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ABSTRACT

Headwater streams include first- and second-order channels with ephemeral, intermittent, or perennial flow.
Delineation depends on accurate mapping of channel heads, which remains challenging. Consequently, head-
waters are underrepresented in river network maps. Hydrology is governed by processes in adjacent uplands.

g;):ed flow Proportions of surface and groundwater contributions vary spatially and temporally, partly because of impeding
disturbance layers. The wetted expanse varies seasonally and flows are likely to decline with climate warming. Morphology is
sediment temporally and spatially variable. Channels tend to be < 2 m wide but may not exhibit downstream hydraulic
geometry. Headwaters can exhibit greater episodicity in sediment transport. Water chemistry is strongly influ-
enced by factors external to the channel and can be variable or stable. The influence of riparian zones on
biogeochemistry depends on the strength and location of hydrological connectivity. Hyporheic exchange typi-
cally affects a larger proportion of total stream flow, although this may be only 2% of discharge. Headwater
gaseous emissions remain poorly quantified but have been estimated at more than 70% of global riverine CO,
CH4, and N3O emissions. Headwaters may be particularly vulnerable to diverse stressors because their small
catchment areas, close coupling to uplands, short channel lengths, and lack of floodplains limit buffering of
inputs. Their small size and inaccurate delineation also limit regulatory protection and makes headwaters prone
to obliteration. Headwater stream flows are likely to decline in magnitude and spatial extent as climate warms.
Despite substantial gaps in understanding of headwaters, existing research clearly indicates their importance to

the functioning of larger rivers.
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1. Introduction

Hydrogeomorphology refers to the investigation of how geomorphic
and hydrologic processes interact to shape the physical template of
streams (Peterson et al., 2025). Our primary objective is to review what
is known of the hydrogeomorphic, or physical and, to a lesser extent,
biogeochemical characteristics of headwater streams, as well as the
natural and anthropogenic stressors of these streams. Although there is
an extensive literature on the chemistry of headwater streams, we re-
view this literature mainly in the context of hydrogeomorphic in-
teractions with water chemistry. We use this review to highlight the
importance of headwater streams to terrestrial and downstream eco-
systems and to identify gaps in our understanding of this part of river
networks and associated research needs. Table 1 outlines the structure of
the paper, key terms introduced in each section, and the research
methods applied to specific topics.

Just as with higher-order streams, the literature on headwater
streams reveals a diversity of stream characteristics investigated, as well
as arange of methods used to investigate those characteristics. However,
some of the topics in this review, such as hydrology, have been the topic
of more research than other topics such as sediment dynamics or
channel morphology. The relative length of the subsections within this
review reflects this imbalance.

Table 1
Outline of the organization of this review and the key terms and research
methods associated with each section of the paper.

1.1. What is a headwater stream?

The usage and definition of headwater streams varies widely in
published studies (Golden et al., 2025), from a stream of any size that is
in the upper part of a river network (e.g., Wohl and Goode, 2008;
Imberger et al., 2023) to definitions based on Strahler stream order (e.g.,
Freeman et al., 2007; Nadeau and Rains, 2007; Christensen et al., 2022)
or the presence of perennial flow (e.g., Richardson, 2019a, b). We use
the definition common to many studies that headwater streams include
first- and second-order streams in the Strahler (1957) stream ordering
system, whether these streams are ephemeral, intermittent, or
perennial.

Use of this definition still includes uncertainty, however, because of
the spatial resolution of mapped channels from which stream orders are
derived. As noted by many other investigators, national stream in-
ventories such as the U.S. National Hydrography Dataset do not include
all first- and second-order streams (Colvin et al., 2019) but the docu-
mentation of headwater streams is nonrandomly distributed due to the
variability of mapping accuracy within this and other datasets (Fritz
et al., 2013).

1.2. Why headwater streams matter

Headwater streams are important in at least two contexts: the func-
tions provided by the stream corridors and the influence of headwaters

Table 2
Examples of functions provided by headwater stream corridors

Function References

Paper organization

Key terms/metrics

Research methods

Definition &

stream order

importance
Characteristics
delineation & channel head, stream field mapping; remote
distribution head (hillslope profile, numerical
simulations of hillslope
hydrology, S-A relations,
machine learning)
formative fluvial, non-fluvial
processes
hydrology ephemeral, intermittent, temperature sensing,
flow permanence, wetted electrical conductivity,
stream length tracers, stream hydrographs,
repeat photos, stage sensors,
numerical models
field measurements
morphology downstream hydraulic
geometry, channel width,
channel length, bedforms tracer clasts, sediment
sampling
sediment suspended load, bedload
dynamics
numerical models, tracers
biogeochemistry solutes, carbon, nutrients field measurements with
hyporheic carbon dioxide, methane sensors
exchanges
gaseous
emissions

classification

providing nutrient uptake that varies with flow
magnitude, hydraulic conductivity & storage, &
land use

retaining particulate organic matter from riparian &
terrestrial environments

retaining sediment

providing native-species refugia from invasive species

providing predator- or competitor-free habitats

facilitating evolutionary radiation within & beyond
headwater habitats characterized by isolation &
small population size

hosting unique physical and chemical niche space in
groundwater-fed systems that are physically stable
and have low variation in flow and water
temperature

increasing beta and gamma biodiversity (species
diversity between sites & across a region)

providing stream subsidies to adjacent terrestrial
areas via provision of prey resources to terrestrial
predators (e.g., insect-eating birds, spiders, & bats)

attenuating peak flows

attenuating peak sediment fluxes
maintaining natural flow regimes & establishing a

chemical signal for water quality via groundwater
contributions

Valett et al., 1996
Bernhardt et al., 2005
Graeber et al., 2012

Liu et al., 2022
Brookshire and Dwire,
2003

Pfeiffer and Wohl, 2018
Richardson, 2019a
Fogel and Lininger, 2023
Cazzador et al., 2021
Colvin et al., 2019
Richardson, 2019a
Richardson, 2019a

Richardson, 2019a

Clarke et al., 2008

Richardson et al., 2005

Gomi et al., 2002; Roa-
Garcia et al., 2011
Clifton et al., 2022; Dunn
et al., 2024

Lowe and Likens, 2005;
Bush et al., 2025
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on downstream portions of a river network. We use ‘stream corridor’ to
describe the active channel(s) and the adjacent floodplain and under-
lying hyporheic zone (Harvey and Gooseff, 2015), where floodplains
and hyporheic zones are present. We use ‘function’ in the ecological
sense of a process performed by an organism, species, or entire
ecosystem that benefits or maintains the ecosystem (e.g., Brodie et al.,
2018). Table 2 lists examples of functions provided by headwater
stream corridors. The physical functions listed in this table are explained
in greater detail in subsequent sections of the text.

2. Materials and methods
2.1. Parameters of the literature review

We reviewed English-language literature on headwater streams,
using Google Scholar as our primary search engine. As noted earlier, the
definition of headwater stream varies between published sources. We
primarily discuss findings from published sources that specified first-
and second-order streams, although previous authors seldom note
whether stream ordering is based on published datasets (e.g., US Na-
tional Hydrography Dataset) or on field-mapped channel networks.
Consequently, although we used sources that describe first- and second-
order streams, these channels might be designated as third- or even
fourth-order streams based on field mapping of channel heads and
downstream channels. We also note relevant findings from streams
designated as ‘headwater’ in the original source but likely of third order
or higher even in published datasets.

3. Characteristics of headwater streams
3.1. Delineation and distribution

A first-order headwater stream starts at either a channel head or a
stream head (Fig. 1). A channel head is the upslope-most point of
concentrated water flow and sediment transport between definable
banks with a longitudinally continuous channel downstream
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(Montgomery and Dietrich, 1988, 1989; Evrard et al., 2007; Antoine
et al., 2012; Wohl, 2018). A channel head can have ephemeral and
intermittent flow regimes, so delineation of the channel head is not
contingent on the presence of flow at the time of mapping. If the channel
head is formed by a groundwater spring and has perennial flow, it is also
a stream head. Alternatively, the stream head — defined as the upstream-
most point of perennial flow (Jaeger et al., 2007; Shaw, 2016) — may be
located well downstream from the channel head.

Although the location of a channel or stream head may be influenced
by non-fluvial processes such as debris flows or landslides, we do not
include a longitudinal linear depression formed only by colluvial pro-
cesses in our definition of headwater streams. Conversely, a longitudinal
linear depression without definable, fluvially created banks — a shallow
swale with diffuse flow from a groundwater seep, for example - is also
not part of the headwater stream network. These zero-order depressions
(Dietrich et al., 1987) associated with colluvial sediment transport or
diffuse flow can exert important influences on headwater streams by
concentrating fluxes of water, solute, and sediment to the start of the
stream network (e.g., Benda et al., 2005; Grieve et al., 2018) and may
become part of the headwater stream network following disturbance
(Rengers et al., 2018), but we are not including them as part of the
stream network.

Channel heads are not static features (Montgomery and Dietrich,
1994). They can move up- or downslope in response to substantial and
relatively abrupt changes in precipitation and land cover that change
rainfall-runoff relations, such as wildfire or hillslope mass movements
(Montgomery et al., 2000; Kirkby et al., 2003; McNamara et al., 2006;
Wohl, 2013; Hyde et al., 2014; Wohl and Scott, 2017) or abrupt changes
in topography such as faulting (Morisawa, 1964). Channel heads can
also move in response to longer-duration changes such as glacial retreat
(Ruhe, 1952; Lai and Anders, 2018) or tectonic deformation that
changes hillslope gradients (Talling and Sowter, 1999).

The average location of a channel head over years to decades rep-
resents a spatial transition from unchanneled to channeled regions of a
landscape (Montgomery and Dietrich, 1994) and a threshold at which
surface or subsurface flow concentrates and persists sufficiently to create

Fig. 1. Examples of stream heads (A, C) and channel heads (B, D, E). Channel heads in (B) and (E) result from subsurface flow and piping; channel head in (D) is
generated by surface runoff. Blue arrow indicates flow direction in (A) and hand-tape indicates scale. Piping-induced channel head in (B) is ~ 1.5 m wide across each
of the adjacent amphitheater-shaped headcuts. Orange field notebook in (D) and (E) is 15 cm wide.
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the start of a headwater stream network. The delineation of a channel
head is not based on size of the feature; individual channel heads may be
as small as 10 cm wide and deep or more than a meter wide and deep
(Fig. 1). The threshold represented by a channel head is commonly
expressed as

AS* > C (€8]

where A is contributing catchment area, S is local hillslope gradient, and
C is the channel initiation threshold (Dietrich et al., 1992). Values for A
and S may vary substantially within a region. Mapping 78 channel heads
in the Colorado Front Range at sites without recent disturbance, Henkle
et al. (2011) identified a minimum contributing area of 10,000 m? but
found some channel heads with contributing areas of ~ 600,000 mz;
local hillslope gradient ranged from 12% to 55%.

The ability to accurately locate channel heads is critical to the
delineation of headwater streams as we define them, but the values of
drainage area and local slope gradient at which channel heads form can
vary substantially even within a few hectares in a catchment. Local
variation in hillslope gradient, infiltration capacity, porosity, perme-
ability, and cohesion of regolith, and underlying bedrock fracture den-
sity, topography, and hydraulic conductivity influence surface and
subsurface flow paths and concentration, as well as erodibility of near-
surface materials (Wohl, 2018). Across even a small hillslope, the
location of individual channel heads can also reflect primary flow
components that may be either surface flow, subsurface flow, or some
combination of the two. Individual channel head locations can also
reflect influences on hillslope morphology such as mass movements
(Montgomery and Dietrich, 1994).

Channel heads are most reliably identified via field mapping (e.g.,
Roy et al., 2009; Brooks and Colburn, 2011; Henkle et al., 2011; Julian
et al., 2012; Placzkowska et al., 2015), although error can still occur
because channel heads can be obscure and difficult to locate and the
location of a discrete point as a channel head may be subjective where
the transition from diffuse to channelized flow is spatially gradual.
Because field mapping channel heads is time- and labor-intensive, many
remote methods of delineating, predicting, and classifying channel
heads have been developed. Topographic data have been used to predict
channel head locations at the transition from convex to concave hill-
slope profiles (Kirkby, 1971, 1980; Tarboton et al., 1991), although this
transition may be more likely to reflect the start of valley development
rather than channel heads (Montgomery and Foufoula-Georgiou, 1993).
Assigning channel head locations to inflection points in averaged hill-
slope profiles (e.g., [jjasz-Vasquez and Bras, 1995; Passalacqua et al.,
2010; Sangireddy et al., 2016) can substantially over- or under-
estimate the contributing area of actual channel heads mapped in the
field, depending on the region and the balance between surface and
subsurface processes that contribute to channel head formation (e.g.,
Tarolli and Dalla Fontana, 2009; Henkle et al., 2011). Field-mapped
channel heads do not appear to exhibit systematic source area-slope
relations within individual landscapes or bedrock lithologies (e.g.,
Jaeger et al., 2007; Henkle et al., 2011). Because of limited field vali-
dation, it remains unclear whether individual remote methods tend to
consistently under- or over-predict the contributing area of channel
heads.

