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Sierra Nevada mixed-conifer forests have undergone significant changes in structure and composition and are
increasingly vulnerable to altered disturbance regimes and climate-related extreme events. Fuel reduction
treatments, including thinning and follow-up surface fuel treatments, can reduce this vulnerability by creating
forest structural and woody fuel conditions that not only allow forest stands to mitigate wildfire, but also al-
leviate individual tree stress. However, direct observations that quantify these longer-term effects are lacking.
This study compares observed changes in forest structure, tree species composition, and downed woody fuel
loads across three distinct time periods: pre-treatment, 1 yr post-treatment, and 10 yr post-treatment.
Additionally, using tree ring data, we assessed whether treatments affected individual tree resistance to a severe
statewide drought (2012-2015). Thinning treatments were able to effectively reduce tree density and basal area,
increase the retention of both larger-sized and shade-intolerant trees, and mitigate tree mortality. Treatments
were also associated with significantly lower coarse woody fuel and snag basal area. Snag basal area and time
since treatment were related to the accumulation of fine and coarse woody surface fuel loads. Tree ring in-
formation indicated that treatments improved drought resistance as well, especially in units with lower residual
live basal area. This study complements previous studies on fuel reduction thinning by demonstrating that these

treatments have lasting effects on forest structure, which also confers a degree of drought resistance.

1. Introduction

The impacts associated with altered fire regimes, past forest man-
agement practices, and more recently changing climatic conditions are
common throughout western North American forests (Hessburg et al.
2019). In forests adapted to frequent-fire, historical stand structure
consisted of larger trees, lower tree densities, and spatial and structural
heterogeneity (Fulé et al., 1997; Brown et al., 2008; Larson and
Churchill, 2012; Hagmann et al., 2013; Fry et al., 2014; Collins et al.,
2015; Stephens et al., 2015). Contemporary conditions in these forests
are characterized by lower proportions of shade-intolerant species and
considerably greater tree densities, which have contributed to greater
homogeneity (Scholl and Taylor, 2010; Knapp et al., 2013; Collins
et al., 2017). These changes are associated with reductions in tree vigor
due to increased competition for resources and greater accumulation
and continuity of downed woody fuels (Taylor et al. 2014). In addition

to changes in forest demographics, recent accumulated water deficits
have led to decreases in forest productivity and increased tree mortality
(Allen et al., 2010; Adams et al., 2012; Sohn et al., 2016). As warming
continues to influence mortality rates through water deficits and
drought stress (van Mantgem et al. 2009), restoring forests to a state
that resembles their historic structure and composition or that antici-
pated in the future may be critical to ensure forest conservation
(Stephens et al., 2010; Liang et al., 2018).

Fuel reduction treatments have been applied to millions of hectares
of fire-excluded forests throughout the western US (Schoennagel and
Nelson, 2011; Vaillant and Reinhardt, 2017). These treatments aim to
reduce wildfire hazard by reducing the amount and continuity of sur-
face and ladder fuels (Agee and Skinner 2005). Objectives can be met
by either thinning trees using chainsaws or heavy equipment, by using
prescribed or managed wildfire, or a combination of the two methods.
While designing effective fuel reduction treatments is well understood,
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implementation “on-the-ground” is well below what is needed to alter
current rates of stand-replacing fire effects (North et al., 2012; Stevens
et al.,, 2017; Vaillant and Reinhardt, 2017; Liang et al., 2018). Fur-
thermore, even when treatments are implemented, several site-specific
characteristics can limit the amount and size of material removed. For
example, in the Lake Tahoe Basin, mechanical equipment cannot be
used on slopes > 30% (Tahoe Regional Planning Agency code 71.4E;
TRPA, 2004) and special considerations are recommended for areas
near riparian zones or breeding areas of protected species (North et al.
2015). These site-specific restrictions can limit the intensity of treat-
ments, which can impact achievement of objectives (e.g. fire hazard,
forest health) (Lydersen et al., 2019; Stephens et al., 2019).

Previous studies have demonstrated that fuel treatments may have a
lifespan of approximately 10-15 years, after which time tree ingrowth
and accumulation of woody fuels diminish treatment effectiveness
(Stephens et al., 2012; Martinson and Omi, 2013; Foster et al., 2020).
However, this understanding is based on limited information, i.e.,
single study sites, reliance on model projections, or retrospective stu-
dies that lack longitudinal data. As such, broader inferences about
longer-term treatment effects are fairly tenuous. Forest dynamics fol-
lowing fuel reduction treatments can vary considerably even within an
individual site depending on treatment type and intensity (Collins et al.
2019). There is additional variability among sites as a function of
productivity and species composition. Further investigation into how
these factors influence forest stand structure and woody fuels over time
is necessary to provide forest managers more robust information on
treatment impacts.

Thinning treatments can improve individual tree vigor, thus redu-
cing the impacts of drought on forest stands (Spittlehouse and Stewart,
2003; Chmura et al., 2011; Sohn et al., 2013, 2016; Collins et al., 2014).
Although California experiences drought events semi-frequently, the
most recent drought from 2012 to 2015 was the most severe drought in
the last century (Griffin and Anchukaitis, 2014; Lund et al., 2018). It
highlighted just how vulnerable Sierran mixed-conifer forests are to
large-scale mortality from natural disturbance agents (Collins et al.
2019). Studies on how thinning treatments affect tree- or stand-level
drought stress are typically centered around one stand and/or consider
one stand age or thinning regime (Misson et al., 2003; Skov et al., 2004;
Brooks and Mitchell, 2011; Chmura et al., 2011; Sohn et al., 2016).
Further investigations into the long-term impacts of thinning treat-
ments applied in fire-prone stands can provide meaningful assessments
of forests’ response to climate-related stress events and the efficacy of
management options to preserve forest health (Teets et al. 2018).

