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Abstract. Mechanical fuel treatments are a common pre-fire strategy for reducing wildfire hazard that alters fuel
structure by converting live canopy fuels to a compacted layer of dead surface fuels. Current knowledge concerning their
effectiveness, however, comes primarily from forest-dominated ecosystems. Our objectives were to quantify and compare

changes in shrub-dominated chaparral following crushing, mastication, re-mastication and mastication-plus-burning
treatments, and to assess treatment longevity. Results from analysis of variance (ANOVA) identified significant
differences in all fuel components by treatment type, vegetation type and time since treatment. Live woody fuel
components of height, cover and mass were positively correlated with time since treatment, whereas downed woody fuel

components were negatively correlated. Herbaceous fuels, conversely, were not correlated, and exhibited a 5-fold increase
in cover across treatment types in comparison to controls. Average live woody fuel recovery was 50% across all treatment
and vegetation types. Differences in recovery between time-since-treatment years 1–8 ranged from 32–65% and exhibited

significant positive correlations with time since treatment. These results suggest that treatment effectiveness is short term
due to the rapid regrowth of shrubs in these systems and is compromised by the substantial increase in herbaceous fuels.
Consequences of not having a full understanding of these treatments are serious and leave concern for their widespread use

on chaparral-dominated landscapes.
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Introduction

A major challenge facing land management agencies is how to

manage wildlands in ways that minimise community vulnera-
bility to wildfires while maintaining ecosystem processes to
ensure their long-term sustainability. Nowhere is this problem

more acute than in California, and particularly in the southern
half of the state dominated by chaparral ecosystems prone to
periodic high-intensity crown fires. Losses of property and lives

due to fire in the urban environment of California greatly exceed
that of any other region in the US (Miller 2007), putting intense
pressure on managers to reduce fire hazard.

An important fire management strategy to reduce wildfire
hazard is the use of pre-fire fuelmanipulations or fuel treatments.
In many parts of the western US, fuels management has relied
heavily on the use of prescription burning (Agee and Skinner

2005). However, in crown fire ecosystems such as California
chaparral, this is problematic because these landscapes are often
in close proximity to high-density urban environments. Increas-

ingly, fuels management has focussed on the use of mechanical
treatments, including chipping, crushing, bulldozing, mowing
and mastication to alter fuel structure (Agee and Skinner 2005).

Data compiled from the USGS Southern California Fuel Treat-
ment Data Set (http://www.cafiresci.org) show that since 2000,

the number of these treatments on the four southern California
national forests has risen exponentially, withmastication, crush-

ing and chipping accounting for 40% of all combined fuel
treatments conducted between 2000 and 2008. One advantage
of using mechanical treatments is that they can be implemented

at the wildland–urban interface and in areas where prescribed
burning is difficult or not an option (Agee and Skinner 2005).
These treatments are generally expected to alter fire behaviour

by reducing flame lengths, intensity and rate of spread of fire
(Hudak et al. 2011; Kreye et al. 2014a) through the relocation of
fuels to densely compacted fuel beds at the ground surface

(Stephens and Moghaddas 2005; Kane et al. 2009; Kreye et al.
2014a). This alteration of fuel structure potentially allows
improved fire fighter access and suppression efficacy (Syphard
et al. 2011). In many of the ecosystems where these mechanical

treatments are employed, prescription burning is also utilised
following treatment to reduce compacted fuel loads at the
surface (Kane et al. 2010; Knapp et al. 2011).

An understanding of how fuel is altered within these
compacted fuel beds is essential in order to model and better
identify how treatments might affect fire behaviour. A common

observation across initial studies characterising fuel loads in
mechanically altered systems was that fuel loads were highly
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variable and that this variability could be partially attributed
to pre-treatment site conditions, stand age, stand history, vege-
tation type, machinery used and desired post-treatment stand

conditions (Stephens and Moghaddas 2005; Glitzenstien et al.

2006; Hood andWu 2006; Kane et al. 2006, 2009; Schwilk et al.
2009; Battaglia et al. 2010; Kreye et al. 2014a).

The national Fire and Fire Surrogate (FFS) study was amajor
accomplishment in the effort to understand the effects of
mechanical treatments in many forest types (Schwilk et al.

2009; Stephens et al. 2012; McIver et al. 2013). This study
found that the most effective mechanical treatments varied
markedly with forest type and often differed from prescribed
fire treatments in both fuel reduction and ecosystem effects.

Studies in ponderosa pine (Pinus ponderosa) forests showed that
masticated treatments followed by prescription burning led to a
greater reduction in both canopy and surface fuel load (Reiner

et al. 2009; Kane et al. 2010; Knapp et al. 2011), yet had
increased live shrub stem densities, compared with mastication
alone (Kane et al. 2010; Potts et al. 2010). Differences in flame

lengths and rate of spread of fire have been identified between
different treatment types (Reiner et al. 2012; Kreye and Kobziar
2015) and modelled predictions of fire behaviour have been

compared with actual fire behaviour in masticated treatments
(Kobziar et al. 2009; Knapp et al. 2011). Laboratory studies
have also been conducted to evaluate the effects of particle
fracturing on moisture content and fire behaviour (Kreye et al.

2011, 2012), and the effects of fuel load and moisture content
on fire behaviour and heating (Kreye et al. 2013). Particle
fracturing did not affect fuel moisture drying times or fire

behaviour, but fuel load and moisture content did influence
fire behaviour and soil heating.

However, of particular concern, considering the cost of

implementing these treatments (Vitorelo et al. 2009), is their
long-term efficacy. The FFS study across a variety of ecosys-
tems concluded that the effectiveness and longevity of treat-
ments would depend in part on the response of herbs, tree

seedlings and shrubs within each ecosystem (Schwilk et al.

2009; McIver et al. 2013). Recent studies in south-eastern
pine flatwoods have reported rapid shrub recovery following

mastication and have suggested a time-limited effectiveness
and short-term efficacy in these systems (Kreye et al. 2014b;
Kreye and Kobziar 2015), whereas studies from northern

California chaparral identified individual species characteristics
(i.e. resprouting vs. non-resprouting species) and the severity of
treatments as determining factors of treatment efficacy (Potts

and Stephens 2009; Kane et al. 2010; Potts et al. 2010). These
results highlight the individuality of ecosystems and suggest that
treatment efficacy will ultimately depend on individual site and
stand characteristics.