Other approaches to delineating channel heads use numerical sim-
ulations of downslope water and sediment movement, such as TOP-
MODEL (Simpson and Castelltort, 2006; Smith, 2010); extract channel-
head locations from digital elevation models based on S-A relations (Lin
et al., 2006; Kim and Kim, 2007); or extrapolate from field data (Russell
et al., 2015). Most of these approaches use a spatially constant
threshold. More recent remote extraction approaches that are not
threshold-based include clustering analyses of contour lines (Hooshyar
et al., 2016), topographic indicators of flow convergence (Lurin et al.,
2023), and machine learning methods that are designed to avoid the
need for a threshold value of upslope area, slope-area relation, or
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topographic curvature (Wu et al., 2021). Remote extraction methods
have also been applied to delineating stream heads by analyzing channel
cross-sections (Shavers and Stanislawski, 2020) and ephemeral stream
networks based on topographic openness and a wetness index (Metes
et al., 2022). Most of these approaches incorporate field-mapped chan-
nel heads for initial validation of the approach, yet the problem remains
that S-A relations are highly variable between geographic regions
(Wohl, 2018; Lessard et al., 2024) and a limited calibration or validation
data set may be misleading. Comparing multiple methods, for example,
Metes et al. (2022) noted that small ephemeral channels with
less-defined banks or originating at groundwater seeps are difficult to
detect in all remote methods.

Despite the difficulties of determining where channels start, Nadeau
and Rains (2007) estimate that channels with intermittent and ephem-
eral flow regimes account for about half of total headwater stream
length. Syntheses from the United States (e.g., Fritz et al., 2013;
Christensen et al., 2022) and from other countries (e.g., Bishop et al.,
2008; van Meerveld et al., 2020; Messager et al., 2024) note a consis-
tent tendency to underrepresent headwater and non-perennial stream
segments in river network maps. Considering that first- and second-
order channels are likely to be non-perennial even in wet regions, and
that it remains difficult to accurately map channel heads and the asso-
ciated first-order streams, headwater streams are likely to be substan-
tially under-represented in stream network inventories. Given that likely
under-representation, it is worth noting estimates that put the propor-
tion of first- and second-order streams at 77% of the total length of rivers
in the world (Downing et al., 2012), although studies of individual
networks or regions estimate values ranging from 60 to 90%
(MacDonald and Coe, 2007; Argerich et al., 2016). First-order streams
may constitute 52% of total stream length globally (Downing et al.,
2012) and 53% of total stream length in the conterminous United
States (Nadeau and Rains, 2007).

Management and legal protection are unlikely to target streams that
are not identified in inventories of river networks. In the US state of
Washington, for example, forest practice regulations protect perennial
streams. Inaccurate delineation of these streams can create potential
economic losses from restricted land use in headwater areas where
streams are assumed to exist but do not, and ecological losses where
actual headwater streams are not protected because they are assumed to
initiate at larger contributing areas (Jaeger et al., 2007).

Regional- to global-scale summaries of stream surface area that are
used in the context of understanding the role of flowing streams in
carbon and nutrient cycling are also improved by accurate mapping and
channel-width estimation for headwater streams. Recent evaluations of
global river emissions of carbon dioxide (Battin et al., 2023), methane
(Rocher-Ros et al., 2023), and nitrous oxide (Marzadri et al., 2021) es-
timate cumulative fluxes by estimating reach-scale fluxes from indi-
vidual river reaches based on stream surface area (Boyd and Allen,
2025).

In summary, it remains difficult to accurately delineate channel
heads in many regions because the values of contributing area and local
slope that combine to concentrate flow sufficiently to form a channel are
highly variable through space and, to some extent, time. Lacking accu-
rate delineation of first-order streams, it is reasonable to assume that
headwaters are underrepresented in most maps of river networks.
Regional- to global-scale estimates of the proportions of channel length
in different stream orders nonetheless indicate that the majority of total
length is in headwater streams.

3.2. Formative processes

A stream corridor can be evaluated in the context of how much it
responds to existing topography and how much it shapes topography
through fluvial erosion and deposition. Even many of the world’s largest
rivers both start in mountainous regions (respond to existing topog-
raphy) and cut through mountain ranges or create extensive
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depositional terrains (shape topography) along their course. Remote
methods of delineating channel heads that are not threshold-based
imply that fluvial erosion at the channel head is altering very local
topography at a scale that is topographically detectable. Channel heads
can form at abrupt changes in hillslope gradient caused by a large
boulder, bedrock outcrop, or downed wood (Wohl, 2018) on an other-
wise relatively straight or convex hillslope, or they can form in topo-
graphically concave portions of the hillslope. Headwater streams in
linear hillslope concavities may topographically alter only the area
immediately adjacent to the active channel, or they may gradually
deepen and widen the linear hillslope concavity. Little is known, how-
ever, about the efficacy of fluvial erosion versus other processes that
could enlarge these surface flow paths, such as episodic debris flows (e.
g., Wohl and Pearthree, 1991; May and Gresswell, 2003; Gomi et al.,
2004) or subsurface weathering of fractured bedrock underlying the
flow path (Eppes and Keanini, 2017). Consequently, it remains unclear
to what extent headwater streams alter existing topography.

Questions also remain about the relative importance of non-fluvial
sediment transport processes in headwater streams. Investigators
working primarily in the Pacific Northwest region of the United States
suggest that a transition from mass movement-dominated to fluvial-
dominated stream reaches occurs in high relief drainage areas up to
1.0 km? (Benda and Dunne, 1987, 1997; Montgomery and Foufoula-
Georgiou, 1993; Stock and Dietrich, 2003; May and Gresswell, 2004),
although other studies indicate that debris flows may dominate in-
channel transport and morphology at drainage areas up to 10 km?
(Kostaschuk et al., 1986). The upper limit of drainage area at which
debris flows dominate headwater stream processes remains poorly
constrained in most high-relief regions that experience debris flows
within channels. This partly reflects a lack of attention to the issue and
partly reflects the challenges of characterizing both magnitude and
frequency of colluvial versus fluvial sediment transport in headwater
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Fig. 3. A second-order stream (based on field mapping) fed by groundwater in
the Rocky Mountains of Colorado, USA. Blue arrow indicates flow direction.
Stream lacks a floodplain and transports materials downstream relatively effi-
ciently. Channel is about 30 cm wide.

channels.

Numerous studies suggest that headwater streams are more influ-
enced than higher order streams by local disturbances such as extreme
precipitation, hillslope mass movements, wildfire (Fig. 2), or abrupt
forest die-off. These streams can display the spatially and temporally
variable adjustments to disturbance known as complex response
(Schumm, 1973), in which different portions of the channel are simul-
taneously experiencing erosion and aggradation (Fig. 2).

Headwater streams are closely connected to adjacent uplands and

Fig. 2. Examples of headwater stream erosional (A,D) and depositional (B,C) responses to floods after wildfire. All views are from the same unnamed stream in the
Rocky Mountains of Colorado, USA five years after a stand-killing wildfire. Images represent upstream (A) to downstream (D) views that also illustrate complex
response, with spatially and temporally discontinuous patterns of erosion and aggradation. (A) Channel exhibits a 50-cm tall headcut in coarse alluvium. (B) Channel
aggraded and avulsed. (C) Channel initially incised and then subsequently aggraded. Note large boulder deposited on upstream side of tree at middle left with orange
field notebook (15 cm wide; in white oval) for scale. (D) Downstream-most portion of channel continues to erode, with bank collapse introducing trees to the channel,
which is 400 cm wide and 50 cm deep. Blue arrows indicate flow direction. Field-mapping of channel heads and first- and second-order channels indicate that this is a
third-order channel. The NHD Plus dataset does not recognize this channel, but the newer NHD Plus HR has it as a second-order channel.
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typically lack the buffering provided by either floodplains or longer
travel distances along the river network (Gomi et al., 2002; Burt and
Pinay, 2005; Blume and van Meerveld, 2015). Although headwaters
can store materials, they are usually conceptualized as the transport-
dominated portion of a river network (Schumm, 1977; Montgomery
and Buffington, 1997) in which increases in water, solutes, or sedi-
ment are transmitted downstream relatively efficiently (Fig. 3). In
stream corridors with primarily fluvial (rather than additional, episodic
debris-flow transport), however, relatively mobile materials of water,
fine sediment, and fine particulate organic matter may move efficiently
downstream whereas coarser sediment or large wood may be primarily
stored in the headwaters (Wallace et al., 2001; Benda et al., 2005;
Lancaster and Casebeer, 2007; MacDonald and Coe, 2007; May, 2007;
Cadol et al., 2009; Nyman et al., 2020). Where headwater streams have
segmented longitudinal profiles with alternating higher and lower
gradient stream segments, the relative dominance of transport versus
storage may vary between successive segments (Rengers et al., 2026).
Transport or retention of finer sediment and organic matter also depend
strongly on the physical complexity of the channel and the presence of
retentive features such as large wood, pools, and secondary channels
(Wallace et al., 2001; Pfeiffer and Wohl, 2018; Fogel and Lininger, 2023:
Triantafillou and Wohl, 2024).

The transport efficiency of headwaters raises questions about the
resistance or resilience of these streams to disturbance. Much of the
literature related to natural or human-induced disturbances and resil-
ience addresses the biogeochemistry (e.g., Houser et al., 2006; Larouche
et al., 2015) or ecology (e.g., Wallace et al., 1986; Stout et al., 1993) of
headwater streams. Consideration of morphological resilience has
focused on changes following debris flows or landslides in high-relief
headwater streams. In these systems, adjustment of channel
morphology following a mass movement depends on the transport ca-
pacity of subsequent water flows (Kasai et al., 2004); sediment and wood
inputs (Gomi et al., 2002; Jakob et al., 2005) to the channel; the spatial
heterogeneity of the stream corridor and initial response to the mass
movement (Triantafillou and Wohl, 2024); and the return interval and
magnitude of mass movements (Benda, 1990; Wohl and Pearthree,
1991). Given the numerous interacting variables, it is not surprising
that headwater channel morphologic resilience varies substantially be-
tween sites.

In summary, headwater channels may form on hillslope convexities
or concavities and they do not always modify topography sufficiently to
appear even on submeter-scale lidar representations of topography.
Non-fluvial processes may strongly influence channel morphology and
sediment transport in moderate- to high-relief terrains but there is no
consistent threshold of drainage area that describes where fluvial pro-
cesses become dominant. Downstream transport of diverse materials can
be highly spatially variable in response to longitudinal variations in
channel and valley morphology as well as the presence of relatively
immobile features such as large wood. Headwater streams can display
complex response following disturbance.

3.3. Hydrology

Headwater streams are likely to have intermittent or ephemeral flow,
even in relatively wet climates, if they are supplied primarily by surface
runoff (Golden et al., 2025; Botter et al., 2026). However, even
ephemeral streams provide an important path for water and solutes to
downstream portions of the river network. Models of the contiguous
United States, for example, indicate that, on average, 55% of the
discharge exported from regional river systems comes from ephemeral
streams, with a higher proportion of total discharge in first- and second-
order streams coming from ephemeral systems (Brinkerhoff et al.,
2024).

Hydrology in first-order channels is governed by hydrologic pro-
cesses on adjacent uplands (e.g., Sidle et al., 2000; Gomi et al., 2002;
McGuire and McDonnell, 2010; Briggs et al., 2022), including the
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unchannelized slope concavities sometimes known as zero-order basins
(e.g., Dietrich et al., 1987; Grieve et al., 2018). Runoff generation and
surface and subsurface flow paths in uplands, which can extend far
upslope during precipitation inputs (e.g., McGuire and McDonnell,
2010), govern the temporal and spatial distributions and rate of water
supply to first-order streams. Changing precipitation and substrate
conditions in uplands, along with limited surface and subsurface water
storage along headwater streams, can create greater temporal variation
in discharge in these streams than in streams with larger drainage areas
(e.g., Woods et al., 1995; Lyon et al., 2012). Measurements and nu-
merical models suggest that variation in unit area discharge at small
contributing areas reflects hillslope processes whereas variation in
larger catchments is more affected by routing processes and the presence
of a floodplain (Wood et al., 1988; Woods et al., 1995; Wohl et al.,
2025a).

