian wetlands delay and disperse the
transport of pollutants over time, increasing opportunity for degradation and thereby
reducing exposures in downstream waters. Radioactive chemical releases provided
unintended, tracer experiments that revealed the chemical lag function within fluvial
hydrosystems. From 1942-1952, untreated plutonium was discharged from Los Alamos
National Laboratory, NM into intermittent headwater tributaries of the Rio Grande, and also
entered the watershed from nuclear weapons testing fallout (Graf, 1994). Although the
catchment area of the intermittent headwater tributaries represented only 0.4% of the Rio
Grande drainage area at their confluence with the Rio Grande, the mean annual bed load of
plutonium-bound sediment from the tributaries was ~sevenfold greater than that from the
mainstem. Most bed-load transport occurred sporadically during intense storms. Only 10%
of the plutonium directly discharged into the river network, and less than 2% of the fallout
were exported to the Rio Grande; most of it was bound to sediment and soil that had either
not yet been transported to the river network or was stored on the floodplain or in tributary
channels (Graf, 1994). Approximately 50% of the plutonium that entered the Rio Grande
was stored in the river and its floodplain, and the remainder was transported downriver to
Elephant Butte reservoir (Graf, 1994).

Transformation Functions.—Transformation of materials and energy is fundamental to
the form and function of fluvial hydrosystems. The transformation of potential energy
(gravitational) to kinetic energy results in work that contributes to turbulence, bed friction,
erosion, and material transport (Knighton, 1998). Energy is also transformed or dissipated
from the system as heat. The geometry of channels and river networks has been proposed to
be governed by the minimization of energy transformation necessary for transporting
materials across landscapes (e.g., Molnar and Ramirez, 1998; Huang et al., 2004).

By mediating the form of materials and energy, either in temporary storage or flux, streams
and riparian wetlands alter the mobility of those materials. Materials cycle through various
forms or ecosystem compartments, as they are taken up or assimilated and excreted by
organisms or otherwise regenerated for reuse. Downstream water chemistry reflects the
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combined processes of biogeochemical cycling and transport (Webster and Patten, 1979)
that occur throughout the fluvial hydrosystem but function most intensively in headwater
streams (e.g., Peterson et al., 2001; Aufdenkampe et al., 2011). For example, Ensign and
Doyle (2006) compiled and normalized the results of 404 phosphate, ammonium, and nitrate
uptake measurements from streams and rivers ranging from first- to fifth-order. Nitrogen
cycled between approximately 8 and 90 times within the respective lengths of first- to
fourth-order streams (Ensign and Doyle, 2006). In another review, phosphorus uptake
lengths (distance traveled by dissolved nutrients before biological acquisition) were reported
to be shortest (2-530 m) in first-order streams, longer (26-3,460 m) in second- to fourth-
order streams, and longest (4,140-367,000 m) in fifth-order rivers (Withers and Jarvie,
2008). Because roughly half of the water reaching larger tributaries and rivers originates
from headwater streams, it is clear that most of the phosphorus and nitrogen arriving at
downstream waters has already been transformed and recycled many times in upstream
channels.

Overbank flooding can export large quantities of nutrients from rivers to riparian wetlands
for transformation and storage. For example, a nutrient amendment study was conducted to
examine the allocation of nutrients in a riparian wetland along the Tar River, NC (Brinson et
al., 1984). The nutrient budget indicated that 53% and 49% of the amended nitrogen and
phosphorus, respectively, were transformed by denitrification, microbial assimilation, plant
uptake, or adsorption, and thus, in part, stored in the riparian wetland (Brinson et al., 1984).

As materials are cycled during longitudinal, lateral, and vertical transport through the fluvial
hydrosystem, they are exposed to different physicochemical conditions over varying
residence times (Covino, 2017). These physicochemical gradients regulate, in part, material
transformations that subsequently affect the type of materials transported downstream (e.g.,
Neubauer et al., 2013). For example, physicochemical conditions and residence time
associated with hyporheic exchange enabled stream microbial activity to reduce the
dissolved manganese load by 20% in a stream contaminated by copper mining (Harvey and
Fuller, 1998). The oxidation of manganese enhanced the adsorption of other trace metals and
thereby decreased cobalt, nickel, and zinc export by 12-68% (Fuller and Harvey, 2000).
Managing the connectivity between fluvial hydrosystem units is becoming more widely
recognized as an important tool in the protection and remediation of chemical contaminants
in water resources (e.g., Newcomer-Johnson et al., 2016).