To date, the bulk of information regarding masticated and
other mechanically treated fuel beds comes from studies in
coniferous forests, pine flatwoods and northern California

chaparral. Relatively few studies have identified fuel bed
characteristics and the effects of mastication or other mechan-
ical treatments on southern California chaparral-dominated

landscapes, despite the widespread use of these techniques
across the region. The purpose of this study was to quantify
changes in fuel structure following mechanical treatments and
to assess treatment longevity in the chaparral-dominated

systems of southern California. Our specific research ques-
tions were:

1. How do mechanical treatments alter the composition and
structure of live and dead fuel components?

2. Are there differences in fuel composition and structure

between treatment types?
3. Do pre-treatment stand age, vegetation type and time since

treatment affect fuel load composition and structure?

4. How do mechanically treated fuels compare to untreated
fuels?

Methods

Study area

Study sites were located within mechanical fuel treatments in

theAngeles, Cleveland, Los Padres and SanBernardino national
forests of southern California (Fig. 1). This area is encompassed
by the South Coast Bioregion, which is characterised by a

Mediterranean-type climate with hot, dry summers and cool,
wet winters (Keeley 2006). The Los Padres, Angeles and
northern portion of the San Bernardino national forests run from

west to east within the Transverse Ranges, whereas the southern
portion of the San Bernardino and the Cleveland national forests
run from north to south in the Peninsular Ranges. These areas are
geologically complex in age and composition with the western

side of the Transverse Ranges being predominantly sedimentary
and the eastern side of the Transverse Ranges and the Peninsular
Ranges predominantly granitic (Norris and Webb 1990). The

terrain is notably rugged with elevations from near sea level to
3506 m and slopes upwards of 508.

A total of 62 separate fuel treatments in chaparral-dominated

vegetation were utilised for this study including 42 mastication
treatments, seven repeat-mastication treatments, nine mastica-
tion-plus-burning treatments and four crushing treatments
(Fig. 2). All treatments were initially either masticated or

crushed. Masticated treatments were completed using a ‘masti-
cator,’ which consisted of a tracked-base machine and a cutting
attachment that was either integrated into the machine or boom

mounted. Base machines ranged from small Bobcat skid steers
to large self-levelling Timco machines that incorporated a
variety of different rotary head and horizontal drum cutting

attachments. A total of 148 mastication study sites were estab-
lished across all four forests with post-treatment ages that
ranged from 1–8 years.

Crushing treatments, which are often used on steeper
inclines, were less commonly employed due to accessibility
issues and thus only 12 study sites were available. These
treatments were implemented with a ‘gravity roller,’ which

consisted of a 10-ton rolling steel cylinder connected to a
bulldozer by two cables and two high-speed winches. The roller
was lowered from the ridge top, crushing all vegetation in its

path, and then winched back up to the dozer for the next run. All
crushed sites were located in the Angeles National Forest with
post-treatment ages of 2 and 4 years.

The remaining study sites were composed of secondary
treatments to sites that were previously masticated. These were
accomplished by either re-masticating or prescription burning the
site. A total of 12 re-masticated and 19 masticated-plus-burned
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Fig. 1. Study site locations within mechanical treatments in the four southern California national forests.
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Fig. 2. Mechanical treatments by type: a) Two-year-old crushing treatment inAdenostoma fasciculatum; b) One-year-oldmastication

treatment in Arctostaphylos glandulosa; c) Three-year-old re-masticated treatment in a chaparral mix; d) One-year-old mastication-

plus-burning treatment in Adenostoma sparsifolium.
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sites were available in the Cleveland, Los Padres and San
Bernardino national forests. The range of time between treat-
ments for re-masticated sites was 2–5 years with a median

of 4 years, whereas masticated-plus-burned treatments had a
range of 1–5 years and a median time of 2 years between
mastication and burning. The available time-since-treatment for

re-masticated sites were 1, 3 and 4 years, whereas masticated-
plus-burned sites had 1, 2 and 5 years between treatments.

The 191 study sites chosen for this study encompassed a

wide range of chaparral communities and included stands
dominated by individual species (.50% cover) of Adenostoma
fasciculatum, A. sparsifolium, Arctostaphylos spp., Ceanothus
spp. and Quercus spp. as well as mixed chaparral stands. The

mean and median age of stands at the time of first treatment was
33 years, with a range of 7–64 years. The lowest elevation sites
were located in the Los Padres National Forest near the coast

with the highest elevation sites on the inland mountains of the
San Bernardino National Forest. Inclines of treatments ranged
from 2 to 508 and all slope aspects were represented within each
treatment type.

Field and laboratory methods

Vegetation and fuel sampling was conducted in the summers of
2011 and 2012. Mechanical treatments were located using GIS
data layers from the USGS Southern California Fuel Treatment

Data Set and through field trips with fuels management per-
sonnel. All study sites were chosen using the ArcGIS random
point generator and limited to areas at least 150 m within the

treatment boundary at a spacing of 400 m between points.
Controls were selected from untreated vegetation adjacent to the
treatment area and represented the community before treatment.

Each study site consisted of a 10� 100-m treatment
plot placed perpendicular to the slope and subdivided into 10,
100-m2 subplots, with a 1-m2 quadrat nested in the upper left
corner of each subplot. Intensive sampling of species composi-

tion and fuel structure was conducted in these treatment plots as
described below. Less intensive sampling was done in the
adjacent untreated vegetation with the goal of broadly charac-

terising the characteristics of the vegetation before treatment.
These control plots were 2� 100 m and were placed adjacent to
the treatment plots, 1 m inside the untreated vegetation to avoid

edge effects. Site variables recorded were GPS location, eleva-
tion, aspect and incline.

Species composition in treatments was determined by

recording cover and density of individual species within each
of the 1-m2 quadrats and listing additional species present in the
rest of the 100-m2 subplot. Cover was visually estimated and
density was either counted or, when there were more than 30

individuals in the quadrat, estimated. Seedlings and resprouts
were recorded separately. Species composition in controls was
recorded in 1-m2 quadrats placed every 10 m. Intensive fuel

studies were not feasible for the controls, rather the objective
was to collect height and cover values for each shrub species and
use these data to estimate biomass from published fuel models.

To do this we used a 2-m2 quadrat placed every 10 m and
recorded height and cover of the dominant shrubs present in the
untreated vegetation. Stem samples from two obligate seeding
individuals were collected from each control to determine

pre-treatment stand age (Keeley 1993). Plant nomenclature
followed Hickman (1993).

