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A B S T R A C T   

Forests in the western United States are actively managed to increase resilience to fire and extract timber re-
sources. Disturbance from these management activities, however, may reduce forest resilience to invasion and 
promote shrub expansion, which could compromise treatment efficacy in the long-term. To assess mid- and long- 
term impacts of forest management practices, we coupled a field experiment with a chronosequence of patch cuts 
(~0.5 ha cuts) located at Blodgett Forest Research Station in the north-central Sierra Nevada. The field exper-
iment, which was part of the national Fire and Fire Surrogate (FFS) study, compared three fuel treatments to 
control plots 12–13 years post-treatment. Fuel treatments included mechanical thinning, prescribed fire (that 
burned twice), and mechanical thinning plus fire. In contrast, the chronosequence assessed the impacts of patch 
cuts on vegetation across 33 years. The FFS fuel treatments led to increases in introduced species richness 
initially and in the mid-term. Introduced species richness and cover in the fuel treatments, however, were 
considerably lower than in patch cuts, which reached over 100% cover six years post-harvesting. In addition, 
while fuel treatments initially reduced shrub cover and richness, shrubs increased significantly in all fuel 
treatments in the mid-term. Understory vegetation dynamics in the fuel treatments were influenced by pre-
treatment flora richness and cover. In contrast, overstory removal was likely the strongest driver of high invasion 
in patch cuts within the first ten years, suggesting that severe disturbance (e.g., 100% removal of the overstory) 
may overwhelm biological legacies. Finally, overstory canopy was significantly and negatively associated with 
introduced species in the fuel treatments and the patch cuts, highlighting that canopy gap dynamics likely 
influenced invasion in this system. Our study underscored that while pretreatment species composition was a 
strong determinant of invasion in fuel treatments, management strategies that sustain overstory canopy cover 
may reduce growth and recruitment of introduced species and native shrubs.   

1. Introduction 

Forests in the western United States are actively managed to increase 
forest resilience to fire and extract timber resources. As fire suppression 
and climate change have increased fire severity (Westerling et al. 2006, 
Miller et al. 2009, Dennison et al. 2014), forest managers are imple-
menting various treatments to reduce fuel and tree density (Stephens 
and Moghaddas 2005b, Stephens et al. 2013). Additionally, nearly 61 
million hectares of western forests (Oswalt and Smith 2014) are 
managed for timber, which is extracted using a variety of harvest 
techniques and regeneration methods, including clearcutting, patch cuts 

(small clearcuts or group selection), and single tree selection (McDonald 
1983, York et al. 2004). Disturbance from these management activities, 
however, may reduce forest resilience to introduced species invasions 
(McGlone et al. 2009, Dudney et al. 2018), which could compromise fuel 
treatment efficacy in the long-term. Short-term studies have demon-
strated that fuel treatments and clearcutting led to increases in intro-
duced species (i.e., non-native, non-local plants) cover and richness in 
the understory (Collins et al. 2007, Willms et al. 2017). Few studies have 
investigated the longevity of forest management impacts on introduced 
species, however, limiting our abilities to assess long-term outcomes 
(North et al. 1996, D’Antonio and Flory 2017). 
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The establishment of introduced species can modify community 
composition and cause cascading impacts in forested ecosystems (Gor-
don 1998, Gurevitch and Padilla 2004, Crowl et al. 2008, Hellmann 
et al. 2008). The invasion of nitrogen fixing plants, for example, often 
displace native flora and fauna (D’Antonio et al. 2004, Rudgers and Clay 
2008) and modify soil nutrients and water cycling (Scherer-Lorenzen 
et al. 2008, Vilà et al. 2011). These ecological impacts may generate 
positive feedbacks that facilitate the invasive plant’s dominance and the 
establishment of other introduced species (Grove et al. 2015, Carter 
et al. 2019). Introduced species can also modify disturbance regimes 
that structure plant communities, including the intensity and frequency 
of fire and flood events (Brooks et al. 2004, Coffman 2012). The widely 
invasive grass, Bromus tectorum, for instance, increased following high 
severity fires in southern Sierra Nevada mixed-conifer forests (Keeley 
et al. 2003). High cover of Bromus tectorum in California’s chaparral 
communities has been linked to shifts in fire behavior, including 
increased ignition probabilities that can ultimately slow vegetation re-
covery (D’Antonio and Vitousek 1992). While some introduced species 
may have limited impact (D’Antonio and Meyerson 2002, Shackelford 
et al. 2013), others, including introduced annual grasses, are often 
considered highly disruptive, as these species have the potential to form 
monotypic stands, alter disturbance regimes, resource availability, tro-
phic structure, and ecosystem productivity. Understanding how 
different forest management practices influence the invasion of intro-
duced species, particularly species of conservation concern, remains an 
important and ongoing natural resource management challenge 
(Mooney 2000, Balch et al. 2013). 

Forest communities can resist the establishment of introduced spe-
cies through various mechanisms. Low levels of habitat fragmentation, 
land-use change, and abiotic disturbance (e.g., nitrogen deposition and 
fire (Brooks et al. 2004, Fenn et al. 2010)) can reduce the likelihood of 
invasive propagules arriving (Freeman et al. 2007, Whitlock et al. 2015). 
Similarly, ecological barriers, including habitat heterogeneity, preda-
tion and high functional diversity, may slow the recruitment of intro-
duced species (D’Antonio and Thomsen 2004, Pauchard et al. 2009). 
Following forest disturbance, prompt recovery of canopy cover and 
increased litter depth can suppress recruitment of invasive propagules, 
thereby restoring native species dominance (Qi et al. 2014). These 
mechanisms of resistance and resilience may be compromised, however, 
by fuel treatments and wood harvests. Invasive species have recruited 
into multiple forest types following clearcuts (Gray 2005; Karr et al., 
2018), though not always (Zeidler et al. 2018). Additionally, a recent 
metanalysis of 32 studies demonstrated that fuel treatments in US 
temperate forests were often associated with species introductions 
(Willms et al. 2017). Most of these fuel treatment studies were shorter 
than 10 years, however, highlighting that long-term impacts are largely 
unknown (Willms et al. 2017). 

