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Abstract 

 
In seasonally dry environments, the baseflow that sustains river ecosystems is supplied 

by drainage from the critical zone. The extent of wetted channels and the magnitude of flow in 
these channels are rarely documented. Currently no general theory exists that enables the 
prediction of these key ecosystem properties. In this study, channel surveys were conducted in 
four headwater drainage networks (2.7 to 17.0 km2) in the Eel River (California) in the early and 
late summers of 2012, 2014 and 2015. Two adjacent watersheds are underlain by Coastal Belt 
(argillite and inter-bedded sandstone) and the other two (also adjacent to each other) are 
underlain by Central Belt (pervasively sheared, meta-sedimentary, argillaceous mélange); each 
belt is part of the Franciscan Complex. Similar mean annual rainfall of about 1700 mm/yr occurs 
in all four watersheds, yet evergreen forest (mixed Pseudotsuga menziesii and various 
hardwoods) dominate in the Coastal Belt, whereas grass and deciduous oaks (Quercus garryana) 
dominate in the Central Belt. During each survey, channel width, depth, velocity, water 
temperature, air temperature, humidity and water isotope data were collected at all flow initiation 
points and select channel locations. Springs, fixed in location, controlled the extent of flow. 
Identical total catchment wetted channel drainage densities (or WCDDs; the summed lengths of 
all wetted channels within a watershed, divided by the area) of 1.94 km/km2 in early summer and 
1.44 km/km2 in late summer were found in the two adjacent watersheds in the Coastal belt, 
despite their different sizes. Surveyed during a period of multi-year drought, these two channels 
nevertheless remained flowing throughout the late summer months, sustained by drainage from 
groundwater perched in a thick weathered bedrock zone above fresh, impermeable bedrock 
sustained stream flow throughout the late summer months. Wetted channel length, however, 
decreased as summer baseflow declined and surface flows became increasingly discontinuous, 
largely due to flow infiltration into thick gravel deposits. Geomorphic history influences where 
these disconnections occurred: the upslope extent of Holocene dissection of the Pleistocene 
channel fill defines the extent of continuous wetted channels late in the dry seasons. On a broad 
south-facing slope, WCDDs decreased 3-fold during the summer, even though total watershed 
WCDDs in the Coastal Belt basins decreased by only 26%. South-facing slopes are dominated 
by hardwood trees that have peak water use in the summer. Furthermore, the south-facing slopes 
were steeper and the local drainage channels were thickly mantled with conductive, coarse 
gravel. These co-varying conditions likely contributed to the lower wetted channel drainage 
density on the south-facing slopes.  

Only 23 km away, at our Central Belt mélange site, a thin weathered bedrock zone (<2 
m) over very low permeability fresh bedrock did not sustain summer base flows. In this 
landscape, the only late-summer flowing water initiated from coherent, low grade metamorphic 
sandstone blocks, nested within the mélange matrix, suggesting these blocks have deep 
weathered bedrock roots that dynamically store winter rainfall. These flows were not sufficient 
to support a wetted channel network: most of the network was dry by May. These data suggest 
that lithology and critical zone development exert a primary control on the extent of wetted 
channels. Geomorphic history (gravel accumulation in the channels and subsequent localized 
dissection) influenced the continuity of low-flow channels. Aspect may influence water demand 
by vegetation and reduce flow to channels. For the same annual rainfall, nearby watersheds can 
have dramatically different summer wetted channel networks. Fundamental differences in 
ecosystems necessarily follow.
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To curious minds, with feet willing to go the extra kilometer to explore, discover, interpret, 
understand and learn from our ever-changing surroundings.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

 

ii 

 
 
 
 
 

Contents 
 
List of Tables                                                      iv 
 
List of Figures                                                    v 
 
Preface                                                             vii 
 
Acknowledegements                                                ix 
 
1  Introduction .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .     1 
 

2  Site Descriptions                                                      9 
 Angelo Coastal Range Reserve  

2.1.1  General  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . .  .  .  .    9 
2.1.2  Climate  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . .  .  .  .   11 
2.1.3  Geology  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   12 
2.1.4  Vegetation  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   16 
2.1.5  Human impact and vegetation  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    18 

 Sagehorn Ranch                                           
2.2.1  General  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    19  
2.2.2  Climate  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . .  .  .  .   19 
2.2.3  Geology  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    21 
2.2.4  Vegetation  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    23 
2.2.5  Human impact and vegetation  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    24 

 
3  Methods                                                      24 
 

4  Results                                                        28 
4.1    Channel networks in a watershed Setting  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . .  .  .  .  .  .  .    28 
Angelo Coastal Range Reserve 

4.2.1  Similarities in adjacent watersheds WCDDs  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   39 
4.2.2  Stable isotope data  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . .  .  .  .  .  . .  .  .  .  . .  .  .  .  . .    42 
4.2.3  Flowhead stability over summer months  .  .  .  .  .  .   .  .  .  .  .   .  .  .   .  .  .  .  .  .    45 
4.2.4  Percentage of Elder Creek discharge from flowheads .  .  .  .  .   .  .  .   .  .  .  .  .  .     47 
4.2.5  Aspect related hydrological comparisons  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   48 

Sagehorn Ranch 
4.3.1  Differences in adjacent watersheds WCDDs .  .  .  .  .  .   .  .  .  .  .   .  .  .   .  .  .  .  .    48 



 

 

iii 

4.3.2  Flowhead stability over summer months  .  .  .  .  .  .   .  .  .  .  .   .  .  .   .  .  .  .  .  .    50 
4.3.3  Percentage of discharge from Flowheads in Sagehorn watersheds  .  .  .  .  .  .  .  .    50 

 
5  Discussion                                                     52 

5.1   Models of groundwater flow under hilly landscapes: the topographic effects on an  
aquifer  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   52 
5.2   Hillslope-scale shallow groundwater runoff months  .  .  .  .  .  .   .  .  .  .  .   .  .  .  .  .   54  
5.3   The critical zone and the wetted channel network  .  .  .  .  .  .   .  .  .  .  .   .  .  .  .  .  .  .   55 
5.4   Geomorphic history, disconnections and channel fill’s influence on the WCN  .  .  .    56 
5.5   Defining the principles responsible for the drying out of south-facing tributaries  .  .    59 
5.6   Recent wetted channel surveys at other field sites .  .  .  .  .  .   .  .  .  .  .   .  .  .  .  .  .  .   59 
5.7   Resilience of the Angelo wetted channel network .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . .  .   63 
5.8   Implications for management and policy related to cannabis cultivation .  .  .  .  .  .  .     64 
5.9   Recommendations and potential limitations for future WCN surveys  .  .  .  .  .  .  .  .      66 

 
6     Conclusions                                                  66 
 
Bibliography                                                     68 
 
Appendix A Figures                                               78 
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	

	
	
	 	
	
	
	

	
	



 

 

iv 

	
	

	

List of Tables 
	
1. Acronym conversions, with complete terminology and units  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .     2 
2. Summary of data collected in the field during all surveys units  .  .  .  .  .  .  .  .  .  .  .  .  .  .    25 
3. Watershed, wetted channel, and flowhead characteristics for all field surveys  .  .  .  .  .  .    43 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

v 
 

 
 

List of Figures 
 
 
1a.   Flow simulation of theoretical aquifer with homogeneous lithology  .  .  .  .  .  .  .  .  .  .     3 
1b.   Conceptual model of potential hillslope water storage related to thickness of  

weathered bedrock zone during summer months units  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .      4 
1c.   Conceptual model of potential hillslope water storage as a result of regional  

compressive stresses  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .      5 
2.     Site map of the Eel River Critical Observatory (ERCZO) .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .     8 
3.     Google earth image of Fox and Elder, early summer 2014 data points and routes  .  .  .    10 
4a.   Annual Elder daily discharge fluctuations, during survey years .  .  .  .  .  .  .  .  .  .  .  .  .    13 
4b.   Elder Creek Summer discharge data (1968-2015)  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .     14 
5.     Rivendell hillslope schematic  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .     17 
6.     Google earth image of Sagehorn Ranch looking due west, towards the Pacific Ocean .      20 
7.     Picture taken in Sagehorn Ranch looking upslope at a metasedimentary block, upslope       
   of a Dry Creek tributary .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .        22 
8a.   Longitudinal profiles for all geomorphic channels within each surveyed watershed  .   29-30 
8b.   Map of all surveyed channel networks, color coded by slope  .  .  .  .  .  .  .  .  .  .  .  .  .  32-35 
8c.   Slope vs drainage area plot of all m2 pixels within the Fox and Dry geomorphic channel 
networks with Angelo and Sagehorn flowheads superimposed and shown in histogram .  .     36 
9.     Drainage density comparison of Fox and Dry Creek channel networks  .  .  .  .  .  .  .  .     38 
10.   Elder and Fox Creek early summer 2014 wetted channel networks nested within their  
   geomorphic networks, underlain by shaded relief .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .      40 
11.   Elder and Fox Creek late summer 2014 wetted channel maps underlain by shaded  

relief  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    41 
12.   Dual stable isotope plot showing isotope data collected throughout the Elder and Fox  
   watersheds in 2014  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .     44 
13.   Elder Creek flowheads and late summmer wetted channels, symbolized by type,     
   underlain by 10-m contours  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .      46 
14.   Hank and Dry early summer wetted channel map, underlain by 10-m contours  .  .  .  .   49 
15.   Flowheads, and late summer WCN for Hank and Dry Creek watersheds  .  .  .  .   .  .  .    51 
16a. Picture of sedimentary fill in Elder Creek reach  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .     57 
16b. Elder Creek geomorphic history related to channel fill, and debris flow fans  .  .  .  .  .     58 
 
A.1    Angelo Coastal Range Reserve vegetation map  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   79 
A.2    Elder Watershed divided into north- and south-facing sub-watersheds, underlain by  
    shaded relief  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   80 
A.3    Lithologic map of Elder and Fox watersheds .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    81 
A.4    Elder and Fox Creek logjams map color coded by height drop, underlain by lightly  
    transparent hillshade  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   .   82 
A.5    Lithologic map of Hank and Dry Creek watersheds .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   83  
 



 

 

vi 

A.6    Elder and Fox early summer, 2014 wetted channel networks nested within their  
geomorphic networks  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    84 

 
A.7    Elder and Fox Creek late summer, 2014 wetted channel maps, underlain by 10-m  

contours .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .     85 
A.8a  The 2012, early summer, Elder and Fox Creek wetted channel networks, underlain by  

shaded relief  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   86 
A.8a  The 2012, late summer, Elder and Fox Creek wetted channel networks, underlain by  

shaded relief  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   87 
A.9    Dual stable isotope plot showing isotope data collected throughout the Hank and  

Dry channel networks  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    88 
A.10  Elder Creek 2014 flowheads, and late summer WCN, symbolized by type, underlain  

by shaded relief  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    89 
A.11  Fox Creek flowheads, symbolized by type, underlain by 10-m contours  .  .  .  .  .  .     90 
A.12  Potential drainage areas for all Elder flowheads  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . .    91 
A.13  Hank and Dry early summer, 2015 wetted channel map, underlain by shaded relief  .     92 
A.14  Flowheads, and late summer, 2015 WCN for Hank and Dry Creek channel networks,  

underlain by 10-m contours  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    93 
A.15  Late summer, 2015 WCN for Hank and Dry Creek networks, underlain by shaded  

relief  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   94 
A.16  Late summer, 2015 WCN for Hank and Dry Creek networks, underlain by 10-m  

contours  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . .  .  .  .  .  .   95 
 
 

  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

vii 

 
	

Preface 
 

After three years as an undergrad on the tennis team at UC Berkeley, I was looking for 
new perspectives and adventures. Two weeks into the first semester of my fourth year at 
Berkeley (Fall ’11), I found myself on a two-night field trip in South Lake Tahoe, mapping out 
the extent of Pleistocene glaciers on 1-m contour maps with some of the most intelligent, 
environmentally-concious friends (fellow students) I had ever met, for a class titled 
‘Geomorphology’. I knew almost nothing about geomorphology upon entering the class, but I 
had been collecting rocks since I could walk, and had always been fascinated with maps. 
However, I had never put these two hobbies together. All throughout the fieldtrip, I did my best 
to hike immediately behind our professor (and our group’s leader), Bill Dietrich, as every word 
that came out of his mouth seemed to be densely packed with intensively insightful geomorphic 
knowledge. I didn’t want to miss a single thing he said. Each time he told us to find our current 
position on the map, I used what little experience I had with high resolution elevation data to try 
to be the first to point my finger at the right spot on the map. This trip symbolized a transition in 
my life. After taking data on the next two field trips and completing the associated projects, I had 
gained an entirely new perspective on the earth’s surface. I now realized that every square meter 
of earth’s surface contains a story about its geomorphic history. Topography that used to appear 
to me as simple rolling hills had now become an integrated product of these hills’ geomorphic 
history. My mind had been blown, and my eyes would never see the earth the same way.  

I kept in contact with Bill, and the spring after taking geomorphology, Bill hinted that 
there may be an opportunity for me to do some field work that could help fill in some gaps of our 
knowledge of how wetted channels react to summer baseflow recession. Little did I know, this 
field work and ensuing analysis would consume the next four years of my life.  

During the summer of 2012, I attempted to map out the entire extent of wetted channels 
in the Fox and Elder watersheds. During this process I got lost many times, and the mapping 
took months as opposed to weeks. Every day of data collection, I would hike 15-30 km, alone 
through treacherous terrain on my own. One day, less than a week into my early summer data 
collection effort, Jasper Oshun, (at the time a PhD candidate under Bill Dietrich) decided to 
accompany me on a hike deep in the Elder watershed. On this hike, we would walk all the way 
from the mouth of Elder to Cahto Peak, the headwaters of Elder. On our way back, we decided to 
hike back along the southern ridge of the Elder Watershed. This turned out to be a very naïve 
decision, as the ridge was full of chaparral that was very nasty to attempt to hike through. 
Additionally, as the sun began to set, we stumbled across a large greenhouse with an adjacent 
house with the front door left open that we had no way of avoiding. We both knew what this 
meant. We would be walking directly by a large cannabis grow operation; a very dangerous 
proposition. We briefly discussed what to do, and I decided it would be best to simply walk by 
the house instead of trying to sneak by. As we walked I held my hands over my heart in the futile 
hope this would stop a bullet from being fatal. We made it by without incidence, but this was a 
harsh reminder that hiking alone through even the most pristine Mendocino forests was not as 
safe as I had previously imagined due to the current land use related to cannabis cultivation as a 
cash crop. Through this experience, I had also learned that hiking along ridges, through chaparral 
was at best a risky, poison oak ridden, bear crawling, time consuming proposition. From then on, 
I would navigate the land by walking up tributaries whenever possible, and would only cross 
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ridges when absolutely necessary. As time went on, I became more familiar with the land, which 
would greatly improve my ability to accurately collect data during the 2014 surveys. The 2015 
surveys in the Hank and Dry watersheds of Sagehorn Ranch marked the first time I had hiked 
these watersheds. Though smaller, and easier to navigate, I inadvertently missed multiple 
springs, and wetted channels within the Sagehorn networks in both the early (and to a lesser 
extent) late summer surveys. As a result of my experience from these surveys, I have gathered 
that in order to accurately map any sort of wetted channel network > 1 km2, using high resolution 
contour maps (as opposed to use of GPS units), one must be familiar with the terrain of the 
watershed. In any future studies, I therefore recommend that the surveyor(s) hike the extent of 
the geomorphic channel network prior to conducting surveys. 
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together, each branch of the ERCZO would remain in their own respective domains. The transfer 
of knowledge between individual ERCZO groups has been vital in my research, and this 
communication between disciplines will continue to be critical in understanding the 
interdisciplinary links fundamental to the inner workings of the critical zone. 

The first field work I ever took part in was volunteer work for the Dawson Lab in the 
summer of 2011. The group was attempting to quantify how climate change was affecting 
redwood and giant sequoia growth. At the time, they were taking samples in multiple sequoia 
groves at different elevations within individual sequoias to quantify how hard these trees were 
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pulling subsurface water along the height gradient. As a volunteer, I was asked to carry heavy 
backpacks with ropes and other climbing equipment each day. However, on the last day of the 
first field campaign I volunteered on, the scientists in the Dawson Lab were kind enough to get 
me up in a giant sequoia. Cameron Williams and Anthony Ambrose taught me how to use their 
equipment to climb these giant beautiful trees. Furthermore, on one of our days off on another 
field campaign, Anthony Ambrose rigged one of the most massive trees I have ever seen. We 
climbed to the very top of this tree in 40 MPH winds. Standing on the top of this tree (The 
Cartman Tree), looking over the Freeman Creek giant sequoia grove, with granite spires 
protruding in the background, and the blustering wind holding me up as I leaned forward over 
the grove was one of the most memorable, and breath-taking moments of my life. I will forever 
be in debt to the members of the Dawson Lab (including Todd Dawson, Wendy Baxter Chris 
Wong and members of the Stable Isotope Biogeochemistry Lab: Stefania Mambelli and Wenbo 
Yang) for letting me experience the beauty and awe-inspiring nature of these truly larger than 
life beings. This research experience, and the people of the Dawson Lab inspired me to further 
pursue field research, which has led me to my last four years of field data collection and analysis. 

Daniella Rempe’s intensive hydrologic data collection within the Rivendell (and more 
recently Sagehorn) subsurface has been instrumental in my understanding of the hydrology of 
these two sites. Collecting wetted channel data without first understanding the critical zone 
context of the surveyed basins is not very informative. Without Daniella’s intensive subsurface 
data collection over multiple years, there would be little to no hydro-geologic context connecting 
my wetted channel data to subsurface characteristics. So for this, I am profoundly grateful. 

 My office mates, and friends Alex Bryk and David Dralle have been there through the 
years to lighten the mood when times were darkest. I deeply thank them for their friendship and 
sometime cynical (yes you Alex), yet somehow lighthearted perspectives. 

Catherine Pauling recruited me into the Earth and Planetary Science (EPS) department as 
an undergraduate, and was incredibly nice and helpful whenever I needed any scheduling, or any 
other type of advice from her. Margie Winn played this same role in my life as a graduate 
student. Had it not been for Catherine, I may have never found my way in to the EPS 
department, and without Margie, I would have constantly missed important deadlines, and may 
have never graduated. These two women are therefore partlially responsible for getting me 
through this department as both an undergraduate and a graduate student.  

The stewardship of Peter Steel has been vital in keeping Angelo Coastal Range Reserve 
on its feet. Without Peter constantly checking propane levels, fixing roads, internet connections, 
and the thousands of other things he does to keep the reserve running, this field site would 
merely be an instrumented hillslope with some adjoining rivers, rather than a place that feels like 
a second home to me, and many other fellow scientists.  

Jesse Hahm arrived at Berkeley as a graduate student under Bill Dietrich in August, 2014. 
Since this time, we have grown to be great friends. We have explored Angelo and Sagehorn (and 
other amazing locations) together on multiple occasions, and have learned from each other’s 
experience, both in the field and in the computer lab. We have shared many laughs, and serious 
thoughts alike. Jesse is an inherent teacher, and he has given a great deal of his time, to help 
teach me things I may have thought I understood, but in reality, I did not. Jesse probably doesn’t 
view this as a chore, as he seems to love imparting information in a way people can understand 
it, but his teachings, advice, and perspectives have been invaluable in my maturation as a 
scientist. Also, without Jesse’s coding skills, and weeks of messing with the data, Figure 8a, 8b, 
or 8c would not exist, and this thesis would not be suffused with the same content.  
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After completing the 2012 surveys on my own, it became clear this was not safe or smart 
idea to try again, so over the course of the 2014 spring, I was in search of a field assistant who 
could keep up with me through the treacherous slopes, and thick forests of Angelo. I went on a 
department field trip during the 2014 spring break, and on this trip, we found ourselves hiking 
individually, at our own pace up the ever-shifting talus slopes of a 1000 ft cinder cone. I reached 
the top of the cinder cone first and was followed shortly behind by Tom Osegawara. I had found 
my field assistant. Tom is nimble as a cat, has a great sense of humor, and is sharp as a bladed 
rock. I can’t thank Tom enough for the great times we had in Angelo in the summer of 2014, his 
note taking abilities, his legs for supporting his body, even when boulder jumping through 
Paralyze Canyon for the 10th time was quite painful on his knees. I also want to thank Ben 
Thurnhoffer for accompanying us in the field, taking water chemistry samples for parts of both 
the early and late 2014 summer surveys. 

I am unspeakably grateful for my 2015 field assistant, and partner, Jennifer Rose for: 
constantly putting up with my ridiculousness, listening to my many rants about rocks and trees, 
caring as much about the environment as I do, having sharp eyes to spot amazing creatures, 
carrying a heavy backpack around for weeks, and for taking some of the most beautiful field 
notes I have ever laid eyes on. Life is sometimes a struggle, but together it is a much easier 
game. I hope to explore the world with you as we support each other every step of the way, and I 
can only imagine what scientific discoveries we will make individually and together, in the 
coming years. Our future is bright. 

Sky Lantz-Wagner, my life-long big brother from another mother, and Steve Jackson, a 
second father and my tennis coach from since I was nine years old have both helped guide me 
through the path of life. Their ability to impart advice from their many life experiences has been 
invaluable to me. Learning to have balance in your life is no small task, but both of these 
individuals have taught me how I might find my own balance in their own ways. These two great 
men have helped mold me into the man I am. 

Finally, I want to thank my parents for being the best, most loving set of parents a kid 
could ask for. My mother’s insane work ethic has been at least partially imparted to me, and her 
strength as a woman in the male-dominated field of mechanical engineering over the last 30+ 
years has shaped my respect, and perception of women. You are an inspiration for countless 
family members, in addition to many other young adults, including myself, Hope Lovill.  

My father’s legacy of essentially discovering the ozone hole, and then working with the 
United Nations to inform the public about how curtailing CFC emissions would bring ozone 
concentrations back to their previous levels is about as inspirational as you can get as a scientist. 
His sacrifice to retire early and be my stay-at home dad shaped my perception of the natural 
world. His imparting of such eclectic scientific knowledge and wisdom on our many hikes, bike 
rides and car drives has molded my brain into what it is now. When other parents were talking 
about sports, my father and I were talking about trees, rocks and rain. Were it not for his constant 
love, attention and conveyance of knowledge, I would have turned out to be an entirely different 
person, which would be sad, as I think he and I both like and respect the person I have matured 
into in recent years.  

