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ABSTRACT 

 As the human population continues to grow and climate change progresses, stressors on 

ecohydrologic systems are exacerbated. Groundwater-dependent ecosystems such as freshwater 

springs are ecological hotspots supporting highly diverse habitats yet are understudied and, in most 

places, eradicated via human development. Our forested mountain systems and subsequent water 

supplies are also facing shifts in their structure, functionality, and succession. With the intensity and 

frequency of forest fires increasing and snowpack declining in the western United States, a common 

question has become how can we reduce forest fire risk while increasing watersheds efficiency at 

generating water supplies? The link between these two topics is a need for management through an 

ecohydrologic lens that provides a holistic approach to preserving our natural resources. Using Mt. 

Tamalpais, located in Marin County in northern California, we evaluated the effectiveness of an 

adapted springs ecosystem assessment protocol (A-SEAP) at characterizing springs geophysical 

properties and identifying aggregate areas of concern. The second portion of this dissertation 

evaluated the hydrologic response to forest fire mitigation in the Ashland watershed of southern 

Oregon. The third portion of this work included modeling scenarios of the hydrologic response to 

forest fire mitigation strategies in order to inform land managers on thresholds needed to increase 

surface runoff from vegetation removal. 

 A-SEAP demonstrated that most springs in this region have fair ecohydrologic integrity 

relative to other spring studies, with a mean value of 3.62 out of 6. A-SEAP indicators identified 

springs located in Mt. Tamalpais State Park as lower ecohydrologic integrity than springs in the 

protected Marin Municipal Water District. A-SEAP indicators also successfully identified springs 

in need of restoration that fit the goals of the local land management agencies. In Ashland, despite 

cumulatively treating roughly 15% and 20% of the basins, these treatments only represent a decrease 

in canopy cover at the watershed scale of 3% and 4%, in the West and East sub-basins in the Ashland 

watershed, respectively. We found that in the post-treatment period, the West and East basins 

experienced an average annual water yield decline of 26% and 24%, respectively, with 66% (West) 

and 72% (East) of the changes in water yield attributed to annual variations in precipitation. Our 

modeling efforts in the Ashland basin demonstrated that treatments with at least 25% of the 

watershed treated with a basal area reduction exceeding 25% led to a significant increase in annual 

water yield over low, average, and above average water years. We also found that treatment intensity 
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plays a larger role than area treated. A scenario with 25% of the watershed experiencing a 75% 

reduction in basal area had significantly higher annual water yields as compared to a treatment of 

75% of the watershed with a 25% reduction in basal area. This dissertation provides methodologies 

and insights into how to best manage landscapes undergoing a change from both anthropogenic and 

natural stressors. This novel research presents a framework to develop holistic, ecohydrologic land 

management strategies that ensure climate resilient ecosystems and water supplies for our future 

generations. 
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CHAPTER 1: INTRODUCTION 
 

1.1  Background 

1.1.1 Ecohydrologic Interactions and Management 

Measuring and managing water resources has been a pillar in human civilization. The first 

permanent human settlement of Jericho (8000-7000 BCE) was strategically placed due to its 

proximity to spring systems and rivers (Kenyon, 1956). Early understanding of water pertained 

mostly to the quality of water in relation to impacts on human health. Hippocrates wrote at length 

about the health effects of water from different sources and types, encouraging built environments 

to be constructed away from wetlands due to their stagnant waters that lead to “festering” (Jouanna, 

2012). The engineering of water storage and conveyance also has a significant story in human 

history. The first success of diverting flow for the needs of agriculture can be dated back to 5700-

3200 BCE in Mesopotamia, where prehistoric irrigation canals still exist (Mays et al., 2007). For 

the United States (US), indigenous peoples of the western US, such as the Hohokam (300 BCE – 

1450 CE), had devolved networks of canals spanning over 483 km in present day Phoenix, Arizona 

for their agricultural needs (Angelakis, 2012). For Anglo-Saxon cultures in the western US, water 

resources were largely pioneered through necessity by the Mormon community (Johnson and 

Dumars, 1989). Anglo-Saxon understanding of western US water resources are often attributed to 

John Wesley Powell, who established the first stream gage in New Mexico and advised against the 

development of the west due to its lack of fresh water (Kirsch, 2002). With human populations 

growing and sources of freshwater declining due to use, climate change, and contamination (Rodell 

et al., 2018), it is not just enough to understand how much water we have, but the mechanisms that 

drive its distribution and partitioning throughout our natural and built environment.  

Ecohydrology represents a field of study that incorporates approaches developed in both 

the ecological and hydrological sciences to inform stewardship and policy aimed at maintaining 

natural resources dependent on the intersection of these two fields (Cantonati et al., 2020). 

Evaluating water resources through the lenses of both hydrology and ecology allows for a  more 

complete understanding of hydrologic functions at the catchment scale (Cooper et al., 2018; Huang 

et al., 2016; Perry and Jones, 2016). This framework allows us to understand how snow is 
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accumulated and stored in forested systems (Susan E Dickerson-Lange et al., 2017; Knowles et 

al., 2015), and when to expect the snowmelt pulse (Barnhart et al., 2016). It allows us to understand 

and account for losses of water through evapotranspiration (ET) (Safeeq and Hunsaker, 2016) or 

through infiltration (Tague et al., 2008). While it is certainly beneficial to understand these 

functions from an abiotic water resource perspective, the ecohydrologic context also allows for a 

greater understanding of the system as a whole. Methodologies implementing this ecohydrologic 

context have been successful at monitoring and preserving groundwater dependent ecosystems 

across the united states (Costelloe and Russell, 2014; Freed et al., 2019; Nielson et al., 2019; Sada 

and Pohlmann, 2002) as well as relationships between vegetation disturbances and water yield 

(Goeking and Tarboton, 2020; Son and Tague, 2019). Using this lens to study and create 

management strategies is paramount as it not only allows for a more holistic problem-solving 

approach, but can also offer insights into ecohydrologic relationships and provide unique solutions 

that would be overlooked otherwise. 

1.1.2 Groundwater Dependent Ecosystems 

Unfortunately, society did not heed the advice of Hippocrates and many developments have 

been built on top of groundwater dependent ecosystems due to their flat terrain, leading to a 90% 

decrease in habitat over the last 100 years (Dahll, 1990). Groundwater dependent ecosystems are 

unique as they present a non-invasive look into our subsurface water supplies acting as an 

intersection between surface water and groundwater (Kresic and Stevanovic, 2010; Springer and 

Stevens, 2009). This naturally occurring nexus can allow us to understand storage capacities, 

ground water constituency, and residence times (Ilmonen et al., 2013; Ingraham et al., 1991; 

Springer et al., 2015). When viewing these systems through the ecohydrologic framework, these 

systems are also vital as they represent ecosystems with disproportionately high levels of 

biodiversity (Frisbee et al., 2012; Misztal et al., 2013; Potter, 2016; Williams and Danks, 1991) 

and act as a place of refugia for plants and animals in a dry month or in arid climates (Stacey et 

al., 2011; White et al., 2016). Successful ecohydrologic methods have been created to monitor and 

prioritize the restoration of these unique and sensitive environments (Sada and Pohlmann, 2002; 

Stevens and Springer, 2016). In order to ensure continuous improvement and calibration of these 

methods they must be applied over time, to different climatic regions, with different management 

demands, needs, and restrictions.  
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1.1.3 Fire Prone Landscapes 

Western US alpine forests also benefit from ecohydrologic management. These systems 

have seen increases in forest fire frequency, intensity, and magnitude over the last 100 years 

(Westerling, 2016). A connected and compounding issue is the decline of fresh water in the 

western US due to a significant decrease in snowpack in these same alpine systems (Mote et al., 

2018, 2005). These two issues create another intersection that can be best evaluated through 

ecohydrologic management strategies. Vegetation transpires moisture from varying depths of the 

soil column to the atmosphere (Tague et al., 2019).  Depending on the species, size and time of 

year, trees can transpire .69 mm to 7 mm of water a day (Dawson, 1996). If these values are 

aggregated to the stand and annual level, large portions of water are being removed from the 

system via plants. Studies have found that through the removal of vegetation from either clear 

cutting or forest fires, there are reductions in transpiration and increases in runoff (Bales et al., 

2011; Boisramé et al., 2017; Ebel et al., 2012; Mclaughlin et al., 2013; Rowse and Center, 1998; 

Schnorbus and Alila, 2004; Zhang et al., 2017). Strategic reductions in forest stand structure can 

have positive impacts at reducing the risk of forest fires (González-Sanchis et al., 2019; Hurteau 

et al., 2014; Metlen and Borgias, 2013; Metlen et al., 2018; North et al., 2009). This has led many 

to hypothesize that if we apply these methods to reduce forest fire risk that there can be both a 

reduction in risk to catastrophic forest fires and an increase in water yield (Bales et al., 2011; Saksa 

et al., 2017). However, this relationship is not finite (Tague et al., 2019) and in some cases, there 

can be negative impacts on water yield after forest thinning (Goeking and Tarboton, 2020).  Thus, 

a more in-depth analysis is needed to inform land managers on the ecohydrologic management 

strategies that best fit their needs.  

1.2 Research Objectives, Questions, and Hypotheses  

This section summarizes the research objectives, and associated research questions and 

hypotheses for each chapter of this dissertation. 

1.2.1 Objective 1: Create and Implement an Adapted Inventory and Analysis Method to 

Identify Springs and Regions in Need of Restoration 

The objectives of the research performed for Chapter 2 were to 1) identify ecohydrologic 

indicators that are driving habitat size on Mt. Tam, 2) understand how discharge influences 
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vegetation cover, and 3) test our ability to identify aggregate areas and individual sites of concern. 

To achieve these objectives, the following research questions were addressed, and hypotheses were 

evaluated: 

Question 1: What intrinsic ecohydrologic spring indicators are driving habitat size on Mt. Tam? 

Hypothesis 1 – We hypothesize that available water and gradient of the habitat have the 

strongest correlations with habitat size. 

Question 2: How does hydrologic discharge influence vegetation cover? 

Hypothesis 2 –We hypothesize that increases in water supply will increase the amount of 

vegetative cover around springs.  

Question 3: To what degree can the developed adapted methods inform on aggregate areas of 

concern and identify springs for restoration? 

Hypothesis 3 – We expect the adapted methods to successfully identify areas of concern 

specifically in the lands managed by California Department of Parks and Recreation due 

to the lower funding, higher foot traffic, and closer proximity to large urban areas. 

Restoration sites will also be identified that favor ecological function.  

1.2.2 Objective 2: Evaluate Runoff Response to Forest Treatments at the Watershed Scale 

The objectives of the research performed for Chapter 3 were to 1) evaluate the response of 

hydrologic parameters to forest treatments, and 2) quantify how much of the observed change in 

flow is attributed to changes in precipitation vs. changes in forest structure. To achieve these 

objectives, the following research questions were addressed, and hypotheses were evaluated: 

Question 4: What is the response of hydrologic parameters to forest fire mitigation strategies at 

the watershed scale, including runoff ratio, total annual flow, seven-day low flow values, 

maximum monthly flow, the center of mass, and ET?  

Hypothesis 4 – As forest treatments increase there, we hypothesize an increase from the 

pretreatment mean in the total annual runoff, runoff ratios, low and maximum flows. We 

hypothesize a decrease in ET relative to the pretreatment mean, and a significant change in 

the center of mass from the pretreatment mean. 

Question 5: What portion of the annual change in stream flow can be attributed to the changes in 

forest structure due to forest fire risk reduction versus annual changes in climatic variables? 

Hypothesis 5 – We hypothesize that shifts in hydrology will be dominated by forest change 

and not climate.  
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1.2.3 Objective 3: Model forest treatments and subsequent impact on surface water runoff  

The objectives of the research performed for Chapter 4 were to evaluate to what degree 

does thinning need to occur in the Ashland watershed to see an increase in surface water runoff, 

and 2) evaluate how the location of theoretical treatments impacts changes in surface water runoff. 

Question 6: How do varying levels of fuel reduction impact surface water yield in low, average, 

and high-water years. Treatments consist of reducing basal area by 25% and 75%, over 25% and 

75%, of the watershed.  

Hypothesis 6 – We expect that a reduction of 25% basal area will have no impact on surface 

water runoff in dry and average water years, but an increase will be present in an above 

average water year. We hypothesize that a 75% reduction in basal area will lead to an 

increase in the tested climatic conditions (dry, average and wet).   
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CHAPTER 2: UTILIZATION OF ECOLOGICAL INDICATORS TO QUANTIFY 
DISTRIBUTION AND CONSERVATION STATUS OF MT. TAMALPAIS  

SPRINGS, MARIN COUNTRY, CALIFORNIA 
 

Reproduced with permission1 from the Journal of Ecological Indicators 2 

Jake R. Kurzweil3, Reza Abdi3, Larry Stevens4, and Terri S. Hogue3
 

2.1 Abstract 

Spring ecosystems are keystone habitats, providing refugia and supporting high levels of 

ecological biodiversity and productivity. However, they are often overlooked, overdeveloped, or 

destroyed altogether. Protocol and inventory methods exist that provide detailed and quantified 

data collection that enable land managers to monitor and assess their ecological indicators. These 

methods typically require expertise from many fields, which limits the ability of land managers 

with lower economic and human resources to implement them on landscape scales. This study 

presents the Adapted Springs Ecosystem Assessment Protocol (A-SEAP), a simple adaptation of 

well-established methods as a preliminary, low cost method to evaluate ecological indicators of 

springs and identify areas of concern. Findings are used to prioritize regions and springs for 

monitoring and restoration using the rigorous established methods. For this study, a total of 72 

springs were evaluated on Mount Tamalpais in Marin County California, a managed wildland 

surrounded by urban developments. Our assessment showed that spring geomorphology was 

distributed as follows: hillslope (56) > rheocrene (10) > helocrene (3) ≥ limnocrene (3). Of those, 

20 have anthropogenic influences due to roads or trails. Vegetation inventories revealed that 

springs supported 96% native species, 3% invasive species, and 1% rare and endemic species. 

Nearly 10% of all native species, as well as 10% of wetland species known in the area of interest 

were found in only 0.005% of the landscape. Among these springs, slope was negatively correlated 

to habitat area (R2 = -0.421, p = 0.00021) and was positively related to discharge (R2 = 0.614, p = 

7.5E-9). There was no correlation between discharge and vegetation cover (R2 =-0.007, p = 0.8). 

 
1 See Appendix A for permissions. 
2 This material may be downloaded for personal use only. Any other use requires prior permission of the Journal of 
Ecological indicators. This material may be found at https://doi.org/10.1061/JSWBAY.0000863.  
3 Hydrologic Science and Engineering, Department of Civil and Environmental Engineering, Colorado School of 
Mines, Golden, CO 
4 Springs Stewardship Institute, Museum of Northern Arizona, Flagstaff, AZ 
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A-SEAP demonstrated that the majority of springs in this region have fair ecohydrologic integrity 

relative to other spring studies, with a mean value of 3.62 out of 6. A-SEAP indicators identified 

springs located in Mt. Tamalpais State Park as lower ecohydrologic integrity than springs in the 

protected Marin Municipal Water District. A-SEAP indicators also successfully identified springs 

in need of restoration that fit the goals of the local land management agencies. Our results 

demonstrate that Mount Tamalpais springs are ecologically significant and require further 

inventory, monitoring, and conservation attention.  

 

2.2 Introduction 

Spring ecosystems represent habitat supported by emerging groundwater. Springs sensitivity 

to climate change is dependent on aquifer hydrogeology and precipitation, infiltration, and 

groundwater supply (Cartwright and Johnson, 2018). These systems are unique in the diverse 

habitat they support and provide a rare, noninvasive view into the subsurface. Springs provide 

highly ecologically interactive habitats and are renowned as biological hot spots in arid and semi-

arid regions, supporting diverse communities with a mosaic of habitat structures (Cartwright and 

Johnson, 2018; Hershler et al., 2014; Minckley and Unmanck, 2000; Springer et al., 2015; 

Williams and Danks, 1991). Spring ecosystems also provide refugia to flora and fauna in dry 

regions, during dry months (Guirguis et al., 2018; Yoon et al., 2015), and under changing climates 

(Costelloe and Russell, 2014; Davis et al., 2013; Kløve et al., 2015). Springs have historically been 

utilized by humans for subsistence, economic, municipal, and industrial purposes (Kodric-Brown 

and Brown, 2007; Springer and Stevens, 2009). They also have medicinal, cultural, and spiritual 

connections to First Nation and European peoples of the Americas (Haynes, 2008; Kresic and 

Stevanovic, 2009; Phillips et al., 2009; Kraemer et al., 2015). Springs continue to play a large but 

overlooked economic role in rural and some urban landscapes, as well as in recreational economics 

(Stevens et al., 2020). Consequently, springs ecosystems provide a multitude of positive 

contributions in addition to their ecological-biodiversity context, including cultural, historic, 

economic, and societal sustainability indicators (De Granade and Stevens, 2020; Laurila-Pant et 

al., 2015). Thus monitoring the ecological indicators of these habitats is imperative to create 

informed management strategies (Cantonati et al., 2020).  
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Many recent studies on springs ecosystems have largely focused on arid regions (Freed et al., 

2019; Frisbee et al., 2012; Grand Canyon Wildlands Council, 2002; Junghans et al., 2016; Misztal 

et al., 2016, 2013; Simiyu et al., 2009; Stevens and Meretsky, 2008; Tobin et al., 2018). This is 

largely because springs represent high-density ecosystems for both flora and fauna in arid 

landscapes. However, springs ecosystems are understudied and less well understood in other more 

humid regions.  

Spring ecosystems represent a highly threatened habitat type or biome, with estimates of 

ecosystem loss or degradation surpassing 90% in the United States (Stevens and Meretsky, 2008). 

Exacerbating this issue is underfunding for land managers responsible for these habitats (Alkire, 

2000; Walls, 2009). With this in mind, it is extremely important to locate, inventory, and prioritize 

monitoring and restoration of these marginalized habitats. There are established and validated 

spring inventory protocols that rely on expert evaluation of hydrogeology, geomorphology, 

ecology, zoology, botany, and human impacts (Sada & Pohlmann, 2002; Stevens et al., 2016). 

While these methods provide accurate and detailed data collection, they require expertise, 

intensive training, and economic resources, methods that may not be fundable for basic preliminary 

landscape inventories. To accommodate stewardship agencies that have little in-house expertise or 

funding, we advocate that user-friendly, simplified tools are needed to fill this gap. The current 

work entailed modifying the Springs Stewardship Institute’s assessment protocol to create the 

Adapted Spring Ecosystem Assessment Protocol (A-SEAP). This developed method of monitoring 

and evaluating ecological indicators is a simplified framework and not intended to replace more 

sophisticated protocols, but provides a cost-effective, efficient means to obtain a sufficient level 

of data quality to funding-limited agencies. 