This study aims to assess how thinning in forests impacted by long-
established fire exclusion and early timber harvesting altered forest
structural conditions in the short- and longer-term (~10 yr). The study
employs a robust before-after-control impact (BACI) study design to
characterize treatment effects, which opportunistically also captured a
range of thinning intensities across experimental units. The range of
intensities were a product of implementation constraints brought about
by forest management resource protection measures (sensu Lydersen
et al. 2019). We hypothesize that thinning treatments would effectively
alter and maintain desired forest stand structure, but not result in a
dramatic change in downed woody fuels. We also expect treatments to
positively influence a tree’s drought resistance, which we anticipate to
be more pronounced with greater treatment intensity. We used data
from permanently monumented field plots that were established prior
to treatment, then re-measured 1-year and approximately 10-years after
treatment to test our hypotheses. The main goals of this study were to
(1) describe and analyze changes in forest structure and composition;
(2) compare downed woody fuel loads across treated and untreated
controls and characterize temporal changes in fuel loads as an element
of forest structure; (3) understand how thinning treatments impacted
overstory tree resistance to the most recent severe drought
(2012-2015).
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Fig. 1. Map of study sites, which were along the west shore of Lake Tahoe,
California U.S.A.

2. Materials and methods
2.1. Study sites

This study took place in six sites along the west shore of Lake Tahoe,
California, U.S.A. (Fig. 1). Elevation for these study sites ranged be-
tween 1900 and 2200 m with slope gradients varying from O to 40%.
Vegetation on these sites is characterized as upper elevation mixed-
conifer forests, comprised of six dominant canopy species: red fir (Abies
magnifica), white fir (A. concolor), incense-cedar (Calocedrus decurrens),
lodgepole pine (Pinus contorta), Jeffrey pine (P. jeffreyii), and sugar pine
(P. lambertiana). Climate in this area is characterized by cool, wet
winters and hot, dry summers. On the northwest shore at Tahoe City,
CA, the majority of precipitation falls as snow from December to March
with very little falling as rain between May and October. While 30-year
averages (1980-2010) in this area showed an average annual tem-
perature of 6.7 °C and average total precipitation of 1060 mm, tem-
peratures during the recent severe drought were 11-25% higher than
average (Appendix A) and total precipitation was 21-41% lower than
average (PRISM Climate Group 2020). Study sites were chosen based on
a shared silvicultural objective to mitigate the impacts of long-estab-
lished fire exclusion and early timber harvesting. In these forests, fire
exclusion and early timber harvesting significantly altered forest
structure and composition. The treatments in our study sites (and
elsewhere throughout the Sierra Nevada) sought to shift forest structure
to better align with forest conditions prior to these major changes
(Taylor et al. 2014). This involved the removal of subdominant and
understory trees and the retention of large trees. An additional re-
quirement for site selection was that treatments were scheduled to be
completed within the same 1-2-year window of time. Plots were lo-
cated in four watersheds: Blackwood Creek (BLK), McKinney Creek
(MCK), Twin Crags (TWC), and Ward Creek (WRD).
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Table 1

Generalized treatment descriptions for study units. Upper DBH limit refers to
the largest tree sizes available for removal. Treatment intensity refers to the
percent of total basal area change immediately following thinning treatments.
DBH - diameter at breast height.

Unit Treatment type  Upper Activity fuels  Treatment
DBH treatment intensity (% BA
limit removed)
(cm)

WRD 20-16 T, Hand thin 25.4 Pile/burn 10.0

PAC

MCK 13-1T Hand thin 35.6 Pile/burn 25.4

TWC 3 T, PAC Mechanical 60.9 Mastication 33.8

WRD 20-9 T Mechanical 60.9 Mastication 45.4

BLK 1-4 T, PAC  Mechanical 60.9 Mastication 37.6

MCK 13-3 T Mechanical 76.2 Mastication 67.9

WRD 20-16C Control NA NA NA

TWC 3C Control NA NA NA

WRD 20-9C Control NA NA NA

MCK 13-3C Control NA NA NA

MCK 13-1C Control NA NA NA

BLK 1-4C Control NA NA NA

2.2. Treatments

From 2007 to 2009, units on the west shore were covered under
three different National Environmental Policy Act (NEPA) planning
processes, which varied in terms of desired conditions and fuel treat-
ment prescriptions (Table 1). Planned treatments included hand thin-
ning of trees < 25.4 cm diameter with slash piling and mechanical
thinning of trees < 76.2 cm in diameter with slash masticated with
maximum allowable harvestable tree size ranging from 25.4 to 76.2 cm
in diameter (Table 1). In addition to live tree retention guidelines, all
treatments specified the retention of 3 snags and 3 downed logs per acre
in the largest diameter classes. Treatment prescriptions prioritized the
retention of conifer species in this order: (1) P. lambertiana, (2) P. jef-
freyii, (3) A. concolor/A. magnifica, C. decurrens, (5) P. contorta. Three of
the treated units were located in protected activity centers (PACs) for
California Spotted Owl and Northern Goshawk. Treatments within
these units were prepared in consultation with wildlife biologists to
maintain or enhance habitat conditions while meeting fuel reduction
objectives (i.e. retention of larger trees, more snags, two canopy layers
and a higher minimum percentage of residual canopy closure).

