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Abstract

Reduced forest mortality and increased streamflow have been promoted as hydro-
logic benefits of forest fuel treatments in water-limited systems. These benefits,
however, are often quite variable because they both rely upon the use of water made
available through tree-scale reductions in evapotranspiration. In this study, we exam-
ined whether forest mortality benefits and streamflow benefits from fuel treatments
offset one another, because the allocation of unused water for one benefit implies
less availability of that water for the other benefit. To do this, we took advantage of
two paired-watershed experiments in the Kings River Experimental Watersheds
located in the southern Sierra Nevada. The fuel treatments, which included mechani-
cal thinning and prescribed fire, began in 2012 and coincided with the 2012-2016
California drought and related forest mortality event. We found that in the higher-
elevation Bull watersheds, fuel treatments decreased forest mortality but had no
effect on annual streamflow. In the lower-elevation Providence watersheds, we
observed the opposite result, as fuel treatments had no effect on forest mortality but
depending on the model, increased annual streamflow at 95% and 90% confidence.
The results suggest that the water made available from fuel treatments followed
different hydrological pathways through the watersheds, with the water being taken
up by neighbouring vegetation and decreasing water stress in Bull, and the water
contributing to streamflow in Providence. These findings suggest that fuel treatments
in water-limited systems may not provide full hydrologic benefits to both forest

mortality and streamflow concurrently in a given watershed.
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mortality in forests and augmenting streamflow. These latter benefits,

however, are quite variable, in part because resistance to drought-

Forest fuel treatments (e.g., prescribed fire and mechanical thinning)
have been shown to reduce wildfire intensities and burn severities
and have been widely advocated for reducing fire risk in the Western
United States (North et al., 2015; Omi & Martinson, 2002; Prichard,
Peterson, & Jacobson, 2010). Forest fuel treatments may also have

the potential hydrologic benefits of reducing drought-induced tree

related mortality and streamflow augmentation depend on competing
water sources. Reduced forest mortality during drought occurs when
water made available through treatment-induced reductions in tree-
scale evapotranspiration (ET) is taken up by neighbouring trees,
reducing tree water stress. On the other hand, greater streamflow

generation occurs when water made available through treatment-
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induced reductions in tree-scale ET makes its way to a stream,
increasing water yield. Understanding the partitioning between mor-
tality resistance to drought and streamflow augmentation is important
for predicting hydrologic and forest responses to forest fuel manage-
ment, especially under future climate scenarios.

Since the early 1900s, policies of fire suppression and fire exclu-
sion have caused many forests with high-frequency low-severity fire
regimes in the Western U.S. to become overly dense (Chang, 1996;
Fellows & Goulden, 2008). This condition has increased competition
for water and increased forest mortality during droughts relative to
lower-density forests (Gleason et al., 2017). Forest fuel treatments
can counter these issues by reducing forest densities and removing
forest undergrowth (e.g., young trees and shrubs) (Agee &
Skinner, 2005; Sohn, Saha, & Bauhus, 2016). At the tree scale, fuel
treatments that remove vegetation make available water that other-
wise would have been transpired or intercepted and evaporated. At
the watershed scale, this unused water may follow a number of path-
ways through the watershed (Figure 1). First, the water may directly
return to the atmosphere via greater abiotic vapour fluxes such as
ground evaporation or sublimation (Biederman et al., 2014). Second,
the unused water may be transpired by remaining neighbouring vege-
tation (Tague & Moritz, 2019). Finally, the unused water may make its
way to an aquifer or stream. From a management perspective, the lat-
ter two pathways are generally considered to be beneficial, as uptake
by the remaining vegetation can support vegetation health and reduce
forest mortality during drought (Grant, Tague, & Allen, 2013), whereas
increased groundwater and streamflow can augment water supplies
downstream. The challenge is that it is unclear when, where and
under what conditions the latter pathways dominate, if at all.

Higher temperatures associated with climate change are
exacerbating drought effects on forests, increasing vulnerability to
hydraulic failure, carbon starvation and pests (Allen, Breshears, &
McDowell, 2015; McDowell et al., 2008). Consequently, many forests,
and particularly high-density stands, have become more vulnerable to
widespread mortality events during drought (Allen et al., 2010). Forest
fuel treatments can reduce water competition during hotter droughts
(Park et al., 2018) and may decrease the likelihood of drought mortal-
ity (Restaino et al., 2019; Sohn et al., 2016; van Mantgem, Caprio,
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FIGURE 1

Stephenson, & Das, 2016). Still, posttreatment water uptake by
remaining neighbouring trees may not always be sufficient to reduce
mortality, and the water made available from fuel treatments may fol-
low alternative pathways (e.g., abiotic evaporation and streamflow
generation) through the watershed.

Streamflow response to vegetation change has a long history of
study (Andréassian, 2004; Bosch & Hewlett, 1982; Brown, Zhang,
McMahon, Western, & Vertessy, 2005; Goeking & Tarboton, 2020;
Stednick, 1996); however, investigations of streamflow response to
forest fuel reduction treatments, which often have small relative
impacts on stand density or residual basal area, are more limited.
Overall, studies of forest thinning have shown that streamflow
response is highly variable, with some studies showing posttreatment
increases (Dung et al., 2012; Lane & Mackay, 2001; Serengil
et al., 2007), others showing no response (Gokbulak et al., 2016) and
in some cases, reductions in streamflow (Hawthorne, Lane, Bren, &
Sims, 2013). The effect of prescribed fire on streamflow has shown
similar variability (Cawson, Sheridan, Smith, & Lane, 2012; Gottfried &
DeBano, 1990). Some of this variability has been attributed to the
presence of a vegetation change threshold, often estimated at 20% of
basal area, below which streamflow changes are undetectable
(Bosch & Hewlett, 1982). Others have noted that meteorological con-
ditions (Bart, 2016) and soil depth (Tague & Moritz, 2019) can also
affect streamflow response to vegetation change. In the Sierra
Nevada, Saksa, Conklin, Battles, Tague, and Bales (2017) and Saksa
et al. (2020) found that streamflow increased in response to low-
intensity fuel treatments in wetter, more northern watersheds, but
had minimal response in drier, more southern watersheds. Also, post-
treatment vegetation recovery can affect streamflow response to fuel
treatments, as rapid succession by grasses and shrubs can minimize
increases in streamflow and in some cases reduce streamflow
(Bennett et al., 2018).

Reduced drought mortality and enhanced streamflow have both
been promoted as benefits of forest fuel treatments, yet to our knowl-
edge, no empirical studies have tested for these benefits in combina-
tion at the watershed scale. In this study, we take advantage of a fuel
treatment experiment in the Kings River Experimental Watersheds
(KREW) that coincided with a drought that has been estimated to be
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the most extreme in over 1,200 years (Griffin & Anchukaitis, 2014).
Using a paired watershed framework, we addressed two questions:
(a) What are the effects of forest fuel treatments on forest
mortality during subsequent drought? and (b) What are the effects
of vegetation changes (e.g., fuel treatments and forest mortality) on
annual streamflow? We hypothesized that streamflow is more
likely to increase in response to vegetation reductions in
watersheds where forest fuel treatments did not affect forest mortal-
ity during the drought (Figure 1). This research will provide insight
into the pathways that water made available from fuel treatments
follows and will be useful in assessing the impacts of future similar

fuel treatments.

2 | STUDY WATERSHEDS AND THE
CALIFORNIA DROUGHT

2.1 | Physical watershed characteristics

This study was conducted in the KREW, located in the southern Sierra
Nevada southeast of Shaver Lake, California, USA. The KREW consist
of two groups of four long-term research watersheds, Bull (B201,
B203, B204, T003) and Providence (P301, P303, P304, D102), oper-
ated by the U.S. Forest Service Pacific Southwest Research Station

since 2002 (Figure 2). The areas of the Bull watersheds range from
53 to 228 ha and have mean elevations between 2,257 and 2,373 m
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FIGURE 2 Map of the Kings River
Experimental Watersheds. Meteorological
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(Table 1). The Providence watersheds are smaller and lower in eleva-
tion, with areas ranging from 49 to 132 ha and mean elevations rang-
ing from 1,782 to 1,979 m.