The goal of A-SEAP is to provide a tool that can be used by land managers to inform decisions 

on stewardship issues and priorities for specific regions, individual springs, and on which to 

concentrate their limited management resources. This simplified assessment framework includes 

plant species identification and requires local botanical expertise as key habitat indicators but has 

not yet been extended to include animal populations. The approach of adapting established 

inventory methods to local and regional scales has been successful in other studies (Stein et al., 

2017). Our methods are used as precursor analyses, allowing for a rapid evaluation of 

ecohydrologic integrity and indicators. Those results can then be used to identify sites for more 

intensive inventory and monitoring methods. We implemented the developed A-SEAP on Mt. 
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Tamalpais (Mt. Tam), California to address the following questions: 1) What intrinsic 

ecohydrologic springs ecosystem indicators are driving habitat size? 2) To what extent and to what 

degree does discharge influence vegetation cover? 3) How well do the indicators and analysis used 

in A-SEAP inform stewardship agencies about regional versus site-specific status and springs 

restoration potential? Results of this approach, initially evaluated on Mt. Tam, can be used to 

monitor ecological indicators and prioritize more intensive inventory and conservation efforts to 

preserve these small but critically important springs ecosystems.  

2.3 Methods 

2.3.1 Study Area 

Mt. Tam, located in northern California (Figure 2.1), is unique due to its proximity to 

highly urban and suburban infrastructure while maintaining high levels of conservation 

management. The study area is located in Northern California’s Marin County and encompasses 

much of the Bolinas Ridge coastal mountain range. Just north of metropolitan San Francisco, this 

188 km2 study site is surrounded by high-intensity urban developments (east/south), Pacific Ocean 

(west), and protected national seashore reserves (north). The area is managed by multiple 

government agencies including MMWD, Marin County Parks (MCP), National Park Service 

(NPS), California State Parks and Recreation (CDPR), and the Golden Gate National Parks 

Conservancy (GGNPC). To increase congruency and work capacity, the nonprofit One Tam was 

created (www.onetam.org). We conducted this research on the One Tam area of focus. 
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Figure 2.1. Study site and agency boundaries. (MMWD) owns and manages the majority of the 
land on Mt. Tam and is situated predominantly on the Northwestern side of Mt. Tam.  The 
National Park Service has fractured ownership that includes Muir Woods in the South, and much 
of the land to the West. California Department of Parks and Recreation (CDPR) manages the fire 
lookout at the top of Mt. Tam and much of the Southwestern land. Marin County Parks (MCP) 
manages a number of open spaces in the Northeastern to Southeastern portions of the mountain. 

 

The elevation of the study area ranges from sea level to 784 m at the summit of Mt. Tam. 

The dominant geology is the Franciscan complex, specifically mélange, a formation consisting of 

multiple lithologies. Late Cretaceous sandstone and shale Jurassic green stone also occur on Mt. 

Tam (Spittler, 1989). Although there is very limited information on groundwater and aquifers 

present. It is hypothesized that highly fractured Franciscan complex and the underlying sandstone 

act as unconfined aquifers. With a Mediterranean climate, the vast majority of precipitation falls 

between October and May, while the summer months are typically hot and dry. The average 

precipitation recorded at Lake Lagunitas on the west side of the mountain at an elevation of 238 

m is 1.3 m/year (www.marinwater.org/300/Water). Average temperatures range from the 4 oC in 

the winter to 24 oC in the summer. 

http://www.marinwater.org/300/Water
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Mt. Tam supports a wide variety of vegetation, ranging from coastal chaparral, and oak 

savanna, to mixed evergreen forest. Mt. Tam is a biological hot spot supporting 770 native plants, 

95 endangered and rare species, and 6 endemic plant species (Evens et al., 2006). Although 

conservation and management efforts are pervasive, significant ecological stressors include heavy 

recreational use and expanding invasive species populations (Alexander and D’Antonio, 2003). 

The study area also supports five municipal drinking water reservoirs maintained by MMWD, 

providing drinking water to 190,000 customers.  

 

2.3.2 Springs Mapping 

Although the springs of Mt. Tam no longer significantly contribute to municipal and 

industrial water supplies, they still play important ecological and historic roles as well as serving 

as recreational hiking destinations. All springs on MMWD lands have associated water rights that 

were last documented in the late 1960s (Grant, 1967). Springs located on State park lands have 

water rights associated with the state of California. As in many landscapes across the nation, the 

springs of Mt. Tam are poorly mapped and their ecological integrity is not well understood. Past 

studies have mapped springs statewide via the National Hydrography Dataset Plus (NHDPlus), but 

only evaluated the density of groundwater-dependent ecosystems (Howard and Merrifield, 2010). 

We found there was little overlap with NHD mapping with only three springs out of the 72 

inventoried being documented by NHDPlus georeferencing. Only two, non-comprehensive 

inventories of Mt Tam springs have been conducted. MMWD sought to establish water rights 

claims on larger springs (Grant, 1967), and an inventory by the GGNPC evaluated wetlands, but 

not exclusively those associated with springs (Castellini and Fong, 2006).  

Initial evaluation and data collected were limited to the MMWD and CDPR lands. Management 

strategies on these land units differ and allow for an evaluation of impacts of natural resources 

management on the ecological integrity of springs between agencies.  

After a successful preliminary study, we expanded our inventories to encompass the 

broader area of Mt. Tam. MMWD reported an initial set of 62 locations consisting of historically 

known springs, as well as other springs located by rangers and field crews. Additional springs in 

both MMWD and CDPR lands were located by hiking through the region. We walked the trail 

systems on both agency’s lands, georeferencing spring locations using a Trimble geo 7x with a 



27 
 

WGS 1984 UTM Zone 10N datum, and noting those recommended for subsequent, more detailed 

inventory. We did not conduct a randomized sampling across the landscape as this was an initial 

exploration, termed Level 1 inventory by Stevens et al. (2016). This biases the sample towards 

degraded sites due to the proximity of trail networks and recreational use. Also, Mt. Tam is 

characterized by mild to steep slopes, thus most springs encountered were upland hillslope springs 

(Springer and Stevens, 2009 and Stevens et al., in press). A total of 82 sites were inventoried with 

72 identified as springs. Ten of those 82 sites were not considered to be springs ecosystem by 

either not meeting the wetland criteria established by the U.S. Army Core of Engineers (USACE) 

(U.S. Army Corps of Engineers U.S., 2008) or the established requirements outlined in spheres of 

discharge of springs (Springer and Stevens, 2009). In the current study, springs were inventoried 

from May - August 2016. We selected this seasonally dry time period to favor ease of delineation 

as the vegetation is in a skeletal state unless influenced by a water source, such as a spring. 

Although this created a visible boundary for spring habitat, it does reduce the ability to identify 

plant species. This time period also represents the lowest seasonal hydrologic contribution, and 

therefore collected discharge data are likely minimal estimates. It is important to note that there is 

no ideal time to measure all the important ecohydrologic properties of springs, and there can be 

considerable annual variation in springs discharge (Springer et al., 2015). 

2.3.3 Field Data Collection  

We adapted the field inventory methods from the Springs Stewardship Institute and the 

Desert Research Institute (Sada & Pohlmann, 2002; Stevens et al., 2016). A general abbreviated 

methodology is outlined below. 

2.3.4  Hydrogeomorphology 

Site disturbance factors were identified, including: livestock, recreation, diversions, 

residence, drying, flooding, dredging/scouring, fire, trash, or other. Site condition was also noted, 

as adapted from the Sada and Pohlmann (2002) protocol. Site condition indicates the freedom or 

influence from disturbances and classifies springs into four groups: undisturbed springs, slightly 

disturbed springs, moderately disturbed springs, and highly disturbed springs. The springs type is 

classified based on Springer and Stevens (2009) description of spheres of discharge.  
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Flow duration was classified as either perennial, annual or ephemeral. Natural spring brook 

length was measured as the distance from spring orifice to the first disturbance, if present. 

Disturbed spring brook length was measured as the distance from the disturbance to the 

termination of flow or next tributary. The wetted perimeter was measured 1 m from the source, if 

possible, and every subsequent 50 m until the brook reached a tributary or disturbance. Springs 

were delineated and georeferenced with a Tribal geo 7x GPS device based on the USACE (U.S. 

Army Corps of Engineers U.S., 2008) using the WGS 1984 UTM Zone 10N datum. Waypoints 

were managed by waypoint averaging, and were discarded if the estimated positioning error was 

greater than 3 m. In addition to the delineated polygons of the habitat area, site maps were sketched 

at each site. Site photos were taken from the landscape perspective. Additional photos were taken 

at important location, such as the sources, the water quality and discharge measurement sites, and 

notable disturbances, if present. For initial project expediency, we measured discharge at any site 

that had a spring-brook length of 50 m or that connected with a tributary. While decreasing field 

time, this practice biased the data towards springs with higher discharge values and lower A-SEAP 

scores. Measuring discharge at every site is recommended for future work.   

A general qualitative description of the substrate was recorded in the following classes: 

fines (<1 mm), sand (1 mm-5 mm), gravel (5 mm-80 mm), cobble (80 mm-300 mm), boulder 

(>300 mm), bedrock (solid rock), aquatic flora. These classifications were selected as they 

matched the vegetation methods outlined below (CNPS, 2007). Basic geochemistry was recorded 

using the Hydrolab Quanta Multi-Probe Meter including temperature (oC), turbidity (NTU), 

specific conductivity (µc/cm), dissolved oxygen (mg/L or %), and pH. Qualitative observations of 

aquatic life, birds, and butterflies were also recorded.  

2.3.5  Vegetation  

Vegetation data were collected by a trained botanist and were compiled based on a 

modification of the rapid assessment protocol of the California Native Plant Society (CNPS, 2007). 

Total vegetated cover was estimated, followed by percent cover for water, vegetation, litter, rocks, 

bare, moss, and lichen. The top six dominant vegetation species were identified to the species level, 

and their percent cover and location are noted. Plant location in relation to diversion points were 

indicated as upstream (upslope from a diversion) or downstream from a diversion. Indicator, rare, 

and weed species were recorded in the same fashion as dominant species, regardless of their 



29 
 

prominence. Species and wetland indicator status were determined using the 2016 California 

Wetland Plant List (Lichvar et al., 2016). This method focuses on vascular plants which are largely 

terrestrial. An improvement to this methodology would be to include identification of aquatic biota 

including macroalgae, as well as fauna such as crustaceans and snails.  

2.3.6  A-SEAP Assessment 

Multiple methods have been proposed and tested for assessment of the ecological integrity 

of stream (Bernhardt et al., 2007; Kenney et al., 2012; Lave et al., 2008) and springs ecosystems 

(Paffett et al., 2018;  Stevens, 2018). These methods are thorough and detailed, and require expert 

analysis, including expert opinion (Paffett et al., 2018). While of considerable value for resources 

management, the cost of such analyses can be too great for some organizations, and a preliminary, 

more stream-lined process may be of value. We modified the Springs Stewardship protocol 

(Stevens et al. 2012; Paffett et al. 2018) to create the Adapted Springs Ecosystem Assessment 

Protocol (A-SEAP). This preliminary assessment takes field measured ecohydrological indicators 

and analyses them to inform on the general ecological integrity of individual springs ecosystems. 

A-SEAP includes six categories of indicator variables, each with several related subcategory 

variables (Table 2.1). Each subcategory variable was evaluated with a score ranging from 1 (low 

ecohydrologic integrity) to 6 (high ecohydrologic integrity). The average value for each major 

category is then taken, the major categories are then averaged to give a final A-SEAP score for the 

springs ecosystem. Values lower than 2 indicate poor ecohydrologic integrity, values ranging from 

2 to 4 indicate fair ecohydrologic integrity and values greater than 4 demonstrate good 

ecohydrologic contributions. This method differs from the SEAP protocol by using an even 

number of scores (no clear mid-point of condition) and involves only measurable variables to avoid 

reliance on expert opinion. In contrast, the SEAP protocol involves expert interpretation on 

aquifer, habitat, and biological condition and risk variables (Paffett et al., 2018). A-SEAP data are 

measured by trained, but not necessarily professional staff and volunteers, and therefore may be 

biased by the level of observer experience.  
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Table 2.1 A-SEAP major and subcategories. All subcategories are given values 1 to 6, with 1 
being low and 6 being high ecohydrologic integrity. Values are averaged first for each major 
category and then across all categories to get a final A-SEAP score. 

Geomorphology Aquifer Habitat Disturbance Biology Water Quality 

Runout Channel 
Geometry 

Discharge Isolation Anthropogenic 
Disturbance 

Invasive Plant 
Cover 

Temperature 

Natural Brook 
Percentage 

Flow 
Naturalness 

Habitat size Natural 
Disturbance 

Rare and 
Indicator Plant 

Cover 

Conductivity 
(g/L) 

 Flow 
Persistence 

Native 
Plant Role 

Site Condition Aquatic Life Dissolved 
Oxygen (mg/L) 

    Birds and 
Butterflies 

pH 

 

It should be noted that there is weighting associated with the disturbance categories. As 

human impacts were the greatest concern to the funding agency, the presence of livestock, 

residence, springboxes, and trash were given a value of 2. The present of a full concrete 

encasement was given a value of 3, while diversions, drying, fire, flooding, dredging, and 

recreation were given values on 1. Recreation was deemed by the agency of less of a concern than 

other anthropogenic influences. Values were then summed at each site to get a final disturbance 

score at each site.  

2.3.7  Analyses 

We used the rcorr package in R language (Harell, 2020) to determine relationships among 

springs discharge, habitat area, vegetation cover, associated springs characteristics, and land use. 

We conducted Spearman’s correlation (Helsel and Hirsch, 2002) to generate correlation 

coefficients and statistical significance, using p< 0.05. A dendrogram of the A-SEAP scores was 

created in the R language to identify and map areas of concern, calculating a distance matrix with 

the dist function. A hierarchical cluster analysis was conducted to plot the dendrogram using the 

hclust function with Ward.D2 method (Müllner, 2013). This method provided the highest 

correlation (0.64) using the Cophenetic correlation between available methods (Saraçli et al., 

2013).  Four groupings were selected based on dissimilarity and final groups were plotted in 

ArcMap to observe spatial distribution. We used Tukey Honest Significant Differences test to 

discern differences between A-SEAP dendrogram groupings among the A-SEAP subcategory 

variables.   
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2.4 Results and Discussion 

2.4.1 Spring Characteristics 

Four of the 12 springs ecosystem types recognized by Springer and Stevens (2009) were 

identified in the Mt. Tam study area. The most common type surveyed were hillslope springs, 

totaling 56 sites (78%), followed by rheocrenic springs (10 sites, 14%), and three of each helocrene 

and limnocrene springs (4% respectively). We identified 20 (28%) of the springs inventoried as 

being secondarily anthropogenic due to the influence of fire roads or trails.  

The 72 springs inventoried occupied a total of 10,198 m2 of habitat, with a mean habitat 

area of 134 m2 (95% confidence interval of +-45.7 m2 and median of 56 m2). The springs 

inventoried represent 0.005% of the total area in the One Tam study area. The largest spring we 

inventoried had 1,334 m2 of habitat while the smallest produced only 0.2 m2 of habitat. The 

smallest spring inventoried had no observed terrestrial or aquatic fauna, but a spring located only 

10 m southwest supports an isolated population of snails. This indicates that even springs with 

small contributions to habitat can still support small isolated ecosystems. This finding has been 

demonstrated in other regions as well. A study in Italy that showed that small springs with flows 

less than 20 ml/s had the highest diversity of cyanobacteria (Cantonati et al., 1996). 

Discharge varied from 0.0016 L/s to 1.1 L/s, with a mean value of 0.16 L/s (n=38, 95% CI 

= -+.086 L/s, median = .05 L/s) and variation in flow among spring types. Multiple Mt. Tam 

springs have lower discharge, but we only measured discharge if flow persisted for more than 50 

m or reached a tributary leading to a bias towards sites with higher discharge. We advocate that 

discharge should be measured at all springs in future inventories.  

 A total of 253 vegetation observations were made at 36 (50%) Mt. Tam springs; 81 plant 

species were identified among those sites, including 12 invasive species, 64 native species, and 

one rare species. We found that 96% of the vegetative cover was native, 3% was cover by weeds, 

and 1% were rare or threatened taxa. The current vegetation survey yielded 4,076 m2 of vegetated 

cover and a total of 62 native species. This equates to 8.4% of all known native species in the study 

area in just 0.005% of the land area.  
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2.4.2 Habitat Drivers 

To determine the influences of spring hydrogeomorphology on vegetation cover, 

potentially influential characteristics were compared in multiple pairwise comparisons. Springs 

habitat area relationships to other physical site variables were examined using pairwise 

comparisons.  

Confirming our field observations, discharge did not directly influence vegetation cover 

(R2 = -0.007, p = 0.8). This is because springs with large discharge can support only small 

peripheral habitat area and vice versa. As a consequence, discharge was only weakly negatively 

correlated to native species cover (R2 = -0.33) but was positively related to the percent cover by 

invasive species (R2 = 0.33). These values were opposite due to the nature of the data collected; 

increased presence of native species was related to an equivalent decrease in presence of nonnative 

species when rare species were absent, which was common. One possible explanation for this is 

that invasive species, specifically Crocosmia X crocosmiiflora, outcompete native plants for 

nutrients, solar radiation, and water (Liendo et al., 2015). Crocosmia X crocosmiiflora was the 

most abundant invasive species observed, represented 38.7% of invasive vegetation cover and 

typically was found in large, dense stands on springbrook. Such nonnative species may dominate 

springs wetlands both by tolerating conditions that limit native species performance (e.g., tree 

canopy shading). However once established, the nonnative species pre-empt space and prevent 

subsequent native species colonization. While not well-studied, nonnative plant species success at 

springs may sequentially engage two of Connell and Slayter’s (1977) three mechanisms of 

succession: tolerance and then inhibition.    

 Although most habitat variable correlations were weak (R2 values <0.4), mean slope and 

discharge were significantly related to springs habitat area. Mean slope, the slope of the entire 

polygon of spring in ArcMap using a DEM with a spatial resolution of 1 m, produced an R2 of -

0.42 (p = 0.00021) and discharge produced an R2 of 0.614 (p = 7.5E-9). These results indicate that 

springs with lower slopes and higher discharge create larger zones of colonizable habitat than do 

springs with lower discharge on steeper slopes. This relationship is expected to become more 

robust as spring surveys continue, as there are additional large helocrene springs, including Potrero 

Meadows (the largest known spring on Mt. Tam), which has yet to be inventoried. However, it 

also is likely that specific physical habitats support individual species, some of which may be rare. 
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Stevens et al. (2020) reported that while vertical and overhanging hanging garden springs in the 

Colorado River basin did not support a particularly large number of plant species, those that did 

occur in these steep habitats included a relatively large number of rare and endemic plant species.   

