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Abstract

Questions: What were the characteristics of pre-Anglo-American (reference)

forests before logging, grazing and fire exclusion, and how have they changed?

What were the structural characteristics of canopy and surface fuels and poten-

tial fire behaviour in reference forests, and how do they compare to contempo-

rary forests? How might information from reference conditions be used to

inform current restoration andmanagement practices?

Location: Lake Tahoe Basin in the Sierra Nevada, California and Nevada, USA.

Methods: Tree species composition, size structure, basal area, density, surface

and canopy fuels, and potential fire behaviour were quantified for reference and

contemporary conditions in 32 stands. This was accomplished by integrating

field measurements and dendroecological techniques with vegetation and fire

behaviour simulation models.

Results: Contemporary Jeffrey pine and mixed conifer forests had more trees,

more basal area, smaller trees and a different size structure than the reference

forest. Contemporary red fir and lodgepole pine forests also had more and smal-

ler trees, but basal areas were similar to the reference. Red fir forests also shifted

in composition towards lodgepole pine. Vegetation and fire models indicate that

contemporary Jeffrey pine and mixed conifer forests have higher flame length,

rates of spread, lower crowning and torching indices, and more passive crown

fire than the reference forests. In contrast, contemporary red fir and lodgepole

pine forests only had lower crowning and torching indices, and flame length

and rate of spread were only higher with extreme weather and high surface

fuel load.

Conclusions: Contemporary Jeffrey pine and mixed conifer forests deviate the

most from the reference, and restoration objectives for these forests should

emphasize density and basal area reduction of smaller diameter stems. Restora-

tion objectives for red fir should shift species composition and reduce basal area

by thinning smaller diameter lodgepole pine. For lodgepole pine forests, restora-

tion objectives should include reduction of density and basal area of smaller

diameter stems. Fire or other surface fuel treatments will be needed in all the

forests tomaintain lower fuel loads, albeit at different time intervals.

Introduction

Mixed forests of pine (Pinus spp.) and fir (Abies spp.) domi-

nate the lower and upper montane zone of the Sierra

Nevada in California, and these forests have undergone

dramatic change since widespread Anglo-American settle-

ment in the mid-19th century (McKelvey & Johnston

1992; Franklin & Fites-Kaufmann 1996). Forest changes

are related to disruption of natural fire regimes, grazing

and extensive logging, which began as early as the 1850s

and 1860s in the vicinity of gold and silver mining opera-

tions (Strong 1984; Beesley 1996). Fire played a key role in

shaping species composition, stand structure and fuel char-

acteristics (surface and canopy) in these forests before fire

regime disruption in the late 19th or early 20th century.

The reduction in fire frequency is thought to have had a
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greater influence on lower than upper montane forests

(Skinner & Chang 1996; van Wagtendonk & Fites-Kauf-

man 2006). Before fire regime disruption in the Sierra

Nevada and adjacent southern Cascades Mountains, there

was a strong relationship between fire frequency and ele-

vation, and fire return interval lengths in upper montane

forests can be four- or more fold longer than those in lower

montane forests (Taylor 2000; Scholl & Taylor 2006, 2010;

vanWagtendonk & Fites-Kaufman 2006).

Several studies suggest that fire frequency and forest

density in contemporary lower montane forests is outside

the historic range of variability (Morgan et al. 1994; Taylor

2000; North et al. 2007; Beaty & Taylor 2008; Scholl &

Taylor 2010). Historically, these forests burned at low or

moderate severity at intervals of 5–25 yrs (Skinner &

Chang 1996; van Wagtendonk & Fites-Kaufman 2006).

The increase in density and build-up of surface and canopy

fuels has increased the risk of high-severity fires, and in

recent decades the area of lower montane forest burned at

high severity has increased in some areas (Miller et al.

2009, 2012). Managers recognize the need to reduce the

risk of extreme fire behaviour in highly altered forests and

return them to a more fire resilient state (Brown et al.