Headwater streams support downstream biological activity by supplying downstream waters
with dissolved and particulate organic carbon. Almost all organic carbon exported to
downstream waters has been physically and chemically transformed in headwater streams
and riparian wetlands. On average, leaf litter represents half of the organic matter imported
into forested headwater streams (Benfield, 1997) but accounts for < 2% of organic matter
exported from these streams (Naiman and Sedell, 1979; Minshall et al., 1983). Terrestrial
leaves are transformed into dissolved organic matter, fine particles, and living biomass
through interacting organic matter breakdown processes (leaching, microbial assimilation,
abrasion, and macroinvertebrate shredding and consumption) in stream channels and riparian
wetlands. Organic turnover length is the ratio of downstream organic carbon flux to
ecosystem respiration per length of stream, and approximates the average distance that
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organic carbon travels before being consumed and mineralized (Newbold et al., 1982).
Carbon turnover length for first-order streams ranges from 1 to 10 km (Newbold et al., 1982;
Minshall et al., 1983), indicating that organic carbon exported from headwater streams is
likely to be exported to and used in larger (second- or third-order) streams. However, carbon
turnover length is a weighted average of widely varying turnover lengths associated with a
broad range of particulate and dissolved forms. For example, turnover lengths for whole
leaves and fine organic particles in a North Carolina mountain headwater stream were
estimated to be 108 m and 40 km, respectively. Newbold et al. (2005) similarly estimated 38
km and 59 km for the turnover lengths of two different size fractions of fine organic particles
in an Idaho headwater stream. Dissolved organic carbon in a southern Pennsylvania stream
consisted of a labile fraction with turnover length of 240 m, a semilabile fraction with
turnover length of 4500 m, and a refractory fraction with an indefinitely long turnover length
sufficient to carry the carbon to coastal waters (Kaplan et al., 2008).

Streams and riparian wetlands are connected to downstream waters through their sink, lag,
and transformation functions which can alternate or occur simultaneously with material
transport to downstream waters. Just as the channel continuity between streams and
downstream waters reflects the hydrologic source function of streams, the geomorphic
setting of floodplains and their associated wetlands reflects deposition or storage of
sediment and other materials. Sink, lag, and transformation functions can occur at particular
times and places associated with particular physicochemical conditions or organisms.
However, some connectivity functions are described cumulatively over space and time, such
as hydrologic lag through river networks. The function by which streams and riparian
wetlands affect material and energy fluxes to downstream waters will vary over time and
space. This variation can be governed by a suite of factors that influence the degree of
connectivity or isolation between hydrosystem units.

Biological Mediation of Physical and Chemical Connectivity

The activities (e.g., habitat creation, bioturbation, bioconsolidation) of aquatic organisms can
influence the storage, transfer and transformation of materials and energy (Gutiérrez and
Jones, 2006; Moore, 2006). These activities range from diurnal (Beck et al., 2009;
Richardson et al., 2009) to annual (Hassan et al., 2008) cycles occurring over variable to
stable spatial scales depending on organism behavior and life history (Zanetell and
Peckarsky, 1996; Fritz et al., 2004). For example, headwater streams and their valleys in old-
growth Colorado forests, which represent <1% of the watershed by area, store ~23% of the
organic carbon in the watershed in large part by the beaver dams that enhance overbank
flooding, floodplain organic matter deposition and retention, and elevated groundwater
levels (Wohl et al., 2012). Because much of this carbon is in the form of floodplain
sediments and coarse wood, this storage is estimated to last from 100 to 1000 years (Wohl et
al., 2012).

Small organisms can cumulatively have similar or more expansive effects on sediment
transport than larger, less frequently occurring organisms like beavers (Albertson and Allen,
2015). For example, the discharge associated with initiating bed sediment transport is
typically a bankfull (i.e., 1.5-yr return interval) flood, but bioturbation activity of crayfish
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initiates equivalent sediment movement at discharges that occur every day (Statzner, 2012).
In contrast, the bioconsolidation activity of net-spinning caddisflies increases the discharge
required to initiate transport equivalent to that of a 100-yr flood (Statzner, 2012).