The lithology for all the watersheds is granite. Soil series in the
Providence watersheds are composed of Gerle-Cagwin for P301 and
Shaver for P303, P304 and D102, whereas the Bull watersheds are
primarily composed of Cagwin soils (Johnson, Hunsaker, Glass, Rau, &
Roath, 2011). The rooting depth associated with the Gerle-Cagwin
and Shaver soils in Providence are 76-127 cm and 102-203 cm,
respectively, whereas the depth of the Cagwin soils in Bull are
shallower at 50-102 cm (Hunsaker, Whitaker, & Bales, 2012). Vegeta-
tion in the Bull watersheds consists primarily of red fir (Abies
magnifica) and white fir (Abies concolor), along with some Jeffrey pine
(Pinus jeffreyi), lodgepole pine (Pinus contorta) and a small amount of
sugar pine (Pinus lambertiana) at lower elevations. Vegetation in the
Providence watersheds is primarily mixed-conifer forest consisting of
white fir, incense cedar (Calocedrus decurrens), ponderosa pine (Pinus
ponderosa), Jeffrey pine and sugar pine. Riparian meadows are present
in all watersheds and range in area from 0.1 ha (P303 and P304) to
8.3 ha (B204) (Hunsaker, Adair, Auman, Weidick, & Whitaker, 2007).
The KREW, similar to many forested areas in the southern Sierra
Nevada, have relatively high forest stand densities, averaging ~577
stems per hectare across the Bull watersheds and ~659 stems per
hectare across the Providence watersheds (Table 1) (Lydersen,
Collins, & Hunsaker, 2019).

The lower montane forest in the southern Sierra Nevada histori-
cally had a low-severity fire regime with fire return intervals ranging
from 5 to 20 years (Kilgore & Taylor, 1979; Scholl & Taylor, 2010).
Wildfire has been essentially excluded in the KREW, with only 4 ha
affected by wildfire since 1911 (Lydersen et al., 2019). Prior to the
establishment of the KREW study, timber harvests have occurred in
all watersheds except TOO3, with small harvests occurring most
recently on privately owned land in the Providence group.

2.2 | Hydro-climatology

The KREW have Koppen-Geiger Mediterranean Csa or Csb climates
with most precipitation occurring between the late fall and early
spring (Kottek, Grieser, Beck, Rudolf, & Rubel, 2006). Summers are
exceptionally dry. Mean annual precipitation in Bull and Providence
for water years 2005 to 2017 were 1,409 and 1,326 mm, respectively,
with water year defined as October 1 of the previous year to
September 30 of the present year. Mean annual temperatures were
7.6°C and 9.9°C in Bull and Providence, respectively. Historically, the
watersheds in Providence were in the winter rain-snow transition
zone for the southern Sierra Nevada, whereas the watersheds in Bull
were located above the rain-snow transition zone. Precipitation and
temperature data were measured at four meteorological stations, with
one located near the lower elevation of each watershed group, close
to the stream gauging stations and one near the upper elevation of
each watershed group. Full details on the equipment and procedures
used to collect and process precipitation and temperature data in the
KREW are provided in Hunsaker et al. (2012) and Safeeq and

Hunsaker (2016), with data from 2002 to 2017 available in Hunsaker
and Safeeq (2018).

Stream stage for each of the watersheds is measured with Pars-
hall Montana flumes, except TOO3 which has a compound v-notch
and rectangular weir, and streamflow is computed using standardized
stage-discharge relationships (Hunsaker & Safeeq, 2017). Mean
annual streamflow in the KREW ranged from 303 (P303) to 678 mm
(B203) for water years 2004 to 2017 and was highly variable on an
annual basis (Table 1). Hydrographs in both sets of watersheds were
snowmelt dominated, though to a greater extent in Bull than Provi-
dence. The Bull watersheds had higher streamflow than the Provi-
dence watersheds, which has been attributed to a higher proportion
of snowfall and lower ET rates (Hunsaker et al., 2012). Further details
on the streamflow gauging can be found in Hunsaker et al. (2012) and
Safeeq and Hunsaker (2016). Streamflow data from 2002 to 2015 are
available in Hunsaker and Safeeq (2017).

2.3 | 2012-2016 California drought

California experienced a severe drought that began in 2012 and con-
tinued through 2016. This drought was notable for near-record low
precipitation levels coinciding with record high temperatures (Shukla,
Safeeq, AghaKouchak, Guan, & Funk, 2015). The ‘hot drought’ had
many consequences on both the hydrology (Bales et al., 2018;
Goulden & Bales, 2019) and ecology (Roberts, Burnett, Tietz, &
Veloz, 2019; Young et al., 2020) of the southern Sierra Nevada. Snow-
pack and streamflow in the KREW were at record lows and
included the first recorded summer cessation of streamflow in P301
in 2013. The drought also contributed to widespread tree mortality
in the southern Sierra Nevada, with the period of greatest forest
mortality occurring from 2015 to 2017. The U.S. Forest Service has
estimated that over 129 million trees in California have died from the
onset of the drought through 2017 (Bulug, Fischer, Ko, Balachowski, &
Ostoja, 2017). The KREW are located near the centre of the
forest mortality impact area and given the coincidental timing of the
fuel treatments, provide an opportunity to evaluate differences in
forest mortality and subsequent changes in streamflow among the
watersheds.

3 | METHODS

We used a paired-watershed framework (Andréassian, 2004; Brown
et al., 2005; Stednick, 1996) as the basis for examining changes in for-
est mortality and annual streamflow during drought. In addition, we
included a longitudinal time-series analysis of streamflow change to
assess the robustness of the results from the paired streamflow
analysis.
3.1 | Fuel treatment experiment

Beginning in 2012, forest fuel treatments were conducted in the

KREW with the objective to understand how forest fuel reduction
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treatments affect watershed hydrology, watershed ecology and bio-
geochemical processes. For each group of four watersheds, one
watershed was mechanically thinned (B201 and D102); one water-
shed was burned by prescribed fire (B203 and P303); one watershed
was mechanically thinned and followed by prescribed fire (B204 and
P301) and one watershed was left as an experimental control with no
recent treatment (TOO3 and P304) (Table 1). Mechanical thinning was
conducted using feller-bunchers and hand felling combined with
ground-based skidding in summer and fall 2012. Shrub mastication
also occurred in stands with greater than 50% shrub cover to less than
10% shrub cover (Lydersen et al., 2019). Prescribed fires in the Bull
watersheds were conducted in fall 2013. Prescribed fires in the Provi-
dence watersheds were delayed because of unacceptable ignition
conditions until fall 2016. Approximately 1/3 of the P301 watershed
was salvage logged in summer 2017, with additional removal of dead
timber using ground-based equipment.

The intensity of the thinning treatments was low (see Lydersen
et al,, 2019 for full details about treatments in the KREW). Thinning
was limited to trees with a maximum diameter at breast height (DBH)
of 76 cm, with a few exceptions. Between 10% and 25% of the area
permitted for treatment in each thinned watershed was eventually
excluded due to inaccessibility and/or steep slopes that made thinning
not economically viable. Thinning was allowed to within 15 m of
streams. Based on posttreatment surveys of soil disturbance, thinning
occurred in 52% and 29% of the area in the thinned Bull and Providence
watersheds, respectively. Averaged over the thinned watersheds,
33 and 23 trees greater than 25.4 cm DBH were removed per hectare
for Bull and Providence, respectively. This was equivalent to a basal
area of 4.6 and 4.5 m? ha™. These values were based on timber sale
records and do not include trees smaller than 25.4 cm DBH, which
would increase the total number of trees and basal area removed.
Based on field surveys prior to thinning (2003 to 2006) and after thin-
ning (2013 and 2014), Lydersen et al. (2019) did not observe a signifi-
cant change in basal area or tree density from the thinning, although we
note the 7-year gap between presurvey and postsurvey may have
masked growth in the watersheds prior to the fuel treatments.