The degree to which management reduces forest resilience to species 
introductions likely varies depending on the type, frequency, and 
magnitude of the treatment, as well as the abiotic and biotic legacies (e. 
g., disturbance histories, forest structure and composition, introduced 
species propagule availability, and habitat heterogeneity (Franklin 
1990, Battles et al. 2001, Pauchard and Alaback 2004, Martinson et al. 
2008). Propagule availability may be the most important initial 
constraint on invasion following forest disturbance (Eschtruth and 
Battles 2009, Simberloff 2009), particularly in historically undisturbed 
forests where introduced propagule sources may be lower (Levine et al. 
2004, Martin et al. 2009). Following disturbance, a low population 
growth period before rapid spread (i.e., lagged population growth) has 
often been observed in species invasions, likely a result of various fac-
tors, including shifting environmental conditions, the species’ genetic 
adaptability, and variable population growth rates (Crooks et al. 1999, 
Banasiak and Meiners 2009). Whether the introduced species can persist 
after the canopy recovers, however, can determine long-term estab-
lishment success and corresponding impacts on understory communities 
(Spence et al. 2011). Given these temporally constrained and species- 

specific invasion dynamics, measuring the long-term impacts of forest 
management practices on introduced species is critical to identify and 
mitigate potential tradeoffs. 

To assess mid- and long-term understory vegetation impacts of 
various forest management practices, we combined a field experiment 
with a chronosequence of patch cuts (~0.5 ha clearings) located at 
Blodgett Forest Research Station in the north-central Sierra Nevada. We 
sampled all understory vegetation in summer 2014. The field experi-
ment, which was part of the national Fire and Fire Surrogate (FFS) study 
(Weatherspoon and McIver 2000), compared three fuel treatments (i.e., 
mechanical thinning, prescribed fire (that burned twice), and mechan-
ical thinning plus fire) to controls at three time periods: 1) pretreatment, 
2) one or two years post-treatment, and 3) 12–13 years post treatment. 
The chronosequence assessed vegetation trends in patch cuts one to 33 
years post clearing (i.e., patch cuts occurred between 1981 and 2013). 
Specifically, we asked:  

1) What were the mid-term effects (12–13 years post-treatment) of fuel 
treatment type on introduced and native species richness?  

2) How did patch cuts influence introduced species and how did native 
and introduced herbaceous species cover and richness change over 
time?  

3) Which environmental variables (e.g., overstory canopy, bare soil, 
and litter depth) helped explain fuel treatment (FFS study) and patch 
cut effects on understory species?  

4) Did fuel treatments and patch cuts increase the cover and richness of 
introduced species of conservation concern in California? 

2. Methods 

2.1. Site description 

We conducted this study at the University of California Blodgett 
Forest Research Station located in the north-central Sierra Nevada 
Mountains (38◦54′45′′N; 120◦39′27′′W) (Fig. 1). Blodgett Forest is a 
commercially productive site within a Mediterranean climate regime 
characterized by hot, dry summers and cool, wet winters. Soils are well 
drained and derived from granitic parent materials and/or andesitic 
mudflows (Hart et al. 1992). Blodgett has been subjected to fire sup-
pression and repeated harvest over the last 90 years, which is consistent 
with mixed-conifer forest management in California (Stephens and 
Moghaddas 2005a). Blodgett was historically maintained by a regime of 
frequent low-to-moderate severity fires with fire return intervals from 8 
to 15 years (Stephens and Collins 2004). Common tree species include 
white fir (Abies concolor Gord. & Glend), sugar pine (Pinus lambertiana 
Dougl.), ponderosa pine (Pinus ponderosa Laws), California black oak 
(Quercus kelloggii Newb.), tanoak (Lithocarpus densiflorus Hook. & Arn), 
Douglas-fir (Pseudotsuga menziesii Franco) and incense-cedar (Calocedrus 
decurrens (Torr.) Floren.). Common understory shrubs include Ceanothus 
integerrimus Hook. & Arn, Ribes roezlii Regel, and Chrysolepis sempervirens 
Hjelmq. Native forbs and grass understory species are predominantly 
perennial. The abundant forb species include Galium spp., Iris hartwegii 
Baker, Viola lobata Benth., and Goodyera oblongifolia Raf., and abundant 
grasses include Bromus carinatus Hook. & Arn., and Elymus glaucus 
Buckley. There are also a number of introduced species, including the 
shrub, Himalayan blackberry (Rubus armeniacus Focke), the grasses, 
Bromus tectorum L., Festuca myuros L., and the forbs, Cirsium vulgare Ten., 
Verbascum thapsus L., Anthriscus caucalis M. Bieb. (For a complete plant 
list, see Supplementary Table 1). 

2.2. Fire, fire Surrogate (FFS) design and sampling 

Three fuel treatments and controls were implemented within a 
complete randomized design of 12 experimental units, with each 
treatment and control replicated three times (14–20 ha; Fig. 1). Treat-
ments were designed to meet two objectives: 1) reduce fire hazard, 
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defined as ensuring 80% survival of the dominant/co-dominant trees for 
a wildfire under 80th percentile fire-weather conditions; and 2) restore 
forest heath, defined as promoting tree seedling establishment, tree 
species diversity, and snag recruitment (Collins et al. 2007, Foster et al. 

2020). The three fuel treatments included: 1) mechanical thinning of 
trees >25 cm diameter at breast height (DBH) to maximize crown 
spacing while retaining 28–32 m2/ha target basal area (BA) and an even 
species mixture of residual conifers; this was followed by rotary 

Fig. 1. Map of Blodgett Forest and the Fire and Fire Surrogates Study (FFS) treatment units (green polygons = control, red polygons = fire-only, orange polygons =
mechanical only, and blue polygons = mechanical and fire). Patch cuts are denoted by light yellow. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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mastication of trees <25 cm (hereafter, mechanical-only), 2) prescribed 
fire only; all burns were characterized by flame lengths <2 m and 
infrequent torching of live trees (hereafter fire-only), and 3) the 
sequential implementation of mechanical thinning followed by pre-
scribed fire (hereafter mechanical thinning plus fire). The fourth treat-
ment was a control—no thinning or burning during the study period. 
Mechanical-only was conducted similarly across all treatments and 
was primarily implemented in 2001. Mechanical thinning plus fire 
treatments were burned with backing fires; prescribed fires (fire-only 
treatments) were strip head fires implemented in fall of 2002 and again 
in fall of 2009. 

