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Abstract Flowing stream networks extend and retract as their surrounding landscapes wet up and dry

out, both seasonally and during rainstorms, with implications for aquatic ecosystems and greenhouse gas

exchange. Some networks are much more dynamic than others, however, and the reasons for this difference

are unknown. Here we show that the tendency of stream networks to extend and retract can be predicted

from down‐valley changes in topographic attributes (slope, curvature, and contributing drainage area),

without measuring subsurface hydrologic properties. Topography determines where water accumulates

within valley networks, and we propose that it also modulates flow partitioning between the surface and

subsurface. Measurements from 17 mountain stream networks support this hypothesis, showing that

undissected valley heads have greater subsurface transport capacities than sharply incised valleys

downstream. In catchments where broad valley heads rapidly transition to sharply incised valleys,

subsurface transport capacity decreases abruptly, stabilizing stream length through wet and dry periods.

Plain Language Summary Although stream networks are represented as fixed blue lines on

maps, the actual extent of flowing water dynamically adjusts as landscapes become wetter and drier. This

is an old observation, but one without a satisfying physical explanation. Intuitively, flowing streams extend

during wetter periods, as smaller parts of the landscape are able to supply enough water to support

streamflow. But the supply of water is only part of the story, because some parts of the landscape may have

greater capacity to move supplied water through the subsurface without streamflow, affecting where water

ultimately emerges. In this study, we use observations from 17 mountainous landscapes to show that

topography can be used to predict both the supply of water and the capacity to move that water through the

subsurface. Consequently, topographic maps can tell us how much a stream network will extend as its

surrounding landscape becomes wetter. This helps us predict how dynamic (or, conversely, stable) stream

networks will be during rainstorms, droughts, and longer‐term climatic shifts.

1. Introduction

Inmost landscapes, water moves downhill primarily by seeping through the shallow subsurface and by flow-

ing through stream channels. The partitioning of water above and below the surface is important for a wide

range of Earth‐surface processes: the extent and connectivity of surface flows determine the mobility and

dispersion of freshwater macroinvertebrates (Clarke et al., 2008); fast‐moving surface water is required to

move sediment and carve valleys into the landscape (Howard et al., 1994); and the total land area covered

by surface water is a key control on carbon‐dioxide efflux from continents, as well as dissolved organic car-

bon (DOC) export in rivers (Allen & Pavelsky, 2018; Aufdenkampe et al., 2011; Zimmer & McGlynn, 2018).

The density of stream channels varies across tectonic and climatic settings, and the physical mechanisms

driving this regional variability have received considerable attention (e.g., Clubb et al., 2016, Moglen

et al., 1998, Tucker & Bras, 1998). However, even within an individual catchment, the density of actively

flowing streams can vary by up to an order of magnitude seasonally or during rainstorms (Allen et al.,

2018; Blyth & Rodda, 1973; Day, 1978; Godsey & Kirchner, 2014; Goulsbra et al., 2014; Gregory &

Walling, 1968; Jensen et al., 2017; Lovill et al., 2018; Roberts & Archibold, 1978; Roberts & Klingeman,

1972; Shaw, 2016; Whiting & Godsey, 2016; Wigington et al., 2005; Zimmer & McGlynn, 2017; Figure 1),

and it is unclear what controls the temporal variability in wetted stream length.

In catchments where flowing streams have been mapped multiple‐times, wetted stream length (L) increases

as a power function of the water discharge at the outlet of the catchment (Qo),
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L ∝ Qo
β
; (1)

with the network extension scaling exponent β varying considerably

among catchments (Godsey & Kirchner, 2014; Jensen et al., 2017;

0.02 ≤ β ≤ 0.7). This wide range in β indicates that some stream networks

extend dramatically as catchments become wetter, while others remain

nearly fixed in place (Figure 1). The tendency for some networks to be

much more dynamic than others must reflect differences in the landscape

properties that bring water to the surface. For example, subsurface trans-

port capacity can be sensitive to valley slope (Jensen et al., 2018; Whiting

& Godsey, 2016; Wondzell, 2011), sediment size (Costigan et al., 2016;

Wondzell, 2011), tectonic structures (Kennedy et al., 1984; Whiting &

Godsey, 2016), and river behavior (e.g., incision versus aggradation;

Costigan et al., 2016), but attempts to quantitatively relate these properties

to stream network dynamics are rare. Two recent studies have attempted

to model spatial and temporal patterns of stream connectivity and inter-

mittency in a few well‐studied catchments (Jensen et al., 2018; Ward

et al., 2018), but these models cannot easily be transferred to other catch-

ments. Consequently, we lack a portable tool for predicting how flowing

stream networks will respond to large storms or droughts.