Fuel structure in treatments was determined using a destruc-

tive plot-based method similar to Kane et al. (2009), with three
0.5-m2 plot frames placed along the outer edge of each of the
five odd-numbered treatment subplots. Dead and downed fuels

were collected at 3 m, herbaceous fuels and litter were collected
at 7 m and live woody fuels were collected at the first intercept
along the 10-m subplot. Average depth and height of each fuel

class was recorded and all fuels containedwithin each plot frame
were collected. Fuels intersecting the framewere cut so that only
the material within the boundary was retained. Dead woody
fuels were separated into 1-, 10-, 100- and 1000-h fuel classes

with irregular-shaped particles being measured at the narrowest
diameter (Kane et al. 2009). Herbaceous and litter fuels were
separated into live and dead classes, with live woody fuels

making up the final class. All collected fuelswereweighed in the
field to the nearest gram using hanging scales. A sample from
each fuel class was bagged, weighed in the field, oven dried at

the laboratory, and then reweighed to obtain fuel moisture. Final
fuel masses were corrected for fuel moisture and expressed as
oven dry weight. For treatments, cover was estimated for intact

live woody fuel, herbaceous fuel, treatment debris and bare
ground.

Analysis

Intensive study of fuels in the treatment plots was done by
categorising fuels into one of four components: deadwoody fuels

comprising 1-, 10-, 100- and 1000-h fuel classes, dead herba-
ceous and litter fuels, live woody fuels and live herbaceous fuels.
For comparison, crude estimates of fuel structure in adjacent

control plots were made using the Fuel Characteristic Classifi-
cation System (FCCS 2.2) (Prichard et al. 2013). Customised
fuel loads in FCCS were obtained by choosing a model with the
same cover type (i.e. chamise chaparral) and then inputting the

height and percentage cover of each species present.
Fuel characteristics were summarised at the site level and

descriptive statistics were calculated by treatment, vegetation

type and time since treatment. Data by vegetation were grouped
into burned and unburned treatments due to insufficient sample
sizes within crushed and re-masticated treatments. Data assump-

tions of normality and equal variance were tested using Shapiro–
Wilk and Levene tests, respectively, and when necessary, data
were log or square root transformed to meet assumptions.

Analysis of variance (ANOVA)was used to compare differences
in fuel components between treatment types, vegetation types
and time since treatment. Post hoc pairwise comparisons for
significant ANOVA results (P, 0.05) were conducted using the

Gabriel test to determine differences within fuel components by
the specified factor.When the assumptions ofANOVAcould not
be met, a nonparametric Kruskal–Wallis test was employed.

Post hoc comparisons for significant Kruskal–Wallis results
(P, 0.05) were with Mann–Whitney tests. The Gabriel and
Mann–Whitney tests were chosen because they both allow for

comparisons between uneven sample sizes. Bivariate regression
analyses were conducted using the ordinary least-squares model
to determine if there were significant relationships (P, 0.05)
between fuel components and independent site variables.
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Treatments were compared with controls using the available
live woody and live herbaceous fuel components. Paired t-tests
were conducted to statistically determine significant differences

between treated and untreated vegetation by treatment type,
vegetation type and time since treatment. Differences between
matched pairs were calculated and checked for normality using

the Shapiro–Wilk test and were square root or log transformed
when necessary. Proportions of the treatment to controls were
calculated for each fuel component and ANOVA was used to

compare the proportions to determine significant differences in
treatment recovery by treatment type, vegetation type and time
since treatment. Nonparametric data and post hoc tests for
controls were managed in the same manner as for treatments.

Bivariate regression analyses were conducted using the ordinary

least-squares model to determine if there were significant
relationships (P, 0.05) between the recovery of fuel compo-
nents and time since treatment.

Results

Fuel structure and composition in treatments

Each of the four treatment types altered stand structure by
converting live woody fuels to a compacted bed of downed
woody fuels at the surface. Fuel bed components exhibited
substantial site-to-site variability reflected in the ranges (Fig. 3)

and standard deviations (Table 1). Total fuel load, which
included live and dead components, was highest in crushed
treatments with an average mass of 30.5 Mg ha�1. The average
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Fig. 3. Comparison of downed woody, live woody and herbaceous fuel components by treatment type.
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total fuel load in masticated treatments was 26.2 Mg ha�1,
whereas second-entry treatments of re-mastication and masti-
cation plus burning had significantly lower average total fuel

loadmasses of 17.1 and 10.4Mg ha�1, respectively (P, 0.001).
Live woody mass and cover were not statistically different
between treatments and averaged 6.0 Mg ha�1and 49%,

respectively, across all treatment types (Fig. 3). Live woody
height, in comparison, was significantly different between
masticated and crushed treatments; the latter were three-

quarters that of masticated treatments.
Herbaceous fuels were more variable and exhibited signifi-

cant differences between treatment types for both the live and
dead fractions (Table 1). Dead herbaceous and littermasswas on

average 2–3 times higher in masticated and re-masticated
treatments and was significantly different from treatments that
were masticated plus burned (Fig. 3). Live herbaceous cover,

alternatively, was highest in treatments that were masticated
plus burned and lowest in single-entry mastication treatments
with an average of 10–16% less cover than all other treatment

types. Live herbaceous mass, on the other hand, was not
significantly different between treatment types.

The largest differences between treatments were in the

downed woody fuels. As a proportion of the total fuel load,
these ranged widely across treatments and accounted for 76, 64,
55 and 19% of the total fuel load in crushed, masticated,
re-masticated and masticated-plus-burned treatments, respec-

tively. Significant differences were observed between treatment
types in average cover, depth and mass (Table 1). Down-woody
cover was highest in masticated and crushed treatments and on

average covered,45% of the ground surface (Fig. 3); however,
this component in second-entry treatments had significantly less
cover. Downed woody depth was statistically the deepest in

crushed treatments and was approximately two times deeper
than in masticated treatments, three times deeper than

in re-masticated treatments and six times deeper than in
masticated-plus-burned treatments. Downed woody depth was
significantly correlated with downed woody mass (r2¼ 0.62,

P, 0.001) and thus a similar trend was observed with crushed
treatments having the highest average downed woody mass and
masticated-plus-burned treatments the lowest.