Treatments were applied within approximately half of each unit so
that each treated section of a unit had a paired control. This study in-
cluded four mechanically-treated units and two hand-treated units,
which were dictated by the protection of valuable habitat for species of
concern (Table 1). In mechanically treated units, merchantable trees
were felled and delimbed with a cut-to-length forwarder while sub-
merchantable trees were masticated in place. Activity fuels from thin-
ning were masticated into wood chips < 10 cm in length and to a
fuelbed depth of < 15 cm. In hand-treated units, trees were chainsaw
felled and hand-piled, with piles burned in the following 6-24 months.
Two control units, BLK 1-4 C and MCK 13-1 C were not remeasured in
2018 due to the implementation of unexpected fuels treatments in those
units. Units were named using a three-letter code based on geographic
location and end with either a “T” or “C” depending on whether the
unit was treated (T) or left as a control (C).

2.3. Vegetation and fuels measurements

In 2006, a network of macroplots was established by overlaying a
150 x 330 m grid over each unit to collect data on fuels and vegeta-
tion. The macroplots provided a grid from which 8-10 vegetation plots
were randomly selected for each unit. Data for these plots were col-
lected in 2006 (pre-treatment) and remeasured in 2007-2010 (1 yr
post-treatment) and in 2018 (10 yr post-treatment). Sampling plots had
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a fixed radius of 17.58 m, encompassing 0.1 ha. Within each treated
(n = 45) and untreated (n = 26) plot, all mature trees and snags
=15 cm were tagged with a unique number and had recorded species
and DBH (cm). Downed woody surface and ground fuels were sampled
along four radial transects using the line intercept method (Brown
1974). Along each transect (17.58 m), individual counts of 1-h
(0-0.64 cm) and 10-h (0.64-2.54 cm) fuels were recorded from 15 to
17 m, 100-h (2.54-7.62 cm) fuels from 12 to 17 m, and 1000-h
(> 7.62 cm) fuels along the entirety of the transect were sampled.
Diameter and decay class were also recorded for coarse woody fuel
(1000-h), while duff and litter depth (cm) were measured at 8 and 16 m
from plot center.

To characterize forest structure prior to and after treatment, we
calculated tree density (trees ha™?'), live basal area (m? ha™?), live
quadratic mean diameter (QMD, cm), and snag basal area (m*ha~Y).
Since treatment prescriptions emphasized retention of sugar pine and
Jeffrey pine, we also estimated residual basal area of shade tolerant
species (m>ha~'). To evaluate changes in fuelbed characteristics before
and after treatment, we obtained fuel load (Mg ha ') estimates of fine
woody debris (1-100 h fuels), coarse woody fuel (=1000 h fuels), and
ground fuels (litter and duff) from each plot (n = 71) using species-
weighted formulas derived in Rfuels (Foster 2018).

2.4. Tree ring measurements

In 2018, trees were cored to determine how thinning treatments
impacted an individual tree’s resistance to California’s most recent se-
vere drought period. One core was collected from up to three dominant
or co-dominant live trees per species per plot at approximately DBH. A
total of 389 cores were collected, 55 of these had labeling errors making
it impossible to pair them with their associated data, therefore 334
cores were used in the analysis. Analyzed cores (n = 334) contained at
least the last 25 years of annual growth rings. Cores were collected from
both treated (n = 216) and untreated (n = 118) plots. All samples were
prepared using standard dendrochronological methods (Speer 2010).
Cores were mounted and sanded using progressive grits from 150 up to
600. Ring widths were counted and measured for each core using a
dissecting microscope and digital sliding stage micrometer with a pre-
cision of 0.01 mm (Velmex Measuring System, Bloomfield, NY; Acurite
encoder Heidenhain 178 Corp, Shaumberg, IL). Cores from each plot,
species, and unit were cross-dated by comparing narrow rings across
multiple samples to detect the presence of false and missing rings. Vi-
sual cross-dating of the six species-specific chronologies were validated
using COFECHA software (Holmes 1983). Series intercorrelation by
species ranged from 0.32 to 0.59 with a mean of 0.47.

Total tree ring measurements were converted to basal area incre-
ments (BAI) using the dplrR package (Bunn 2008) in R (R Core Team
2018). BAI is a commonly used proxy for tree vigor and removes the
need to detrend data, as the metric is less dependent on tree age
compared to raw ring widths (Biondi and Qeadan, 2008; Lloret et al.,
2011; Valor et al., 2020). From BAI measurements, tree resistance in-
dices were calculated using methods described in Lloret et al. (2011)
and Valor et al. (2020). Resistance was calculated using the equation:

Resistance = BAIgess/ BAlprestress

where BAIgy.s; is the average BAI during California’s most recent severe
drought (2012-2015) and BAlpyesness is the average BAI of the four years
preceding the drought (2008-2011). Resistance was calculated for in-
dividual trees across all units whether or not they were subject to
treatment or were part of the control.

2.5. Statistical analysis
2.5.1. Stand structure

To assess the effects of treatment and time on overstory composi-
tion, we conducted linear mixed-effects models using the Ime4 package
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Fig. 2. Measured characteristics of forest structure across time, including (from top to bottom) live tree density, live basal area (BA), live quadratic mean diameter

(QMD), cumulative snag basal area, and basal area of shade tolerant species.