The subsurface connectivity of uplands and channels have been
investigated using field monitoring such as measurements of ground-
water level, soil moisture, and flow in hillslope trenches. Fingerprints of
connectivity based on characteristics such as minor trace elements that
create chemical signatures that differ between specific portions of a
catchment have also been used to trace hydrologic flow paths, as have
tracer experiments using salts, fluorescent dyes, or specific isotopic
signatures, and numerical modeling (Blume and van Meerveld, 2015).
As with surface flow inputs, the magnitude of throughflow and
groundwater inputs to headwater streams can vary substantially both
spatially and temporally.

The relative contributions of groundwater to headwater stream flow,
and thus the extent of perennial headwater streams, vary between
catchments, in part because of the presence of impeding layers (e.g.,
McGlynn et al., 1999) and depth to bedrock (Giggy and Zimmer, 2025).
Headwaters are more likely to have relatively shallow groundwater in-
puts because of shallow depths to bedrock (Hare et al., 2021). The
relative contributions of different sources of surface water can also vary
spatially and temporally within a headwater catchment. Studying a 2.65
km? semiarid mountain catchment in Colorado, Bush et al. (2023) found
that the primary contributions to stream flow are surface water from
upstream and groundwater, although the relative contributions from
upstream decreased from the period of spring snowmelt to summer
rainfall and base flow. They described this as an increasing importance
of lateral contributions from groundwater and soil water adjacent to the
stream as the runoff season progressed. Overall, however, groundwater
dominates stream flow magnitude and chemical composition in
ephemeral, intermittent, and perennial headwaters in the catchment
(Bush et al., 2025).

Using fiber optic, spatially distributed temperature sensing to locate
and quantify groundwater discharge, Simon et al. (2022) inferred that
streamflow sourced from groundwater was concentrated mainly in the
upstream part of a 2™-order catchment in southwestern Brittany,
France, where the steepest slopes occurred, although local and highly
contributive groundwater inflows were possibly driven by local het-
erogeneities. Measurements in first-order streams in New Mexico, USA,
similarly indicate that the rate and extent of groundwater-surface water
exchange increase with increasing hydraulic conductivity, as influenced
by geologic setting and alluvial characteristics (Morrice et al., 1997). In
assessing the temporal distribution of groundwater-fed surface flow,
piezometers and shallow wells in a headwater catchment in Luxembourg
indicated that near-stream groundwater responded rapidly to precipi-
tation in fractured bedrock with low storage capacity (Bonanno et al.,
2021). These portions of the streambed displayed complex
groundwater-surface water connectivity, with groundwater moving
away from the stream, which ceased flowing, during dry periods and
groundwater moving toward the stream during wet periods (Bonanno
et al., 2021).

The complexities of groundwater influences in headwater streams
are illustrated by a study of 8 semiarid headwater catchments in Idaho,
USA using surface flow observations and tracer-based groundwater
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residence times. Warix et al. (2021) found poor relations between
groundwater residence time, topography, and extent of the flowing
stream network. Old groundwater was present in all headwater streams,
but each stream also exhibited surface drying, suggesting that old, deep
flow paths are not sufficient to sustain surface flows. The timing of
stream drying at any point typically coincided with a decrease in the
contribution from near-surface sources and an increased relative
contribution of groundwater to streamflow, so the spatial pattern of
drying within the stream network correlated with locations where
groundwater inputs were the most seasonally variable (Warix et al.,
2021).

Another example of groundwater influencing flow paths on head-
water streams comes from the Arakawa River, Japan, where baseflow-
specific discharge, which reflects groundwater flux, increased with
catchment size in the headwaters (Asano et al., 2020). Spatial variation
in precipitation, stream hydrographs, and isotopic tracers imply that
substantial amounts of water infiltrate into bedrock on the hillslopes in
the headwaters but this water does not discharge into small streams.
Instead, it feeds surface flow into a larger downstream catchment,
creating an increase in specific discharge typical of catchments with
permeable bedrock (Asano et al., 2020).Water isotopic ratios used to
evaluate mean transit time and young water fractions indicate differ-
ences in transit time in relation to the type of precipitation anomaly.
Working in 7 small mountain catchments in western Oregon, USA,
Segura (2021) found that during relatively wet, cold years, intrinsic
catchment characteristics such as catchment area and terrain roughness
explained some of the variability in transit times. She found shorter
transit times during periods of snow drought (abnormally low snow-
pack), although studies in other regions have indicated longer mean
transit times under dry conditions (e.g., McGuire et al., 2002;
Hrachowitz et al., 2009; Bansah and Ali, 2019). This suggests that snow
drought may influence water transit times differently than other forms
of drought.

The relatively few, site-specific quantitative measurements of surface
versus subsurface flow contributions to hydrology in headwater streams
indicate that generalizations across sites cannot yet be confidently
developed. Site-specific conditions of bedrock and other impeding
layers, seasonality and type of precipitation inputs, and specific position
in the headwater channel network combine to create different hydro-
logic scenarios in each site studied.

A different form of headwater flow sources has been described for
central California, USA, where vernal pools and swales — seasonal wet-
lands in low-relief headwaters — influence headwater stream wetness
(Stepchinski et al., 2023). Winter peak stages in vernal pools propagate
downstream through swales, which typically have less extensive inun-
dation, to headwater channels. Analogously, wetland and lake head-
waters supply many of the headwater streams in Florida, USA (White
and Crisman, 2016).

In addition to sources of flow in headwater streams, another line of
hydrologic investigation focuses on the extent of wetted stream length in
headwaters. This has received particular attention in the United States
because stream permanence classifications (perennial/intermittent/
ephemeral) are a primary consideration for stream regulatory status
under the Clean Water Act. Stream permanence classifications in the
National Hydrography Dataset can exhibit up to 50% disagreement with
in situ observations, in part because the NHD classifications were derived
decades earlier and do not consider dynamic climate and land use in
headwater environments (Hafen et al., 2022). Other measures of flow
permanence have been proposed, such as continuous versus discontin-
uous, spatially or seasonally (Olson and Burton, 2019), or flow fraction —
the fraction of time during which a stream flows, from 0 to 1 (Peterson
et al., 2024), but none of these measures is yet consistently used across
numerous studies or management agencies.

For headwaters in the Appalachian Highlands of the U.S., wet stream
length and surface hydrologic connectivity of wet streams depend on
local lithology, geologic structure, and the distribution of surface
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regolith such as glacial and colluvial deposits, as these influence hy-
draulic conductivity and depth of regolith (Jensen et al., 2017, 2018).
Working in forested headwater streams of western Oregon, USA, Olson
and Burton (2019) describe spatially intermittent streams that had
spatially discontinuous surface flow at the upper and lower portions
with intervening dry areas in the middle during the spring wet season.
The dry portions extended in length during the dry summer season. In
these streams, the percent dry length was associated with the heat:
moisture index, mean minimum summer temperature, and catchment
area. Other studies in western Oregon that combine measurements and
modeling indicate that the controls on expansions and contractions of
the wetted headwater network include upstream runoff production,
hyporheic zone transmissivity (hydraulic conductivity times average
conductive depth), channel width, and channel gradient (Ward et al.,
2018). The influences of contributing area and channel geometry also
appear in data from forested headwaters in the humid regions of the
contiguous United States, where catchment area differentiates ephem-
eral from intermittent or perennial channels, and entrenchment ratio
(the ratio of flood-prone width to bankfull channel width) discriminates
intermittent from perennial sites (Fritz et al., 2008). Statistical models of
observed flow fractions in northern Colorado indicate that snow
persistence, summer precipitation, and drainage area are important
predictors (Peterson et al., 2024).

In Alaskan headwater streams underlain by permafrost, flow vari-
ability may reflect the thickness of the active layer. Thirty years of
discharge data from headwater streams in Alaskan boreal forest indicate
that flow is variable and related to summer temperature in catchments
with less extensive discontinuous permafrost, whereas flow relates more
directly to precipitation in catchments with more extensive permafrost
(Jones and Rinehart, 2010). More extensive permafrost and higher
permafrost tables promote shallower subsurface flow paths and higher
rates of evapotranspiration relative to uplands without permafrost,
leading to greater responsiveness to both precipitation and air temper-
atures in permafrost catchments (Sjoberg et al., 2022).

The extent of wetted headwater streams has been measured directly
at stream gauges. Indirect measurements can come from flow intermit-
tency sensors that are modified temperature loggers able to detect the
presence of water as a large increase in relative electrical conductivity
(Jaeger and Olden, 2012; Jensen et al., 2019) or from flow detection
sensors based on a vane design that closes a circuit when water is
flowing and opens the circuit when water is absent or stagnant (Bhamjee
et al., 2016). Paired resistance and multispectral satellite imagery using
machine learning methods trained on local surveys may be able to detect
wetted channels, even where channels are smaller than the imagery’s
spatial resolution (Dralle et al., 2023). Citizen science can also be used to
collect data on surface flow either in regions where people live or
recreate (e.g., hikers). A study in northern Colorado, USA that employed
11 stage sensors and 177 visual monitoring points (crowdsourcing of
photos and written descriptions at road or trail stream crossings) indi-
cated that the number of observations needed to compute accurate flow
fractions increases as flow duration decreases (Peterson et al., 2024).
This study found that statistical models of flow permanence perform best
with > 10 visual observations. Other studies using citizen scientists
indicate that the usefulness or accuracy of citizen observations improves
with clear definitions of flow state classifications, detailed information
on the exact location for observations, and training (Scheller et al.,
2024).

Numerical models based on rainfall-runoff or water balance have
been applied to headwater flow permanence. Hafen et al. (2022)
simulated flow permanence in headwaters of the U.S. Pacific Northwest
using a modified Thornthwaite monthly water balance model with a
flow threshold parameter. This model generates monthly runoff values
by estimating the magnitude of hydrologic processes based on mean
monthly temperature, total monthly precipitation, soil water holding
capacity, and latitude. They found that this approach estimated stream
permanence with high precision at only 40% of stream reaches,
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indicating the need for increased observations of surface water presence.

Much of the research on headwater flow sources and permanence has
been conducted by stream ecologists because of the critical influence of
flow extent, duration, and chemistry on stream communities. Examining
macroinvertebrate communities in the Peak District of England, for
example, Wood et al. (2005) found that communities differed signifi-
cantly in the number of taxa, community abundance, and diversity
indices between groundwater-dominated perennial and intermittent
spring streams. More taxa were present in streams with perennial
springs.

The persistence and flashiness of surface flows are also of interest
because of the resultant influences on downstream flow magnitude,
biogeochemical reactions, and sediment transport. Using flow inter-
mittency sensors, Jensen et al. (2019) demonstrated hysteresis in wetted
stream length in a headwater catchment in Virginia, USA. They found
that the wet proportion of the stream network was up to 50% greater on
the rising limb of storm events than on the falling limb for dry ante-
cedent conditions, with sometimes a delay of several hours between the
maximum wet proportion and peak runoff at the outlet of the 33-ha
catchment outlet. Stream length hysteresis decreased during larger
storms with higher event and antecedent precipitation. They noted that
although topography did not fully explain spatial variations in flow
duration along the stream network, entrenched valleys had longer pe-
riods of flow on the rising limbs of events than unconfined stream rea-
ches. Larger upslope contributing areas also corresponded to higher flow
duration on the falling limb (Jensen et al., 2019).

Flow flashiness can be challenging to characterize in headwaters
because widely used methods such as the Richards-Baker Index use
median daily flows that represent too long a timestep for small streams.
Johnson et al. (2022) used number of days each stream flows above its
goth percentile flow for 1%%-order streams in the US North Carolina
Piedmont. They found that first-order streams were flashier than second-
and third-order streams, and that first-order streams also became
flashier during winter when evapotranspiration declines. Decline in
evapotranspiration and decreased interception of precipitation associ-
ated with a lack of leaves on trees in winter likely increase soil moisture,
raise the shallow water table, and decrease infiltration capacity in a
manner that increases runoff and flashiness (Johnson et al., 2022). They
also found that suburban streams are flashier than forested streams, an
effect that has been documented in other studies showing that more
urbanized headwaters tend to have higher peak flows (Stanfield and
Jackson, 2011), as well as greater unit peak discharge, flashiness
index, and runoff ratio (Wu et al., 2013). Comparing the effects of ur-
banization on headwaters in the area of Cincinnati, Ohio, USA, however,
Roy et al. (2009) noted that urbanization can decrease (e.g., via reduced
infiltration) or increase (e.g., via lawn watering and septic tanks) the
permanence of headwater flows.

Given their long cumulative channel length, headwaters have the
potential to substantially influence attenuation of peak flows trans-
mitted to higher-order rivers. The shallow flow and high external
resistance of small streams, as well as the potential for naturally
occurring obstacles such as downed trees that can occupy a substantial
portion of channel cross-sectional area, suggest that spatially hetero-
geneous headwater channels could be very important in attenuating
peak flows (Triantafillou and Wohl, 2024). Most existing network-scale
hydrologic models, however, assume simple downstream hydraulic ge-
ometry scaling in which channel width scales with stream order, and
may not include first- and second-order streams (Wohl et al., 2025a).
Consequently, it remains largely unknown how spatial heterogeneity in
headwater channels, loss of headwater channels (e.g., through burial),
or the details of headwater channel representation in network hydro-
logic models might influence estimates of peak flow attenuation (Wohl
et al., 2025b).