FACTORS AFFECTING CONNECTIVITY AND ISOLATION

Proximity

Many factors affect the connectivity between streams and riparian wetlands and their
downstream waters and thus the functions these streams and riparian wetlands serve (Table
2). Within a given fluvial hydrosystem, the degree of connectivity between streams and
riparian wetlands and downstream waters varies over space and time. The expansion and
contraction of river networks in response to storm events, seasonality, and multi-annual
phenomena (e.g., El Nifio) results in different degrees of hydrologic connectivity along the
longitudinal, lateral, and vertical dimensions. Although longitudinal flow is unidirectionally
downstream, lateral and vertical exchanges are bidirectional and their flow direction varies
with local physical context and hydrologic conditions. For example, water and materials
move from the river to adjacent floodplain wetlands during overland flooding but move from
floodplain wetlands to the river during recession (Amoros and Bornette, 2002; Jung et al.,
2004). Recognizing the key factors governing spatial and temporal variation in physical and
chemical connectivity is fundamental to understanding how streams and riparian wetlands
affect downstream waters.

Proximity is one of the more straightforward factors affecting connectivity. Typically, the
closer a tributary or wetland is to a downstream water, the more likely that tributary or
wetland is to have strong or frequent connections to the downstream water. A study of two
oxbow lakes that vary in their distances to the nearby river provides such an example
(Negrel et al., 2003). The more recently formed oxbow lake was closer to the river channel,
more frequently connected to the river through surface flows, and thus had water
geochemistry more similar to the river than the more distant oxbow lake (Negrel et al.,
2003). The older, more distant oxbow lake was more dependent on subsurface flow.

The hydrologic connectivity of flood pulses to water bodies within the floodplain can also
vary. The lake levels of two oxbow lakes, one recently formed and one older, along the lower
Guadalupe River, TX differed in their relationship to river discharge (Hudson et al., 2012).
Lake level of the recently formed oxbow lake had a strong linear relationship with river
discharge in which lake level peaks and recessions were nearly synchronous with river
discharge, indicating tightly connected hydrology. In contrast, the older oxbow lake had
more complex hydrologic connectivity with the river, reflected in a nonlinear relationship
between river discharge and lake level (Hudson et al., 2012).

Although the presence of a continuous channel is itself a physical reflection of hydrologic
connection (Wolman and Gerson, 1978), channel distances between tributaries and
downstream waters are among the factors that determine the degree of connectivity. The
distribution of channel distances to a downstream river for tributaries of a given size is a
function of basin shape and network configuration. Compact basins tend to have dendritic
networks; elongate basins tend to have trellis networks. Most headwater streams in dendritic
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networks are more distant from downstream waters than headwater streams of trellis
networks. Locations along rivers can be described as positively autocorrelated: locations are
not independent, and those closer to one another are more strongly correlated with one
another than those separated by greater distances. Numerous studies have demonstrated
spatial dependence of physical and chemical parameters measured throughout stream
networks (e.g., Gardner and McGlynn, 2009; McGuire et al., 2014). The decline in
relationship strength with increasing distance occurs in large part because of the sink, lag,
and transformation functions performed by upstream waters, which counteract the source
function as materials are transported downstream. In addition, the likelihood of gradual or
sudden changes associated with other interacting factors (e.g., geology, barrier, effluent
discharge) increases with increasing distance between locations.

However, proximity defined simply by two-dimensional distance may not accurately reflect
connectivity due to spatial differences in landscape resistances to water and material
transport. For example, riparian wetlands farther from the main river channel may be more
frequently connected for longer periods than wetlands contiguous to the main river channel
because of flow through side channels, permeable alluvium, or other preferential flow paths
(Poole et al., 2002; Phillips, 2013).

Size and density

The size and density of streams and riparian wetlands are other factors that affect
connectivity. Generally, larger streams—and sometimes larger riparian wetlands—will have
closer proximity to downstream waters and so will likely maintain more frequent and longer
connections to downstream waters. The likelihood of an individual connection, and the
combined strength of cumulative connections to downstream waters, increases with
increasing stream and wetland density. Headwater tributaries and riparian wetlands are the
exterior interface between uplands and the fluvial hydrosystem. Baker et al. (2007)
compared how this interface changes with stream density using different stream map
resolutions. The proportion of the watershed area occurring near a stream tripled from low
resolution (median = 0.6 km™1) to high resolution (2.2 km~1) maps (Baker et al., 2007).
Increasing stream and wetland densities increase travel times by increasing channel length
and creating more opportunities for lag and transformation functions. For example, model
simulations predicted that watersheds with high headwater drainage densities would have
longer lag times for mercury delivery to downstream waters compared to watersheds with
low headwater drainage densities (Knightes et al., 2009).