A further analysis of downed woody mass by fuel size
revealed significant differences between treatment types for
all size classes except 1000-h fuels, which were relatively rare

and never accounted for more than 7% by mass (Table 1). The
lowest average masses of 1-, 10- and 100-h fuels were in
masticated-plus-burned treatments, which were significantly
different from all other treatments (Fig. 3). One-h fuel masses

did not differ significantly across unburned treatment types,
whereas re-masticated treatments had significantly lower
masses of 10-h fuels in comparison with crushed treatments.

One hundred-h fuels, conversely, had significantly higher
masses in crushed treatments. All treatments, nevertheless, were
proportionally dominated by the 10-h fuel size class, which

accounted for 43–54% of the total downed woody fuel
load (Fig. 4).

Effects of other variables on fuel components

Site and stand characteristics were assessed to evaluate potential
effects on mechanical treatments; significant correlations were
found between various fuel components and pre-treatment stand

age, vegetation type and time since treatment. Bivariate
regression analyses identified weak positive relationships in
mastication treatments between pre-treatment stand age and

both downed woody mass and cover (r2¼ 0.08 and 0.06,
respectively, P, 0.001). In contrast, masticated-plus-burned
treatments exhibited negative relationships between pre-

treatment stand age and live woody mass (r2¼ 0.27, P, 0.001)
and between pre-treatment stand age and dead herbaceous litter

Table 1. Summarised fuel bed characteristics by treatment type

ANOVA results for comparisons between treatment types with post hoc results indicated by superscripts. Values sharing superscripts (a and b) within rows are

not significantly different (P. 0.05). Median (Mdn), mean and standard deviation presented M(s.d.)

Crushed (n¼ 12) Masticated (n¼ 149) Re-masticated (n¼ 14) Masticated & burned (n¼ 19)

ANOVA (p) Mdn M(s.d.) Mdn M(s.d.) Mdn M(s.d.) Mdn M(s.d.)

1-h mass (Mg ha�1) ,0.001 4.1 4.0(3.0) a 3.6 4.2(3.1) a 2.3 2.5(1.7) a 0.3 0.6(0.8)

10-h mass (Mg ha�1) ,0.001 9.9 12.1(8.4) a 6.7 8.5(6.3) a 3.1 4.2(3.5) 0.6 1.1(1.2)

100-h mass (Mg ha�1) A ,0.001 5.5 9.1(9.5) 1.8 3.3(4.1) a 1.2 1.9(2.1) a 0.0 0.5(1.2)

1000-h mass (Mg ha�1) – 0.0 1.9(3.8) a 0.0 0.4(1.7) a 0.0 0.1(0.4) a 0.0 0.0(0.0) a

Downed woody

mass (Mg ha�1)

,0.001 22.7 27.1(22) a 14.0 16.5(11.6) ab 7.7 8.8(5.1) b 1.6 2.2(2.6)

Downed woody depth (cm) ,0.001 11.1 11.9(4.9) 6.0 6.6(2.9) 4.6 4.4(1.1) 1.8 1.8(0.6)

Downed woody cover (%) A ,0.001 42.3 41.2(15.2) ab 50.0 48.3(19.9) a 33.8 33.7(21.8) b 5.6 9.9(11.2)

Live woody mass (Mg ha�1) – 6.3 7.5(4.6) a 6.9 7.7(4.8) a 4.9 6.2(4.4) a 5.7 6.4(4.3) a

Live woody height (m) 0.038 0.8 0.8(0.2) b 1.1 1.1(0.4) a 1.1 1.0(0.3) ab 0.9 0.9(0.3) ab

Live woody cover (%) – 44.2 42.7(15.7) a 50.7 49.4(16.6) a 41.9 42.4(16.9) a 39.5 43.8(19.3) a

Dead herbaceous litter

mass (Mg ha�1)

A ,0.001 0.2 0.4(0.4) ab 0.6 1.0(1.1) a 0.6 0.8(0.7) a 0.1 0.3(0.5) b

Live herbaceous

mass (Mg ha�1)

– 0.4 0.5(0.4) a 0.5 1.0(1.4) a 1.1 1.4(1.4) a 1.1 1.5(1.5) a

Live herbaceous cover (%) ,0.001 34.7 36.0(15.9) a 19.0 21.8(16.9) b 30.2 31.7(17.5) ab 38.2 37.6(22.5) a

AKruskal–Wallis test used due to failed assumptions of ANOVA.
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mass (r2¼ 0.25, P, 0.001). No relationships between pre-
treatment stand age and fuel structure were identified for either
crushing or re-masticated treatments.

An ANOVA revealed several significant differences in fuel
structure between vegetation types across unburned treatment
types (Table 2). Average downed woody mass and cover were

highest in treated Arctostaphylos spp. and Quercus spp. stands
and lowest in A. fasciculatum and Ceanothus spp. stands.
Arctostaphylos spp. stands, in particular, were significantly

different from Ceanothus spp. stands and on average had twice
the downedwoodymass and 1.5 times the downedwoody cover.
Live woody fuels were not significantly different between
vegetation types in average mass, yet significant differences

were observed for both live woody height and cover. Ceanothus
spp. and Quercus spp. treatments had the highest average

heights and covers, Arctostaphylos spp. and A. fasciculatum

treatments had the lowest average heights, and A. sparsifolium

and mixed chaparral treatments had the lowest average covers.

Dead herbaceous litter fuels were also the highest in Ceano-
thus spp. and Quercus spp. treatments with masses that were
significantly 2–3 times those observed in A. sparsifolium and

A. fasciculatum treatments. Live herbaceous fuel mass, on the
other hand, was highest in A. fasciculatum and Ceanothus spp.
and lowest in A. sparsifolium. On average, treated stands of both

A. fasciculatum and Ceanothus spp. had three times the live
herbaceous fuel mass observed in A. sparsifolium treatments,
which conversely had the highest live herbaceous cover.
A. sparsifolium and mixed chaparral treatments had an average

of 50% more live herbaceous cover than Arctostaphylos

spp. treatments.
A comparison of fuel components by time since treatment,

within individual treatment types, also identified several
significant differences. All live and dead fuel components for
masticated treatments, with the exception of live herbaceous

mass, exhibited a significant difference between at least two
separate time-since-treatment years (Table 3) (see Appendix 1,
Tables A1 and A2 for post hoc results). Bivariate regression

analyses further identified positive and negative relationships by
time since treatment for live woody and downed woody fuel
components, respectively (Fig. 5). These trends do not imply that
fuel components within specific treatments increased or

decreased over time, they simply show a relationship where time
since treatment explains a percentage of the variation observed in
the dependent variable. Herbaceous fuels, which exhibited sig-

nificant differences in components between time-since-treatment
years, did not reveal any relationships with time since treatment.

