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Similarity of stream width distributions across
headwater systems
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The morphology and abundance of streams control the rates of hydraulic and biogeochemical
exchange between streams, groundwater, and the atmosphere. In large river systems, the
relationship between river width and abundance is fractal, such that narrow rivers are pro-
portionally more common than wider rivers. However, in headwater systems, where many
biogeochemical reactions are most rapid, the relationship between stream width and abun-
dance is unknown. To constrain this uncertainty, we surveyed stream hydromorphology
(wetted width and length) in several headwater stream networks across North America and
New Zealand. Here, we find a strikingly consistent lognormal statistical distribution of stream
width, including a characteristic most abundant stream width of 32 + 7 cm independent of
discharge or physiographic conditions. We propose a hydromorphic model that can be used
to more accurately estimate the hydromorphology of streams, with significant impact on the
understanding of the hydraulic, ecological, and biogeochemical functions of stream networks.
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eadwater streams' comprise an estimated 89% of the

global fluvial network length>® and are the source of

water, sediment, nutrients, and organic matter for
downstream systems*. They exhibit highly variable physical,
chemical, and biotic attributes; as a result, they contribute to
significant biodiversity within watersheds®. They are also more
hydraulically coupled to hillslope and groundwater processes
compared to larger streams and thus are hotspots for biogeo-
chemical activity>*%!!. High rates of hyporheic exchange
expose transported solutes to unique biogeochemical environ-
ments, with subsequent impacts on whole stream metabolism'?,
nutrient cycling!?, and contaminant uptake and export!. Small
streams are also a significant source of greenhouse gas to the
atmosphere!?. In fact, over half of the greenhouse gas emitted
from the fluvial network originates from small headwater
streams2© (defined as Strahler stream order!® 1-31). This bio-
geochemical activity is, in part, a function of stream surface
water geometry.

Stream width, defined here as the wetted width of flowing
water within a channel, reflects natural heterogeneities along a
stream such as channel margins, eddies behind large woody
debris, and hyporheic exchange flow paths®!®17. These hetero-
geneities are important because they serve as micro-
environmental patches that impact temporary solute storage,
material erosion and deposition, biological and ecosystem pro-
cesses, and ultimately large-scale biodiversity>'®!°, Where it has
been studied, planform stream hydromorphology is often quan-
tified by measuring wetted width at uniformly spaced intervals
along stream centerlines'®23, Stream width data are used in a
broad array of applications including studies of hyporheic
flow'®?", open-channel hydraulics?®, material transport and
erosion??, lotic habitat!®, and stream—atmosphere gas exchange
rates>®8. Stream width is also a core variable in the River
Continuum Concept, an important conceptual framework that
relates lotic ecosystems to stream size!.

Despite their wide-ranging importance, there has been no
published characterization of the distribution of stream widths
within an entire headwater catchment. Instead, static, topo-
graphically derived flowlines are typically used to represent
stream networks and infer their geometry>®72°, However,
headwater stream networks, also known as active drainage net-
works (ADNs), typically expand and contract with changing
streamflow conditions, causing temporal fluctuations in catch-
ment drainage density and stream surface area’!. Temporal
change in drainage density has been studied®*~%’, but the
simultaneous spatial dynamics of headwater stream widths
remains undocumented. Instead, studies requiring stream geo-
metry in headwater catchments usually estimate stream width
distributions using hydraulic scaling principles developed for
larger river systems>®721:28, These scaling principles produce a
Pareto distribution of stream width that may be inappropriate for
smaller stream networks®?°.