(Bates et al. 2015) in R. Preliminary analysis of diagnostic plots
(Kassambara 2020) suggested that our residuals met the assumptions of
a linear model with outliers removed and the application of square root
or log transformations (for basal area of shade tolerant species and live
quadratic mean diameter, respectively). Using tree density, residual live
basal area, live quadratic mean diameter, cumulative snag basal area,
and basal area of shade tolerant species as our response variables, we
started with a null model that included time period (pre-treatment, 1 yr
post-treatment, and 10 yr post-treatment) as a covariate and treatment
unit as our random effect. We tested for the effect of treatment (treated
or untreated) by creating a second model that included treatment as a
fixed effect in addition to time period, as well as evaluating a third
model with an interaction term between treatment and time period. We
compared all three models using Akaike information criterion (AIC),
choosing a final model based on the lowest AIC value. If models were
within 2 AIC points from the model with the lowest AIC value, we
compared those models using a likelihood ratio test to determine if
model performance significantly improved with additional terms.
Models with the lowest AIC values which contained terms that sig-
nificantly improved model performance were then used to evaluate the
efficacy of treatment and time on forest structure.

2.5.2. Fuels

When evaluating the influence of overstory composition and time
on fuels, preliminary analysis of diagnostic plots suggested our models
predicting fine woody fuels (1-100 h fuels) and coarse woody fuel
(=1000 h fuels) complied with the assumptions of linear models when
outliers were removed and square root transformations (coarse woody
fuel) were applied. Since transformations and removal of outliers from
ground fuel (litter and duff) estimates still did not comply with nor-
mality and homoscedasticity, we used generalized linear mixed-effects
models with a gamma distribution and a log link function to account for
skewed, positive, and continuous data. Using loads of fine woody fuels,
coarse woody fuel, and ground fuels as our response variables, we
started with a null model that included time period (pre-treatment, 1 yr
post-treatment, 10 yr post-treatment) as a covariate and treatment unit
as our random effect. We evaluated the effect of treatment (treated or
untreated) on woody fuel loads by adding it as a fixed effect in com-
bination with time, as well as a separate model that included an in-
teraction term between treatment and time. Similar to our forest
structure analysis, we used AIC values and likelihood ratio tests to
determine our top model. We then tested for the effect of overstory
characteristics on woody fuel loads by creating six models that included
each characteristic (tree density, live basal area, QMD, snag basal area,



K.E. Low, et al.

Table 2
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Model outputs from top linear mixed-effect models predicting fuel loads across treatments and time. Model outputs include which fixed effects were included in a
given model, their coefficient estimates, standard error, p-value, and variance inflation factor estimating multi-collinearity. Values in bold indicate significance based
on an alpha level of 0.05. Fine woody fuels include 1-100 h, coarse woody fuels include 1000 h, and ground fuels include duff and litter.

Response variable Fixed effect Estimate Standard error P-value VIF

Fine woody fuels Treated 0.084 0.902 0.926 1.000
1 yr post-treatment 0.051 0.648 0.938 1.000
10 yr post-treatment 3.690 0.648 < 0.001 -

Coarse woody fuels Treated 0.974 0.820 0.235 1.349
1 yr post-treatment 0.441 0.749 0.556 1.630
10 yr post-treatment 3.216 0.749 < 0.001 -
Treated*1yr Post —-2.969 0.953 0.002 1.751
Treated*10 yr Post —2.446 0.950 0.010 -

Ground fuels Treated 0.035 0.173 0.840 1.000
1 yr post-treatment 0.312 0.065 < 0.001 1.000
10 yr post-treatment 0.149 0.065 0.022 -

and basal area of shade-tolerant species) separately as a fixed effect in
addition to time period, as well as an additional six models that in-
cluded interaction terms between each overstory characteristic and
time period. We avoided combinations of overstory metrics within the
same model due to highly correlated variables (Harrell 2019; Appendix
B) that would potentially influence coefficient estimates and detection
of significant relationships. Again, we used AIC values and likelihood
ratio tests to determine our top model.

2.5.3. Resistance

Individual tree resistance to the 2012-2015 drought was assessed
using generalized linear mixed-effects models. Since initial analysis of
diagnostic plots inferred that residuals failed to meet the assumptions of
a linear model, we created models using a gamma distribution and log
link function. Using resistance as our response variable, we created a
null model which included treatment units as a random effect.
Additional models were constructed using treatment type, post-treat-
ment live residual basal area, and shade tolerance groupings (tolerant
or intolerant) as independent fixed terms, in combination with each
other, and with interaction terms. We intended to test if drought re-
sistance varied by species, but given the limited sample size, individual
resistance values were aggregated by shade tolerance. Shade-tolerant
species included A. concolor, A. magnifica, and C. decurrens and shade-
intolerant species included P. contorta, P. jeffreyii, and P. lambertiana.
Model selection was based off a combination of AIC values and like-
lihood ratio tests similar to those used in the forest structure and fuel
analysis.