 I thank them both for the countless weekends they took their free time to shuttle me to 
tennis tournaments throughout my childhood and teenage life. I may not be heavily involved in 
tennis anymore, but tennis got me into UC Berkeley, and I don’t think I would be where I am 
now without the immeasurable time and resources they put into me. I am not yet on their level as 
either a human, or as a scientist, but each day I strive to be, and maybe someday I will be. 
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1.     Introduction 

During the extended periods without precipitation that are typical of seasonally dry 
environments, stream flow inevitably declines, and the extent and persistence of wetted channels 
in a watershed define the function and survival of the aquatic ecosystem, as well as surface water 
resources for terrestrial life. Furthermore, the flow magnitude in wetted channels strongly 
influences stream temperature (e.g. Webb et al., 2003), aquatic food webs (e.g. Lake, 2003; 
Larned et al., 2010; Power et al. 2008), habitat availability (e.g. McKee et al., 2015; Malard et 
al., 2006), and overall water quality (e.g. Wiginton et al., 2005). Water temperatures control the 
biota that can survive in wetted channels (e.g. Ray et al., 2012), and transiently wetted channel 
stretches create gaps in the wetted channel network that trap and isolate surficial aquatic biota 
that lack the ability to survive in the subsurface hyporheic zone (e.g. Jaeger et al., 2014). In our 
study area specifically, fluctuations in water temperature and wetted channel network (WCN, see 
Table 1 for all acronym conversions) extent affect the habitat connectivity of native salmonid 
species, including steelhead (Onchorhynchus mykiss) and coho (Onchorhynchus kisutch). 
Furthermore, these transiently wetted stretches can produce hypoxic backwater events that can 
be devastating for endemic populations (e.g. Hladyz et al., 2011). Increasingly, there is a need to 
connect land use practices (e.g. Reed et al., 2011; Price et al., 2011; Strauch et al., 2013; Sun et 
al., 2015), including water extraction (e.g. Bauer et al., 2015), as well as anticipated climate 
change to the fate of this critical summer streamflow (Asarian and Walker, 2016). At present, we 
lack observation and theory to meet these needs. 

During baseflow, and in seasonally dry environments with sustained low flow, headwater 
streams act as surficial expressions of groundwater conditions, providing observable 
spatiotemporal information, reflecting groundwater storage within given catchments (e.g. 
Kirchner, 2009; Bencala et al., 2011; Biswal and Kumar, 2013; Godsey and Kirchner, 2014; 
Whiting and Godsey, 2016). All stream flow during these dry periods must come from storage, 
and that storage is groundwater that is locally draining from adjacent hillslopes, or is derived 
from larger-scale groundwater systems that may cross local hillslopes or topographic watershed 
divides, leading to exfiltration along channel systems (e.g. Tóth, 1963; Troch et al., 2003; 
Gleeson and Manning, 2008; Clark et al., 2009; McNamara et al., 2011; Payn et al., 2012; Welch 
and Allen, 2012; Broda et al., 2012; Broda et al., 2014, Sheets et al., 2015; Frisbee et al., 2016). 
This storage source and volume likely affects the persistence and distribution of wetted channels 
in the dry season. Figure 1a shows an adaptation of Tóth’s 1963 regional groundwater flow 
model, calculated for complex surface topography, focusing on the general solution for which 
local topography plays a part in controlling groundwater motion. In his model, local groundwater 
flow takes place in the near-surface, driven by subtle topographic gradients. Intermediate flow 
occurs deeper, and can cross subtle topographic divides. Regional flow occurs at substantial 
depths, flowing from a basin’s highest point to its lowest point, with this subsurface flow capable 
of crossing more prominent topographic divides.  

An alternative view that takes critical zone architecture and development into account 
suggests that sustained baseflow may be coming from a more perched and localized source, 
especially in basins underlain by nearly non-conductive, fresh bedrock at depth (e.g. Anderson et 
al., 2002; Salve et al., 2012). Critical zones are hypothesized to mimic subdued replicas of 
surface topography: thinnest at the base of hillslopes, thickening upslope towards divides. From 
this perspective, we might expect that given the same topography, the deeper the critical zone, 



 

 

 
 
Table 1. Acronym conversions, with complete terminology and units. The first column from the left shows acronyms or abbreviated 
terms used in the text. The middle column shows the complete terminology for each abbreviated term used in the text, and the column 
furthest to the right shows the units for each acronym, or abbreviated term, if units are relevant. 
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Figure 1a. Flow simulation of theoretical aquifer with homogeneous lithology, after Tóth (1963). Flow cells develop as a result of 
surface topography. Local flow develops in near-surface cells, intermediate flow develops below, and regional flow develops at 
the base of the aquifer. Arrow size is proportional to relative flow rate.  31



 

 

 

 
 

Figure 1b. Conceptual model of potential hillslope water storage related to thickness of weathered bedrock zone during summer 
months. Water perched above fresh bedrock flows parallel to the surface, towards the channel (represented by the blue triangle at the 
base of the hillslopes in the center of the diagram). The depth of the weathered bedrock zone determines the volume of potential 
storage, and the depth of groundwater flow. Groundwater seasonally saturates and drains. There is no significant groundwater flow in 
the system on the right panel (model 2), whereas there is considerable groundwater flow in the system on the left panel (model 1). 
Model 1 supports substantial above ground biomass (heavily forested), while model 2 sustains few trees.  
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Figure 1c. Conceptual model of potential hillslope water storage as a result of regional compressive stresses, after St. Clair et al. 
(2015). Water infiltrates and flows downward until it reaches the water table, perched above the nearly impermeable fresh bedrock 
zone (represented by white with black outline) towards the channel at the base of the convergent hillslopes. The weathered bedrock 
zone is thickest at the ridgeline, and thinnest below the channel due to regional compressive stresses, mimicking a subdued, inverted 
replica of the surface topography (St. Clair et al., 2015). This type of critical zone could have a higher volume of potential storage than 
model 1 in figure 1b, but this type of hydrologic system has nowhere near head gradient of model 1 in figure 1b. This likely correlates 
to a lower percentage of stored water dynamically participating in the hydrologic cycle on annual time scales, and a lower percentage 
of storage released to fuel wetted channels during dry periods. 
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the greater the potential for water storage and for increased sustained flow during baseflow time 
periods (see Figure 1b). At the opposite extreme, where non-conductive fresh bedrock is at the 
surface, it will have no storage, and headwater channels will become dry once precipitation has 
terminated.  

St Clair et al. (2015) presented a model that predicts the effects of regional compressive 
stresses on the development of the critical zone under hillslopes. When those stresses are high, 
they predict that the depth to fresh bedrock is maximum at the ridgeline and essentially shoals to 
zero at the channels. Figure 1c illustrates that structure of critical zone. Such a structure may 
have the greatest water storing potential, and thus might sustain streamflow even greater than 
Figure 1b. 

Another important factor, affecting the distribution and disconnection (wet reaches 
separated by dry reaches) of wetted channels, is the thickness of alluvial fill in the channel bed, 
which may be able accommodate low flow as subsurface flux. Conductive, in-channel sediment 
fill lining the channel can both cause stream segments to go subsurface during low flows 
(Godsey and Kirchner, 2014; Whiting and Godsey, 2016). At present, however, we generally 
lack field data on the extent and flow volume of wetted channels during dry periods, especially 
in a context in which the source of stream flow is well-documented. 

Early observational mapping efforts focused on documenting the dynamics of wetted 
channel networks (WCNs, see table 1 for all acronym conversions) in response to singular storm 
events (e.g. Gregory and Walling, 1968; Tischendorf, 1969; Morgan, 1972; Roberts and 
Klingeman, 1972; Blyth and Rodda, 1973; Roberts and Archibold, 1978; Day, 1978; Anderson 
and Burt, 1978). These surveys recorded discernable hydraulic reactions to storms, observing 
contractions, expansions, disconnections and reconnections of WCNs. Most of these studies were 
motivated by the assertion that drainage density (the summed lengths of all channels within a 
watershed, from the mouth to geomorphic channel heads, divided by the area) was a first order 
control on hydrologic response to precipitation (Carlston, 1963) because it should determine the 
average transit time of precipitation to the channel. However, when it became clear that drainage 
density was a much more limited value as an independent variable for predicting hydrologic 
characteristics than was widely assumed (Dingman, 1978), these observational studies were 
largely discontinued.  
 Most of this previous research focused on relatively short timescales, in small watersheds 
(< 0.5 km2), where the heterogeneity of subsurface storage routing may dominate the presence or 
absence of water in the channel. More recent wetted channel mapping efforts, however, have 
targeted larger watersheds, over more seasonal time scales. Godsey and Kirchner (2014) focused 
on seasonal wetted channel dynamics in California headwater catchments of various sizes (4.0-
27.2 km2) and geologic settings, relating power-law functions of runoff to lengths of the WCN. 
They noted the location of what they called ‘flowing channel heads’ (referred to as ‘flowheads’ 
in our study), which is the location where each respective flowing channel initiates. In the 
surveyed networks, they observed seasonally variable flowhead locations, and disconnection, 
with subsequent reconnection of WCNs that contributed to dynamic drainage networks. Their 
WCN lengths fluctuated substantially with changes in runoff (ranging from 0.05-4.08 mm/day). 
Whiting and Godsey (2016) focused on similar power-law, WCN-runoff relationships in 
headwater catchments in Central Idaho (6.5-21.4 km2) over the course of the 2014 spring and 
summer months. Their field studies, in contrast to Godsey and Kichner (2014), observed mostly 
stable flowheads (i.e. flowheads remaining in the same location throughout all surveys) despite 
discharge, ranging from 0.08 to 2.21 mm/day, and accordingly, little variation in the WCN with 
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changes in discharge. Our analysis of their data suggests that in these Idaho watersheds, an 
average of 55% of the decrease in the WCN, associated with declining discharge, could be 
attributed to disconnections in the WCN. In a 1.5 km2, New York state headwater catchment, 
Shaw (2016) observed seasonally stable flowheads, with changes in the WCN, also primarily 
controlled by disconnections in the network downstream of flowheads.  

These more recent studies clearly demonstrate that four attributes of wetted channels are 
important to document: 1) flowhead position (stable or variable); 2) wetted channel drainage 
density; 3) the length of wetted channels that are continuously connected, relative to the length of 
the WCN; and 4) discharge, measured downstream of surveyed WCN(s). While Godsey and 
Kirchner (2014) and Whiting and Godsey (2016) suggest that disconnections in the WCN are 
driven by hyporehic flow through conductive sediment, they otherwise offer no explanation for 
the variable and nearly invariant WCN lengths observed by Godsey and Kirchner (2014), and 
Whiting and Godsey (2016), respectively, nor what might control the absolute WCN length. The 
invisibility of groundwater and the uncertainty of water sources makes causation difficult to 
ascertain. The study presented here proposes that these differences can be explained by 
understanding critical zone structure and dynamics. 

There is no comprehensive theory that predicts the extent and persistence of wetted 
channels during the dry season. Recent models of groundwater flow in mountainous landscapes 
and resulting streamflow use the Boussinesq equation to describe subsurface flow draining from 
an unconfined hillslope aquifer (Troch et al., 2003) into a regional aquifer (e.g. Broda et al., 
2012; Broda et al., 2014). However, this construction doesn’t explicitly account for the role of 
critical zone development, which may strongly affect the local delivery of subsurface flow to 
channels. Alternative approaches employ a Dupuit-Forchheimer based-theory for the relationship 
between a regional groundwater flow and topography, where water table elevation is controlled 
by the ratio of aquifer recharge to hydraulic conductivity of the bedrock aquifer (e.g. Tóth, 1963; 
Haitejima, 1995; Haitejima and Mitchell-Bruuker, 2005; Hunt et al., 1998; Gleeson and 
Manning, 2008; Majumder and Eldho, 2016). While useful, this theory is based on the 
assumption of a single aquifer that extends from the ground surface to well below the channel. It 
does not consider the possibility that weathering fronts into bedrock (associated with critical 
zone development) may cause groundwater to locally perch on fresh bedrock and be directed into 
adjacent streams (e.g. Montgomery et al., 1997; Anderson and Dietrich, 2001; Uchida et al., 
2002; Katsuyama et al., 2004; Kosugi et al., 2006; Tromp-van Meerveld et al., 2007; Salve et al., 
2012). Furthermore, many studies have focused on modeling streamflow in mountainous settings 
(e.g. Yang et al., 2002; Sahoo et al., 2005; Moussa et al., 2007; Rostamian et al., 2008; Kuras et 
al., 2008; Welch and Allen, 2012; Rahman et al., 2013). Though these studies have typically 
been calibrated to discharge measurements in specific basins, they have not been validated with 
field observations on wetted channel networks. This lack of observational subsurface 
hydrogeologic data has created a void in our ability to understand and model the WCN.  
            A useful question to ask is how the evolution of the critical zone may affect wetted 
channels. This is most relevant to landscapes underlain by bedrock with low saturated hydraulic 
conductivity, such that local hillslope-scale storage is the primary contributor to stream runoff. 
Here, the thickness, porosity and conductivity of the critical zone, for a given amount of excess 
precipitation, determine the location and extent of the wetted channel. This critical zone 
perspective on subsurface hydrology has not been used in previous studies of drainage network 
evolution. Here we take advantage of the Eel River Critical Zone Observatory (ERCZO) apart 
(see Figure 2, showing the regional precipitation, lithology and vegetation, in addition to the
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Figure 2. Site map of the Eel River Critical Observatory (ERCZO). Our two sites, Sagehorn 
Ranch (Sagehorn), and Angelo Coastal Range Reserve (Angelo) are outlined in black. Top-left: 
precipitation contours. Top-right: sites in relation to prominent Northern California locations and 
rivers. Bottom left: vegetation map. Bottom right: geologic map.
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location and proximity of our sites). These sites experience very similar regional climate, but 
their underlying lithologies are radically different. One site, in the Coastal Belt argillite and 
sandstone, has a deep, water-storing critical zone with a thick unsaturated zone (Salve et al., 
2012). The other site, in the Central Belt mélange, has a shallow, low storage critical zone with a 
thin unsaturated zone (Rempe et al., 2015; Hahm et al., 2016). 

By coupling our understanding of the subsurface hydrology of our sites (Rempe et al., 
2010; Salve et al, 2012; Rempe and Dietrich, 2014; Link et al., 2014; Oshun et al., 2015; Hahm 
et al., 2016) with observations of wetted channel data at the beginning and end of the summer 
dry season (during this time window, typically less than 70 mm of rain falls), our study (which 
took place during a multi-year drought) endeavors to reveal the connection between critical zone 
architecture and the extent and duration of the wetted channel.  

In this paper, we present channel surveys, conducted in four headwater drainage 
networks (ranging from 2.7 to 17.0 km2) with seasonally dry climates the early and late summers 
of 2012, 2014 and 2015. During each survey, channel width, depth, water temperature, air 
temperature, humidity and water isotope data were collected at all flowheads and at select 
channel locations. These surveys permitted a comprehensive hydrological analysis of 
observations of surface and subsurface water dynamics. We show how landscapes with 
contrasting lithology have watersheds with distinct subsurface storage characteristics that, in 
turn, produce channel networks with very different drainage densities. We discuss how these 
storage characteristics, as well as other factors (geomorphic history, aspect, and vegetation), 
influence wetted channel extent. Finally, we show that the two systems, receiving very similar 
amounts of precipitation, sustain contrasting amounts of summer flow, due to differences in 
underlying lithology that lead to radically different critical zone structure and hydrologic 
function.  

 
 

2.     Site Descriptions 
Angelo Coastal Range Reserve  
2.1.1  General  

The 2012 and 2014 surveys focused on the Fox and Elder watersheds, located in the 
Angelo Coastal Range Reserve (referred to as Angelo throughout this study), in Mendocino 
County (approximately 260 km north of San Francisco, and 16 km east of the coast, Figure 2).  
Since 1994, the Angelo Reserve has been part of the University of California Natural Reserve 
System, a group of sites protected for university-level teaching and research 
(angelo.berkeley.edu). Figure 3 shows a Google Earth image of the Fox and Elder watersheds 
looking east, noting the location of our intensively monitored field site, Rivendell, and all data 
points collected during the 2014 surveys. The lack of mineral wealth, coupled with thin soils, 
scarcity of flat land and general isolation, made this area one of the last homesteaded by early 
Euro-American settlers (Johnson, 1979). Protected by land owners Heath and Margorie Angelo, 
who eventually donated their property to The Nature Conservancy, no logging, mining, or 
grazing has taken place on this reserve since 1956, leaving its watersheds nearly pristine and 
relatively untouched by humans (though several illegal, no longer operational cannabis grow 
sites were observed during surveys). Because of this, Elder Creek was designated as one of 50  

 
 
 



 

 

 
 
Figure 3. Google earth image of Fox and Elder, early summer 2014 data points and routes. Image shows location of Rivendell 
(bottom right), the South Fork of the Eel River (bottom) Black Oak Mountain (top middle), and Cahto Peak (top right). Routes taken 
in the field are represented by grey and yellow lines, and data points are symbolized as blue thumbtacks. The two straight grey 
lines connecting the Elder mainstem to the mouth of Fox are artifacts of the GPS losing its signal on two separate days. 
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US Geological Survey (USGS) hydrologic benchmark network stations in the western US. The 
Fox (2.75 km2) and Elder (16.97 km2) drainages are ideal watersheds to observe the wetted 
extent of channel networks in a natural environment. These two watersheds drain west, into the 
north-flowing South Fork of the Eel River. Fox Creek elevation ranges from 396 m at its mouth 
to 1109 m at the peak of Black Oak Mountain. Elder Creek elevation ranges from 413 m at its 
mouth to 1290 m on Cahto Peak. Topographically, the regional physiographic province is 
characterized by north-west trending ridges and valleys, which have been developed as a result 
of the northerly migration of the Mendocino triple junction (McLaughlin et al., 1982). Their 
steep slopes (average of 51%) are prone to deep seated earthflows, and their narrow canyons are 
susceptible to debris flows.  

Springs (defined in this study as flowheads that remain perennially fixed in location) 
were recognized as important water sources by early homesteaders in Angelo, and because of the 
persistence of springs, homes were typically built near springs, rather than wells. As quoted from 
Sharon Johnson’s thesis on the land use history of Angelo: “Aside from perennial streams, 
numerous springs and spring fed, intermittent creeks were also available to provide water to 
early homesteaders” (Johnson, 1979, p. 21). Elder has a USGS gauging station (located at 
39.4347°W, 123.3834°N, Mast and Clow, 2000), approximately 150 meters upstream of its 
mouth, which has been recording discharge data since 1967; but Fox had no discharge actively 
recording during the surveys (Fox gage located at 39.7405°W, 123.6304°N). An intensively-
instrumented, small sub-catchment known as ‘Rivendell’ lies on a steep (56%), north-facing 
slope of a 4000 m2 unchanneled catchment draining into Elder Creek, just downstream of the 
USGS gauging station (Salve et al., 2012). This site has been instrumented since 2007, and is the 
subject of an interdisciplinary collaborative project to study the lifecycle of water through a steep 
hillslope (Eel River Critical Zone Observatory). Note that while Fox and Elder are inside 
Angelo, the reserve encompasses other small watersheds not surveyed in this study. However, 
for simplicity, in this paper, we will refer to Fox and Elder combined data as ‘Angelo data’. 

 
2.1.2  Climate  

The area experiences a Mediterranean type climate, with cool, wet winters (mean January 
temp ~5°C), warm, dry summers (mean August temperature ~20°C, Salve et al. 2012), and mean 
annual precipitation of 1853 mm (precipitation data collected by Peter Steel at Angelo from 
1985-2016). There is significant inter-annual variation in precipitation, with most of the 
precipitation occurring as rainfall (990 mm and 3116 mm were lowest and highest annual 
precipitation from totals from 1985-2016, respectively). Occasional winter storms bring some 
snow in the valleys, but no more than 15 mm of snow water equivalent (SWE) per individual 
storm event, and 50 mm SWE, in a season, has been observed in valleys (Heath Angelo pers. 
comm. to Sharon Johnson; data collected by Heath Angelo near the mouth of Elder Creek in the 
Angelo (Johnson, (1979, p. 25))). Higher elevations receive more snowfall and may maintain 
snow cover for weeks at a time (Johnson, (1979, p. 25). 97.8% of the precipitation occurs from 
October-May. Precipitation occurs when storms, generated from Aleutian low pressure systems, 
entrain mid-northern latitudinal Pacific moisture, directing bands of this moisture into the 
Northern California coast (Ersek et al., 2010). 

In the Northern California Coast Range, the climate of a location is strongly influence by 
the site factors, particularly relief, elevation and aspect orientation. These site factors create a 
variety of microclimates, which correspondingly affect the plants, animals and soils at these 
locations (Johnson, 1979, p. 29). The strong moderating effect of maritime air has a limited 
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effect on the climate of the Angelo due to the presence of Lincoln Ridge, a relatively high 
northwest-by-southwest trending ridge on the west side of the South Fork of the Eel River 
(Johnson, (1979, p. 27)). Because it is not dissected by major streams that open to the coast, this 
ridge provides an effective barrier that retards the movement of maritime air, and fog into the 
South Fork Eel area. This topographic feature results in a difference in climate between Angelo 
and areas more strongly influenced by the ‘summer fog belt.’ (More fog is observable slightly 
south of Angelo in the Big Charlie Creek area of the South Fork of the Eel drainage. It is 
possible that this east flowing creek provides a “fog gap.”) Due to its high relief and relatively 
close proximity to the coast, with only Lincoln Ridge to the west (to orographically reduce storm 
strength), Angelo receives more intense rain than neighboring areas, with 10 cm falling in a 24-
hour period not being uncommon in winter months (Johnson, 1979, p. 24). Occasional summer 
thunderstorms produce lightning, but on average, only 40 mm, or 2.2% of annual precipitation 
falls from June – September. On July 30th, 2014, dry lightning struck just north of Angelo, and 
the Lodge Lightning Complex fire burned 50 km2 within 1-2 km of the Fox and Elder watersheds 
(Thurnhoffer et al., 2015). The fire was stopped, mainly west of the South Fork of the Eel River 
(by CalFire crews with the aid of Angelo manager, and steward, Peter Steel), but smoke 
inundated the valleys and canyons of the Fox and Elder watersheds at the beginning of the late 
summer, 2014 surveys, dissipating slowly through the duration of the surveys (which took place 
from August 18-28th).  