In summary, measurements of groundwater-surface water in-
teractions within individual channels and catchments reveal spatially
and temporally complex relations that reflect site-specific conditions
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and are difficult to generalize across sites. Both measurements and
modeling suggest that the wetted expanse of headwater streams expands
and contracts seasonally in many networks, with controls of varying
importance that include upstream runoff production, hyporheic zone
transmissivity and hydraulic conductivity and connectivity to ground-
water aquifers, and valley and channel geometry. The efficiency of
conveyance of headwater stream flow to downstream portions of the
network is influenced by the length and spatial arrangement of head-
water channels, as well as the morphology (channel width/depth ratio,
hydraulic roughness associated with grains and bedforms, presence of
obstructions such as large wood) of the channels (Wohl et al., 2025a).
Hydrological routing models suggest that naturally occurring
(Christensen and Morrison, 2026) and engineered (Roberts et al., 2023)
temporary storage areas in headwater networks can attenuate peak flow
magnitudes by as much as 30%, largely through floodplain or ponded
water storage along 2"%- or 3'%-order channels. It remains difficult to
characterize or predict the extent and duration of wetted channels
within small catchments without spatially detailed field measurements
that span interannual variations in precipitation, including snowpack in
cold regions. Studies from diverse regions, however, predict that head-
water stream flows will decline in magnitude and extent with climate
warming (Jones and Rinehart, 2010; Olson and Burton, 2019).

3.4. Morphology

The cross-sectional morphology and longitudinal trends of head-
water streams can differ from higher-order streams because of the
relatively low energy exerted by flow in headwater channels against the
channel boundaries. Whether stream energy is expressed as critical
shear stress, total stream power, or stream power per unit area, the
ability of flow to shape the channel boundaries and downstream
gradient is fundamentally a function of discharge and local gradient.
Although local gradient may be quite steep, discharge is commonly very
small, and headwater streams are more likely to be shaped by local
factors such as large wood (Green et al., 2013; Chappell and Brierley,
2014), bedrock constrictions and varying erosional resistance (e.g.,
Adams and Spotila, 2005), spatial and temporal variability in sediment
abundance and grain-size distribution associated with hillslope insta-
bility (Benda et al., 2005), and reach-scale gradient imposed by glacial
history (Green et al., 2013), past debris flows, or bedrock lithology.

Under these circumstances of strong influences by local controls,
headwater streams may not display statistically significant downstream
trends in channel width, flow depth, or velocity, as conceptualized in
downstream hydraulic geometry (Leopold and Maddock, 1953). The
limited studies of downstream hydraulic geometry in headwater streams
indicate that channel morphology and velocity are more spatially vari-
able than in larger streams in both tropical (Thornes, 1970) and
temperate latitudes (Chappell and Brierley, 2014). Working in head-
water streams of Vermont, USA, Zimmerman et al. (1967) described a
drainage area threshold for influences on channel width. At drainage
areas of 0.5 to 2 km?, channel width does not increase downstream,
channels are not perennial, living tree roots cross the channel, and
organic debris dams are common. At larger drainage areas up to 13 km?,
channel width increases downstream but channel morphology is highly
variable because of the influence of living vegetation that alters the
roughness and shear strength of the channel bed and banks. Brummer
and Montgomery (2003) found that channel width increased with
drainage area according to the basic downstream hydraulic geometry
relation (w = cAb, where w is channel width, A is drainage area, and b
and c are empirical coefficients) for both debris flow-dominated and
fluvially dominated channel reaches in high-relief areas of western
Washington, USA. With the exception of one creek, the conventional
value of b = 0.5 fell within the 95% confidence interval of b values
calculated for their combined field data.

The location in a river network at which downstream hydraulic ge-
ometry trends become significant has also been related to a threshold
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ratio of stream power to coarse sediment size (Wohl, 2004). Although
total and unit stream power may display progressive downstream trends
in larger alluvial streams (Knighton, 1999), headwater streams in
moderate- to high-relief environments are characterized by substantial
longitudinal variability in stream power, primarily in relation to longi-
tudinal variability in reach-scale gradient (e.g., Fonstad, 2003; Wohl
et al.,, 2004; Adams and Spotila, 2005). Consequently, the minimum
catchment area at which the stream power/sediment size ratio is
exceeded varies substantially among headwater streams.

Investigators have also examined the range of channel widths and
lengths in headwaters. Using global data, Downing et al. (2012) reported
median values of 1.6 and 1.9 m (mean values 1.9 and 2.6 m) for first- and
second-order streams, respectively, whereas Allen et al. (2018) reported
measured perennial, first-order stream widths at thousands of locations
within 7 catchments in North America and New Zealand as having a
mode of 0.32 + 0.07 m for wetted channel width. Boyd and Allen (2025)
used field measurements and remote sensing to characterize wetted
channel widths across all stream orders in the Mississippi River catch-
ment and found that river widths within each stream order consistently
follow a log-normal distribution. First-order wetted stream widths are
mostly less than 1 m and second-order streams less than 2 m wide (Boyd
and Allen, 2025). Jensen et al. (2017) reported mean bankfull channel
width as a ratio of width to upstream contributing area. Values for 12
areas in the Appalachian Highlands of the eastern United States exhibit a
narrow range of 0.24 to 0.47. Barefoot et al. (2019) examined the dis-
tribution of wetted channel widths in first- through third-order streams
over time at an experimental forest in North Carolina, USA. As runoff
increased from the 377 to 99t percentiles of flow, flow in streams both
widened across the network and extended upstream to reactivate dry
channels. Measured values ranged from 2 to 831 cm (median value of 25
cm of stream widening), with some measurement points varying by up
to 787 cm among all surveys and others remaining unvarying.

Most of the studies of channel length focus on how wetted length
changes rather than complete channel length starting from the channel
head. The only compilation of total length values that we found was in
Downing et al. (2012), which compiled global estimates of channel
length by stream order. They reported mean values of 1.6 and 3.7 km for

Fig. 4. Example of fallen wood creating steps and pools on a headwater
channel in northern Colorado, USA. Channel is about 40 cm wide and 5-10
cm deep.
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first- and second-order streams, respectively, based on known bifurca-
tion ratios from Leopold (1962) and Welcomme (1976).

Large wood introduced to headwater streams is less likely to be
fluvially redistributed into logjams than in larger streams because of the
shallow flow depths relative to log diameter, narrow channel widths
relative to log length, and generally limited transport capacity for wood
in headwater channels (Benda et al., 2005; Wohl and Jaeger, 2009;
Cadol and Wohl, 2010). Dixon and Sear (2014), however, discuss
mobility of relatively small, simple (less branching complexity) pieces in
a second-order stream in England. Debris flows in headwater streams
can very effectively transport and redistribute large wood (e.g., Rengers
et al., 2026).

Logjams may be present in headwater streams as a result of debris
flows or forest blowdown but wood is otherwise likely to occur as in-
dividual pieces. These pieces can substantially influence hydraulics and
sediment dynamics by creating local obstructions to flow that direct
current toward the channel bed or banks or limit local bed erosion,
creating a stepped morphology (e.g., Gomi et al., 2003) (Fig. 4). Large
wood in headwaters commonly enhances local storage of sediment (e.g.,
Ryan et al., 2014) and particulate organic matter (Smock et al., 1989;
Brookshire and Dwire, 2003; Entrekin et al., 2008; Pfeiffer and Wohl,
2018; Fogel and Lininger, 2023). The roots of living trees that are
exposed in the channel (Hawley and MacMannis, 2019), sometimes
referred to as livewood (Opperman et al., 2008), can create morpho-
logical influences similar to those of large wood in headwater streams.

Beaver dams can also create substantial reach-scale changes in
headwater stream hydrology, morphology, and sediment dynamics.
Beaver can build dams that pond water on even small, headwater seeps
and springs. The dams reduce longitudinal connectivity but increase
lateral and vertical connectivity within stream corridors, as well as
increasing surface and subsurface water storage, sediment retention,
nutrient uptake, and habitat diversity (Burchsted and Daniels, 2014;
Larsen et al., 2021; Wohl and Inamdar, 2025). Beaver dams are most
likely to be found on perennial or intermittent streams and are thus more
common on second- than on first-order streams and on headwater
channels fed by groundwater rather than surface runoff.

Bedforms imply the ability of streamflow to systematically redis-
tribute bed sediment into downstream-recurring forms (Montgomery
and Buffington, 1997). In moderate- to high-relief terrain, headwater
streams are likely to have cascade, step-pool, or plane-bed morphology
(e.g., Gomi et al., 2003; Galia and Hdradecky, 2014; Lisenby et al., 2014,
Ryan et al., 2014) (Fig. 5). In lower relief catchments, headwaters can
have pool-riffle or dune-ripple bedforms (Gelwick, 1990). In general,
bedform type reflects the combined influences of flow competence to
move sediment, grain-size distribution present in the channel, and local
gradient as this influences both shear stress and grain size. In the Ashio
Mountains of Japan, for example, streams in chert terrains with sub-
surface storm flow are more likely to have step-pool bedforms than
lower-gradient streams in sandstone with groundwater flow because of
the larger clasts and greater hydraulic force in the chert streams
(Hattanji et al., 2012).

Although little has been published on this topic, our observations of
headwater streams as defined in the field in the Southern Rockies, the
Great Plains, the Basin and Range, the Colorado Plateau, and the Ap-
palachian regions of the United States suggest that first-order streams
seldom have a floodplain, despite sometimes having pronounced lon-
gitudinal alternations in channel width. We define a floodplain as a
relatively flat alluvial surface adjacent to the channel that is inundated
at least periodically by flows of the contemporary regime and is
composed of river-deposited sediment (Wohl, 2021). Second-order
streams may have a floodplain, but it is likely to be relatively narrow
and longitudinally discontinuous (Fig. 6).

As noted earlier, headwater streams may be particularly sensitive to
disturbances, including debris flows and debris torrents (Van Dine,
1985). The return interval of these disturbances may also be shorter in
headwaters (Miller, 1990a; Tao and Barros, 2014) because individual
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Fig. 5. Examples of bedforms in headwater streams. (A) Cascade channel with steep, coarse-grained bed lacking bedforms in Colorado, USA; channel is approxi-
mately 60 cm wide. (B) Step-pool channel in tundra, Greenland; channel is approximately 20 cm wide. (C) Pool-riffle sequence, Greenland (this channel fed by glacial
meltwater is likely a third-order stream). (D) Ephemeral channel with dune-ripple bedforms, central Arizona, USA; channel is approximately 70 cm wide.

Fig. 6. Field-mapped first- and second-order channels in the Colorado Rocky
Mountains, illustrating the lack of floodplains. Although the herbaceous vege-
tation obscures the areas beyond the active channel, there is no evidence of
these areas being shaped by fluvial erosion and deposition. Blue arrow indicates
flow direction. First-order averaged width and depth in the photo are 31 cm and
2.5 cm, respectively; second-order width and depth are 70 cm and 3 cm,
respectively.

convective storms can produce runoff over much or all of the drainage
area. Consequently, the morphology of headwater channels and valley
floors may undergo substantial abrupt, episodic changes and the
geomorphic signature of disturbances may persist for at least a decade
(Costa and Jarrett, 1981; Davies et al., 2005; Triantafillou and Wohl,
2024). The low transport capacity for coarse sediment in headwater
streams can allow the channel to act as a sediment reservoir for decades
to centuries, with stored sediment mobilized abruptly during intense
precipitation and contributing to the occurrence of a debris flow (Wohl
and Pearthree, 1991; Benda et al., 2005; Gorr et al., 2024) that is

10

primarily erosive in the steep reaches of headwaters (e.g., Miller, 1990b)
but can deliver substantial volumes of sediment to downstream portions
of the river network.

In summary, headwater stream morphology is temporally and
spatially variable, in part because of the strong influences of geomorphic
history and imposed gradient and morphology, as well as disturbances
and local forms (e.g., fallen trees). Headwater streams can display
consistent downstream trends such as hydraulic geometry, but they also
commonly lack trends characteristic of larger rivers, including down-
stream fining, increasing profile concavity, and progressive changes in
stream power. The characteristics of headwater network morphology
(length and spatial arrangement of channels) and channel morphology
(channel width/depth ratio, hydraulic roughness, lateral connectivity
with floodplains where these are present, presence of instream ob-
structions) can attenuate peak flows, as noted in the summary for hy-
drology (section 3.3), as well as strongly influencing storage of sediment
(Ryan et al., 2014) and particulate organic matter (Fogel and Lininger,
2023), and biogeochemical processes that create aquatic and riparian
nutrient uptake.