Here we develop a simple theoretical framework that can be used to pre-

dict changes in stream network length (which are otherwise difficult to

measure) from river discharge and topographic metrics (which are

comparatively easy to measure). We calibrate this predictive model using

measured values of β from 17 mountainous stream networks in humid

and semiarid climates (Godsey & Kirchner, 2014; Jensen et al., 2017;

Lovill et al., 2018; Roberts & Klingeman, 1972; Shaw, 1968; Whiting &

Godsey, 2016).

2. Mechanistic Framework for Predicting
Stream Extension

Flowing streams exist wherever the supplied discharge from upstream (Q)

exceeds the transport capacity (Qsub,c) of permeable sediment and bedrock

underneath the stream channel (Dunne & Black, 1970; Godsey &

Kirchner, 2014). If we assume that the supplied discharge is proportional

to the local contributing drainage area (A), the instantaneous discharge

for each point in the catchment can be expressed as function of the dis-

charge and drainage area at the outlet (Qo and Ao):

Q ¼ Qo

A

Ao

(2)

The subsurface transport capacity depends on the extent and permeability of the sediment and fractured

bedrock in the subsurface, as well as the local hydraulic gradient driving flow (Godsey & Kirchner, 2014;

Wondzell, 2011):

Qsub;c ¼ aKS (3)

where a is the cross‐sectional area of the permeable zone, K is the average hydraulic conductivity across a,

and S is the local topographic gradient that sets the maximum hydraulic gradient when the subsurface is

saturated. We expect that a, K, and S vary spatially, and perhaps systematically as a function of drainage

area, but that they do not change significantly over seasonal time scales. Because streamflow reflects the

local balance between the supplied discharge (equation (2)) and the subsurface transport capacity (equa-

tion (3)), the extension and retraction of flowing streams depends on how A, a, K, and S vary spatially

throughout valley networks.

1 km

1 km

Low flow 100x low-flow discharge

Low flow 100x low-flow discharge

Stable stream network,  = 0.02

Dynamic stream network,  = 0.5

Figure 1. Maps illustrating measured values of β (equation (1)). The left

panels show synthetic flowing stream networks during an assumed low‐

flow discharge. The right panels show the wetted stream networks that

would occur under a 100‐fold increase in discharge. In the hypothetical

highly dynamic network (β = 0.5), increasing discharge by a factor of 100

causes a 900% increase in stream length. The same increase in discharge

causes only a 10% increase in stream length for the less dynamic network

(β = 0.02).
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We propose that the dynamic extension and retraction of stream networks is shaped by three scaling rela-

tionships that relate L to A, a, K, and S. The first scaling relationship expresses how drainage area (and thus

discharge) increases nonlinearly with downstream distance due to the convergence of flow paths within

catchments (Figure 2d). The spatial pattern of this flow accumulation will influence network behavior

(Whiting & Godsey, 2016; Figure 2a), with the stream network's total length L growing and shrinking as a

power function of the minimum area Ah where streamflow first appears (Moglen et al., 1998; L ∝ Ah
−α,

where α quantifies the convergence of a catchment and is approximately α ≈ 0.5 for most landscapes;

Figure 2. Spatial patterns of topographic attributes and diagrams illustrating their impact on streamflow emergence. (a)–(c) depict how flow convergence,

slope, and valley curvature are expected to affect the emergence of streamflow. The valley centerline in each diagram is colored according to the local drainage area,

slope, and curvature, and the color scale matches the measured properties shown in maps of Pioneer Creek, ID, in (d)–(f). Similar maps are available for the

remaining study sites in Figures S1–S17. (g) displays the robust‐fit scaling relationships between drainage density (L/Ao) and threshold drainage area (Ah). (h) and

(i) show how valley slope and topographic (Laplacian) curvature scale with drainage area at each site (using robust fitting). The colored lines in all three panels

are best fit log–log regression lines (or log linear regressions for (i)). The slopes of these lines are the scaling exponents α and θ, and the curvature coefficient δ.