During the study period, precipitation totals of 1630 (2012), 1447 (2013), 1027 (2014), 
and 1403 (2015) mm, (water years in parentheses) were measured in Angelo Meadow, at a 
weather station along Elder Creek approximately 100 m upstream of its confluence with the 
South Fork of the Eel River. However, average precipitation from 1946-1976 (in Angelo 
Meadow, measured by Heath Angelo, and cited in Johnson, 1979) was 2156 mm (minimum of 
1370 mm and a maximum of 3465 mm). This average precipitation total is 303 mm greater than 
the precipitation from 1985-2016, which was 476 mm greater than the average precipitation 
during this study, conducted during a severe California drought (the drought spanned 2012-
2015). Figure 4a shows the annual fluctuations in discharge at the Elder Creek gaging station 
with precipitation totals for each study year indicated at the bottom of the graph and the total 
precipitation between summer surveys in between each rain year shown above. Figure 4b shows 
Elder Summer discharge data (in mm/day) for the study years compared to all years on record 
(1968-2015), in addition to the discharge at the midpoint of each survey. 

Pollen data in a region 100 km SSE of Angelo, collected by Adam and West (1983) 
indicate that annual precipitation was higher than present for an extended period of time during 
the Late Pleistocene (70-18 ka), which likely forced changes in sediment supply. The relevance 
of climate on the region’s geomorphology will be further addressed in the following section. 
 
2.1.3  Geology  

Angelo lies within the Coastal Belt, the westernmost part of the Franciscan Complex, 
which recorded continental accretion at the convergent margin from the Late Jurassic to 
Miocene. (e.g. Blake et al., 1988; McLaughlin et al., 2000; Dumitru et al., 2010; Langenheim et 
al., 2013). The Coastal Belt is composed of a slightly metamorphosed marine turbidite sequence 
composed of shales, sandstones and conglomerates (Enrst, 1970), with paleo-burial depths of 
less than 5-8 km (Ernst et al, 2012). The Fox and Elder watersheds are almost entirely underlain 
by rocks of the Coastal Belt Yager terrane (Ernst et al., 2012), which consists of nearly vertical 
dipping (Langenheim et al., 2013) argillite and thinly bedded arkosic sandstone of the Paleocene 



 

 

 
 
Figure 4a.  Annual Elder daily discharge fluctuations, during survey years. Mid-point of each survey period is symbolized by red dots 
on discharge line graph. The percent of time flow has spent at or below that value from 1967-2015 at the mid-point of the survey 
period is indicated by black numbers above red line segments. Total precipitation recorded at Angelo Meadow weather station 
in between survey periods is represented by the millimeter values in between red line segments.  
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Figure 4b.  Elder Creek Summer discharge data (1968-2015). Elder Creek discharge shown in m3/s on a logarithmic scale from May 
16th to September 15th of all years on record. Summer discharge for years 1968-2011 are portrayed by thin, grayscale lines (with the 
grayscale of each line, progressively decreasing in darkness with time), while the summer discharge for years 2012-2015 are bold, and 
color coded by blue, yellow, orange and green, respectively. The timing and discharge at the mid-point of each survey on each year’s 
discharge line is indicated by a circle. Fox surveys are represented by purple, Elder surveys are symbolized by red, and Sagehorn 
surveys are depicted with black circles. Note that the surveys of Dry and Hank creeks were taken concurrently, so one data point 
sufficiently represents the mid-point of each survey for both watersheds. This graph shows the years of data collection in 
context of multiple decades of previous years, in addition to illustrating that the surveys took place during drought years. 14 
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and/or Eocene age (Underwood, 1983). The mouth and the southwestern portion of the Elder 
watershed are the only portions of Fox or Elder, mapped as underlain by the Coastal Belt Coastal 
terrane (Langenheim et al., 2013). Langenheim et al. (2013), proposes that these two terrains 
differ structurally, suggesting that the Yager terrane is less severely deformed, with an absence 
of volcanics, and less laumontite veining. However, an analysis on the phases of 
metagreywackes on 32 samples from the Coastal terrane and 9 samples from Yager terrane, 
found that geochemically, the two formations are very similar (Ernst et al., 2012). Additionally, 
the fault line separating the Yager terrain from the Coastal terrane in the Fox and Elder 
watersheds was interpreted from aerial photos, as opposed to on-ground sampling and 
observations (pers. comm. H. Kelsey, 2016). For this reason, in our analysis, we do not 
differentiate between these two terranes.  

With the formation of the San Andreas fault in the Oligocene, the western North 
American plate boundary south of the Mendocino triple junction (MTJ) switched from 
subduction to strike-slip. Since then, the tectonics of the Northern California Coast Ranges has 
been dominated by the northward migration of the MTJ (McLaughlin et al., 1982). The 
northward-propagating crustal thickening and uplift, associated with the passage of the MTJ, has 
generated a mobile wave of uplift that swept northward through the Angelo region (Willenbring 
et al., 2013). This migrating region of uplift is reflected by northwest trending ridges and axial 
drainages and has forced migrating knickpoints, river capture, and drainage reversals, generating 
‘fish hook’ drainage patterns in several Eel River tributaries (McLaughlin et al., 1982; Lock et 
al., 2006; Roering et al., 2015). Knickpoints, migrating upstream due to the passage of the MTJ, 
are still propagating upstream through the Fox and Elder drainages. The most downstream Elder 
knickpoint has reached further upstream than the furthest downstream Fox knickpoint (the Fox 
knickpoint is ~1 km upstream from its mouth and the Elder knickpoint is ~2 km upstream from 
its mouth (Seidl and Dietrich, 1992)). 

Sandstone and argillite exhibit marked differences in topographic expression. The 
coarsely fractured, harder sandstones have thin to absent soil mantles, and form ridges and 
outcrops that shed resistant boulders, while argillites weather to small cm-scale chips and 
typically develop thicker soil mantles (Rempe et al., 2010) despite intense tectonic activity 
across the entire region, and the fracturing of all rocks near the surface.  

Rivendell, the intensively monitored hydrologic field site near the mouth of Elder Creek 
(Salve et al., 2012), is composed of interbedded argillite and sandstone. Here, thin, porous, 
mobile, organic soils (10-70 cm thick) lie above a 2-4 m layer of saprolite (a soil-like material 
that retains a relict rock structure despite extensive weathering (sometimes defined by the 
relatively low abundance of corestones)) (e.g., Salve et al., 2012; Oshun et al., 2015). Weathered 
bedrock below this saprolite is mechanically harder, and shows signs of mechanical and 
chemical alteration (oxidation), with opened interconnected fractures that provide flowpaths for 
runoff generation (Salve et al, 2014; Oshun et al., 2015; Rempe, 2016). This weathered bedrock 
layer thickens towards the divide, and decreases in fracture intensity and degree of weathering 
with depth (Salve et al., 2012).   

At Rivendell, data on groundwater table levels, groundwater and stream water chemistry, 
soil moisture, meteorology, sap flow, subsurface temperature and CO2 are continuously 
collected, with the principal focus of understanding the path of water through the critical zone 
(Salve et al., 2012; Rempe and Dietrich, 2014; Kim et al., 2014; Link et al., 2014; Oshun et al., 
2015; Oshun, et al., 2016; Rempe 2016). These observations demonstrate that at the start of the 
wet season, most of the infiltrating rain simply increases the moisture in the soil and the 
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underlying weathered rock. Minor amounts of water rapidly recharge the groundwater, causing 
small water level fluctuations. As the wet season continues, the soil moisture and rock moisture 
(sensu, Salve et al., 2012) increase until the total storage increase is about 300 to 400 mm 
(Rempe, 2016), beyond which additional water is passed by facture flow to the groundwater, 
which then becomes responsive to individual storms and rises towards the surface. Groundwater 
levels rise with each subsequent storm, and slowly recede afterward. With sufficiently frequent 
rain events, the mean groundwater level remains elevated by many meters. All runoff travels 
through the unsaturated zone to the groundwater where it drains laterally via fractures to the 
channel. There is no overland flow or shallow subsurface flow. At the end of the wet season, the 
groundwater declines rapidly at first and then progressively more slowly through the dry season. 
It is this slowly declining drainage, travelling as fracture flow and emerging at springs, that 
supports the wetted channels of Elder Creek.  
            Building on these observations, Rempe and Dietrich (2014) developed a quantitative 
model to predict the vertical extent of weathered rock underlying soil-mantled hillslopes. This 
model hypothesizes a ‘bottom-up’ control on weathering, where the elevation of the fresh 
bedrock to weathered bedrock boundary (termed Zb) is set by the uppermost elevation of 
undrained fresh bedrock. The model predicts a thickening of the weathered bedrock zone 
upslope, where thickness is calculated as the difference between the predicted topographic 
surface profile (driven by erosion) and the predicted groundwater profile (driven by drainage of 
fresh bedrock). Over time scales relevant to today’s ecosystems, Zb (the abrupt transition to 
fresh, un-oxidized, resistant, low-hydraulic conductivity bedrock) acts as an impermeable 
boundary layer, above which, groundwater seasonally perches. The depth to Zb varies 
systematically, from 4 m at the toe of the hillslope to 35 m at the ridge, 150 m above Elder Creek 
(Figure 5) (Rempe et al., 2010; Rempe and Dietrich, 2014). Shallow seismic surveys at four 
other nearby hillslopes indicate that the topographic variation in critical zone thickness is similar 
to that found at Rivendell (Rempe, 2016).  
            In this study, we assume the critical zone structure, observed in the Rivendell hillslope, 
applies to the entire Fox and Elder watersheds, although it is understood that scaling up from the 
hillslope to the watershed scale is a substantial assumption, and that the subsurface of all Angelo 
hillslopes may not be consistent with the data collected at Rivendell and nearby hillslopes. 
 
2.1.4  Vegetation 

The general vegetation type of the region has been described as “mixed evergreen forest”, 
a term used by Sawyer et al. (1977) to describe a characteristic set of coastal California mountain 
communities. More specifically, Angelo is inhabited by a mosaic of mixed, old growth forest. 
South-facing slopes are dominated by hardwood species, consisting of mainly Pacific madrone 
(Arbutus menziesii), interior live oak (Quercus wislizeni), black oak (Quercus kelloggii), canyon 
live oak (Quercus chrysolepis), and California bay (Umbellularia californica), with lesser 
components of tanoak (Notholithocarpus densiflorus), Pacific yew (Taxus brevifolia) and 
chinquapin (Castanopsis chrysophylla). On south-facing slopes, mature Douglas firs 
(Pseudotsuga menziesii) are primarily present in canyon bottoms, and extend upslope only in 
well-watered regions, but young Douglas fir understory can be found throughout Angelo (see 
Human impact and vegetation section, below). Ridges, regions of highly convex topography, and 
upper portions of south-facing slopes are dominated by chaparral communities, consisting of 
several species of both manzanita, and ceonothus (including Ceanothus incanus). Furthermore,  
these regions are inhabited by chaparral communities of chemise (Adenostoma fasciculatum),



 

 

 
Figure 5. Rivendell hillslope schematic, after Rempe, (2016). Depth of weathered, fractured bedrock increases towards the divide. 
Water table perches above dense argillite fresh bedrock, within the water table fluctuation zone, or weathered bedrock zone, and 
drains laterally towards Elder Creek. Lines extending from the fresh bedrock zone to the surface represent wells, and colors of these 
wells at depth represent the fraction of time spent within the saturated zone (for well data collected from 2007-2015). + signs indicate 
the lower and upper bounds of ‘Zb’, and red circles represent the upper and lower bounds of the water table for data from 2007-2015. 
Blue lines show the water table fluctuation zone (for well data collected from 2007-2009). Note that all well heads do extend to the 
ground surface, but, Rivendell is an irregular surface, so when the well heads are projected onto this 2-D surface, they appear to 
be above or below the ground surface.

17  



 

 

18 

shruby live oaks (Quercus chrysolepis and Q. wislizeni), and patches of black oak. North-facing 
slopes are predominately inhabited by Douglas firs, tanoaks, and to a lesser extent, the afore-
mentioned hardwood species. Approximately 50% of the Fox watershed, and 40% of the Elder 
watershed is dominated by Douglas fir forest (Johnson, 1979, p. 32, Figure A.1); and, in the Eel 
River watershed, Douglas fir constitutes approximately 40% of tree basal area (Woudenberg et 
al., 2010). Douglas fir is commonly associated with Pacific madrone, tanoak, canyon live oak, 
interior live oak, and other species in the Pacific Douglas-fir alliance in coastal northern 
California (USDA, 2005; Link et al., 2014). Using Rivendell sap flow measurements, Link et al., 
(2014) demonstrated that Douglas firs maintain significant transpiration throughout the winter, 
and transpire maximally in the spring, followed by a sharp decline in the summer season. In 
contrast, Pacific madrones, and to a lesser extent other broadleaf evergreen species (interior live 
oak, tanoak and California bay), transpire maximally during the mid-summer.  

Little understory is present, but dominant species are: poison oak (Toxicodendron 
diversilobum), California hazel (Corylus cornuta), Oregon grape (Berberis nervosa), iris (Iris 
purdyi), and various herbaceous species (Johnson, 1979, page 33). Huckleberry (Vaccinium 
parvifolium), and bracken ferns (Pteridium aquilinum) are also present as understory, but only on 
the heavily shaded, north-facing slopes. California bays, broad leaf maples (Acer macrophyllum), 
alders (Alnus rubra), Pacific yew (Taxus brevifolia) and ferns primarily inhabit riparian settings, 
and a few stands of Garry oak (Quercus garryana) can be found on river terraces near the mouth 
of Elder Creek and as lone individuals on hillslopes scattered throughout the Angelo. 
 
2.1.5  Human impact and vegetation 

Euro-American homesteaders arrived in Angelo in the early 1880s, but human occupation 
in Angelo dates back at least 5000 years (Johnson, 1979). Native American hunting and grinding 
tools have been found in three locations within the Fox and Elder watersheds, and six locations 
throughout Angelo. The patchy character of cover, abrupt changes in vegetation zones, and the 
fact that much of Angelo is undergoing rapid changes in vegetation, all suggest that fire was used 
as a tool by previous native peoples in this region (Johnson, 1979, p. 74). Natives likely used fire 
for a variety of purposes: 1) to tend to tan oaks, and black oaks to increase acorn production and 
visibility of nuts on the forest floor; 2) to maintain small openings in vegetation called ‘prairies’ 
or ‘meadows’ to produce native grasses for meal, and California hazel for basket making; 3) to 
increase habitat for game, and vision for hunting purposes; and 4) to increase habitat for nut and 
berry producing shrubbery (Johnson, 1979, pp. 70-74). By interrupting established vegetation 
patterns and initiating competition between colonizing species, burnings increased the diversity 
of these areas, and concentrated and increased local resources. Through burning Native 
Americans could, therefore, create ecotones, both within and between vegetation zones, 
improving accessibility and maintaining the vegetation in varying conditions to suit their food 
needs (Johnson, 1979, p. 70). Large areas of Angelo are undergoing rapid changes in vegetation 
composition, trending primarily from grassy or shrubby species towards forest species. These 
changes might well have been initiated by the demise of the fire clearing practiced by the Native 
Americans.  

Douglas fir (Pseudotsuga menziesii) do not re-sprout in response to fire (Uchytil, 1991) 
and their seedlings are out competed by dense grasses and brush in early stages of secondary 
succession. However, as mixed hardwood and evergreen forests begin to grow in, the partial 
shade and low density of these young forests creates a competitive advantage for Douglas fir 
seedlings (Isaac, L.A, 1940). Because of fire suppression thought to have begun in the 1920s, 
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younger hardwood forests have begun to take over parts of Angelo (especially on south-facing 
slopes). This allowed recruitment of Douglas fir saplings that will soon grow over the crowns of 
hardwood species. If fire suppression continues, these Douglas fir will outcompete hardwood 
species for light, and Angelo will slowly shift into primarily coniferous forest. In the words of 
Sharon Johnson (Edell), who wrote her M.S. on the land use history of the reserve: ‘The only 
thing that distinguishes Mixed Evergreen (broadleaf) forests from Douglas fir forest, itself is that 
the Douglas fir has not yet attained dominance, although it ultimately will, as the climax 
species.’  
 
Sagehorn Ranch 
2.2.1  General  

The 2015 surveys concentrated on the Dry and Hank drainages, with respective areas of 
3.54 and 5.59 km2. These watersheds are located in Sagehorn Ranch (referred to as Sagehorn 
throughout this study), a 21.1 km2, privately owned, lightly grazed cattle ranch (approximately 
200 Beefmaster cattle, a cross between Hereford and Shorthorn cows, and Brahaman bulls), 23 
km SSE of Rivendell. Figure 6 shows a Google Earth image of the Hank and Dry Creek 
watersheds looking WNW, with the geologic boundary separating the Coastal and Central Belts, 
noted by Langenheim et al. (2013) included. Here, the sharp vegetation change across the 
geologic boundary is apparent (also see Figure 2). In July of 2015, a weather station was 
installed on an east-west running ridge at an elevation of 713 m (39.5685°N, 123.4716°W). The 
ridge separates Dry and Hank Creeks, which drain to the east and are almost entirely within the 
ranch property. Elevation ranges from 593 m at the confluence of Dry and Hank creeks, to 905 m 
in the headwaters of Dry Creek, and 988 m at Strong Peak, in the headwaters of Hank Creek. 
After Dry Creek joins Hank Creek, (1 km NW of the weather station), Hank Creek (9.49 km2 at 
its mouth), drains into Dutch Henry Creek (24.7 km2 at its mouth), which includes east-draining 
creeks, almost entirely within the Central Belt mélange of the Franciscan Formation. Dutch 
Henry Creek drains into Long Valley Creek immediately west of US highway 101N, 1 km north 
of Longvale, CA. Half a kilometer east of 101N at Longvale, CA, the south-flowing Long Valley 
Creek (69.1 km2 at its mouth) joins Outlet Creek (which runs north from Willits). California 
State Route 162 follows Outlet Creek (419 km2 at its mouth) to the northeast, where it joins the 
Eel River mainstem (544 km2 at the confluence), which then flows north to Dos Rios, where it is 
joined by the west-flowing Middle Fork Eel River.  
 A stage height gage was installed near the mouths of both Hank and Dry Creeks in November 
of 2015, and a rating curve was developed during the winter and spring months of 2016, but 
these gages were not in place during the time of the 2015 summer surveys, therefore no 
discharge data were collected during this time period. There was no flow at the mouths of Hank 
or Dry during the late summer 2015 surveys, however, so surface discharge would have been 
zero for both creeks at this time. 
 
2.2.2  Climate  

During the 2016 water year, the Sagehorn rain gage received 15.5% less precipitation 
than the rain gage near the mouth of Elder Creek. Precipitation contour maps show this 
difference to be an annually consistent value (Rantz, 1968), but few other climate data are 
available for the site, since the weather station was established in June of 2015. As in Angelo, 
most of the precipitation falls as rainfall, but occasional storms produce snowfall; therefore, it is 
likely that SWE are similar to values recorded at Angelo: 50 mm annually. Diurnal temperature



 

 

 
 
Figure 6. Google earth image of Sagehorn Ranch looking due west, towards the Pacific Ocean. Sagehorn Ranch, and the Central Belt 
mélange is located in the foreground, with the Coastal Belt in the background. The Central and Coastal Belt lithologies are divided by 
the thrust fault, above, simplified from Langenheim et al., 2013. The Hank and Dry Creek watersheds, and the location of the SR 
weather station are labeled, as well as horizontal distances skewed by perspective in the google earth image. Rivendell, Elder 
and Fox are located 23 km to the NNW.
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fluctuations are more pronounced in Sagehorn than Angelo (potentially due to its grassy, rather 
than heavily forested nature). Mean annual temperature in Sagehorn is 15.1°C (1.9°C higher 
annually than Angelo and 1.3 and 2.5°C higher during winter and summer months, respectively). 
Mean annual vapor pressure deficit (VPD) is 1.44 kPa (0.25 kPa higher annually than Angelo, 
and 0.19, and 0.30 kPa higher during winter and summer months, respectively) compared to 
Angelo. Because VPD is 0.30 kPa higher in Sagehorn, compared to Angelo over the summer 
months, this correlates to a greater demand for water by vegetation, which likely contributes to 
less runoff reaching channels on Sagehorn during the summer. 
 
2.2.3  Geology  

Sagehorn lies within the Central Belt of the Franciscan Complex, and consists of oceanic 
deposits, derived from North American sedimentation during the late Jurassic to mid-Cretaceous. 
These sediments comprise a pervasively sheared, metasedimentary accretionary prism that 
obducted onto the North American Plate 88-40 Ma ago, as the Farallon Plate subducted beneath 
North America, prior to emplacement of the Coastal Belt (McLaughlin et al., 2000). The Central 
Belt consists of an extensive argillaceous mélange, and is noted for its large volume of shale 
matrix (Cloos, 1982), possibly the largest in the world (Ukar and Cloos, 2016). In this mélange, 
more coherent blocks ranging from sand-sized particles to mountains (10-2 to 104 m) (Roering et 
a., 2015) are encased in a heavily deformed, weak, fine grained, ductile, argillic matrix. These 
blocks include sandstone, shale, greenstone, chert/metachert with a small volume << 1% of 
exotic blocks of blue schist and rare amphibolite and eclogite (Ukar and Cloos, 2016). Exotic 
blocks were likely hydrated, and plunged to depths of 30 km (Ukar and Cloos, 2016), while the 
pelitic matrix and other rock types were pushed to more shallow depths. This has caused discrete 
degrees of metamorphism with lithologies ranging from very low-grade metamorphic sandstones 
to serpentines and blueschist-grade metamorphic rocks. Whatever the origin of particular high-
grade rocks, widespread post-depositional shearing has largely obliterated their original 
structure, but all dense metamorphic blocks of Jurassic recrystallization age must have been 
supplied to the Cretaceous Franciscan accretionary complex by entrainment in a low-density, 
circulating muddy matrix or serpentinite body (Ernst, 2015).  