3.5. Sediment dynamics

Sediment movement in most rivers is episodic in time and space and
these discontinuities may be even more pronounced in headwater
channels characterized by coarse-grained substrate or limited transport
capacity because of small discharge values. Sediment movement in
headwaters is also more likely to be non-fluvial (e.g., debris flows or
snow avalanches) than it is in higher-order channels. Headwater chan-
nels are, however, likely to be primarily transfer zones for sediment
(Montgomery and Buffington, 1997), although the time intervals be-
tween transporting events can last for decades to centuries. In headwater
channels in southeastern Alaska, USA, for example, periodic landslides
and debris flows both introduced large wood and sediment to the
channel network and removed stored wood and sediment (Gomi et al.,
2001, 2004). Erosive mass movements also created headwater channel
segments with exposed bedrock, logjams, alluvial fans, and abandoned
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Fig. 7. Convective storms following wildfire produced substantial inputs of
water and sediment from adjacent uplands into this first-order, ephemeral
stream in northern Colorado, USA. The small tree trunk in the center of the
channel was sufficient to trap a small piece of burned wood (white dashed line),
which then caused upstream sediment aggradation and created a vertical down-
step of 25 cm height. Blue arrow indicates flow direction.

channels. Channels affected by recent mass movements exhibited
greater volumes (2 to 10 times greater) and finer grain sizes of bedload
transport because of the progressive increase in wood load and associ-
ated roughness and storage of bed material in channels following mass
movement, as well as progressive regrowth of riparian vegetation that
decoupled channels and hillslopes (Gomi et al., 2004).

Individual pieces of large wood can be particularly important in
creating roughness and sediment storage in headwater channels because
of the small channel dimensions relative to the size of the wood piece
(Ryan et al., 2014) (Fig. 7). Snow avalanches, landslides, or debris flows
can also introduce substantial quantities of large wood to headwater
streams (e.g., Kemper and Scamardo, 2023).

Other mass movements besides debris flows can influence sediment
dynamics in headwater streams. Moore et al. (2013) documented snow
avalanches transferring rockfall- or landslide-generated sediment stored
in channels from the headwaters to the alluvial fan and main river
system in the Swiss Alps. Woodhurst and de Scally (2017) described the
transfer of upland sediment to headwater channels via snow avalanches
in the Canadian Rocky Mountains. Snow avalanches from hillslopes
bordering headwater streams in eastern Japan create substantial sedi-
ment inputs that become suspended sediment and create counterclock-
wise hysteresis loops in concentration-discharge relationships (lida
et al., 2012).

Limited data exist to quantify the magnitude and episodicity of
sediment inputs and transfer downstream in headwater streams. Use of
pebbles with passive integrated transponders (PITs) in the headwaters of
Italy’s Rio Cordon indicates that ordinary floods (return intervals circa 2
years) maintain dynamic stability with balanced volumes of erosion and
deposition (Cazzador et al., 2021). High-magnitude floods (return in-
terval > 50 years) have bedload fluxes that are an order of magnitude
greater than ordinary floods and create net erosion in the channels.
Whiting et al. (1999) measured bedload movement in snowmelt-
dominated headwaters and higher-order streams in Idaho, USA. They
found that bedload sediment was finer than surface and subsurface
material, although the majority of the load was sand at all discharges,
with progressive coarsening as discharge increased. These streams had a
limited sediment supply and exhibited surface armoring and clockwise
hysteresis in bedload transport during spring snowmelt. Flows above the
morphological bankfull stage moved 37% of the bedload and the return
interval for bedload transport averaged 2 years. The only headwater
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stream (using our definition) in this dataset had an annual bedload yield
of 7.65 t/km?/yr. Larger streams in the dataset had bedload yields
ranging from 0.21 t/km?/yr (drainage area 293 km?) t015.66 t/km?/yr
(drainage area 381 krnz) (Whiting et al., 1999), reflecting the lack of
correlation between the drainage area of headwaters and sediment
yield. Working in first- and second-order channels of the Fraser Exper-
imental Forest in Colorado, Ryan et al. (2014) used Helley-Smith bed-
load samplers for bedload transport rates and weir ponds to estimate
annual sediment yield. Measured bedload transport rate was ~0.01 kg/s
(range 0.001-0.32; Ryan et al., 2002, 2005) and annual sediment yield
averaged 0.015 m>/ha of drainage area (assuming sediment density of
1.65 g/cm®, this equates to 2.48 tons/km?2/yr).

Changes in primary erosional process or underlying lithology can
produce downstream shifts in median bed surface grain size. Headwater
streams in western Washington, USA display downstream coarsening as
drainage area increases to approximately 10 km?, beyond which they
display downstream fining as the channels shift from debris-flow-
dominated to fluvially dominated (Brummer and Montgomery, 2003).
Working across diverse lithologies on the Appalachian Plateau in West
Virginia, USA, Golden and Springer (2006) found that median bed grain
size correlated with unit stream power but not with drainage area. They
interpreted the correlation between grain size and stream power as
reflecting mutual adjustments among channel gradient (which partly
reflects lithology), width, and bed grain size as a function of discharge.

Examining particle shapes in first-order and higher streams in
northeastern Japan, Takahashi et al. (2025) found that particle round-
ness and circularity initially increased rapidly downstream and then
remained nearly constant. They interpreted these patterns as reflecting
changes in the dominant process affecting particle shape. Hillslope
sediment supply and the addition of rock fragments produced by chip-
ping and fragmentation were more important in upstream portions of
the network, whereas increasing fluvial transport and residence time in
the channel exerted greater influence on particle shape in downstream
areas. The rate at which particles became rounded downstream depen-
ded on lithology (Pokhrel et al., 2024; Takahashi et al., 2025).

Headwater streams in the rapidly warming Arctic regions may also
experience sediment loading from increasing thermokarst activity
(Fig. 8). Bowden et al. (2008) found that one small thermokarst gully
that formed in 2003 in a headwaters tributary (0.9 km? catchment) of
the Toolik River, Alaska, USA, delivered more sediment to the Toolik
than was normally delivered in 18 years from 132 km? of catchment in
an adjacent, long-term monitoring site. One year after initial failure,
total suspended solids increased from background conditions of 1.2-2.0

Fig. 8. Example of a thermokarst slump on the north side of the Brooks Range,
Alaska, USA. A side channel of the Hula Hula River, into which the sediment
from the slump is emptying, is seen at upper left in this view.
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mg/L to 25-26 mg/L (Bowden et al., 2008). As thermokarst — the abrupt
collapse of ice-rich permafrost — accelerates in high-latitude and
high-altitude regions globally (Olefeldt et al., 2016; Chen et al., 2021),
headwater streams in these regions may experience substantial changes
in sediment inputs.

In summary, variable flow volumes and transporting processes (e.g.,
debris flow vs fluvial), local obstructions to flow (e.g., large wood,
immobile boulders), and temporal and spatial variations in sediment
inputs from adjacent uplands can cause headwater streams to exhibit
even greater episodicity in sediment transport than exhibited by higher-
order streams. Bed material in headwaters may reflect predominantly
non-fluvial processes, such as colluvial coarse sediment inputs or in situ
weathering, and may not exhibit well-developed downstream fining and
rounding of bed substrate clasts. As noted in the summary for section
3.4, the details of headwater channel morphology, particularly substrate
grain-size, bedforms, and in-channel obstruction such as large wood,
along with the occurrence of sediment movement during non-fluvial
mass movements such as debris flows, can strongly influence the abil-
ity of headwater streams to attenuate downstream sediment movement
and store sediment for varying lengths of time.

3.6. Biogeochemistry

Most carbon and nutrients enter river networks through headwater
streams (Alexander et al., 2007; Abbott et al., 2018) and biogeochemical
reactions then occur via interactions along surface and hyporheic flow
paths. Because of the close coupling between uplands and headwater
channels, as well as the limited length of individual first- and second-
order streams, water chemistry in headwater channels is likely to be
strongly influenced by external sources and pathways. These include
atmospheric inputs, land use, land cover, lithology, and surface and
subsurface flow paths from uplands through riparian areas and into
stream corridors (Johnson et al., 1997; Alexander et al., 2007; Petrin
et al., 2007; Nelson et al., 2011; Walker et al., 2012; Dupas et al.,
2021). Consequently, headwaters can display spatially and temporally
variable water chemistry (e.g., Bernal et al., 2015), or relatively stable
water chemistry, with limited temporal variability and spatial patterns
on annual to decadal timescales (Abbott et al., 2018). Catchments with
subsurface biogeochemical stratification may exhibit dilution patterns
(concentration decreases with increasing discharge) for solutes that are
abundant at depth and flushing patterns (concentration increases with
increasing discharge) for solutes enriched in shallow soils (Stewart et al.,
2022). Despite the importance of upland influences, water chemistry in
headwater channels is influenced by within-channel processes that in
turn reflect the hydrogeomorphology of the stream, as revealed in
studies of in-stream retention times and transient storage in headwaters.

Because solutes are delivered primarily to headwaters, only a pro-
portion of reactive constituents is carried downstream under low flows
(Wollheim et al., 2018). A greater proportion of constituents moves
downstream as flow increases but the relationship between flow and
downstream transport depends on characteristics such as the wetted
length of headwater streams, which can change through time, and
transient storage in either lentic waters (e.g., floodplain wetlands,
ponds), areas of flow separation in the channel, or hyporheic exchanges.
This is expressed in the river network saturation concept, which explores
how river networks become saturated as the supply of constituents ex-
ceeds demand under high flow conditions (Wollheim et al., 2018).

Although channel form and in-channel processes influence nutrient
uptake and water chemistry in headwater streams, understanding of
how channel geometry influences uptake and the network-scale pro-
portion of this uptake remains limited (Bernhardt and Palmer, 2011;
Bernal et al., 2015). Among the primary influences of channel geometry
on water chemistry are in-stream retention times and exchanges be-
tween free-flowing water and transient storage zones (Drummond et al.,
2016). The area of transient storage relative to cross-sectional area can
be greater in headwaters than in higher-order streams because of the
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relative cross-sectional area occupied by features such as individual
large boulders or pieces of wood (D’Angelo et al., 1993). Surface water
exchanges with storage zones can be rapid and extensive in steep
headwater streams (D’Angelo et al., 1993).

The hydraulic roughness of headwater streams can be a critical in-
fluence on transient storage, as illustrated by restoration of first- and
second-order streams in Finland. Adding large wood and boulders to
these streams brought them closer to reference streams with respect to
the ratio of cross-sectional area in storage zones and channel cross-
sectional area, as well as the fraction of median travel time attribut-
able to transient storage (Marttila et al., 2018). Restored streams lacking
these features, as well as aquatic mosses that can increase retentiveness,
remained less retentive than natural streams (Muotka and Laasonen,
2002).

Rates of instream chemical reactions may also be influenced by water
temperature. Narrow channel widths and riparian forest can block
incoming solar radiation and limit its effects on stream temperatures in
headwaters, so that these streams are cooler than higher-order streams
during summer (Leach et al., 2023). Stream temperature may also be
strongly influenced by discharge, with higher stream temperatures
corresponding to periods of lower discharge (MacDonald et al., 2014),
despite the buffering influence of groundwater inputs and shading of
narrow channels.

3.6.1. Riparian zone influences

As multiple studies note (e.g., Ledesma et al., 2013; Fritz et al., 2018;
Ledesma et al., 2025), the physical and chemical connectivity between
riparian wetlands and stream channels is well documented, with major
hydrological flow paths for soil water via saturated flow through the
stream bank, through the unsaturated zone, and macropore transfer of
soil water from farther back in the riparian zone (Fiebig et al., 1990), as
well as groundwater flow paths. Riparian vegetation can influence
stream water chemistry by supplying organic matter, modifying hy-
drologic flow paths, and stabilizing soil (Dosskey et al., 2010), as well as
influencing the microbial biomass and associated biogeochemistry of the
riparian soils (Ledesma et al., 2018; Reidy et al., 2025a). Early studies
posited that, as the last few meters of soil through which water flows
before entering a gaining stream, riparian zones must exert a strong
influence on stream water chemistry (e.g., Seibert et al., 2009). Because
the hillslope and river corridors are closely coupled in headwater
streams, headwaters may be dominant in this respect. Dodds and Oakes
(2008) found that water chemistry parameters in downstream reaches
correlated most strongly with riparian land cover adjacent to first-order
streams rather than riparian zones immediately adjacent to downstream
reaches, even if the headwater streams were dry.

