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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 re
ductions in interception, infiltration, and evapotranspiration. It has thus been postulated that forest restoration
with ecologically guided stand density reduction and prescribed underburning in dry forests to reduce fire risk,
will also increasing surface water runoff. This study evaluates this proposition in two subbasins of the Ashland
Creek watershed in southwest Oregon where forest restoration and fuel mitigation treatments, including com
mercial density management, surface and ladder fuel reduction, and prescribed burning, were implemented from
2012 to 2019. Despite cumulatively treating roughly 15% and 20% of the area in two basins, canopy cover at the
watershed scale was decreased just 3% and 4%,. 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 anticipated increased surface water runoff from forest restoration treat
ments at this scale and intensity.

1. 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, moun
tainous 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). Although total precipitation is not
declining, there have been observations of declines in snowpack over the
last century in the Western U.S. due to a shift to a more rain dominated
regime (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 pro
jected 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. 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; 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). Acentury
of fire exclusion and logging of the largest trees in the dry forests 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). As vegetative
cover and hydrologic behavior are closely coupled, attempts to solve
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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 post-fire runoff
(Blount et al., 2020; Kinoshita and Hogue, 2015; 2011;; Saxe et al., 2018;
Seibert et al., 2010; Sun et al., 2014). Although the hydrologic response
to changes in forest density depends on the intensity of removal, in
tensity of fire, vegetation recovery, and climate, it has been generally
accepted that reduction in forest stand structures should lead to in
creases in water yield (Evaristo and Mcdonnell, 2019; Mclaughlin et al.,
2013; Saksa et al., 2017) with notable variations with location (Hallema
et al., 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<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 relation
ship 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 protect
ing critical watershed assets. Ecological restoration thinning was paired
with complex habitat protection to accomplish project objectives
(USDA, 2009). The primary silvicultural treatment was thin-from-below
followed by pile burning and broadcast underburning, retaining the
largest trees and favoring sun-loving fire-resistant species to improve
forest resilience to fire, drought, insects, and disease.
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 Mediter
ranean climate. Few studies have focused directly on the hydrologic
response to forest treatments and fewer have used physical data to draw
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 regrowth on runoff.
2. Methods
2.1. Study site
The Ashland Creek watershed consists of two sub-watersheds, the
East basin (2,086 ha) and West basin (2,749 ha) (Fig. 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

Fig. 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.
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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. Ash
land, the tallest peak in the Siskiyou Mountains, a subrange of the Kla
math 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, the ratio of mean annual precipitation to
the mean annual reference ET, ranging from 0.6 at lower elevations to
1.3 at higher elevations. Snowpack is common at the top of the water
shed with an average annual snowfall of 6731 mm. The transition
elevation zone from rain to snow is roughly between 1060 m and 1500 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 com
mon (USDA, 2001). The rock structure readily decomposes leading to
high rates of infiltration and coarse sand seen in the East and West
Ashland creeks. This also leads to high rates of weathering, decompo
sition, and erosion along most outcropss, which along with moderate to
steep slopes (20–70%) shape the geomorphology (USDA, 2001).
Soils in the area are typically 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 and 1.5 m deep. The soils are welldrained to excessively drained, indicating higher rates of infiltration
(USDA, 2001). The only developments in the watersheds are forest road
systems, the dam, and reservoir, and a moderately small ski resort at the
summit (0.81 km2), limiting the total amount of impervious surfaces.
The watersheds are almost completely forested and range from oak
woodland through mixed conifer-hardwood, moist mixed conifer, and
true fir vegetation zones. Roughly 45% of the watersheds, at lower el
evations and less productive settings, are dominated by Douglas-fir
(Pseudotsuga menziesii), ponderosa pine (Pinus ponderosa), and Pacific
madrone (Arbutus menziesii)), with components of sugar pine (Pinus
lambertiana), California black oak (Quercus kelloggii), and Oregon white
oak (Quercus garryana), ,. At middle elevations with higher productivity
roughly 30% of the forests are dominated by Pseudotsuga menziesii, white
fir (Abies concolor),incense-cedar (Calocedrus decurrens), and Pinus lam
bertiana., Forests at the highest elevations (8% of the watershed) are
dominated by Abies magnifica var shastensis and mountain hemlock
(Tsuga mertensiana) with scattered subalpine parkland (Franklin, 1972;
USDA, 2009).