The prescribed fires were of low intensity and were not intended
to change the structure of the forest, but rather reduce surface and
ground fuels (Lydersen et al., 2019). The fires were conducted during
cool temperatures (less than 12°C) with low to moderate humidity
(range 10% to 77%) and moderate fuel moisture (range 6% to 21%).
Flame lengths were limited to less than 1.8 m and burning was permit-
ted to within 1.5 m of the stream channels. Posttreatment surveys of
soil disturbance found that 39% and 52% of the areas where pre-
scribed fire was applied showed signs of burning in Bull and Provi-

dence, respectively.

3.2 | NDVI model
For this study, we evaluated forest drought mortality using the Nor-
malized Difference Vegetation Index (NDVI), a watershed-scale mea-

sure of vegetation greenness (Pettorelli et al., 2005). NDVI has two

advantages as compared with the field-collected plot measurements
in the KREW as a proxy for forest mortality (Dong et al., 2019). First,
NDVI data are available over the entire study period and can provide
details about vegetation changes during the years that were not sam-
pled in the field. In this regard, the effects of treatments and tree mor-
tality can be better quantified and separated. Second, while NDVI
cannot discern subwatershed characteristics on the forest (i.e., basal
area, species) that can be gained from plot-scale measurements, we
expect that a spatially lumped metric of vegetation may better corre-
spond to the integrated watershed measure of streamflow.

NDVI data for each of the watersheds were obtained from
Landsat 7 for the period from 1999 to 2017. The imagery was
obtained from the U.S. Geological Survey Landsat Surface Reflectance
collection (Masek et al., 2006) via Google Earth Engine (Gorelick
et al., 2017). NDVI was calculated using Bands 3 and 4 from all cloud-
free Landsat scenes between May and September of a given year, fol-
lowing a similar approach to Su et al. (2017). These months generally
correspond to the snow free periods in the KREW. All scenes with
pixel values greater than 1.0 were removed, as these values were
indicative of processing errors. Of the remaining scenes, we used the
maximum-value composite (MVC) approach to generate a single
image for each year (Holben, 1986). The MVC approach selects the
highest NDVI value for each pixel from all scenes in a period, creating
a single composite that represents the maximum NDVI for each pixel.
The MVC approach has the added benefit of negating the Scan Line
Corrector Failure issue in Landsat 7 that produced striations with
missing data in the Bull watersheds (Andrefouet, Bindschadler, &
Brown de Colstoun, 2003). For each annual composite, the mean
NDVI value across the watershed was computed to provide a
watershed-scale measure of NDVI.

Posttreatment changes in NDVI in the treated watersheds (NDVI)
relative to the control watershed (NDVI.) were evaluated using a
mixed-effects model with treatment period (T) as a fixed effect (with
levels of pretreatment and posttreatment as O and 1) and watershed

as a random effect (u):

NDVI; = i + ByNDVI, + o T+ BsNDVIc T +u+e, (1)

where e is the model error. The interaction between NDVI. and T was
also included in the model. For the thinned watersheds and thinned/
prescribed fire watersheds, pretreatment was designated as
2002-2012, and posttreatment was designated as 2013-2017. The
pretreatment period for the watersheds with only prescribed fire was
designated as 2002-2013 in Bull and 2002-2016 in Providence. For
this component of the study, we were primarily interested in the
interaction variable between NDVI. and T, as a significant interaction
term would signify that the relation between NDVI; and NDVI. dif-
fered before and after the treatments, which we use as an indication
of drought mortality.

We estimated the parameters in the mixed-effects model using a
Bayesian estimation procedure. Mixed-effects modelling was per-
formed in the R programing environment (R Core Team, 2019) using

the rstanarm package (Goodrich, Gabry, Ali, & Brilleman, 2020) which



BART ET AL.

WILEY_| 7%

allows Bayesian computation in the Stan Probabilistic Programming
Language (Gelman, Lee, & Guo, 2015). The Stan language uses a Ham-
iltonian Monte Carlo sampling algorithm for evaluating model parame-
ters. Separate mixed-effects models were developed for the Bull and
Providence groups using a weakly informative prior. Each model gen-
erated a posterior sample size of 10,000, and we visually assessed
model convergence. Autocorrelation in the model residuals was

assessed using the partial autocorrelation function (PACF).

3.3 | Streamflow model

We were interested in evaluating annual streamflow responses to for-
est fuel treatments in the KREW. However, an implicit assumption of
the paired watershed framework when evaluating changes in
streamflow is that land cover in the control watershed is stable during
the entire study period, providing an experimental control to compare
the treated watershed against. This assumption, however, was not
valid in this study. The severe drought during the posttreatment
period generated widespread mortality throughout the southern
Sierra Nevada region, including in the control and treated watersheds
(Lydersen et al., 2019). Consequently, the use of a fixed effect for pre-
treatment and posttreatment periods, as was done in the paired NDVI
model, would have been inadequate. In the paired NDVI models, we
were able to use a fixed effect for period because, relative to the con-
trol watershed, NDVI in the treated watersheds were only differen-
tially affected by fuel treatments because the intensity of the drought
was assumed to be equal for all watersheds. Streamflow in the treated
watersheds, in contrast, were differentially affected by both fuel
treatments and differences in mortality between the treated and con-
trol watersheds. Thus, we chose to use the difference in watershed-
averaged annual maximum NDVI between the control and the treated
watershed (NDVl ) as a covariate in the paired streamflow model to
account for both treatment effects and tree mortality effects. This
variable cannot be used to directly evaluate the effects of the fuel
treatments and mortality on streamflow, as it represents vegetation
differences (e.g., treatment effects, drought stress effects and tree
mortality effects) between the treated and control watersheds across
the entire time-series. Nonetheless, as the fuel treatments and mortal-
ity produced the largest changes in NDVI, these events were implicitly
represented. The mixed-effects model to estimate changes in annual
streamflow (log-transformed) in the treated watersheds (Q;) relative
to the control watershed (Q.) included NDVl as a fixed effect and

watershed as a random effect (u):
Qt =ﬂ0 +ﬂ1QC+ﬂ2NDVId,~ff+u+e. (2)

We assessed the robustness of paired streamflow model results by
including a longitudinal analysis of streamflow change. To predict
annual streamflow for year t in the treated watersheds (Q), the longitu-
dinal model included annual precipitation (P;), a measure of antecedent
storage (P jqg), and the amount of vegetation (NDVI,) in the treated

watershed as fixed effects, with watershed as a random effect (u):

Qt =Po + 1Pt + PoPtiag + BsNDVIt +u +e. (3)

Both precipitation variables were log-transformed. P; jog was the sum
of annual precipitation from the prior two water years and was used
to account for carryover storage effects in the soil and regolith that
may affect hydrologic response.

We estimated the potential percentage change in annual
streamflow for different levels of NDVI change based on the cali-
brated paired streamflow and longitudinal models. Because the
observed variability in watershed-scale NDVI spanned approximately
0.1 units over the period of record for any given watershed, we lim-
ited the modelled streamflow change estimates to this range. Both
the paired streamflow model and the longitudinal model were cali-

brated using the same procedures as the paired NDVI model.

4 | RESULTS

4.1 | Fuel treatment effects on mortality

Overall, the watersheds in Bull had a lower NDVI than the watersheds
in Providence due to vegetation productivity being more cold-limited
in Bull (Figure 3). In both Bull and Providence, the control watersheds
had the highest NDVI of their respective groups. During the pre-
drought period, the NDVI time-series was characterized as being gen-
erally steady (Bull) or slightly increasing (Providence). NDVI for all the
watersheds peaked in 2011, which was the second wettest year dur-
ing the monitoring period and just prior to the treatments and the
onset of the drought. During the drought, NDVI decreased in all of the
watersheds, albeit at varying rates, regardless of treatments (Figure 3).