The shaded areas around each line represent the 95% confidence bounds but are often narrower than the lines themselves. Plots displaying the raw data for

each study site are provided in Figures S1–S17. The two‐letter code following each catchment name in the legend indicates the study that reported the β value for

that catchment (Table 1).
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Figure 2g). The topographic slope of stream channels also tends to decrease as a power function of drainage

area (S ∝ A−θ; Figures 2b, 2e, and 2h), with scaling exponents that commonly range from θ = 0.4 to 0.6 in

mountainous landscapes (Kirby &Whipple, 2012). The third scaling relationship expresses how valley trans-

missivity (the product of subsurface cross‐sectional area and conductivity, T= aK) varies with drainage area.

Althoughmeasurements of the width, thickness, and conductivity of the permeable zone underlying ephem-

eral channels are generally not available, there are several reasons to expect that T may decrease down-

stream (discussed below), and thus, we posit a hypothetical scaling relationship with drainage area, T∝ A−γ.

These three scaling relationships can be combined with equations (2) and (3) to estimate the network exten-

sion exponent β in equation (1):

L ∝ Qo

α
γþθþ1 ¼ Qo

β
↔ β ¼

α

γ þ θþ 1
(4)

Equation (4) suggests that flowing stream networks will be less dynamic where slope and valley transmissiv-

ity decrease rapidly downstream (large γ and θ), which drives water to the surface by reducing the subsurface

transport capacity Qsub,c (Figures 2a and 2b). Similarly, where flow paths are highly convergent (small α),

rapid downstream accumulation of Q will result in more stable stream heads. If the three scaling

exponents for valley slope, transmissivity, and flow convergence are known, then equation (4) predicts

how stream networks will extend and retract as landscapes become wetter or drier. The scaling behavior

of valley slope and flow convergence can be measured directly from digital elevation models (DEMs;

Figures 2d and 2e). Valley transmissivity, however, cannot be easily measured with any existing

techniques, and there are no previously published estimates for how transmissivity might vary as a

function of drainage area. To address this gap in our ability to predict stream network dynamics, we

use equation (4) to calculate γ for 17 mountainous catchments with known values of β: γ ¼
α
β
−θ−1. We

then show that values of γ are related to down‐valley gradients in topographic curvature, and we apply

the inferred relationship between curvature and transmissivity to predict β values from topographic

properties, alone (curvature, slope, drainage area).

3. Downstream Trends of Valley Transmissivity

Our analysis of γ values includes, to our knowledge, the entire global data set of catchments larger than

Ao = 0.35 km2, where flowing stream networks have been mapped over a broad range of measured dis-

charges, providing reliable estimates of β (Text S1). We used DEMs from the USGS National Elevation

Dataset with 10‐ or 3‐m pixels to measure the topographic scaling exponents, α and θ (Table 1; Text S1).

All three measured scaling exponents (β, α, and θ) vary widely among the 17 study sites (Figures 2g, 2h,

and 3b; Table 1), reflecting differences in both stream network behavior and topographic configurations.

The resulting transmissivity scaling exponents also have a broad range, from γ = − 0.6 to 11 (Figure 3a;

Table 1), indicating different spatial gradients in transmissivity among sites. Values of γ that are close to zero

indicate that valley transmissivity is fairly constant along the length of headwater valleys. But γ is large at

most of our study sites, indicating that transmissivity decreases downstream, sometimes sharply. The most

extreme case (γ = 11 in McDonald Catchment 1) suggests that as the drainage area doubles, the valley trans-

missivity is reduced by a factor of 2,000. This enormous reduction in transmissivity is required to explain the

observed stability of stream network length across a wide range of catchment discharges at this site (Roberts

& Klingeman, 1972). Note, however, that our source data, and thus the spatial gradients in transmissivity

that we infer from them, are limited to headwater networks, and we do not suggest that transmissivity neces-

sarily continues to decrease downstream through larger river valleys.