Understory species in the FFS study plots were sampled during the 
summers of 2001, 2003, and 2014; 2001 was the pretreatment survey. 
At the three time periods, crews consistently surveyed 180 permanent 
0.04 ha circular plots across treatment and control units. The first pre- 
and post- treatment survey results were published by Collins et al. 
(2007), who used a higher number of survey plots (n = 240). Crews 
estimated the plot-level cover of each species at 0.5% increments for 
cover values between 0 and 5% and at 5% increments thereafter. Species 
accumulation curves were calculated for the pretreatment understory 
vegetation and results confirmed that the sampling design was sufficient 
to capture the vast majority of species (Collins et al. 2007). Because the 
initial survey combined various species of grasses, we implemented a 
more detailed understory species survey in 2014. Specifically, we clas-
sified all grasses to species and classified a total of 29 forb and grass 
species that were not identified or recorded in the first two surveys. Due 
to the finer taxonomic resolution of the 2014 survey (e.g., 2001 and 
2003 surveys identified four introduced species, whereas 2014 surveys 
identified an additional ten introduced species), we did not directly 

compare changes in species composition across surveys. Instead, we 
compared treated to control units for each survey period. Plant species 
nomenclature, life history traits, and origins (native/introduced) were 
based on Baldwin et al. (2012). 

Additionally, plot-level forest characteristics were measured, 
including canopy cover, bare soil, litter depth and tree density. These 
surveys were conducted in 2001, 2003, and 2016. Specifically, in each 
permanent 0.04 ha circular plot (the same 180 plots described above in 
the understory surveys) we measured: 1) canopy cover using a 25 point 
grid with a site tube (Jennings et al. 1999); 2) litter depth (cm) calcu-
lated along a Brown’s Transect (two transects per plot) from the top of 
the litter layer to the beginning of the duff layer (Brown 1974); 3) bare 
soil using an ocular estimate of the % bare mineral soil across the 0.04 ha 
circular plot; and 4) tree density calculated for all trees >11.4 cm DBH. 

2.3. Chronosequence design and vegetation sampling 

Patch cuts were sampled in 2014 and located throughout Blodgett 
Forest, including the FFS study units (Fig. 1). The initial site charac-
teristics (soils and plant community composition) in the FFS study and 
the chronosequence were relatively similar. The area of each patch cut 
ranged from 0.3 to 0.7 ha. Precommercial thinning to reduce tree den-
sity was performed before all tree removal either with chainsaws or 
mastication. All patch cuts underwent forestry standard reforestation 
practices, including pile burning of slash and planting within one year of 
tree removal. Each site was planted with a mixture of tree species native 
to California, including white fir, sugar pine, ponderosa pine, and giant 
sequoia (Sequoia giganteum (Lindl.) J. Buchholz). Herbicide application 
(4% glyphosate solution applied using backpack pumps) occurred at 

Fig. 2. Changes in mean FFS environmental charac-
teristics over time. A) Example plot photos of control, 
fire-only (Fire), mechanical-only (Mech), and me-
chanical thinning plus fire (MechFire) treatments in 
summer 2014 or 2015. B) Mean forest structure 
changes for each treatment and control over time. 
Values are treatment mean ± 1 standard error bar. 
Colors denote the four fuel treatments. Survey periods 
were 2001 (pretreatment), 2003, and 2016. Pre-
scribed burns were implemented in the fire-only 
treatments in 2002 and 2009. Canopy = percent 
canopy cover; Density = tree density (#trees/ha); 
Litter = litter depth (cm); Soil = fraction of bare soil.   
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year two to reduce shrub cover and to control a few introduced species, 
including Cirsium spp., Verbascum thapsus, and Rubus armeniacus. Patch 
cuts are often described hereafter as patch cuts with subsequent vege-
tation treatments to highlight that the patch cut disturbance included 
herbicide applications. 

We sampled a total of 28 sites that had been cleared 1, 3, 6, 8, 10, 13, 
16, 19, 22, 29 or 33 years ago. Each patch cut age had 2–3 replicates 
except for the patch cut age of 22 years, which had a single replicate. 
Patch cut sites with streams or roads bisecting the area were excluded to 
avoid bias potentially introduced by increased water availability or 
additional disturbance impacts (road effects). Because 0.04 ha circular 
plots were not suitable for sampling small areas like patch cuts (Jalonen 
et al. 1998), we conducted linear vegetation surveys outlined by Aubin 
et al. (2007). Species were identified within a circle of 15-cm radius 
placed every two meters along a transect yielding a total of 52 presence/ 
absence points for each species in each patch cut. Because patch cuts 

were narrow (Fig. 1), each patch cut was divided into four subplots and a 
25-m transect was randomly placed perpendicular to the patch cut edge 
and 15 m from the cut boundary to avoid potential edge effects. Species 
identified within two meters of the transect but outside of the sampling 
radius were given a presence value of 0.5 (sensu Aubin et al. 2007). In 
addition to species, we estimated percent cover of litter, percent cover of 
soil, litter depth (cm), and percent canopy cover using a sight tube at 
each point along the transect (Collins et al. 2007). 

2.4. Species classifications 

Each understory species was assigned to one of three major groups: 
1) native herbaceous species (annuals and perennials), 2) introduced 
herbaceous species (annuals and perennials), and 3) native shrubs. 
Because there were only two introduced shrub species (Rubus laciniatus 
Willd. and Rubus armeniacus Focke) with very low sample size, we did 

Table 1 
Treatment effects on forest structure. Forest structure was measured in 2001 (pretreatment; 1st survey), 2003 (post-treatment; 2nd survey) and 2016 (post-treatment; 
3rd survey). Table displays regression coefficient estimates and corresponding adjusted p-values from GLM models estimating introduced canopy cover (%), tree 
density (#trees/ha), litter depth (cm), and bare soil (fraction). All models were estimated with a Gaussian distribution. Bolded coefficient estimates highlight sig-
nificanceint. Pseudo R2 values calculated using the “MuMIn” R package. “Mech” = mechanical-only treatments; “MechFire” = mechanical thinning plus fire treat-
ments; “Fire”= fire-only treatments.   