For the Bull watersheds, the slope of the pretreatment relation
between NDVI in the control watershed and NDVI in the treated
watershed was approximately one, indicating that changes in NDVI
in the treated watersheds were matched by similar changes in NDVI
in the control watershed (Figure 4). The 2012 thinning event in
B201 and B204 produced a notable decrease in the 2013 NDVI rel-
ative to the control watershed. In 2014, a small decrease in NDVI
was observed in both B203 and B204 from the prescribed fires the
previous fall. These results indicate that the fuel treatments pro-
duced observable changes in NDVI at the watershed scale. During
the combined drought and mortality period (2012-2017), NDVI in
the Bull control watershed (TO03) showed a much larger decrease
than the treated watersheds (Figure 4). The lower slope signifies
that the fuel treatments may have reduced drought-enhanced mor-
tality in the Bull watersheds.

In Providence, the slope of the pretreatment relation between
NDVI in the control and treated watersheds was less than one, indi-
cating that the NDVI in the control watershed had a greater range
than the NDVI in the treated watersheds under pretreatment condi-
tions (Figure 4). Following thinning treatments in 2012, a large
decrease in NDVI was observed in P301, whereas a much smaller
decrease was observed in D102. The small NDVI decrease in D102
was due to a large proportion of the watershed being excluded during
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thinning operations (Lydersen et al., 2019) because the steep slopes in
the watershed precluded access by the heavy equipment used in the
mechanical thinning treatment (Table 1). After thinning, the slope of
the relation between NDVI in the control watershed and NDVI in the
treated watersheds was slightly steeper for P301 and D102,
suggesting that the treated watersheds may have been more suscepti-
ble to forest mortality during the drought than the control watershed
(Figure 4). This increase in slope was opposite of what was expected.
The prescribed fire treatments in Providence occurred in fall 2016
and are only reflected in the year 2017. In the two watersheds that
were burned, P301 and P303, NDVI in 2017 decreased relative to
2016, whereas in the two unburned watersheds, D102 and the con-
trol P304, NDVI in 2017 increased relative to 2016.

The results from the mixed-effects model confirm that NDVI in

the treated Bull watersheds showed smaller reductions during the

posttreatment period (i.e., less forest mortality) relative to NDVI in the
control watershed, as the 95% credible intervals for the interaction
variable beta coefficient do not overlap with O (Figure 5). In Provi-
dence, no posttreatment difference in the relation between NDVI in
the treated and control watersheds was observed, as the beta coeffi-
cient was well within the uncertainty of the model. Measures of
model performance and trace plots for the mixed-effects models may
be found in the Supporting information (Tables S1, S2, and S3,
Figure S1).

4.2 | Vegetation effects on streamflow

In this section, we examine the response of streamflow to changes in

NDVI. The interannual pattern for streamflow was similar for all of the



WILEY_| 2%

BART ET AL.
Paired NDVI Model
a
R
(O]
o
@
<
4
2o
S 2
=3 h
3
a
-0.I75 -O.I50 -O.I25 O.E)O O.I25 O.ISO
NDVI.*T p Coefficient
FIGURE 5 Mean g coefficient values (black dots) and 95%

credible intervals (black lines) for the interaction variable NDVI _*T in
the paired Normalized Difference Vegetation Index (NDVI) model
(Equation 1), separated by watershed grouping. Negative 3 values
indicate that the NDVI; vs NDVI, relation had a lower slope in the
posttreatment period, which we attribute to less forest mortality in
the treated watersheds relative to the control watershed. Blue area
represents density plot of 10,000 individual model runs

watersheds within their respective group (Figure 6). Overall,
streamflow totals were higher in Bull than in Providence. Lowest
annual streamflows were observed during the drought.

The relation between annual streamflow in the control watershed
and annual streamflow in the treated watershed was very strong
(Figure 7), indicating that precipitation is the first-order control on
streamflow in these watersheds. Regarding the effect of differences
in NDVI on the annual streamflow, the mixed-effects model results
suggest that there was little streamflow response to changes in NDVI
for the Bull watersheds (Figure 8a, Tables S4 and S5, Figure S2). In
contrast, in Providence, the beta coefficient for NDVly fell outside
the 90% credible intervals, providing moderate evidence that
streamflow in the treated watersheds increased in response to NDVI
reductions in the treated watershed relative to the control watershed
(Figure 8a).

A longitudinal model was used to provide a second evaluation of
streamflow response to changes in NDVI. Similar to the paired
streamflow model, we found that NDVI did not have an effect on
streamflow in the Bull watersheds (Figure 8b, Tables S6 and S7,
Figure S3). However, in Providence, the coefficient for NDVI; fell out-
side the 95% credible intervals (Figure 8b). This result provides greater
evidence that streamflow in Providence was responsive to vegetation
change.

The potential percentage change in annual streamflow was esti-
mated for a given decrease in NDVI (Figure 9). In Bull, the results
showed minimal change in streamflow as NDVI deceased, though
there was considerable uncertainty in the estimates. As an example,
the estimated response in Bull ranges from a 32% increase to a 25%
decrease in annual streamflow following a 0.05 reduction in NDVI. In

Providence, the projections generally showed an increase in annual

streamflow associated with a reduction in NDVI. In this case, the
paired streamflow model estimated that annual streamflow would
increase 24% (range —5% to 59% at 95% uncertainty) and the longitu-
dinal model estimated that annual streamflow would increase 18%
(range 3% to 35% at 95% uncertainty) following a 0.05 reduction
in NDVI.

5 | DISCUSSION

5.1 | Evaluating changes in forest mortality

We found that reductions in NDVI during the drought were moder-
ated by fuel treatments in the Bull watersheds but not in the Provi-
dence watersheds. Because we used NDVI as a proxy for mortality,
these results imply that fuel treatments reduced forest mortality in
Bull, but not in Providence. We recognize that processes other than
forest mortality may reduce NDVI, such as overstory and understory
declines and reduced vigour related to water stress in the absence of
mortality. However, we contend that a large proportion of the
observed posttreatment changes in NDVI were related to mortality
and this contention is supported by plot-scale measurements in the
watersheds (Lydersen et al., 2019).

Measurements of plot-scale understory canopy cover in the
KREW suggest that changes in understory vegetation did not contrib-
ute to declines in NDVI during the posttreatment period (Lydersen
et al,, 2019). As an example, we observed that the Bull control water-
shed, TOO3, had the largest year-to-year reduction in NDVI in 2015,
with further NDVI reductions in 2016 and 2017 (Figure 4). Lydersen
et al. (2019) reported that in 2014, plot-scale canopy cover for woody
vegetation under 2 m tall in TOO3 was at a sampling minimum for the
watershed, with a canopy cover of approximately 5%. This amount of
understory vegetation likely had only a small contribution to
watershed-scale estimates of NDVI. Further, Lydersen et al. (2019)
showed that understory canopy cover increased from 2014 to 2017
for all watersheds except P301, which was burned by prescribed fire
in 2016. This expansion of understory canopy cover during the mor-
tality period is counter to what would be expected if understory die-
back were driving the reductions in NDVI. In contrast, the expansion
of understory canopy cover during the mortality period may be
explained by increased tree mortality, because tree mortality opens
up the overstory canopy, enabling the release of understory.

Forest water stress can reduce NDVI even in the absence of mor-
tality through reductions in leaf area. However, plot-scale measure-
ments of forest mortality in the KREW support the assessment that
mortality was the primary driver of posttreatment NDVI changes
(Lydersen et al., 2019). Field surveys of live versus dead trees in 2017
showed that the control watershed in Bull (TOO3) had much greater
riparian and upland mortality than the three treated watersheds,
matching our observations of NDVI. In Providence, the surveys
showed no clear difference in watershed mortality levels in response
to fuel treatments, once again matching our observations. Our attribu-

tion of decreased NDVI to forest mortality is further supported by
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posttreatment NDVI values being mostly lower than their pre-
treatment ranges, with the exception of NDVI in the Providence con-
trol watershed (P304) (Figure 4). These results indicate that the
processes causing reductions in NDVI were likely physical changes in
vegetation, because they exceeded typical interannual variability.