The more competent lithologic blocks have a significant local influence on the stability of 
topography, manifesting as topographic highs amid the heavily sheared, argillaceous, mélange 
matrix (e.g. Roering et al., 2015). Consistent with the mechanically weak nature of the bedrock, 
earthflows predominate on the unforested hillslopes, and hillslope gradients are generally less 
than 30%. Sagehorn has generally hummocky topography, with sandstone and metamorphic 
blocks protruding from the landscape (Figure 7). Sandstone bedrock lines many channel 
segments in this landscape, but channel bedload is almost entirely comprised of schist and other 
high pressure, low temperature metamorphic facies. This suggests that these metamorphic rocks 
are less susceptible to comminution than sandstones and argillites once in the channel bed. 
            Details about critical zone properties, and how hillslope hydrology functions in Sagehorn 
are reported in Hahm et al. (2016). Here, we will briefly summarize these findings. In the 
Sagehorn mélange matrix, a shallow critical zone has developed with a thin unsaturated zone (~2 
m) that becomes entirely saturated with water during initial rainfall events. The fresh bedrock 
parent material beneath the weathered bedrock zone has been heavily sheared, and no longer 
retains a coherent structure like that found in the argillite and sandstones at Angelo. The 
mechanical weakness of this material, resulting from pervasive paleo-shearing, likely results in 
the material responding to stress with ductile deformation, preventing the opening of fractures. 
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Figure 7. Picture taken in Sagehorn Ranch looking upslope at a metasedimentary block, upslope 
of a Dry Creek tributary. Picture was taken in the early winter, just after a precipitation event. If 
the picture were taken during the spring or summer months, or even a few days after the 
precipitation event, the tributary would be dry, due to lack of mélange storage capacity. 
Scientists included for scale.  



 

 

23 

Near the surface, where fresh mélange matrix transitions to weathered rock and physically 
mobile soil, animal burrowing and abiotic weathering generate pore space that retains water. 
Networks of macropores, likely created by burrowing animals, act as preferential flowpaths, 
exfiltrating water to the surface and downslope parallel to the ground surface during storms. The 
top of water table fluctuates near the ground surface over the winter and early spring months as it 
is recharged during individual storm events, and subsequently drained during dry periods. Below 
this seasonally saturated zone lies a chronically saturated, un-oxidized, fresh bedrock that has 
very low hydraulic conductivity and remains perennially saturated with nearly stagnant pore 
fluid. The transition from weathered to fresh, undrained bedrock is abrupt, and can be 
conceptualized as an impermeable boundary layer and the top of the perennial saturated zone. As 
at Angelo, this base of the weathered zone (or Zb, termed by Rempe and Dietrich, 2014) may be 
set by the drainage of fresh bedrock. On mélange with shallow, perched water tables, nearly all 
winter precipitation runs directly off the landscape into streams as saturated overland flow. Very 
little water is stored in the subsurface, leaving almost no water to fuel summer WCN flow. 
Sandstone blocks, within the mélange matrix, however, are hypothesized to have critical zones 
with much deeper unsaturated zones, and near these blocks, hydrological characteristics are 
likely very similar to the critical zone observed at Angelo.  
 
2.2.4  Vegetation 

Sagehorn is lightly forested (28.3% forest cover), with grasses covering most of the 
landscape. Approximately 90% of the grasses in Sagehorn are now invasive annuals. Formerly, 
they were native perennials (bunchgrasses), which stayed green throughout the year (M. Russell, 
pers. comm.). Forest growth on mélange matrix, devoid of larger lithologic blocks is 
predominantly limited to Garry oak. These oaks and other oaks inhabiting arid and semi-arid 
habitats in California (e.g. blue oaks, Quercus douglasii) may be the only native trees capable of 
achieving the negative pressure required to exhume water from the fine grained, low hydraulic 
conductivity mélange matrix during dry the summer season. Trees primarily growing on 
lithologic blocks of the sandstone include; California Black oak (Quercus kelloggii), California 
buckeye (Aesculus californica), Douglas fir, California bay laurel, Pacific madrone and tan oak. 
The latter four species also occur in forests of the Fox and Elder drainages, and many other 
watersheds in the Coastal Belt, suggesting that these sandstone blocks harbor their own 
fractured, water storing critical zone similar to the critical zone in the Coastal Belt. Ponderosa 
pine (Pinus ponderosa) and canyon live oak (Quercus chrysolepis) sparsely populate sandstone 
blocks within the landscape.  

Understory in the forested blocks is dominated by Pacific poison oak (Toxicodendron 
diversilobum) and manzanita (Arcostaphylos spp). Scrubland cover is populated with shrubs, 
including: manzanita (Arcostaphylos spp), coyote brush (Baccharis pilularis), California scrub 
oak (Quercus berberidifolia), and ceanothus (Ceanothus sp.). Riparian settings are primarily 
inhabited by California ash (Fraxinus dipetala), Oregon ash (Fraxinus latifolia), bigleaf maple 
(Acer macrophyllum), arroyo willow (Salix sp.), meadow rue (Thalictrum sp.) bracken ferns 
(Pteridium aquilinum var pubescens) and California fescue (Festuca californica). The California 
fescue was found at springs and thus may be a useful indicator of ephemeral water sources. 
California fescue is also common on hillslopes too steep for cattle to graze.   

 
2.2.5  Human impact and vegetation 

Horizontal drilling for water began in 2010 (P. Holleman, pers. comm.) to provide water  
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wells for cattle in order to prevent erosion along main channels. Pipes, laid in trenches from 
diverse point sources of water across the ranch, supply water to tractor tires converted to cattle 
troughs by sealing one side and laying this side of the tire on the ground. These pipes also supply 
water storage tanks that slowly discharge water downslope via pipes, creating ‘anthropogenic 
springs’. Horizontal wells were typically drilled in small slump faces, associated with earthflow 
topography downslope of sandstone blocks. These wells were chosen typically due to preexisting 
springs, noted by vegetation and wetness of soil. These ‘anthropogenic springs’ account for 
21.1% of the observed flowheads within the Hank and Dry. 

In August of 1950, a fire burned 4,000 acres (~16.2 km2) of the property. Immediately 
after the fire, springs popped up in locations never previously witnessed (M. Russell, pers. 
comm.). Logging occurred within Sagehorn, prior to the fire, but no logging has occurred since. 
Fire was also likely used as a tool by native peoples (likely the Huchnom tribe) to make the land 
more productive, similar to the Cahto people in Angelo who burned repetitively to tend to tan 
oaks. During the course of this study, multiple locations, where the by-products of stone tools, 
created from chert, were found.  

 
 

3.     Methods 
In this study, field channel surveys were conducted (in early summer and late summer) in 

Fox and Elder Creeks in 2012 and 2014 (in the Coastal Belt bedrock). In each survey, the entire 
channel networks (dry or wet) were walked and both the extent of wetted channel and the entire 
channel network were mapped. Each survey in the Angelo watersheds required 200-250 km of 
hiking through rugged terrain. In 2015, the Dry and Hank watersheds in the Central Belt mélange 
were surveyed in early and late summer, but some stretches of channel were overlooked, due to 
low-precision contour maps, and insufficient mapping. These channel stretches were revisited at 
similar time periods during the summer of 2016. The 2015 surveys in Sagehorn required 100-150 
km of hiking.  

Surveys were performed by walking each tributary and sub-tributary of each watershed, 
while continuously mapping the presence or absence of surface flow. This was accomplished by 
continuously noting topographic features to identify location on the 1-m contour maps (derived 
by LiDAR, courtesy of the National Center for Airborne Laser Mapping) in order to most 
accurately mark the transition between wet and dry channels. In all cases, this meant recording 
whether a stretch of channel was wet or dry; and, approximating how long each segment was in 
relation to the topography. Flow was followed to its upstream origin within each sub-drainage 
area in order to map the location of each flowhead. We defined flowheads as the highest elevated 
location within each sub-drainage area, where flow initiated at the time of the survey. Sites 
where flow re-emerged from a dry channel, downslope of a flowing stretch, were not considered 
flowheads.  

Additional data were collected at each flowhead, and at selected sites along the channel 
network. A GPS point was taken at all data collection points to confirm the mapped location, 
though the GPS in high sloped heavily forested locations had a large accuracy radius (up to 30 
horizontal meters). The location by eye of the observation point on the LiDAR map was 
commonly more accurate. At each data collection point; channel width, depth, water 
temperature, air temperature, humidity, and additional data types (Table 2) were recorded, and  
samples for water isotope and moss analysis were collected. Data were collected in the early 
summer (round 1), and then late summer (round 2) at the exact same location to compare how



 

 

 
Legend: 

x = data type collected at all data points 
o = data type collected at no data points 

SDP = data type collected at select data points 
WWP = data type collected where water was present 

WFP = data type collected where float measurement was possible 
 
Table 2. Summary of data collected in the field during all surveys. This table lists the types of data collected at each data point, in 
addition to the number of data points collected in each round and the dates of each survey. The rows in this table are ordered by 
watershed, and color-coded by survey period (Round 1 refers to early summer data, and Round 2 refers to late summer data), with like 
colors representing data collected during the same survey to visually aid in distinguishing data from distinct survey periods. 
Additionally, the list above acts as a legend for Table 2. 
 
 
 
 
 
 

25  



 

 

26 

hydrological and environmental characteristics had changed (in this study, the early, and late 
summer surveys are often referred to as ‘round 1’, and ‘round 2’, respectively). In total, over 
1100 sample sites were catalogued over the course of the study.  

To determine flow velocity, three float measurements (using Douglas fir cones, or woody 
debris with approximate dimensions of 2 x 3 x 1 cm) were recorded, and the average 
downstream distance traveled was divided by the downstream transit time. This method 
produced crude velocity estimations, and did not allow velocity measurements to be taken at 
flowheads or low-flow channels. This meant velocities for most data points had to be roughly 
estimated, in order to determine discharge. Each velocity value was multiplied by 0.8 to get a 
mean velocity, as surface waters have been shown to over-estimate mean channel velocity by 
20%. But, analysis of field discharge measurements, compared to the USGS gaging stage 
measurements, suggest that average velocities, using floats, were likely greatly overestimated at 
data points (even with all velocity data multiplied by the correction factor of 0.8). No correction 
was made for the floats tending to travel faster than the mean flow. 

Additional observations, whose location was documented on 1-m contour maps, include: 
lithology, landslides, logjam height, soil moisture and soil temperature data. Shape, layer and 
kml files are included for all the previously mentioned data types in the CZO data repository.  

Surveys performed in 2012 and 2015 were not as comprehensive, or systematic as the 
2014 surveys. In the 2012 surveys, some channels were inadvertently overlooked, early summer 
data points were not revisited in late summer, and the surveys were done in spurts, over the 
course of one full month, allowing flow levels to change. This biased channels observed, early in 
the survey, to have more flow than channels observed later in the survey. For these reasons, the 
2012 dataset is limited, and is seldom referred to in this paper. 

For the 2015 early summer Sagehorn survey, 1-m contour data were not yet available, so 
some channels were inadvertently overlooked, and many additional flowheads were observed in 
the late summer, previously unobserved in the early summer. Because of this, the 2015 dataset is 
not as complete as the 2014 dataset, and certain types of data, extracted from the 2014 surveys 
(i.e. whether a flowhead was steady, or retracted downslope) are not obtainable for the 2015 
surveys. All Sagehorn WCDD values, mentioned later in the text, include several stretches of 
channel that were not initially observed to be wet, as these channel segments were not observed 
in the field during the 2015 surveys. For these stretches, wetness was inferred from early and late 
summer 2016 WCN observations.  

Surveys performed in 2014 at Angelo required 12-16 days to complete. Fox surveys were 
entirely completed before Elder surveys, and because the Elder watershed is much larger than the 
Fox watershed, Elder surveys took much longer to perform. Fox was surveyed over the course of 
two days in both rounds and Elder was surveyed over the course of 14 days in round 1, and 10 
days in round 2. For this reason, Fox data were collected an average of eight days earlier than in 
Elder in round 1, and six days earlier in Fox than Elder in round 2. Because flow rates 
systematically decrease each day over the summer, this possibly slightly biased the Fox 
watershed to maintain marginally higher WCDD values than Elder for both surveys.  

Surveys performed in 2015 at Sagehorn required only 4-5 days to complete. No flow rate 
bias between watersheds in the 2015 surveys was present, as the Hank and Dry watersheds were 
mapped concurrently.  

All data have been translated, and integrated into Arc GIS, and all numerical data not 
collected in the field (i.e. drainage area, slope, elevation and WCDDs) have been derived using 
Arc GIS (ESRI), with drainage area derived, using the D-8 algorithm. WCDDs were calculated 
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by translating hand-drawn wetted segments on field maps to Arc, summing all wetted segments 
within each watershed downstream of geomorphic channel heads, and then dividing by 
watershed drainage area. 

We mapped the geomorphic channel network for the Fox and Elder (Coastal Belt) and 
Dry and Fox (Central Belt) watersheds. We define the geomorphic channels by the presence of 
banks. On high resolution contour maps of elevation, geomorphic channels are identifiable via 
the indentation of contour lines. The channel head is identifiable where contours switch from 
predominantly U-shaped (smooth hillslopes) to V-shaped (incised channels). Field mapping 
confirmed that geomorphic channels can readily be identified with contours gridded from 1-m 
pixel resolution Lidar-derived DEMs. 

For the Fox and Dry watersheds, the D8 flow direction algorithm was used to calculate 
upslope drainage area for each 1-m pixel. We then clipped this raster to pixels with an upslope 
drainage area much smaller than that required for geomorphic channel initiation, thereby 
producing a channel network raster that overestimated the actual geomorphic channel network. 
We overlaid contour lines of elevation, and individually clipped the over-extended channel 
network to the exact location of the channel head, inferred from the contour lines. We then 
determined an average drainage area threshold for channel initiation for the Fox and Dry 
watersheds individually, which we used as representative values for the Coastal and Central 
belts, respectively, and applied to the Elder and Hank watersheds to produce their geomorphic 
channel network maps (as individually clipping all tributaries of each of these smaller channel 
networks was an incredibly cumbersome, time consuming process). 

To create slope maps of the geomorphic channel networks, we extracted the elevation, 
drainage area, and X-Y UTM coordinate of each pixel in the geomorphic channel network. In the 
Python programming environment, we then determined the channel slope of each pixel by 
moving down the channel network from pixel to pixel until a set threshold elevation drop 
occurred (we used 3 m in our analyses), and estimated the slope by dividing the elevation drop 
by the summed distances (using the Pythagorean theorem) between pixels.  

Unchanneled valleys were not included in this drainage density analysis, although over 
geomorphic time scales these features may be periodically occupied by channels (Dietrich et al., 
1987). 

All tributaries with drainage areas on slopes with an average aspect value between 315 
and 45° were classified as ‘south-facing tributaries’. All tributaries with drainage areas 
occupying slopes with an average aspect value between 135 and 225° were classified as ‘north-
facing tributaries’. These sub-watersheds were classified as ‘north, or south-facing’ (Figure A.2). 
The combined WCDD for all south-facing (and north-facing) tributaries was determined by 
summing the wetted channel length of all south-facing (and north-facing) tributaries, and 
dividing by these tributaries’ total drainage area. Main channels (i.e. the Elder main channel) 
were not included in analysis because they bordered both north and south-facing watersheds. 
This biased both north and south-facing WCDD values to be abnormally low. Therefore, these 
values should only be compared with each other, and not as WCDD values for entire watersheds. 

The Fox watershed has no up-to-date rating curve, so, Elder’s unit area runoff (calculated 
from Elder discharge at the USGS gaging station) was used to estimate Fox discharge, which 
was used to obtain values of b for the Fox WCN (b represents the percentage change of the 
WCN, per percentage change in discharge (WCDD = Qb), see section 5.6 for details about b 
values). 
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See README sections in the CZO data repository for more detailed methods pertaining 
to each survey. 
 
 
Results 
4.1    Channel networks in a watershed Setting 

The mean gradient (average slope of all 1 m2 pixels) in the Fox and Elder watersheds is 
51.3% and 50.4%, respectively (50.6% combined). The Hank and Dry Creek watersheds, in 
Sagehorn, have much lower mean hillslope inclinations (30.2% and 27.9% for Dry and Hank, 
respectively, and 28.8% combined). One might expect, all else being equal, the steeper Angelo 
channels to have a higher channel density, as it presumably takes less runoff (and hence smaller 
drainage area) to initiate a channel on a steeper channel (e.g. Dietrich and Dunne, 1993). But all 
else is not equal. The underlying lithology leads to differences in size and strength of sediment 
produced, and dominant hillslope and channel transport processes.  

Figure 8a shows the longitudinal profile of all geomorphic channels within each surveyed 
basin in four separate panels, on the same scale. In this figure, the channel network in each 
profile was derived from drainage area thresholds of 6180 m2 for the Fox and Elder creek 
watersheds, and 1085 m2 for the Hank and Dry Creek watersheds. All the profiles have 
knickpoints, with some more pronounced than others. Generally, the Fox and Elder channel 
networks are steeper than Dry and Hank, and overall, concavity is greater in Angelo compared to 
Sagehorn. 

The knickpoints in the Fox and Elder profiles are interpreted to record upslope incision. 
Initiated at the mouths of these networks, as a result of the pulse of uplift, associated with 
northward migration of the MTJ, incision has propagated upslope, undermining the boulder 
armor that previously existed in downstream channel beds. In Elder, the most downstream 4.2 
km of channel maintains a consistent slope (~3%), and is characterized by shorter patches of bare 
bedrock, alternating with longer reaches of coarse gravel-, cobble-, and boulder-sized alluvium, 
and by distinct bedrock terraces adjacent to the stream (Seidl and Dietrich, 1992). 

Seidl and Dietrich (1992) surveyed Elder, and found that 70% of the 4.2 km downstream 
reach was thinly veneered by coarse sediment, while 30% was exposed bedrock. Immediately 
upstream of the low-sloped, 4.2 km reach, slope increases dramatically to an average of 17% 
over the remaining four kilometers of channel. One might expect the number and extent of bare 
bedrock patches to increase upstream as channel gradient increases. To the contrary, the bed 
material coarsens considerably and bare bedrock reaches are rarely visible in the upper four 
kilometers of Elder’s mainstem (Seidl and Dietrich, 1992) (see Figure A.3 for Fox and Elder 
observed lithology map). In the steep, upstream portions of both the Elder and Fox channel 
networks, large boulders several meters in diameter become increasingly common. This shift in 
grain size correlates with a change in the mode of delivery of material to the channel and in 
channel morphology. In high gradient streams, the occurrence of cascades and pools coincides 
with areas of large-sized material delivered to the channel by debris flows, while riffle units are 
typically found in reaches characterized by finer alluvial sediment (Grant et al., 1990). This type 
of channel morphology is very evident in the upstream portions of both Fox and Elder. 
            In Elder and Fox there is abundant evidence in tributary fan deposits that periodic debris 
flows sweep down all smaller tributaries entering Elder, and sweep the entire length of Fox to a 
fan deposit transition to the main stem South Fork Eel. However, there has been limited activity 
recorded in historical times, so earthflows and debris flows have not been common, at least in the 
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Figure 8a. Longitudinal profiles for all geomorphic channels within each surveyed watershed 
(see following page for continuation of Figure 8a caption).  
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Figure 8a. From top of previous page to bottom of this page are the Hank, Elder, Fox, and Dry 
Creek profiles, respectively. Channel networks in the Coastal Belt (Elder and Fox) are much 
steeper than those of the Central Belt (Hank and Dry). The overall relief in the watersheds is also 
greater in the Coastal Belt. The longitudinal profiles for each watershed have the same horizontal 
and vertical scale to aid in network comparison. Channels with drainage areas greater than 1 km2 
are bolded for the distinction of mainstems from the rest of the network.
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Holocene. In Elder, the headwaters branch into two dominant steep tributaries with irregular 
profiles, broken by significant knickpoints. The Fox Creek profile is similar in that it transits 
from debris flow to fluvially dominated deposition in its downstream reaches, as the channel 
crosses a debris flow fan and enters the South Fork Eel; and, in that it splits into multiple 
tributaries, all with irregular profiles broken by knickpoints. However, incision hasn’t propagated 
as far upstream in Fox, leaving it with a higher percentage of its upper channel network suffused 
with coarse fill, compared to Elder. Consistent with the observed debris flow deposits at their 
mouths, all tributaries draining into the main stem of both Fox and Elder are steeper than 10%; 
slopes found to be associated with channel incision by debris flow processes (Stock et al., 2005). 

Despite an abundance of argillite (argillite bedrock was observed to underlay 
approximately 65% (±5%) of the Fox and Elder watersheds, based on lithologic data collected in 
these surveys) in the landscape, the gravel and boulders mantling the channel bed are nearly 
entirely sandstone, as argillite comminutes very quickly by slaking, when exposed to wetting and 
drying. 

Woody debris blocking channels is not common in either WCN. Channels closer to the 
mouth are widest, and woody debris does not often span the entire width of the channel to create 
logjams. This could be due to a legacy of the 1956 and 1964 megafloods that likely rafted 
accumulated woody debris out of Fox and Elder. The percentage of the height-drop associated 
with logjams from the mouth of Elder to the headwaters of its highest channel is 5.5% and for 
Fox, this value is 4.6%. Steep, narrow channels, closer to the headwaters are most influenced by 
woody debris, and accordingly, the highest percentage of height drop, associated with logjams 
for an entire tributary, was 18.1% for a steep, narrow, north-facing Elder channel. The location 
of logjams observed in Fox and Elder during the 2014 data collection rounds are shown in Figure 
A.4, and are color coded by height drop.   

 Hank appears to have the most continuous profile of the four surveyed channel networks, 
but with subtle concavity and local knickpoints (Figure 8a). The most pronounced of these 
knickpoints in either Hank or Dry is a knickpoint, located at the mouth of Dry Creek, that arose 
due to the input of megaboulders from adjacent hillslopes, as opposed a bedrock step. This type 
of megaboulder knickpoint is the most common form of knickpoint in the Central Belt mélange 
(Roering et al., 2015). Outside of these knickpoints, the slopes of Hank and Dry’s mainstems are 
much lower than those of Elder or Fox (generally ranging from 0.1-3.0%), though slopes do 
increase above 10% in the most upstream portions of the Hank and Dry mainstems.  

In the channel bed of the mainstem of both Hank and Dry, sediment is generally much 
smaller than the large boulders and cobbles present throughout the Fox and Elder channel 
networks. Shallow alluvial fans are located at the mouths of many tributaries, but no evidence of 
debris flow deposits is present in either of the Sagehorn watersheds.  
            Very little bedrock is exposed throughout the Hank and Dry channel networks (see 
Figure A.5 for a lithology map of the Hank and Dry watersheds). However, this lack of apparent 
exposure is likely due to the weakness of the mélange matrix, as opposed to large boulders 
armoring the channel bed, preventing flow incision into bedrock; the conditions we observe to 
cause the lack of bedrock exposure in Angelo. Unlike the sandstone, and argillite bedrock 
underlying the Fox and Elder watersheds, and the coherent metasedimentary and sandstone 
blocks locally embedded in the mélange, the fresh bedrock of the mélange matrix is soft, and 
readily erodes, and liquefies into fine particles when exposed to concentrated flows. Because of 
its softness, the mélange matrix fresh bedrock typically visually appears as soil or saprolite, and 
is often not recognizable as bedrock, even if it does line channel beds.   