3. Results
3.1. Stand structure

Results from our top linear mixed-effects models suggest that
treatments were effective at reducing stand density and basal area,
shifting tree size to larger diameter trees, mitigating tree mortality, and
reducing shade-tolerant species, with the effects of treatment persisting
even 10 years after treatments were implemented (Fig. 2). All top
models evaluating stand structure included interaction terms (Appendix
C), with each model consistently finding a significant interaction be-
tween treatment and time. The effects of treatment on tree density were
immediately apparent during 1 yr post-treatment, reducing density
61% relative to pre-treatment levels and showing 63% lower tree
density than untreated stands during the same time period
(p < 0.001). Lower tree density was maintained 10 years following
treatment, with treated units still exhibiting 61% lower density than
controls (p < 0.001). These reductions were also accompanied by
immediate reductions in basal area during 1 yr post-treatment, with
treated stands containing 34% less basal area than pre-treatment levels
and 44% lower basal area than untreated units during the same time

period (p < 0.001). Although treated units still maintained 40% lower
basal area than untreated stands 10 years after treatment (p = 0.002),
increases in residual live basal area between 1 yr post-treatment and
10 yr post-treatment was 57% greater in treated stands than controls.
This increase corresponded to increases in average tree size, with
treated stands exhibiting a 22% increase in QMD during 1 yr post-
treatment and 16% higher QMD than untreated units during the same
time period (p < 0.001). This greater abundance of larger-sized trees
was maintained during the entire sampling period, with treated stands
still exhibiting 19% higher QMD than controls (p < 0.001) during
10 yr post-treatment. Prior to treatment, 25% of total basal area in
treated units were composed of snags while untreated units only ex-
hibited 17%. Removal of dead trees immediately reduced snag basal
area by 55% in treated units, with stands exhibiting 38% lower levels
than controls during 1 yr post-treatment (p < 0.001). Not only did
treated stands maintain 53% lower snag basal than controls 10 years
after treatment (p < 0.001), controls showed a 24% increase in snag
basal area from 1 yr post-treatment to 10 yr post-treatment, while
treated units showed no change in snag basal area during that same
time period. Preferential retention of pine species immediately reduced
the basal area of shade tolerant species in treated stands by 37% during
1 yr post-treatment, with treated units showing 53% lower basal area of
shade-tolerant species than controls during the same time period
(p = 0.005). The effects of treatment persisted 10 years later, with
treated units still exhibiting 48% lower basal area of shade-tolerant
species than controls (p < 0.001) during 10 yr post-treatment.

3.2. Fuels

Results from our top linear mixed-effects models indicate that
coarse woody fuels were the only fuel class to be effectively reduced
following thinning in both the short term and long term (Table 2).
Stands that were thinned showed similar coarse woody fuel loads across
both activity fuel treatments (Appendix D), with loads immediately
reduced 44-63% 1 yr post-treatment and 20-58% lower than controls
during that same time period (p = 0.002). That effect persisted even
10 years after treatments were applied (p = 0.010), with treated stands
still showing 15-29% lower coarse woody fuel loads than pre-treatment
levels and 36 — 55% lower fuel loads than controls (p = 0.010). While
fine woody fuels were similar to pre-treatment levels 1 yr post-treat-
ment across all stands (p = 0.938), we also found that fine woody fuels
were 31-39% higher 10 yr post-treatment whether the stand was
thinned or not (p = 0.001). Accumulation of ground fuels was con-
sistent throughout the entire sampling period, showing higher levels
1 yr and 10 yr post-treatment across all stands (p < 0.001 and
p = 0.022, respectively).

Our top mixed-effects models suggested that dead trees were the
most important overstory characteristic driving accumulation of fine
woody fuels and coarse woody fuel (Appendix E). For both fuel classes,
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Fig. 3. Model response curves from top linear mixed effects model predicting
fine woody fuel (1-100 h fuels) loads as function of time period and snag basal
area (BA). Dots represent actual observations from both treated and untreated
plots combined.
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Fig. 4. Model response curves from top linear mixed effects model predicting
coarse woody fuel (=1000 h fuels) loads as function of measurement period
and snag basal area (BA). Predictions are back-transformed from square root
transformation, with dots representing actual observations from treated and
untreated plots combined.

total snag basal area was associated with 7% higher fine woody fuel
loads (Fig. 3; p < 0.001) and 24% higher coarse woody fuel loads
(Fig. 4;p < 0.001). Although interaction terms did not improve model
performance, models indicated that 10 yr post-treatment had a positive
association with fine and coarse woody fuels (p < 0.001), increasing
30-33% relative to pre-treatment levels by that time period. Despite
trends observed for fine and coarse woody fuels, our models did not
detect a significant effect of any overstory characteristic on ground fuel
accumulation. Rather, time was the only variable to show an effect on
woody fuel dynamics (Appendix E), with 1 yr post-treatment and 10 yr
post-treatment associated with higher fuel loads relative to pre-treat-
ment levels (p < 0.001 and p = 0.021, respectively).

3.3. Tree resistance

Results indicate that thinning treatments were effective at in-
creasing individual tree resistance to drought (Fig. 5). Although the
addition of an interaction term did not improve top model performance,
our top model indicated that a combination of unit treatment type
(treated or untreated) and post treatment live residual basal area were
associated with higher levels of resistance (Appendix F). Greater and
more variable resistance values were detected in individual trees
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Fig. 5. Response curves showing the relationship between 2018 live basal area
(BA) and drought resistance. Model response curves are back-transformed from
a log transformation and points represent actual individual tree resistance va-
lues. Points are colored based on treatment status. There were 334 analyzed
cores, 216 from treated units and 118 from untreated units.

sampled in units that were subject to treatment (p < 0.001) and had
lower residual basal area post treatment (p = 0.001). The average re-
sistance values for trees in treated units was 1.33 while the average
resistance for those in untreated units was 1.04. Mean resistance for
trees in treated units was 28% greater than those in untreated units.
Resistance also tended to decline as residual basal area increased.