% Canopy Density Litter Bare soil 

Treatment Coefficient P-Value Coefficient P-Value Coefficient P-Value Coefficient P-Value 

Control 0.13 0.62 0.61 <0.001 0.06 0.74 − 0.19 0.16 
Fire − 0.05 0.91 − 0.30 0.2 − 0.01 0.94 − 0.10 0.73 
Mech − 0.74 0.08 − 0.18 0.38 − 0.06 0.81 − 0.00 0.99 
MechFire 0.05 0.91 − 0.43 0.07 0.27 0.21 − 0.34 0.16 
2003 (2nd survey) 0.38 0.29 0.00 0.99 − 0.40 0.04 0.09 0.73 
2016 (3rd survey) 0.42 0.17 − 0.38 0.07 0.74 <0.001 − 0.29 0.16 
Fire*2003 (2nd survey) − 0.55 0.33 − 0.63 0.07 − 0.74 0.03 1.14 <0.001 
Mech*2003 (2nd survey) − 0.47 0.34 − 0.72 0.02 0.37 0.19 − 0.09 0.74 
MechFire*2003 (2nd survey) − 1.04 0.19 − 0.80 0.02 − 0.89 0.01 1.36 <0.001 
Fire*2016 (3rd survey) − 0.78 0.13 − 0.48 0.18 − 0.75 0.03 0.29 0.48 
Mech*2016 (3rd survey) 0.53 0.23 − 0.14 0.63 − 0.45 0.1 0.23 0.48 
MechFire*2016 (3rd survey) − 1.43 0.02 − 0.43 0.2 − 0.60 0.06 0.54 0.16 
Observations 268 533 530 530 
R2 Nagelkerke 0.374 0.269 0.336 0.265 
AIC 669.958 1460.623 1398.986 1356.754  

Fig. 3. Changes in introduced and shrub 
understory species across FFS fuel treatments 
over time. Bar values are treatment mean 
and ±1 standard error. Introduced species 
richness (A) and cover (C) at the three survey 
periods. Y-axis values scaled for each species 
group across time. Native shrub species 
richness (B) and cover (D) at the three survey 
periods. Adjusted p-values are from GLM 
model estimates comparing treatments to 
controls. All statistical tests compared treat-
ment to control within years, not across 
years; (p < 0.01**, p ≤ 0.05*). The 2014 
vegetation survey classified 35% more spe-
cies compared to the 2001 and 2003 surveys.   
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not run statistical tests on the introduced shrub species group to avoid 
low sample size biases. Biennial species were grouped with annual 
species. For each plot, richness and summed cover (which could exceed 
100%) were computed for each species group. 

We further classified all introduced species based on the California 
Invasive Plant Council’s invasive plant inventory list (The Cal-IPC In-
ventory, 2017), which ranks some of the species that are most likely to 
and/or are currently threatening California’s natural areas. Species that 

were listed by Cal-IPC as having limited, moderate, or high impact were 
classified in our study as “introduced species of conservation concern.” 
Of the 14 identified non-native species in the FFS and chronosequence, 
four were not listed, two were considered to have limited impact, and 
the remaining eight were listed as having moderate or high impact 
(Supplemental Table 2). 

Table 2 
Environmental variables associated with mid-term (2014 survey) understory vegetation in the FFS study. Regression coefficient estimates and corresponding adjusted 
p-values from GLM models estimating introduced and shrub species richness and percent cover. Bolded coefficient estimates highlight significance. Pseudo R2 values 
calculated using the “MuMIn” R package, which uses a revised statistic for mixed effects models. Pretreatment richness and cover were estimated from the pretreatment 
survey in 2001.   

Introduced richness Introduced cover Shrub richness Shrub cover 

Variables Coef. P-Value Coef. P-Value Coef. P-Value Coef. P-Value 

Intercept 0.03 0.95 − 0.42 0.25 1.41 <0.001 26.36 <0.001 
Density − 0.01 0.95 0.40 <0.001 − 0.03 0.93 1.13 0.71 
Bare soil − 0.07 0.85 0.03 0.67 0.00 0.75 4.39 0.06 
Litter 0.11 0.63 − 0.26 0.02 − 0.02 0.85 − 0.77 0.71 
% Canopy − 0.01 0.06 − 0.01 <0.001 − 0.12 0.02 − 9.20 <0.001 
Slope − 0.05 0.85 − 0.47 <0.001 − 0.10 0.06 − 2.51 0.29 
Aspect 0.42 0.16 1.68 <0.001 − 0.04 0.75 1.78 0.71 
Elevation − 0.12 0.16 − 0.39 <0.001 − 0.02 0.75 − 7.05 <0.001 
Pretreatment rich./cover 0.35 <0.001 0.25 <0.001 0.13 0.01 7.16 <0.001 
Observations 174 174 155 155 
R2 Nagelkerke 0.294 0.833 0.442 0.31 
AIC 380.322 893.048 608.598 1415.832  

Fig. 4. Trends from the chronosequence of 
patch cuts with subsequent vegetation treat-
ments. (A) Photos taken at the beginning of a 
transect in patch cuts sampled 1, 6, 10, 19, 
29, and 33 years post-patch cut. (B-C) Rich-
ness and percent cover of native and intro-
duced species for each time period. Points 
show site-level richness and cover values 
with corresponding “loess” (locally estimated 
scatterplot smoothing) lines and standard 
error bands. (D) Canopy cover (%), litter (%), 
litter depth (cm) multiplied by a factor of 
ten, and bare soil (%) for each time period; 
displaying “loess” smoothed lines and stan-
dard error bands.   
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2.5. Fuel treatment effects on forest structure 

Fuel treatment effects on forest structure, including changes in 
canopy cover, tree density, bare soil and litter depth, were estimated 
using a generalized linear modeling (GLM) approach. We used the 
Gaussian distribution, as none of the models violated assumptions of 
normality. Survey period was included as an interaction with fuel 
treatment to test whether treatments shifted forest structure initially 
(2003) and in the mid-term (2016) (i.e., a significant interaction with 
survey period would suggest that the treatment impacted forest struc-
ture). To control for potential bias against repeated testing effects, we 
adjusted all p-values using the false discovery rate (FDR), which calcu-
lates the expected proportion of false discoveries amongst the rejected 
hypotheses; the FDR is considered more powerful than the Bonferroni 
correction (Benjamini and Yekutieli 2001). 