Analyses of the other treatments showed less variation

in downed woody fuel components by times-since-treatment

Table 2. Post hoc comparison of crushed, re-masticated-plus-burned treatment

ANOVA results presentedwithmean and standard deviation (s.d.) formass (Mgha�1), cover (%), height (m) and depth (cm) by fuel component. Values sharing

superscripts (a, b, c, d) within rows are not significantly different (P. 0.05)

All unburned treatment types

ANOVA

(p)

Adenostoma

fasciculatum

n¼ 31

Adenostoma

sparsifolium

n¼ 13

Arctostaphylos

spp.

n¼ 18

Ceanothus

spp.

n¼ 22

Chaparral

mix n¼ 78

Quercus

spp.

n¼ 10

1-h mass – 3.7(2.1) a 3.8(2.0) a 5.3(3.6) a 3.4(4.1) a 4.4(3.1) a 4.4(2.2) a

10-h mass ,0.001 6.0(4.8) bc 9.5(6.9) ac 13.9(8.1) a 4.7(4.4) b 8.6(5.6) c 10.4(6.9) abc

100-h mass – 2.3(5.0) a 3.4(3.3) a 4.1(4.3) a 2.3(4.1) a 3.5(3.5) a 5.6(6.3) a

1000-h mass – n/a n/a 0.5(1.3) a n/a 0.7(2.3) a 1.3(2.5) a

Downed woody mass 0.046 12.0(10.8) ab 16.7(8.3) ab 23.8(14.7) b 10.4(10.3) a 17.2(10.4) b 21.7(14.1) ab

Downed woody depth – 5.3(1.9) a 7.4(2.7) a 6.6(2.7) a 6.0(3.4) a 7.0(3.0) a 7.8(3.0) a

Downed woody cover 0.003 42.6(19.6) a 52.2(16.1) ab 62.2(18.1) b 39.3(19.4) a 47.1(19.3) a 59.2(18.4) ab

Live woody mass – 7.0(3.6) a 7.6(4.1) a 9.2(5.3) a 8.1(4.1) a 7.1(5.2) a 10.3(4.7) a

Live woody height 0.001 1.0(0.3) a 1.2(0.4) ab 0.9(0.3) a 1.3(0.4) b 1.1(0.4) ab 1.3(0.3) ab

Live woody cover 0.020 50.4(17.0) ab 43.4(10.7) ab 51.1(19.6) ab 59.5(16.1) a 46.3(16) b 54.2(14.7) ab

Dead herbaceous

litter mass

A ,0.001 0.5(0.6) a 0.6(0.6) a 1.2(1.2) ab 1.5(1.4) b 1.0(1.0) ab 1.6(1.1) b

Live herbaceous mass A ,0.048 1.2(1.9) a 0.4(0.4) b 0.9(1.7) a 1.2(1.5) a 1.1(1.2) a 0.7(0.8) ab

Live herbaceous

cover

0.009 19.2(15.3) ab 26.8(20.4) ab 13.5(16.4) a 19.8(15.4) ab 25.3(16.6) b 16.3(15.2) ab

AKruskal–Wallis test used due to failed assumptions of ANOVA.
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(Table 3). Crushed treatments led to significant differences
within live woody fuel components but not within herbaceous
fuel components, whereas re-masticated treatments exhibited

less variation across all fuel components. Masticated-plus-

burned treatments, in contrast, exhibited significant differ-
ences by time since treatment within all live woody fuel
components, as well as both live and dead herbaceous mass.

Live woody mass and cover were positively correlated with

Table 3. Comparison of fuel components within treatment types by available time since treatment (years)

Results fromANOVA (p) and regression analyses (r2) significant at,0.05. Direction of regression relationship is indicated byþ or –. See Appendix 1, Tables

A1 and A2 for post hoc results.

Crushed Masticated Re-masticated Masticated & burned

(2 and 4) (1–8) (1, 3 and 4) (1, 2 and 5)

p r2 p r2 p r2 p r2

1-h mass – n/a ,0.001 0.31 – – – – –

10-h mass – n/a ,0.001 0.37 – – – – –

100-h mass – n/a ,0.001 – – – – –

1000-h mass – n/a – – – – n/a n/a

Downed woody mass – n/a ,0.001 0.34 – – – – –

Downed woody depth – n/a ,0.001 0.12 – – – – –

Downed woody cover 0.007 n/a ,0.001 0.17 – 0.014 0.36 – – –

Live woody mass 0.023 n/a ,0.001 0.15 þ – – ,0.001 0.73 þ
Live woody height A0.037 n/a ,0.001 0.26 þ A0.007 0.44 – A0.007 –

Live woody cover 0.001 n/a ,0.001 0.26 þ – – A0.010 0.45 þ
Dead herbaceous litter mass – n/a A0.003 – – – ,0.001 –

Live herbaceous mass – n/a – – – – 0.036 0.34 –

Live herbaceous cover – n/a A0.016 – – – – 0.22 –

AKruskal–Wallis test used due to failed assumptions of ANOVA.
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time since treatment, whereas live herbaceous mass and cover
were negatively correlated.

Comparison with untreated vegetation

Paired t-tests of treatments and controls showed that treatments
were significantly different from controls for all live woody and

herbaceous fuel components by treatment type (P, 0.001) and
vegetation type (P, 0.05). Treatments were also significantly
different from controls by time since treatment for all treatment

types except mastication plus burning (Fig. 6.) Time-since-
treatment years 1 and 2, in masticated-plus-burned treatments,
were significantly different from controls, whereas year 5
showed no statistical differences in livewoodymass, livewoody
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cover or live herbaceous cover. Live woody height, however,

was still significantly different from controls at year 5.
Calculations of the proportion of live woody fuel in treat-

ments compared with controls found no statistical differences in

the recovery of cover, height and mass by treatment type or
vegetation type (Table 4). Average live woody cover and height,
in general across all treatment types, was around half of the

average cover and height observed in controls. Average live
woody mass was also around half of the FCCS calculated
live woody mass for controls. The proportion of live herbaceous
cover in treatments compared with controls, conversely, was

significantly different by treatment type (Table 4). Masticated
and crushed treatments, on average, had 12 times the live
herbaceous cover observed in controls, whereas re-masticated

and masticated-plus-burned treatments had 20 times the live
herbaceous cover observed in controls. No differences, how-
ever, were found by vegetation type.