4. Discussion

Our findings indicate that thinning treatments can substantially
alter forest structure and be accompanied by changes in fuel loads and
drought resistance that persist long after treatments are implemented.
Even 10-years after treatment, we found that stands still had lower tree
density, live and dead basal area, and basal area of shade-tolerant
species, as well as greater relative abundance of larger-sized trees re-
lative to their untreated counterparts. Two of the most interesting by-
products of using treatments to reduce live and dead basal area is the
potential to lower the accumulation of downed woody fuels and pro-
mote higher drought resistance relative to unmanaged stands — a trend
we consistently found across time. While these changes are not sur-
prising given the fuel reduction and forest restoration objectives of the
treatments, it is interesting that the range of thinning prescriptions
implemented (Table 1) resulted in such distinct and persistent effects
relative to the untreated control areas. The designation of PACs that
dictated this range of prescriptions (Table 1) was apparently not so
restrictive that it resulted in ineffective treatments, as was the case in
the southern Sierra Nevada (Lydersen et al. 2019).

While we observed general decreases in tree density over time,
significant reductions in density were immediately evident in treated
units one-year-post-treatment. This is different from using prescribed
fire alone, in that it may take multiple applications of fire to effectively
kill and consume small- and mid-sized trees (North et al., 2007; Collins
et al., 2019). In addition to these size classes being targeted to mitigate
fire behavior, the higher abundance of larger-diameter trees we ob-
served in the treated units may ultimately render these stands more
resistant to high intensity fires (Agee and Skinner 2005). Although
treatments had lower live basal area than untreated stands, the amount
of residual live basal area in both post-treatment periods (35.0-40.5 m*
ha~1) were still relatively high but closer to reconstructed historic re-
ference conditions of forests in the Lake Tahoe Basin (29.4 m? ha™!)
(Taylor et al. 2014).

Similar to other restoration projects (Hood et al. 2018), we found
positive longer-term effects on tree growth following treatment. Al-
though treated units exhibited lower basal area than untreated stands a
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decade after treatments were applied, residual live basal area increased
nearly 2.5 times in treated units despite drought conditions. This sug-
gests that restoration treatments may have the additional benefit of
maintaining forest health under changing environmental conditions.
Since prescriptions explicitly stated marking guidelines that favored the
retention of pines, lower basal area of shade-tolerant species in treated
units would facilitate transitions towards the more pine-dominated
forests that existed historically in this area (Beaty and Taylor, 2008;
Taylor et al., 2014). Furthermore, a shift in dominance of overstory
pines may also be self-reinforcing in that it can allow for greater pine
regeneration (Zald et al. 2008).

The accumulation of downed woody fuels over time is a product of
deposition from both live and dead trees (Keane 2008). At our study
sites there was a direct connection with dead trees, indicating that as
dead trees decompose and drop foliage, branches, and ultimately boles,
their rates of deposition exceed decomposition on the forest floor over
time. This reinforces previous findings demonstrating the influence of
overstory composition and structure on woody fuel loads (Lydersen
et al., 2015; Knapp et al., 2017). However, we also found that the effect
of time was much stronger on woody fuel accumulation than snag basal
area. A possible interpretation of this positive temporal effect is that it
is driven by a combination of increased individual tree growth, which
was more pronounced in treated sites (Fig. 5), and greater recruitment
of snags, which was only evident in untreated sites (Fig. 2). Although
we did not detect a relationship between any overstory metric and the
ground fuels we observed, litter and duff deposition may be related to
overstory characteristics that we did not measure such as canopy cover
(Lydersen et al., 2015; Fry et al., 2018).

We also found that lower levels of residual live basal area were
associated with higher individual tree drought resistance even though
treatments occurred 4-6 years prior to the severe drought. While
thinning can increase tree resistance to drought (Sohn et al., 2013;
Navarro-Cerrillo et al., 2019), the persistent effects of treatment suggest
that current applications of thinning may be beneficial for anticipating
future climate scenarios. Despite drought and drought-related dis-
turbances being a primary driver of increased mortality in forests (van
Mantgem et al., 2009; Fettig et al., 2019), benefits of treatment-related
density reductions in improving tree growth (Coomes and Allen, 2007;
Collins et al., 2014) may be the reason we observed lower trends of tree
mortality in thinned stands even under severe drought conditions. Since
drier sites with dense vegetation are some of the most vulnerable to tree
mortality (Young et al. 2017), treatments may mitigate future mortality
events by increasing soil moisture (Wayman and North 2007) and im-
proving the physiological performance of residual trees (Skov et al.,
2004; Kolb et al., 2008). Although our initial goal was to assess po-
tential differences in drought resistance among six conifer species, in-
sufficient sample sizes amongst species limited our statistical analyses.
When species were aggregated by shade tolerance, our inability to de-
tect differences (p = 0.75) was likely due to only sampling dominant
and co-dominant trees that may have been less affected by above-
ground competition. Undetectable differences in resistance values
among tolerance groups might also be attributed to species interactions
affecting local water availability during a drought (Forrester 2014).
Facilitation or niche partitioning in heterogeneous forest stands can
lead to greater water availability and water-uptake efficiency, miti-
gating water stress (Forrester and Bauhus 2016). However, the re-
lationship between species, thinning regimes, and drought resistance
warrants further investigation as it can provide critical information
regarding the responses of trees to drought in relation to thinning
treatment intensity (Sohn et al. 2016).