of recent work, including some in the earlier established plantations,
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 part
nership 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, with greater retained canopy closure tar
geted to inhibit understory development and retain Northern Spotted
Owl roosting habitat (Table 1). All silvicultural prescriptions empha
sized retaining the largest trees, radial thinning around legacy trees
(trees > 150 years old), and preferentially removing shade tolerant Abies
concolor and Pseudotsuga menziesii. Most of the area with merchantable
by-product (76%) utilized helicopter yarding and ground-based skid
ding was only utilized on slopes < 20% resulting in post-treatment
effective ground cover over 94% (data on file Rogue River-Siskiyou
National Forest).
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 (October 1st – September 30th) are plotted in Fig. 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 rela
tionship between canopy cover and canopy closure (Equation (1)). This
relationship was created using 79 different units in the Ashland water
shed where pre-treatment canopy closure data was collected. The
defined linear relationship yielded an R2 of 0.43. Although the rela
tionship 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

2.2. Changes in forest structure.

Table 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.

Historically the frequent fire regimes of the Ashland watershed were
similar to fire regimes in other dry 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 data on file).
Some scattered selective harvest occurred post settlement, and also
in association with a scattering of clearcuts and subsequent plantations
established along one of the major forest roads built between 1960 and
the mid-1970 s. Some recent non-commercial surface and ladder fuel
treatments (SL) treatments were conducted in 2005. However, the bulk
3

Treatment category

Fuels Density
Management

Restoration Density
Management

West Fork hectares
East Fork hectares
Basal area (m2
ha− 1)
Pre-treatment
Post-treatment
Change
Canopy cover (%)
Pre-treatment
Post-treatment
Change

197
206

37
96

51
37
− 27%

44
31
− 31%

71
67
− 20%

72
54
–22%
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equivalent to quarter-square covered areas (Lemmon, 1956), but to
avoid overlap and double-counting of canopy in directional measure
ments, we restricted our closure readings to a wedge-shaped area of the
densiometer grid following Strickler (Strickler, 1959).

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 water
shed. 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<20%
over multiple biomes at the monthly timescale (Chen et al., 2016).

(1)

CanopyCover(%) = 28.39 + 0.5334*CanopyClosure(%)

Basal area reductions (BAr) were also evaluated relative to the area
of the watershed per water year using equation (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.
(
)
∑
BAp − BAo
At
BAo
BAr =
(2)
Ab

2.4. 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 elas
ticity 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 pre
cipitation that leaves the system as surface runoff. This value is calcu
lated 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
(Dickerson-Lange et al., 2017). This is because canopy cover affects
interception, in-coming and out-going radiation, ablation, and subli
mation rates (Abdi and Endreny, 2019; Roche et al., 2018). 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.

Changes in weighted average canopy cover, and area weighted
average density reduction intensity are presented in Table 2. Forest
treatments and change are evaluated at the water year time step to have
congruency with the hydrologic analysis. Since discharge data is only
available at the outlet of each of the watersheds, the relationships be
tween climate, forest structure, and hydrology is assessed at the water
shed scale.
2.3. 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 Relation
ships on Independent Slopes Model (PRISM) at the 4 km scale (Daly
et al., 2008). This model was selected as no precipitation 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

2.5. Climate elasticity models
A major challenge of evaluating the hydrologic response to any
landcover disturbance is identifying a representative control to rule out
other mechanisms of hydrologic change. Ideally this is best achieved
using a paired catchment approach, where two catchments of similar
geophysical properties are compared with one impacted and one as the
control (Brown et al., 2005). This is often difficult in mountain systems
where geology, terrain, and climate shifts dramatically within small
distances (Seibert and McDonnell, 2010), or because data is not present
at other comparable sites (Zégre et al., 2010). Ashland is geologically
and ecologically unique to the region, and streamflow data is sparse,
making a paired catchment approach challenging. To overcome this, we
compared regional streamflow anomalies in an adjacent sub-watershed
where treatment timing and intensity varied (as described above), and
climate elasticity models to provide inference about changes due to
treatment verses precipitation.
To calculate differences in annual stream flow from pre to post

Table 2
Area weighted average density reduction intensity and posttreatment canopy
cover at the watershed scale.
Watershed

Parameter

2013

2014

2016

2017

West basin

Basal area reduction [%]
Canopy cover [%]
Basal area reduction [%]
Canopy cover [%]