In this study, we conduct field surveys to show that the
distribution of stream width in headwater catchments is
similar across a wide range of streamflow and physiographic
conditions. We propose a stream width model that takes into
account the effects of streamflow, hydraulic resistance®’, and
the natural variability of channel geometry®"32. This model
supports a new conceptual framework showing that, as ADNs
expand and contract within the geomorphic channel network
in response to changes in streamflow?*?, the distribution of
stream width remains approximately static. This framework
can be used to accurately estimate stream surface area of ADNs
if the total length of the stream network is known, with
implications for stream—atmosphere biogeochemical exchange
estimates.
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Results
Field measurements. To characterize stream width distributions
in a range of headwater systems, we conducted the most com-
prehensive field survey to date of stream hydromorphology
(wetted width and length) within seven headwater catchments
(Fig. 1). The study catchments spanned a wide range of sizes,
environments, geomorphologies, and streamflow conditions (see
Supplementary Fig. 1 for field photos and Supplementary Table 1
for site-specific attributes). In each study catchment, we measured
wetted stream width every 5m along all flowing streams in the
drainage network. Additionally, in a 48-hectare subcatchment of
Stony Creek Research Watershed in North Carolina, we repeat-
edly surveyed stream width over a range of hydrologic conditions
(Fig. 2 and Supplementary Table 2). We then analyzed the sta-
tistical distribution of stream widths from all surveys to evaluate
the patterns and controls of headwater stream hydromorphology.
The stream widths of all surveys are well characterized by
lognormal distributions and exhibit a mode of 32+ 7cm (all
confidence intervals 1o, Fig. 3). The mode width, determined
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Fig. 1 Stream width maps in study catchments. a K1B tributary, North
Branch of Kings Creek, KS; b Sagehen Creek Subcatchment, CA; ¢ Upper
Elder Creek, CA; d C1 tributary of Caribou Creek, AK; e V40 Stream
Subcatchment, NZ; f Blue Duck Creek Subcatchment, NZ; g Stony Creek
Research Watershed, NC. Lengths of north arrows represent 200 m
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Fig. 2 Stony subcatchment repeat stream width maps with the basin-
averaged runoff values in italic (dates in YYYY/MM/DD format)

using a Gaussian density kernel, is strikingly similar across all
basins and does not significantly correlate with hydrologic
conditions (R?=0.15, p=0.39), basin relief (R?=0.23, p=0.28),
catchment area (R?=0.04, p=0.69), or drainage density (R*>=
0.19, p=0.33). Gamma and Weibull distributions also effectively
describe the spread of stream width data (Supplementary Fig. 2
and Supplementary Table 3). The median first-order stream
width is 32+8cm. No instances of overbank flooding were
observed during the surveys but disconnections in the ADN were
common, particularly in first-order streams.

Stream width model. To understand the origin of the char-
acteristic lognormal distribution, we modeled stream widths by
combining principles of conservation of mass, hydraulic resis-
tance (i.e, bed roughness, skin resistance, and form drag)?’,
downstream hydraulic geometry®’, and the natural variability of
channel cross-sectional geometry>">? (Fig. 4, see Stream width
model in “Methods”). Caribou and V40 catchments were exclu-
ded from the analysis because their available digital elevation
models (DEMs) were of insufficient quality to produce accurate
stream networks at the scales observed. The model produces
stream widths that are spatially realistic (Fig. 4c) and are dis-
tributed comparably to the observations (Fig. 4d-h). The model,
which is applied along the observed stream network, indicates
that stream widths are primarily set by discharge and random
variability in the channel geometry, from V- to U-shaped,
represented by r in Fig. 4b.

Discussion

The differences between the model outputs and the observations
likely stem from simplifying assumptions regarding runoff yield,
bankfull channel widths, hyporheic zone transmissivity?*, and
hydraulic resistance’, none of which were measured in the field.
Perhaps the least well constrained of these factors is the variability
in hyporheic zone transmissivity, a fundamental controllin
property of stream hydromorphology and stream generation?42”.
As an example, in the Elder Creek catchment, a coarse-grained
poorly sorted valley-bottom sedimentary prism may be trans-
mitting substantial hyporheic flow down valley resulting in an
unexpectedly low drainage density and small, often discontinuous
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streams. In contrast, Kings Creek mainly contains bedrock
channels and a more fine-grained valley-bottom sedimentary
prism>*, This variability in subsurface flow is unaccounted for in
the model, and may contribute to the better model fits in some
catchments (e.g., Kings) than in others (e.g., Elder). In the future,
a better understanding of underlying groundwater processes will
improve our abilit)l to predict headwater stream generation and
hydromorphology”*.

The measured distributions of stream widths are remarkably
similar given the wide variety of hydrologic conditions present
during the various surveys (Fig. 3i). This insensitivity of stream
width distributions to changes in catchment runoff stems from
the counteracting processes of lateral stream widening and
longitudinal ADN expansion. With increasing discharge, streams
will simultaneously widen in place and extend upstream such that
individual stream segments will increase in stream order as tri-
butary channels are reactivated?’. As a result, the proportional
abundance of narrow streams remains roughly constant (Fig. 5).
Thus, if the cumulative length (L) of an ADN is known, the total
stream surface area (SA) may be approximated using the mean
lognormal fit in Fig. 3i,

SA = Z%e’”"x, (1)

where N is the number of observations, X is a standard normal
variable of length N, y=In(32 cm) and 6 =1n(2.3). We anticipate
that this model may break down with the initiation of overbank
flooding or when the channel network is completely occupied by
the ADN.