2.6. Fuel treatments effects on understory species 

To test whether fuel treatment effects on the understory species 
richness and cover changed over time, we compared understory species 
in fuel treatment units to controls at three time periods (i.e., pretreat-
ment (2001), one-two years post-treatment (2003), and 12–13 years 
post-treatment (2014)) using a GLM approach. Specifically, we devel-
oped six models for each survey period (2001, 2003, and 2014) with 
treatment type as a fixed effect. Each model estimated: 1) native her-
baceous species richness, 2) native herbaceous species cover, 3) intro-
duced herbaceous species richness, 4) introduced herbaceous species 
cover, 5) native shrub richness, and 6) native shrub cover. We used the 
Poisson distribution to model richness. We also used the Poisson dis-
tribution to estimate percent cover because percent cover values often 
violated assumptions of normality—they were not continuous, often 
right-skewed, and cover bins could be interpreted as count data (i.e., 
bounded by zero, not bounded by 100%) (O’Hara and Kotze 2010). The 
number of plots equaled the number of richness and cover values; 
therefore, we did not include plot as a random effect. Additionally, when 
models of richness and cover were overdispersed (i.e., variance ≥
mean), we used the negative binomial maximum likelihood (ML) 
method from R package MASS (glm.nb function) (Ripley et al. 2013), 
which assumes the “extra” variance is a quadratic function of the mean 
(Lindén and Mäntyniemi 2011). Models that were overdispersed 
included 2014 introduced species richness and percent cover, as well as 
2001 and 2003 percent cover (see Supplementary Tables 2-3 for more 
detail). All p-values were adjusted using the FDR in R. 

2.7. Possible mechanisms associated with mid- and long-term treatment 
effects on understory species 

To test for possible mechanisms associated with mid-term FFS fuel 
treatment effects on understory species composition, we used a GLM 
approach. Specifically, we developed six models for the same vegetation 
groups described above. The independent variables included elevation 
(m), slope (◦), aspect (◦; Northwest-East = 0, Southeast-West = 1), 
canopy cover (%), tree density (#trees/ha), litter depth (cm), and pro-
portion of bare soil. To test whether pretreatment flora was correlated 
with post-treatment flora, we included pretreatment richness for models 
estimating post-treatment richness and pretreatment percent cover for 
models estimating post-treatment cover. Independent continuous vari-
ables were rescaled to have a mean of zero and a standard deviation of 
one. None of the independent variables were correlated above 0.5 
(Supplementary Fig. 1) and their variance inflation factors were <2 (Fox 
et al. 2019); thus, we included all independent variables in each model. 
We used the Poisson distribution to model richness and percent cover. 
When models were overdispersed, we used the negative binomial 
maximum likelihood (ML) method from R package Lme4 (glmer.nb 
function) (Bates et al. 2015) and adjusted all p-values using the FDR. 

2.8. Chronosequence statistical analysis 

As described in the FFS study above, we divided all understory 
species into native and introduced species. We calculated percent cover 
(sum of all species’ cover per patch cut) and richness (#unique species 
per patch cut). Due to shrub removal efforts across all patch cut sites, 
however, we did not estimate native and introduced shrub cover or 
richness. Following methods described for the FFS study analysis, we 
used Gaussian and Poisson regression analyses to test whether canopy 
cover (%), litter cover (%), litter depth (cm), and bare soil (%) were 
related to native and introduced species cover and richness. We stan-
dardized the continuous independent variables and used patch cut 
nested within year as random effects. All p-values were adjusted using 
the FDR. 

3. Results 

3.1. Impacts of FFS treatments on forest structure 

Fuel treatments had varying impacts on forest structure one-two 
years post-treatment and 13–14 years post-treatment (Fig. 2; Table 1). 
Notably, fire-only treatments did not significantly shift tree density or 
canopy cover across all years surveyed (Table 1). In contrast, 

Fig. 5. Factors associated with introduced and native species in patch cut with vegetation treatment sites. Values are coefficient estimates with corresponding 
standard error bars from GLMM models of native and introduced species cover and richness; significance stars show adjusted p-values (p < 0.01**, p ≤ 0.05*). 
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mechanical-only and mechanical thinning plus fire significantly reduced 
tree density within the first two years, but not by 2016 (Table 1). Fire 
treatments (fire-only and mechanical thinning plus fire) also reduced 
litter and increased the proportion of bare soil initially, but only fire- 
only treatments impacted litter in the mid-term (Table 1). 

3.2. Changes in understory vegetation in the FFS treatments 

Mechanical-only treatments had consistently higher introduced 
species richness and cover compared to controls at all time periods 
surveyed (Fig. 3A&C; Supplementary Table 3). Introduced species cover 
in mechanical-only treatments (mean 3.55 and standard error ± 1.28) 
remained much higher than controls (0.18 ± 0.06) in 2014, but intro-
duced species cover in fire-only treatments (0.40 ± 0.15) was not 
significantly higher (Fig. 3). Further, in 2014, fire-only (0.58 ± 0.20) 
and mechanical thinning plus fire (0.68 ± 0.18) treatments had signif-
icantly higher introduced species richness compared to controls (0.21 ±
0.06), a pattern that was not consistent across surveys (Fig. 3A). The 
introduced species with the highest cover in treated plots was the forb 
Anthriscus caucalis M. Bieb., which is not listed as a major concern in 
California (Supplementary Table 2). Two annual grasses that are listed 
as moderate species of conservation concern, however, Cynosurus echi-
natus L. and Festuca myuros, were some of the most common introduced 
species across treated plots. A total of 12 introduced species were 
identified across all treatments and controls and the majority were 
annual or biennial species (n = 10). 

Native species richness and cover were impacted by fuel treatments 
likely more in the short-term than the mid-term. Pretreatment native 
species cover was significantly higher compared to controls in 
mechanical-only treatments and significantly lower in fire-only treat-
ments (Supplementary Table 4 and Supplementary Fig. 4), a pattern 
similar to the one found for introduced species (Fig. 3A&C). These re-
lationships, however, were not maintained following the first surveys in 
2003. Specifically, fire-only treatments had significantly lower native 

species richness (3.52 ± 0.38) compared to controls (5.39 ± 0.4), while 
no treatments had significantly different native species cover compared 
to controls (Supplementary Table 4 and Supplementary Fig. 4). Twelve- 
13 years post-treatments, just mechanical-only treatments had signifi-
cantly different native species richness (9.65 ± 0.43) and cover (15.0 ±
1.68) compared to controls (cover: 6.63 ± 0.57; richness: 7.27 ± 0.51) 
(Supplementary Table 4); this pattern in mechanical-only treatments 
was similar to the pretreatment surveys in 2001. 