 

 

  
Figure 8b. Slope map of all surveyed channel networks. See following pages for all Figure 8a figures. Further description on p. 35.  
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Slope maps for Hank, Elder, Dry and Fox Creek channel networks respectively, from top of 
previous pages to this page. Color bar to the right of each channel network shows the channel 
gradient range associated with discrete colors. The following sentence matches each color to a 
channel gradient range, with the corresponding bed morphology in parentheses. Dark blue: 0-1% 
(bar-pool), green: 1-3% (bar-pool to step-pool); yellow: 3-10% (step-pool to boulder cascade); 
orange: 10-20% (boulder cascade); and red >20% (boulder cascade). The warmer colors in the 
Elder and Fox channel networks as opposed to cooler colors in the Hank and Dry channel 
networks show that both the main stem and the tributaries of Angelo channel networks are much 
steeper than the Sagehorn channel networks. Note that any gaps (blank segments) in the Elder 
and Hank channel networks are artifacts of the methods used to generate these channel networks, 
that resulted in some short, low-sloped channel segments not being depicted. These artefactual 
gaps are also present in the Fox and Dry channel networks, but most of the gaps in these 
networks illustrate non-artefactual disjointed channels. Also note that both the x and y-axis have 
the same scale, and are in meters, but the y-axis has an arbitrary starting point, while the x-axis 
uses values associated with NAD83 UTM Zone 10.
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Figure 8c. Slope vs drainage area plot of all m2 pixels within the Fox and Dry geomorphic channel networks with Angelo and 
Sagehorn flowheads superimposed and shown in histogram. Data points are color coded by watershed, with Fox Creek points in blue, 
and Dry points in red. All 2014 and 2015 flowheads, collected in the field are represented by squares, outlined in black, and are shown 
in the histogram above the plot. The histogram and the plot both show that flowhead drainage areas span six orders of 
magnitude in both Angelo and Sagehorn. All watersheds show a shift from a weakly convex profile to a significant increase in 
slope with drainage area at slopes above 10%.
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Earthflows are active on the steeper mélange slopes, and often deliver large, coherent 
blocks of metasedimentary material to the channel. These blocks are hard, and erode at a very 
slow rate when exposed to flow in the channel bed, so, without a process to remove these large 
boulders, this large sediment remains in the location where it entered the channel for long time 
periods, locally increasing channel slope. Consequentially, channel reaches downslope of active 
earthflows typically correspond to megaboulder knickpoints.   

Woody debris is less common in Sagehorn channels compared to Fox and Elder, and 
accounts for less than 1.0% of the height drop along both the Hank and Dry longitudinal stream 
profiles. Reduced tree and chaparral cover in Sagehorn (28.3%), compared to Fox and Elder 
(>90.0%), results in the reduced supply of woody debris entering Sagehorn channels. This 
reduced supply, rather than wider, or lower sloped channels, likely accounts for the lower total 
percentage of height drop associated with logjams throughout the Sagehorn stream profiles.  

Figure 8b shows the Elder, Hank, Fox and Dry channel networks, color-coded by slope, 
on the same scale (other than the Fox channel network, which is 2x enlarged for visual 
enhancement). Figure 8c shows a slope vs area plot for the Fox and Dry creek channel networks, 
color-coded by watershed, with a histogram above showing the number of flowheads binned by 
drainage area for both Angelo and Sagehorn. The profiles in Figure 8a, the channel networks 
depicted in Figure 8b, and the plot shown in Figure 8c show that most of the Fox (and Elder) 
channel network(s) have slopes greater than 10%, with most tributaries maintaining gradients 
over 20%. Consistent with the observed debris flow deposits at their mouths, all tributaries 
draining into the main stem of both Fox and Elder are steeper than 10%, slopes found to be 
associated with channel incision by debris flow processes (Stock et al., 2005). In all channel 
networks, there is a shift from a weakly convex profile (where slope declines slowly with 
increasing drainage area) above 10% slopes to a significant increase in slope with drainage area 
on channels below 10% (Figure 8c).  

While the Hank and Dry mainstems have slopes generally below 3%, their tributaries 
have much higher average slopes (>10%), that should put the majority of these tributaries in 
debris flow dominated sediment transport regimes (Figures 8b and 8c). However, as previously 
mentioned, the hillslopes these tributaries are located on show no evidence of relict debris flows. 
Because the mélange matrix weathers into fine particles, it cannot produce gravel sized blocks of 
bedrock, so channels do not become loaded with coarse sediments. Furthermore, the mélange 
matrix is mechanically weak and can be entrained by concentrated water runoff, liquefying 
unlike most bedrock. The frequent overland flow events, due to the shallow weathered bedrock 
zone, leads to concentrated flows, which can cut through the grass mantle and progressively cut 
into the mélange. These channels are commonly not deeply incised into the landscapes, and 
consequently they have similar slopes to mean hillslope gradient. Therefore, despite the fact that 
most Sagehorn tributaries have slopes > 10%, where debris flow processes should dominate 
(Stock et al., 2005), we find that fluvial scour is likely the dominant sediment transport process 
in these tributaries. 

Figure 9 illustrates the channel network of the Fox Creek watershed (representative of the 
Coastal Belt), compared with the channel network of the Dry Creek watershed (characteristic of 
the Central Belt). Fox Creek has a drainage density of 7.89 km/km2, while Dry Creek’s drainage 
density is 16.91 km/km2. Although these two watersheds experience similar climate, they have a 
> 2x contrast in drainage densities due to differences in their underlying lithology. Greater 
channel density in the mélange is consistent with the frequent winter occurrence of saturation 
overland flow, as discussed above. 



 

 

 
 

Figure 9. Drainage density comparison of Fox and Dry Creek channel networks. As part of the Central Belt in Sagehorn, the Dry 
Creek watershed has over twice the total channeled drainage density of the Fox Creek watershed (part of the Coastal Belt in Angelo) 
because it is in a ‘water shedding’ hydrological regime, in which overland flow occurs at small drainage areas and carves 
gullies into hillslopes. Fox Creek has a thicker critical zone, and overland flow occurs only at large drainage areas.
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16.91	km/km2

Fox	Creek:
Coastal	Belt

Drainage	Density	=	
7.89	km/km2

38  



 

 

39 

Figure 9 shows, that in both Fox and Dry, a few channels lose their geomorphic channel 
form downslope, developing into hollows rather than channels (portrayed by u-shaped contours, 
as opposed to v-shaped contours). We termed this specific subset of channels ‘disjointed 
channels’. Channels typically become disjointed when the slope of the hollow decreases, 
corresponding to a loss of potential shear stress (e.g. Montgomery and Dietrich, 1989). Some 
‘disjointed channels’ reform into geomorphic channels downslope, where slope becomes 
sufficient to generate the shear stress necessary for channel initiation during storm events. Had 
we used a slope area dependency for channel initiation, we may have captured these ‘disjointed 
channels’ for the Elder and Hank watersheds. But, because the channel networks of Elder and 
Hank were developed, based on a set drainage area threshold (see Methods section), instead of 
being visually interpreted from contour data, there are no segments that lose their geomorphic 
channel form, morphing into hollows, rather than channels, depicted in the Elder or Hank 
channel networks. However, these ‘disappearing channels’ were observed in both the Elder and 
Hank watersheds. In general, there was a higher density of ‘disjointed channels’ in the Fox and 
Elder watersheds, compared to the Dry and Hank watersheds. 
 
Angelo Coastal Range Reserve Results 
4.2.1     Similarities in adjacent watersheds WCDDs  

In the early summer of 2014, adjacent watersheds (Fox and Elder) of much different sizes 
(2.75 km2 and 17.0 km2) in the Angelo in the Coastal Belt exhibited nearly identical wetted 
channel drainage densities (WCDDs) of 1.95 and 1.93 km/km2 for Fox and Elder, respectively). 
Figure 10 shows the Elder and Fox Creek early summer 2014 wetted channel networks (WCNs), 
nested within their respective channel networks, with shaded relief in the background. In this 
figure, all flowing segments of channel are represented by dark blue lines, all dry channels are 
symbolized by brown lines, and unobserved channel segments are represented by red lines. 
These figures are included to show that the early summer WCNs represent only 24.8%, and 
23.8% of the total channel network for Fox and Elder, respectively. One other striking feature is 
how high up the channel network the wetted channels extend. All the major canyons sustain 
wetted channels. The reason this low proportion of the network is wetted is because of the high 
density of small, steep, first and second order dry channels. 

By the late summer, WCDDs decreased to 1.44 and 1.43 km/km2, for Fox and Elder, 
respectively. Figure 11 shows the Elder and Fox mapped wetted channel networks, respectively, 
during the late summer of 2014, with shaded relief in the background. These maps show the 
different categories of wetted channels (continuous, discontinuous, and flowing in early summer, 
but dry by late summer) without the entire dry channel network in the background. In these 
maps, dark blue lines represent continuous channels, light blue lines represent discontinuous 
wetted channels, magenta lines represent unobserved channels, and red lines represent channels 
flowing in the early summer, but dry by the late summer. The decline in WCDD equates to a 
modest overall 25.7% decrease in WCDD in Angelo (26.1% for Fox and 25.6% for Elder). 
Figures A.6 and A.7 show Figures 10 and 11, respectively, underlain by 10-m contours instead 
of shaded relief.  

Most of the error in the densities is likely associated with accuracy of the locations of 
transitions between wet and dry segments, mapped in the field. This aspect of the percent error is 
impossible to calculate, but we surmise that percent error associated with mapping for the 2014 
data is ~± 2%. Additionally, error is introduced if specific channel segments were not mapped in 
the field. During analysis of Angelo WCN data, we estimated that for the early and late summer,  



 

 

 
 

Figure 10. Elder (top right) and Fox Creek (bottom left) early summer 2014 wetted channel networks nested within their geomorphic 
networks, underlain by shaded relief. Flowing portions of the early summer 2014 Angelo channel networks are represented by dark 
blue lines. Channel segments not observed in the field are symbolized by red lines, and dry channels are illustrated by brown lines. 
Both Fox (2.75 km2, bottom left) and Elder (16.97 km2, top right) are on the same scale, with the scale bar beneath indicating their 
relative sizes. Note that the Fox watershed borders the northwest of the Elder watershed (see Figure 3), but is shown in this 
figure, (and Figure 11) as being located southwest of Elder for spatially illustrative purposes. Additionally, note that these same 
wetted channel data, underlain by 10-m contours are shown in Figure A.6.  

- Dry	channel	segments
- Flowing	channel	segments
- Not	observed	channel	segments
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Figure 11. Elder (top-right) and Fox Creek (bottom-left) late summer 2014 wetted channel maps underlain by shaded relief. The 
continuous network (dark blue), the reaches that were dry in the late summer, but wet in the early summer (red), the wetted channel 
that is not continuously connected to the outflow channel system (light blue) and wetted channel segments not mapped in the field 
(maroon) are represented by distinctly colored lines. Blank zones (no color lines), separating the colored channels are reaches 
that were already dry in the early summer. 

- Flowing,	continuous	channels
- Not	observed	channel	segments
- Flowing,	discontinuous	channels
- Channels	flowing	in	early	summer,			
dry	by	late	summer
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respectively, 577 m and 442 m of Elder channel length was not mapped in the field correlating to 
potential WCDD increases of 0.034 and 0.026 km/km2 for early and late summer respectively. 
And, 93 and 26 m, of Fox early and late summer channel length, respectively, was not mapped in 
the field, correlating to potential WCDD increases of 0.034 and 0.009 km/km2 for the early and 
late summer respectively.  

Because Fox surveys were completed prior to the Elder surveys, Fox’s slightly higher 
WCDDs (0.02 and 0.01 km/km2 (or 1.3% and 0.7%) greater in Fox than Elder for the early and 
late summer, respectively) may record slightly higher discharge, but the differences are so small 
that the opposite is to be concluded: the two independent watersheds, differing by a factor 6 in 
drainage area maintain remarkably similar WCDDs throughout the summer flow decline. 
Throughout winter months, during many years of research at the Angelo, we have not observed 
overland flow outside of the channel networks at the Angelo (excluding dirt roads and exposed 
bedrock) even in heavy storms. Using drainage density data reported above (section 4.1), the 
theoretical maximum winter WCDD is 7.89 km/km2, yielding a maximum WCDD decline of 
81.9% between such a rare peak storm event and the late summer low flows.  

2012 summer surveys were not as comprehensive, and were therefore more prone to error 
(see Methods section), but these surveys show the same result of similar WCDDs among the two 
channel networks. Early summer 2012 WCDDs were 2.09 and 2.01 km/km2 for Fox and Elder, 
respectively. By the late summer of 2012, WCDDs had decreased to 1.52 and 1.60 km/km2 for 
Fox and Elder, respectively (see Figures A.8a and A.8b for Elder and Fox 2012 early and late 
summer wetted channel maps, respectively). Despite the larger uncertainty in the 2012 surveys, 
the WCDDs are nearly identical. The annual rainfall, however, was 1630 mm in 2012 and 1027 
mm in 2014. Table 3 shows that Elder’s discharge in the early summer of 2012 was 0.06 m3/s, 
while its discharge in the early summer of 2014 was 0.08 m3/s. This is a result of the 2012 early 
summer surveys being conducted later in the summer season; from early June to late July, while 
2014 early summer surveys were conducted from late May to early June. By the end of summer, 
the discharge in 2012 was twice that of 2014 (0.02 versus 0.01 m3/s despite the 2012 late 
summer surveys being conducted a month after the 2014 surveys, within the calendar year). 
These data show that the summer wetted channel extent is relatively insensitive to differences in 
baseflow.   
 
4.2.2   Stable isotope data 

Using 18O and 2H isotope samples collected at flowheads, and data points taken in 
channels in the Fox and Elder watersheds during the summer of 2014, we observed that stream 
water and water emerging from flowheads were nearly isotopically identical in the early and late 
summer. Figure 12 shows a subset of the 2014 data, with 43 isotope samples selected to 
encompass the diversity of samples taken throughout the Fox and Elder watersheds (i.e. 
proportional amounts of data points are represented from: north and south-facing slopes, 
flowheads and channel water, and the Fox and Elder watersheds). The data are presented on a 
dual isotope graph, with the meteoric waterline for the region for reference. Each early summer 
isotope sample has a matching late summer sample, collected in the exact same location to 
compare isotopic differences between the early and late summer. In Figure 12, each data point is 
categorized in three different ways: 1) by data point type (i.e. flowhead or channel data point), 2) 
by data collection round (i.e. early summer or late summer), and 3) by elevation. When 
comparing early and late summer datasets, it is clear there is no systematic offset of late summer 
isotope samples being ‘heavier’ than early summer samples, which would occur if the water had 



 

 

 
 
Table 3. Watershed, wetted channel, and flowhead characteristics for all field surveys. This table shows continuous, and total wetted 
channel length data in addition to Elder Creek discharge data, WCDD data, and flowhead retraction and stability data for each 
watershed and round. N/A refers to ‘not available’. Flowhead stability and retraction data were not collected during the 2012 surveys, 
hence the N/A in the flowhead, and retraction columns for both rounds of 2012 surveys. Rounds 1 and 2 refer to the early and late 
summer surveys, respectively. The rows are organized by watershed, and color-coded by round with identical colors symbolizing data 
collected in the same round to enhance visual perception, similar to Table 2. 
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Figure 12. Dual stable isotope plot showing isotope data collected throughout the Elder and Fox watersheds. Data point symbols are 
categorized in three ways: by type (flowhead and mid-channel data points are represented by triangles, and squares, respectively), by 
round (early summer, and late summer data characterized by closed and open symbols, respectively), and by color (warmer, and 
cooler colors correspond to isotope data collected at lower, and higher elevations, respectively). 
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been subjected to evaporative enrichment. This suggests that water storage within the hillslope is 
much deeper than the evaporative front, which confirms our original hypothesis that hillslope 
water storage occurs deep in the seasonally saturated zone, far below the evaporative front.  

Figure 12 shows there is no systematic isotopic offset between flowheads and data points 
taken in channels. The only systematic signal observed in the isotope data was a lightening, or 
negative enrichment of isotopes at higher elevations. Higher elevations and peaks cause an 
orographic enrichment that results in heavier water vapor in clouds, preferentially falling before 
lighter water. This enrichment occurs as a result of isotopic fractionation during condensation, 
removing heavier isotopes in the vapor, so that subsequent rain is condensed from lighter water 
vapor. This type of orographic isotopic fractionation has been well documented in stable isotope 
studies using precipitation samples (e.g. Poage and Chamberlin, 2001). However, less work has 
been done to quantify upslope stable isotopic depletion in streamflow. In Angelo, summer 
streamflow is derived from groundwater, and groundwater is comprised of a mix of precipitation 
from the previous wet season, and older water held within low conductive pores in the 
subsurface matrix. So this trend of upslope isotopic depletion, observed for precipitation samples 
in previous studies should not necessarily correlate to the same signal in streamflow. 
Nonetheless, our data show that the mixing of more recent precipitation with older water, held in 
the subsurface, does not obscure the trend of upslope isotopic depletion, observed for 
precipitation.  

Isotope data collected in Sagehorn showed a similar orographically induced trend, with 
more negative isotopic values occurring at higher elevations. However, fewer isotope data were 
collected in Sagehorn, and this trend was not as marked as in Angelo. Figure A.9 shows a plot of 
these data. 
 
4.2.3   Flowhead stability over summer months 

Figure 13 shows the mapped location of each flowhead in Elder, in addition to the wetted 
channel network portrayed in Figure 11, overlain by 10-m contours. These flowheads are 
categorized two ways: by topographic setting and temporal dynamics. As Figure 13 shows, the 
flowheads in non-topographically convergent zones line the walls of the valley bottoms, as 
compared to the flowheads in convergent areas that occur in line with the channel network and 
are frequently at, or close to a geomorphic channel head. Note that the network depicted in 
Figure 13 represents the late summer WCN relative to the early summer WCN, while the 
flowhead symbols indicate where flowheads were in the early summer (blue or green), and 
subsequently dried up by the late summer (brown). This map uses the same wetted channel 
color-coding as Figure 11, showing different categories of wetted channels (continuous, 
discontinuous, unobserved and flowing in early summer, but dry by late summer) without the 
entire dry channel network in the background. 

Surprisingly, 64.1% of all Elder flowheads were at sites with little or no topographic 
depression. In 2014, in Elder and Fox combined, only 3.9% (3.6% in Elder, and 6.1% in Fox) of 
the 228 flowheads retracted downslope over the summer months (the red circles in Figure 13). 
See Figure A.10 for the same Elder flowhead and wetted channel data map, underlain by shaded 
relief instead of 10-m contours, and see Figure A.11 for a similar flowhead and wetted channel 
map of the Fox watershed, underlain by 10-m contours.  

Of the 228 Angelo flowheads, 16.2% (17.4% in Elder, 9.1% in Fox) ceased flowing over 
the summer months (brown). This leaves 79.8% (79.0% in Elder and 84.8% in Fox) of these 
flowheads continuing to initiate flow from the exact same location. Furthermore, the retraction of  
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Figure 13. Elder Creek flowheads and late summmer wetted channels, symbolized by type, 
underlain by 10-m contours. Wetted channels use the same color coding as Figure 11, shown in 
the legend above. Flowheads that originated in convergent areas (hollows) are marked by circles. 
Flowheads with little or no topographic convergence are marked by triangles. Dynamics are 
marked by color: fixed or flowing (blue or green), retracted downslope (red), dried up and wetted 
channel eliminated (brown). The percentage of the total number of Elder flowheads is shown to 
the right of the flowhead legend. Note that the only retractions were in topographically 
convergent slopes, hence, there are no red triangles. 64.1% of Elder Creek early summer 2014 
flowheads were positioned in locations with little to no topographic depression. These flowheads 
typically occurred as springs, emerging from a bedrock fracture at or near the base of hillslope. 
Only 3.6% of flowheads retracted downslope over summer months. These data combine to 
further suggest that fracture-flow fueled preferential flowpaths control the Elder Creek WCN.

:	In	topographically	convergent	zone,	
flowing	in	late	summer

:	In	non-topographically	convergent	
zone,	flowing	in	late	summer

:	In	topographically	convergent	zone,	
retracted	downslope	by	late	summer

:	In	topographically	convergent	zone,	
dried	out	by	late	summer

:	In	non-topographically	convergent	zone,	
dried	out	by	late	summer

Elder	2014	Flowheads	by	type %	of	total	flowheads	(195)
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6.2%
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- Flowing,	continuous	channels
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the two flowheads in Fox and seven flowheads in Elder (red circles) accounted for only 2.43%, 
and 0.95% of the total decrease in flow length within the Fox and Elder watersheds, respectively. 
The density of flowheads was 11.6 flowheads/km2 in early summer of 2014 (12.0 and 11.5 
flowheads/km2 for Fox and Elder, respectively), and 9.6 flowheads/km2 in late summer (10.2 and 
9.5 flowheads/km2 for Fox and Elder, respectively) (Table 3). The fact that nearly 80% of all 
flowheads in Fox and Elder continued to flow from the same location from the early to late 
summer suggests that base flow in Fox and Elder is controlled by these springs, and shows the 
very stable nature of the subsurface hydrologic regime within the Coastal Belt. (Here we use 
‘stable’ to define systems that exhibit a lack of change in flowhead positioning and/or WCDD 
with fluctuations in discharge).  

 
4.2.4   Percentage of Elder Creek discharge from flowheads 

The mapped flowheads define points of visible exfiltrating water (i.e. springs). The 
distribution of flowheads (in both convergent and non-convergent topographic settings) in both 
Fox and Elder Creeks indicates that large areas of the watershed likely do not feed visible springs 
(Figure 13). In these areas groundwater drainage from hillslopes probably enters streams as 
either diffuse (and thus difficult to map) exfiltrating flows along the channel walls or bed, or as 
more concentrated flows that enter the channel below an alluvial infill. These paths are not 
mappable. Though the observed channel flowheads are relatively stable throughout the summer, 
the discharge from them clearly declines significantly between early and late summer.   