These results hold significant implications for understanding
hydrological, ecological, and biogeochemical processes occurring
in headwater streams. For example, previous evaluations>®’ of
greenhouse gas emissions from rivers and streams estimated
stream surface area using Pareto scaling laws on static USGS and
international DEM-derived flowlines, which significantly under-
estimate the abundance of headwater streams®>. These studies
assume that median first-order stream width ranges from 160 +
110cm to 315cm®>%7, an order of magnitude greater than
observed in this study. To evaluate the impact of these differences,
we compare our observations against existing flowline data sets
currently used in biogeochemical studies to calculate stream
microbial enzyme activity, nutrient uptake, and nutrient limita-
tion'!, and surface emissions of CO,>%7 (see carbon efflux esti-
mates in “Methods”). We find that the dynamic expansion and
contraction of ADNs causes significant temporal variability in
greenhouse gas emissions in headwater stream networks. In the
repeat stream width surveys, estimated CO, efflux quadruples in
response to a doubling in runoff (Supplementary Table 4).
Among the physiographically contrasting catchments, we find
that CO, efflux calculations based off of the USGS flowline data
sets differ from our survey-based estimates by as much as 100%
(RMSE=17.7 Mg-C Yrb). Using Eq. (1) to estimate surface area
yields, CO, efflux values that are more similar to our survey-
based efflux estimates than the USGS flowline-based efflux esti-
mates (RMSE=4.17 Mg-C Yr1). The differences between CO,
efflux estimates arise from the dissimilarity of stream network
length and width distributions between our observations, Eq. (1),
and the USGS flowline data sets.

In conclusion, our observations suggest that stream widths in
headwater networks are lognormally distributed, rather than
Pareto distributed, and that the most common stream width is
substantially narrower than previously assumed. This lognormal
distribution can be used to more accurately estimate stream
surface area in small headwater catchments if the total length of
the stream network is given, with implications for
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Fig. 3 Headwater stream width distributions. a-h Stream width histograms with lognormal fits for each survey. Length values indicate the mode stream
width in each catchment. i Composite probability density functions of lognormal fits with mean fit in black. 4 and ¢ are the lognormal location and scale

parameters in Eg. (1). N: measurement frequency, w: stream width

stream—atmosphere gas exchange estimates. We find that the
dynamic nature of ADNs causes significant variability in green-
house gas emissions in headwater stream networks. Significant
work remains to understand how stream width and network
length is controlled by groundwater interactions. Our limited data
set of 13 surveys likely does not describe the full range of width
distributions in headwater stream networks, especially in arid and
humid tropical environments. This study’s observation of a
characteristic most abundant stream width suggests the existence
of a most abundant stream depth and stream velocity, an unex-
plored hydrologic framework that may yield greater knowledge of
stream generation processes and habitat distributions within
stream networks.

Methods

Field measurements. In each of the seven physiographically contrasting study
catchments, we paced along all streams within the stream network and measured
wetted stream width every 5 m3°. For the repeat surveys in the Stony subcatchment,
we flagged streams every 5 m and surveyed wetted stream widths at each flag over a
range of hydrologic conditions. For the repeat surveys in Stony subcatchment, we
only analyzed surveys that were collected while streamflow was below the 90th
percentile of the streamflow record in order to remove the potential influence of
overbank flooding (Supplementary Table 2).

We defined a stream as flowing water within a channel?, including transient
channels formed in leaf litter and other debris. We measured wetted stream width
with a standard tape measure or, where a tape measure was not practical, with a
laser range finder. In multichannel streams, we added the stream widths from all
channels together or we visually approximated the percentage of the total width
that was dry. We quantified measurement error by repeatedly surveying stream
width along a 175-m long stream segment located at the lowermost segment of the
Stony subcatchment. We surveyed the segment five times within 1.5h and then
compared the width measurements to calculate standard error of 3 cm.