0.23
70
0. 58
64

0.20
68
0. 50
62

0.43
68
0. 18
61

0.22
66
1.9
59

East basin
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treatment, and the relative impact of precipitation, a climate elasticity
model (CEM) (Sankarasubramanian et al., 2001) was used (Equation
(3)). Here, ΔQ is the change in annual water yield as a runoff depth from
the pretreatment mean. Qo is the pretreatment annual mean runoff
depth. ΔP is the change in annual precipitation from pretreatment mean
and Po is the pretreatment mean annual precipitation. These models
have been successfully implemented across the western US to evaluate
the hydrologic response to forest fires and present a strong alternative to
paired catchments when suitable sites and data are not present. (Hal
lema et al., 2018, 2017). These models were fit during the pretreatment
period and is then used to predict expected change in flow for the post
treatment period (East CEM r2 = 0.78 and mean square error of 0.018,
West CEM r2 = 0.84 and mean square error of 0.015) . A simple mass
balance is then established that demonstrates what changes in flow are
attributed to non-precipitation influences (Equation (4)) where ΔQobs is
the 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 treat
ments on total water yield. To see details about the models explored and
the selection process please see the supplementary material.
ΔQ
ΔP
=α
Qo
Po

(3)

ΔQobs = ΔQclm + ΔQdist

(4)

(Mann, 1945; Yue et al., 2002). The Mann-Kendall test is given by
Equations (5) and (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) and significance is
identified when the associated p-value ≤ 0.05.
n− 1 ∑
n
∑

S=

sgn(xj − xi )

(5)

i=1 j=i+1

⎧
⎨ 1if θ > 0
sgn(θ) =
0if θ = 0
⎩
− 1if θ < 0

(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 (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.
n− 1 ∑
n
∑

S=

)
(
sgn xjg − xig , g = 1, 2, ⋯m

(7)

i=1 j=i+1

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 con
ducted 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.

As statistical models were used as our control, we also compared our
basins to regional streamflow anomalies. This allows us to understand if
our basins’ hydrology are following regional climatic trends, or are more
influenced by landcover change. Very few basins in the region have
gauge data that spans our time period of interest. Three additional sites
were located, The Upper Rogue watershed, the Applegate watershed,
and Star Gulch, a sub-basin of the Applegate watershed (Supplementary
Fig. 1). Both the Upper Rogue (812 km2) and Applegate (1252 km2)
watersheds are too large for accurate comparison to the Ashland basins
(21 and 27 km2). For this reason, regional streamflow anomalies were
only compared to the Star Gulch watershed. This was conducted
following methods outlined by the USGS (USGS, 2020), where the log
runoff depth in mm is calculated and the average pretreatment is taken.
The pretreatment mean is then subtracted from the log of runoff depth
for every post treatment year to see the deviation from the pretreatment
mean.

2.7. 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 Vegeta
tion Simulator (FVS). The base FVS model is an individual-tree, semidistance-independent growth model (Crookston et al., 2010). Vegeta
tion 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 multi
party 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 1).

2.6. 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 hy
pothesis 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

2.8. Alternative management scenarios
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 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 sce
narios (Table 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 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 con
ditions. Species preference followed the USFS silvicultural prescription
5
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3. Results

Table 3
Forest structure (trees > 10 cm at 137 cm height) in 2010, pre and post treat
ment in three different management scenarios; 26% basal area reduction (BA26), 35% basal area reduction (BA-35), and 50% basal area reduction (BA-50).
Treatment

No treatment

BA-26

BA-35

BA-50

Trees per hectare (TPH)
Basal area (m2 ha− 1)
Quadratic mean diameter (cm)

542
50
36

Post
230
39
43

Post
160
33
48

Post
116
26
51

3.1. 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
(Fig. 2). 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 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.

guidelines developed for AFR, a thin-from-below 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.
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 valu
able (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)
Monthly normal values for precipitation data were calculated form
the state normal file using the Ashland meteorological station. Change in
storage is assumed to be zero (Troendle et al., 2007). Evapotranspiration
calculations are based on a number of factors including elevation, stand
area, precipitation, species composition, energy, and FVS predictions of
forest density. Empirical WRENSS Handbook procedures are used to
calculate potential ET and the ET modifier coefficients which are func
tions of stand relative density, aspect, elevation, and season. Forest
Vegetation Simulator predictions of stand basal area are converted to
seasonal leaf area index (LAI) using WRENSS Handbook procedures
(EPA, 1980). A non-parametric Kruksal Wallis test was performed to
examine if changes in water yield differed between management sce
narios. Dunn’s Test was used to compare for differences among
treatments.