2.4.3 A-SEAP Analyses 

Dendrogram clusters used ecohydrologic indicators quantified by A-SEAP to assess its 

applicability of identifying regions of management concern, and differences between land 

management strategies (Figure 2). Interestingly the two major cluster roughly represent springs on 

MMWD (groups A and B) and CDPR (groups C and D) lands. Additionally, we also found groups 

A and B to have higher geomorphology scores than groups C and D. Stepping down to the second 

level of the dendrogram we have group A, group B and then group C and D together. Group A 

differs from group B in that it had more spatial variability, and a lower mean disturbance and biota 

score than group B. Groupings C and D differ from groups A and B in that they have both lower 

geomorphology and disturbance scores (Figure 2). 

 

Figure 2.2 Dendrogram of all springs and their groupings. The y-axis is the dissimilarity or 
distance between springs of A-SEAP scores. The further away a spring connect to another spring 
the less similar they are. Groupings were created by setting a dissimilarity threshold at 9, all 
springs connected below that threshold are in groupings A through D. 

 

The third and most informative level of the dendrogram distinguished four clusters of 

springs (Groups A-D). Group A tended to be fall under MMWD jurisdiction, with only two springs 

located in CDPR land; however, many of those springs occurred in separate watersheds within 
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MMWD. Most Group A springs with values >3 were on MMWD land, and the only spring with a 

value <3 lay on CDPR land. Group B springs had a visibly more spatially consolidated clustering 

in the Kent Lake-Lagunitas Creek and Redwood Creek watersheds. However, five of those springs 

in the Redwood Creek watershed lay on CDPR land. The majority of group B springs had values 

>3, with most MMWD springs having values >4, while only one CDPR springs ecosystem had a 

value >4. Group C springs were located exclusively in the Redwood Creek watershed on CDPR 

land, and all had values <3. Group D springs largely represented widely distributed outliers that 

were about evenly divided between land management units. There also were no springs in group 

D that had values >4.  

A-SEAP scoring revealed that Group A had the second-highest mean (3.80) and median 

(3.75) final A-SEAP scores, and also had a smaller range of A-SEAP values, with a maximum of 

4 (Fig. 3). Group B had the highest mean (3.90), median (3.98), and maximum (5.1) ecological 

integrity relative to the other groupings. Group B springs mostly were located at higher elevations 

in both the Kent Lake-Lagunitas Creek and Redwood Creek watersheds and occurred on MMWD 

and CDPR lands. Variance between groups A and B was not significant (Tukey Honest 

Significance Test p = 0.7). These springs were generally situated on MMWD land but had high 

spatial variability and were not clustered within particular watersheds.   

 

 

Figure 2.3 Box plots of each A-SEAP dendrogram clusters A, B, C, and D. Values for the A-
SEAP score per subcategory and final scores are displayed on the y-axis with groupings on the x-
axis. Group C, identified as an area of concern is largely influenced by lack of geomorphological 

and biological diversity. 



35 
 

 

Group C had the lowest ecologic integrity scores, with the smallest range, mean (2.50) and 

median (2.49) values (intergroup p = 0.0001). All but one of these springs occurred on CDPR land 

and all were located in the Redwood Creek watershed. Group D A-SEAP scores had a smaller 

range and lower mean (3.40) and median (3.35) values than Groups A and B, but still retained 

fairly high ecologic integrity. No marked differences existed between groups D and A (Tukey 

Honest Significant Test p = 0.1); however, groups D and B differed significantly (p = 0.009). 

While Group D springs were dominated by outliers with no visually observable spatial trend, they 

had relatively low geomorphological integrity and lower levels of integrity related to disturbance 

including diversions, springboxes, and even concrete encasement. Additionally, our A-SEAP 

cluster algorithm identified Group C as having low ecological integrity, and our spatial analysis 

prioritized the Redwood Creek watershed as warranting monitoring and stewardship attention 

(Figure 4). This is largely on CDPR lands which has higher foot traffic and lower resources to 

allocate to ecological conservation and restoration. Over time this has led to degradation of the 

springs systems present on their lands and priority should be given to mitigate future impacts.  

 

 

Figure 2.4 Spatial plotting of the four A-SEAP groups identified from the dendrogram analysis. 
This demonstrates how A-SEAP analysis of ecohydrologic indicators can be used to identify 
both individual sites, and regions of concern. All groupings show that the indicators present in 
CDPR springs are of lower ecohydrologic integrity as compared to MMWD lands. 
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Geomorphology is typically the most readily addressed indicator for improving springs 

stewardship (Stevens et al. 2016). Reconfiguring the landscape of excavated springs, removing 

springboxes and old piping, shifting or repairing fences, and creating discrete trails to limit erosion 

are generally simple, low-cost management actions that can substantially rehabilitate springs with 

low geomorphic integrity. Cluster analysis of A-SEAP subcategory scores revealed the driving 

forces between variation in ecological integrity (Fig. 3). Within the arena of geomorphological 

integrity no significant difference were detected in pairwise analysis of Groups A and B (Tukey p 

= 0.08) or Groups C and D (Tukey p = 0.36), but differences between both A and C (Tukey p = 

1.47E-05) and B and C (Tukey p = 0.0022) were significant. The relatively low geomorphology 

score for group C is because most springs in this area have small percentages of natural brooks 

and reduced channel geomorphology, limiting the diversity of habitat provided. When looking at 

the disturbance scores, group C springs had a mean value close to Groups A and B, and a higher 

mean value than group D. This is because springboxes and the presence of trash are weighted as 

higher disturbances as compared to diversions and recreation in the disturbance A-SEAP scores. 

Although geomorphology is positively correlated to the total A-SEAP score (Fig.5), the 

biotic integrity score of Group C was far lower than those among the other three groups (pairwise 

analyses of Groups A, B, and D p > 0.05; Group C p = < 0.05 with all other groups). We 

hypothesize that this was due to springs locations, typology, and exposure to recreational 

pedestrian foot traffic. Again, this indicates that springs in CDPR have lower ecohydrologic 

integrity and may warrant greater intensity of stewardship attention. 

 

 

Figure 2.5 Both the Biolota (R2 = 0.52) and Geomorphology R2 = 0.72) categories show a 
positive relationship with the final A-SEAP score. 
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2.5 Restoration Recommendation, Limitations and Comparisons. 

 Another way to evaluate A-SEAP’s applicability in the field was to see how well it 

identified not just regions, but individual sites in need of restoration. To test this goal, 

recommendations were presented related to sites or regions for management attention in relation 

to agency mission and practice. One Tam originally requested four sites for recommended 

restoration on MMWD and CDPR lands. Lower A-SEAP values among the sites inventoried 

indicated lower ecological integrity and the need for improved stewardship. Springs with the 

lowest A-SEAP scores in ascending order were KLLC39, BT08, OV03, and BT06 all in group C. 

These springs had low values because they were on trails and had little flora present. It was thought 

that these locations would be of limited management interest unless they were isolated (i.e., small 

springs may assume greater ecological interactivity if they are isolated water sources). We 

weighted springs on the presence of indicator or rare plants, aquatic life, and birds and butterflies. 

When presented to One Tam by our research team, One Tam selected the original springs listed 

above and not the weighted springs as potential rehabilitation projects with multiple benefits both 

to springs ecological integrity and to the recreational trail system, thus supporting multiple socio-

ecological elements (Laurila-Pant et al., 2015). This demonstrates A-SEAP’s ability to use 

ecological indicators to identify restoration projects that address multiple ecosystem services as 

recommended by past studies (Olander et al., 2018). Long term monitoring has been recommended 

for the springs undergoing restoration alongside ten other representative springs. This was 

accomplished by randomly selecting a spring from each of the ten dendrogram groupings selected 

by creating a dissimilarity cut off of four (Figure 2). This was done to have monitoring projects on 

springs representative of the known population. Restoration efforts should coincide with 

consultation of established methods (Paffett et al., 2018), and should ensure that restoration 

approaches take a holistic instead of site specific approach (Ilmonen et al., 2013). 

The A-SEAP method is designed to be a preliminary field campaign to inform land 

managers on the best areas to prioritize implementing larger, more robust studies using established 

methods. With this framework, One Tam has begun a five-year monitoring effort that will evaluate 

the vegetation at sites where assessments are missing. Additional sites will be located, inventoried 

and monitored. With this continued effort, improvements in data collection will occur through 
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calibration of survey teams and collaboration with experts. This will improve management 

decision making through an increase in data availability, and data collection quality. 

 Although our preliminary study successfully used ecological indicators to identify spring 

characteristics, regions of concern, and individual springs that could benefit from improved 

stewardship, it had several limitations and biases. Our program requires the presence of a highly 

trained botanist, a requirement that may be a challenge for agencies with limited funding. 

Similarly, our detection of the many rare animal species of management concern on Mt. Tam was 

somewhat variable and requires the participation of one or more highly trained zoologists. This 

will be limited by funding, although volunteers with avian, entomological, and other zoological 

skills occasionally may be engaged. Such staffing costs can be prohibitive for preliminary surveys 

such as ours but may be required by agencies as they further examine sites for management 

prioritization (Paffett et al. 2018). Also, our survey was conducted opportunistically, not as a 

statistically randomized study design. This led to the bias that most springs inventoried were 

degraded by proximity to ease of detection and access near trails or roads. Also, we did not measure 

flow at springs with springbrook lengths of less than 50 m or that discharged into a tributary, 

leading to the bias towards higher discharge and ignores the ecosystem services provided by 

smaller springs. Furthermore, we did not include consideration of exposure in relation to springs 

biodiversity. Springs that are shaded by landscape attributes or tree canopies typically support 

lower levels of internal biodiversity (Stevens 2020). We intend to rectify these several study 

limitations in our future work on the springs of Mt. Tam.    

 The methodologies and applications in this study vary from established methods by focusing 

on indicators that can be collected with minimal expertise or interpretation of results. The well 

established methods of the Springs Stewardship Institute have higher levels of data collection, but 

require individuals trained in multiple areas of expertise. For example, in their geomorphology 

category, they evaluate geomorphic functionality, diversity, and soil integrity as indicators 

(Stevens, 2018). Other categories of their methods include more sub-categories not included in A-

SEAP such as Microhabitat quality, Trophic dynamics, and aquifer functionality. These categories 

provide detail that exceeds our methodology and why we recommend this type of inventory for 

long term monitoring sites.  

  Our methods also vary slightly from an applied methodology by The Nature Conservancy in 

evaluating spring indicators in Nevada (Abele, 2011). Similar indicators are used, but their method 



39 
 

place an emphasis on aquatic life, something that should be added to the A-SEAP. Additionally, 

they identify a range of acceptable variation of their indicators. Springs having indicator values 

lower than the range of acceptability are deemed to need restoration (Abele, 2011).  

2.6 Conclusions 

The springs of Mount Tamalpais are no longer intensively used as potable water supplies, but 

they are biologically and recreationally important sites. However, they remain poorly mapped and 

understood with respect to the ecohydrologic values they provide. Prior to our study, there had 

been no attempt to inventory and assess spring specific ecosystems in the region. This provided an 

excellent opportunity to see how our adapted springs ecosystem assessment method, A-SEAP, was 

at evaluating ecohydrologic indicators for identifying regions and sites for restoration.  With the 

collected data we were also able to understand the varying ecological profiles and understand 

drivers of habitat. Although most of the springs inventoried had low discharge, less than 1 (L/s), 

these springs still support flourishing communities of plants and probably wildlife, as well as 

attracting considerable and likely increasing recreational visitation. We expect that as climate 

shifts and summers become increasingly dry, these ecosystems will become more vital as local 

refugia.  

We report that hillslope springs are the most common type of springs found on Mt. Tam thus 

far, followed by rheocrene, helocrene, limnocrene springs. We investigated relationships between 

springs habitat area and ecohydrologic spring indicators. Mean slope was negatively related to 

habitat area (R2 = -0.421; p = 0.0002), while mean discharge was positively related (R2 = 0.614; p 

= 7.5E-9). If the total habitat area is a concern, managers should prioritize lower slope angle 

springs with high discharge volume for conservation or creation of new habitat.  

Although discharge plays a significant role in influencing the total habitat area, it does not 

influence vegetative cover. There was a slight positive relationship between discharge and invasive 

species (R2 = 0.33). Vegetation surveys found 8.6% of all known native plant species and 10.3% 

of wetland plant species in just 0.005% of the total study area, confirming that these ecosystems 

have disproportionally high biodiversity compared to other ecosystems. We also found that the 

studied springs are largely supporting native over invasive species, with 96% of observed species 

being native, 1% being rare, and only 3% invasive. These results, compounded with relatively high 

A-SEAP scores, indicate that the springs are in fair to good condition.  
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The dendrogram of the A-SEAP analysis was able to identify aggregate areas with 

restoration potential, most notably in CDPR lands in the Redwood Creek watershed where there 

were lower levels of geomorphological diversity and lower levels of ecological integrity. This is 

most likely because this side of the mountain sustains greater intensity of foot traffic due to the 

proximity to San Francisco and has less funding and personnel available for conservation. The 

discrepancies between the ecohydrologic integrity of springs between MMWD and CDPR 

highlights the impacts and need for conservation of these small yet robust ecosystems. The A-

SEAP was also successful at identifying sites for restoration and future monitoring that met the 

goals of the land managers. We proposed two sets of sites for restoration, the first was the four 

lowest scoring A-SEAP springs, and the second were low scoring springs weighted with the 

presence of aquatic or terrestrial fauna and rare or indicator flora. We found A-SEAP to be 

successful in identifying sites for restoration as the two land management agencies identified the 

original non-weighted set as the preferred sites for restoration. This indicates that A-SEAP can be 

utilized as a rapid method for restoration identification. The A-SEAP method is also readily 

transferable to other regions where springs are part of the natural ecosystem. Managers should use 

these inventory methods and A-SEAP scores in tandem with identified conservation priorities to 

make informed prioritization conservation decisions that involve the established methods that this 

framework is built upon. 
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CHAPTER 3: SURFACE WATER RUNOFF RESPONSE TO FOREST MANAGEMENT: 
LOW-INTENSITY FOREST RESTORATION DOES NOT INCREASE SURFACE WATER 

YIELDS 
 

Reproduced with permission4 from a manuscript submitted for publication to the Journal of 

Forest Ecology and Management 

Jake R. Kurzweil, Kerry Metlen5, Reza Abdi, Rob Strahan6, Terri S. Hogue 

3.1 Abstract 

Ecohydrology of the Western United States faces two interconnected issues: a decline in 

snowpack reducing surface water availability and timing, and an increase in the frequency and 

severity of forest fires. Prior research generally agrees that large severe fires and clearcut timber 

harvest increase surface water runoff, due to reductions in interception, infiltration, and 

evapotranspiration. It has thus been postulated that forest restoration with ecological stand density 

reduction and prescribed underburning to reduce fire risk, will also increasing surface water runoff. 

This study evaluates this proposition in the Ashland watershed in southwest Oregon. Forest 

restoration and fuel mitigation treatments have been ongoing in the Ashland watershed from 2012 

to 2019, including commercial density management, surface and ladder fuel reduction, and 

prescribed burning. Despite cumulatively treating roughly 15% and 20% of the basins, these 

treatments only represent a decrease in canopy cover at the watershed scale of 3% and 4%, in the 

West and East sub-basins in the Ashland watershed, respectively. We found that in the post 

treatment period, the West and East basins experienced an average annual water yield decline of 

26% and 24% respectively with 66% (West) and 72% (East) of the changes in water yield 

attributed to annual variations in precipitation. Our results demonstrate that climatic drivers may 

overwhelm desired increased surface water runoff from forest restoration treatments at this scale 

and intensity.  

 
5 The Nature Conservancy, Ashland OR 
6 Lomakatsi Restoration Project, Ashland OR 
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3.2 Introduction 

 Snow acts as the American West’s largest storage reservoir when demand is low (winter), 

releasing it during the dry spring and summer months when demand is high. In the western United 

States, mountainous watersheds provide the majority of surface water used in municipal, 

agricultural, industrial, and natural systems (Pierce et al., 2008). More than half of this surface 

water is generated by snow (Li et al., 2017) but is shifting to a rain dominated regime impacting 

timing of water supply and stressing flood reduction infrastructure (Harpold et al., 2017; 

Musselman et al., 2018). Additionally, there have been observations of declines in snowpack over 

the last century in the Western U.S. (Mote et al., 2018, 2005), and these losses in snowpack are 

projected to continue (Musselman et al., 2018, 2017). This can have impacts on total water supply 

when total water stored as snow is projected to decrease from ~60 km3 to ~25 km3 in the Cascade 

region over the next 70 years (Duan et al., 2017; Li et al., 2017). 

Forests of the western US were historically adapted to a range of fire regimes, but a century 

of fire exclusion and logging of the largest trees has led to increased forest density, loss of 

heterogenous spatial trees patterns, and a shift in species composition toward late seral tree species 

leaving them more prone to severe fire (Hessburg et al., 2019). Warming temperatures, increasing 

drought and lengthening fire seasons are also acting to increase the number of large fires and total 

burned area despite ongoing aggressive fire suppression (Abatzoglou and Williams, 2016; Zachary 

A. Holden et al., 2018; Jain et al., 2017; Robinne et al., 2020; Westerling, 2016). Even with recent 

increases in fire size and number, these systems are largely deficit of the low-mixed severity fires 

that were necessary to sustain them in a resilient condition (Haugo et al., 2019). With increased 

fire deficit, exacerbated by climate change, regional risk for high-intensity forest fires has 

increased (Ager et al., 2019; Hessburg et al., 2016; Kolden, 2019; Littell et al., 2016). As vegetative 

cover and hydrologic behavior are closely coupled, attempts to solve these two issues with a 

common solution has become a collective goal.  