In each catchment, we collected between 160 and 1797 (mean N = 672) stream
width measurements. We mapped ADNs with a continuous tracking GPS device,
or where necessary, by hand on a topographic map or on optical remotely sensed
imagery. We removed 36 survey points (2.5%) from our analysis of Sagehen Creek,
where snow completely or partially obscured the stream surface. We approximated
relative hydrological conditions in each physiographically contrasting study
catchment by calculating the streamflow percentile and catchment-averaged runoff
during the day(s) we surveyed streams relative to the entire gage record
(Supplementary Table 1). Stream gages were often located nearby or downstream
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from the study catchments and thus the runoff and discharge percentiles presented
in Supplementary Table 1 indicate a general characterization of catchment wetness.

Statistics. We described the statistical distribution of stream widths within each
study basin by fitting lognormal, gamma, Weibull, and Pareto distributions to the
stream width data using maximum likelihood estimation. We quantified model
goodness of fit using the Pearson’s chi-square goodness of fit test>” and the non-
parametric two-sided one sample Kolmogorov—Smirnov goodness of fit test>’
(Supplementary Fig. 2 and Supplementary Table 3). Using a Gaussian density
kernel with a bandwidth of 10 cm, we calculated the mode stream width in each
basin. Kernel bandwidth was determined using the normal reference distribution
optimal bandwidth selection technique?’. We correlated the mode width to phy-
sical conditions (hydrologic conditions, basin relief, catchment area, and drainage
density) between }ahysiographically contrasting catchments using the correlation of
determination (R”) and p value with significance level, a= 0.05. We calculated total
stream surface area by summing the product of each stream width and length
measurement within a catchment.

Stream width model. We modeled stream width in each catchment using rela-
tionships between stream channel shape, hydraulic resistance, drainage area, and
discharSge. While this model shares some conceptual similarities to preceding
studies®123839 it is, to our knowledge, a novel synthesis of downstream hydraulic
geometry, at-a-station hydraulic geometry, and natural variability in stream
channel cross-sectional geometry. Our model begins with the analytical relation-
ship for at-a-station hydraulic geometry presented by Dingman®!. The cross-
sectional shape of stream channels has been modeled as a variety of geometries
including triangular, parabolic, trapezoidal, and rectangular*’. Here, we simulated
these channel shapes by varying a single shape parameter, , such that for any
wetted depth less than bankfull depth,

h = hyt (w%) )

where hyy is bankfull channel depth, w is wetted stream width, and wys is
bankfull channel width (Fig. 4a)3132, Setting r=1 yields a triangular cross section,
and increasing its value beyond 1 yields an increasingly concave (or flat-bottomed)
parabolic channel shape (Fig. 4b).

Within a channel, the law of conservation of mass relates stream discharge to
channel shape,

Q = uA (3)
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where u is mean streamflow velocity and A is the cross-sectional area of the Bankfull channel width scales with upstream drainage area (A) as a power law,

stream and is calculated as,
Whf = aA/’ 5 (8)

A :hw(l ’ﬁ) (@)

where & and 3 are empirical constants*>~#>, We calculated the values of @ and 8
to be 0.008 and 0.42, respectively, using least squares regression on a 5gIobal

We modeled flow velocity using a form of the Manning—Strickler relation for compilation of 307 paired log-transformed wys and A measurements® (R*=0.68,
flow resistance3’, p <0.001), values similar to those found by previous work*~*, Note that using the
empirical § value of 0.42, rather than the dimensionally consistent /3 value of 0.5,

) B propagates a minor imbalance in the dimensions of Eq. (7). We used the same
u = 8.1(ghS)? (—) (5)  global database to find that the median bankfull width to depth ratio s /wiy is 14

in Eq. (7), for streams with upstream drainage areas within the range we surveyed
in this study. Previous studies have reported hy¢ /wys ratios varying from 1.5 to 35,
and the value we used falls within this range¢4°,

where g is gravitational acceleration, S is channel bed slope, and k is a bed At each stream width observation site, i, we calculated stream width by
roughness length scale equivalent to, combining Egs. (7) and (8),
k (8 18 6 (6) 3 izl L Whf -3 1 5
= (81ghn)’ = Q7 (adl) (Bagesk () (1= 9
Wi Qt a. i N (gl) hbf ri+1 N ( )
where 7 is the Gauckler—Manning friction coefficient*!. Combining Eq. (2-5)
yields a relationship, similar to a generalized relationship presented in Dingman®!, We computed A, and S; from DEM listed in Supplementary Table 1°° and
between stream width and other hydraulic and geomorphic parameters: calculated slope over the length scale of the DEM resolution used. To estimate Q; at
each survey location, we used conservation of mass within a drainage basin,
3 -5
IR A AN 1 At
w= Q= w " | 8.1(g8)k e T 1- 1 . 7) Qi = ngb (10)
g
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0 Stream width