The findings from our analysis using NDVI as a proxy for forest
mortality are consistent with the findings from the earlier plot-scale
analysis (Lydersen et al., 2019). Yet despite these similarities, Lydersen
et al. (2019) concluded that tree mortality was not significantly
influenced by fuel treatments. This discrepancy is likely due to differ-
ences in the way that the models assessed treatment effects on mor-
tality. In this study, we examined whether there was a change in the
relation (i.e., slope) between NDVI in the control water and NDVI in

the treated watershed before and after treatment. Lydersen
et al. (2019) examined the factors that could explain the proportion
and number of dead trees in the watersheds during a 2017 field sur-
vey. The differences in the respective datasets and their effect on sta-
tistical inference highlight the importance of including multiple

datasets, when possible, for analysing changes in vegetation.
5.2 | Where does water go following fuels
treatments?

The results of this study suggest two different hydrologic responses
to fuel treatments in the KREW. In the higher elevation Bull
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watersheds, fuel treatments reduced forest mortality during the
drought, but did not have an effect on streamflow. In contrast, fuel
treatments in the lower elevation Providence watersheds did not
affect forest mortality during the drought but depending on the
model, increased streamflow at 95% and 90% confidence. If we
assume that the decrease in forest mortality in Bull was due to lower
water stress associated with less competition (Sohn et al., 2016), then
the results suggest different pathways for the water made available
by fuel treatments (Figure 1). We identified three pathways that the
unused water can follow after fuels treatments: abiotic evaporation,
transpiration by neighbouring vegetation and augmentation of
streamflow (Figure 1). The dominant pathway will depend on a variety

of factors that are likely to vary within watersheds, across watersheds

and through time. While a comprehensive evaluation of the water
made available after fuel treatments includes all three mechanisms, in
this section, we focus only on the watershed characteristics and con-
ditions that may affect the partitioning of unused water to neigh-
bouring vegetation or to streamflow.

Two of the primary controls on the partitioning of unused water
to neighbouring vegetation are (a) the neighbouring vegetation being
water limited and (b) the neighbouring vegetation having access to
the water that was made available because of fuel treatments. Both of
these components must be fulfilled for the neighbouring vegetation
to transpire the water, otherwise the unused water will contribute to
one of the alternate pathways. The findings of this study suggest that
vegetation in Bull was both water-limited and that subsurface water
stores were accessible among the remaining vegetation, thus there
was no increase in streamflow. On the other hand, the increase in
streamflow in Providence suggests that, one, or both, of these
requirements may not have been met.

Both Bull and Providence faced water limitations during the
drought (Goulden & Bales, 2019), as evidenced by the drought-
enhanced mortality in both of their respective control watersheds.
However, the causes for this water limitation differed for each water-
shed group. Regolith thickness at Providence has been shown to be
highly variable; in some cases exceeding 10 m (O'Geen et al., 2018).
While no similar measurements have been made in the Bull water-
sheds, measurements along a nearby elevation gradient indicate that
regolith thickness decreases as elevation increases above ~1,100 m
(O'Geen et al., 2018). Further, the effective rooting depth associated
with the soil series at Providence range from 0.75 to 2 m, whereas at
Bull they range from 0.5 to 1 m (Hunsaker et al., 2012). These mea-
surements suggest the combined soil and regolith water storage is
higher in Providence than in Bull, and this combined storage would
provide a larger reservoir to draw down during drought. Nevertheless,
Bull may not require as much subsurface storage as Providence to
meet the evaporative demand of the vegetation because the higher
elevation Bull watersheds have lower potential evaporation rates,
shorter growing seasons and lower average tree densities (Lydersen
etal, 2019).

We do not have explicit knowledge of the rooting networks or
the exact mechanisms of access to subsurface water for vegetation at
either Bull or Providence. As such, evaluating the capability of vegeta-
tion to access water made available by the removal of neighbouring
vegetation is challenging. However, deeper water storage in Provi-
dence would indicate that trees in those watersheds likely devote
more carbon resources to producing deep roots than shallow, horizon-
tal roots (Fan, Miguez-Macho, Jobbagy, Jackson, & Otero-Casal, 2017).
Consequently, rooting systems in Bull may be shallower and contain
more overlap with neighbouring trees than in Providence. This overlap
could make it easier to uptake unused water when neighbouring vege-
tation is removed. A recent modelling study showed that fuel treat-
ments in watersheds with low water storage capacity and high
overlap of rooting systems resulted in an increase in forest water use
by the neighbouring trees (Tague & Moritz, 2019). The study also
showed that the greatest posttreatment increases in streamflow
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occurred in watersheds with high water storage capacity and non-
overlapping roots. Our empirical results are consistent with this
explanation.

At the watershed scale, hydrologic responses to fuel treatments
are likely to follow a combination of all three pathways that we have
identified (Figure 1). Depending on the watershed and the post-
treatment meteorological conditions, one of the pathways may domi-
nate, or the unused water may be split across all three pathways. For
example, abiotic evaporation and transpiration by remaining neigh-
bouring vegetation may be more prominent under dry conditions
when the amount of unused water is insufficient to move beyond the
rooting zone. Under wetter conditions, when neighbouring vegetation
is less water stressed, and there is ample water to drain through the
rooting zone, we may expect an increase in streamflow. Because the
unused water can be partitioned along multiple pathways, it can also
lead to the appearance of a muted hydrologic response to fuel treat-
ments when only examining one outcome pathway. This effect could
partly explain the variability in streamflow and forest mortality
responses to fuel treatments that have been reported in the literature
(Bosch & Hewlett, 1982; Sohn et al., 2016). All three pathways will
need to be assessed to accurately understand the hydrologic response
to fuel treatments in any given watershed.

6 | CONCLUSIONS

Reduced forest mortality and increased streamflow are frequently
promoted as hydrologic benefits of fuel treatments in water-limited

-0.05

-0.025

Change in NDVI

systems. However, both of these benefits rely on water made avail-
able from vegetation removal. Hence, the benefits can offset one
another. In this study of two groups of watersheds in the Sierra
Nevada, we found empirical evidence of this tradeoff. In the higher-
elevation Bull watersheds, fuel treatments were found to reduce for-
est mortality, but no changes in annual streamflow were observed. In
the Providence watersheds, fuel treatments did not affect forest mor-
tality, but increases in annual streamflow were observed at 95% and
90% confidence, depending on the model. These results imply that
the water made available from implementing low-intensity fuel treat-
ments followed different hydrological pathways through the water-
shed, with uptake by neighbouring vegetation dominating in Bull and
augmentation of streamflow dominating in Providence.

Our findings have important implications for both science and
management, as the water made available by reducing stand density is
finite and cannot be fully allocated to multiple potential benefits. From
a scientific perspective, we need to better understand the processes
that control when, where and under what conditions unused water
from fuel treatments will follow a given pathway. From a management
perspective, there will be inherent uncertainty in the allocation of
water benefits following fuel treatments due to a lack of process
understanding. Fuel treatments in water-limited forests may reduce
water stress during a subsequent drought, increase streamflow or pro-
vide a combination of these two benefits, but will not provide the full
benefits across these competing outcomes simultaneously. Finally, the
findings in this study highlight the benefits of simultaneously examin-
ing multiple responses to fuel reduction treatments as a means for

providing greater understanding of ecohydrologic processes.



BART ET AL.

WI LEY 13 0f 15

ACKNOWLEDGEMENTS

We thank Kevin Mazzocco and the many others who have been criti-
cal in establishing and monitoring the KREW. We thank Janet Choate
for graphical assistance. Funding for this study was provided by the
U.S. Forest Service. Data were provided by the Kings River Experi-
mental Watersheds project, which was funded by the USDA Forest
Service Pacific Southwest Research Station in collaboration with the
Sierra National Forest, the University of California, Merced, and

others.

CONFLICT OF INTEREST
The authors declare that there is no conflict of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available in the

supplementary material of this article (Data S1).