The working narrative is that reductions in vegetation density will lead to increases in water 

yield while decreasing forest fire risk. This is largely based on research evaluating runoff response 

to high intensity forest fires and clear cutting (Brown et al., 2005; Perry and Jones, 2017; Seibert 

et al., 2010; Srivastava et al., 2018; Sun et al., 2019; Swanson et al., 1986). Studies specifically 

evaluating the runoff response to forest fires have often demonstrated varying levels of increase 
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post-fire runoff (Blount et al., 2020; Alicia M. Kinoshita and Hogue, 2015; Kinoshita and Hogue, 

2011; Saxe et al., 2018a; Seibert et al., 2010; Sun et al., 2014). Although the hydrologic response 

to changes in forest density depends on the intensity of removal, intensity of fire, vegetation 

recovery, and climate, it has been generally accepted that reduction in forest stand structures should 

lead to increases in water yield (Evaristo and Mcdonnell, 2019; Mclaughlin et al., 2013; Saksa et 

al., 2017) with notable variations with location (Hallema, 2018; Wine and Cadol, 2016).  

It has been proposed that forest fuel reduction via forest treatments can also increase 

surface water runoff (del Campo et al., 2018; Saksa et al., 2017; Sun et al., 2015) as vegetative 

cover plays a large role in the partitioning of water via evapotranspiration (ET) (Flerchinger et al., 

2016; Kennedy et al., 2010) and interception (Harpold et al., 2020; Roth and Nolin, 2017). 

However, the relationship between hydrology and forest structure is complex and general claims 

can be misleading. A recent review found that studies with a mean annual precipitation of less than 

1,300 mm had an increase of mean streamflow of only 6% and flow was only evaluated two years 

after the event leading to a knowledge gap of long-term implications (Tague et al., 2019). They 

found increases in streamflow were 50% lower for studies evaluating thinning treatments as 

compared to partial clearing (Tague et al., 2019). Studies that have focused directly on runoff 

response to fuel reduction made conclusions based on modeled data, and when physical post-

treatment data were utilized, changes could not be detected (Saksa et al., 2020, 2017). 

This study looks to specifically evaluate the ecohydrologic relationship between forest 

treatments and surface water runoff. In order to reduce forest fire risk in the Ashland Creek 

watersheds, the Ashland Forest Resiliency Stewardship Project (AFR; 

htpps://ashlandwatershed.org) was initiated in 2010 with the objectives of decreasing likelihood 

of high-intensity forest fires, improving ecosystem functions, and protecting critical watershed 

assets. Paired with complex habitat protection, strategic ecological thinning and prescribed burning 

were the primary tools being used to accomplish these objectives (USDA, 2009).  

This work aims to (1) evaluate the temporal changes in hydrologic parameters 

corresponding with forest treatments implemented in the Ashland basins, and (2) determine the 

relative influence of precipitation and altered forest structure on water yield. The treatments 

conducted under the AFR present a novel opportunity to expand the understanding of hydrologic 

response to forest fire mitigation strategies in a Mediterranean climate. Few studies have focused 

directly on the hydrologic response to forest treatments and fewer have used physical data to draw 
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conclusions. It is also novel in that the treatments conducted are not acute, but span a seven-year 

period, allowing for a deeper understanding of cumulative effects and vegetation reduction and 

grow back on runoff.  

3.3 Methods 

3.3.1 Study Area 

 The Ashland Creek watershed consists of two sub-watersheds, the East basin (2,086 ha) 

and West basin (2,749 ha) (Figure 3.1). The watersheds are located in southwestern Oregon, just 

above the town of Ashland and they feed Reeder Reservoir, which serves as the primary drinking 

water source for the roughly 21,000 residents of Ashland. Ashland has a Mediterranean climate, 

with warm dry summers and the majority of precipitation falling in the winter. The watershed has 

a natural history of frequent fires. A combination of lighting and anthropogenic ignitions resulted 

in fires at a stand-scale at decadal intervals; these frequent fires were disrupted in the 1850’s near 

the town of Ashland corresponding with the forced removal of Native Americans and fire 

suppression became effective after 1910 (Metlen et al., 2018). Despite aggressive fire suppression, 

a number of fires over the years have impacted forests in close proximity to the studied watersheds. 

Elevation ranges from 890 m to 2,296 m at the summit of Mt. Ashland, the tallest peak in 

the Siskiyou Mountains, a subrange of the Klamath Mountains. Precipitation varies with the lower, 

mid, and high elevations receiving roughly 483 mm, 762 mm, and 1524 mm a year, respectively 

(BCWC, 2007). Temperatures also vary with elevation, with summer averages varying from 10 Co 

to 18 Co and average winter temperatures ranging from -3 Co to 4 Co (BCWC, 2007). This leads to 

a gradient of the aridity index ranging from .56 at lower elevations to 1.3 at higher elevations. 

Snowpack is common at the top of the watershed with an average annual snowfall of 6,731 mm. 

The transition elevation zone from rain to snow is roughly between 1,060 m and 1,500 m (USDA, 

2001). 

The geologic setting is dominated by a granitic batholith from the Cretaceous and Jurassic 

periods (USDA, 2001). Granitic rock types that dominate the area include granite, quartz 

monzonite, quartz diorite, diorite, tonalite, granodiorite, with quartz diorite being the most 

common (USDA, 2001).  The rock structure readily undergoes decomposition leading to high rates 

of infiltration and coarse sand seen in the East and West Ashland creeks. This also leads to high 
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rates of weathering, decomposition, and erosion along most outcroppings. Thus, the 

geomorphology is driven largely by these properties as well as the moderate to steep slopes (20-

70%) (USDA, 2001). 

 

 

Figure 3.1 Cumulative treatments by water year. Density management is DM, surface and ladder 
fuel reduction are SL, and underburn is UB. The percentages represent the cumulative area 

treated up to that water year. The East and West basins largely track until 2016 where the East 
then sees a larger area of the watershed treated. 

 

Soils in the area are most commonly derived from the weathering of granitic quartz diorite 

bedrock. This leads to sandy loam topsoils with more gravelly, sandy loam subsoils (15-60% 

gravel and cobble). Overall, the topsoil ranges from 13 cm to 25 cm in depth but varies with 

different aspects, slopes, and ecotones (USDA, 2001). Total soil depth can be much greater, 

ranging between 1 m to 1.5 m deep. The soils are well-drained to excessively drained, indicating 

higher rates of infiltration (USDA, 2001).  

The watersheds are almost completely forested and range from oak woodland through mixed 

conifer-hardwood, moist mixed conifer, and Shasta red fir (Abies magnifica var shastensis) 

vegetation zones. Common species present are California black oak (Quercus kelloggii), Oregon 
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white oak (Quercus garryana), ponderosa pine (Pinus ponderosa), Douglas-fir (Pseudotsuga 

menziesii), Pacific madrone (Arbutus menziesii) incense-cedar (Calocedrus decurrens), white fir 

(Abies concolor), sugar pine (Pinus lamberitana), and Shasta red fir (Abies magnifica var 

shastensis) (Franklin, 1972; USDA, 2009).The only developments in the watersheds are forest 

road systems, the reservoir that they feed, and a moderately small ski resort at the summit, limiting 

the total amount of impervious surfaces.  

 
3.3.2 Changes in Forest Structure  

Historically the frequent fire regimes of the Ashland watershed were similar to fire regimes in 

other forests of northern California (Metlen et al., 2018). In the Klamath Mountains ecoregion, fire 

exclusion and selective logging of the largest trees has led to a profound increase in tree density, 

largely driven by an increase in shade tolerant trees (Knight et al., 2020; Taylor and Skinner, 2003, 

1998). These changes are also occurring in the Ashland watershed with a tripling in the number of 

trees per area from 1910 to 2011, largely driven by encroachment of shade tolerant Pseudotsuga 

menziesii, Abies concolor, and Arbutus menziesii (Metlen on file).  

Initial non-commercial surface and ladder fuel treatments (SL) treatments were conducted 

in 2005. However, the bulk of the work was conducted under the AFR, a record of decision signed 

in 2009, based strongly on a community alternative to address wildfire risks to municipal water 

supplies, late seral forests, and the Ashland community (USDA, 2009). The AFR project has been 

implemented through a partnership among the City of Ashland, the Rogue River - Siskiyou 

National Forest, Lomakatsi Restoration Project, and The Nature Conservancy.  

The AFR project began SL treatments in 2010. Removal of merchantable by-product (trees 

>18 cm at 137 cm), referred to as density management (DM) occurred in 2013, 2015, and 2016. 

This was the most substantial alteration in forest structure with two general types of prescriptions 

being implemented: fuel management prescriptions which maintained >60% canopy cover and 

open forest restoration prescriptions which had flexibility to reduce canopy cover to 40%. The 

fuels density management prescriptions were applied over the most area and were somewhat more 

conservative than the restoration density management prescriptions which reduced basal area by 

27% (Table 2.1). All silvicultural prescriptions emphasized retaining the largest trees, radial 

thinning around legacy trees, and preferentially removing shade tolerant Abies concolor and 

Pseudotsuga menziesii. Most of the area with merchantable by-product (76%) utilized helicopter 
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yarding and ground-based skidding was only utilized on slopes <20% resulting in post-treatment 

effective ground cover over 94% (data on file Rogue River-Siskiyou National Forest).  

Table 3.1. Treatment category and units for metrics of treatment intensity at the stand scale. Area 
weighted average basal area (m2 ha-1) pre- and post-treatment. Area weighted average canopy 
closure pre- and post-treatment. Percent change is calculated as ((Post-Pre)/Pre)) *100. 

Treatment category Fuels Density 
Management 

Restoration Density 
Management 

West Fork hectares 197 37 
East Fork hectares 206 96 
Basal area (m2 ha-1) 
        Pre-treatment 51 44 
        Post-treatment 37 31 
Change -27% -31% 
Canopy cover (%) 
        Pre-treatment  71 72 
        Post-treatment  67 54 
Change -20% -22% 

 

Pile burning, prescribed underburning burning, and non-commercial treatments that cut trees and 

shrubs without merchantable value are ongoing. The current analysis does not explicitly consider 

pile burning in total area treated because the major changes in forest structure are initiated by 

ecological thinning. The cumulative treatment areas by water year are plotted in Figure 1. This 

form of analysis likely overstates the true change in forest structure as the polygons represent the 

total area where treatments occurred, not the intensity, or quantified change in forest structure. 

To quantify shifts in forest structure over time, changes in the average area of canopy cover 

and forest density were evaluated. Canopy cover data were used at the watershed scale and canopy 

closure data at the treatment scale. To relate these variables, we created a linear relationship 

between canopy cover and canopy closure (Equation 3.1). This relationship was created using 79 

different units in the Ashland watershed where pre-treatment canopy closure data was collected. 

The defined linear relationship yielded an R2 of 0.43. Although the relationship is not strong, it 

was favored over other potential models as it was locally derived. For every water year with data 

available, average canopy closure was estimated. This was done by taking measurements in the 

center of each plot using a convex-lens spherical densitometer held at forearm length from the 

chest. In each plot, closure was recorded equivalent to quarter-square covered areas (Lemmon, 

1956).  
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𝐶𝑎𝑛𝑜𝑝𝑦 𝐶𝑜𝑣𝑒𝑟 (%) = 28.39 + 0.5334 ∗ 𝐶𝑎𝑛𝑜𝑝𝑦 𝐶𝑙𝑜𝑠𝑢𝑟𝑒 (%)                                                          (3.1) 

Basal area reductions (BAr) were also evaluated relative to the area of the watershed per water 

year using equation 3.2 where  𝐴𝑡 is the area of treatment, 𝐵𝐴𝑜 is the pretreatment basal area, 𝐵𝐴𝑝 

is the basal area posttreatment, and 𝐴𝑏 is the area of the watershed. 

𝐵𝐴𝑟 = ∑𝐴𝑡(𝐵𝐴𝑝−𝐵𝐴𝑜𝐵𝐴𝑜 )𝐴𝑏                                                                                                  (3.2)                             

Changes in weighted average canopy cover, and area weighted average density reduction intensity 

are presented in Table 3.2. Forest treatments and change are evaluated at the water year time step 

to have congruency with the hydrologic analysis. Since discharge data are only available at the 

outlet of each of the watersheds, the relationships between climate, forest structure, and hydrology 

is assessed at the watershed scale.  

Table 3.2. Area weighted average density reduction intensity and post-treatment canopy cover 
per watershed. 

Watershed Parameter 2013 2014 2016 2017 

West 
basin 

Basal area 
reduction [-] 

0.0023 0.0020 0.0043 0.0022 

Canopy cover [%] 68.962
5 

68.382
4 

67.687
0 

65.978
9 

East basin 

Basal area 
reduction [-] 

0.0058 0.0050 0.0018 0.0192 

Canopy cover [%] 63.842
8 

62.327
0 

61.470
2 

59.257
6 

3.3.3 Data Sources and Associated Uncertainty 

All flow data were collected from United States Geologic Survey (USGS) gaging sites. The East 

Fork utilized USGS gauging station 1435300, and the West Fork Utilized USGS gaging station 

14353000. Data is present dating back to 1924, but there are large data gaps spanning from 1933 

through 1974 and again from 1982 to 2002. For this reason, we used data from 2002 to present, 

which provides roughly nine years of pretreatment data. We used the daily mean values for most 

analyses, but daily maximum values were used to evaluate peak flow.  

Precipitation was derived from the Parameter-elevation Relationships on Independ Slopes 

Model (PRISM) at the 4 km scale (Daly et al., 2008). This model was selected as no precipitation 
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gage data are available within the watershed. The PRISM model incorporates location, elevation, 

topographic facet orientation and position, and orographic impacts, all of which are important in 

this alpine watershed. This model performed well in the Western U.S., but still has known errors. 

The mean absolute unassigned difference between predicted and observed monthly precipitation 

ranged from 4.68 mm in June to 12.69 mm in January (Daly et al., 2008). We aggregated the 

precipitation data to the watershed scale by taking the area weighted mean of the daily data.  

We acquired snow water equivalent (SWE) data from the Snow Data Assimilation System 

(SNODAS) at the 1 km scale (NOAA, 2004). This model was selected as no observation station 

was located within the watershed. SNODAS has three main components: downscaling of 

meteorological data from Numerical Weather Predication models, data assimilation from ground 

and satellite observation, and a simulation of snow mass and energy balance from the physically 

based National Operational Hydrologic Remote Sensing Center Snow Model. It also has known 

errors, one study in the Colorado Rocky Mountains found that SNODAs captured 77% of variation 

of SWE in forested areas (Lv et al., 2019). As with the precipitation data, SWE data was aggregated 

to the watershed scale by using the area weighted mean of the daily data.  

Evapotranspiration (ET) data was obtained from the Satellite Psychrometric Formulation 

of the Operation Simplified Surface Energy Balance (SSEBop) Model at the 1 km scale (Senay, 

2018). Modeled ET data was used as no physical observations were available in the watershed. 

This model represents a simpler surface energy balance models as it solves for latent heat flux 

without solving for net radiation, sensible heat, and ground heat fluxes. This climatic model also 

does have documented errors. A study that compared SSEBop data to 42 eddy covariance sites 

found that the overall uncertainty of the model is less than 20% over multiple biomes at the 

monthly timescale (Chen et al., 2016).   

3.3.4 Hydrologic Analysis 

 We evaluated five hydrologic parameters: runoff ratios (RR), mean annual 7-day low flows, 

maximum monthly flow, center of mass, and changes in annual water yield. These evaluations are 

common for monitoring and understanding hydrologic trends in response to land cover change 

(Helsel and Hirsch, 2002). We then utilized climate elasticity models (CEM) to determine changes 

in flow pre and post treatment and the relative contribution of precipitation and forest treatments 

to the observed changes in flow. The RR represent the proportion of precipitation that leaves the 
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system as surface runoff. This value is calculated as RR=Qa/Pa where 𝑄𝑎 is the total annual runoff 

depth and 𝑃𝑎 is the total annual depth of precipitation (Helsel & Hirsch, 2002). We calculated the 

Qa and Pa parameters at the annual (water year) time step as winter precipitation is stored as snow 

and does not leave the system until the spring or early summer. 

Low flow values were evaluated using the mean annual 7-day low flow. The data used for 

this analysis is the daily mean flow value from each of the two USGS sites. This commonly used 

statistic (Helsel & Hirsch, 2002) evaluates the smallest average mean daily flow over any 

consecutive 7-day period throughout every water year.  

For evaluating maximum flow values, we obtained the daily maximum flow values from 

each of the two USGS locations. Although yearly peak flow values are helpful for analyzing flood 

frequency, this study’s focus is on evaluating changes in hydrologic parameters not only on an 

annual level but at a seasonal level as well (Cunderlik and Burn, 2004; Dierauer et al., 2018; Perry 

and Jones, 2017). To accomplish this, peak flows by month, per water year, were calculated. 

With changes in both climate and forest structure, there are expected differences in the 

accumulation and melting of snow in a forested system (Harpold et al., 2020), although differences 

vary from site to site (Susan E Dickerson-Lange et al., 2017). This is because canopy cover affects 

interception, in-coming and out-going radiation, ablation, and sublimation rates (Abdi and 

Endreny, 2019; Roche et al., 2017). To evaluate variations in the timing of flow, the date where 

25%, 50%, and 75% of the total annual streamflow leaves the basin was calculated for every water 

year. 

3.3.5 Climate Elasticity Models 

 To calculate differences in annual stream flow from pre to posttreatment, and the relative 

impact of precipitation, a climate elasticity model (CEM) (Sankarasubramanian et al., 2001) was 

used (Equation 3.3). Here, dQ is the change in annual water yield as a runoff depth from the 

pretreatment mean. Qo is the pretreatment annual mean runoff depth. dP is the change in annual 

precipitation from pretreatment mean and Po is the pretreatment mean annual precipitation. This 

model, adapted to evaluate the hydrologic response to forest fires (Hallema et al., 2018, 2017), 

was calibrated during the pretreatment period and is then used to predict expected change in flow 

for the post treatment period. A simple mass balance is then established that demonstrates what 

changes in flow are attributed to non-precipitation influences (Equation 3.4) where ΔQobs is the 
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observed change in annual flow from pretreatment mean and ΔQclm is the modeled change by the 

CEM. Typically, this is calculated as a five-year average both pre and posttreatment. As we did 

not have five years of posttreatment data, we evaluated this on an annual time step that also allows 

us to understand the cumulative impact of the treatments on total water yield. To see details about 

the models explored and the selection process please see the supplementary material.  𝑑𝑄𝑄𝑜 = 𝛼 𝑑𝑃𝑃𝑜                                                                                                                                (3.3) 

∆𝑄𝑜𝑏𝑠 = ∆𝑄𝑐𝑙𝑚 + ∆𝑄𝑑𝑖𝑠𝑡                                                                                                                                       (3.4) 

3.3.5 Statistical Framework for Detecting Trend and Change Points 

The methods used to evaluate significant trend and change points follow the framework 

outlined by Hallema et al., (2017). This included checking for significant change points in the time 

series data excluding the CEM. Different from the work of Hallema et al., (2017), we did not select 

a specific change point to evaluate, but instead evaluated all data points. This is because instead of 

an acute fire, the study basins have experienced multiple years of consecutive treatments. If 

changes in forest structure are thought to have a significant impact on hydrology, it would be 

expected that there would be a significant change point in the time series data where the 

distribution of data before and after treatment are not equal (Hawkins and Zamba, 2005; Ross, 

2015). The null hypothesis is that there is no significant difference in distribution; this was tested 

via the non-parametric two-sample Lepage (L) statistic (Lepage, 1971). Please see the 

supplementary materials for a more detailed description of this statistic. 