Climate and landscape characteristics

Physical and chemical connectivity in fluvial hydrosystems vary with climate and landscape
characteristics. Climate governs form, distribution, rate, magnitude, and timing of water
supply. A higher proportion of streams in more mesic regions of the United States have year-
round flow, whereas in semiarid and arid regions a higher proportion have ephemeral flow
(Nadeau and Rains, 2007). Temperature and moisture levels are also fundamental physical
factors that govern ecosystem processes affecting material transport. For example,
transformations tend to be enhanced and storage reduced with warmer temperatures and
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increased moisture, although saturated conditions can limit aerobic respiration (e.g., Strauss
et al., 2002; Sutfin et al., 2016).

Landscape characteristics including geology, soils, and terrain govern local drainage patterns
and functions and structural connectivity throughout fluvial hydrosystems. River segments
flowing through steeper terrain have narrower floodplains and smaller riparian wetlands than
river segments flowing through more gradual topography (Karim et al., 2012). Most riparian
wetlands along rivers draining confined valleys are inundated during even small floods.
Rivers flowing through gradual topography may frequently overtop their banks and inundate
adjacent wetlands, but less frequent, high magnitude floods are typically required to
inundate all their floodplain wetlands, unless more distant wetlands have other sources of
water and the wetlands can coalesce (Karim et al., 2012; Keizer et al., 2014). Changes in
landscape characteristics (e.g., geology, groundwater contribution) influence spatial patterns
of hydrological connectivity in fluvial hydrosystems which are reflected in the physical,
chemical, and biological gradients seen across connected units (e.g., Katz et al., 1997,
Fergus et al., 2017). The spatial extent of base-flow discharge patterns was assessed across
nested gages distributed in the Catskill Mountains river network, NY (Shaman et al., 2004).
Because base flow in headwater streams (i.e., those with watersheds <8 km?) was more
weakly correlated with mainstem flow than base flow in larger streams, the authors
concluded that deep groundwater contributed more to mainstem discharge as drainage area
increased.

Land cover and use

Human activities and structures alter connectivity between streams and riparian wetlands
and downstream waters. Modifications of hydrologic connectivity are a ubiquitous source of
impairment to U.S. rivers (e.g., Meador, 1996; Gregory, 2006; Gordon et al., 2015).
Activities (e.g., water abstraction) and structures (e.g., dams) can reduce longitudinal
connectivity. Channelization, dredging, bank stabilization, and levee construction enhance
longitudinal connectivity but decrease vertical and lateral connectivity (Valett et al., 2005),
ultimately reducing sink, lag, and transformation functions, but possibly enhancing source
function. Most temperate floodplains—and a growing number in other regions—have been
modified by land use and disconnected from their streams and rivers. River flows are
modified and contained within artificial levees so that floodplains and their wetlands can be
converted and maintained for other land uses. The recurrent conveyance of floodwaters of
varying magnitudes and durations onto floodplains, which contributed to the conditions ideal
for such land uses (e.g., productive soils, flat topography), are reduced or eliminated, thereby
affecting connectivity to and functions within floodplain wetlands (Opperman et al., 2010).

Many streams in human-dominated watersheds, particularly in arid and semiarid regions,
receive the bulk of their summer low flow from effluent discharges (Rice et al., 2013).
Streams that would be dry in the absence of these discharges are called effluent-dependent
streams; streams that receive most, but not all, of their flow from effluent are called effluent-
dominated streams (Brooks et al., 2006). About 25% of permitted effluent discharges in the
United States enter streams with mean annual discharges incapable of diluting effluents by
more than 10-fold; this percentage increases to 60% when low-flow discharges are
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considered (Brooks et al., 2006). However, treated wastewater discharge has been
recognized as a way to augment stream connectivity that would otherwise be limited (Luthy
et al., 2015). Streams draining human-dominated areas also can derive base flow from
groundwater recharged by over-irrigation and leaky infrastructure (Lerner, 1986; Townsend-
Small et al., 2013).