However, subsequent work from diverse field settings indicates that
the influence of riparian vegetation and soils on instream biogeochem-
istry is complicated and site-specific. First, high-relief catchments with
laterally confined headwater valleys may not have well-defined riparian
zones, so that riparian influence on stream water chemistry may be
negligible (e.g., Tsujimura et al., 2001). Second, solute concentrations in
groundwater entering streams may predominantly reflect the mixing of
shallow and deep groundwater rather than riparian soils and vegetation
(e.g., Hill, 1990). Third, the strength and location of hydrological con-
nectivity within the riparian zone matter (Ledesma et al., 2018; Bujak-
Ozga et al., 2026). Examining the transport of biodegradable dissolved
organic carbon, for example, Reidy et al. (2025b) found that riparian
organic-rich soils with weak hydrological connectivity to the stream
likely only contributed organic carbon during floods, whereas sites with
stronger lateral hydrologic connectivity could serve as persistent con-
duits for carbon generated farther upslope even if the riparian zone did
not generate much carbon.

Ledesma et al. (2018) described hydrological connectivity with
respect to the four dimensions of (i) lateral connectivity along hillslopes,
(ii) longitudinal connectivity along the stream, (iii) vertical connectivity
within the riparian profile, and (iv) temporal connectivity through
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event-based and seasonal changes in hydrology. Within the vertical
dimension, they posited that a dominant source layer through which
most water and solutes are routed laterally results in the highest
contribution of water and solute fluxes to streams. At some sites, how-
ever, stream chemistry may not reflect the chemistry of this riparian
dominant source layer because of water sources that bypass the riparian
zone (Ledesma et al., 2025). Again, the strength and location of hy-
drological connectivity within the riparian zone govern whether stream
chemistry reflects a strong signal from the riparian zone, and the depth
to impeding layers and steepness and lateral confinement of the adjacent
topography may govern whether a riparian zone is present.

3.6.2. Hyporheic exchanges

The hyporheic zone provides a form of transient storage in stream
corridors and hyporheic exchange flows in headwater streams can
strongly influence water temperature and chemistry. Modeling hypo-
rheic exchanges across stream orders in western Oregon, USA, for
example, Wondzell (2011) found that the size of the exchange flows
relative to stream discharge was substantial only in very small streams at
low flow. Expressed as a ratio of hyporheic exchange discharge to stream
discharge, headwater streams at low flow had values of 0.019 and 0.013,
whereas larger streams had values of 0.00002. These simulations indi-
cated that biogeochemical processes in the hyporheic zone of small
streams can substantially influence the stream’s solute load, but the
processes become hydrologically constrained at high discharge or in
larger channels (Wondzell, 2011).

Tracer-based measurements of second- to fourth-order streams in
southern Germany similarly indicated a decrease in the ratio of hypo-
rheic area/channel cross-sectional area with increasing stream order but
did not reveal any correlation between hyporheic area and discharge
(Glaser et al., 2024). Smaller hyporheic areas in headwater channels
during summer compared to other seasons coincided with increased
groundwater contributions to stream flow and decreased stream
discharge. These measurements also indicated that the greatest temporal
variability in hyporheic exchange flows occurred in headwater streams
(Glaser et al., 2024).

Numerous factors beyond discharge can influence the magnitude of
hyporheic exchange flows. Accumulated leaf litter decreased hyporheic
connectivity in second-order streams in Spain (Algerich et al., 2011),
whereas increasing discharge increased connectivity. Bedform (step-
pool) spacing influenced the locations of measured hyporheic ex-
changes along a second-order stream in British Columbia, Canada,
creating downwelling above steps and upwelling below steps, although
transient storage exchange fluxes in the pools were an order of magni-
tude greater than hyporheic exchanges (Scordo and Moore, 2009). Other
studies also indicate that longitudinal bed topography influences
hyporheic exchanges in headwaters (e.g., Zarnetske et al., 2008).
Confluence geometry, hydrodynamics, and morphodynamics all influ-
enced hyporheic exchange rates and patterns in a first-order, low-
gradient stream in New York, USA (Martone et al., 2020). Downstream
changes in underlying lithology that correspond to changes in valley
geometry and riparian vegetation can also correlate with spatial varia-
tions in exchanges between instream water and subsurface flow (Payn
et al., 2009). Permanently frozen ground can behave similarly to
bedrock in having very low permeability. Comparing a high-energy al-
luvial stream with a low-energy, peat-lined stream in Alaska, USA,
Zarnetske et al. (2008) found greater permafrost degradation under the
alluvial stream, with longer flow paths but shorter residence times for
hyporheic exchanges.

The complex interactions that influence hyporheic exchanges are
illustrated by tracer experiments in western Oregon, USA, in which the
extent of the hyporheic zone increased with decreasing vertical gradi-
ents away from the stream, although the hyporheic extent increased
with both increasing and decreasing down-valley and cross-valley hy-
draulic gradients (Ward et al., 2012). Modeling for the same study area
suggested that groundwater inflow decreased the length and path
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residence time of hyporheic exchange flows, although flow paths driven
by large hydraulic gradients associated with substantial morphological
features (e.g., step-pool sequences) were less sensitive to changes in
groundwater inflow than were those driven by hydraulic gradients
similar to the valley gradient (Schmadel et al., 2017).

Restoration of channel form complexity via creation of an inset
floodplain and meandering planform can increase hyporheic exchange
on headwater streams, although an example from a second-order stream
in Virginia, USA found that structure-induced hyporheic zone denitri-
fication did not exceed 3.1% of the mass flowing in from the upstream
channel (Hester et al., 2016).

As with riparian zone influences on headwater stream chemistry, the
relative importance of hyporheic exchange flows and their effects on
stream chemistry are strongly influenced by the hydrogeomorphology of
a channel. Specifically, the relative contributions of groundwater and
surface water to total flow, the depth and configuration of hydraulically
conductive materials, and the hydraulic roughness of the channel can all
influence spatial distribution and magnitude of hyporheic exchanges.

3.6.3. Gaseous emissions

Terrestrial carbon export via streams is an important part of the
global carbon cycle (Aufdenkampe et al., 2011; Raymond et al., 2013).
Carbon dynamics in streams include loss of carbon (carbon dioxide CO,
methane CHy) to the atmosphere via outgassing from rivers; carbon
fixation in the water column and sediments of river corridors; and
downstream transport of particulate organic matter (Cole et al., 2007;
Marx et al., 2017; Wohl et al., 2017). Headwaters are important in this
context because their stream biogeochemistry directly reflects carbon
input from soils, which are the largest terrestrial reservoir of carbon, and
from groundwaters (Hotchkiss et al., 2015; Marx et al., 2017).

Headwaters can exhibit high spatiotemporal variability in carbon
dioxide partial pressure (pCO3) because of the interplay of biological,
chemical, and physical processes that influence CO,, including aquatic
biodegradation and photodegradation that reflect solar radiation and
temperature (Crawford et al., 2013; Porcal et al., 2015; Marx et al.,
2017). The global river average value of pCO is more often exceeded
in contributions from small streams than larger rivers and, because of
their large proportion in river networks, headwaters contribute large
amounts of CO; to the atmosphere (Crawford et al., 2013; Hotchkiss
et al., 2015; Marx et al., 2017; Li et al., 2021). Although these magni-
tudes remain poorly quantified, they have been conservatively esti-
mated at 36% of total global CO5 outgassing from rivers (Raymond et al.,
2013; Marx et al., 2017; Sawakuchi et al., 2017). More recently, Li et al.
(2021) estimated that first-, second-, and third-order streams emit
approximately 72%, 75.5%, and 77% of the global riverine CO, CHy,
and N»O emissions, respectively.

Inland waters are also the largest natural source of methane to the
atmosphere, yet the contribution of small streams to this flux remains
poorly defined. Robison et al. (2022) proposed a conceptual model of
methane dynamics in stream ecosystems in which flowing water and
shallow depths promote hyporheic exchange and high gas exchange
rates and most methane is emitted via diffusion across the water-air
interface, especially in small streams. They noted that small streams
can emit methane at similar rates to larger rivers on a per area basis, but
with different dominant processes.

Peaks of carbon gas concentrations can occur downstream from each
groundwater input zone (Lupon et al., 2019) and emissions can increase
during higher flows (Conroy et al., 2023; Lupon et al., 2019; Taillardat
et al., 2022; Woodrow et al., 2024) and at night during higher
groundwater inputs (Woodrow et al., 2024). Variable stream
morphology can also influence local-scale gas emissions, with higher
rates at steep portions of a stream where turbulent flow simultaneously
oxygenates and releases excess carbon dioxide (Vautier et al., 2020).
Where a floodplain or riparian zone is present, gas emissions may be
substantially (5X) higher than emission rates from in-stream sites (Vidon
and Serchan, 2016).
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The interactions within headwaters influence the relative pro-
portions of greenhouse gas emissions: carbon inputs drives total green-
house gas production, for example, but nitrate (NOs) input, by
suppressing methanogenesis and stimulating denitrification, regulates
the relative importance of methane and nitrous oxide (N3O) (Schade
et al.,, 2016). Adjacent land use patterns can also influence gaseous
emissions from small streams. Carbon emissions (CH4 and CO; outgas-
sing rates) tend to be much higher from streams surrounded by urban or
agricultural areas because of greater nutrient inputs (Mwanake et al.,
2023; Zhao et al., 2026). As might be expected, emissions can also be
higher from streams draining carbon-rich soils such as boreal streams
underlain by permafrost (Crawford et al., 2013) and streams in peatland
soils (Piatka et al., 2024). In general, the shallow depths, large cumu-
lative surface area of headwater streams, and turbulent flow in hy-
draulically rough channels can all facilitate the contributions of
headwaters to gaseous emissions of carbon and nitrogen.

In summary, the water chemistry and biogeochemical processes of
headwater streams are strongly influenced by factors external to the
channel, such as characteristics of upland regolith and bedrock and
groundwater flow paths. Headwaters can nonetheless exhibit relatively
stable water chemistry or they can exhibit high spatiotemporal vari-
ability in properties such as pCOs. Hyporheic exchange flows are likely
to affect a larger proportion of total stream flow than in higher-order
channels, although local controls can strongly influence the magnitude
and location of hyporheic exchanges, and surface transient storage is
likely to be of greater magnitude than transient storage in the hyporheic
zone. Headwater streams can promote nutrient uptake to the extent that
they are hydrologically connected to riparian zones and floodplains, and
to the extent that heterogeneities within the channel such as bedforms
and obstructions are associated with an underlying hydraulically
conductive layer that facilitates hyporheic exchange flows.

3.7. Headwater stream classification

As with larger streams located downstream from headwaters, there is
no single classification that captures all relevant parameters that might
be used to distinguish streams. We propose that the hydro-
geomorphology of a headwater stream at the reach-scale could be
adequately categorized using the choices in Fig. 9. Under each of the
parameters in bold font, one category would be chosen, so that a
headwater stream reach could be a perennial, confined stream with
cascade bedforms and no evidence of mass movements, or an ephemeral,
confined stream with dune-ripple bedforms and no evidence of mass
movements, for example.

In this classification scheme, flow regime categories are designed to

Earth-Science Reviews 281 (2026) 105586

reflect likely hydrologic flow paths to the stream (perennial and inter-
mittent streams will be more influenced by groundwater and ephemeral
streams by surface runoff) and length of permanent flow. Lateral
confinement refers to the proximity of non-fluvial landforms (e.g., valley
walls) and substrate not deposited by the contemporary channel (e.g.,
colluvial sediment, bedrock). Lateral confinement is intended to reflect
the potential presence of a floodplain or riparian zone (more likely to be
present with less lateral confinement), potential lateral channel mobility
and sinuosity (likely to be greater with less lateral confinement),
hyporheic exchange flows (likely to be more important with less lateral
confinement that typically correlate with greater thickness of alluvium
underlying the stream corridor), and channel width/depth ratio. If a
headwater channel is deeply incised into an alluvial fan, for example,
and shows no evidence of recent lateral channel movement, it could be
designated as being confined. Bedform type corresponds closely to
reach-scale gradient (Montgomery and Buffington, 1997), especially in
moderate to high-relief environments, and bedform types in turn reflect
whether the reach is predominantly a transport or response segment of
the stream, the relative stability of the streambed and the relative grain
size of the channel substrate. Cascade and step-pool bedforms, for
example, occur in transport-dominated reaches with a relatively stable
bed of coarse (boulder to cobble-size) sediment (Montgomery and
Buffington, 1997). Noting whether there is evidence of past move-
ments, such as debris-flow levees or avalanche chutes and deposits, can
also provide insight into the stability of the channel form and the po-
tential for episodic movement of substantial volumes of sediment. Flow
regime and relative contributions of groundwater and surface water will
influence stream biogeochemistry, but another highly relevant and
easily assessed parameter is riparian vegetation, which can influence
shading of the stream and organic matter inputs to the channel.