Although the change points provide an evaluation of non-parametric trends before and after 

a change, general temporal trends are also of interest. To accomplish this, the monotonic trend was 

evaluated for annual values using the Mann-Kendall test. This established method has been widely 

used to evaluate trends in climatology and hydrology (Mann, 1945; Yue et al., 2002). The Mann-

Kendall test is given by Equations 3.5 and 3.6 where xj and xi are the sequential data values, and 

n is the length of the data set. This statistic was conducted using the Kendall Package in R software 

(Mcleod, 2005) 

 𝑆 = ∑ ∗𝑛−1𝑖=1 ∑ ∗𝑛𝑗=𝑖+1 𝑠𝑔𝑛(𝑥𝑗 − 𝑥𝑖)                                                                                                                 (3.5) 
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𝑠𝑔𝑛(𝜃) = {1 𝑖𝑓 𝜃 > 0 0 𝑖𝑓 𝜃 = 0 − 1 𝑖𝑓 𝜃 < 0                                                                                                                            
(3.6) 

Some data sets, such as ET were evaluated at both the annual and monthly time steps. To 

accomplish this the seasonal Mann-Kendall test was applied. This slight variation is outlined in 

Equation 3.7 and is heavily used by the USGS (Helsel and Hirsch, 2002; Hirsch and Slack, 1984). 

The same parameters apply as above, with the addition of g, representing the season.    

 𝑆 = ∑ ∗𝑛−1𝑖=1 ∑ ∗𝑛𝑗=𝑖+1 𝑠𝑔𝑛(𝑥𝑗𝑔 − 𝑥𝑖𝑔), 𝑔 = 1,2, … 𝑚                                                                                      (3.7) 

 

Evaluating monotonic trends inform on the general tendencies of the system, but one of 

the main questions of this study is to understand the impact of forest management on hydrology 

independent of changes in precipitation. To accomplish this, residual trend analyses were 

conducted on hydrologic parameters. This method was originally used to evaluate anthropogenic 

impacts on rangelands (Burrell et al., 2017; Li et al., 2012). This method plots the hydrologic 

parameter of interest against the associated monthly or annual precipitation value. A linear model 

is then created, and the residuals of that model are then plotted against time. Mann-Kendall test 

are then preformed on this data, informing on the monotonic trend independent of precipitation.   

3.3.5 Simulating Stand-Scale Treatment Effects on Water Yield 

To provide a secondary perspective on likely hydrologic responses to treatment we 

modeled stand-scale water yield using the Forest Vegetation Simulator (FVS). The base FVS 

model is an individual-tree, semi-distance-independent growth model (Crookston et al., 2010). 

Vegetation change was simulated using the Inland CA, Southern Cascades (CA) variant of the 

FVS model. 

Forest Vegetation Simulator (FVS) treatment files (kcp) were parameterized with pre- and 

post-treatment data from the AFR multiparty monitoring to evaluate near- and long-range forest 

composition, structure, and water yield at a stand scale. Prescription development was informed 

by stand scale changes in basal-area and canopy cover measured in pre- and post-treatment units 

across treatment categories (Table 3.3).   

To model hydrologic outcomes at a stand-scale, 74 stands were chosen as representative of 

treated stand conditions and vegetation types treated by AFR. Stand level data were collected on 
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173 plots, 0.04 ha in size. After evaluating treatment intensity through changes in basal area and 

canopy cover across the strategic treatment categories it was determined that basal area was 

reduced between 26% and 45% (mean = 31%), and post treatment canopy cover ranged between 

56% and 72% (mean = 64%). These values were used to develop four treatment scenarios (Table 

3.3); 1) no treatment 2) Thinning to reduce basal area by 26% (BA-26), 3) Thinning to reduce 

basal area by 35% (BA-35), 4) Thinning from below to reduce basal area by 50% (BA-50). The 

BA-50 treatment was more intensive than most implemented treatments and was included to better 

reflect treatments targeted to restoring historical reference conditions. Species preference followed 

the USFS silvicultural prescription guidelines developed for AFR, favoring cutting of shade 

tolerant tree species. A pile burn was simulated following each thinning treatment to remove 90% 

of trees between zero- and 18-cm diameter at 137 cm.  

 

 

 

Table 3.3 Forest structure (trees  >10 cm at 137 cm height) in 2010, pre and post treatment in 

three different management scenarios; 26% basal area reduction (BA-26), 35% basal area 
reduction (BA-35), and 50% basal area reduction (BA-50). 

Treatment No 
treatment 

BA-
26 

 BA-35  BA-50 

  Post  Post  Post 
Trees per hectare (TPH) 542 2303  160  116 
Basal area (m2 ha-1) 50 39  33  26 
Quadratic mean diameter (cm) 36 43  48  51 

 
Water yield response to treatment was evaluated with FVS-Water Resources Evaluation, 

and Non-Point Silviculture Sources (WRENSS) sub-model. While the absolute value of water 

yield from a given WRENSS output is not considered reliable, the comparisons of water yield 

values for contrasting management scenarios is considered valuable (USDA Forest Service FVS-

WRENNS 2015). Water yield is the water available for streamflow. The water balance equation is 

expressed as: 

 

 Water yield (streamflow) = Precipitation – (Evaporation + Transpiration ± Change in storage) 
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Monthly normal values for precipitation data were calculated from the state normal file 

using the Ashland meteorological station. Evaporation and transpiration are modeled as a function 

of basal area. Change in storage is assumed to be zero (Troendle et al. 2007). Percent change in 

basal area and water yield was calculated relative to no treatment for each of the three treatment 

scenarios. Non-linear trends were evaluated to determine the impact of basal area reduction on 

water yield at the stand scale.  

3.4 Results 

3.4.1 Runoff Ratio Evaluation 

 Both sub-watersheds showed similar patterns of runoff ratios (RR) with pretreatment 

averages of 0.382 in the West, and 0.384 in the East (Figure 3.2).  

 

 

Figure 3.2. Runoff ratios for West (left panel) and East (right panel) sub-watersheds. The vertical 
red lines represent associated cumulative area treated of each sub-watershed at that time. The 
horizontal black line represents the pretreatment mean (water years 2003-2011). The blue lines 
represent the monotonic trend and the gray area represents the 95% confidence interval. Kendal’s 
tau and associated p-values are also present for the trend. 

 

When the AFR project began in the 2012 water year (WY), the RR dropped until 2014, 

representing a 51% and 47% decrease from the pretreatment RR mean in the West and East basins, 

respectively. The 2014 WY represented the lowest precipitation year in both watersheds for the 
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study period and is at the center of a multiple-year drought that hit most of the Western United 

States. The 2017 WY marked the largest RR in the study period; this increase was short lived and 

ended with very low runoff ratios in 2018, representing a 46% and 49% decrease from the 

pretreatment mean.  

The West basin displayed a moderate to weak negative monotonic trend (Mann Kendall’s 

Tau (t) = -0.317) and was not significant at the 95% confidence interval (p = 0.0960). Excluding 

WY 2017, the negative trend increased, and significance raised to the 95% confidence interval (t 

= -0.486, p = 0.0133). The East basin displayed the same moderate to weak negative monotonic 

trend (t = -0.317) and was not significant (p = 0.0960). As expected, when WY 2017 was excluded, 

the trend became significant at the 95% confidence interval and the trend became more negative 

and matched the values of the West basin (t = -0.486, p = 0.0133). While there were significant 

negative trends and a drop in the RR after treatments started, no significant change points were 

identified. 

3.4.2 Peak Flow Analysis 

  Residual plots of monthly peak flow and monthly precipitation in the West basin show 

May and June with significant negative trends (t = -0.383, p = 0.0428) (Figure 3.3). This indicates 

that there was a negative trend for peak flow values during the snowmelt months that is occurring 

independently from precipitation inputs. Additionally, there was also significant negative trends 

in October (t = -0.4, p =0.0340) and November (90% confidence interval) (t= -0.367, p = 0.0530). 

This indicates that baseflow values decreased for a reason other than decreased precipitation. We 

did not identify any significant change points in the mean or variance for any month throughout 

the period of interest for the West.  
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Figure 3.3. Residual values for the West and East sub-watersheds from the best fit model 

between monthly maximum flows and total monthly precipitation. This represents trends in 
monthly peak flow independent of precipitation inputs. Red lines represent trends in the residual 
values and dark gray represents the 95% confidence interval of those trends. Months highlighted 
in red have significant trends. 

 
Values in the East were comparable to those of the West basin (Figure 3). Although May 

had a larger negative trend when evaluating the residuals (t = -0.333, p = 0.0790), as compared to 

the actual values (t = -0.3317, p = 0.0960), residuals were only significant at the 90% confidence 

interval. June (t = -0.367, p = 0.0503) and October (t = -0.333, p = 0.0790) also showed a negative 

trend at the 90% confidence interval. August (t = -.4, p = 0.0340) was the only month that showed 

a declining trend at the 95% confidence interval. No significant change points in the mean and 

variance for any month throughout the period of interest were observed.  

3.4.3 Seven-Day Minimum and Timing of Flow 

 The mean annual 7-day minimum flow values in the West basin had no significant trend 

and no significant change points while the East basin did have a significant negative monotonic 

trend (t = -0.471, p = 0.00940) (Figure 3.4). The East basin also had a significant change point in 

means identified at the 2006 water year, with a mean value before the change point equaling 2.60 

cfs and 1.88 cfs after the change point, marking a 38% decline. 2006 marked the first water year 

after the surface and ladder fuel reduction in the watershed, but only the East basin experienced a 

change point, and neither watershed had a large amount of the total area removed (West ≈6%, East 

≈1%). What is not trivial, is the significant negative trend in the East watershed. Over the period 
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of interest, this represents a total loss during the period of roughly 1 cfs. Although this value is not 

large, it does indicate that baseflow may be decreasing.  

Figure 3.4. Mean annual 7-day minimum flows in the West (left) and East (right) basins. The 
East basin shows a significant decline over the period of record (t = -0.471, p = 0.00940), where 
the west shows a non-significant decline. 
 

To understand the trend of mean annual 7-day low flow values independent of 

precipitation, the data was de-trended against precipitation and tested for monotonic trends. The 

West basin had no significant trends, and the East watershed had a significant negative trend (t = 

-0.471, p = 0.01). This again indicates that there was no change in low flow values in the West, 

but that there was another influence outside of precipitation that was leading to a declining trend 

in low flow values in the East basin.  

There were no significant trends in the timing at which 25%, 50%, or 75% of the total water 

left the system in either basin. Additionally, there were no significant change points identified in 

the mean or variance for either basin. 

3.4.4 Climate Elasticity Model Evaluation  

Climate elasticity models (CEM) for both basins found that water yield declined in most 

treatment years relative to the pre-treatment mean (Figure 3.5). Total water yield in the West 

declined every year except for 2015 and 2017 relative to the pretreatment mean ranging from a 

26% decline in 2012 to a 72% decline in 2014 with precipitation explaining 66% of the variation 

on average. In 2014, 2016, 2017, and 2018, precipitation was more influential, but in 2012, 2013, 

and 2015 factors other than precipitation were more influential. Both observed and modeled 
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discharge followed precipitation patterns rather than trends in cumulative treatment area 

suggesting no linear influence of cumulative treatment on total water yield. The East basin 

followed a similar pattern to the West basin with some notable differences. In 2017 total water 

yield increased by 86% in the East basin, the only increase relative to the pretreatment mean. As a 

whole, the East basin had an average decline of 24% of which precipitation explained 72% of the 

variance.  

 

Figure 3.5. Climate elasticity models for the West (left) and East (right) sub-watersheds. DQ 
represents the change in runoff depth from the pretreatment mean. The vertical dotted lines 

represent the years of treatments and the cumulative percent of each watershed treated. For every 
water year, observed changes from the USGS (blue), predicted changes from the CEM (red) and 
assumed changes due to variations in forest structure (green) are reported. Values are reported as 
percent changes in runoff depth from the pretreatment mean. 

 

3.4.5 FVS Simulated Stand-Scale Treatment Effects on Water Yield  

No significant change in water yield was observed for any management scenario. However, 

when evaluating relative change in flow between treatments and the control, there were significant 

differences. The BA50 prescription increased runoff depth by 0.64 cm, (SD 0.55, Z=5.04, 

P<0.0001) relative to no treatment and the change in flow was also significantly greater than the 

BA26 prescription (Z=3.50, p=0.0026). The BA35 also increased runoff depth significantly over 

the BA0 scenarios by 0.15 cm (SD 0.47, Z=3.91, p=0.0005). This was confirmed when evaluating 

the relationship between change in basal area and change in water yield across all treatment 

scenarios. We found that a third order polynomial had the highest, although week significant 
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relationship (R2 = 0.16, p-value =0.001). The inflection point suggests that basal area reductions 

of 36% or more are more likely to result in positive water yields at the stand scale.  

3.5 Discussion 

 Total water yields in the latter part of the study were largely negative relative to the 

pretreatment mean, and the evidence suggests that this is likely due to changes in precipitation 

rather than a treatment effect. Both the RR and CEMs demonstrated that the total water yields 

following forest treatments are largely negative relative to the pretreatment mean (Figures 2 and 

4), with runoff values only occurring above the pretreatment mean in 2016 (12% above 

pretreatment) and 2017 (88% above pretreatment) for the West basin, and in 2017 (86% above 

pretreatment) for the East basin. At the stand scale, the FVS model demonstrated that a removal 

of at least 35% is needed to provide a short-term increase in water yield, but there may be a 

threshold as there is no significant difference between removing 35% and 50% of the basal area. 

Although the two basins vary in treatment scope, intensity, and timing, hydrological patterns in 

both basins follow very similar trends indicating a dominant influence of precipitation. Changes 

in water yield for the West were dominated by precipitation in four of the seven years. This is 

expected as these years represent total precipitation values that have absolute values further away 

from the mean, having a larger influence on water yield. Three of the seven years saw factors 

besides precipitation impose a larger influence on runoff variation, representing years in which 

precipitation is close to the mean. The East basin had a slightly different signal with precipitation 

statistically accounting for the change of water yield in five of the seven years. The only difference 

between basins is the year 2012, where in the East basin there is a slight positive effect from 

variables outside of precipitation (8%). With limited treatments starting in 2012, the impact is most 

likely improperly assigned to forest treatments due to a slight over prediction of the model. 

Looking at RR over time, there were no significant change points, but there was an overall trend 

of declining discharge in both basins. RR for both basins have a t of -0.317 with a p-value of 

0.0960 if all years are included, and a t of -0.486 and p-value of 0.0133 if the large water year of 

2017 is removed. Although our findings sound counterintuitive compared to the literature, there 

are insights on this behavior in prior studies.  

Our statistical analysis of observed stream flow shows a decrease in runoff relative to the 

pretreatment runoff values. A large portion of studies evaluating runoff response to forest change 
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find significant increases in water yield after forest disturbance (Blount et al., 2020; Brown et al., 

2005; Saksa et al., 2017; Zhang et al., 2017). In the global study conducted by Zhang et al. (2017), 

they found that there is a significant tendency for runoff to increase across multiple spatial scales 

after forest cover loss. They also note that water-limited systems have significantly greater runoff 

responses as compared to energy-limited systems. Most treatments were conducted in areas that 

are considered humid and energy-limited by the aridity index, supporting the lack of increase in 

water yield after a decrease in forest cover (Trabucco and Zomer, 2019). Zhang et al. (2017) also 

note that small (<1000 km2) mixed wood forest systems, such as Ashland, also have lower 

responses as compared to small, broadleaf dominated watersheds. Many of these studies had areas 

that had at least 40% of the watershed affected by forest change, whereas Ashland has minimal 

forest cover change, with a decrease of canopy cover of ~3% in the West and 4% in the East (Table 

2). Studies have also noted that there are significant change points in flow values when evaluating 

hydrologic response to forest fire (Hallema et al., 2018, 2017). This is expected as these are acute 

and intense events. In Ashland, the treatments pose a much less intense change to the forest 

structure over a longer period, thus it is not surprising that significant change points in the mean 

or variance were not observed. This is corroborated with our FVS results which strongly suggest 

that the intensity of treatments implemented would not have even elicited an increase in water 

production at the stand scale. 

One study, specific to the Norwest United States (Jones and Post, 2004), noted that even 

on the daily time scale there is an increase in specific discharge, ranging from 6 mm to 8 mm. In 

their study, Jones & Post (2004), 100% percent of the watersheds had been cleared of vegetation. 

Another local study had evaluated the impact of converting old-growth stands to Pseudotsuga 

menziesii plantations (Perry and Jones, 2016). The study found that the in basins with younger, 

denser Pseudotsuga menziesii plantations resulted in a 50% reduction in summer streamflow as 

compared to the reference old growth watershed over a 60-year period. This could lead to the 

conclusion that a reduction in forest density should increase streamflow. This is because young 

Pseudotsuga menziesii trees have higher rates of ET and are denser than old growth stands. The 

intensity of this forest change and its hydrologic response as compared to Ashland demonstrates 

that changes of the intensity present in Ashland are not translating to the degree of hydrologic 

change as seen in other studies. 
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Another summary of hydrologic response to forest change (Oda et al., 2018), found that 

only watersheds with over 75% of the watershed treated had significant changes in runoff, 

supporting the lack of change for the Ashland watersheds. This global study showed significant 

changes in runoff as discharge exceeding the pretreatment mean plus two standard deviations. By 

these standards, only 2017 represents a significant change in runoff and it is positive (Figure 4). 

The CEMs show precipitation explaining much of this variance, consistent with the abnormally 

high precipitation seen in the 2017 water year. This increase was short lived with 2018 seeing a 

large decline in runoff relative to the pretreatment mean. This supports the observations when 

comparing RR between watersheds. Although both have different treatments, the pattern is largely 

the same with small variations, indicating that although there are mostly declines from the 

pretreatment mean, these are normal variations based on climatic inputs into the system. This 

would mean that these treatments are not effective for increasing water yield in years that are 

around or below average precipitation but can have positive impacts in higher water years. This is 

a similar finding to another study that specifically evaluated forest treatments in the Sierra Nevada 

range of California (Saksa et al., 2017). Although they found that one of their watersheds had an 

increase in post-treatment, this was only in their modeled evaluation. When looking at physical 

discharge observations, climate variation dominated the signal and no significant change was 

found.   