Land cover and land use changes also alter connectivity between streams, riparian wetlands
and downstream waters. Urban development has a strong effect on hydrologic connectivity
by drastically altering the frequency, duration, magnitude, timing, and rate of change of
storm flows and base flows. Connectivity can be enhanced or fragmented by these
alterations. Impervious cover, burial of natural channels, and storm drains rapidly deliver
stormwater away from buildings and roads to downstream channels which increase
hydrologic connectivity. However, by shortening storm-flow durations, these alterations
reduce infiltration and watershed storage of water, reduce base-flow discharge and can
reduce hydrologic connectivity (but see Bhaskar et al., 2016).

Ditch drainage is a particular form of hydromodification that elevates peak flows and
facilitates the transport of runoff and associated pollutants to rivers. Ditches concentrate and
direct surface runoff, capturing and converting shallow subsurface flow to more rapid
channel flow and lowering soil moisture downgradient of roads. A study determined that
94% of road ditches were connected to streams, more than doubling the channel length in a
central New York watershed. These ditches contributed 22% and 29% of total flow at the
watershed outlet during wet and dry season storms, respectively (Buchanan et al., 2013). The
presence of ditches was calculated to increase the maximum and total storm flow
downstream by 78% and 57%, respectively. Given that 75% of ditch channel length was
contiguous to unbuffered agricultural areas, it is likely that ditches were also conduits of
non-point source pollutants to downstream waters (Buchanan et al., 2013).

Land use can also affect chemical connectivity by changing the distribution of chemical
sources, the conditions conducive for chemical transformations, and hydrologic
conveyances. For example, in some Illinois watersheds with tile drains and channelized
headwaters, stream nitrate concentration is positively correlated with stream discharge,
suggesting that these altered streams are rapidly transporting nitrate inputs downstream with
little retention or processing (Royer et al., 2004). Model simulations predicted that total
mercury fluxes from a mixed (forest, pasture, and developed) landscape to downstream
waters would increase by 95% under an increased suburbanization scenario, but decrease by
7% in total and methylmercury export under a reforestation scenario (Golden and Knightes,
2011).

FACTORS INFLUENCING EFFECTS ON DOWNSTREAM WATERS

Multiple key factors govern how physical and chemical connectivity affect downstream
waters (see Table 2, which summarizes the factors using a binary approach). We recognize
that many of these relationships are likely more complex and that factors are likely to
interact, but we have separated them here for clarity.
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Size and density

The relative size of the stream or wetland connected to the downstream water is often a
useful predictor of downstream effect. Symmetry ratios characterize tributary size (in terms
of discharge, drainage areas or channel widths) relative to mainstem size at river confluences
(Benda, 2008). Other characteristics such as geology, topography, and land use associated
with tributaries or wetlands can influence the effect of symmetry ratios. For example, steeper
tributaries will tend to have a more discernible effect on mainstem sediment grain size at
confluences, potentially disrupting downstream fining along mainstems and increasing
habitat heterogeneity (Rice, 1998). The individual effect or discontinuity associated with a
tributary confluence, if discernible, is typically present for a short segment of river channel
(e.g., Rice and Church, 1998; Torgersen et al., 2001), often because of the overwhelming
effect of the mainstem relative to the minor transport capacity of a single tributary.

However, the cumulative or aggregate effect of many tributaries and their associated riparian
wetlands over time is reflected in the more gradual downstream changes in physical and
chemical characteristics of the mainstem (Vannote et al., 1980; Knighton, 1998). The
network structure of fluvial hydrosystems, including longitudinal, lateral and vertical
connections, homogenizes solute concentrations downstream. Convergent spatial distribution
patterns of water chemistry provide evidence for these aggregate effects and have been
documented in natural and human-dominated systems (e.g., Asano et al., 2009; Hoellein et
al., 2011). Size and number of streams and wetlands are important factors governing how
downstream waters connect to tributaries and riparian wetlands and then respond to their
contributions.

Cumulative contributions associated with the spatial structure of river networks affect how
downstream waters vary over time. Flowing water within fluvial hydrosystems expands and
contracts in response to meteorology (e.g., short-term precipitation events, seasonal weather
shifts, multi-annual oscillations). The watershed stability hypothesis states that the structure
and connectivity of fluvial hydrosystems dampen fluctuation magnitudes in downstream
waters by integrating the asynchronous dynamics of contributing streams and riparian
wetlands (Moore et al., 2015). This aggregation of contributions is akin to the portfolio
effect, where having a diverse set of investments buffers against market volatility and has a
stabilizing effect on overall investment (Doak et al., 1998). The hypothesis proposes that
stability should increase with downstream direction in river networks because hierarchical
connectivity of river networks increasingly integrates more diverse conditions with size and
connectivity largely in the downstream direction.