ORCID
Ryan R. Bart "2 https://orcid.org/0000-0002-7235-8007
REFERENCES

Agee, J. K., & Skinner, C. N. (2005). Basic principles of forest fuel reduction
treatments. Forest Ecology and Management, 211(1), 83-96. https://
doi.org/10.1016/j.foreco.2005.01.034

Allen, C. D., Breshears, D. D., & McDowell, N. G. (2015). On underestima-
tion of global vulnerability to tree mortality and forest die-off from
hotter drought in the Anthropocene. Ecosphere, 6(8), art129. https://
doi.org/10.1890/ES15-00203.1

Allen, C. D., Macalady, A. K., Chenchouni, H., Bachelet, D., McDowell, N.,
Vennetier, M., ... Cobb, N. (2010). A global overview of drought and
heat-induced tree mortality reveals emerging climate change risks for
forests. Forest Ecology and Management, 259(4), 660-684. https://doi.
org/10.1016/j.foreco.2009.09.001

Andréassian, V. (2004). Waters and forests: From historical controversy to
scientific debate. Journal of Hydrology, 291(1-2), 1-27. https://doi.
org/10.1016/j.jhydrol.2003.12.015

Andrefouet, S., Bindschadler, R, & Brown de Colstoun, E. (2003).
Preliminary Assessment of the Value of Landsat-7 ETM+ Data Follow-
ing Scan Line Corrector Malfunction. US Geological Survey, EROS
Data Center.

Bales, R. C, Goulden, M. L., Hunsaker, C. T. Conklin, M. H.,
Hartsough, P. C., O'Geen, A. T., ... Safeeq, M. (2018). Mechanisms
controlling the impact of multi-year drought on mountain hydrology.
Scientific Reports, 8(1), 690. https://doi.org/10.1038/s41598-017-
19007-0

Bart, R. R. (2016). A regional estimate of postfire streamflow change in
California. Water Resources Research, 52(2), 1465-1478. https://doi.
org/10.1002/2014WR016553

Bennett, K. E., Bohn, T. J, Solander, K., McDowell, N. G., Xu, C,
Vivoni, E., & Middleton, R. S. (2018). Climate-driven disturbances in
the San Juan River sub-basin of the Colorado River. Hydrology and
Earth System Sciences, 22(1), 709-725. https://doi.org/10.5194/hess-
22-709-2018

Biederman, J. A., Harpold, A. A., Gochis, D. J., Ewers, B. E., Reed, D. E.,
Papuga, S. A, & Brooks, P. D. (2014). Increased evaporation
following widespread tree mortality limits streamflow response. Water
Resources Research, 50(7), 5395-5409. https://doi.org/10.1002/
2013WR014994

Bosch, J. M., & Hewlett, J. D. (1982). A review of catchment experiments
to determine the effect of vegetation changes on water yield and

evapotranspiration. Journal of Hydrology, 55(1-4), 3-23. https://doi.
org/10.1016/0022-1694(82)90117-2

Brown, A. E., Zhang, L., McMahon, T. A,, Western, A. W., & Vertessy, R. A.
(2005). A review of paired catchment studies for determining changes
in water yield resulting from alterations in vegetation. Journal of
Hydrology, 310(1-4), 28-61. https://doi.org/10.1016/j.jhydrol.2004.
12.010

Bulug, L., Fischer, C., Ko, J., Balachowski, J., & Ostoja, S. (2017). Drought
and tree mortality in the Pacific Southwest Region. A synopsis of pre-
sentations and work group sessions from the Science and Manage-
ment Symposium—Lessons learned from extreme drought and tree
mortality in the Sierra Nevada. (U.S. Department of Agriculture, Cali-
fornia Climate Hub).

Cawson, J. G., Sheridan, G. J., Smith, H. G., & Lane, P. N. J. (2012). Surface
runoff and erosion after prescribed burning and the effect of different
fire regimes in forests and shrublands: A review. International Journal
of Wildland Fire, 21(7), 857-872. https://doi.org/10.1071/WF11160

Chang, C. (1996). Ecosystem responses to fire and variations in fire
regimes. Sierra Nevada Ecosystem Project: Final Report to Congress: Vol.
Il, Assessments and Scientific Basis for Management Options, 2,
1071-1099.

Dong, C., MacDonald, G. M., Willis, K., Gillespie, T. W., Okin, G. S., &
Williams, A. P. (2019). Vegetation responses to 2012-2016 drought in
Northern and Southern California. Geophysical Research Letters, 46(7),
3810-3821. https://doi.org/10.1029/2019GL082137

Dung, B. X., Gomi, T., Miyata, S., Sidle, R. C., Kosugi, K., & Onda, Y. (2012).
Runoff responses to forest thinning at plot and catchment scales in a
headwater catchment draining Japanese cypress forest. Journal of
Hydrology, 444-445, 51-62. https://doi.org/10.1016/j.jhydrol.2012.
03.040

Fan, Y., Miguez-Macho, G., Jobbagy, E. G., Jackson, R. B., & Otero-
Casal, C. (2017). Hydrologic regulation of plant rooting depth. Proceed-
ings of the National Academy of Sciences, 114(40), 10572-10577.
https://doi.org/10.1073/pnas.1712381114

Fellows, A. W., & Goulden, M. L. (2008). Has fire suppression increased
the amount of carbon stored in western U.S. forests? Geophysical
Research  Letters, 35(12), L12404. https://doi.org/10.1029/
2008GL033965

Gelman, A, Lee, D., & Guo, J. (2015). Stan: A probabilistic programming
language for Bayesian inference and optimization. Journal of Educa-
tional and Behavioral Statistics, 40(5), 530-543. https://doi.org/10.
3102/1076998615606113

Gleason, K. E., Bradford, J. B., Bottero, A., D'Amato, A. W., Fraver, S.,
Palik, B. J,, ... Kern, C. C. (2017). Competition amplifies drought stress
in forests across broad climatic and compositional gradients. Eco-
sphere, 8(7), €01849. https://doi.org/10.1002/ecs2.1849

Goeking, S. A., & Tarboton, D. G. (2020). Forests and water yield: A syn-
thesis of disturbance effects on streamflow and snowpack in Western
Coniferous Forests. Journal of Forestry, 118(2), 172-192. https://doi.
org/10.1093/jofore/fvz069

Gokbulak, F., Sengontl, K. Serengil, Y., Ozhan, S., Yurtseven, I.,
Uygur, B., & Ozcelik, M. S. (2016). Effect of forest thinning on water
yield in a sub-humid Mediterranean Oak-Beech mixed forested water-
shed. Water Resources Management, 30(14), 5039-5049. https://doi.
org/10.1007/s11269-016-1467-7

Goodrich, B., Gabry, J., Ali, I, & Brilleman, S. (2020). Rstanarm: Bayesian
applied regression modeling via Stan. R package version 2.19.3.
https://mc-stan.org/rstanarm

Gorelick, N., Hancher, M., Dixon, M., llyushchenko, S., Thau, D., &
Moore, R. (2017). Google Earth Engine: Planetary-scale geospatial
analysis for everyone. Remote Sensing of Environment, 202, 18-27.
https://doi.org/10.1016/j.rse.2017.06.031

Gottfried, G. J., & DeBano, L. F. (1990). Streamflow and water quality
responses to preharvest prescribed burning in an undisturbed
ponderosa pine watershed. Effects of Fire Management on Southwestern


https://orcid.org/0000-0002-7235-8007
https://orcid.org/0000-0002-7235-8007
https://doi.org/10.1016/j.foreco.2005.01.034
https://doi.org/10.1016/j.foreco.2005.01.034
https://doi.org/10.1890/ES15-00203.1
https://doi.org/10.1890/ES15-00203.1
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1016/j.jhydrol.2003.12.015
https://doi.org/10.1016/j.jhydrol.2003.12.015
https://doi.org/10.1038/s41598-017-19007-0
https://doi.org/10.1038/s41598-017-19007-0
https://doi.org/10.1002/2014WR016553
https://doi.org/10.1002/2014WR016553
https://doi.org/10.5194/hess-22-709-2018
https://doi.org/10.5194/hess-22-709-2018
https://doi.org/10.1002/2013WR014994
https://doi.org/10.1002/2013WR014994
https://doi.org/10.1016/0022-1694(82)90117-2
https://doi.org/10.1016/0022-1694(82)90117-2
https://doi.org/10.1016/j.jhydrol.2004.12.010
https://doi.org/10.1016/j.jhydrol.2004.12.010
https://doi.org/10.1071/WF11160
https://doi.org/10.1029/2019GL082137
https://doi.org/10.1016/j.jhydrol.2012.03.040
https://doi.org/10.1016/j.jhydrol.2012.03.040
https://doi.org/10.1073/pnas.1712381114
https://doi.org/10.1029/2008GL033965
https://doi.org/10.1029/2008GL033965
https://doi.org/10.3102/1076998615606113
https://doi.org/10.3102/1076998615606113
https://doi.org/10.1002/ecs2.1849
https://doi.org/10.1093/jofore/fvz069
https://doi.org/10.1093/jofore/fvz069
https://doi.org/10.1007/s11269-016-1467-7
https://doi.org/10.1007/s11269-016-1467-7
https://mc-stan.org/rstanarm
https://doi.org/10.1016/j.rse.2017.06.031

14 of 15 WI LEY

BART ET AL.