4. Stressors and vulnerability in headwater streams

As noted above, headwater streams are typically underrepresented in
mapped river networks. First- and even second-order channels can also
be difficult to recognize on the ground, especially if they are ephemeral
(see Fig. 1A and 1D). Headwaters also typically lack legal protection
either because they are unrecognized or are considered too small to be
important, or because — given their long cumulative length in any river
network — protection of small channels would require protection of large
areas of land surface. In the United States, for example, most state
guidelines recommend riparian management zones for perennial and
intermittent streams, but not ephemeral streams (Kampf et al., 2021).
Richardson (2019a) also noted that headwaters in developed regions are
“small and easily engineered physical spaces” likely to be altered by

- Flow regime Lateral confinement Gradient/bedforms Mass movements
[$]
_‘é perennial confined cascade yes
Q [intermittent moderately confined step-pool no
ephemeral unconfined plane bed
pool-riffle
dune-ripple
®
2 | Riparian vegetation
§
§ absent
&, | present - herbaceous
% present - forest

Fig. 9. Proposed hydrogeomorphic classification scheme for headwater stream reaches. One term in each group in bold font is used to categorize a stream. Confined
channel reaches have some non-channel boundary within < 2X channel width. Moderately confined reaches have a boundary 2-5X channel width. Bedform types are
described in Montgomery and Buffington (1997). If biogeochemistry and water temperature are of interest, a categorical description of riparian vegetation can also

be added.
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channelization, land drainage, and burial.

Consequently, one of the stressors that is perhaps unique to head-
water streams is complete obliteration of the channel via burial, piping
underground, or simply plowing or paving over the channel and adja-
cent surfaces (Stammler et al., 2013; Napieralski et al., 2015). System-
atic investigation of a 3500 km? catchment that drains to Chesapeake
Bay in the eastern United States, for example, found that 20% of all
streams were buried, with headwater streams more extensively buried
than larger streams (Elmore and Kaushal, 2008). Within the city
boundaries of the major urban area (Baltimore) in the catchment, 66%
of all streams and 70% of streams in catchments smaller than 260 ha
were buried. Other studies in the eastern US have found that stream
burial correlates with impervious surface area and areas above 30%
impervious surface area commonly have elevated ratios of stream burial
(Weitzell et al., 2016). Stream burial increases catchment-scale nitrate
export (Beaulieu et al., 2015) and reduces gross primary productivity
and ecosystem respiration of the stream (Pennino et al., 2014), as well as
changing the concentration and attenuation of storm runoff (Wohl et al.,
2025a).

Most of the other primary stressors affecting headwater streams also
affect higher-order river corridors (Wohl, 2006). These include changes
in land cover and land use in all or part of the catchment. Within the
stream corridor, multiple human alterations can affect headwaters,
including: flow diversion and damming; in-channel structures such as
check dams; log floating and removal of naturally occurring in-channel
obstructions; placer mining; channelization; transportation corridors
and road crossings; introduced exotic species; riparian grazing; the
presence of contaminants including excess fine sediment, excess nutri-
ents, and other pollutants; and drought and human-induced drying.
Each of these is discussed below.

Changes in land cover alter water and sediment inputs to headwater
streams and, because the catchment area of these streams is typically
small, land cover for the entire contributing area can change rapidly. In
forested catchments, clearcutting can create persistent (multidecadal)
changes in the species and structure of riparian vegetation, channel

Fig. 10. Example of headwaters (here a spring-fed first-order tributary of the
East Branch Rausch Creek in Pennsylvania, USA) contaminated by acid mine
drainage. The spring-head is upstream (to the left) in a small, confined
depression. Flow spreads to 2-3 m wide and 10-20 cm deep (but still occurs
within a defined channel) in the downstream portion shown here, before
concentrating into a narrower channel downstream.
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geometry and habitat diversity, channel entrenchment, and streambed
substrate with increasing water and sediment inputs from adjacent up-
lands to the stream corridor (Jackson et al., 2001; Davies et al., 2005;
Gomi et al., 2006). Local deforestation for commercial skiing, accom-
panied by artificial snowmaking that increases snowmelt runoff to
headwaters, can trigger channel erosion (David et al., 2009). Lode and
coal mining, mountaintop removal for coal, and coalbed methane, hy-
draulic fracturing, or other forms of oil and gas mining within the
contributing area of headwater streams can contribute excess sediment
and spills or produced water containing an array of toxins including
trace metals (Maloney et al., 2018; Michaels et al., 2022; Shobe et al.,
2024) (Fig. 10). Alternatively, water may be extracted from headwater
streams for mining activities (Brittingham et al., 2014; Entrekin et al.,
2015). These activities can also completely obliterate headwater chan-
nels and alter hydrologic regimes downstream from the mining fill,
especially in areally extensive and disruptive activities such as moun-
taintop removal (Hartman et al., 2005).

Urbanization can either decrease (via reduced infiltration) or in-
crease (via lawn irrigation and septic tanks) the permanence of head-
water stream flows (Roy et al., 2009). Analogously, vertical accretion of
the streambed following urbanization can result in loss of channel ca-
pacity as increased fine sediment inputs outpace increased runoff
(Ebisemiju, 1989) or urbanization can result in greater erosive energy
because of increased runoff, resulting in greater sediment mobility and
bed coarsening (Utz and Hilderbrand, 2011), channel enlargement, and
local scour, especially downstream from road crossings (Chin and
Gregory, 2001). Urbanization can also correspond to increased water
temperature (Rice et al., 2011), increased greenhouse gas emissions (Dai
etal., 2024), altered composition of dissolved organic matter and stream
microbial communities (Parr et al., 2015), and contamination with
excess nutrients, microplastics, trace metals, synthetic chemicals,
pathogens, and other toxins (Roy and Bickerton, 2011; Wohl, 2015;
Williams and Filoso, 2023).

Flow diversion and damming are less common on headwater streams
than on higher-order channels but second-order streams are sometimes
affected. In drylands with mountain water towers (Immerzeel et al.,
2020), diversions can be placed at high elevations on very small
streams with the intent of collecting water for transfer to lowland urban
and agricultural areas (Caskey et al., 2015). These diversions can
remove all flow from the channel. Diversion of flow during peak
snowmelt or glacial-melt also occurs in wetter climates and has a history
that may extend back to the Iron Age in regions such as the Valais canton
of Switzerland (Crook and Jones, 1999). More recent Swiss flow di-
versions include hydroelectric facilities on small glacial meltwater
streams where mountain glaciers are rapidly retreating (Fig. 11).
Headwaters may also be dammed with earthen embankments to create
stock or farm ponds (Renwick et al., 2005; Florsheim et al., 2013), and
with check dams or grade-control structures to limit channel incision
and downstream sediment movement (Galia, 2021; Lucas-Borja et al.,
2021).

Floating cut logs downstream to collection points and sawmills was
historically widespread in parts of Eurasia and North America, as
documented for Sweden (Toérnlund and Ostlund, 2002) and several
forested regions of the contiguous United States (Cowan, 2003;
McMahon and Karamanski, 2009; Wohl, 2014). As long as a headwater
channel was sufficiently wide to contain a single log oriented parallel to
the channel, it could be used for log floating. Naturally occurring in-
channel obstructions including large wood, logjams, beaver dams, and
large boulders were commonly removed from channels used for log
floating, and connectivity with secondary channels and overbank areas
was blocked. These alterations reduced channel spatial heterogeneity
and associated functions including water and sediment storage, hypo-
rheic exchange flows, habitat diversity, and channel stability (Nilsson
et al., 2005). In many regions, beaver populations had already been
decimated for the commercial fur trade, and beaver dams had collapsed
(Halley and Rosell, 2002; Backhouse, 2015), prior to commercial timber
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Fig. 11. Example of hydroelectric development in headwaters; here, the Maggia Valley in Switzerland, showing the dam at a glacial cirque (left) and the de-watered

channel downstream (right).

harvest and log floating.

In regions with alluvial placer deposits, disruption of channel and
valley-floor sediment for placer mining can also substantially disrupt or
even obliterate headwater channels, or diversion of water to work placer
deposits can dewater channels (Bjerklie and LaPerriere, 1985; Reynolds
et al., 1989; Stubblefield et al., 2005). Excess suspended and bedload
sediments from mining areas, along with diverse contaminants, typically
affect downstream portions of the river network (Smolders et al., 2003;
Dethier et al., 2023). Although much of this activity was historical in
Europe and North America, placer or alluvial mining of headwaters
continues at present in parts of South America and Africa (Donkor et al.,
2005; Dethier et al., 2023).

As with flow regulation, channelization is less common on head-
water streams than on higher-order channels, but second-order streams
can be channelized. These are likely to be in agricultural regions that
naturally had high water tables and in which channelization or ditching
was designed to drain crop fields (Landwehr and Rhoads, 2003; Smiley
et al,, 2011) or enhance forest productivity (Astrém et al., 2001).
Channelization typically causes channel erosion and downstream
aggradation (e.g., Brookes, 1988), as well as degrading habitat quality
(Lau et al., 2006) and increasing concentrations of nutrients and

pesticides in stream water (Smiley et al., 2010, 2011).

Road crossings on headwater streams, typically in the form of cul-
verts, are an important and widespread form of alteration (Roy and
Sahu, 2018; Frankiewicz et al., 2021; Lehrter et al., 2023). Culverts
can form local base levels with downstream vertical drops that interrupt
longitudinal sediment connectivity, as well as creating substantial bar-
riers to movement for a variety of aquatic organisms (Wood et al., 2018).
Transportation corridors can also affect headwater streams via
constriction or displacement of the stream corridor and increased runoff,
sediment, and contaminants from road surfaces into streams (Blanton
and Marcus, 2014; Thomas and Peretto, 2016).

As in higher-order streams, introduced invasive species can influence
water and sediment inputs to headwater streams, channel form and
stability, and aquatic and riparian foodwebs (Little et al., 2021). The
primary difference between headwater and higher-order stream re-
sponses may be that headwaters are likely to be more sensitive to
invasive species in the uplands that alter fluxes into stream corridors
(Rubio-Rios et al., 2025).

Riparian grazing or upland grazing near a headwater stream can
substantially alter the water and sediment inputs, channel form and
stability, water quality, and aquatic and riparian communities in the

Influences on water quality
contaminants (including fine sediment)
changing flow paths from uplands to
channels & within stream network

Influences on the movement of
materials into the stream network
land cover/land use (e.g., deforestation,
mining, croplands, grazing, urbanization)

Influences on the configuration of%

stream network & the movement of
materials along streams

stream burial

flow regulation (dams, diversions)

removal of large wood & beaver dams

placer mining

channelization

road crossings

invasive species

riparian grazing

/

Fig. 12. Summary of diverse types of stressors that influence headwater streams.
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stream (Riley et al., 2003; Booth et al., 2022; Lenhart et al., 2023).
Headwaters may be especially vulnerable to these effects if they are not
protected by any type of vegetation exclosure or riparian buffer zone
(Giraldo et al., 2022).

As noted previously, headwater streams even in humid temperate
and tropical regions are more likely to be intermittent or ephemeral than
are higher-order streams (e.g., Leach et al., 2024). Headwaters fed pri-
marily by surface runoff or by shallow groundwater can go dry for much
of the year under ‘normal’ conditions (e.g., Warix et al., 2021) but the
spatial extent and duration of drying can be exacerbated by drought,
warming climate (Datry et al., 2023), or human-induced changes in
infiltration capacity, runoff (Johnson et al., 2022), ecohydrological
coupling between plants and available moisture (Newcomb and Godsey,
2023), and soil moisture (Carey et al., 2021; Zipper et al., 2021). Much
of the literature on drying in headwater streams focuses on the
biogeochemical and ecological implications but drying can also alter
downstream transmission of sediment and channel form and stability
(Hakala and Hartman, 2004).

The diverse types of stressors to headwater streams can be classified
as those that influence the movement of water, solutes, sediment, and
organic matter from uplands into the stream network; those that influ-
ence the configuration of the stream network and the movement of
materials along streams; and those that influence water quality (Fig. 12).

In summary, headwater streams may be particularly vulnerable to a
variety of natural and human-induced stressors. Their small catchment
areas, close coupling to adjacent uplands and short channel lengths
relative to downstream portions of the river network, as well as lack of
floodplains, limit the ability of headwaters to buffer changing inputs of
water, solutes, sediment, and contaminants. Their small size also limits
the regulatory protection accorded to headwater channels and makes
them more prone to complete obliteration via burial, diversion, or other
alterations. Although there is no published estimate of the proportion of
headwater streams that have been altered by diverse human activities, it
is a reasonable assumption that headwaters outside of any type of pro-
tected area (e.g., national parks or nature reserves) within the temperate
latitudes have been moderately to extensively affected by multiple types
of human activities.