To test the hypothesis Moore et al. (2015) compiled spatially explicit discharge and summer
water temperature data from 142 sites (19.8 - 229,684 km?2) throughout the network of the
second largest unimpounded river in North America, the Fraser River in BC, Canada. Sites
with highest variability were sites with small drainage areas; small sites that did have stable
discharge and temperature were usually downstream of lakes. Flows in the largest portions
of the network were 2.2 times more stable than those in the smallest catchments. Extreme
flows occurred on average once every seven days in the smaller tributaries, but only once in
30 years in the downstream river. On average, variation in daily summer water temperature
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decreased with increasing drainage area and the frequency of extremely warm water
temperatures declined exponentially with increasing drainage area (Moore et al., 2015).

In contrast to the snowmelt-driven and mountainous environment of the Fraser River, the
Gila River, NM drains a semiarid landscape where a monsoon primarily controls the
relatively short rainy season and subsequent flow patterns. The temporal variability of water
chemistry increased with drainage area among Gila River sites (Acufia and Dahm, 2007); the
authors attributed this pattern to shifts in the relative contribution of different water sources
as routing changed seasonally with the expansion-contraction of the river network (Acufia
and Dahm, 2007).

Intervening units

Within fluvial hydrosystems, transport of materials from a given stream or riparian wetland
to a downstream water typically must pass through other intervening units (other stream
segments, wetlands, lakes), which also can function as sources, sinks, lags, and transformers
of materials and energy. Streams and riparian wetlands can have individual and/or aggregate
effects on these intervening units and thereby indirectly affect connected-downstream
waters. The degree to which intervening units mediate the effects that an upstream water
ultimately has on a downstream water depends largely on the relative sizes of the upstream
and the intervening units and their turnover of water and materials. (Jones, 2010; Mallard et
al., 2014). For example, a large, deep lake with a long residence time will have a stronger
mediating effect on downstream contributions from a small tributary than a small, shallow
lake with a short residence time receiving inflow from a large tributary.

A number of other interacting factors at varying spatial scales, such as drainage basin shape,
number of intervening lakes, and the position of lakes in the network, can augment or
dampen the effects of upstream contributing waters (Jones, 2010). Depending upon the
characteristics of the intervening unit and meteorological conditions at the time, the
downstream signal from the upstream water can be amplified, dampened, or muted by the
intervening unit (Reiners and Driese, 2001; Cardille et al., 2007). Intervening segments
between headwater tributaries and a downstream river that flow through unconstrained
valleys will interact more with adjacent lateral and subsurface areas than intervening
segments that flow through constrained valleys where connectivity will be more
longitudinally focused (Montgomery, 1999; Poole, 2002).

Distinctiveness

Differences in the character of the physical or chemical material being transported from a
stream or riparian wetland relative to that in the mainstem are also important in determining
whether there are discernible effects. It is more difficult to identify an effect when the
material or parameter is uniform between streams or wetlands and the mainstem, versus
when there are distinct material or parameter difference between fluvial hydrosystem units.
For example, researchers were able to determine, based on distinct geochemical signatures
across the river network, that streams draining the upper 54% of the River Dee watershed in
Scotland contributed 71% of the downstream base flow. Despite the upper watershed
receiving only 58% of total annual precipitation, researchers concluded that long residence
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time ground-water flow paths from the headwater watersheds were also important in
maintaining the downstream base flows (Tetzlaff and Soulsby, 2008). In the Mokelumne
River in California’s central Sierra Nevada Mountains, differences in the underlying geology
allowed researchers to characterize the relative contributions of nitrate to downstream
reservoirs (Holloway et al., 1998). Researchers conducted a paired watershed comparison
with two ephemeral streams in adjacent watersheds underlain by different rock types (diorite
vs. biotite schist) but with similar land use, vegetation, topography, and watershed area.
Many samples from the diorite watershed had nitrate concentrations below detection limits
(<4 uM), with a median concentration of 3.3 uM; concentrations were not strongly
associated with the start or end of the high precipitation period. In the biotite schist
watershed, maximum stream concentrations of nitrate (>300 uM) occurred at the start of the
high precipitation period, and concentrations decreased over time. A nearby perennial
stream, also in a biotite schist watershed, displayed this same temporal trend, with highest
nitrate concentrations at the beginning of the rainy season and decreasing concentrations
during the spring. Holloway et al. (1998) concluded that biotite schist streams contributed a
disproportionately large amount of total nitrate to downstream reservoirs, despite draining
only a small area of the entire watershed. This example also illustrates that the effect on
downstream waters can vary over time.