In the mid-term, all treatments had significantly higher shrub cover 
and richness compared to control plots (Fig. 3B&D; Supplementary 
Table 5). Mechanical thinning plus fire treatments had the highest 
percent cover (54.8 ± 5.31) of all treatments compared to controls (15.0 
± 1.90) by 2014 (Fig. 3D). Ceanothus cordulatus Kellogg, Ceanothus 
integerrimus, and Prunus emarginata (Doug.) Eaton were the most abun-
dant shrubs (highest percent cover). The two most common shrubs 
(highest frequency) were Ceanothus integerrimus and Ribes roezlii. Native 
shrubs comprised the greatest proportion of understory species cover 
across treated plots. 

3.3. Environmental factors associated with mid-term understory 
composition in FFS study plots 

Initial species composition (pretreatment flora) and canopy cover 
were important predictors of post-treatment understory species 
composition. Specifically, initial species richness and cover (from 2001 
pretreatment surveys) were significantly associated with post-treatment 
richness and cover (from 2014 surveys) across all vegetation groups, 
including introduced species, native species, and shrubs (Table 2; Sup-
plementary Table 6). Though taxonomic precision was higher in 2014, 
positive correlations were still found between pre- and post-treatment 
flora. Canopy cover was also negatively associated with all vegetation 
groups, including introduced, native, and shrub species cover (Table 2; 
Supplementary Table 6). Similarly, elevation was negatively associated 
with introduced and native shrub cover, but not native herbaceous 

Fig. 6. Mean cover of introduced species of conser-
vation concern (Cal-IPC rating of high, moderate or 
limited) in FFS study plots and patch cuts. A) Mean 
cover and standard error bars across all treated FFS 
study plots (fire-only, mech plus fire and mech-only) 
in 2014 only; does not include control plots. 
Numbers labeled on bars are mean values. B) Mean 
cover and standard error bars across all plots and 
years measured in the chronosequence. C) Temporal 
trends of listed and unlisted introduced species; un-
listed species may be less concerning for managers, 
according to Cal-IPC’s rating.   
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species (Table 2). Finally, higher litter depth was negatively associated 
with introduced species cover (Table 2). 

3.4. Temporal shifts in understory vegetation in the patch cuts treatments 

Introduced species cover and richness varied greatly across the 
chronosequence timeseries. Temporal trends of percent cover suggested 
that herbaceous species cover was highest during the first ten years 
following patch cuts with subsequent vegetation treatments for intro-
duced and natives species (Fig. 4C). Mean introduced species cover 
peaked six years post-patch cut at 104% (Fig. 4C), and mean introduced 
richness peaked 10 years post-patch cut (n = 6.6) (Fig. 4B). The total 
number of introduced species across all years was 12, the majority of 
which were annuals or biennials (n = 8). Some of the most abundant (i. 
e., highest percent cover) introduced forb and grass species peaked six 
years post-patch cut (Fig. 4C), and included Bromus tectorum (six year 
mean and standard deviation 33.7% ± 23.1), Festuca myuros (26.0% ±
31.3), and the forb species, Cirsium vulgare (22.1% ± 29.0). Lactuca 
serriola was the most abundant introduced forb and peaked three years 
post-patch cut (three-year mean and standard deviation 27.9% ± 12.2). 

Additionally, introduced species declined rapidly ten years following 
patch cuts with subsequent vegetation treatments (which corresponded 
to 15% canopy cover), but never fully disappeared from the understory, 
remaining at low mean cover (1.9%) and richness (n = 0.86) 33 years 
later (Fig. 4B&C). Introduced species that persisted in the mid-term 
included the annual grass, Festuca myuros, and the perennial forb, 
Rumex acetosella L. While we did not include shrubs in our statistical 

analyses, evergreen blackberry, Rubus laciniatus Willd., was identified in 
the oldest plots (33 years). Bromus tectorum dropped from the chro-
nosequence >19 years post-patch cut. 

The temporal trends for native species were similar to introduced 
species. Mean native species cover, for example, also peaked six years 
post-patch cut (Fig. 4C). Native annual species were the dominant life 
form during the first eight years post-patch cuts with subsequent vege-
tation treatments, while native herbaceous perennials became dominant 
ten years post-patch cut, suggesting that life history traits turned over 
around ten years post-disturbance. Eighteen annual and 58 perennial 
species were identified in the chronosequence plots. The most abundant 
native forb species across all chronosequence plots were Epilobium bra-
chycarpum, Madia glomerate, and Collomia heterophylla; the most abun-
dant native grass was Elymus glaucus. 

3.5. Environmental factors associated with understory species in patch cut 
treatments 

Introduced species appeared to respond more to changes in envi-
ronmental factors compared to native species. Only native species 
percent cover was significantly and negatively associated with canopy 
cover (Fig. 5B). In contrast, introduced species cover was significantly 
and negatively associated with litter depth, bare soil, and canopy cover, 
while introduced species richness was negatively associated with can-
opy cover and bare soil (Fig. 5A and Supplementary Table 7). Canopy 
cover was the only environmental factor that was significantly associ-
ated with both native and introduced species. 

Fig. 7. Relationship between canopy cover and 
introduced species cover in patch cuts and FFS fuel 
treatments. A) Changes in introduced species cover 
using all patch cuts surveyed; showing “loess” 
smoothed lines and standard error bands. Inserted 
plot shows results from the change point analyses 
(Supplementary Fig. 2) and vertical dashed line shows 
first major mean change point starting from the 
highest canopy cover value (45%). B) Boxplot of 
canopy cover in all patch cuts measured and across all 
post-treatment FFS surveys (2003, 2016). Grey verti-
cal dashed lines show first major change point from 
panel A at 45% canopy cover.   
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3.6. Introduced species of conservation concern in FFS study plots and the 
chronosequence 

Introduced species of conservation concern were much more abun-
dant in patch cuts compared to FFS fuel treatment plots in 2014 
(Fig. 6A–B). While the exact difference between fuel management and 
patch cut effects was incomparable given the differing sampling re-
gimes, patch cuts likely had greater cover of introduced species 
considered to be moderately and highly problematic in California 
(Fig. 6). Introduced species of moderate and high concern peaked eight 
years post-patch cut and declined precipitously eleven years post-patch 
cut (Fig. 6C). Finally, species of moderate conservation concern had 
higher percent cover compared to all other categories, including un-
listed species, in both studies. 