Calculating resistance values by using trends in radial growth al-
lowed us to use drought resistance as a proxy for tree vigor. Despite
experiencing the most severe drought in the last 1200-years (Griffin and
Anchukaitis, 2014; Lund et al., 2018), average drought resistance

Forest Ecology and Management 479 (2021) 118609

values for trees in treated and untreated units remained above 1, in-
dicating that average radial growth was not severely impacted by the
combination of reduced precipitation and record high temperatures
(Griffin and Anchukaitis 2014; Appendix A). Although annual pre-
cipitation is related to drought vulnerability, this can vary across lati-
tudinal gradients (Restaino et al. 2019). Due to the location of our
study, precipitation may still have been sufficient to maintain growth
regardless of temperature and competitive environment. While drought
periods typically result in decreased annual growth (Fritts, 1974; Littell
et al., 2008; Williams et al., 2010), extension of the growing season may
present opportunities for continued growth in higher latitude forests
that may not be as sensitive to drought. However, this interpretation
should be met with caution as climatic effects on tree growth depend on
the magnitude and duration of drought, particularly over multiple years
of severe drought (Restaino et al. 2016).

5. Management implications

Thinning treatments can effectively improve resistance to drought
and restore stand structure closer to historic conditions. Thinning
treatments are widely implemented across western US forests and are
considered a viable management tool for future forest restoration in-
itiatives (USDA-FS, 2011; Collins et al., 2014). Based on our observa-
tions, future applications of appropriate thinning treatments (Stephens
et al. 2009) can be more extensive and intense to meet structural ob-
jectives and increase stand resistance to ecological stressors. Identifying
known hazards and explicitly stating both short- and long-term man-
agement goals is critical to maximizing the efficacy of treatments
(Stephens and Moghaddas, 2005a). While coarse woody fuel and fine
fuels are critical components of mixed-conifer forest structure, un-
treated activity fuels can produce undesired fire behavior and effects
(Stephens and Moghaddas, 2005a, 2005b). This particular study was
part of a larger regional restoration initiative that included multiple
collaborative agencies and management objectives. The overall objec-
tives of this project were to reduce the amount of activity fuels and
improve forest health and ecosystem function. Although thinning
treatments may increase activity fuels in the short-term, we found
beneficial improvements to preserving tree vigor in the long term.

Our findings highlight the importance of understanding how thin-
ning treatments can impact forest structure and whether this translates
into resistance to multiple disturbances. Although public forest man-
agement emphasizes promoting forest resilience (USDA-FS, 2011;
Franklin and Johnson, 2012; Collins et al., 2014), incorporating re-
sistance-based objectives into management plans provides the benefit of
forestalling impacts associated with disturbances and climate change
(Parker et al., 2000; Stephens et al., 2010). Treatments that aim to
improve tree resistance to drought and stand resistance to wildfire are
critical for maintaining the ecological integrity of forests and the eco-
system services they provide (e.g. wildlife habitat, soil stability, and
carbon sequestration) (Collins et al., 2014; Stephens et al., 2020).
Stands with decreased vigor and higher rates of mortality can not only
reduce commercial values for timber, but also impair visual aesthetics
associated with recreation (Stephens and Moghaddas, 2005a), a critical
enterprise in the Lake Tahoe area and other regions in the Sierra Ne-
vada mixed-conifer zone. With climate change already associated with
larger wildfires (Williams et al. 2019), future climate projections also
indicate an increased frequency and severity of droughts (Griffin and
Anchukaitis 2014). Left unmanaged except for continued fire suppres-
sion, forests may be particularly vulnerable to novel structural changes,
possibly diminishing future restoration treatments. We conclude that
appropriately designed thinning treatments provide managers the op-
portunity to enhance resistance to projected stressors and mitigate fu-
ture loss to amplified disturbances.
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Appendix A. Departure of total precipitation (mm) and mean temperature (°C) from 30-year averages (1980-2010) during our study
period (2006-2018). Estimates of total precipitation were obtained using precipitation year (July-June), while estimates of mean

temperature were obtained using wet year (October - September).
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Appendix B. Spearman's rank-order correlation coefficients (p-value) amongst forest structure metrics, including tree density (TPH), live
basal area (live BA), live quadratic mean diameter (live QMD), cumulative snag basal area (snag BA), and basal area of shade tolerant
species (BA shade tolerant). Values in bold indicate significant correlation based on an alpha level of 0.05.

Live QMD Snag BA BA shade tolerant

Live TPH Live BA
Live TPH 1 (NA) 0.748 (< 0.001)
Live BA 0.748 (< 0.001) 1 (NA)
Live QMD —0.641 (< 0.001) —0.047 (0.495)
Snag BA 0.417 (< 0.001) 0.337 (< 0.001)

BA shade tolerant

0.665 (< 0.001)

0.909 (< 0.001)

—0.641 (< 0.001)
—0.047 (0.495)

1 (NA)

—0.276 (< 0.001)
0.036 (0.598)

0.417 (< 0.001)
0.337 (< 0.001)
—0.276 (< 0.001)
1 (NA)

0.349 (< 0.001)

0.665 (< 0.001)
0.909 (< 0.001)
0.0.6 (0.598)
0.349 (< 0.001)
1 (NA)
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Appendix C. Model outputs from top linear mixed-effect models predicting overstory characteristics. Overstory characteristics included
tree density (TPH), residual live basal area (live BA), live quadratic mean diameter (live QMD), cumulative snag basal area (snag BA) and
basal area of shade tolerant species (BA shade tolerant). Model outputs include which fixed effects were included in a given model, their
coefficient estimates, standard error, p-value, and variance inflation factor estimating multi-collinearity. Values in bold indicate
significance based on an alpha level of 0.05.