Because connectivity between fluvial hydrosystem units and functions within units can vary
over time, effects on downstream waters can also exhibit temporal variability. Storm flows in
a tropical stream network that are common during the rainy season result in a greater than
40% increase in longitudinal connectivity (flow in ephemeral streams) and an exponential
increase in the downstream transport of sediment and phosphorus (Zimmermann et al.,
2014). Another example of the role of timing on downstream effects is the Santa Clara
River, an ephemeral river in southern California. The river flows into the Pacific Ocean at
the Santa Barbara Channel, which receives water from the cooler, nutrient-rich California
Current; the warmer, nutrient-poor Southern California Countercurrent; and discharge from
ephemeral rivers. Water chemistry data (nitrate, phosphorus and silicate) from the river and
river plume in the Santa Barbara Channel during base flow and storm events indicated that
the ephemeral river is an important source of nutrients to coastal waters, extending at least
20 km offshore (Warrick et al., 2005). Although ocean upwelling is 2-4 orders of magnitude
larger of a nutrient source to Santa Barbara Channel than the Santa Clara River, the timing,
quality, and specific location of the river discharge make it significant. The molar ratio of
river nutrients differed from that of ocean upwelling, as did the timing of delivery: nutrients
from the river arrived in winter, whereas the upwelling nutrients arrived primarily in summer
(Warrick et al., 2005).

The timing of landscape disturbances can also factor into the effect streams and riparian
wetlands have on downstream waters. For example, the Las Conchas fire burned over 63,000
ha in the central New Mexico portion of the Rio Grande drainage in the summer of 2011. A
network of water quality sensors provided measures of the downstream propagation of water
quality impacts to the Rio Grande (Dahm et al., 2015). Water quality responses included
turbidity peaks, dissolved oxygen and pH sags, and shifts in specific conductance with
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monsoonal storm flow that entrained high concentrations of ash and black carbon. The pulse
of water quality changes associated with transport of material from the wildfire was clearly
discernible >100 km downstream in the Rio Grande (Dahm, et al., 2015). Floodwater
storage and controlled releases from an intervening reservoir dampened some downstream
effects, but flash floods coming from an ephemeral tributary that entered the Rio Grande
downriver from the reservoir was the major contributor (Dahm et al., 2015). Similar
propagation events have been documented following storm flows preceded by wildfires and
droughts (e.g., Hladyz et al., 2011; Harris et al., 2015).

SUMMARY AND IMPLICATIONS

Downstream waters, including the water and materials they carry and the organisms living in
them, represent the time-integrated, cumulative longitudinal, lateral, and vertical connections
with their upstream hydrosystem units, namely streams and riparian wetlands (Leibowitz et
al., this issue). A substantial body of evidence unequivocally demonstrates physical and
chemical connectivity between streams and riparian wetlands and their downstream waters
via both structural and functional connectivity. The network of continuous channels (bed and
banks) structurally connect most streams to downstream waters. The very existence of a
continuous bed and bank structure makes these fluvial units physically contiguous, and
provides strong geomorphologic evidence for connectivity. A stream must be linked to a
larger, downstream water body by a channel for the two to have a surface water connection.
Streams lacking a surface water connection to large inland or coastal waters (i.e., small
endorheic basins) are the exception, as most streams are connected to larger water bodies
through networks of continuous bed and banks. Floodplains and associated riparian wetlands
are maintained by the recurrent inundation and deposition of materials during peak and
recession flows. This structure of fluvial hydrosystems reflects the aggregate and cumulative
nature of the connections between streams, riparian wetlands, and their downstream waters.

Physical and chemical connectivity is dynamic, changing with immediate, seasonal, and
interannual or interdecadal (e.g., climate oscillations) conditions that affect the availability
and distribution of water, materials, and mediating biota. Given this dynamism, a complete
understanding of a stream’s or riparian wetland’s connections to and effects on downstream
waters should aggregate connections over relatively long time scales (multiple years to
decades). Although distances between streams and riparian wetlands and downstream waters
vary, other factors such as relative size, density, environmental setting, distinctiveness,
biology, and intervening units also influence the degree of physical and chemical
connectivity with and level of consequence for downstream waters (Table 2). For example,
despite being distant from downstream waters, headwater streams make up the majority of
stream channels in most river networks and cumulatively supply most of the water in rivers.