Neither vegetation type nor treatment type alone affected live
woody recovery in treatments. On the other hand, more detailed
analysis by treatment type, as well as time since treatment, did

identify differences between the proportions of live woody fuel
characteristics in treatments compared with controls, for all
treatment types except re-mastication (Table 5) (see Appendix 1,
Table A3 for post hoc results). Proportions of live woody cover

and livewoodyheight formasticated andmasticated-plus-burned
treatments exhibited positive relationships with time since

treatment. These relationships, however, were much stronger

for masticated-plus-burned treatments, which also exhibited a
significantly strong positive relationship with live woody mass.
Proportions of live herbaceous cover, alternatively, were only

significantly different between time-since-treatment years in
masticated-plus-burned treatments, where they exhibited a
significant negative relationship with time since treatment.

Discussion

In this southern California chaparral study, all fuel treatment

types significantly altered fuel structure and composition in
comparison with untreated vegetation. The resultant fuel
structures and composition, however, varied by treatment type

with significant differences in downed woody fuel components
and live herbaceous cover. A comparison of downed woody fuel
characteristics in our study to those in previous studies in mas-

ticated chaparral showed similar average fuel depths with
seemingly different average fuel loads. A study in northern
California reported a range of downed woody fuel loads from

23–64 Mg ha�1 with depths of 3–8 cm (Kane et al. 2009), and
a study in southern California, reported average fuel load
and depth of 29 Mg ha�1 and 3 cm (Reiner and Decker 2009).
Single-entry mastication treatments in our study had an average

downed woody fuel depth of 6 cm with a substantially lower
average fuel load of 17 Mg ha�1. Re-masticated treatments

Table 4. Comparison of proportion of treatment to control by treatment type and vegetation type

ANOVA results presented (p) with mean and (standard deviation). Post hoc results indicated by superscripts. Values sharing the same letter (a, b) within

columns are not significantly different (P. 0.05)

Live woody cover (%) Live woody height (m) Live woody mass (Mg ha�1) Live herbaceous cover (%)

Treatment type (p) – – – 0.027

Crushed 0.48(0.17) 0.50(0.16) 0.49(0.30) 12.0(11.4) a

Masticated 0.56(0.18) 0.42(0.15) 0.45(0.24) 11.8(9.5) ab

Re-masticated 0.47(0.20) 0.49(0.21) 0.39(0.36) 20.4(19.0) b

Masticated & burned 0.55(0.28) 0.48(0.17) 0.56(0.44) 19.6(14.5) b

Vegetation type (p) – – – –

Adenostoma fasciculatum 0.61(0.25) 0.53(0.17) 0.52(0.33) 12.9(11.9)

Adenostoma sparsifolium 0.51(0.12) 0.52(0.19) 0.58(0.32) 11.8(9.9)

Arctostaphylos spp. 0.56(0.21) 0.48(0.13) 0.58(0.31) 11.5(10.3)

Ceanothus spp. 0.61(0.17) 0.48(0.18) 0.35(0.27) 12.4(15.2)

Chaparral mix 0.51(0.19) 0.48(0.16) 0.46(0.30) 14.7(13.1)

Quercus spp. 0.55(0.15) 0.44(0.17) 0.61(0.38) 9.2(11.1)

Table 5. Comparison of proportion of treatment to control by treatment type and available time since treatment (years)

Results from ANOVA (p) and regression analyses (r2) significant at,0.05. Direction of regression relationship is indicated byþ or –. Note: See Appendix 1,

Table A3 for post hoc results

Crushed Masticated Re-masticated Masticated & burned

(2 and 4) (1–8) (1, 3 and 4) (1, 2 and 5)

p r2 p r2 p r2 p r2

Live woody cover 0.001 n/a ,0.001 0.26 þ – – A0.012 0.58 þ
Live woody height 0.045 n/a 0.001 0.09 þ – – ,0.001 0.74 þ
Live woody mass 0.006 n/a 0.003 – – – ,0.001 0.88 þ
Live herbaceous cover – n/a – – – – 0.002 0.48 –

AKruskal–Wallis test used due to failed assumptions of ANOVA.
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averaged 5 cm in depth with a fuel load of 9 Mg ha�1, whereas
crushed treatments, had a deeper average downed woody fuel
depth of 12 cm, with a more similar average fuel load of

27 Mg ha�1.
Mastication field data for both of the abovementioned studies

were collectedwithin the first 3 years following treatment (Kane

et al. 2009; Reiner and Decker 2009), whereas our mastication
data spanned a post-treatment period of 8 years. Data from our
crushing treatments were from 2-and 4-year-old treatments and

thus were more comparable. A calculation of average downed
woody fuel load using a subset of our data from 1–3-year-old
treatments, on the other hand, more closely resembled the
findings from these other studies with an average mass of

24 Mg ha�1. Masticated-plus-burned treatments had the lowest
average downed woody fuel depths (1–3 cm) with average fuel
loads in the range 1–10 Mg ha�1. These results were similar to

observations from a study in masticated-plus-burned ponderosa
pine with a shrub-dominated midstorey, which reported an
average fuel depth of 4 cm and an average mass at just under

10 Mg ha�1 (Kane et al. 2010; Knapp et al. 2011).
To date, most studies have focussed primarily on changes in

fuel structure based on various woody-fuel components. The

increase of herbaceous fuels, however, also plays a role in
changing the structure and composition of fuels at the surface.
Herbaceous fuels are finer and more flammable, and they
increase surface fuel depths as well as fuel continuity. Results

from our study show significant increases in herbaceous fuels
following all treatment types, which was also observed in
northern California chaparral (Kane et al. 2009; Potts and

Stephens 2009) and in ponderosa pine with a shrub-dominated
midstorey (Kane et al. 2010). Mastication treatments in mixed-
conifer and forest-dominated systems, in contrast, tended to

have increased, but lower herbaceous fuel loads following
treatment than shrub-dominated sites (Kane et al. 2009; Reiner
and Decker 2009; Wolk and Rocca 2009; Battaglia et al. 2010).