3.2. Peak flow analysis
Plotting precipitation against monthly max flow yielded significant
models (p-value < 0.05) with r2 ranging from 0.52 in the winter months
to 0.41 in the summer months. The 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) (Fig. 3). This in
dicates 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.
Values in the East were comparable to those of the West basin
(Fig. 3). Although May had a larger negative trend when evaluating the

Fig. 2. Runoff ratios for West (left panel) and East (right panel) sub-watersheds. The vertical red lines represent associated cumulative area treated of each subwatershed 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 t and associated p-values are also present for the trend. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 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 are have significant trends. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

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% confi
dence 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 = -0.4, 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.

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 water
shed. Over the period 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.
To understand the trend of mean annual 7-day low flow values in
dependent of precipitation, the data was de-trended against precipita
tion 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 (see supplementary material Fig. 4).

3.3. Seven-day minimum 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) (supplementary material Fig. 3). 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

Fig. 4. 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. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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3.4. Climate elasticity model evaluation and timing of flow

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 find significant in
creases 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 sig
nificant 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 in Ashland were conducted in lower eleva
tions 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 wa
tersheds. 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), the low intensity and scope of the treat
ments at the watershed scale is likely the reason for no observed change
in streamflow. 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 sur
prising 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 Pseu
dotsuga 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 Pseu
dotsuga 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 in
tensity present in Ashland are not translating to the degree of hydrologic
change as seen in other studies.
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

Climate elasticity models (CEM) for both basins, Eq (3), found that
water yield declined in most treatment years relative to the pretreatment mean (Fig. 4). 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 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 whole, the East basin had an
average decline of 24% of which precipitation explained 72% of the
variance.
Additionally, when comparing regional streamflow anomalies, we
found that our basins followed the same patterns as a nearby watershed
(Supplementary Fig. 2), indicating that these responses are largely due
to regional precipitation drivers, and not changes in forest structure.
3.5. FVS simulated stand-scale treatment effects on water yield
Average flow in the no treatment, BA0 management scenario was
204 mm. Significant changes in water yield were observed between
management scenarios (Table 4). Significant increases in water yield
were observed for the BA35 (Z = -3.52, P < 0.01) and BA 50 (Z = -5.61,
P < 0.0001) relative to the BA0 scenario, with increases of 3.8 mm and
5.3 mm, respectively. There was no significant difference between the
BA26 and BA 35 or between BA35 and BA50 scenarios. Water yield was
significantly different between the BA26 and BA50 scenarios (Z = -3.74,
P < 0.001).
4. 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 pre
treatment mean (Figs. 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 BA 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
Table 4
Changes in flow and water yield relative to no treatment (BA0) for three man
agement scenarios, BA26, BA35, and BA50. P-values indicate significant dif
ferences from the BA0 management scenario.
Treatment

Average flow (mm)

Change (mm)

Change (acre-ft)

P-value

BA-0
BA-26
BA-35
BA-50

204
205
208
209

0
1.5
3.8
5.3

0
5.62
14.62
20.04

–
0.121
0.001
< 0.0001
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two standard deviations. By these standards, only 2017 represents a
significant change in runoff and it is positive (Fig. 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. Another that considers a variety of forest treatments
through modeling experiments show that basal area needs to be reduced
by 30% at the watershed scale (Robles et al., 2014), again supporting the
notion that the treatment intensity and scope present in Ashland is not
likely to overcome climatic drivers.
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 (Supple
mentary Fig. 3). 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).
The current observational study was limited in that the data avail
able 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 2.3). It is our
intention for future work to evaluate these same principles at the subbasin scale to understand if different treatments, locations, and vege
tation types are more effective than others in increasing streamflow.

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 distur
bance 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. Evaluating the CEMs show that precipitation is the
dominant driver, and that changes of this intensity and scope are not
capable of overcoming this climatic signal
Our observational study demonstrates that forest change of this
magnitude is not increasing water yields at the watershed scale. The AFR
project has led to development of a much broader Rogue Basin Cohesive
Forest Restoration Strategy (Metlen et al., 2021) and these results sug
gest that if increased water production is a management objective, basal
area needs to be reduced by at least 36% at a stand scale. 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.

5. Conclusions
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