Physical and chemical connectivity not only reflects the spatial configuration of
hydrosystem units but also how materials move, accumulate, and transform in response to
that spatial structure. The functional connectivity framework (Leibowitz et al., this issue) has
strong parallels with other frameworks that describe ecological connectivity and boundaries.
This review highlights the scientific body of evidence demonstrating that streams and
riparian wetlands are functionally connected to downstream waters by storing, mixing,
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transforming, and transporting water and other materials. Streams and riparian wetlands are
connected to downstream water through more than one of these functions. For example,
streams simultaneously transport and transform nutrients and carbon as they cycle between
mineral and organic forms while being carried downstream with stream flow. The functions
by which different fluvial hydrosystem units most strongly influence their downstream
waters may also differ. For example, a watershed model integrating the size and location of
riparian wetlands within a north Florida drainage basin suggested that large, floodplain
wetlands were most effective as hydrologic lags, mid-order wetlands as phosphorus sinks,
and headwater wetlands as sediment sinks (Cohen and Brown, 2007).

Human alterations affect nearly all the factors that control the downstream effects of streams
and riparian wetlands. Effect on downstream waters can be amplified, dampened, or averted
by alteration of functions within and transport between units, as well as the properties of
materials that are introduced and subsequently transported through the fluvial hydrosystem.
For example, shifts in land practices, have resulted in higher mean annual rates of sediment,
organic carbon, nitrogen and phosphorus accumulation in riparian wetlands over the last 100
years compared to the last 30 years (Craft and Casey, 2000). Coastal eutrophication and
hypoxia are well-known downstream effects that have been linked to the downstream
delivery of excess nutrients (Rabalais et al., 2002). In some cases, connectivity and its
effects on downstream waters become more discernable with human alteration (e.g., Chin
and Gregory, 2001; Wigmosta and Perkins, 2001); however, when human alterations are
widespread and relatively uniform (e.g., Blann et al., 2009) attributing downstream effects to
particular tributaries or parts of the river network can be more challenging.

Physical and chemical connectivity in fluvial hydrosystems is important to society. There is
growing interest to better understand how changes in connectivity across landscapes affect
the flow of specific goods and services used by society (Mitchell et al., 2015). Headwater
streams draining the over 2 million headwater catchments (those areas in which first- and
second-order streams drain portrayed by 1:100,000 scale maps) represent 74-80% of total
catchment stream length across 9 different ecoregions in the United States. The combined
potential economic value of the services provided by headwater catchments was estimated as
$14,000 ha~1 yr~1 or $30 million yr~1 per headwater catchment (Hill et al., 2014). Water
movement affects a range of services, including the provision of fresh water, regulation of
water quality, and flood control. Decreasing discharge in rivers by implementing riparian
buffers increases the lag, transformation, and sink of various pollutants that enhance water
quality, but may decrease the quantity of water transported downriver. Likewise, reducing
lateral flows to floodplain wetlands may decrease water quality and flood control but
increase the quantity of water provided downstream. There is a need to understand how
connectivity (and disconnectivity) of fluvial hydrosystems affects tradeoffs among various
services and spatiotemporal relationships between producers and users for the management
of sustainable ecosystem goods and services production (Brauman et al., 2007).
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Figure 1.
The fluvial hydrosystem with arrows showing the longitudinal, lateral, and vertical transfers

among units (Adapted after Petts and Amoros 1996).
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Conveyance vector

0
Causal agent [ ] Locus of

B
(Origin) \A ) O ® o/ consequence

Conveyed entities

Figure2.
Diagram illustrating the four elements of propagation events (modified from Reiners and

Driese, 2003). Different conveyed entities (materials or energy) are portrayed by different
colors and shapes. These entities are propagated (dashed lines) along the conveyance vector
and describe different functional connections. Entity changes in magnitude (portrayed by
size) and form (portrayed by shape) are illustrated as examples of source (white squares),
transformation (black symbols), lag and sink (white circles) functions that can occur en
route to the locus of consequence (i.e., downstream water).
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