Treatment longevity

Treatment longevity is a concern with any fuel treatment. More
recently, however, it has become a pressing issue as the cost to

prevent, mitigate and suppress wildfires continues to increase
(NIFC, 2013). A complication in determining treatment lon-
gevity is that it is subjective and dependent on individual veg-

etation management objectives. For instance, the goal for one
forest was to maintain chaparral in a seral stage across large
areal treatments, and the goal for another was to permanently

type-convert treatment areas along ridgeline fuelbreaks. The
specific objectives of each treatment varied; some specified a
percentage of cover to be retained or species to be avoided,
whereas others focussed on complete alteration of all fuels. Each

of these factors affects the resultant fuel structure and perceived
longevity of a given treatment.

Despite these differing management objectives, our results

showed that recovering live woody fuel was the most important
factor determining treatment longevity. Chaparral ecosystems,
which are prone to periodic wildfires, have a large number of

species that are able to resprout from basal underground struc-
tures when damaged (Keeley 2001). These obligate resprouting
species require no establishment period and do not appear to be
hindered by downed woody debris cover (Kane et al. 2010).

These results are similar to those of several other studies that
have also concluded that the primary limiting factor of long-
term effectiveness in mechanical treatments is the rapid recov-

ery of live woody fuels (Schwilk et al. 2009; Kane et al. 2010;
Potts et al. 2010; Kreye et al. 2014b; Kreye and Kobziar 2015).

Our analysis by time since treatment also revealed some

interesting differences in shrub recovery between treatment
types. Masticated-plus-burned treatments had the strongest
relationship between live woody recovery variables and time

since treatment and were similar to controls at post-treatment
year 5. Live woody recovery variables in single-entry mastica-
tion treatments, on the other hand, had weaker, positive relation-
ships with time since treatment and when compared with

masticated-plus-burned treatments at post-treatment year 5
showed 30% less recovery in plant cover and 14% less recovery
in height. This implies that masticated-plus-burned treatments

will have a shorter effectiveness period than single-entry masti-
cation treatments. Crushed treatments were similar in recovery
to single-entry mastication treatments at post-treatment year 4,

indicating similar longevity, whereas re-masticated treatments
had 18% less recovery of both live woody cover and height.
These results suggest that masticated-plus-burned treatments

will have the shortest longevity, whereas re-masticated treat-
ments will have the longest. It should also be noted that
re-masticated treatments had the highest proportion of herba-
ceous cover in comparison to controls with no relationship

between live woody recovery and time since treatment. These
results indicate that re-masticated treatments are showing signs
of type conversion, which may or may not be a desired result

depending on management objectives.

Management implications

Although it is clear that mastication and crushing treatments
reduce canopy height and create densely compacted fuel beds, it
should not be overlooked that there are drawbacks and concerns
to using these treatments widely across landscapes. One of the

primary alterations to fire behaviour in masticated fuel beds is
long-duration combustion. When densely compacted fuel beds
are subjected to longer duration combustion, heat energy can be

re-directed to the underlying soil, potentially damaging under-
ground plant structures (Busse et al. 2005; Kreye et al. 2012),
and depleting native plant seed banks (Kane et al. 2009). This in

turn can lead to non-native plant establishment and vegetative
community changes (Keeley et al. 2008; Kane et al. 2009;
Keeley and Brennan 2012). Residual flaming and smouldering

can also complicate fire behaviour, leading to fire control issues
(Knapp et al. 2011; Kreye et al. 2014a) and emission problems
due to increased smouldering consumption (Reinhardt et al.
1997; Ottmar 2014).

In addition, alterations in fuel structure from a 2–3-m high
homogenous live canopy to a compacted layer of dead fuels less
than 10 cm increases solar radiation input and surface winds,

which in turn decrease fuel moisture (Agee and Skinner 2005).
Recent studies have identified reduced fuel moisture in masti-
cated treatments as a primary driver of increased flame length,

rate of spread and fireline intensity (Knapp et al. 2011; Kreye
et al. 2011; Brewer et al. 2013; Kreye et al. 2013). Climatic
variables specific to southern California, including hot sum-
mers, prolonged drought periods and Santa Ana wind events,
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exacerbate decreased fuel moistures, which may intensify fire
behaviour in these treatments.

A further complication of the widespread use of mechanical

treatments is the increase in both native and non-native herba-
ceous fuels. Non-native species, and in particular non-native
annual grasses, are highly flammable species that tend to cure

earlier in the season than native plants and thereby shorten
the length of time during which fuel moisture may inhibit fire
ignition potential (Keeley 2001; Brooks et al. 2004). Careful

consideration should go into using these treatments at the
wildland–urban interface where sources for ignition are the
greatest (Syphard and Keeley 2015). Further details and discus-
sion are available in the Supplementarymaterial, available online.

Conclusions

Increased use of mechanical treatments in chaparral, especially
at the wildland–urban interface, warrants the need for more
intensive research to better understand fire behaviour in these

altered- fuels landscapes. Consequences of not understanding
the effects of treatments over time are potentially serious, posing
a risk to human safety as well as natural resources. Empirical

data from studies evaluating the effects of mastication on actual
fire behaviour are needed to create and validate masticated fuel
models that can accurately predict fire behaviour in these
complicated fuel structures.Managers in turnwould then be able

to integrate this information into fuels management decisions.
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Appendix 1. Post hoc results from ANOVA analyses

Table A1. Post hoc comparison of masticated treatments by time since treatment (TST)

ANOVA results presentedwithmean and standard deviation (s.d.) formass (Mg ha�1), cover (%), height (m) and depth (cm) by fuel component.Values sharing

superscripts (a, b, c, d) within rows are not significantly different (P. 0.05)

Masticated

TST (year) 1 2 3 4 5 6 7 8

ANOVA (p) (n¼ 12) (n¼ 29) (n¼ 18) (n¼ 26) (n¼ 36) (n¼ 7) (n¼ 9) (n¼ 12)

1-h mass ,0.001 7.4(4.0) a 5.2(2.0) a 6.5(4.3) a 4.3(2.5) ab 2.5(1.3) c 2.7(2.5) bc 2.0(1.6) c 2.5(2.1) bc

10-h mass ,0.001 16.4(8.6) a 13.3(5.7) a 8.9(4.2) ab 8.7(6.1) bc 5.1(3.0) cd 5.4(4.6) bcd 5.3(3.7) bcd 3.1(2.4) d