Fig. 5 Conceptual model of relationship between changing streamflow
conditions and the stream width distributions. As discharge increases
(Q1<Q»<Q3): a wetted width increases at a representative channel cross
section; b the ADN extends into narrower lower-order channels, increasing
the total length of narrow streams (dotted lines represent channels without
flow); and ¢ the phenomena described by a and b manifest in the similar
width distributions independent of streamflow conditions

where Q, and A, are the discharge and drainage area at the stream gage
(Supplementary Table 1) and set c= 1. Setting c to unity is a common practice in
hydrology®?, although it is a relationship developed in humid environments. We
set the Gauckler-Manning friction coefficient, #n=0.04 ms~'/3, as commonly
assumed for mountain streams with gravel/cobble beds?4C. To represent natural
diversity in stream channel shape, we randomly varied the value of r; in Eq. (9)
between 1 and 10, and thus captured channel geometries ranging from a triangle to
a shape approaching a rectangle (Fig. 4b). In a separate analysis, we drew values of
r; from a normal distribution (=5, 6=2), rather than a uniform distribution,
which yielded similar results. We characterized the statistical difference between
the modeled and the surveyed stream widths using the two-sample
Kolmogorov—-Smirnov test>” (Fig. 4 and Supplementary Table 3).

Classic hydraulic geometry relationships are reflected in the exponents of Eq.
(9). The first factor in Eq. (9), Q; represents the at-a-station hydraulic geometry 3
component of the model, the second, uAf} , represents the downstream changes in
channel width, rather than wetted stream width, and the remaining factors
encapsulate the influences of flow resistance and channel geometry. If =2, then
wi ox QF = Q?'”, which is similar to classic power-law relations for at-a-station
hydraulic %eometry33, where w = Q"2°. Similarly, for classic downstream hydraulic
geometry>>, where w = Q%3 if r= 2, then w o Q?'ZSA?S/B, and if A; o< Q; and =
0.42, then w; oc Q%¥. Equation (9) predicts that stream width positively relates to
bed roughness because a larger flow cross-sectional area is required to transmit the
same amount of discharge in a rougher channel. However, the modeled widths
produced from Eq. (9) are not highly sensitive to the Gauckler-Manning friction
parameter, n, and produce reasonable width distributions over a range of
roughness coefficients (0.03 < <0.1) common in the modeled stream
networks*%33,

At very low flows, where the flow depth approaches the scale of the bedload, the
Manning-Strickler relationship for open-channel flow, shown in Eq. (5), breaks
down>*. Ferguson®® proposed a hydraulic resistance equation that may be applied
at shallow flows,

aya;(h/Dgy)

&\ 12
<]) B [a%+a§(h/Ds4)5/3 " oy

where f is the Darcy—Weisbach friction factor, a; and a, are coefficients that
range from 7-8 and 1—4 respectively, and Dy, is the 84th percentile bedload grain
diameter. Equation (11) predicts that with decreasing h/Dg4, hydraulic resistance
increases, which would theoretically increase the hydraulic radius®®>’. Because we
do not have measurements of Dg, this widening effect is not implemented in our
model but it could be included in future work to improve representation of
headwater stream hydromorphology.

Carbon efflux estimates. To estimate carbon efflux within each North American
catchment, we used topographically derived USGS flowlines to estimate stream
surface area and stream gas transfer velocity, and CO, efflux methods described in
detail by Butman et al.®. We then compared these efflux estimates to estimates
based off of our field observations. We did not conduct this analysis in the New
Zealand watersheds because no suitable flowline data set was available in this
region. In the conterminous United States, we used NHDPlus V2 flowlines (http://
www.horizon-systems.com/nhdplus/NHDPlusV2_home.php) to calculate carbon
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efflux, and in the Caribou Creek catchment in Alaska, where NHDPlus data are
unavailable, we used EDNA flowlines (http://edna.usgs.gov). NHDPlus V2 and
EDNA flowlines are derived from merging the Nation Hydrology Dataset (NHD)
with the National Elevation Dataset (NED). The NHD contains perennial, inter-
mittent, and ephemeral streamlines that were field mapped by the USGS. Thus, the
exact conditions in which the NHDPlus V2 flowlines represent are poorly
constrained.