The prevailing narrative is that ET should decline due to reduced vegetation (Tague et al., 

2019), while increasing snow accumulation through a reduction in canopy interception (Harpold 

et al., 2020) allowing more water to be retained within the system. In this study, treatments were 

not large enough to significantly alter ET (Figure 3.6). However, there is a non-significant 

increasing trend in ET which may be impacting total water yields. ET was taken from the SSEBop 

model, and field observations could show a significant increase in ET. This would help explain 

the declines in residual trends of 7-day minimum flows in the East and declines in peak flows in 

the summer months. Studies incorporating observed ET and groundwater would be needed to 

confirm this. The results found in this study support the above notion that water yield cannot be 

generalized when evaluating response to forest structure changes. Changes in water yield are 

dependent on the site’s total area treated, the location of where the treatments take place, the type 

of treatments, the vegetation present, and the surrounding climate (Goeking and Tarboton, 2020). 
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Figure 3.6. Total annual ET [mm] from the USGS SSEBop prodoct for the West and East basin 
respectively. Both have positive non-significant trends. 

 

The current observational study was limited in that the data available only describes the 

surface hydrologic response at the basin scale, eliminating the possibility of understanding the 

hydrologic treatments at the plot scale. Additionally, besides the streamflow data, all climatic data 

is based on interpolation and modeling (see section 3.2.3). It is our intention for future work to 

evaluate these same principles at the sub-basin scale to understand if different treatments, 

locations, and vegetation types are more effective than others in increasing streamflow.  

3.6 Conclusion 

 Snowpack in the Western U.S. is declining while fire frequency, extent, and intensity are 

increasing (Abatzoglou and Williams, 2016; Holden et al., 2018; Jain et al., 2017). Hydrologists 

and resource managers have begun to evaluate if forest fire mitigation can both decrease forest fire 

risk while also increasing surface water runoff. When evaluating the hydrologic impact of forest 

thinning practices to reduce forest fire risk in the Ashland watershed, physical observations of 

streamflow showed that there was an average of 26% and 24% decline in water yield in the West 

and East basins of the Ashland watershed, respectively, as compared to the pretreatment mean. For 

both basins the response is similar across several hydrologic parameters. Similarity in hydrologic 

responses, despite different levels of treatment provides more evidence that precipitation and not 
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forest thinning is largely driving these changes. Building on this, the climate elasticity models 

show that the larger negative and positive annual shifts are heavily influenced by precipitation, 

and less by other factors that could include forest change; on average 66% and 72% of changes 

are attributed to precipitation in the West and East basins, respectively. The impact from forest 

disturbance is not unnoticeable however, with models suggesting that forest disturbance 

contributing upwards of 70% to an annual decline of discharge and upwards of 16% to an annual 

increase in discharge in some years.  

We found that the max flow values are declining in both watersheds during peak flow 

months, a trend that is indicative of a declining snowpack that is also seen throughout the 

mountains of the Western U.S. There is also a decline in low flow values in the East sub-watershed, 

but not in the West. There were no observable shifts in timing of flow in either watershed. The 

small changes in forest structure present in the Ashland watersheds shows that there is an impact 

from these treatments, but that it is not significant enough to overcome the precipitation signals. 

Our observational study demonstrates that forest change of this magnitude is not increasing water 

yields at the watershed scale. Our stand based modeling shows a reduction of at least 36% basal 

area is needed to have the possibility of increasing runoff. Managers that are attempting to restore 

forest landscapes while also hoping to increase local water supplies should take this into 

consideration when evaluating methods and goals moving forward.  
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4.1 Abstract 

 As large wildfires increase and precipitation regimes shift from snow to rain in the western 

United States, ecohydrologic land management strategies are needed to create climate resilient 

forests and water supplies. One such effort has been to reduce vegetation density through 

mastication, density management, and prescribed burning with the goal of reducing wildfire risk 

and increasing available surface water. This study utilizes the fully distributed physically-based 

MIKE SHE model to address two questions, 1) how sensitive is evapotranspiration and runoff to 

variations in leaf area index, and 2) how does evapotranspiration and runoff vary under four forests 

management scenarios of varying scope and intensity as compared to a control. We found that a 

decrease in leaf area index of at least 20% led to significant decreases in evapotranspiration and 

significant increases in total annual water yield. All simulated forest management scenarios except 

our lowest scope and intensity simulation (25% of the watershed area with a 25% reduction in 

basal area), had significant decreases in evapotranspiration and increases in total water yield 

relative to the control. We found that intensity of treatments has a larger impact that area treated 

with scenario 2 (25% of the area treated with a 75% reduction in basal area) seeing a roughly 15% 

increase in total water yield compared to the control, while scenario 3 (75% of the area treated 

with a 25% reduction in basal area) only saw roughly a 11% increase in total water yield. Increases 

in total water yield were largest in drought years, indicating a possible potential to increase 

ecosystem services when available water is limited. Although these scenarios may be 

overestimates, as no vegetation regrowth was incorporated, this work provides direct feedback for 

foresters looking to manage their resources to create both climate resilient forests and water 

supplies. 
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4.2 Introduction 

 As the human population increases, strains on our natural environment and subsequent 

ecosystem services become more substantial. One ecosystem service of high priority for resource 

managers across the globe is securing stable and climate resilient water supplies. For the western 

United States (US), the forested mountains provide the majority of surface water that is utilized 

across municipal, agricultural, and industrial sectors (Pierce et al., 2008). With the high elevations 

of the Sierras, Cascades, and Rockies, snow is the dominant source of precipitation (Li et al., 

2017), but is unfortunately shifting to a more rain dominant regime (Harpold and Kohler, 2017). 

The shift away from snow has tremendous implications for water resources as snow acts as the 

largest reservoir for the western US, storing water in winter when demand is low and melting in 

the spring when demand increases. This precipitation regime shift strains not only the timing of 

delivery of water, but also increases stress on flood mitigation infrastructure (Musselman et al., 

2018). The issue is further exacerbated by decadal observations of a declining snowpack across 

the western US that is projected to continue as climate change progresses (Mote et al., 2018, 2005; 

Musselman et al., 2017). 

Compounding this issue is that fire frequency and intensity is generally increasing across the 

western US (Holden et al., 2018; Jain et al., 2017; Littell et al., 2016). Historically, the forested 

systems of the western US have adapted to a variety of fire regimes, but the last century has seen 

forest management lead to fire exclusion and removal of large, more economically desired trees 

(Hessburg et al., 2019). This has increased forest density and decreased diversity of tree species 

and spatial tree patterns, leading to a shift in species composition that favors late seral species, all 

of which increases severe fire risk (Hessburg et al., 2019). Forests are not only impacted by 

management, but also changes in our climate. Over the last decades, global temperatures, 

prolonged drought, and length of fire season have all increased, leading to an increase in the 

number of large fires and total burned area (Abatzoglou and Williams, 2016; Crockett and Leroy 

Westerling, 2018; Holden et al., 2018; Jain et al., 2017; Robinne et al., 2020; Westerling, 2016). 

This has moved the fire regime away from low to medium severity fires that once provided 

sustainable conditions of low severity, high frequency fires (Haugo et al., 2019). As vegetation 

cover plays a significant role in the partitioning and behavior of hydrology throughout the natural 
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system (Tague et al., 2019), solutions that create both climate resilient forests and regional water 

supply have become a priority for interdisciplinary ecohydrology studies.  

 A common idea has been that vegetation removal should decrease forest fire risk via a 

reduction in fuel load, while also increasing the efficiency of a watershed's ability to generate 

surface water. This is based on the understanding that vegetation impacts interception, subsequent 

ablation, sublimation and evaporation (Harpold et al., 2020; Roth and Nolin, 2017), as well as 

snow accumulation and retention (Currier and Lundquist, 2018; Susan E Dickerson-Lange et al., 

2017). Vegetation also plays a large role in moving water from the unsaturated zone of the soil 

column into the atmosphere through evapotranspiration (ET) (Flerchinger et al., 2016; Tague et 

al., 2019). It has thus been postulated that a reduction in forest cover leads to increased surface 

water runoff. This narrative is largely based on studies that evaluate forest fires or clear cut timber 

harvesting (Larsen et al., 2009; Seibert et al., 2010; Srivastava et al., 2018; Sun et al., 2019). These 

acute land cover changes are not representative of the scope and scale of forest reduction that is 

typically implemented to reduce forest fire risk. Regardless, many studies have found that forest 

fire can lead to increased surface water runoff (Blount et al., 2020; Kinoshita and Hogue, 2015). 

The specific response depends on the intensity and scope of vegetation removal, climatic setting, 

vegetation regrowth (Tague et al., 2019) and geographic setting (Hallema et al., 2018, 2016). 

Studies that evaluate the surface water response to forest fire mitigation have found varying 

results. A study that looked to evaluate forest fire mitigation in California found no significant 

changes in their observed flow, and only saw increases in flow during the model simulation (Saksa 

et al., 2020). Our past work evaluated the surface water response to forest fire mitigation 

implemented in the Ashland creek watershed under the Ashland Forest Resiliency Stewardship 

Project (AFR; htpps://ashlandwatershed.org) (Kurzweil, 2020 in review). These treatments 

represented decreases of roughly 28% and 21% in basal area and canopy cover respectively at the 

stand scale. This equated to a decrease of only 4% and 3% of basal area and canopy cover at the 

watershed scale respectively. With this low intensity and scope of treatment at the watershed scale, 

our hypothesis was confirmed as we saw no increase in post treatment surface water runoff.  

As forest management goals of creating climate resilient forests and water supplies are 

increasing, understanding the relationship between vegetation and hydrology is paramount. Our 

past work demonstrated that treatments at low scopes and intensities are not capable of overcoming 

climatic drivers in increasing surface water yield, thus a need to understand these thresholds arises. 
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This work aims to utilize the fully distributed, physics-based hydrologic model MIKE SHE 

(Refsgaard et al., 2010) to answer the following questions: 1) how does ET and runoff respond to 

variations in leaf area index (LAI) and 2) at what scope and intensity of vegetation removal do we 

see an increase in surface water flow at the watershed scale compared to a control? This study 

presents a much-needed glimpse into the thresholds necessary to create significant increase in 

runoff from forest management treatments. This information will help inform land managers on 

the possible co-benefits of forest fire mitigation and provide insight on the needed scope and 

intensity of treatments needed to create climate resilient forest and water supplies. 

4.3 Methods 

4.3.1 Study Area 

 The study area for this project consists of the East (2,086 ha) and West basins (2,749 ha) 

within the Ashland creek watershed (Figure 4.1). This watershed, located in southwestern Oregon, 

is just above the town of Ashland and supplies the Redder Reservoir, serving as the primary water 

supply for the 21,000 residents of Ashland. With a Mediterranean climate, the summers are dry, 

and the majority of precipitation falls in the winter. Elevation ranges from 890 m to 2,296 m at the 

summit and precipitation varies with the lower, mid, and high elevations receiving roughly 483 

mm, 762 mm, and 1524 mm a year, respectively (BCWC, 2007). Temperature ranges with 

elevation from 10 Co to 18 Co in the summer and -3 Co to 4 Co in the winter (BCWC, 2007). With 

an average annual snowfall of 6.7 m, snowpack is common at higher elevations, with a transition 

zone roughly between 1060 m and 1500 m (USDA, 2001). 

The geology is dominated by a large granitic batholith that formed in the Cretaceous and 

Jurassic periods (USDA, 2001). As this rock structure readily experiences weathering and 

decomposition, this has led to sandy loam topsoil with more gravelly, sandy loam subsoils (15-

60% gravel and cobble) (USDA, 2001). Topsoil depth ranges from a depth of 13 cm to 25 cm, 

varying with location. The total soil depth can be much greater varying between 1 m to 1.5 m 

(USDA, 2001). This geologic setting and environment led to soils that are well-to-excessively 

drained, leading to high rates of infiltration (USDA, 2001). 

The vegetation cover in the watershed is largely forested, non-urbanized, with a small ski 

resort at the summit. Forest types include: oak woodlands, mixed conifer hardwood, moist mixed 
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conifer, and Shasta red fir forests (Abies magnifica var shastensis) (USDA, 2009). Common 

species present are California black oak (Quercus kelloggii), Oregon white oak (Quercus 

garryana), ponderosa pine (Pinus ponderosa), Douglas-fir (Pseudotsuga menziesii), Pacific 

madrone (Arbutus menziesii) incense-cedar (Calocedrus decurrens), white fir (Abies concolor), 

sugar pine (Pinus lamberitana), and Shasta red fir (Abies magnifica var shastensis) (Franklin, 

1972; USDA, 2009). 

 

 

Figure 4.1. The Ashland Creek Watershed with the East basin (2,086 ha) and West basin 
(2,749 ha) highlighted. 

4.3.2 MIKE SHE Model 

 The MIKE SHE model is derived from the Système Hydrologique Europèen (SHE) 

(Abbott et al., 1986), and is a fully distributed, physics-based hydrologic model (Refsgaard et al., 

2010) (Figure 4.2). This 2D and 3D capable model is well suited for representing the spatial 

heterogeneity of the natural environment while also modeling surface-subsurface hydrological 

processes, a capability that is uncommon in these model classes (Golmohammadi et al., 2014). 

This model evaluates overland flow routing using the explicit numerical solution which utilizes 

the diffusive wave approximation. Within this, one can select Muskingum or Muskingum-Cunge 

channel flow routing method (McMichael et al., 2006) that is utilized via a connected 
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hydrodynamic model that creates the stream channels and their associated roughness. Canopy 

interception is calculated by multiplying the interception storage capacity by LAI (DHI Mike She, 

2017).  ET is calculated using the analytical Kristensen and Jensen method (Kristensen and Jensen, 

1975), which utilizes LAI, root depth, potential evapotranspiration, and three empirical 

coefficients. Snowmelt is calculated using an empirical degree-day method, that has no correction 

for rain on snow events (Beckers et al., 2009). To represent forest structure the model utilizes LAI 

and rooting depths to represent changes in forest density that have implications on interception, 

accumulation, and ET (Im et al., 2009). This allows the user to vary forest structure at the grid 

scale but relies heavily on LAI to detect fine variations in forest structure. 

 

 

Figure 4.2. Conceptual model of the fully distributed ground and surface water coupled MIKE 
SHE model (DHI Mike She, 2017) 

 

 The saturated and unsaturated zones can be modeled with varying levels of detail. We 

selected the full Richardson's equation (DHI Mike She, 2017), but this required systematic manual 

calibration of the soil profile as detailed knowledge of the soil stratigraphy was not present. (DHI 



92 
 

Mike She, 2017). The saturated zone was modeled with the finite difference method, but this again 

requires detailed knowledge of the substrate. As this information is not present at our field site, 

systematic manual calibrations were conducted by making various depths to lower levels of the 

different saturated zone layers. For complete details on the possible configurations and technical 

details please see material published by the Danish Hydrologic Institute (DHI, 2017; DHI Mike 

She, 2017). 

 4.3.3 MIKE SHE Model Set Up 

 The model grid cell size for the West basin of the Ashland watershed was set to 200 m x 

200 m. This allowed us to accurately simulate the distribution of vegetation throughout the 

watershed, without creating large burdens on computational time, or placing too much faith in our 

modeled vegetation product. Values were computed at the 15-minute interval and then aggregated 

to daily average to compare to observed streamflow. Observed values of average daily streamflow 

from the outlet of the watershed were taking from the United States Geological Survey’s (USGS) 

stream gages (# 14353000 and 14353500). 

4.3.3.1 MIKE SHE Model Time Series Forcing Data  

 Hourly precipitation and average temperature were taken from the multi-institution North 

American Land Data Assimilation System (NLDAS-2) (Xia et al., 2012). This model was selected 

as no meteorologic gage data are available within the watershed. These time series variables were 

aggregated to the watershed scale taking the hourly, area weighted mean value for the entire basin 

using Google Earth Engine.  

 Due to a lack of available windspeed, net radiation and relative humidity, it was not 

possible to estimate reference ET from the Penmen-Monteith method (Cai et al., 2007). Instead, 

hourly potential ET from NLDAS-2 was utilized for reference ET. This was aggregated to the 

watershed scale using an area weighted approach. A downside of the NLDAS-2 product is its 

course resolution (32 km). Although it has low spatial resolution, the higher temporal resolution 

compared to other daily data sets proved more appropriate when evaluating calibration results.  

4.3.3.2 MIKE SHE Model Spatially Distributed Data  

 The representation of, and response to, variance of vegetative cover is central to this study.  
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No observational data exist on the current distribution of vegetation in the Ashland watershed. We 

utilized the Gradient Nearest Neighbor (GNN) dataset from the Landscape Ecology, Modeling, 

Mapping, and Analysis group based at the Forestry Sciences Lab at Oregon State university (Bell 

et al., 2015). This dataset has a 30m resolution and was viewed as representative by local foresters. 

This dataset was further distributed by breaking up the vegetation polygons into ridges, slopes, 

and valleys and resampled to a 200 m resolution. This was done in order to more accurately model 

possible forest fire mitigation strategies as ridges and valleys are treated more often in this basin 

(Figure 4.3). 

 

Figure 4.3. Figure A shows the distribution of tree species throughout the West watershed. Tree 
species are as follows: ABCO = Abies concolor, ABSH = Abies magnifica var. shastensis, 
ARME = Arbutus menziesii, CADE = Calocedrus decurrens, PIPO = Pinus contorta, PSME = 
Pseudotsuga menziesii, TSME = Tsuga mertensiana. Figure B shows the general 
geomorphological distribution across the watershed. Figure C shows the final vegetation layer 
which breaks tree species into ridge, slope, and valley categories. 

  

 Associated with each of the species’ polygons are LAI and rooting depth. These parameters 

alongside the three Kristensen and Jensen empirical coefficients (C1, C2, C3), current volumetric 

water content (θ), volumetric water content at field capacity (θFC) and wilting point (θW),  a root 
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depth function (RDF), reference ET (ETref), and potential crop ET (EP)  are utilized to calculate 

ET (DHI, 2020) (Equation 4.1). 

 𝐸𝑇 = (𝐶2 + 𝐶1𝐿𝐴𝐼) ∗ (1 − ( 𝜃𝐹𝐶−𝜃𝜃𝐹𝐶−𝜃𝑊)𝐶2𝐸𝑝) ∗ 𝑅𝐷𝐹 ∗ 𝐸𝑇𝑟𝑒𝑓                                                     (4.1)  

 

As understanding the impacts of forest cover change on ET and subsequent streamflow is 

the focus of this study, ensuring that LAI index is representative of the watershed and species is 

paramount. As no observational data are available, we utilized Moderate Resolution Imaging 

Spectroradiometer (MODIS) level 4 LAI product which is a composite of both Aqua and Terra 

satellites to provide a 4-day return period with a 500 m resolution (Myneni, R. and Y., Park, 2015). 