100-h mass ,0.001 7.3(4.4) a 5.5(5.8) ab 2.3(2.8) bc 2.8(2.7) abc 2.0(2.6) c 0.8(1.1) c 2.7(4.2) abc 3.5(4.5) abc

1000-h mass – 3.1(8.2) a 0.8(2.7) a 0.1(0.2) a 0.7(2.1) a 0.2(0.9) a 1.1(2.9) a 0.3(0.8) a 0.0(0.0) a

Total downed

woody mass

,0.001 34.1(15.9) a 24.7(11.2) ab 17.8(9.0) bc 16.5(10.5) cd 9.7(5.5) d 10(6.4) cd 10.3(7.6) cd 9.1(7.1) cd

Downed woody depth ,0.001 8.1(3.1) a 8.1(3.5) a 6.9(2.9) ab 6.5(2.7) ab 6.1(2.2) ab 4.1(1.4) b 4.7(2.4) b 6.0(2.1) ab

Downed woody cover ,0.001 55.3(20.3) abc 58.6(14.0) a 51.1(17.5) abcd 56.4(19.8) ab 41.5(16.8) cd 33.6(20.1) bcd 36.6(28.0) bcd 33(12.1) d

Live woody mass ,0.001 3.6(2.6) a 5.4(3.3) a 6.7(3.4) ab 10.1(4.5) b 8.5(4.9) b 7.4(1.2) ab 7.0(3.1) ab 11.6(7.5) b

Live woody height ,0.001 0.7(0.3) a 1.0(0.4) ab 1.0(0.3) b 1.0(0.3) ab 1.2(0.3) b 1.2(0.4) bc 1.3(0.3) bc 1.6(0.5) c

Live woody cover ,0.001 32.6(18.4) a 37.9(13.1) a 48.8(14.2) ab 55.4(15.2) bc 50.5(12.5) b 59.6(11.3) bc 55.2(18.1) bc 67.7(9.8) c

Dead herbaceous

litter mass

A0.003 0.7(0.9) a 0.6(0.8) a 0.6(0.4) a 1.0(1.0) ab 1.1(1.0) a 0.9(0.5) ab 1.6(1.2) ab 2.2(1.8) b

Live herbaceous mass – 1.2(1.6) a 1.2(1.2) a 1.2(1.4) a 0.8(1.5) a 1.0(1.5) a 0.5(0.4) a 0.8(0.5) a 1.1(1.7) a

Live herbaceous cover A0.016 18.6(14.6) ab 25.8(17.0) b 22.9(16.2) ab 13.4(16.1) a 27.3(18.2) b 23.1(15.5) ab 18.2(9.4) ab 16.6(16.1) ab

AKruskal–Wallis test used due to failed assumptions of ANOVA.

Table A2. Post hoc comparison of crushed, re-masticated and masticated plus burned treatments by time since treatment (TST)

ANOVA results presentedwithmean and standard deviation (s.d.) formass (Mg ha�1), cover (%), height (m) and depth (cm) by fuel component.Values sharing

superscripts (a, b, c, d) within rows are not statistically different (P. 0.05)

Crushed Re-masticated Masticated & burned

TST (year) 2 4 1 3 4 1 2 5

ANOVA (p) (n¼ 6) (n¼ 6) (p) (n¼ 1) (n¼ 7) (n¼ 6) (p) (n¼ 9) (n¼ 5) (n¼ 5)

1-h mass – 4.7(2.8) 3.4(3.4) – 5.1 a 2.3(0.9) a 2.7(2.1) a – 0.4(0.6) a 0.6(0.8) a 0.9(1.1) a

10-h mass – 12.9(7.3) 11.3(9.9) – 13.0 a 3.4(1.8) a 6.2(6.8) a – 0.6(0.7) a 1.5(1.4) a 1.5(1.8) a

100-h mass – 11.1(9.9) 7.0(9.7) – 0.0 a 2.0(2.4) a 2.8(1.8) a – 0.0(0.0) a 0.8(1.9) a 1.0(1.4) a

1000-h mass – 0.7(1.6) 3.2(5.0) – 0.0 a 0.2(0.6) a 7.1(13.4) a n/a 0.0(0.0) a 0.0(0.0) a 0.0(0.0) a

Downed woody mass – 29.3(18.9) 24.9(26.4) – 18.2 a 7.9(4.2) a 18.9(17.2) a – 1.1(1.2) a 3.0(2.6) a 3.5(3.9) a

Downed woody depth – 13.7(4.2) 10.1(5.4) – 5.4 a 4.0(1.2) a 6.9(12.2) a – 1.8(0.7) a 1.6(0.6) a 1.9(0.7) a

Downed woody cover 0.007 51.8(9.5) 30.5(12.1) 0.014 85.5 28.6(13.0) a 27.3(17.1) a – 4.7(4.6) a 17.2(16.1) a 11.9(11.6) a

Live woody mass 0.023 4.8(1.7) 10.3(5.1) – 7.2 a 5.2(3.7) a 7.2(4.8) a ,0.001 2.8(1.3) 7.3(1.5) 11.9(3)

Live woody height A0.037 0.7(0.2) 0.9(0.2) A0.007 1.2 a 1.2(0.2) a 0.7(0.1) A0.007 0.7(0.1) 1.2(0.1) a 1.0(0.4) a

Live woody cover 0.001 30.4(9.9) 55.0(9.8) – 46.5 a 41.5(21.1) a 39.0(14.7) a A0.010 31.0(8.9) a 48.1(10.9) ab 62.5(23.9) b

Dead herbaceous

litter mass

– 0.4(0.4) 0.4(0.3) – 2.1 a 0.6(0.2) a 1.1(0.9) a ,0.001 0.1(0.1) a 0.8(0.7) b 0.3(0.3) ab

Live herbaceous mass – 0.4(0.3) 0.6(0.5) – 0.2 a 1.4(1.0) a 1.1(1.7) a 0.013 2.1(1.8) a 1.5(1.0) ab 0.4(0.4) b

Live herbaceous cover – 33.8(21.2) 38.1(9.8) – 30.3 a 39.9(16.9) a 24.9(17.8) a – 43.8(16.0) a 37.6(19.2) a 26.5(34.2) a

AKruskal–Wallis test used due to failed assumptions of ANOVA.
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