In each study catchment, we used the median (5th and 95th percentile ranges)
dissolved CO, concentrations and temperatures for first-order stream systems in
the larger two-digit USGS hydrologic unit code (HUC) region. For each HUC, we
used established hydraulic geometry equations’ to estimate first-order stream
velocity from the stream slope and the median discharge values provided by the
USGS flowline data sets. Using these stream velocities, we estimated the median
CO, gas transfer velocity for first-order streams in each HUC after Raymond et al.2,
For the Stony Creek Research Watershed where no NHDPlus flowlines exist, we
used the discharge measurements taken at the catchment outlet to directly estimate
velocity. We calculated the amount of stream surface area using three different
methods: (1) field measured surface area; (2) Eq. (1) derived surface area; and (3)
USGS flowline-derived surface area®. Then, we ran a Monte Carlo simulation to
estimate the median and 5th—-95th percentile ranges of potential CO, efflux
(Supplementary Table 4).

Data availability. All the codes used in the analysis and production of figures in
this paper can be obtained at https://github.com/geoallen/
streamWidthAnalysis2017/. The stream width measurements, from which the
lognormal distributions are derived, are available on a Zenodo digital repository
(doi:10.5281/zenodo.1034384).

Received: 25 July 2017 Accepted: 12 January 2018
Published online: 09 February 2018

References

1. Vannote, R. L., Minshall, G. W., Cummins, K. W., Sedell, J. R. & Cushing, C.
E. The river continuum concept. Can. J. Fish. Aquat. Sci. 37, 130-137 (1980).

2. Raymond, P. A. et al. Global carbon dioxide emissions from inland waters.
Nature 503, 355-359 (2013).

3. Downing, J. A. et al. Global abundance and size distribution of streams and
rivers. Inland Water 2, 229-236 (2012).

4. Gomi, T, Sidle, R. C. & Richardson, J. S. Understanding processes and
downstream linkages of headwater systems. Bioscience 52, 905-916 (2002).

5. Meyer, J. L. et al. The contribution of headwater streams to biodiversity in
river networksl. J. Am. Water Resour. Assoc. 43, 86—103 (2007).

6. Butman, D. et al. Aquatic carbon cycling in the conterminous United States
and implications for terrestrial carbon accounting. Proc. Natl Acad. Sci. USA
113, 58-63 (2016).

7. Butman, D. & Raymond, P. A. Significant efflux of carbon dioxide from
streams and rivers in the United States. Nat. Geosci. 4, 839-842 (2011).

8. Hotchkiss, E. R. et al. Sources of and processes controlling CO2 emissions
change with the size of streams and rivers. Nat. Geosci. 8, 696-699 (2015).

9. Bencala, K. E., Gooseff, M. N. & Kimball, B. A. Rethinking hyporheic flow and
transient storage to advance understanding of stream-catchment connections.
Water Resour. Res. 47, WOOHO03 (2011).

10. Marx, A. et al. A review of CO2 and associated carbon dynamics in headwater
streams: a global perspective. Rev. Geophys. 55, 560-585 (2017).

11. Hill, B. H. et al. Microbial enzyme activity, nutrient uptake and nutrient
limitation in forested streams. Freshw. Biol. 55, 1005-1019 (2010).

12. Findlay, S. Importance of surface-subsurface exchange in stream ecosystems:
the hyporheic zone. Limnol. Oceanogr. 40, 159-164 (1995).

13. Triska, F. J., Kennedy, V. C., Avanzino, R. J., Zellweger, G. W. & Bencala, K. E.
Retention and transport of nutrients in a third-order stream in Northwestern
California: hyporheic processes. Ecology 70, 1893—1905 (1989).

14. Fuller, C. C. & Harvey, J. W. Reactive uptake of trace metals in the hyporheic
zone of a mining-contaminated stream, Pinal Creek, Arizona. Environ. Sci.
Technol. 34, 1150-1155 (2000).

15. Strahler, A. N. Quantitative analysis of watershed geomorphology. Transact.
Am. Geophys. Union 38, 913-920 (1957).

16. Kasahara, T. & Wondzell, S. M. Geomorphic controls on hyporheic exchange
flow in mountain streams. Water Resour. Res. 39, 3—14 (2003).

17. Harvey, ]. W. & Bencala, K. E. The effect of streambed topography on surface-
subsurface water exchange in mountain catchments. Water Resour. Res. 29,
89-98 (1993).