4.1. Protection and legal recognition

Because headwater streams are commonly ephemeral or intermittent
and non-navigable, they lack the legal protection afforded to higher-
order streams. Under the 1972 US Clean Water Act, any tributary of a
navigable river was protected until 2001 (Nadeau and Rains, 2007).
After a multi-year legal debate, this was changed by legal decisions such
as the 2001 SWANCC, 2006 Rapanos, and 2023 Sackett decisions by the
US Supreme Court, which significantly narrowed the scope of the US
Clean Water Act and largely stripped protections from small and
particularly from ephemeral or intermittent streams (Leibowitz et al.,
2008; Fritz et al., 2017; Walsh and Ward, 2022; Sullivan et al., 2025).
Comte et al. (2026) estimate that just over one-tenth of the river length
of the contiguous United States are currently protected at a level deemed
viable, with headwater streams consistently under protected.

In the EU, the Water Framework Directive mandates improvements
in the status of streams through identification of bodies of surface water
to be used for quality diagnosis and management. Because of their small
size, headwater streams are not usually recognized as bodies of surface
water and are excluded from the measures implemented for higher-
order streams through river basin management plans (Lassaletta et al.,
2010). The European Commission recommended, however, that small
water bodies be included in management plans when they significantly
impact downstream waters (European Commission, 2003). Within in-
dividual EU countries that do recognize headwater streams in river basin
management plans, such as Denmark, inclusion of headwaters has led to
concerns that the comprehensive alterations of these streams by actions
such as channelization and dredging can limit their ability to fulfill
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ecological quality objectives of the Water Framework Directive
(Baattrup-Pedersen et al., 2018). This concern has caused the Danish
Environmental Protection Agency to consider excluding many head-
waters from management plans (Baattrup-Pedersen et al., 2018).

Most other regions of the world also have little or no legal protection
for headwaters, although individual countries such as Mongolia
(Surenkhorloo et al., 2021) can be exceptions to this generalization. The
‘Headwater Control’ movement initiated in 1989 promoted self-
sustainable management strategies for headwater catchments in the
context of alterations in land cover and streamflow regimes (Haigh,
2004; Haigh et al., 2004). Although the movement has gradually
spread from Europe to other regions, it lacks legal underpinning and
associated protection mechanisms. Much of the protection that head-
water streams may receive stems from their inclusion in protected
ecosystems, such as mountain nature reserves, rather than explicit legal
protection for the streams themselves. If the legislation governing pro-
tected areas changes, streams may be dammed: Perry et al. (2021) noted
that more than 1200 dams exist within protected areas, with another
500 under construction or planned in the next two decades. As Perry
et al. (2021) also noted, 70% of rivers globally are outside of pro-
tected areas and only 11.1% are entirely protected.

Referring back to the list of functions provided by headwater streams
(Table 1), the consensus among investigators is that these functions can
be improved or conserved by focusing on protection and restoration of
three primary properties: land cover in contributing areas (Qiu et al.,
2013), with an emphasis on riparian buffers (Adams, 2007; Jyvasjarvi
et al., 2020); connectivity between uplands and streams and within
the stream network (Sullivan et al., 2025); and flow regimes in head-
water streams (Golden et al., 2025). By focusing on the area that con-
tributes materials to headwater streams and the factors that influence
movements of materials within these streams, additional characteristics
including water quality, attenuation of peak flows, nutrient uptake,
retention of particulate organic matter and sediment, habitat abundance
and diversity, and provision of refugia in headwaters will also be
enhanced.

5. Research gaps and needs

The great majority of the references cited in this paper have been
published in the past two decades. This reflects the increase in research
on headwater streams in response to lack of legal protection and
recognition of headwater streams. The increased research attention also
reflects the scientific recognition of the diverse functions provided by
ephemeral and intermittent streams (e.g., Datry et al., 2017, 2018;
Steward et al., 2022), coupled with increasing recognition that these
streams are widespread and account for a large majority of the total
length of stream channels globally but are nonetheless underrepresented
in most catchment-, regional-, or global-scale maps of rivers.

Much of the research summarized in this review focuses on the hy-
drology and biogeochemistry of headwater streams. These topics, along
with stream ecology, have received more attention than the
morphology, sediment dynamics, substrate-flow-biotic interactions as
these influence stream corridor forms, or the resilience/resistance of
headwater stream corridors to disturbances. Nonetheless, there remain
notable research gaps with respect to all aspects of headwater streams.

Imberger et al. (2023) highlight the need for characterization of
headwater stream typologies across diverse climates, geologies, and
biomes. Characterizing the forms, processes, and function of headwa-
ters, especially in understudied regions such as the tropics and ephem-
eral and intermittent headwaters, can facilitate identifying dominant
drivers of stream structure and function at different spatial scales, as
well as the relative sensitivity of headwater streams types to distur-
bances associated with land use and climate change. Here, we proposed
a headwater stream classification using characteristics that are also
applied to classification of larger rivers, but additional studies focused
on channel width and length, downstream hydraulic geometry,
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bedforms, and substrate types in headwater streams could provide data
to put this classification on a more quantitative basis.

With respect to hydrology, characterizing and predicting the location
and extent of the basic headwater channel network, as well as the extent
and duration of surface flow in headwaters, remains a challenge
(Imberger et al., 2023), especially as urbanization and warming climate
change patterns of flow intermittency in headwaters. Although head-
water stream flows are likely to decline in magnitude and spatial extent
as climate warms (e.g., Xu et al., 2009; Olson and Burton, 2019; Lopez-
de Sancha et al., 2022), the details of potential changes are poorly
constrained and we are challenged to identify potential tipping points
such as levels of urbanization where hydrologic effects rapidly increase
(Imberger et al., 2023). In addition, in some regions warming climate
equates to greater intensity and volume of rainfall and, if combined with
increased urbanized area, this will likely lead to greater unit area peak
discharge and flashiness of flow (e.g., Wu et al., 2013). Where glaciers
are retreating under warming climate, headwater stream flow and
groundwater storage may increase at least temporarily, until the glacier
is gone (Lin et al., 2020).

Although groundwater inputs can buffer stream temperatures
against increased air temperatures (e.g., Snyder et al., 2015), this effect
may be limited in headwater streams because small streams typically
receive shallower groundwater inputs than larger rivers (Kurylyk et al.,
2015; Hare et al., 2021). Modeling the effects of shallow groundwater
seepage and air temperature on stream temperatures across 9 headwater
catchments, Johnson et al. (2017) found that shallow groundwater ef-
fects exhibited more variation within catchments than between them
because of site-specific interactions among geomorphic features such as
channel slope and contributing area, and seasonal precipitation pat-
terns. This type of variation in groundwater inputs to headwaters sug-
gests that the effects of warming climate on the volume and temperature
of groundwater additions to streams will be difficult to quantitatively
predict.

For biogeochemistry, numerous studies indicate that water chemis-
try in headwaters can be strongly influenced by external sources and
pathways. The conditions under which headwaters display relatively
stable water chemistry remain poorly constrained, however, as does
understanding of how channel geometry influences nutrient uptake. As
noted by Reidy et al. (2025a), comparison between sites to understand
the mechanisms underlying observed differences in stream biogeo-
chemical variability is hampered by a lack of standardized methods and
few studies from headwater streams during base flow.

As air temperatures warm, the shading provided by riparian vege-
tation can mitigate warming of stream temperatures and associated
ecological degradation (Turunen et al., 2021). Warming climate may
also change riparian vegetation communities, however, in ways that can
affect not only shading but also organic matter and solute inputs to
streams (e.g., Salinas et al., 2018). The effects of warming climate on
riparian zones have received little attention and constitute an important
research gap.

As with groundwater inputs and riparian shading, hyporheic ex-
change flows can buffer increases in stream temperature associated with
warmer air temperatures (e.g., Leach et al., 2023; Moore et al., 2023).
The effects of warming climate on hyporheic exchange flows are likely
to be site-specific, however, as demonstrated in a modeling study of two
Arctic headwater streams. Average thaw depths of permafrost were two-
fold greater under the higher energy, alluvial stream than under the low-
energy, peat-lined stream, resulting in shorter residence times and
longer flow paths under the alluvial stream (Zarnetske et al., 2008).
However, simulations of deeper thaw under a warming climate only
influenced hyporheic exchange until a threshold depth determined by
hydraulic head gradients resulting from stream morphology (Zarnetske
et al., 2008). The network-scale proportion of nutrient uptake and
gaseous emissions associated with headwaters also constitute gaps in
understanding. These gaps have important implications for headwater
stream management and restoration. Finally, as noted by Battin et al.
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(2023) in the context of carbon biogeochemistry, scaling laws often
resolve only steady-state conditions and fail to account for the dynamic
nature of river networks, including the expansion and contraction of
wetted area in headwaters. Because scaling relationships require vali-
dation across the entire range of river sizes, the development of inte-
grated global field campaigns to resolve problems with scaling laws and
unify the scales of ground and satellite observations in small rivers
constitutes a research priority.

With respect to geomorphology, it remains unclear to what extent
and under what conditions headwater streams alter existing topography
rather than responding to topography. The relative importance of non-
fluvial processes in shaping channel morphology and transporting
sediment is poorly characterized with respect to potential thresholds
associated with catchment steepness and drainage area. The location,
width, and longitudinal continuity of floodplains are poorly constrained,
which limits our ability to estimate the potential for headwater streams
corridors to attenuate downstream fluxes of water and sediment.

Improving our understanding of headwater stream functions such as
organic matter processing and nutrient uptake can inform estimates of
the ecosystem services provided by headwaters (Imberger et al., 2023).
This feeds directly into the need to better understand the most effective
spatial distribution and the aggregate proportion of stream corridor
length for headwater restoration projects designed to create catchment-
scale cumulative effects in peak flow attenuation (Follett et al., 2024;
Wohl et al., 2025a, 2025b), nutrient uptake (Wollheim et al., 2018), and
sustainable river ecosystems. These integrative issues are increasingly
crucial to maintaining functional river networks into the future. First-
and second-order streams may be less likely targets for restoration than
higher-order streams because individual channels are typically so small
and/or lack perennial flow. Headwaters are more likely to be substan-
tially altered or obliterated, however, than larger streams, suggesting
that they should be targeted in restoration efforts.

Headwater streams are currently subject to a diverse array of
stressors, many of which will become more severe as climate warms and
urbanization continues to increase. The potential effects of warming
climate on precipitation and stream flow can be assessed using climate
projections and numerical rainfall-runoff models to simulate effects on
stream flow and on groundwater recharge (e.g., Xu et al., 2009; Levison
et al., 2014; Yifru et al., 2022), but this approach includes high degrees
of uncertainty in climate and the precipitation of water through the
catchment and into streams, as well as interacting effects such as
changes in the disturbance regime (e.g., wildfire, insects) of land cover
(e.g., Mahat and Anderson, 2013) or changes in permafrost character-
istics (e.g., Jones and Rinehart, 2010) and the associated changes in
water balance. The physical and biogeochemical implications of
changed stream flow are even less likely to be simulated because of the
need to develop a long-term continuous sediment transport model to
examine channel stability (Khan et al., 2025), for example. It is also
important to note that most studies of the potential effects of warming
climate on stream flow, sediment transport, and other stream processes
focus on the downstream portions of river networks rather than on the
poorly studied stream flow in headwaters.

In summary, on every topic covered in this review, far less is known
about headwaters than about larger rivers. Measurements of channel
distribution and size; the extent of flow permanence within the head-
water stream network; sources, quantities, and spatial and temporal
variations of groundwater inputs; channel gradient, bedforms, and
substrate; suspended and bedload transport; the influence of riparian
vegetation and soils on stream chemistry; locations and magnitudes of
hyporheic exchange flows; and the spatial extent and details of head-
water stream alteration by human activities are all limited to a relatively
small number of the headwater streams present globally. The spatial and
temporal extent of these types of basic data must be expanded to in-
crease our ability to quantify and model the contributions of headwater
streams to downstream river networks and ecosystems.
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6. Conclusions

Delineation of first- and second-order streams as measured based on
channel head locations remains challenging and headwater streams
remain underrepresented in most maps of river networks. Nonetheless,
these small streams clearly constitute the majority of total stream
channel length globally and, as such, influence greenhouse gas emis-
sions from channels; habitat and biodiversity within river networks;
supply of flow, nutrients, and sediment to downstream portions of river
networks; and resilience of higher-order rivers to natural and anthro-
pogenic disturbances. The growing body of literature on headwater
channels and ephemeral and intermittent streams supports the conten-
tion that headwaters deserve more legal protection and efforts to restore
their forms and processes than they currently receive in most countries.
Just as permanently removing all the needles or leaves from a tree might
be expected to eventually kill the tree, so removing or comprising the
functions of headwaters has and will continue to contribute to sub-
stantial loss of ecosystem functions in downstream portions of river
networks. Additional research targeted specifically at processes in
headwater streams is vital, but it is equally vital that research findings
inform efforts to protect and manage headwaters.
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