Natural Resources. RMRS-GTR-191. Fort Collins, CO. USDA Forest Ser-
vice. Rocky Mountain Research Station, 222-231.

Goulden, M. L., & Bales, R. C. (2019). California forest die-off linked to
multi-year deep soil drying in 2012-2015 drought. Nature Geoscience,
12(8), 632-637. https://doi.org/10.1038/s41561-019-0388-5

Grant, G. E., Tague, C. L., & Allen, C. D. (2013). Watering the forest for the
trees: An emerging priority for managing water in forest landscapes.
Frontiers in Ecology and the Environment, 11(6), 314-321. https://doi.
org/10.1890/120209

Griffin, D., & Anchukaitis, K. J. (2014). How unusual is the 2012-2014 Cal-
ifornia drought? Geophysical Research Letters, 41(24), 9017-9024.
https://doi.org/10.1002/2014GL062433

Hawthorne, S. N. D,, Lane, P. N. J., Bren, L. J., & Sims, N. C. (2013). The
long term effects of thinning treatments on vegetation structure and
water vyield. Forest Ecology and Management, 310, 983-993. https://
doi.org/10.1016/j.foreco.2013.09.046

Holben, B. N. (1986). Characteristics of maximum-value composite images
from temporal AVHRR data. International Journal of Remote Sensing, 7
(11), 1417-1434. https://doi.org/10.1080/01431168608948945

Hunsaker, C.T., Adair, J., Auman, J., Weidick, K., & Whitaker, T. (2007).
Kings River Experimental Watershed Research Study Plan. https://
www.fs.fed.us/psw/topics/water/kingsriver/documents/
miscellaneous/KREW_Study_Plan_Sep2007.pdf

Hunsaker, C. T., & Safeeq, M. (2017). Kings river experimental watersheds
stream discharge. Fort Collins, CO: Forest Service Research Data
Archive. https://doi.org/10.2737/RDS-2017-0037

Hunsaker, C. T., & Safeeq, M. (2018). Kings river experimental watersheds
meteorology data. Fort Collins, CO: Forest Service Research Data
Archive. https://doi.org/10.2737/RDS-2018-0028

Hunsaker, C. T., Whitaker, T. W., & Bales, R. C. (2012). Snowmelt runoff
and water yield along elevation and temperature gradients in Cali-
fornia's Southern Sierra Nevada. JAWRA Journal of the American Water
Resources Association, 48(4), 667-678. https://doi.org/10.1111/j.
1752-1688.2012.00641.x

Johnson, D. W., Hunsaker, C. T., Glass, D. W., Rau, B. M., & Roath, B. A.
(2011). Carbon and nutrient contents in soils from the Kings River
Experimental Watersheds, Sierra Nevada Mountains, California. Geo-
derma, 160(3), 490-502. https://doi.org/10.1016/j.geoderma.2010.
10.019

Kilgore, B. M., & Taylor, D. (1979). Fire history of a sequoia-mixed conifer
forest. Ecology, 60(1), 129-142. https://doi.org/10.2307/1936475

Kottek, M., Grieser, J., Beck, C., Rudolf, B., & Rubel, F. (2006). World map
of the Koppen-Geiger climate classification updated. Meteorologische
Zeitschrift, 15(3), 259-263. https://doi.org/10.1127/0941-2948/
2006/0130

Lane, P. N. J., & Mackay, S. M. (2001). Streamflow response of mixed-
species eucalypt forests to patch cutting and thinning treatments. For-
est Ecology and Management, 143(1), 131-142. https://doi.org/10.
1016/50378-1127(00)00512-0

Lydersen, J. M., Collins, B. M., & Hunsaker, C. T. (2019). Implementation
constraints limit benefits of restoration treatments in mixed-conifer
forests. International Journal of Wildland Fire, 28(7), 495-511. https://
doi.org/10.1071/WF18141

van Mantgem, P. J., Caprio, A. C., Stephenson, N. L., & Das, A. J. (2016).
Does prescribed fire promote resistance to drought in low elevation
forests of the Sierra Nevada, California, USA? Fire Ecology, 12(1),
13-25. https://doi.org/10.4996/fireecology.1201013

Masek, J. G., Vermote, E. F., Saleous, N. E., Wolfe, R, Hall, F. G,
Huemmirich, K. F., ... Lim, T.-K. (2006). A Landsat surface reflectance
dataset for North America, 1990-2000. IEEE Geoscience and Remote
Sensing Letters, 3(1), 68-72. https://doi.org/10.1109/LGRS.2005.
857030

McDowell, N., Pockman, W. T., Allen, C. D., Breshears, D. D., Cobb, N.,
Kolb, T., ... Yepez, E. A. (2008). Mechanisms of plant survival and mor-
tality during drought: Why do some plants survive while others

succumb to drought? New Phytologist, 178(4), 719-739. https://doi.
org/10.1111/j.1469-8137.2008.02436.x

North, M. P, Stephens, S. L., Collins, B. M., Agee, J. K, Aplet, G,
Franklin, J. F., & Fulé, P. Z. (2015). Reform forest fire management. Sci-
ence, 349(6254), 1280-1281. https://doi.org/10.1126/science.
aab2356

O'Geen, A. (. T.).,, Safeeq, M., Wagenbrenner, J., Stacy, E., Hartsough, P.,
Devine, S, ... Bales, R. (2018). Southern Sierra critical zone observatory
and Kings River experimental watersheds: A synthesis of measure-
ments, new insights, and future directions. Vadose Zone Journal, 17(1),
180081. https://doi.org/10.2136/vzj2018.04.0081

Omi, P. N., & Martinson, E. J. (2002). Effect of fuels treatment on
wildfire severity. Final Report. Joint Fire Science Program Governing
Board, Western Forest Fire Research Center. Fort Collins: Colorado State
University.

Park, J., Kim, T., Moon, M., Cho, S., Ryu, D., & Seok Kim, H. (2018). Effects
of thinning intensities on tree water use, growth, and resultant water
use efficiency of 50-year-old Pinus koraiensis forest over four years.
Forest Ecology and Management, 408, 121-128. https://doi.org/10.
1016/j.foreco.2017.09.031

Pettorelli, N., Vik, J. O., Mysterud, A., Gaillard, J.-M., Tucker, C. J., &
Stenseth, N. C. (2005). Using the satellite-derived NDVI to assess eco-
logical responses to environmental change. Trends in Ecology & Evolu-
tion, 20(9), 503-510. https://doi.org/10.1016/j.tree.2005.05.011

Prichard, S. J., Peterson, D. L., & Jacobson, K. (2010). Fuel treatments
reduce the severity of wildfire effects in dry mixed conifer forest,
Washington, USA. Canadian Journal of Forest Research, 40(8),
1615-1626. https://doi.org/10.1139/X10-109

R Core Team. (2019). R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing. Retrieved
from https://www.R-project.org/

Restaino, C., Young, D. J. N. Estes, B., Gross, S., Wuenschel, A,
Meyer, M., & Safford, H. (2019). Forest structure and climate mediate
drought-induced tree mortality in forests of the Sierra Nevada, USA.
Ecological Applications, 29(4), e01902. https://doi.org/10.1002/eap.
1902