Transmissivity is primarily controlled by the composition and configuration of sediment and bedrock below

the surface. These subsurface properties are difficult to measure directly, but topography might provide sev-

eral clues about their spatial patterns. The burial of valley bottoms with sediment, for example, will tend to

tend to reduce cross‐valley curvature and locally increase transmissivity. Cross‐valley curvature also deter-

mines the width of the valley bottom where subsurface flow can be distributed. Near drainage divides, valley

heads tend to be relatively smooth and un‐incised, but farther downstream localized stream incision can nar-

row valley widths and confine flow laterally (Figure 2c). Curvature also affects the size and distribution of

bedrock fractures beneath valley bottoms. Compressive stresses tend to be highest beneath valleys and
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increase nonlinearly with valley curvature (Flinchum et al., 2018; Miller & Dunne, 1996; Moon et al., 2017).

Because compressive stress controls the aperture of bedrock fractures (Min et al., 2004; Rutqvist, 2014),

fractures that underlie incised valleys should be less hydraulically conductive (smaller K) than those

beneath un‐incised valley heads (Figure 2c). In addition, both numerical simulations and field

measurements have shown that the layer of permeable fractured bedrock becomes thinner (smaller a) as

topographic curvature increases (Flinchum et al., 2018; Moon et al., 2017). These effects are difficult to

quantify and are sensitive to specific valley topography (Moon et al., 2017), preexisting fractures (Min

et al., 2004), and ambient tectonic stresses (Clair et al., 2015), but sharper curvature is generally expected

to reduce both the area and conductivity of the permeable zone (smaller T). This suggests that gradients

in topographic curvature could cause gradients in transmissivity.

4. Predicting Stream Extension From Topography

We evaluated the relationship between the Laplacian topographic curvature (C) and drainage area

(C = δ ln A + C0) for each of the study sites (Figure 2i), and found that curvature coefficients (δ) are propor-

tional to transmissivity scaling exponents (γ; Figure 3a; Table 1 and Text S1). At Caspar and Sagehen Creeks,

which have consistent topographic curvature along the length of the ephemeral channel network, values of

transmissivity exhibit only weak downstream trends. Meanwhile, at sites like McDonald Catchment 1 and

Dunce Creek, strong gradients in valley transmissivity are accompanied by strong gradients in topographic

curvature. While the linear relationship between δ and γ (Figure 3a) does not directly validate the mechan-

isms we have proposed to relate transmissivity and topographic curvature (Figure 2c), it does provide an

empirical basis for estimating the transmissivity scaling exponent γ based on the topographic curvature

coefficient δ. This empirical relationship can be substituted into equation (4):

Figure 3. Plots showing how topographic scaling relationships are related to transmissivity and stream network dynamics. (a) shows that the inferred downstream

scaling of transmissivity (γ) is roughly proportional to the downstream scaling of valley curvature (δ). The transmissivity scaling exponent γ was calculated

using published values of β frommapping studies (Godsey &Kirchner, 2014; Jensen et al., 2017; Lovill et al., 2018; Roberts & Klingeman, 1972; Shaw, 1968; Whiting

& Godsey, 2016) and values of θ and α measured from DEMs (Figures 2g and 2h). Values of the drainage area coefficient δ were measured directly from DEMs

(Figure 2i). The solid line is the robust‐fit regression line (k1 = 1.6 km and k2 = −0.51), and the dashed lines are its 95% confidence bounds. Error bars are 1

standard error. (b) compares values of β that were measured by field mapping against those predicted using only topographic data and jackknifed regression

coefficients (k1, (i) and k2, (i)) calculated separately for each site by excluding it from regression fits like (a), thus avoiding any redundancy between the predicted and

measured values of β. Comparison with the 1:1 line shows that stream network behavior is well predicted by equation (5) for most sites, suggesting that topography

can explain much of the variability in β among sites. The two‐letter code following each catchment name in the legend indicates the study that reported the β

value for that catchment (Table 1).
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L ∝ Qo