To estimate the percentage of discharge in Elder Creek, accounted for by known 
flowheads, we measured wetted channel width and depth of each flowhead and then used an 
approximate velocity of the flow. In 2014 early summer, the sum of all 195 Elder flowheads’ 
cross-sectional area equated to a total of 1.03 m2, and by the late summer, the sum of all 160 
Elder flowheads equated to 0.35 m2 of cross-sectional flow area. The velocity of flow was 
estimated to be about 2 cm/s in early summer and closer to 1 cm/s in late summer (visual 
estimation based on tracing surface floats). This leads to a discharge in the early summer 
equivalent to 26% of the measured discharge at the USGS gauging station, and 23% in late 
summer. If all of the runoff originated at these flowheads, the velocities would have had to be 7.6 
cm/s in early summer and 4.2 cm/s in late summer. These velocities are too high, thus, 
supporting the interpretation that the flowheads account for a portion (roughly 25%) of the 
runoff. However, only 35% of the total flow from early summer flowheads, and 43% of the flow 
from late summer flowheads were connected to Elder (or went hyporheic within 5 m of a 
continuously connected channel). This indicates that 65%, and 57% of the flow from early and 
late summer flowheads, respectively, flowed subsurface for a significant distance before 
reaching a continuous portion of the Elder channel network. 

The total drainage area (derived from surface topography) of all 195 Elder flowheads is 
equivalent to 26.7% of Elder’s drainage area at the USGS gauging station. However, subsurface 
fracture flow routing does not necessarily sense surface topography, so the potential subsurface 
drainage area for any given flowhead was allowed to cross subtle, but not pronounced 
topographic divides (see Figure A.12 for map of polygons, delineating each Elder flowhead’s 
potential subsurface drainage area). The potential subsurface drainage areas of all Elder 
flowheads, combined, equated to 34.7% of Elder’s drainage area at the USGS gauging station. 
This value likely represents the highest possible percentage of flowhead drainage area, while 
26.7% represents the low end, suggesting that the true subsurface drainage area is somewhere in 
between these two values. The data presented here show that the percentage of Elder discharge, 
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initially emerging from flowheads, and the percentage of Elder drainage area, draining to 
flowheads, is quite similar. This suggests that flowheads only occur in locations with the right 
combination of topography and fracture positioning and orientation, and that in the rest of the 
landscape (not quantified by flowhead drainage area), water is entering the channel network via 
groundwater flow directly into the channel. 

 
4.2.5   Aspect related hydrological comparisons 

We hypothesized that springs on south-facing slopes are more likely to reduce in 
discharge or become dry in the summer because of greater solar radiation and evapotranspiration 
demand. Some support for this hypothesis is presented next, but it is not definitive. 

In the early summer of 2014, Elder had a flowhead density of 12.2 flowheads/km2 on 
north-facing slopes, and 10.2 flowheads/km2 on south-facing slopes (note that ‘north and south-
facing’ slopes combine to account for approximately 60% of the Elder watershed. See Figure A.2 
for more detail, pertaining to the classification of north and south-facing watersheds). However, 
flowheads on south-facing tributaries released twice as much flow per flowhead (using wetted 
cross-sectional area data) than north-facing flowheads in the early summer.  

By the late summer, flowhead density had decreased to 10.3 flowheads/km2 on north-
facing slopes and 8.3 flowheads/km2 on south-facing slopes, with 18% of the 38 south-facing 
flowheads ceasing to flow, and 15% of the 79 north-facing flowheads ceasing to flow. The 
south-facing flowheads’ water production decreased far more rapidly than north-facing 
flowheads over summer months, with these flowheads that did continue to produce flow, on 
average, maintaining only 55.5% of the cross-sectional flow area of north-facing flowheads by 
the late summer, per flowhead. Though flow in south-facing channel networks in Elder was 
sustained by flowheads, this flow went subsurface very shortly downstream in both the early and 
late summer, in comparison with north-facing channel networks, which often sustained 
downstream flow all the way into main channels (Figure 13). Additionally, Elder south-facing 
WCDDs were 1.02 km/km2 in early summer, and decreased to 0.33 km/km2 (over 3-fold) by late 
summer, while the WCDD of the north-facing slopes decreased from 1.83 to 1.41 km/km2 
(21.3% decrease).  

The Fox Creek WCN did not exhibit the same dichotomy in surface hydrology in north 
vs south-facing slopes, as observed in Elder. Because Fox is much smaller than Elder, Fox only 
had four flowheads on south-facing slopes, but none of these flowheads dried out, or retracted 
downslope. Furthermore, south-facing WCDDs were higher than north-facing WCDDs in both 
the early summer (1.42 km/km2 and 1.86 km/km2 for north and south-facing slopes, 
respectively), and the late summer (0.74 km/km2 and 1.34 km/km2 for north and south-facing 
slopes, respectively). This suggests that other factors (such as geomorphic history), have a 
stronger influence on the Fox WCN than increased solar radiation outputs due to aspect 
orientation.   
 
Sagehorn Ranch Results 
4.3.1     Differences in adjacent watersheds WCDDs  

During the early summer of 2015, in the Central Belt mélange of Sagehorn, surveyed 
drainage networks were relatively dry in comparison to Fox and Elder in the Coastal Belt. The 
Dry and Hank watersheds (3.54 and 5.59 km2, respectively) had WCDDs of 0.87 and 1.23 
km/km2, respectively, making the WCDD in Hank 28.7% higher than in Dry (Figures 14 and 



 

 

 
 
Figure 14. Hank (top) and Dry (bottom) early summer wetted channel map, underlain by 10-m contours. Blue lines denote channel 
segments wetted during the early summer surveys, brown lines represent dry channels, and red lines represent channel 
segments not observed during the early summer 2015 surveys. Figure A.13 shows the same Sagehorn WCN data, underlain by 
shaded relief.  

- Dry	channel	segments
- Wetted	channel	segments
- Not	observed	channel	segments
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A.13) Hank had a higher WCDD in the early summer, but by the end of the summer, in both 
Hank and Dry, wetted channel segments were reduced to either short reaches below springs or 
isolated pools (Figures 15, A.14, A.15 and A.16). As a result, the WCDDs were only 0.15 and 
0.12 km/km2, in Dry and Hank, respectively. Between the early and late summer surveys, 
WCDD in Sagehorn decreased by 87.1% (82.5% in Dry and 90.1% in Hank). Figure 15 also 
shows (in orange) outcrops of sandstone blocks in the mélange. Most springs occurred at the 
downslope boundary of a sandstone block. Not all blocks emitted springs, however. Downslope 
of the late summer flowheads, the wetted channel typically terminated within 5 to 50 m.  

Because early summer 2015 data collection was mapped using 10-m contours (see 
Methods section), we postulate that the percent error associated with this round of data is ~± 3%, 
while the error associated with late summer 2015 data collection is likely ~± 1%, as 1-m 
contours were used in this mapping round. For the early and late summer surveys, respectively, 
61 m and 112 m of Hank channel length was not mapped in the field, correlating to potential 
WCDD increases of 0.011 and 0.020 km/km2 for early and late summer respectively. And, 504 
and 2 m, of Dry early and late summer channel length, respectively, was not mapped in the field, 
correlating to potential WCDD increases of 0.142 and 5.0 x 10-4 km/km2 for the early and late 
summer, respectively. During the peak period of winter storms, we observed extensive saturation 
overland flow that caused the entire channel network to be wet, with flow even extending beyond 
geomorphic channel heads, up into unchanneled valleys. Hence, using the drainage density value 
of the entire channel network (see section 4.1), during the winter, the Dry and Hank WCDDs 
were likely greater than 16.91 km/km2.   
 
4.3.2   Flowhead stability over summer months 

In the early summer of 2015 in Dry and Hank Creeks, a total of only 37 total flowheads 
were mapped. Subsequent inspection of vegetation patterns suggested that some flowheads were 
missed. In early summer of 2016, five additional flowheads were found (suggested by vegetation 
clustering), which we hypothesize were also present in 2015, bringing the total early summer 
flowheads to 42. Of these 42 flowheads, 39 were springs emerging from, or downslope of 
sandstone blocks in the mélange (Figure 15). None of the 42 flowheads retracted downslope over 
the summer months (making all Sagehorn flowheads springs, by our definition in section 2.1.1), 
but 38.1% of the 42 flowheads (29.4% in Dry and 44.0% in Hank) ceased flowing by the late 
summer. This leaves 61.9% (70.6% in Dry and 56.0% in Hank) of these flowheads continuing to 
initiate flow from the same location over the summer months, despite the 87.1% decrease in 
WCDD. The flowhead density was 4.60 flowheads/km2 in the early summer of 2015 (4.80 and 
4.47 flowheads/km2 in Dry and Hank, respectively) and 2.85 flowheads/km2 in the late summer 
(3.39 and 2.51 flowheads/km2 for Dry and Hank, respectively). Because 38.1% of these 
flowheads cease to flow by the late summer, the Central Belt hydrologic system is much less 
stable than the surveyed Coastal Belt watersheds, in which only 20.3% of flowheads retracted 
downslope or ceased to flow over the summer months. But, similar to data collected in Fox and 
Elder in the Coastal Belt, these data suggest that the baseflow surface hydrology in the Hank and 
Dry watersheds of the Central Belt is directly controlled by springs. 
 
4.3.3     Percentage of discharge from flowheads in Sagehorn watersheds 
            The percentage of discharge from flowheads in Sagehorn was not calculable for the 
following practical reasons. Not all Sagehorn flowheads were visited in the early summer, or the 
late summer, so all dimensions of flow (i.e. width, depth and velocity) would need to have been  
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Figure 15. Flowheads, and late summer WCN for Hank (top) and Dry (bottom) Creek 
watersheds. Shows the late summer WCN, underlain by shaded relief, in addition to sandstone 
blocks mapped in the field (orange polygons). This figure uses similar wetted channel 
symbology as Figure 11 and Figure 13, however, there is no symbol represented for the 
continuous channel network because neither Hank, nor Dry have continuous reaches of flow that 
connect to Dutch Henry Creek downstream even in early summer. Red channels represent the 
early summer wetted channels, light blue illustrates late summer wetted channels, purple 
delineates stretches of stagnant water, and maroon symbolizes unobserved channel segments. 
Different categories of flowheads in the Sagehorn watersheds are differentiated by whether they 
continued flowing, dried out, became stagnant, were not observed (represented by blue, brown, 
purple and red circles, respectively), or whether were anthropogenically forced (i.e. flowheads 
with piped flow from a storage tank are represented by triangles, see legend above-left). The 
percentage of the total number of SR flowheads is shown to the right of the flowhead legend. 
Figure A.14 shows the same Sagehorn flowhead, wetted channel, and sandstone block data, 
underlain by 10-m contours instead of shaded relief. Additionally, for clarity, and comparison 
with Angelo data, Sagehorn late summer wetted channel data, underlain by shaded relief, and 10-
m contours are shown in Figures A.15 and A.16, respectively. 
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assumed for multiple flowheads. No stage height recorder was in place during either the early or 
late summer data collection rounds, so a discharge value for the main stem of either Hank or Dry 
Creeks would have to be assumed. Additionally, the discharge for both Hank and Dry was zero 
during the late summer data collection, as no water was flowing near the mouth of either creek’s 
main stem, so any value of discharge from flowheads would be equivalent to more than 100% of 
the discharge near the mouth of Hank or Dry. 
 
 
5.     Discussion  
5.1     Models of groundwater flow under hilly landscapes: the topographic effects on an 
aquifer   
            Baseflow that establishes the extent of wetted channel may originate from local (adjacent 
hillslopes) to regional recharge areas. Here we review models that explore how a hilly landscape, 
developed on a single aquifer of a specified total depth, influences patterns of discharge and 
recharge. 

The earliest groundwater flow models, conceived by Dupuit and Forchheimer (Dupuit 
1863; Forchheimer 1886) were extensions of Darcy’s law that idealized subsurface hydraulic 
properties, proposing to completely ignore vertical flow on a regional scale. The Dupuit-
Forchheimer assumption was used to characterize groundwater flow for multiple decades, until 
1940, when Hubbert (1940) developed the first analytical model to describe groundwater motion 
by using a different derivation of Darcy’s law that did not use idealized, frictionless flow, which 
he claimed violated the conservation of energy. Tóth (1963) built upon Hubbert’s (1940) work 
by using a mathematical model of a theoretical small drainage basin (with similar watershed 
characteristics to the hummocky topography and deep aquifers of the low permeability 
sandstones and shales of Alberta, Canada) to calculate analytically the first regional groundwater 
flow model for complex surface topography, focusing on the general solution for which local 
topography plays a part in controlling groundwater motion. Tóth’s flow model subsequently 
became widely accepted to describe groundwater flow. For the topography in the basin, Tóth 
used a 2-D sinusoidally undulating shape, thought to represent hills and depressions of the 
natural land surface. In his model, he assumed homogeneous, isotropic lithology, and a 
conductive groundwater reservoir with an impermeable lower boundary that varied from 1000 to 
10,000 feet below lowest point (outlet channel) of the modeled cross section. Potential 
distributions of flow were computed for basins with different geometrical parameters, including: 
basin width, aquifer depth, topographic relief and regional slope. Results of this model grouped 
groundwater flow into three distinct types of flow systems that can occupy a single basin: local, 
intermediate and regional flow. In Tóth’s model; regional flow is recharged at the water divide 
and discharged at the bottom of the basin, with the capability of crossing below intermediate 
watershed divides, intermediate flow has multiple topographic highs and lows between regions 
of discharge and recharge, and local flow is recharged and discharged at adjacent local maxima 
and minima, respectively. Thus, regional flow is defined by slow, deep, interbasinal and 
potentially cross-formational flowpaths, local flow is characterized by recharge and discharge 
occurring on the local hillslope to channel scale and intermediate flow can cross local 
topographic boundaries, following at a depth in between regional and local flow (Figure 1a).   

Furthermore, results of Tóth’s model suggest the following major implications for 
groundwater flow: 1) In extended flat areas, no local or regional flow will occur, leaving all 
recharge subject to stagnation; 2) If local relief is negligible, only a regional flow system will 
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develop; 3) If topography has well defined relief, local flow systems will originate, and the more 
pronounced the relief, the deeper the flow systems; 4) If well-defined relief is present, 
groundwater flow will not be able to cross large rivers or topographic boundaries; 5) As a result 
of local systems, alternating recharge and discharge areas are found across a valley, meaning the 
origin of water obtained from closely located places, may not even be related; 6) Major streams 
receive groundwater contributions from only the adjacent topographic highs and from possible 
regional flow. And lastly, 7) Only a small portion of the total amount of water occupying a basin 
participates in the hydrologic cycle, and the deeper the aquifer, the smaller this proportion.  
 Freeze and Witherspoon (1967) expanded on Tóth’s models by considering cases of vertical 
layering and subsurface anisotropy, but their work still used idealized domains to characterize 
groundwater flow. And, while more modern interpretations of the Dupuit-Forchheimer 
approximation allow for vertical flow, resistance to vertical is ignored in these models (e.g. 
Strack, 1984). 

Haitjema and Mitchell-Bruker (2005) further developed groundwater flow theory as 
applied to hilly landscapes underlain by a deep aquifer by arguing that both Dupuit-Forchheimer 
and Tóth models of regional flow can be expected to occur in natural landscapes, but that they 
apply to very different hydrogeologic conditions. They propose that the Dupuit-Forchheimer 
approximation is generally acceptable in aquifers, where the distance between hydrological 
boundaries is large, compared to the ‘effective’ aquifer thickness. This thickness is equivalent to 
the square root of the vertical conductivity of the aquifer, divided by the horizontal conductivity, 
multiplied by the aquifer thickness. A ratio of distance between hydrological boundaries to 
effective aquifer thickness is 5:1, or over, is acceptably large. If the recharge to hydraulic 
conductivity ratio (R/K) of a watershed is low, they assert that the water table will likely never 
reach the terrain surface. Thus, the subsurface hydrology of these landscapes will be ‘recharge-
controlled’. Furthermore, they advocate that aquifers with high values of R/K (where the 
distance between hydrological boundaries is high relative to the effective aquifer thickness) 
produce ‘topography-controlled’ water tables where Tóth’s model is applicable. Therefore, they 
suggest that if the terrain surface is relatively flat, or the water table is generally shallow, the 
potential for topographic control of the water table is increased (Haitjema and Mitchell-Bruker, 
2005).   

Marklund and Wörman (2007) found that decreasing hydraulic conductivity with depth 
impacts vertical groundwater flow, with local flow systems increasing while regional and total 
flow decreases. Gleeson and Manning (2008) and others have used similar R/K analysis to 
describe and parameterize subsurface flow under different topographic conditions, showing that 
the ratio of recharge to hydraulic conductivity controls the water table elevation on idealized 
mountainous terrain. These studies demonstrate that hydraulic conductivity and recharge are 
driving factors, controlling subsurface flow patterns. However, it is important to note that all 
these models represent idealized versions of the subsurface that do not take into account the 
hillslope scale structure of the critical zone.  

Tóth (1963) noted that ‘whether or not the assumption of homogenous, 
isotropic lithology is justified depends on the extent to which a real case deviates from ideal 
conditions’. Fortunately, advances in our ability to investigate subsurface flow characteristics 
since Tóth’s work have greatly improved. Specifically, our efforts to monitor subsurface flow at 
the ERCZO have allowed for a far less idealized, and a more realistic understanding of the 
subsurface at our sites than Tóth’s understanding of the subsurface in Alberta watersheds in 
1963. 
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5.2     Hillslope-scale shallow groundwater runoff  
In extension of the early regional flow model, conceived by Tóth (1963), much of the 

subsequent literature has focused on creating models, documenting runoff mostly occurring in a 
shallow domain, as opposed to a deep aquifer. 

Beven and Kirkby, (1979) developed a physically based, distributed watershed model 
that simulates hydrologic fluxes of water through a watershed they called TOPMODEL. 
Specifically, TOPMODEL uses different types of hydrologic fluxes, including; infiltration-
excess overland flow, saturation overland flow, infiltration, exfiltration, subsurface flow, 
evapotranspiration and channel routing to predict fluctuations in the groundwater table. And the 
vertical movement of the groundwater table dictates where saturated land-surface areas will 
develop, and have the potential to produce saturation overland flow. The lateral redistribution of 
subsurface water is dependent on the local topography, and soil transmissivity. This model 
assumes all groundwater flow is driven by the head gradient expressed by the local surface 
topography and occurs above the base of the water table, therefore, shallow and local processes 
dominate the hydrology of a given catchment. These assumptions make TOPMODEL the 
opposing shallow end-member hydrologic system, when compared to the deep regional 
hydrologic system, conceived by Tóth (1963). 

Liang et al. (1994) established the VIC (Variable Infiltration Capacity) model, a semi-
distributed, grid-based macroscale hydrologic model which solves for full water and energy 
balances within grid cells. VIC can distinguish sub-grid variability in both land surface 
vegetation classes, and soil moisture capacity drainage from the lower soil moisture zone 
(baseflow). VIC models baseflow drainage as a nonlinear recession and includes topography, 
allowing for orographic precipitation and temperature lapse rates, resulting in more realistic 
hydrology in mountainous settings (Gao et al., 2010). More simply put, this model essentially 
uses the concept that, a reservoir of soil moisture slowly releases water to streams within entire 
basins, and it is the vertical flux in the soil moisture reservoir that dictates the delivery of water 
to channels, while the lateral structure of water delivery to channels is largely ignored. 

VanderKwaak (1999) and then VanderKwaak and Loague, (2001) developed the 
Integrated Hydrology Model (InHM), a fully coupled, comprehensive physics-based hydrologic 
response model that uses multiple quantitative aspects of subsurface and atmospheric 
characteristics to parameterize three-dimensional subsurface flow. The inputs for InHM include; 
precipitation, potential evapotranspiration time series, surface topologic features, (i.e. land use, 
topography, soil information and derived slopes) irrigation fluxes, hydrography characteristics, 
rating conditions, hydrogeologic parameters of the groundwater system and information related 
to well pumping and surface-water diversions. The outputs for this model include detailed water 
balance information regarding all major hydrologic processes, including surface water and 
groundwater flows to wetlands, streams and lakes, evapotranspiration losses from all storages, 
reach stage, soil moisture, recharge to the groundwater system and storage, heads and fluxes in 
the groundwater system (Ross). This model was created to generate robust results in all 
topographic and hydrogeologic settings, but, in order to be employed, this model requires 
intensive data, related to subsurface hydraulic characteristics (i.e. initial soil water content, 
bedrock hydraulic conductivity) that aren’t typically available for a given catchment, or region, 
which currently limits its use. But it has been applied at the hillslope scale to predict the flow to a 
spring head at an intensively monitored hillslope (Ebel et al., 2008). Their model application 
pointed to the need to more fully characterize the hydrologic processes in the fractured and 
weathered bedrock.   
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All the previously described models likely work well to characterize subsurface flow in 
specific catchments, but the simpler models can’t directly account for deep critical zone 
processes, and more mechanistic ones, e.g. InHM, demand unavailable information about the 
spatial distribution of critical one properties across the landscape.  

 
5.3      The critical zone and the wetted channel network 
            The Angelo and Sagehorn sites demonstrate that the depth and hydraulic properties of the 
critical zone control the spatial and temporal extent wetted channel during summer baseflow. 
Models 1 and 2 in Figure 1b are most like our two field sites, with model 2 exemplifying the thin 
critical zone of the Central Belt mélange, and model 1 illustrating the thick critical zone observed 
in Rivendell (Salve et al., 2012), that is likely ubiquitous throughout the Coastal Belt.  
            The high wetted channel drainage density (WCDD) critical zone (model 2) drains locally 
to adjacent channel and supports them. In this hydrologic system, no overland flow occurs, and 
deep storage sustains the wetted channel network (WCN) during drought.  

The Coastal Belt’s lack of variability in WCDD with time points to a fixed fracture 
system draining perched groundwater. This groundwater receives sufficient recharge during 
winter months to sustain the WCN throughout the summer, supporting the fracture flow 
interpretation by Salve et al., (2012). Most of the flow in the summer reaches streams without a 
spring surface expression, but the system is likely still fracture dominated since fracture 
networks define the conductive porosity at depth (Salve et al., 2012).  

The lack of variability between adjacent watersheds in the Coastal Belt suggests a 
similarity of critical zone development across this landscape, with sustained drainage from a 
slowly receding groundwater system fueling the hydrologic system. This is encouraging because 
it suggests that there is a similarity in process to suggest that general principals are controlling 
the extent of flow. 