Roberts, L. J., Burnett, R, Tietz, J., & Veloz, S. (2019). Recent drought and
tree mortality effects on the avian community in southern Sierra
Nevada: A glimpse of the future? Ecological Applications, 29(2),
e01848. https://doi.org/10.1002/eap.1848

Safeeq, M., & Hunsaker, C. T. (2016). Characterizing runoff and water yield
for headwater catchments in the Southern Sierra Nevada. Journal of
the American Water Resources Association (JAWRA), 52(6), 1327-1346.
https://doi.org/10.1111/1752-1688.12457

Saksa, P. C., Conklin, M. H., Battles, J. J., Tague, C. L., & Bales, R. C. (2017).
Forest thinning impacts on the water balance of Sierra Nevada mixed-
conifer headwater basins. Water Resources Research, 53(7),
5364-5381. https://doi.org/10.1002/2016 WR019240

Saksa, P. C., Bales, R. C, Tague, C. L., Battles, J. J,, Tobin, B. W.,, &
Conklin, M. H. (2020). Fuels treatment and wildfire effects on runoff
from Sierra Nevada mixed-conifer forests. Ecohydrology, 13(3), e2151.
https://doi.org/10.1002/eco0.2151

Scholl, A. E., & Taylor, A. H. (2010). Fire regimes, forest change, and self-
organization in an old-growth mixed-conifer forest, Yosemite National
Park, USA. Ecological Applications, 20(2), 362-380. https://doi.org/10.
1890/08-2324.1

Serengil, Y., Gokbulak, F., Ozhan, S., Hizal, A, Sengondl, K., Nihat
Balci, A., & Ozyuvaci, N. (2007). Hydrological impacts of a slight thin-
ning treatment in a deciduous forest ecosystem in Turkey. Journal of
Hydrology, 333(2), 569-577. https://doi.org/10.1016/j.jhydrol.2006.
10.017

Shukla, S., Safeeq, M., AghaKouchak, A., Guan, K., & Funk, C. (2015). Tem-
perature impacts on the water year 2014 drought in California. Geo-
physical Research Letters, 42(11), 4384-4393. https://doi.org/10.
1002/2015GL063666


https://doi.org/10.1038/s41561-019-0388-5
https://doi.org/10.1890/120209
https://doi.org/10.1890/120209
https://doi.org/10.1002/2014GL062433
https://doi.org/10.1016/j.foreco.2013.09.046
https://doi.org/10.1016/j.foreco.2013.09.046
https://doi.org/10.1080/01431168608948945
https://www.fs.fed.us/psw/topics/water/kingsriver/documents/miscellaneous/KREW_Study_Plan_Sep2007.pdf
https://www.fs.fed.us/psw/topics/water/kingsriver/documents/miscellaneous/KREW_Study_Plan_Sep2007.pdf
https://www.fs.fed.us/psw/topics/water/kingsriver/documents/miscellaneous/KREW_Study_Plan_Sep2007.pdf
https://doi.org/10.2737/RDS-2017-0037
https://doi.org/10.2737/RDS-2018-0028
https://doi.org/10.1111/j.1752-1688.2012.00641.x
https://doi.org/10.1111/j.1752-1688.2012.00641.x
https://doi.org/10.1016/j.geoderma.2010.10.019
https://doi.org/10.1016/j.geoderma.2010.10.019
https://doi.org/10.2307/1936475
https://doi.org/10.1127/0941-2948/2006/0130
https://doi.org/10.1127/0941-2948/2006/0130
https://doi.org/10.1016/S0378-1127(00)00512-0
https://doi.org/10.1016/S0378-1127(00)00512-0
https://doi.org/10.1071/WF18141
https://doi.org/10.1071/WF18141
https://doi.org/10.4996/fireecology.1201013
https://doi.org/10.1109/LGRS.2005.857030
https://doi.org/10.1109/LGRS.2005.857030
https://doi.org/10.1111/j.1469-8137.2008.02436.x
https://doi.org/10.1111/j.1469-8137.2008.02436.x
https://doi.org/10.1126/science.aab2356
https://doi.org/10.1126/science.aab2356
https://doi.org/10.2136/vzj2018.04.0081
https://doi.org/10.1016/j.foreco.2017.09.031
https://doi.org/10.1016/j.foreco.2017.09.031
https://doi.org/10.1016/j.tree.2005.05.011
https://doi.org/10.1139/X10-109
https://www.R-project.org/
https://doi.org/10.1002/eap.1902
https://doi.org/10.1002/eap.1902
https://doi.org/10.1002/eap.1848
https://doi.org/10.1111/1752-1688.12457
https://doi.org/10.1002/2016WR019240
https://doi.org/10.1002/eco.2151
https://doi.org/10.1890/08-2324.1
https://doi.org/10.1890/08-2324.1
https://doi.org/10.1016/j.jhydrol.2006.10.017
https://doi.org/10.1016/j.jhydrol.2006.10.017
https://doi.org/10.1002/2015GL063666
https://doi.org/10.1002/2015GL063666

BART ET AL.

WI LEY 150f 15

Sohn, J. A, Saha, S., & Bauhus, J. (2016). Potential of forest thinning
to mitigate drought stress: A meta-analysis. Forest Ecology and
Management, 380, 261-273. https://doi.org/10.1016/j.foreco.2016.
07.046

Stednick, J. D. (1996). Monitoring the effects of timber harvest on annual
water yield. Journal of Hydrology, 176(1-4), 79-95. https://doi.org/10.
1016/0022-1694(95)02780-7

Su, Y., Bales, R. C., Ma, Q,, Nydick, K., Ray, R. L., Li, W., & Guo, Q. (2017).
Emerging stress and relative resiliency of giant sequoia groves
experiencing multiyear dry periods in a warming climate. Journal of
Geophysical Research: Biogeosciences, 122(11), 3063-3075. https://doi.
org/10.1002/2017JG004005

Tague, C. L., & Moritz, M. A. (2019). Plant accessible water storage capac-
ity and tree-scale root interactions determine how forest density
reductions alter forest water use and productivity. Frontiers in Forests
and Global Change, 2(36). https://doi.org/10.3389/ffgc.2019.00036

Young, D. J. N, Meyer, M, Estes, B, Gross, S., Wuenschel, A,
Restaino, C., & Safford, H. D. (2020). Forest recovery following

extreme drought in California, USA: Natural patterns and effects of
pre-drought management. Ecological Applications, 30(1), €02002.
https://doi.org/10.1002/eap.2002

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Bart RR, Safeeq M,

Wagenbrenner JW, Hunsaker CT. Do fuel treatments
decrease forest mortality or increase streamflow? A case study
from the Sierra Nevada (USA). Ecohydrology. 2021;14:e2254.
https://doi.org/10.1002/eco0.2254



https://doi.org/10.1016/j.foreco.2016.07.046
https://doi.org/10.1016/j.foreco.2016.07.046
https://doi.org/10.1016/0022-1694(95)02780-7
https://doi.org/10.1016/0022-1694(95)02780-7
https://doi.org/10.1002/2017JG004005
https://doi.org/10.1002/2017JG004005
https://doi.org/10.3389/ffgc.2019.00036
https://doi.org/10.1002/eap.2002
https://doi.org/10.1002/eco.2254

	Do fuel treatments decrease forest mortality or increase streamflow? A case study from the Sierra Nevada (USA)
	1  INTRODUCTION
	2  STUDY WATERSHEDS AND THE CALIFORNIA DROUGHT
	2.1  Physical watershed characteristics
	2.2  Hydro-climatology
	2.3  2012-2016 California drought

	3  METHODS
	3.1  Fuel treatment experiment
	3.2  NDVI model
	3.3  Streamflow model

	4  RESULTS
	4.1  Fuel treatment effects on mortality
	4.2  Vegetation effects on streamflow

	5  DISCUSSION
	5.1  Evaluating changes in forest mortality
	5.2  Where does water go following fuels treatments?

	6  CONCLUSIONS
	ACKNOWLEDGEMENTS
	  CONFLICT OF INTEREST
	  DATA AVAILABILITY STATEMENT

	REFERENCES



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