α
k1δþk2þθþ1 ¼ Qo

β
↔ β ¼

α

k1δþ k2 þ θþ 1
(5)

where k1= 1.6 ± 0.2 km and k2= − 0.51 ± 0.53 for these 17 sites (Figure 3a). As catchment discharge varies,

equation (5) predicts changes in stream length using only terms that can be measured directly from DEMs,

nearly matching measured values of β for many sites without requiring any information about subsurface

hydrological properties (Figure 3b). Because DEMs are available globally and at increasing resolution, equa-

tion (5) can be applied to any catchment where river discharge can be measured or estimated. However, the

measurements of stream network dynamics that are required to verify this model have only been made for

mountainous catchments in humid or semiarid climates. More observations are needed before this model

(potentially with future modifications) can confidently be applied to other landscapes, including low‐relief

catchments or those in arid environments.

While these topographic metrics are likely to be useful for predicting stream network dynamics under wet-

ting and drying (Figure 3b), the position and mobility of individual stream heads will often be controlled by

bedrock and soil heterogeneities in each headwater valley (Godsey & Kirchner, 2014; Vaux, 1968; Whiting &

Godsey, 2016). For example, stream heads are sometimes pinned in place by localized flow that brings water

to the surface at permanent springs, and the positions of these fracture zones can be controlled by lithologic

contacts or faults, rather than topography (Whiting & Godsey, 2016). However, most headwater valleys in

mountainous terrain overlie pervasively fractured rock (Clarke & Burbank, 2010; Miller & Dunne, 1996),

and topographic curvature should help set the aperture of these existing fractures (Min et al., 2004;

Rutqvist, 2014; Figure 2c), thereby influencing which fractures host stream heads under different discharges.

In other words, the spatial pattern of transport capacity that arises from intrinsic heterogeneities in soil and

fractured bedrock will be noisy, but topography is expected to exert a persistent and predictable control on

transport capacity that can be observed through the noise when averaging across many stream heads.

5. Feedback Between Erosion and Stream‐Flow Emergence

We have so far focused on the physical mechanisms by which spatial patterns of slope, flow convergence,

and topographic curvature can affect stream network extension and retraction over storm or seasonal time

scales. Over time scales of valley incision (104 to 105 years), the reverse mechanistic relationships also

exist: the extent of flowing stream networks determines the pattern of stream incision, thereby shaping pat-

terns of slope, flow convergence, and topographic curvature. Based on the mechanisms proposed here (e.g.,

Figure 2), all of the topographic changes associated with localized stream incision—reduced slope (Howard

et al., 1994), increased curvature (Roering et al., 2007), and increased flow convergence (Perron et al., 2012)

—are expected to promote the emergence of streamflow. This suggests the possibility of a feedback mechan-

ism that operates over geomorphic time scales, where streamflow incises bedrock valleys, reducing subsur-

face transport capacity and thus promoting surface flow and further valley incision. This positive feedback

should tend to fix the stream network in place as fluvial landscapes evolve, leading to progressively more

stable stream networks (smaller β). This could explain why our study catchments that retain evidence of

Late Pleistocene glaciation have more dynamic drainage networks (larger β) than those where any prior

glacial topography has been erased by fluvial incision (Gillespie & Clark, 2011; Whiting & Godsey, 2016;

Figure 3b).

These findings suggest that topography and long‐term patterns of erosion determine much of the dynamic

response of flowing stream networks to catchment wetting and drying. The predictions of stream network

extension and retraction presented here are only semimechanistic, because further work is needed to

mechanistically relate topographic curvature to valley transmissivity. Nevertheless, based on empirical evi-

dence from these 17 study sites, equation (5) appears to reliably predict, based on topographic data alone,

howmuch stream networks will dynamically extend and retract in response to wetting and drying of the sur-

rounding landscape. These predictions may, in turn, be combined with flow frequency curves in order to bet-

ter constrain patterns of erosion, temporal variability in water‐atmosphere gas exchange, and the mobility of

freshwater organisms. Based on the availability of stream network measurements, this analysis was limited

to landscapes that are relatively steep and humid, and our findings would most appropriately be applied to

similar landscapes. However, the framework presented here may serve as a useful basis for extending these

predictions to different landscapes as more field observations are collected.
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