4. Discussion 

Selecting sustainable strategies to reduce fire hazard and extract 
wood resources are ongoing silvicultural challenges (Metzger and 
Schultz 1984, Dodson et al. 2008). Few studies, however, investigate 
long-term impacts of fuel treatments and wood harvest on herbaceous 
communities, which limits effective decision making. Here we demon-
strated that three commonly used fuel treatments in the western United 
States led to small increases in introduced species richness and shrub 
cover in the mid-term, 12–13 years post-treatment (Fig. 3). Understory 
richness and cover in the fuel treatments were influenced by pretreat-
ment biological legacies, which suggests that fuel treatment effects on 
flora are highly site-specific. In contrast, overstory removal may have 
contributed to the high levels of invasion observed in patch cuts, 
particularly within the first ten years (Fig. 4). The stark contrast between 
fuel treatments and patch cuts indicated that severe disturbance (100% 
removal of the overstory) and subsequent vegetation treatments may 
overwhelm the effects of biological legacies and incite greater invasion. 
Our study underscores that while the presence of invasive species before 
treatment is an important determinant of post-treatment invasion dy-
namics, proactive strategies focused on sustaining higher canopy cover 
can help reduce growth and recruitment of introduced species. 

4.1. Introduced species invasion was influenced by fuel treatment type 
and biological legacies 

Fuel treatment type likely interacted with biological legacies to in-
fluence invasion dynamics following fuel treatments. Mechanical-only 
and mechanical thinning plus fire treatments, for example, led to 
greater cover of introduced species in the short-term compared to con-
trols (Fig. 3A&C). Biological legacies, the pretreatment understory 
composition that reflected soil class, forest structure, historical man-
agement, and disturbance regimes (Franklin 1990, Ferreiro et al. 2018), 
also likely influenced invasion. Specifically, pretreatment introduced 
species cover was significantly higher compared to controls suggesting 
that treatment disturbance incited greater growth of introduced species 
already present, as well as recruitment of new species, particularly in 
mechanical thinning plus fire treatments (Fig. 3A&C). These results 
were consistent with previous studies demonstrating that propagule 
availability is a strong driver of invasion following disturbance (Holle 
and Simberloff 2005, Eschtruth and Battles 2009). The importance of 
biological legacies in the mid-term was further corroborated by pre-
treatment richness and cover that were significantly associated with 
native and introduced species richness and cover in the 2014 surveys 
(Table 2). Biological legacies may help explain why the impacts of forest 
management on introduced species appears highly site-specific and 
variable across the western United States (Nelson and Halpern 2005, 
Duguid and Ashton 2013, Willms et al. 2017, Zeidler et al. 2018). 

Though fuel treatment impacts on forest characteristics (e.g., tree 
density, litter depth, and bare soil (Table 1)) were no longer significantly 
different from controls in the mid-term, the impacts on introduced 

species likely persisted. Introduced species may have been able to 
overcome resistance mechanisms, including increased litter depth and 
lowered light conditions, by sustaining higher propagule pressure in 
suitable habitat patches. Introduced species cover, for example, was 
negatively associated with canopy cover in the mid-term (Table 2), 
suggesting that canopy gap dynamics likely influenced invasion. Inter-
estingly, this overstory effect may have been independent of fuel treat-
ment disturbance, as none of the fuel treatments significantly reduced 
canopy cover within the first two years (Table 1). These results sug-
gested that pretreatment canopy gaps may have been “invasion centers,” 
where introduced species were more likely to recruit and persist 
following disturbance due to biological legacies associated with canopy 
gaps (e.g., introduced species propagule sources and suitable growing 
conditions). Additionally, the majority of introduced species were an-
nuals or biannuals, traits which are often associated with high light and 
low structurally competitive environments (Freeman et al. 2007, Dud-
ney et al. 2017), and may further explain why canopy cover is widely 
considered a major constraint on invasion in forest understories 
(D’Antonio and Thomsen 2004, Eschtruth and Battles 2009). 

Though biological legacies can play important roles in structuring 
forest composition following disturbance, our patch cut chronosequence 
highlighted that biological legacies may be overwhelmed by high severity 
disturbance. Specifically, patch cuts with subsequent vegetations treat-
ments were associated with much higher introduced species cover and 
richness compared to fuel treatment plots. While we did not have pre-patch 
cut vegetation surveys, all patch cuts existed within the Blodgett Forest 
matrix; thus pretreatment conditions were likely similar to average un-
derstory vegetation dynamics in the FFS study plots (Fig. 3). The stark 
contrast between patch cuts and fuel treatments may be attributed, in part, 
to the disturbance severity (100% removal of the overstory) and herbicide 
application to control shrubs and target introduced species (Cirsium spp., 
Verbascum thapsus, and Rubus armeniacus). These target species, however, 
were still relatively abundant in patch cut sites (Supplementary Fig. 3), 
indicating that herbicide applications were not eliminating their recruit-
ment or impact. Patch cut results also suggested that the forest disturbance 
from fuel treatments was not sufficient to overwhelm biological legacies 
and incite major invasion in the understory. Previous studies have 
demonstrated that clearcuts can be associated with high recruitment of 
introduced species (McDonald 1983, Pauchard and Alaback 2006, Zenner 
and Berger 2008), whereas fuel treatment impacts on invasion may be 
more influenced by biological legacies due to lower levels of disturbance 
(Duguid and Ashton 2013, Willms et al. 2017). 