These data were processed in Google Earth Engine for all species polygons and quality controlled 

for cloud cover by only using images with 20% or less of cloud cover. There is also no 

observational data present on rooting depths of the species present in the basin and rooting depths 

were determined through literature review (Canadell et al., 1996; Harrington et al., 2017; Roering 

et al., 2003; Stein, 1978; Wang et al., 2002). These values were modeled as static throughout all 

years as no information on their seasonal variation is present.  

 Soil distribution and vertical discretization was estimated using USFS soil surveys (Badura 

and Jahn, 1977). The saturated zone was modeled as a three-layer system with the top layer 

representing an unconsolidated aquifer, the middle layer as a weathered bedrock zone, and the 

bottom layer representing fractured bedrock. Initial depths were estimated for these layers by 

evaluating well logs present in the watershed provided by the Oregon Water Resources Department 

well report mapping tool, then manually calibrating them. 

4.3.4 MIKE SHE Calibration and Validation 

 Calibration was manually conducted on water years (WYs) 2013 through 2015. These 

years were selected as the represent years in which precipitation was below, at, and above average. 

Effective parameters were selected based on parameters that were identified as sensitive through 

the literature (Kalantari et al., 2014; Lu et al., 2009; Ramteke et al., 2020; Voeckler et al., 2014; 

Wang et al., 2012). These basins are relatively ungauged for fully distributed models and 
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calibration was conducted against the two USGS gages at the outlet of each basin (# 14353000 

and 14353500). Effective parameters initial and finial calibration values can be seen in Table 4.1. 

 Validation was completed over the WYs 2009 through 20ll. These years were selected as 

they also represent years in which total precipitation was below, at, and above average. To evaluate 

the performance of the model during the calibration and validation periods, multiple statistical tests 

were run, comparing observed to simulated streamflow at the daily time step.  The first is the Nash-

Sutcliffe efficiency (NSE), which evaluates the relative magnitude of the residual variance as 

compared to the observed variance (Nash and Sutcliffe, 1970). Values range from -infinity to one, 

where values ranging from .5 to 1 are considered acceptable (Ramteke et al., 2020). The next 

criterion used was the root mean squared error (RMSE), which is the square root of the mean of 

the square of all the errors present. Acceptable values are dependent on the magnitude of the data 

being provided, but generally smaller values are preferred (Wang and Lu, 2018). To evaluate the 

direction of bias of the model we also evaluated the percent bias (PBIAS), which evaluates the 

mean tendency of the simulated values to be greater or less than the observed values. An ideal 

value is 0, although this is rarely accomplished (Yatracos, 2013). Lastly, we computed standard 

Pearson’s correlation between observed and modeled streamflow, values range from 0 to 1, with 

1 being a perfect fit (Obilor and Amadi, 2018).  

Table 4.1. Effective parameters used in calibrating including initial (start) and calibrated (end) 
values. 

Effective parameter Start end 

Detention storage [mm] 2 4 
Manning M [m1/3/s] 7 10 
specific yield [-] 0.1 0.05 
Vertical hydraulic 
conductivity [m/s] 0.00001 0.0000001 
Depth of unconfined layer 
[m] 

5 
uniform 

2-10 
distributed 

Initial head potential [m] 200 2 
 

4.3.4 MIKE SHE Sensitivity to LAI 

 A major conceptual model of this study is that LAI represents density of the forest canopy  

(DHI, 2017) and that reductions in LAI will lead to decreases in ET (Equation 4.1) and 
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corresponding increases in surface water yield. To test MIKE SHE’s responsiveness to changes in 

LAI at the watershed scale, we took the fully calibrated model and converted to the distributed 

vegetation into a lumped model with a uniform root depth value of 2000 mm and a starting LAI 

value of three. Running the model on the 2013 water year, as it represents an average precipitation 

year, we systematically reduced LAI by 10%. To determine the impact, we statistically compared 

daily mean streamflow between LAI reduction simulations via a pairwise Wilcoxon test 

(Wilcoxon, 1946). As our data are not normally distributed, this non-parametric test is used to 

determine if the means between groups significantly vary. Percent change from the control was 

also calculated.  

4.3.5 MIKE SHE Simulated Treatments 

 Initial analysis considered a total of four treatment scenarios, as well as a control, run for 

water years 2013 through 2015 to cover below, at, and average water years. The calibrated values, 

with observed LAI from MODIS was used as our control scenario. No vegetation regrowth was 

simulated as we only evaluated the first-year post treatment, which will lead to an overestimate of 

water yields. The following possible management scenarios we implemented: 

1. 25% of the area treated with a 25% reduction in basal area 

2. 25% of the area treated with a 75% reduction in basal area 

3. 75% of the area treated with a 25% reduction in basal area 

4. 75% of the area treated with a 75% reduction in basal area 

To reflect treatment strategies implemented in the Ashland basin (Metlen and Borgias, 2013), 

we focused our efforts on ridges and slopes. The actual total area treated, and breakdown of 

topography treated is present in Table 4.2. 
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Table 4.2. There were four simulations of varying intensity and scope. This table show the 
breakdown of topography and total area treated for the two different scenarios of 25% of the area 
treated vs. 75% of the area treated. 

 25% Area 75% Area 

 East West East West 

Ridges% 65 88 25 30 

Slopes% 35 12 55 50 

Valleys% 0 0 20 20 

Area 25.6 25.7 76.8 76.6 

 

 Foresters commonly use basal area (BA), the average amount of an area occupied by tree 

stems, to design management strategies (Ng et al., 2020). In hydrologic models, the parameter 

which describes vegetation density is commonly LAI (DHI Mike She, 2017; Sun et al., 2018a; 

Tague and Band, 2004) creating a disconnect between disciplines. To overcome this and create a 

bridge between hydrology and forestry, we created a regional regression between LAI and BA. 

Using four fires that occurred in 2017 (Figure 4.4) and LiDAR data from 2012 and 2017, we were 

able to extract average BA pre and post wildfire for each of the four wildfires following methods 

outlined by the United States Department of Agriculture (USDA) (Mcgaughey and Reutebuch, 

2015).  

 

Figure 4.4. This shows the location of the four fires and the Ashland watershed used to relate 
basal area and leaf area index. 
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Average LAI pre and post wildfire was taken from the aforementioned MODIS LAI 

product. Although these fires are roughly 100km away from the Ashland watershed, there are in 

the same Siskiyou mountain range and have similar vegetation. A simple linear regression was 

created (r2 = 0.87, p = 0.0007) to quantify the relationship. This demonstrated that a 25% reduction 

in BA yields a 29% reduction in LAI and a 75% reduction in BA yields an 88% reduction in LAI. 

These percent decreases in LAI where then applied to the observed LAI to simulate forest fire 

mitigation strategies. 

4.4 Results 

4.4.1 Calibration and Validation 

 Calibration was undertaken using WYs 2013 to 2015, and validation was run over the 2009 

to 2011 WYs to capture above, at, and below average precipitation years. Figure 4.6 shows the 

calibration and validation for the East and West basins against observed flow. 

 

 

Figure 4.5. Figure A is the calibration comparison for the East basin. Figure B is the calibration 
comparison for the West basin. Figure C is the validation comparison for the East basin, and 
Figure D is the validation comparison for the West basin. 
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During the calibration period, MIKE SHE tended to underestimate peak flow values 

(Figures 4.5A and B). During the average WY of 2013, MIKE SHE does a fairly good job of 

matching the receding limb of the hydrograph but is early. The drought year of 2014 shows the 

best agreement, with both the rising and receding limb matching well for both basins. For the wet 

year of 2015, MIKE SHE overestimates for the initial portion of the receding limb, but eventually 

has good agreement. For the validation period, MIKE SHE outputs also underestimated peak 

flows, except for the large WY of 2011 (Figures 4.5C and D). It also underestimated the rising 

limb and peak flows, with the exception of the larger WY of 2011. MIKE SHE did very well on 

the receding limbs for the WYs 2009 and 2011 representing below and above average water years, 

where as for the average WY of 2010, MIKE SHE underestimated. For both the calibration and 

validation periods, MIKE SHE did very well at modeling baseflow. 

Table 4.3 shows our model performance against observed streamflow from USGS stream 

gages (# 14353000 and 14353500). As we only had two gages, one at the outlet of each basin, and 

are concerned with comparative and not predictive results, we find the calibration to be 

satisfactory. The difference in positive and negative percent bias (PBIAS) between the East and 

West basin is likely due to the receding limb of the 2015 hydrograph. In the East basin this is well 

matched, but in the West basin the MIKE SHE simulated results are much higher than the observed 

values.  

Table 4.3. Calibration and validation goodness of fit results for Nash-Sutcliffe Efficiency (NSE), 
Pearson’s r (Correlation), Root Mean Square Error (RMSE) and Percent Bias (PBIAS). 

 Calibration Validation 

 East West East West 

NSE 0.58 0.52 0.59 0.47 

Correlation 0.79 0.72 0.81 0.79 

RMSE 0.15 0.14 0.2 0.2 

PBIAS -13.5 17.4 -42.9 -37.5 
 

4.4.1 Sensitivity of LAI on ET and Discharge 

 Modeling incremental ten percent reduction in uniform LAI over the water year 2013 

yielded expected results. As LAI was reduced, ET decreased across both basins and discharge 



100 
 

increased across both basins. Figure 4.6 shows the cumulative total daily discharge in cubic meters 

per day as well as the accumulated total daily ET in mm over the 2013 water year.    

 

 

Figure 4.6. Plot A shows the cumulative daily flow for the East basin with varying values of 
LAI. Plot B shows the cumulative daily flow for the West basin with varying values of LAI. Plot 
C shows the cumulative daily ET for both basins with varying values of LAI. As LAI decreases 
flow increases and ET decreases. 

 

 For total daily discharge in the East basin, a pairwise Wilcoxon test yielded significant 

different means (p<0.05) for all LAI scenarios except between LAI of 3 and 2.6 (p = 0.43) and 

between LAI of 1.7 and 1.5 (p = 0.052). The West basin had the same results with all scenarios 

except LAI of 3 and 2.6 (p = 0.52) and LAI of 1.7 and 1.5 (p = 0.11). Some comparisons of various 

LAI on ET yielded non-significant changes in mean while the majority had significant differences.  

4.4.1 Simulated Wildfire Mitigation Treatments Impact on Water Yield and ET 

 Percent change in annual water yield, total annual ET, and runoff ratios for the four 

different treatment simulations is presented in Figure 4.7. For all treatment scopes and intensities, 

the drier water year has a larger increase (Figure 4.7A). This is because the lower magnitude water 

year of 2014 leads to a larger percent increase compared to the control. All scenarios except for 

scenario 1 yielded significant increase in annual water yield as compared to the control (p<0.05). 

This implies that a treatment that covers 25% of the watershed needs a BA reduction larger than 

25% to result in significant impacts on the local hydrology. Figure 4.7A also shows that intensity 

of treatment has a larger impact than area treated as scenario 2 (25% of the area treated with a 75% 
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reduction in basal area) leads to a significantly larger increases (Wilcoxon p = 0.015) than the 

scenario 3 (75% of the area treated with a 25% reduction in basal area). Unsurprisingly, treating 

75% of the area with a 75% reduction in basal area led to the largest increases in water yield 

relative to the control for all water years.  

 

Figure 4.7. Results for water yield scenarios, including the percent change in total annual water 
yield from the control (A) and the percent change in total annual ET from the control (B). Runoff 
ratios for the four different simulations are also shown (C). 2525 refers to 25% of the area treated 
with a 25% reduction in BA. 2575 refers to 25% of the area being treated with a 75% reduction 
in BA. Points are then color coded by water year, with 2013 being an average water year (green), 
2014 being a drought year (red), and 2015 being an above average water year (blue). 

  

 Changes in ET (Figure 4.7B) demonstrate similar, but inverse, trends as changes in 

discharge (Figure 4.7A) with scenario 2 showing larger percent change of ET relative to the control 

as compared to scenario 3. Scenario 4 demonstrates the largest relative decrease in ET as compared 

to the control, which is an expected result as this scenario treats a majority of the basins with a 

high intensity reduction in BA. Figure 4.7C shows that runoff ratios increase with increasing 

intensity of BA reduction, with scenario 2 having higher values for all three years as compared to 

scenario 3. Scenario 4 shows the largest runoff ratios with large water years with the highest values 

and low water years with the lowest.  
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4.5 Discussion 

4.5.1 MIKE SHE Sensitivity to LAI and Need for Model Improvement 

 Simulated reductions in LAI led to significant decreases in ET with corresponding 

increases in total water yield as compared to the control. These results are comparable to other 

modeling efforts showing that reductions in vegetation density have led to modeled increases in 

water yield (Lu et al., 2009; Tague et al., 2004; Wijesekara et al., 2012). This does not, however, 

mean that all reductions of vegetation density equate to a decrease in ET and a subsequent increase 

in total water yield. One study that modeled two different catchments in California under various 

treatment and wildfire combinations only found one of the two basins that showed a significant 

decrease ET (Saksa et al., 2020). This notion is further supported by a recent review of vegetation 

disturbance that noted increases, decreases, or no significant changes in water yield post vegetation 

removal of various forms (Goeking and Tarboton, 2020). Our analysis also shows that a decrease 

of at least 20% in LAI is needed to lead to significant decreases in ET and subsequent increases in 

total water yield.  

 Variations in LAI created expected changes in the modeled output of ET and subsequent 

surface water yield for our comparative analysis, however improvements in models used in these 

type of analyses is needed. Changes in forest structure can impact surface water largely through 

two mechanisms. The first, is the presented implications on ET at the stand and watershed scale. 

The second is representation of the opening of the forest structure related to anthropogenic 

treatments and better process representation for snow accumulation, retention, and melt in 

wildfire-impacted systems (Susan E. Dickerson-Lange et al., 2017; Kostadinov et al., 2019; 

Lundquist et al., 2013; Mazzotti et al., 2019). Currently, the MIKE SHE model only represent 

forest density and patchiness at the grid scale. Although this was satisfactory for our comparative 

analysis, it could prove limiting for predictive studies that seek to evaluate forest change impacts 

on infrastructure such as culverts, reservoirs, or flood prevention structures. One example of 

attempting to improve this is the recently added forest gap function in the Distributed Hydrologic 

Soil Vegetation Model (DHSVM) (Sun et al., 2018b). In this adaptation of the DHSVM model, 

users can specify the LAI of vegetation present in a cell as well as the percentage of the cell that 

is covered by forests, and canopy gaps. This is modeled as a singular gap in the center of the cell, 

which may not accurately represent a real system, but does present progress towards more 
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representative ecohydrologic modeling. As forest practices continue, this will be a key metric for 

fully distributed hydrologic models to improve.  

4.5.2 Implications for Land Managers 

 Previous studies have evaluated possible implications of forest fire mitigation on surface 

water yields, but they have largely focused on comparative studies evaluating the impacts of forest 

fire verses treatments and their subsequent impact on the water budget (Saksa et al., 2020, 2017; 

Tague et al., 2004). This paper fills a critical knowledge gap by directly comparing four different 

scenarios of wildfire mitigation strategies. An important finding in our work is that scenario 2 

yielded significantly larger decreases in ET and larger increases in annual surface water yield as 

compared to scenario 3. Scenario 2 only had 25% of the basin treated, with a 75% reduction in 

BA, where scenario 3 had 75% of the basin treated, but with a 25% reduction in BA. This 

demonstrates that total treated area, is likely less important than the intensity of treatment when 

evaluating the hydrologic impacts of the treatments.  

 With this understanding it was unsurprising to see that scenario 4 with 75% of the area 

treated with a 75% reduction in BA led to the largest decrease in ET and the largest increase in 

total annual water yield. This scenario represents an extreme treatment that is not likely to occur 

at the landscape scale but serves more as a boundary condition for understanding this 

ecohydrologic relationship.  

The lower precipitation water year of 2014 has the lowest percent change in ET, but the 

highest percent change in total water yield (Figure 4.7). This is because when there is little water 

in the system, particularly in the unsaturated zone, changes in vegetation structure do not have a 

large impact on ET as there is less water to evaporate. These small changes in ET do lead to larger 

percent changes in total water yield. This has important implications for drought years in that 

decreases in vegetation density can help ecosystem services when available water is limited. To 

confirm this, observational studies are likely needed, as ecosystem demands by the vegetation may 

be large enough to consume the additional water generated by a decrease in ET (Goeking and 

Tarboton, 2020; Tague et al., 2019). This represents a limitation in these models, as one study 

noted that modeled decreases in vegetation lead to an increase in water yield, where in situ 

observations showed no significant change (Saksa et al., 2017). 
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These findings should only be evaluated comparatively between treatments. Actual 

changes in water yield will be specific to climate, vegetation present, geomorphology, geology, 

and ecosystem and human demands. These findings are an over representation as no simulated 

vegetation regrowth was simulated. This also only represent the first year post treatment, and 

increases in water yield are expected to decrease with time as vegetation grows back (Blount et 

al., 2020). Nonetheless, this study provides managers with a methodology to understand how the 

scope and intensity of wildfire mitigation strategies impact the water budget.  

4.6 Conclusions 

 As the human population increases, demands on ecosystem services increase while placing 

more pressure on our forested systems through the impacts of climate change. With an increase in 

temperature longer fire seasons that produce more megafires are being observed (Steel et al., 

2015). The increase in large fires with a shift in precipitation regimes moving from snow 

dominated to rain dominated systems accelerates the need for management strategies that cross 

scientific fields to create climate resilient water supplies and forests.  

This research used the fully distributed, physics-based MIKE SHE model to compare four 

different wildfire mitigation strategies to understand how scope and intensity impacts basin 

hydrologic fluxes (ET and annual water yield) for the first year post treatment. We found MIKE 

SHE to be sensitive to changes in vegetation density through manipulations of LAI. A decrease of 

at least 20% over the entire watershed was necessary to have significant impacts on ET and total 

annual water yield. The four different treatment scenarios all showed decreases in ET and increases 

in total annual water yield relative to the control. Intensity was shown to have a larger impact on 

ET and total annual water yield as compared to total area treated, with scenario 2 (25% of the area 

treated with a 75% reduction in BA) leading to a larger decrease in ET and larger increase in total 

water annual water yield as compared to scenario 3 (75% of the area treated with a 25% reduction 

in BA). This is an important finding as it will allow managers to focus their efforts on intensity of 

treatments if increases in water yield are of interest. Because no vegetation regrowth was 

simulated, findings could be overestimated and should only be used to compare treatments 

relatively. In addition, increases in water yield will likely decrease over time if treatments are not 

maintained. Results from this study provide managers with a much-needed look into the possible 
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outcomes of multiple wildfire mitigation strategies on the water budget, providing a framework to 

create climate resilient forest and water supplies.  