In Sagehorn, we observe networks with lower early summer WCDDs and dramatically 
lower late summer WCDDs. This is direct result of a thin critical zone, and consequently little 
storage. During the early summer surveys, a substantial portion of the water that was present in 
the mainstems of Hank and Dry was stagnant, or nearly stagnant. Because flowheads were 
producing flowing water, as opposed to stagnant water, the stagnancy of the mainstems suggests 
that this water did not initially emerge from flowheads. Therefore, the large variability in WCDD 
with time suggests a shift from primarily residual matrix groundwater runoff to nearly complete 
drying of the channel network, with sandstone blocks producing spring flows that extended less 
than 50 m downslope. 

Furthermore, the variability between the two watersheds early and late summer WCDDs 
(Table 3) suggests greater heterogeneity in the critical zone properties, notably the frequency and 
drainage properties of the sandstone blocks, which range in size from boulders to massive 200-m 
across blocks, and are scattered through the mélange matrix. A significant source of the 
variability in WCDD is due to these sandstones blocks, which are the primary source of summer 
spring flow in the mélange, but are not uniformly distributed across the landscape and not 
uniformly acting like local storage reservoirs. 

The sandstone blocks arrive at the surface by two mechanisms: exposure during deep-
seated landslide movement and by progressive differential erosion of the surrounding mélange 
matrix. Biotic disturbance (e.g. gopher tunneling) and overland flow will displace and erode the 
mélange where the massive sandstone blocks are too large to be transported or too resistant to be 
eroded. The sandstone is brittle and is visibly fractured. As the sandstone enters the near surface, 
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where seasonal wetting and drying takes place in the mélange (in the upper 3 m), weathering will 
progressively increase porosity through dissolution and fracturing. Each sandstone block has a 
root into the mélange.  

Working in the Sagehorn mélange, Hahm et al. (2016) found that the groundwater at the 
end of the dry season is typically less than 3 m below the surface. It seems likely that the portion 
of the root that is deeper than 3 m remains saturated with stagnant water, unless capillarity and 
transpiration from trees growing on the block can tap that water trapped in the sandstone root, 
due to the surrounding impermeable mélange matrix. Rain and snow will enter the sandstone 
fracture system, perch on the mélange boundary and build a local dynamic water table. The 
sandstone blocks then become, in essence, islands of drainable meteoric water, sitting in a sea of 
saturated, but essentially, non-draining mélange. 

Generally, the larger the sandstone block, the greater the groundwater that can be stored 
and drained, but the shallower the root, the lesser potential volume of groundwater storage. The 
more rapidly draining sandstone blocks may result from greater fracture density and a higher 
potential flow gradient.  

In the Coastal Belt, we observe a clear correspondence between the subsurface water 
storing characteristics of Rivendell, and sustained baseflow in the Fox and Elder watersheds. In 
contrast in the Central Belt, we find a strong correlation between Sagehorn’s ‘shedding’, thin 
zone of subsurface storage and its lack of baseflow. Here, we will further delineate these 
observations in the context of critical zone development. 

 
5.4     Geomorphic history, disconnections and channel fill’s influence on the WCN 
            Fuller et al. (2009) report 10Be in terrace deposits and modern sediments at the mouth of 
Elder Creek to estimate temporal erosion rates and used optically stimulated luminescence to 
date the terraces. They proposed that terrace formation records channel burial (and lack of 
incision), due to late Pleistocene wetter conditions that caused more active landslide activity in 
the basin. Subsequent drying in the Pleistocene led to reduced sediment delivery, enabling flows 
to cut down through the fill, producing strath terraces. This Holocene incision propagated 
upstream up to the present transition to thick channel fills (see Figure 16a for example of Elder 
large sediment fill upstream of incision). The incision appears to have occurred at least in part as 
a series of propagating knickpoints that originated at the mouth of Elder and propagated upslope, 
undermining the boulder-armored bed surface (Seidl and Dietrich, 1992).  
 Schiengross et al. (2013) noted that almost all of the tributaries entering Elder Creek cross 
coarse boulder-rich fans, likely deposited by successive debris flows (see Figure 16b). The 
deposits locally appear to be at least 15 m deep. The tributaries have cut channels across fans, 
but not down to bedrock. In early summer, only one of the channels crossing fans sustained 
surface flow connected to the Elder mainstem. By the late summer, all the channels crossing fans 
were dry. 

In the Hank and Dry watersheds, there was no summer continuous channel network 
because there were multiple dry stretches downstream of the Hank and Dry confluence in both 
the early and late summer. These dry stretches are likely a result of mega-boulders and deep 
sediment cover entering the channel via earthflows, and a lack of recharge from hillslopes 
underlain by mélange matrix. This conductive sediment accommodates flow, causing surface 
flow to vanish for stretches.  
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Figure 16a. Picture of sedimentary fill in Elder Creek reach. The majority of the Elder (and Fox) 
watersheds have been filled with large grain sized, conductive, sedimentary fill by deep-seated 
earth flows and debris flows triggered by a climactic regime of increased precipitation in the late 
Pleistocene. This figure shows a picture of a 20-m long Elder channel reach (with 50% slope, 
and > 3 km2 of drainage area), with a 185 cm tall scientist for scale to illustrate the large average 
grain size in the upstream portions of the Elder and Fox watersheds.



 

 

 
 

Figure 16b. Elder Creek geomorphic history related to channel fill, and debris flow fans. Channels with thick deposits of sediment 
(red) and fans (orange) formed by debris flow deposition. Blue lines represent the late summer continuous flow network. Thin, 
black lines represent 10-m contours.

:	Debris	flow	fan	deposits

:	Sedimentary	channel	fill	deposits

:	Continuously	flowing	early	summer	channel	network
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5.5   Defining the principles responsible for the drying out of south-facing tributaries 
Higher solar radiation increases evaporation and evapotranspiration on south-facing 

slopes. Annual solar radiation is 20.6% higher on south-facing slopes compared to north-facing 
slopes in Elder (Bode et al., 2014), but this difference alone cannot solely explain the 5-fold 
discrepancy between late summer south-facing and north-facing WCDDs. Differences in tree 
type in the north and south-facing slopes, higher depth of channel fill on south-facing channels 
and a higher slope of south-facing tributaries may all contribute to this large aspect-related 
difference in WCDD.  

Hardwood tree species that dominate south-facing slopes experience peak sap flow and 
thus evapotranspiration mid-late summer, while Douglas firs, that dominate north-facing slopes 
decline through the summer (Link et al., 2014). The high water demand may explain the reduced 
summer flows relative to north slopes, but Oshun (2016) has shown at a nearby study site that 
none of the trees, including the hardwoods, tap into the groundwater (the source sustaining 
spring flow). Furthermore, even though Douglas fir’s sap flow and corresponding 
evapotranspiration rates are lower than hardwood tree species during the summer months, if 
Douglas firs have a significantly higher overall basal sapwood area, and leaf area than hardwood 
tree species, then it is possible that collectively, Douglas firs may be extracting more water than 
hardwood tree species as a whole. For these reasons, this interpretation remains a hypothesis, 
rather than an affirmation. 
            Thick, coarse sediment mantle the south-facing channels. In the early summer, we 
observed many flowheads draining laterally off hillslopes into these tributaries that would then 
infiltrate coarse sediment, so the channel would remain dry. By the late summer, south-facing 
flowheads had dried completely, or decreased their flow, rate such that they sustained even 
shorter lengths of surface flow that often went subsurface before entering main tributaries.   

By the late summer, Elder south-facing tributaries produced 55.5% less flow from 
flowheads than flowheads on north-facing slopes. We hypothesize that this large reduction in 
relative flow rates suggests: 1) Increased depth of conductive fill from past debris flow deposits 
on south-facing slopes act as a ‘sponge’ that accommodates subsurface water, forcing it to persist 
subsurface; 2) Hardwood tree species are ‘sucking up’ subsurface dynamic storage over summer 
months between surveys; and 3) Increased south-facing surface slopes (average slopes of 51.3% 
and 46.9% on Elder south, and north-facing slopes, respectively) increase slopes of the water 
table, and therefore the head gradient of dynamic storage. Water table slope doesn’t necessarily 
equate to ground surface slope, so in the latter case, the 4.4% difference in surface slope 
wouldn’t automatically equate to a 4.4% greater slope of the water table on south-facing slopes. 
And even a 4.4% slope difference may not increase the head gradient of dynamic storage enough 
to significantly increase the storage drainage rate, so we speculate that these minimal differences 
in surface slope do not significantly affect dynamic storage drainage rates.  

Each of these three hypotheses is difficult to quantify individually, but we are left 
favoring the hypothesis that the extreme dry-out of south-facing flowheads and tributaries is 
likely attributed to a combination of the afore-mentioned factors, rather than one dominant, 
controlling factor. 
 
5.6   Recent wetted channel surveys at other field sites 

Several recent studies have documented the extension and contraction of WCNs in 
mountainous headwater watersheds. Unfortunately, none of these surveys were conducted in 
watersheds where the material properties of the underlying lithology had been previously well 



 

 

documented. Furthermore, none of these studies attempted to document the relative depth of 
channel fill distributed throughout the WCNs during surveys, or analysis. This lack of detailed 
lithologic and geomorphic data limits the ability to couple dynamic expressions of WCNs with a 
well-developed lithologic and critical zone context. Despite this deficiency, in this section, we 
compare, contrast and analyze our data in respect to WCN data collected in recent channel 
network studies.  
            Over the course of 2006-2008, Godsey and Kirchner (2014) conducted 3-4 WCN surveys 
on four headwater catchments from the autumn of 2006 through the spring of 2008. These 
surveys encompassed spring, summer and autumn WCN conditions, as all surveys took place 
between April and October. The surveyed watersheds ranged in size from 4.0-27.2 km2, and 
encompassed multiple lithologic, topographic and climatic settings. Three of the four surveys 
were conducted in high-elevation (1500-2630 m), alpine settings on the western slope of the 
Sierra-Nevada mountain range. The two surveyed watersheds in the Southern Sierra 
(Providence/Duff Creeks, and Bull Creek) are underlain by granite and granodiorite, while 
Sagehen Creek is located approximately 25 km NNW of Lake Tahoe and is underlain by 
andesite and breccia. The fourth surveyed watershed (Caspar Creek) is located in Mendocino 
County, approximately 7 km east of the Pacific Ocean, 31 km SW of Sagehorn, and 41 km SSW 
of Angelo, and is underlain by heavily weathered Coastal Belt sandstones.  
            In all the surveyed watersheds, Godsey and Kirchner (2014) observed the ‘dynamic’ 
contraction and expansion of WCNs. That is, all of these watersheds WCN lengths varied 
substantially with fluctuations in discharge at the mouths of these creeks over different seasons. 
In all surveyed watersheds, they noted that flowhead positioning was seasonally variable (i.e. 
flowheads retracted downslope as discharge decreased from spring to summer due to lack of 
system recharge) and that the number of flowheads varied by factors of 2.4-4.7 between high and 
low flows, meaning that most flowheads had completely dried out by the late summer surveys. 
Additionally, they observed that as discharge declined, all surveyed WCNs became 
disconnected. These lengths of disconnection further extended over prolonged periods with no 
recharge. These dry, disconnected channel reaches accounted for much of the decrease in 
WCDD in most surveyed watersheds, with this proportion ranging from ~4-40%.  

The dynamic nature of surveyed watersheds prompted them to relate power-law functions 
of discharge to lengths of the surveyed WCNs. They used a dimensionless power-law exponent 
they termed ‘b’ that represents the percentage change of the WCN, per percentage change in 
discharge (WCDD = Qb). For these watersheds, they calculated b values for each total WCN 
network that ranged from 0.182 to 0.401. They also reference multiple early WCN studies that 
typically surveyed headwater drainage networks multiple times in response to individual storm 
events (Gregory and Walling, 1968 in Devon, England; Roberts and Klingeman, 1972 on Oak 
Creek in Oregon, USA; Blyth and Rodda, 1973 on River Ray in Buckinghamshire, England; 
Roberts and Archibold, 1978 in Burnaby, British Columbia, Canada; Day, 1978 in Armidale, 
New South Wales, Australia; and Day, 1983 on Pipeclay Creek in Armidale, New South Wales, 
Australia). These studies included sites with much gentler topography and weaker precipitation 
seasonality, and primarily focused on smaller catchments. They use these data to calculate values 
of b for each survey period. The average b value for these studies was 0.234, but these values 
varied significantly from site to site, and even between precipitation events, ranging from 0.042 
in response to a specific rainfall event New South Wales, Australia to 0.538 in response to a 
specific rainfall event in Oak Creek, Oregon.  



 

 

Whiting and Godsey (2016) performed similar WCN studies in four headwater 
catchments, within the Lower Big Creek watershed in Central Idaho during the spring and 
summer of 2014. These watersheds are located in high elevation (1100-2800 m), alpine settings, 
and range in size from 6.5-21.4 km2. Three of the four surveyed watersheds are underlain by 
granodiorite, and the remaining watershed is mostly underlain by sedimentary and 
metasedimentary bedrock. Despite the fact that most of the watersheds, surveyed by Whiting and 
Godsey (2016) and Godsey and Kirchner (2014), have similar topography (mountainous), and 
lithology (granodiorite), Whiting and Godsey (2016) observed strikingly dissimilar WCN 
behavior, compared to Godsey and Kirchner (2014) in all watersheds. Most flowhead locations 
did not change, or changed very little, as the WCNs dried out, suggesting that these WCNs are 
predominantly spring-fed. Correspondingly, they report small values of b (0.055 to 0.093 for the 
granitic basins, and 0.197 for the watershed underlain by sedimentary rock). Furthermore, based 
on our calculations from their data, we find that disconnections in these WCNs, downstream of 
flowheads produced an average of 55% of the variance in the wetted channel length of these 
watersheds. We hypothesize that as a result of the lack of flowhead retraction in the surveyed 
Big Creek watersheds, they observed little correlation in WCN length fluctuations with 
fluctuations in discharge, and accordingly, small values for b.  

Results from the 2012 and 2014 Angelo WCN surveys in this study produced b values of 
0.179 and 0.183 for the Elder and Fox watersheds, respectively. b values are not calculable for 
the Hank and Dry watersheds in Sagehorn because no stage height recorder was implemented in 
either Hank or Dry during the time of the surveys, so no discharge measurement was available 
for either creek during either early summer 2015 survey. But, by the late summer survey, the 
mouths of both Hank and Dry creeks were dry. Because of the large decrease in WCDD from the 
early to late summer (factor of 10.0 and 5.7 decrease in Hank, and Dry, respectively), the b value 
for these watersheds, would be very high, if calculable. 

Whiting and Godsey (2016) propose that the insensitivity of their surveyed WCNs in 
response to changes in discharge was likely primarily the result of conductive bedrock features 
(e.g. joints, faults and contacts) meeting the surface and creating perennially discharging springs 
in many locations. They note that flowheads approximately align with mapped geologic contacts 
of intrusive dikes, and normal faults, and that other flowheads may be associated with bedrock 
features of a smaller, unmapped scale, or unknown subsurface fractures. They attribute the 
unstable flowheads to two distinct processes, both related to sediment fill:  

1) They observed that in the initial surveys (in late May), the snowline was at 2000 m, 
but was quickly retreating upslope. As the snowline retreated during subsequent surveys, less 
snowpack was available as storage to create snowmelt to fuel flowheads. They hypothesize that 
the relatively low drainage area and relatively high depth of colluvium and soils on these high 
elevations allowed for the infiltration of flow higher upslope. Downslope, increased drainage 
area allowed for the accumulation of more snowmelt, which was able to overcome the depth of 
sediment fill. They propose that these processes caused 88% of unstable flowheads to be above 
2200 m. 

2) In the field, they observed that quartzite and other metasedimentary rocks had broken 
into large blocks and cobbles that collect in valley bottoms, as opposed to granodiorite, which 
they observed to weather into easily transportable finer, sandy grus. They suggest that in the one 
surveyed watershed underlain by mostly metasedimentary bedrock, this thickened layer of 
conductive, blocky debris rapidly infiltrates water until the debris layer thins downslope, and 
subsurface discharge is capable of persisting on the surface. As subsurface discharge decreases 



 

 

over summer months, flowheads initiate further downslope, where they have more drainage area 
from which to draw flow. They suggest that these processes lead to the instability of flowheads, 
and higher b values in this watershed, compared to the other surveyed watersheds. 

Multiple studies have observed fracture flow, sustaining perennial springs in basins 
underlain by granite (e.g. Asano et al., 2002; Onda et al., 2004). Stable flowheads were not 
observed by Godsey and Kirchner (2014) in the granitic Providence/Duff and Bull Creek 
watersheds. Perhaps this was due to a thick sediment fill.   

Alternatively, many of these flowhead retractions, and dry-outs, observed by Godsey and 
Kirchner (2014), may be a result of the timing of surveys and the climate, and topography of the 
basins, especially in Bull Creek, where sediment fill is on average, thinner. The Providence/Duff 
and Bull Creek watersheds are high elevation (1500-2560 m), and receive much of their 
precipitation from snowmelt. Because surveys were conducted in April, snowpack was likely 
still high at this time, and flow, purely derived snowmelt may have produced flowheads at higher 
elevations. By September, or even August, it is likely all snow had already melted, and these 
flowheads would have completely dried up, due to the lack of snowmelt, similar to what Whiting 
and Godsey (2016) observed, where 88% of the unstable flowheads occurred on elevations above 
2200 m. Without visiting these sites, however, this remains conjecture. 

Caspar Creek, the Godsey and Kirchner (2014) site closest to the Angelo, is located in an 
experimental redwood (Sequoia sempervirens) forest that has experienced major fluctuations in 
sediment yield since roads were constructed, and the land was harvested for timber in the late 
1960s (Adams et al., 2004). These fluctuations were mainly due to landslides that occurred after 
portions of the watershed were selectively harvested or clear cut. This geomorphic history has 
greatly influenced the amount of flow persisting on the surface in this watershed by creating 
deep sediment fill that has caused a higher proportion of hyporheic flow, and therefore, a lower 
proportion of surface flow. Godsey and Kirchner (2014) provide qualitative evidence of channel 
fill directly influencing evolution of the disconnections in the WCN. They observed a 
disconnection in the WCN in the North Fork of Caspar in the wetter autumn of 2006, but this 
channel segment was flowing in the drier 2007 autumn, which they attribute to the migration 
downstream of a sediment plug. Additionally, they observed redwoods had fallen across main 
channels in many locations throughout Caspar, creating logjams that trap upstream sediment, 
leading to an increased depth of upstream channel fill. This further decreased the amount of 
surface flow, and has led to multiple disconnections in Caspar’s WCN.  

The relatively thick depth of sediment fill throughout Caspar’s WCN has clearly had a 
profound influence on Caspar’s WCDD values. Godsey and Kirchner (2014) report WCDD 
values ranging from 0.50-0.99 km/km2 in Caspar Creek (8.48 km2) while we observed values 
ranging from 1.43-1.95 km/km2 in Angelo. These sites are located only 31 km apart, and are both 
lithologically underlain by the turbidite sequences of the Coastal Belt (although we observed 
Caspar to have a far greater relative percentage of highly weathered sandstone, and less argillite 
than Angelo). Some of this difference between the Angelo channel networks and Caspar Creek 
may be due to the 35.2% more annual precipitation at Angelo than Caspar (precipitation data 
from Godsey and Kirchner, 2014), but this difference is small compared to the large difference in 
WCDD. 

In other studies, in a steep, heavily forested, 1.5 km2 New York state headwater 
catchment, underlain by Devonian shales and siltstone, Shaw (2016) mapped responses of the 
WCN to precipitation events from April-November of 2013. He observed that streamflow 
recession occurred over a matter of days, while changes in the WCN occurred over weeks, 



 

 

suggesting to him that channel contraction does not exert a direct control on recession. 
Furthermore, he observed that the drying of the WCN did not occur in a spatially organized, 
sequential way, such that the tips of the WCN dried first. Rather, he observed that the location of 
perennially flowing ‘groundwater seeps’ controlled the spatial extent of the WCN, and that 
disconnections downslope of flowheads accounted for most of the decrease in wetted channel 
length, similar to what we observed in the surveyed WCNs, as part of this study. This suggests 
that preferential flowpaths (likely induced by fracture flow), linking groundwater to the surface, 
may play a more prominent role in the hydrology of headwater basins than previously assumed, 
especially those underlain by sedimentary lithology.  

Support for the idea that localized groundwater contributions matter can be found in a 
study of Tenderfoot Creek, the mountainous, forested, 23.2 km2 headwater catchment, in 
Montana, underlain by granite-gneiss, sandstone, shale and quartz-monzonite. Payn et al. (2012) 
collected spatially intensive discharge measurements along stream segments to analyze the 
spatial variability of baseflow in relation to topographic contributing area. They observed that the 
correlation between the spatial distributions of streamflow and topographic drainage area 
decreased during recession. This suggested to them that the variation in spatial patterns of 
relative yield through the recession reflected a gradual transition from topographic to subsurface 
controls on the contributions to stream baseflow. Furthermore, they observed that lateral 
contributions to streamflow sharply increased or decreased at distinct locations, and that these 
transitions resulted in sharp inflections in the relative accumulation of streamflow along valleys. 
This suggests that preferential paths, created by subsurface features (likely fractures) exert a 
direct control on streamflow and WCNs. 
 
5.7   Resilience of the Angelo wetted channel network  
            The 2014 water year represents one of the driest winters on record (total 2014 rain year 
precipitation total = 1027 mm), and yet, despite Elder discharging only 15 mm of total runoff 
(per unit-area) in between the early and late summer 2014 data collection periods, Elder’s 
WCDD dropped by only ~26%, to a relatively high value of 1.43 km/km2, and, only 17.4% of 
Elder flowheads dried up over the summer months. Furthermore, the 2012 Angelo surveys were 
conducted in a water year when the 1630 mm (or 58.7%) more overall precipitation occurred 
than in the 2014 rain year, but WCDDs between both surveys in Elder and Fox were on average 
only 0.12 km/km2, or 6.4% greater than the WCDDs observed in the summer of 2014. Though 
the 2012 surveys were more limited than the 2014 surveys, and could have slightly under-
predicted the WCDDs in the Angelo watersheds, the 6.4% difference in WCDD values between 
the 2012 and 2014 surveys is nearly an order of magnitude less than the difference in total 
precipitation between 2012 and 2014, implying that the amount of summer runoff is heavily 
influenced by factors other than annual precipitation.  