4.2. Overstory canopy cover was likely an important mechanism of fuel 
treatment efficacy 

Results from the FFS and patch cut studies corroborated that main-
taining higher canopy cover can help reduce introduced species 
recruitment (Fig. 5). Lower light has been shown to suppress annual, 
disturbance tolerant species in similar studies (Martin et al. 2009) 
leading to higher abundances of shade-tolerant species. Further, at 
around 15% canopy cover in patch cuts, introduced species richness and 
cover demonstrated major declines in patch cuts with vegetation treat-
ments (Fig. 4B&C), highlighting that these annual, disturbance-tolerant 
species may be very sensitive to changes in canopy cover and forest 
maturation (McKenzie et al. 2011). Additionally, by comparing the 
variation in canopy cover between the post-treatment FFS study plots 
and the patch cuts, we observed that the median canopy cover in the FFS 
study plots remained well above the mean change point (~45% canopy 
cover, where the relationship between canopy cover and introduced 
species cover shifted nonlinearly) (Fig. 7). These results help clarify why 
patch cuts had much higher levels of invasion compared to fuel treat-
ments and suggest that maintaining canopy cover above the change 
point threshold (45% canopy cover) in this mixed conifer forest may 
prevent rapid growth and expansion of introduced species in the fuel 
treatments. The canopy cover threshold will likely be highly site- 
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specific, however, and influenced by introduced species’ life history 
traits and the treated areas’ proximity to propagule sources (Milbau 
et al. 2003). 

4.3. Potential impacts of introduced species of conservation concern 

Though the relative cover of introduced species of conservation 
concern across all fuel treatments was much lower compared to patch 
cuts, the long-term recruitment of these species may have enduring 
impacts on the co-occurring understory community. Festuca myuros and 
Bromus tectorum, for example, can be effective competitors against 
native species, thereby modifying habitat for pollinators and wildlife 
(Ball et al. 2008, McGlone et al. 2009, Wallace and Prather 2016). 
Greater seed availability in the understory can also precipitate faster 
recruitment of introduced species following forest disturbances, as seen 
here, as well as other studies (Eschtruth and Battles 2009, Simberloff 
2009). Finally, invasion legacies (e.g., shifts in evolutionary trajectories 
and soil–plant feedbacks) can have irreversible impacts on plant com-
munities. Introduced species, for instance, can modify soil mycorrhizal 
communities to favor their recruitment and long-term persistence 
(Grove et al. 2017). These invasion legacies may be difficult to reverse 
and facilitate nonlinear recruitment patterns of introduced species in the 
understory following disturbance. 

Additionally, patch cuts were associated with the highest cover of the 
annual grass, Bromus tectorum (Supplementary Fig. 3), which is a species 
of high concern in California (Supplementary Table 1). Bromus tectorum, 
for example, has increased fire hazard through buildup of highly flam-
mable, dry litter and has shifted fire regimes in chaparral (D’Antonio 
and Vitousek 1992, Balch et al. 2013, Davies and Nafus 2013), open pine 
forests (Monsen 1994, Harrod and Reichard 2000), and pinyon-juniper 
communities (Chambers 2008). While annual grass cover was low in 
the FFS plots, the most abundant annual grass, Festuca myuros (plot-level 
mean and maximum: 1.6% and 15%), has been associated with 
increased fire frequency in the Klamath Mountains (Reilly et al. 2020). 
Many of these introduced annual species, however, have relatively short 
seed banking strategies (<6 years) (Clark and Wilson 2003, Rawnsley 
et al. 2006, Ball et al. 2008), which may offer management opportunities 
if fuel treatment frequency is carefully controlled. 

4.4. Shrub recruitment dynamics and opportunities for control 

Though FFS treatments initially reduced shrub cover or had no ef-
fect, native shrub cover and richness more than recovered 12–13 years 
later, particularly in the mechanical plus fire treatments (Fig. 3). Similar 
fuel treatment effects on native shrubs have been documented in the 
southern Sierra Nevada mixed-conifer forests, where burn-only treat-
ments had lower shrub cover than mechanical-only treatments in the 
mid-term (Goodwin et al. 2018). The rapid recruitment of shrub species 
may reduce treatment efficacy in the long-term, however, as native 
shrubs can also shift fire behavior, particularly species that build up dry 
matter and increase the height of surface and ladder fuels. Mature shrubs 
can also carry fire to the canopy, and their dead, woody material may 
increase fire intensity (Rothermel 1983, Reed 2016). Shrubs that grow 
longer leaves can increase leaf litter density, which has been linked to 
higher fire severity in the southern Sierra Nevada (Schwilk and Caprio 
2011). Ultimately, shrub species, shrub maturity, and moisture content 
likely influence the effects of shrub recruitment on fire behavior 
(Rothermel 1983). 

Additionally, there may be tradeoffs between controlling shrubs in 
the understory and reducing tree density in the mid-term. While more 
frequent applications of fuel treatments can reduce shrub cover (Fig. 3), 
higher treatment frequency may also incite positive feedbacks between 
fuel treatments and invasion (Mack and D’Antonio 1998), facilitating 
ongoing invasion of introduced species of conservation concern in mixed 
conifer forests. Site-specific factors that likely moderate these positive 
feedbacks include historical disturbance legacies, introduced species 

seedbanks, site remoteness, magnitude of pretreatment introduced 
species cover, and distance to introduced species propagules within the 
forest matrix (e.g., distance to roads and/or invaded areas). Forest 
management aimed at increasing resilience to fire (Stephens et al. 2020) 
should carefully weigh treatment options and consider forest matrix 
characteristics before treatment to help ensure long-term efficacy. 

4.5. Implications for forest management 

Developing strategies that holistically consider vegetation charac-
teristics and the ecological mechanisms that contribute to multiple as-
pects of forest resilience can help minimize potential tradeoffs 
associated with species invasions (Dudney et al. 2018). Our mid- and 
long-term results suggest that maintaining higher canopy cover can help 
suppress the recruitment of introduced species of conservation concern, 
as well as high cover of native shrubs that may increase fuel loads in the 
long-term. While there were no clear differences among fuel treatments 
with regards to introduced species, patch cuts with subsequent vegeta-
tion treatments had dramatically higher cover of introduced species. 
Because propagule pressure and canopy disturbance are considered 
major drivers of invasion (Shea and Chesson 2002, Eschtruth and Battles 
2009, Lowry et al. 2013, Larios et al. 2013), fuel treatments in ecosys-
tems that contain higher cover of introduced species may lead to greater 
and more persistent introduced species invasions. Careful attention to 
treatment severity (Halpern et al. 1999), as well as understory plant 
species composition in the forest matrix, may help reduce unwanted 
species introductions and shrub recruitment. 
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group approach. Écoscience 14, 259–271. 

Balch, J.K., Bradley, B.A., D’Antonio, C.M., Gómez-Dans, J., 2013. Introduced annual 
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