Response variable Fixed effect Estimate Standard error P-value VIF

TPH Treated —48.750 31.088 0.117 1.469
1 yr post-treatment —19.231 31.496 0.541 1.620
10 yr post-treatment —39.231 31.496 0.213 -
Treated*1yr Post —261.785 39.926 < 0.001 1.768
Treated*10 yr Post —242.672 40.022 < 0.001 -

Live BA Treated —12.069 6.899 0.080 1.120
1 yr post-treatment —1.293 3.784 0.733 1.700
10 yr post-treatment 1.462 3.823 0.702 -
Treated*1yr Post —17.496 4.816 < 0.001 1.651
Treated*10 yr Post —14.815 4.829 0.002 -

Live QMD Treated —0.037 0.046 0.418 1.199
1 yr post-treatment 0.006 0.036 0.872 1.699
10 yr post-treatment 0.056 0.036 0.118 -
Treated*1yr Post 0.249 0.044 < 0.001 1.762
Treated*10 yr Post 0.266 0.044 < 0.001 -

Snag BA Treated -1.078 0.667 0.106 1.176
1 yr post-treatment —0.059 0.279 0.833 1.640
10 yr post-treatment 0.188 0.279 0.500 -
Treated*1yr Post -1.420 0.354 < 0.001 1.697
Treated*10 yr Post —1.260 0.355 < 0.001 -

BA shade tolerant Treated 1.157 3.019 0.702 1.047
1 yr post-treatment -1.375 2.158 0.524 1.616
10 yr post-treatment 1.698 2.180 0.436 -
Treated*1yr Post -7.741 2.735 0.005 1.629
Treated*10 yr Post —10.892 2.752 < 0.001 -

Appendix D. Average ( = 2 SE) forest conditions over time within each thinning treatment. Forest conditions include live tree density
(trees ha™1), live basal rea (BA; m? ha~!), and downed woody fuel loads (Mg ha~'). Downed woody fuel loads include fine woody fuels
(FWD; 1-100 h fuels), coarse woody fuels (CWD; = 1000 h fuels), and ground fuels (litter and duff). To treat activity fuels following
thinning, hand thin treatments were followed up with pile and burn, while mechanical treatments were followed up with mastication.

Pre-treatment 1 yr post-treatment 10 yr post-treatment

Hand thin Mechanical Hand thin Mechanical Hand thin Mechanical
Tree density 435 (91) 460 (47) 228 (50) 154 (15) 232 (45) 156 (17)
Live BA 47.2 (10.2) 54.9 (5.9) 39.7 (10.7) 33.1 (4.9 46.8 (11.5) 37.9 (5.1)
FWD 7.8 (3.2) 8.3 (1.5) 10.0 (3.2) 7.6 (1.0) 12.7 (4.3) 12.0 (1.8)
CWD 49.3 (20.9) 41.2 (11.6) 28.3 (18.3) 14.9 (7.6) 35.2 (13.4) 50.3 (14.3)
Ground fuels 83.4 (13.3) 87.1 (12.4) 84.0 (14.0) 140.3 (25.6) 99.0 (26.5) 106.5 (13.1)

Appendix E. Model outputs from top mixed-effect models predicting woody fuel load estimates. Fuel load estimates included fine woody
fuels (1-100 h fuels), coarse woody fuel (=1000 h fuels), and ground fuels (litter and duff). Model outputs include which fixed effects were
included in a given model, their coefficient estimates, standard error, p-value, and variance inflation factor estimating multi-collinearity.
Values in bold indicate significance based on an alpha level of 0.05.

Response variable Fixed effect Estimate Standard error P-value VIF
Fine woody fuel Snag BA 1.068 0.286 < 0.001 1.057
1 yr post-treatment 0.819 0.662 0.216 1.028
10 yr post-treatment 4.278 0.648 < 0.001 -
Coarse woody fuel Snag BA 1.235 0.191 < 0.001 1.044
1 yr post-treatment —0.567 0.461 0.219 1.022
10 yr post-treatment 2.351 0.452 < 0.001 -
Ground fuels 1 yr post-treatment 0.312 0.065 < 0.001 -
10 yr post-treatment 0.150 0.065 0.021 -
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Appendix F. Various model outputs from top mixed-effect models predicting drought resistance. All models include drought resistance as
their response variable and contain unit (1|Unit) as a random effect. Treatment refers to unit treatment type, BA refers to post-treatment
live residual basal area, and tolerance refers to shade tolerance groupings (tolerant or intolerant). Model outputs include fixed effects

included in a given model, their coefficient estimates, standard error, p-value, and variance inflation factor estimating multi-collinearity.
Values in bold indicate significance based on an alpha level of 0.05.

Model inputs Fixed effect Estimate Standard Error P-Value VIF
Treatment + BA Treatment 0.170 0.044 < 0.001 1.664
BA —0.066 0.020 0.001 1.664
Treatment + BA + Treatment*BA Treatment 0.180 0.047 < 0.001 1.884
BA —0.050 0.034 0.138 4.639
Treatment * BA —0.024 0.043 0.575 3.173
Treatment + BA + Tolerance Treatment 0.171 0.044 < 0.001 1.694
BA —0.066 0.020 0.001 1.666
Tolerance 0.004 0.035 0.921 1.023
Treatment Treatment 0.262 0.035 < 0.001 -
Treatment + Tolerance Treatment 0.263 0.036 < 0.001 1.021
Tolerance 0.006 0.036 0.858 1.021
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