Salve et al. (2012) observed that once ~400 mm of precipitation falls in the initial fall and 
winter storms, Rivendell soil and rock moisture reach a quasi-steady state during the winter. 
Further precipitation filters through (and perhaps displaces preceding waters) the unsaturated 
zone, and contributes to elevated groundwater that flows laterally, directly into Elder. This stored 
groundwater is what sustains the springs. Empirically, at least 500 mm of precipitation (to 
overcome rock moisture storage) and 1000 mm of annual precipitation would be sufficient to 
supply the dynamic storage necessary to support perennially flowing flowheads, that sustain the 
WCN deep into the summer. However, the timing of the final precipitation event is crucial for 
sustaining this dynamic storage throughout the summer. If the last precipitation event occurs in 



 

 

early April, as opposed to early May, then uptake by trees, and drainage through the seasonally 
saturated zone of the 400 mm of potential subsurface storage will initiate one month earlier, 
which will lead to less flow through flowheads, and a drier WCN earlier in the summer. 

These lines of evidence combine to suggest that: 1) slow drainage of the critical zone is 
necessary in order to preserve dynamic storage that supports high, late summer WCDDs, and 2) 
the Coastal Belt’s critical zone, and other critical zones with similar sedimentary lithology, may 
be relatively resilient to modest droughts; and, when faced with extreme droughts, perennially 
flowing flowheads need only 15 mm of unit-area runoff from the critical zone to sustain late 
summer WCDD values nearing 1.5 km/km2. This suggests that the Fox and Elder WCNs may 
remain flowing and laterally extensive during periods of droughts, especially if the timing of the 
last precipitation event shifts towards the late spring or summer months in coming years (e.g. 
Pachauri et al., 2014).  
 
5.8   Implications for management and policy related to cannabis cultivation 
            Findings from the Sagehorn WCN surveys discussed in section 5.3 show that sandstone 
blocks, within the mélange matrix of the Central Belt of the Franciscan Formation are similar to 
the sandstones in Angelo in the Coastal Belt, in that both are capable of dynamic storage because 
of their deep, fractured seasonally saturated zones that arise from critical zone development. 
Observations from these surveys also show that the mélange matrix is not capable of storing 
much water because of its thin seasonally saturated zone, and that any stored water will be 
released within months after the last recharge event. To our knowledge, these observations have 
not been previously documented, and could be important for management, especially related to 
the growth of cannabis plants.  

The growth of cannabis is becoming an increasingly important issue in Northern 
California, and especially Mendocino County, both economically, and environmentally (Mallery, 
2011; Mills, 2012; Carah et al., 2015, Bauer et al. 2015), and will likely become an even more 
prevalent issue since marijuana legalization has recently been passed (as of November, 2016).  

The most impacted resource related to cannabis growth is water, and because the 
cannabis growing season takes place during the summer, streamflow is at its lowest when water 
is most essential for cannabis growth. Multiple crude, but no longer operational ‘guerrilla’ grow 
sites were observed throughout Angelo during the 2012 summer surveys. Black tubing was 
observed near each of these grow sites, and this tubing was often anchored at the base of 
flowheads. We conclude this tubing was used to extract water from nearby, upslope perennial 
flowheads, and siphon this water via gravity flow to water their downslope cannabis crops. This 
study has shown that even though fracture flow perennially produces flow, on average, 
individual flowheads do not produce substantial discharge in the early summer. By the late 
summer, the average flowrate from flowheads is dramatically reduced from early summer (3 to 
5-fold reduction). Moreover, flowhead flow rates from sandstone blocks in Sagehorn are even 
lower than in Angelo. Because of the low flow rates from all observed flowheads, one accurately 
placed tube can siphon the total discharge from a flowhead directly to cannabis plants. And 
because of the large volumes of water cannabis plants require in order to be profitable (e.g. 
Humboldt Growers association, 2010; Bauer et al., 2015), the seizure of the total discharge from 
multiple flowheads in close proximity to grow sites would be necessary to support even a small 
group of cannabis plants. If multiple flowheads that would have ordinarily supplied flow for a 
tributary are all tapped by growers, the entire tributary will go dry for the entire summer as a 
result. 



 

 

According to the US Department of Agriculture, California produces 60% of the 
marijuana consumed in the US (USDOJ). Based on marijuana pricing estimates by Kilmer et al. 
(2010), wholesale California marijuana sales $11.2-16.7 billion annually, making it by far and 
away the largest cash crop in California (with the next largest commodity being milk and cream, 
equivalent to $6.9 billion in California wholesale sales (USDA, 2012; Carah et al., 2015)). 
Because of its productivity, and because its cultivation is not currently subject to statewide 
governance (Short, 2010), the California cannabis industry continues to grow. And, given the 
current profitability of cannabis production, Butsic & Brenner (2016) expect that cannabis 
agriculture will expand into other sites with suitable growing conditions throughout Northern 
California.  

Many of these new grow operations are being set up in the Central Belt mélange, where 
summer water supply is minimal. In fact, based on our WCN surveys in Sagehorn, the only 
sources of summer water for grow operations in the mélange are flowheads draining water from 
sandstone blocks. Furthermore, specific tree species inhabit these sandstone blocks (Douglas fir, 
madrone, tan oak, California bay, and California black oak), and these tree species have specific 
pigmentations, such that they are identifiable via aerial imagery. These tree species have only 
been observed to grow on sandstone blocks, while Garry oaks and grassland inhabit the mélange 
matrix. Therefore, noting the position of these tree types should help identify the location, and 
size of sandstone blocks, and therefore potential springs, which should be informative for 
management practices (and growers alike) to understand where potential cannabis grow 
operations might be located, or need to be located. Furthermore, we have noticed that the 
presence of perennial bracken ferns, and dark green to light gray California fescue bunch grasses 
on aerial photography is typically correlated with channel segments with flowing water into the 
late summer months. Furthermore, we find that perennial bracken ferns, and California fescue 
are almost always growing out of argillic, or sandy, soils, suggesting that these soils are 
underlain by weathered argillite. 

 
5.9   Recommendations and potential limitations for future WCN surveys 
            Based on our experience and our review of other hydrologic studies on WCNs, we 
suggest that six attributes of headwater WCNs are important to document:  

1) Flowhead positioning (stable or variable); 2) wetted channel drainage density; 3) the 
length of wetted channels that are continuously connected, or experience dry reaches of 
disconnection, relative to the length of the WCN; 4) discharge, measured in a stream reach with 
little to no sediment fill, downstream of surveyed WCN(s), 5) discharge from flowheads; and 6) 
WCDD vs discharge (b) (Godsey and Kirchner, 2014). 

The quantification of these attributes is fundamental to understanding the hydrology of a 
given headwater catchment. In combination, they should help us classify specific WCNs into 
categories of hydrologic systems with different attributes, behavior, and resilience, allowing 
better predictive understanding of their dynamic responses to climate and land use change. 

Wetted channel studies will also benefit from being placed in a critical zone and 
geomorphic context. Critical zone analysis reveals controls on flux rates and locations of 
flowheads. The geomorphic studies can explain the spatial pattern of channel fills, and with that 
the potentially large effect of sediment fills on wetted channel continuity. 

Our study was limited by logistical practicalities. Velocities were collected in stream 
reaches where flow was high enough to measure the unimpeded flow of a float for at least the 
wetted width of the channel. But, because bed armoring often inhibited the unimpeded 



 

 

downstream flow of a float, velocities were not recorded in many locations, and even these 
velocities are likely not very accurate. Velocities were not measured at flowheads because of 
their low flow rates, but in hindsight, we could have used dye, salt or other tracers to obtain 
rough velocity measurements in order to back out discharge from these flowheads. This analysis 
indicates that measuring discharge from flowheads is very important in understanding what 
proportion of total discharge is entering the system via flowheads, versus groundwater, 
throughout the watershed. 

Additionally, we had 1-m contour data derived from LiDAR for the Angelo watersheds, 
and used this high resolution LiDAR data for the late summer Sagehorn surveys, but we did not 
have LiDAR flown yet during the early summer surveys, so 10-m contours and aerial imagery 
were used to map our locations in the field. The availability of this high resolution 1-m contour 
data permitted us to very accurately note wetted vs dry stream lengths, and the exact positions of 
flowheads. However, mapping was much more difficult, and likely produced less accurate and 
precise data in the one early summer Sagehorn survey where 1-m contour data was not available.  
Godsey and Kirchner, (2014) and Whiting and Godsey, (2016) used GPS data to track flowhead 
positions, and wetted channel segments. This is a practical, if less precise method, given their 
lack of high-resolution topographic data. However, steep canyon walls and dense vegetation can 
work to decrease the accuracy of most GPS systems. Thus, we advocate that mapping using 
high-resolution LiDAR coverage would improve the accuracy and precision of the mapping of 
WCNs.  
 
 
6.     Conclusions 

This study shows that underlying lithology, and critical zone evolution exert a primary 
control on the extent and persistence of wetted channels for a given climatic setting. The depth of 
channel fill, and other factors, associated with geomorphic history of the landscape, can have a 
strong local effect on the delivery of water to channels, and the amount of surface flow expressed 
in the channel.  

At our Coastal Belt site, a seasonally elevated groundwater, perched on fresh bedrock, 
develops under hillslopes and slowly drains to adjacent channels. Summer groundwater drainage 
likely travels along fractures to surface point sources (flowheads), and water either enters the 
channel network through flowheads, or directly to channels via groundwater seepage. This 
sustained slow flow supports the wetted channel network (WCN) both in early and late summer, 
producing relatively high wetted channel drainage densities (WCDDs) in Fox and Elder 
networks. Contrastingly, our Central Belt mélange site has a thin critical zone that seasonally 
saturates, sheds most water, and then drains, offering limited storage. By the late summer, the 
only flowing water in the drainage networks emerges from point sources, sustained by storage 
reservoirs within sandstone blocks. These sandstone blocks embedded within the mélange 
represent a special case of critical zone evolution: two different lithologies with contrasting 
material properties, leading to distinct critical zone depths and water storage potentials in one 
watershed. These differences in critical zone properties cause the Coastal Belt site to be a ‘water 
storing’ landscape, while the Central Belt site is a ‘water shedding’ landscape.  

Geomorphic history, related to channel fill, affects the extent and continuous nature of 
the wetted channels. In the Coastal Belt, coarse, thick deposits of sediment blanket most of the 
channel network of Fox and Elder Creek. This sediment may have accumulated during the late 
Pleistocene, when climate conditions favored landslide activity. Holocene incision into this 



 

 

sediment has propagated upstream, and the extent of the continuous summer WCN is defined by 
the termination points of incision upstream. Residual thick, conductive sediment upslope of 
incision termination points in the channels leads to stream flow infiltrating, rather than persisting 
on the surface. This has forced discontinuous flows in these channels, and consequently a 
significant amount of the channel network to lack surface flow. 

South-facing channels in Elder Creek dry out at dramatic rates relative to the rest of the 
watershed. This is probably due to a combination of effects: the greater solar radiation and 
transpiration demand on the forest, locally greater coarse sediment channel fills, greater hillslope 
gradients, and possible differences in the proportion of sandstone and shale underlying the 
hillslopes. While increased transpiration demand is consistent with the hardwoods, which mantle 
these slopes (and less so on north-facing slopes) and reach peak water consumption in the 
summer, it has not yet been demonstrated that these trees use water that would affect summer 
base flows.  
            Future studies of wetted channel networks should be done within a strong geomorphic 
and critical zone context. Such studies will guide the development of quantitative models of 
wetted channels extent, dynamics and responses to droughts, vegetation change, and base flow 
extraction by humans.  
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Figure A.1: Angelo Coastal Range Reserve vegetation map from Johnson (1979), after Patterson 
(1977). This crude vegetation map shows that Angelo is primarily a mixed evergreen, hardwood 
and conifer forest, with Douglas fir dominating the north-facing slopes, and mixed evergreen and 
hardwoods dominating the south-facing slopes. Note that vegetation types have changed since 
this mapping occurred in the mid 1970s, with Douglas fir encroaching mixed evergreen 
hardwoods on south-facing slopes.



 

 

 

 
 
Figure A.2: Elder Watershed divided into north- and south-facing sub-watersheds, underlain by shaded relief. The border of the Elder 
Creek watershed is defined by the thick black line. Elder tributaries with drainage areas occupying slopes with an average aspect value 
between 315 and 45° were classified as ‘south-facing tributaries’, and all tributaries with drainage areas occupying slopes with 
average aspect values between 135 and 225° were classified as ‘north-facing tributaries’. Tributaries with drainage areas outside of 
these values (i.e. within the range of 225-315°, and 45-135°) within the Elder watershed were left out of this analysis. Here, 
these watersheds are shown as gray-scale shaded relief.  
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Figure A.3: Lithologic map of Elder and Fox watersheds. Observed lithology (see legend) of Elder (top right) and Fox Creek 
(bottom left) watersheds, superimposed on a shaded relief map. Here, the term mudstone is used interchangeably with argillite.  
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Figure A.4: Elder (top right) and Fox Creek (bottom left) logjams map color coded by height drop, underlain by lightly transparent 
hillshade. Each logjam previously observed in the field is color-coded by the drop in water level height associated with the step, 
created by the logjam (see legend). Logjams with a ‘0 cm’ height drop (denoted by dark blue) are associated with woody debris 
crossing the entire channel, that did not cause any step in the water level. In Fox Creek, logjam data was only collected in the 
mainstem and in one south-facing tributary (with two logjams, both colored yellow), but in Elder Creek, logjam data was collected in 
the mainstem and in most large tributaries. Specifically, Elder tributaries with at least one logjam denoted on the map were 
surveyed for logjam data to their upstream extent, and tributaries without any logjams present on the map were not mapped for 
logjams.  
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Figure A.5: Lithologic map of Hank (top) and Dry Creek watershed. Observed lithology (see legend) of Hank (top) and Dry Creek 
(bottom) watersheds is superimposed on a shaded relief map. The lithological category ‘Sandstone inferred’ denotes areas completely 
vegetated by mixed hardwoods and conifers (identified using 2014 NAIP imagery). These tree types have been observed to only grow 
on blocks of sandstone, so, where this vegetation is present, and where lithology was not mapped in the field, it is inferred that a 
sandstone block lies beneath. Here, the term mudstone is used interchangeably with argillite.  
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Figure A.6: Elder (top right) and Fox (bottom left) early summer, 2014 wetted channel networks nested within their geomorphic 
networks. Flowing portions of the early summer 2014 Angelo channel networks are represented by dark blue lines. Channel segments 
not observed in the field are symbolized by red lines, and dry channels are illustrated by brown lines. Thin, black lines represent 
10-m contours.  

- Dry	channel	segments
- Flowing	channel	segments
- Not	observed	channel	segments
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Figure A.7: Elder (top right) and Fox (bottom left) Creek late summer, 2014 wetted channel maps, underlain by 10-m contours. The 
continuous network (dark blue), the reaches that were dry in the late summer, but wet in the early summer (red), the wetted channel 
that is not continuously connected to the outflow channel system (light blue), and wetted channel segments not mapped in the field 
(maroon) are represented by distinctly colored lines. Blank zones (no color lines) separating the colored channels are reaches 
that were already dry in the early summer.  

- Flowing,	continuous	channels
- Not	observed	channel	segments
- Flowing,	discontinuous	channels
- Channels	flowing	in	early	summer,			
dry	by	late	summer
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Figure A.8a: The 2012, early summer, Elder (top right) and Fox (bottom left) wetted channel networks, underlain by shaded relief. 
The continuous network (dark blue), the wetted channel that is not continuously connected to the outflow channel system (light blue), 
and channel segments not observed in the field (red) are represented by distinctly colored lines. Dry channel segments are 
represented by blank zones.  

- Dry	channel	segments
- Flowing	channel	segments
- Not	observed	channel	segments
- Flowing,	discontinuous	channels

Early	Summer	2012	Data
86  



 

 

 
 
Figure A.8b: The 2012, late summer, Elder (top right) and Fox (bottom left) wetted channel networks, underlain by shaded relief. 
This figure uses the same symbology as Figure A.8a (above). The continuous network (dark blue), the wetted channel that is not 
continuously connected to the outflow channel system (light blue), and channel segments not observed in the field (red) are 
represented by distinctly colored lines. Dry channel segments are represented by blank zones. 

Late	Summer	2012	Data

- Dry	channel	segments
- Flowing	channel	segments
- Not	observed	channel	segments
- Flowing,	discontinuous	channels
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Figure A.9: Dual stable isotope plot showing isotope data collected throughout the Hank and 
Dry channel networks. Data point symbols are categorized in two ways: by round (early summer 
(R1), and late summer (R2) data characterized by closed and open symbols, respectively), and by 
color (warmer, and cooler colors correspond to isotope data collected at lower, and higher 
elevations, respectively). Sagehorn, 2015 water stable isotope data are much more limited than 
the isotope data collected in Angelo in 2014, as a result of far more data points being sampled at 
the same location in Angelo during both early and late summer surveys, compared to Sagehorn 
in 2015. Only flowheads are shown in this plot because by the late summer, the mainstems of 
both Hank and Dry were not flowing, therefore no ‘in channel’ data points were able to be 
sampled during the late summer surveys, and thus, there were no late summer ‘in channel’ 
samples to compare with early summer samples. Similar to Figure 12 (that shows the same plot 
for Angelo, 2014 data), this plot shows there is no systematic isotopic offset between the early 
and late summer samples. The only systematic signal observed in the isotope data was a 
lightening, or negative enrichment of isotopes at higher elevations, though this trend was less 
pronounced than the 2014 Angelo isotope data. 
 
 
	
	



 
 

 

 
 
Figure A.10: Elder Creek 2014 flowheads, and late summer WCN, symbolized by type, underlain by shaded relief. Shows, and 
flowheads, by type. Different categories of flowheads are differentiated by whether they were located in a topographically convergent 
zone (represented by circles, as opposed to triangles), and whether they continued to produce flow (blue), retracted (red) or dried out 
(brown). The percentage of the total number of Elder flowheads is shown to the right of the flowhead legend. The continuous network 
(dark blue), the reaches that were dry in the late summer, but wet in the early summer (red), the wetted channel that is not 
continuously connected to the outflow channel system (light blue) and wetted channel segments not mapped in the field 
(maroon) are represented by distinctly colored lines. Blank zones (no color lines), separating the colored channels are reaches 
that were already dry in the early summer.  

:	In	topographically	convergent	zone,	
flowing	in	late	summer

:	In	non-topographically	convergent	
zone,	flowing	in	late	summer

:	In	topographically	convergent	zone,	
retracted	downslope	by	late	summer

:	In	topographically	convergent	zone,	
dried	out	by	late	summer

:	In	non-topographically	convergent	zone,	
dried	out	by	late	summer

Elder	2014	Flowheads	by	type %	of	total	flowheads	(195)

26.2%

52.8%

6.2%

3.6%

11.3%

- Flowing,	continuous	channels
- Not	observed	channel	segments
- Flowing,	discontinuous	channels
- Channels	flowing	in	early	summer,			
dry	by	late	summer
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Figure A.11: Fox Creek flowheads, symbolized by type, underlain by 10-m contours. Shows the late summer Elder WCN, and 
flowheads, by type. Wetted channels use the same color coding as Figure A.9, above, shown in the legend above. Different categories 
of flowheads are differentiated by whether they were located in a topographically convergent zone (represented by circles, as opposed 
to triangles), and whether they continued to produce flow (blue), retracted (red) or dried out (brown). The percentage of the 
total number of Elder flowheads is shown to the right of the flowhead legend.  

:	In	topographically	convergent	zone,	
flowing	in	late	summer
:	In	non-topographically	convergent	
zone,	flowing	in	late	summer
:	In	topographically	convergent	zone,	
retracted	downslope	by	late	summer
:	In	topographically	convergent	zone,	
dried	out	by	late	summer
:	In	non-topographically	convergent	zone,	
dried	out	by	late	summer

Fox	2014	Flowheads	by	type
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Figure A.12: Potential drainage areas for all Elder flowheads. Each of the 195 Elder flowheads have been designated a 
potential subsurface drainage area. These blue polygons represent this area for each Elder flowhead.  

:	Potential	Flowhead	Drainage	Area	for	each	Elder	flowhead
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Figure A.13: Hank (top) and Dry (bottom) early summer, 2015 wetted channel map underlain by shaded relief. Blue lines denote 
channel segments wetted during the early summer surveys, brown lines represent dry channels, and red lines represent channel 
segments not observed during the early summer 2015 surveys.  
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Figure A.14: Flowheads, and late summer, 2015 WCN for Hank and Dry Creek channel networks, underlain by 10-m contours. 
Shows the late summer WCN, in addition to sandstone blocks mapped in the field (orange polygons). Different types of channels are 
represented by different colors, shown in the legend, above, to the right. Different categories of flowheads in the Sagehorn watersheds 
are differentiated by whether they continued flowing, dried out, became stagnant, were not observed, or were anthropogenically forced 
(i.e. piped flow from a storage tank). These categories are illustrated by different colors (blue, brown, purple and red), and shapes 
(circles and triangles), shown in the legend, above to the left. The percentage of the total number of Sagehorn flowheads is 
shown to the right of the flowhead legend.  

:	Continued	to	produce	flow	into	late	
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:	Dried	out	by	late	summer

:	Not	observed	in	summer	of	2015

:	Anthropogenic	flowhead,	continued	
to	flow	into	late	summer
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:	Sandstone	blocks

93  



 
 

 

   
Figure A.15: Late summer, 2015 WCN for Hank (top) and Dry (bottom) Creek networks, underlain by shaded relief. Flowing, 
discontinuous channel segments are represented by light blue lines, channel segments not observed in the field are illustrated with 
maroon lines, wetted, but stagnant channel segments are shown by purple lines, and channel segments that were wetted in the 
early summer, but became dry by the late summer are represented as red lines.  

- Flowing,	discontinuous	channel	segments
- Not	observed	channel	segments
- Wetted,	but	stagnant	channel	segments
- Channel	segments	wetted	in	early	
summer,	but	dry	by	late	summer
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Figure A.16: Late summer WCN for Hank (top) and Dry (bottom) Creek networks, underlain by 10-m contours. Flowing, 
discontinuous channel segments are represented by light blue lines, channel segments not observed in the field are illustrated with 
maroon lines, wetted, but stagnant channel segments are shown by purple lines, and channel segments that were wetted in the 
early summer, but became dry by the late summer are represented as red lines.  

- Flowing,	discontinuous	channel	segments
- Not	observed	channel	segments
- Wetted,	but	stagnant	channel	segments
- Channel	segments	wetted	in	early	
summer,	but	dry	by	late	summer
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