We also highlight critical needs for physically-based hydrologic models to allow improved 

hydrologic predictions in altered forested systems. Our comparison of LAI to BA begins to build 

a bridge between hydrologist and land managers. This is paramount because as wildfires increase, 

so will the need for wildfire mitigation. Hydrologist and foresters will need to be able to 

communicate across disciplines and this analysis begins to explore that relationship. A need for 

this relationship to be expanded to much larger data sets across varying terrain is imperative in 

order to create more accurate and representative hydrologic models in the future 
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CHAPTER 5: CONCLUSIONS 
 

5.1 Summary of Findings 

 The following is a summary of main findings and contributions of this research in each 

chapter of the dissertation. Each hypothesis is presented with related research findings. 

5.1.1 Objective 1: Create and Implement an Adapted Inventory and Analysis Method to 

Identify Springs and Regions in Need of Restoration 

Chapter two provides significant contributions to the inventory and monitoring practices 

of freshwater springs, utilizing Mt. Tamalpais, California as a case study. This work presents an 

adapted inventory method that is easily utilized by land managers regardless of available expertise 

and economic resources. As freshwater spring habitats provide disproportionately high amounts 

of biodiversity for their relative size, conservation efforts are necessary to maintain their 

productivity and ecosystem services under climatic and anthropogenic stressors. Our inventory 

methods found that there is a significant correlation between lower slope angles and habitat size 

(r2 = -0.421, p = 0.00021), while discharge was not significantly related to either habitat or 

vegetative cover. Our Adapted Springs Ecosystem Assessment Protocol (A-SEAP) was able to 

successfully identify areas of concern with California State Parks demonstrating lower 

ecohydrologic integrity of its freshwater springs as compared to the neighboring Marin Municipal 

Water District. This fits our understanding of the two land managing agencies as California State 

Parks has more human traffic and less funding than the Marin Municipal Water District. 

Additionally, A-SEAP was able to identify individual sites in need of restoration that fit the goals 

of the land management agencies. We presented potential sites just based on the A-SEAP scores 

as well as those weighted by presence of indicator and rare flora and fauna. The agencies selected 

springs presented by the raw A-SEAP score indicating its aptitude in identifying sites for 

restoration. Our results have significant implications by providing land managers with a simple 

framework to monitor and preserve these fragile habitats. The hypotheses and findings for this 

work include: 
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Hypothesis 1 –  We hypothesize that available water and gradient of the habitat have the strongest 

correlations with habitat size. 

Finding: We were able to confirm that lower gradients do have a significant correlation 

with increased habitat size. If habitat size alone is considered a priority, lower gradient 

Helocrenic springs should be prioritized. We were unable to find a significant correlation 

between discharge and habitat size.  

 

Hypothesis 2 – We hypothesize that increases in water supply will increase the amount of 

vegetative cover around springs. 

Finding: Confirming field observations there was no significant correlation between 

discharge and vegetative cover.   

Hypothesis 3 – We expect the adapted methods to successfully identify areas of concern 

specifically in the lands managed by California Department of Parks and Recreation due the lower 

funding, higher foot traffic, and closer proximity to large urban areas. Restoration sites will also 

be identified that favor ecological function. 

Finding: Our dendrogram grouping found four major groups of springs present on Mt. 

Tamalpais. As expected, the grouping with the lowest A-SEAP scores were located on 

California Department of Parks and Recreation land. The springs present there had lower 

geomorphological and disturbance scores indicating that the presence of human beings and 

lack of resources for public education and habitat conservation does impact spring 

ecohydrologic integrity.  

5.1.2 Objective 2: Evaluate Runoff Response to Forest Treatments at the Watershed Scale 

Chapter three makes significant contributions to understanding how forest treatments, 

aimed at reducing wildfire fuel load, impact surface water runoff response at the watershed scale. 

Many studies have evaluated the impact of forest change, including wildfire and clear cutting, on 

surface water runoff, but few have specifically evaluated the impacts of wildfire mitigation. Forest 

practices are become more prevalent with increased forest fire risk, thus understanding this 

ecohydrologic relationship is paramount to create climate resilient forests and water supplies. This 

study evaluates key hydrologic parameters including total annual volume, peak flow, mean annual 
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7-day low flow, runoff ratios, timing of mass in response to forest treatments implemented in the 

Ashland watershed, Oregon. The Ashland Forest Resiliency project began treatments at the stand 

scale in 2012 which included density management, surface and ladder fuel reduction, and 

underburying. This resulted in a 20% decline in canopy cover at the stand scale, with a 2% 

reduction in canopy cover at the watershed scale. 

With this low intensity change in canopy cover at the watershed scale, it was unsurprising 

to find no significant increase in total annual water yields. A significant negative trend was found 

for peak flow during snowmelt months of April and May that was independent from precipitation 

from a residual trend analysis. 7-day low flow values saw a significant decline independent of 

precipitation with a significant change point in 2012 for the East basin. This is not likely due to 

the treatments, but climatic influences. There were no significant change point or trends in the 

West basin. Runoff ratios did not increase with increasing treatment area, but instead follow 

precipitation patterns. No significant trends were found in timing of the center of mass.  

 

Hypothesis 4 – As forest treatments increase, we hypothesize an increase from the pretreatment 

mean in total annual runoff, runoff ratios, low and maximum flows. We hypothesize a decrease in 

ET relative to the pretreatment mean, and a significant change in the center of mass from the 

pretreatment mean.  

Finding: There were no hydrologic parameters that showed a significant increase. Peak 

flow during the snowmelt months of April and May did see significant declining trends 

that are indicative of a warming climate and not loss of treatments. There was no significant 

change in annual or seasonal ET and no significant trends were observed for the timing of 

the center of mass.   

 

Hypothesis 5 – We hypothesize that shifts in hydrology will be dominated by forest change and 

not climate. 

Finding: Climate elasticity models demonstrated that in the post treatment period, the West 

and East basins experienced an average annual water yield decline of 26% and 24% 

respectively with 66% (West) and 72% (East) of the changes in water yield attributed to 

annual variations in precipitation. This goes against our initial hypothesis that was based 
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on total area treated, not change in forest structure, demonstrating that quantifying forest 

structure is more important than total area treated.  

5.1.3 Objective 3: Model forest treatments and subsequent impact on surface water runoff 

 Chapter four provided much needed insight into the possible hydrologic implications of 

wildfire mitigation strategies with varied intensity and scope. Studies have evaluated the response 

of surface water yields and changes in evapotranspiration to due to changes in forest structure and 

have found that having at least 20% of the area impacted leads to significant changes (Tague et 

al., 2019; Zhou et al., 2015). These studies have largely focused on catastrophic forest fires, or 

clear cutting, or only one treatment scenario and have compared different treatments. Additionally, 

stating that 20% of the area needs to be impacted for significant changes in hydrology, is vague as 

it does not describe the intensity of the disturbance. This paper fills that knowledge gap by 

comparing four different hypothetical treatments designed by foresters to understand specifically 

how treatments of varying scope and intensity will impact total annual evapotranspiration and total 

annual water yield.  

 Vegetation density reductions were created by manipulating leaf area index and reductions 

in leaf area index was related back to basal area through a correlation evaluating wildfires with 

known basal area pre and post wildfire. In a sensitivity analysis of leaf area index, we found that 

a reduction in leaf area index of at least 20% was needed to see significant increases in water 

yields. In our simulations we found that all treatments except scenario one, were significantly 

higher than the control. This means that treating 25% of a watershed with a 25% reduction in basal 

area is not enough to have significant impacts on hydrology at the watershed scale. We also found 

that intensity of treatments plays a larger role than scope as treating 25% of the area with a 75% 

reduction in basal area yielded a larger percent change in water yield compared to the control than 

a scenario where 75% of the area was treated with a 25% reduction in basal area. This highlights 

that total area of impact, either anthropogenic or natural, is not enough information to understand 

how hydrology will be impacted. The intensity of the disturbance is needed to make informed land 

management decisions.  

  

Hypothesis 6 – We expect that a reduction of 25% basal area will have no impact on surface water 

runoff in dry and average water years, but an increase will be present in an above average water 
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year. We hypothesize that a 75% reduction in basal area will lead to an increase in the tested 

climatic conditions (dry, average and wet).   

Finding: All scenarios except the lightest, consisting of 25% of the watershed being treated 

with a 25% reduction in basal area, saw significant increases in water yield for all water 

years.  

5.2 Broader Impacts and Contribution to the Science Community and Future Needs 

 As wildlands continue to experience both natural and anthropogenic change via climate 

change and human encroachment, ecohydrologic land management that evaluates a multitude of 

ecosystem services is imperative. Using an ecohydrologic lens to assess and create management 

strategies will allow us to create more climate resilient ecosystems and water supplies.  

 The second chapter of this dissertation addresses the need for more accessible monitoring 

and conservation methods of freshwater springs for agencies with limited economic resources. 

Well established methods exist for collecting extremely valuable and detailed data on freshwater 

spring systems but are prohibitive due to the large reliance on experts of multiple scientific 

disciplines. By adapting established methods to the needs of land management agencies with lower 

resources we were able to demonstrate that simple methodologies lead to more areas being 

conserved, while identifying specific areas in need of more intensive conservation and restoration 

efforts. Specifically, we were able to show that California State parks has freshwater springs with 

lower ecohydrologic health due to higher foot traffic and lower resources for restoration as 

compared to the neighboring Marin Municipal Water District. This methodology is not specific to 

our study site and can be used across varying landscapes regardless of access to economic 

resources.  

 This work has now been expanded to a ten-year project, but assessments across varying 

landscapes and agencies will help identify where this methodology does not provide an accurate 

assessment. Additionally, this will provide more insight into the varying priorities and needs of 

individual agencies that will only improve the methodology. Additionally, recommendations are 

suggested to improve the current methods, the largest being the need to monitor throughout the 

year and measure discharge at all springs regardless of discharge rate and duration.  
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 The third chapter of this work is one of the few studies to evaluate the impact of land cover 

change due to forest fire mitigation at the watershed scale. Many studies have evaluated impacts 

on hydrology due to clear cutting or wildfire, but very few have evaluated observational changes 

in hydrology due to forest treatments. This type of work is paramount as wildfire mitigation 

increases, so does the need to understand the ecohydrologic relationships. The current narrative is 

dominated by an idea that decreasing vegetative cover over at least 20% of a watershed leads to 

significant increases in water yields. In our study, two basins experience a cumulative area treated 

of 15% and 26%, yet neither experienced significant change in hydrologic parameters including 

total water yield, evapotranspiration, 7-day low flow, and timing of mass. With the current 

narrative, it would be expected that the basin with 26% of the basin treated would have seen an 

increase in water yield. After evaluating the change in canopy cover at the watershed scale, it could 

be seen that a decrease of only 2% is not sufficient to change the hydrologic response. This is 

important information for managers who expect increases in water yield for treatments that only 

impact the watershed at the stand scale.   

 Further research is needed to understand the implications at the stand scale. Additionally, 

research is needed to understand how different treatments of different intensity and scopes impact 

hydrology with varying topography, elevation, and aspect. This will allow us to further understand 

the mechanisms that drive hydrologic change due to landcover disturbances. This work should be 

conducted over varying regions of geology, climate and vegetation because the response is highly 

location and treatment dependent.  

 The fourth chapter of this dissertation addresses the knowledge gap of understanding how 

potential wildfire mitigation strategies of varying intensity and scope impacts the local hydrology. 

Studies have modeled comparisons between a singular treatment and wildfire, but no study has 

specifically compared possible treatments. This is extremely important when implementing 

treatments is challenging due to the economic costs as well as the overcoming the hurdles 

associated with permitting. Hydrologic models allow us to test a multitude of treatments with very 

little cost and no need for permitting. This, in turn, provides land managers with needed guidance 

on what treatments will have the most impact on local hydrology. Our work demonstrated that 

over 25% of a watershed needs to be treated with at least a 25% reduction in basal area to see 

significant increases in annual water yield. Additionally, it demonstrates that intensity of 
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treatments is the dominating factor when results showed that treating 25% of the watershed with a 

75% reduction in basal area led to significantly larger water yields when compared to treating 75% 

of the watershed with a 25% reduction in basal area.  

 Future work is still needed to improve the representation of natural systems in our 

hydrologic models. Currently, most models only allow the user to impact vegetation spacing and 

density with a simple leaf area index. This is restrictive because patch size, spacing, and location 

is a key mechanism that impacts snow accumulation and retention, which are key variables that 

dictate water yields and timing. Improving our models to allow us to physically represent the forest 

with higher accuracy will improve our ability to predict hydrology post landcover change and 

understand the mechanisms which drive this ecohydrologic relationship. This work should also be 

expanded to cover different geographic regions as the hydrologic response is not only dependent 

on the scope and intensity of treatments, but also the present geomorphology, geology, vegetation, 

and climate. It is also recommended that simulating treatments over varying elevations and aspects 

will provide needed insights to the placement of treatments and potential hydrologic impacts.  

 The combination of the studies presented in this dissertation provides guidance for land 

managers evaluating landscapes that are experiencing change. By evaluating and creating 

ecohydrologic monitoring strategies, one can combine multiple priorities while ensuring that one 

priority is not improved at the expense of another. By understanding and creating land management 

strategies through the lens of ecohydrology, we can help facilitate climate resilient ecosystems as 

well as regional water supplies.  

 

 

 

 

 

 



120 
 

APPENDIX A  
PERMISSIONS 
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APPENDIX B 
CHAPTER 3 SUPPLEMENTAL INFORMATION 

 
B.1  Climate Elasticity Model fits 

Table B.1. West basin model fit for Climate elasticity model using discharge (Q) and 
precipitation (P), (Equation B.1). Here, dQ is the change in annual water yield as a runoff depth 
from the pretreatment mean. Qo is the pretreatment annual mean runoff depth. dP is the change 
in annual precipitation from pretreatment mean and Po is the pretreatment mean annual 
precipitation. 

WEST Estimate Std. Error t value Pr(>|t|) 
(Intercept) -1.04E-17 5.13E-02 0 1 
Precipitation 1.64E+00 3.01E-01 5.453 0.000953 
adjusted R^2 0.78    

MSE 0.018    

AICc 0.378    

f-stat 29.73    

p-value 0.000953    

 𝑑𝑄𝑄𝑜 = 𝛼 𝑑𝑃𝑃𝑜                                                                                                                            (B.1) 

 

Table B.2. West basin model fit for Climate elasticity model using discharge (Q), precipitation 
(P) and evapotranspiration (ET) (Equation B.2). Here, dET is the change in annual ET from the 
pretreatment mean. ETo is the pretreatment annual mean ET. 

WEST Estimate Std. error t value Pr(>|t|) 

(Intercept) 
-1.72E-

18 4.49E-02 0 1 

Precipitation 1.78500 2.76E-01 6.466 0.000649 

ET -1.85500 1.05E+00 -1.765 0.127981 

adjusted R^2 0.83000    

MSE 0.01200    

AICc 12.81417    

f-stat 20.92000    

p-value 0.00197    
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                                                                                                  (B.2) 

 

Table B.3. West basin model fit for Climate elasticity model using discharge (Q), precipitation 
(P) and snow water equivalent (SWE) (Equation B.3). Here, dSWE is the change in annual max 
SWE from the pretreatment mean. SWEo is the pretreatment annual max SWE. 

WEST Estimate Std. Error t value Pr(>|t|) 
(Intercept) 7.98E-17 0.0553 0 1 
p-Swe 1.5510 0.3073 5.048 0.00234 
SWE 0.0986 0.1079 0.914 0.39578 
adjusted r^2 0.7500    

MSE 0.0184    

AICc 16.5600    

f-stat 12.7700    

p-value 0.0069    

                                                                       

                                                                             (B.3)                                                         

 

Table B.4. East basin model fit for Climate elasticity model using discharge (Q) and precipitation 
(P) (Equation B.1). Here, dQ is the change in annual water yield as a runoff depth from the 

pretreatment mean. Qo is the pretreatment annual mean runoff depth. dP is the change in annual 
precipitation from pretreatment mean and Po is the pretreatment mean annual precipitation. 

EAST Estimate Std. Error t value Pr(>|t|) 
(Intercept) 5.82E-17 4.71E-02 0 1 
Precipitation 1.88E+00 2.85E-01 6.597 0.000305 
adjusted R^2 0.84    

MSE 0.016    

AICc -1.15    

f-stat 43.52    

p-value 0.000305    

 

 
𝑑𝑄𝑄𝑜 = 𝛼 𝑑𝑃𝑃𝑜 + 𝛽 𝑑𝐸𝑇𝐸𝑇𝑜  

 
𝑑𝑄𝑄𝑜 = 𝛼 𝑑(𝑃 − 𝑆𝑊𝐸)(𝑃 − 𝑆𝑊𝐸)𝑜 + 𝛽 𝑑𝑆𝑊𝐸𝑆𝑊𝐸𝑜  
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Table B.5. East basin model fit for Climate elasticity model using discharge (Q), precipitation 

(P) and evapotranspiration (ET) (Equation B.2). Here, dET is the change in annual ET from the 
pretreatment mean. ETo is the pretreatment annual mean ET. 

EAST Estimate Std. Error t value Pr(>|t|) 
 (Intercept) 1.68E-17 4.74E-02 0 1 
Precipitation 1.99300 3.11E-01 6.413 0.000679 
ET -1.03700 1.10E+00 -0.947 0.380217 
adjusted 
R^2 0.84000    

MSE 0.01400    

AICc 13.79630    

f-stat 21.89000    

p-value 0.00175    

 
Table B.6. East basin model fit for Climate elasticity model using discharge (Q), precipitation 
(P) and snow water equivalent (SWE). Here, dSWE is the change in annual max SWE from the 
pretreatment mean. SWEo is the pretreatment annual max SWE. 

EAST Estimate Std. Error t value Pr(>|t|) 
(Intercept) -1.27E-16 0.0486 0 1 
p-Swe 1.7720 0.2763 6.413 0.000678 
SWE 0.0438 0.0977 0.448 0.670079 
adjusted r^2 0.8300    

MSE 0.0140    

AICc 14.2381    

f-stat 20.7000    

p-value 0.0020    

 

 