18. Wondezell, S. M. The role of the hyporheic zone across stream networks.
Hydrol. Process 25, 3525-3532 (2011).

19. Hankin, D. G. & Reeves, G. H. Estimating total fish abundance and total
habitat area in small streams based on visual estimation methods. Can. J. Fish.
Aquat. Sci. 45, 834-844 (1988).

| DOI: 10.1038/541467-018-02991-w | www.nature.com/naturecommunications


http://www.horizon-systems.com/nhdplus/NHDPlusV2_home.php
http://www.horizon-systems.com/nhdplus/NHDPlusV2_home.php
http://edna.usgs.gov
https://github.com/geoallen/streamWidthAnalysis2017/
https://github.com/geoallen/streamWidthAnalysis2017/
www.nature.com/naturecommunications

ARTICLE

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

Kiel, B. A. & Cardenas, M. B. Lateral hyporheic exchange throughout the
Mississippi River network. Nat. Geosci. 7, 413-417 (2014).

Allen, G. H. & Pavelsky, T. M. Patterns of river width and surface area
revealed by the satellite-derived North American River width data set.
Geophys. Res. Lett. 42, 395-402 (2015).

Allen, G. H., Barnes, J. B, Pavelsky, T. M. & Kirby, E. Lithologic and tectonic
controls on bedrock channel form at the northwest Himalayan front. J.
Geophys. Res. 118, 1806—1825 (2013).

Gleason, C. J. & Smith, L. C. Toward global mapping of river discharge using
satellite images and at-many-stations hydraulic geometry. Proc. Natl Acad. Sci.
USA 111, 4788-4791 (2014).

Godsey, S. E. & Kirchner, J. W. Dynamic, discontinuous stream networks:
hydrologically driven variations in active drainage density, flowing channels
and stream order. Hydrol. Process 28, 5791-5803 (2014).

Gregory, K. J. & Walling, D. E. The variation of drainage density within a
catchment. Int. Assoc. Sci. Hydrol. Bull. 13, 61-68 (1968).

Shaw, S. B. Investigating the linkage between streamflow recession rates and
channel network contraction in a mesoscale catchment in New York state.
Hydrol. Process 30, 479-492 (2016).

Whiting, J. A. & Godsey, S. E. Discontinuous headwater stream networks with
stable flowheads, Salmon River basin, Idaho. Hydrol. Process 30, 2305-2316
(2016).

Kirchner, J. W. Statistical inevitability of Horton’s laws and the apparent
randomness of stream channel networks. Geology 21, 591-594 (1993).
Anderson, R. ], Bledsoe, B. P. & Hession, W. C. Width of stream and rivers in
response to vegetation, bank material, and other factors. J. Am. Water Resour.
Assoc. 40, 1159-1172 (2004).

Parker, G. Selective sorting and abrasion of River Gravel. II: applications. J.
Hydraul. Eng. 117, 150-171 (1991).

Dingman, L. S. Analytical derivation of at-a-station hydraulic—geometry
relations. J. Hydrol. 334, 17-27 (2007).

Neal, J. C. et al. Efficient incorporation of channel cross-section geometry
uncertainty into regional and global scale flood inundation models. J. Hydrol.
529, 169-183 (2015).

Leopold, L. B. & Maddock, T., Jr. The Hydraulic Geometry Of Stream Channels
And Physiographic Implications. USGS Prof Paper No. 252 (U.S. GPO,
Washington, DC, 1953).

Costigan, K. H., Daniels, M. D. & Dodds, W. K. Fundamental spatial and
temporal disconnections in the hydrology of an intermittent prairie headwater
network. J. Hydrol. 522, 305-316 (2015).

Benstead, J. P. & Leigh, D. S. An expanded role for river networks. Nat. Geosci.
5, 678-679 (2012).

Schiller, D. et al. Contraction, fragmentation and expansion dynamics
determine nutrient availability in a Mediterranean forest stream. Aquat. Sci.
73, 485-497 (2011).

Venables, W. N. & Ripley, B. D. Modern Applied Statistics with S 4th edn
(Springer-Verlag, New York, 2002).

Parker, G., Wilcock, P. R,, Paola, C., Dietrich, W. E. & Pitlick, J. Physical basis
for quasi-universal relations describing bankfull hydraulic geometry of single-
thread gravel bed rivers. J. Geophys. Res. 112, F04005 (2007).

Ferguson, R. I. Hydraulics and hydraulic geometry. Prog. Phys. Geogr. 10,
1-31 (1986).

Chow Vt. Open—Channel Hydraulics (McGraw-Hill, New York, 1959).
Manning, R. On the flow of water in open channels and pipes. Trans. Inst. Civ.
Eng. Irel. 20, 161-207 (1891).

Williams, G. P. Bank-full discharge of rivers. Water Resour. Res. 14,
1141-1154 (1978).

Golden, L. A. & Springer, G. S. Channel geometry, median grain size, and
stream power in small mountain streams. Geomorphology 78, 64-76 (2006).
Wilkerson, G. V. et al. Continental-scale relationship between bankfull width
and drainage area for single-thread alluvial channels. Water Resour. Res. 50,
919-936 (2014).

Trampush, S. M., Huzurbazar, S. & McElroy, B. Empirical assessment of
theory for bankfull characteristics of alluvial channels. Water Resour. Res. 50,
9211-9220 (2014).

Zimmerman, R. C., Goodlett, J. C. & Comer, G. H. The influence of vegetation
on channel form of small streams. In: Proc. of the Symposium on River
Morphology (International Association of Scientific Hydrology, Bern, 1967).
Wohl, E. E. & Wilcox, A. Channel geometry of mountain streams in New
Zealand. J. Hydrol. 300, 252-266 (2005).

| (2018)9:610

48. Wohl, E. & Merritt, D. M. Reach-scale channel geometry of mountain streams.
Geomorphology 93, 168—185 (2008).

49. Petersen, R. C. The RCE: a Riparian, Channel, and Environmental Inventory
for small streams in the agricultural landscape. Freshw. Biol. 27, 295-306
(1992).

50. O’Callaghan, J. F. & Mark, D. M. The extraction of drainage networks from
digital elevation data. Comput. Gr. Image Process. 28, 323-344 (1984).

51. Hack, J. T. Studies of longitudinal stream profiles in Virginia and Maryland.
US Geol. Surv. Prof. Pap. 294, 45-97 (1957).

52. Chow, V. T., Maidment, D. R. & Mays, L. W. Applied Hydrology (McGraw-
Hill, New York, 1988).

53. Barnes, H. H. Roughness Characteristics of Natural Channels. USGS Water
Supply Paper 1849 (US Geological Survey, Washington, DC, 1967).

54. Lamb, M. P,, Brun, F. & Fuller, B. M. Hydrodynamics of steep streams with
planar coarse-grained beds: Turbulence, flow resistance, and implications for
sediment transport. Water Resour. Res. 53, 2240-2263 (2017).

55. Ferguson, R. Flow resistance equations for gravel—and boulder-bed streams.
Water Resour. Res. 43, 3169-3179 (2007).

56. Ferguson, R. Time to abandon the Manning equation? Earth Surf. Process
Landf. 35, 1873-1876 (2010).

57. Bonetti, S., Manoli, G., Manes, C., Porporato, A. & Katul, G. G. Manning’s
formula and Strickler’s scaling explained by a co-spectral budget model. J.
Fluid Mech. 812, 1189-1212 (2017).

Acknowledgements

Financial support for this research was provided by NASA New Investigator Program
grant #NNX12AQ77G, a UNC Geological Sciences Graduate Student Fellowship, and a
Geological Society of America Graduate Student Research Grant to George Allen. Emily
Beckham and Elizabeth Henry assisted with fieldwork. Dr. Margaret Zimmer and Dr.
Brian McGlynn helped facilitate fieldwork and provided stream gage data in the Stony
Creek Research Watershed. Dr. Xiao Yang assisted with theoretical derivations. Dr.
Jeremy Jones provided Caribou Creek stream gage data.

Author contributions

G.H.A. and T.M.P. conceived the research idea. G.H.A. designed and performed the
analysis, drafted the figures, and wrote the manuscript with input from all coauthors.
G.H.A. and E.A.B. conducted the fieldwork, with help from A.T. and D.B. M.P.L. and
C.J.G. helped with theory and D.B. calculated carbon fluxes.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-02991-w.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

=Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

| DOI: 10.1038/541467-018-02991-w | www.nature.com/naturecommunications 7


https://doi.org/10.1038/s41467-018-02991-w
https://doi.org/10.1038/s41467-018-02991-w
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Similarity of stream width distributions across headwater systems
	Results
	Field measurements
	Stream width model

	Discussion
	Methods
	Field measurements
	Statistics
	Stream width model
	Carbon efflux estimates
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