2004; Graham et al. 2004; Noss et al. 2006). Studies that

compare contemporary and reference forest structure and

fire behaviour have been conducted in a few locations in

the western USA (Ful�e et al. 2004; Brown et al. 2008).

This work has been limited to ponderosa pine (Pinus pon-

derosa Dougl.) forests and has emphasized estimating

changes in forest canopy fuels and potential for crown fire

behaviour. Although limited in application, the approach

provides a strong foundation for guidance and justification

of restoration management. On some public forest lands,

there is an emphasis on managing future forests for condi-

tions similar to those before Anglo-American forest distur-

bance (e.g. logging) and fire regime disruption (hereafter

reference conditions) because these conditions are thought

to decrease the risk of severe fire and increase fire resil-

ience (Christopherson et al. 1996; Arno & Fiedler 2005).

In the Lake Tahoe Basin (LTB) of the northern Sierra

Nevada, forests were heavily logged (1873–1900) soon

after initial Anglo-American settlement to support Com-

stock silver mining in Virginia City, Nevada (Strong 1984).

Most contemporary forests in the LTB established after the

heavy logging, but there are stands of uncut old-growth

forest scattered throughout the basin (Barbour et al.

2002). In the LTB, there is a consensus among public land

managers, citizen stakeholders and natural resource inter-

est groups to reduce fire risk and increase forest resilience

to wildfire via management that restores forests to pre-

Anglo-American conditions (Christopherson et al. 1996;

Elliot-Fisk 1996; Hymanson & Collopy 2010). A recent

wildfire (2007) in the LTB, with >50% of the area burned

at high severity, is thought to reflect forest changes caused

by fire regime disruption and land-use history that increase

forest susceptibility to high-severity fire. To guide and

implement vegetationmanagement, managers need quan-

titative estimates of reference forest characteristics, such as

forest density and basal area, and the characteristics of sur-

face and canopy fuels that influence fire behaviour.

In this study, we quantify the magnitude of change in

forest structure, forest fuels and potential fire behaviour

for forests in the LTB caused by Anglo-American land-use

change. We accomplish this by integrating forest recon-

struction techniques with vegetation and fire behaviour

simulation models (cf. Ful�e et al. 2004; Brown et al. 2008)

to estimate and compare reference and contemporary for-

est structure and forest surface and aerial fuels for the four

most widespread forest types dominated by Abies and Pi-

nus. Specifically, we sought answers to the following ques-

tions: (1) what were the characteristics (e.g. species

composition, density, basal area) of the reference forest?

We expected contemporary forests to have a higher den-

sity and to have a different structure and species composi-

tion compared to the reference due to fire exclusion and

disturbance. (2) What were the characteristics of canopy

and surface fuels and potential fire behaviour in the refer-

ence forest? We expected that surface and canopy fuel

characteristics that influence potential surface and crown

fire behaviour to be higher in contemporary than refer-

ence forest. (3) How can this information be used in vege-

tation management to achieve a restoration goal of

reference period conditions? To answer these questions we

developed new quantitative estimates of surface and can-

opy fuel characteristics and fire behaviour for previously

identified reference and contemporary Jeffrey pine, red fir

and lodgepole pine forests on the east shore of Lake Tahoe

(Taylor 2004). Reference and contemporary forest data for

these stands included only estimates of forest density and

basal area and they were developed from samples of well-

preserved 19th century stumps and contemporary forests

on the same sites. We also develop new estimates of refer-

ence and contemporary forest structure and surface and

canopy fuel characteristics in unlogged old-growth stands

of mixed conifer forests on the west shore of Lake Tahoe

described by Beaty & Taylor (2007). These data are then

synthesized to provide guidance for restoration manage-

ment for the dominant forest types in the LTB.

Methods

Study area

People have been using the forests in the LTB for at least

8,000 yrs. TheWashoemigrated west from the Great Basin

annually to hunt, fish and gather food (Elliot-Fisk 1996;

Lindstr€om 2000). Anglo-Americans first travelled through
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the region in 1844, but the basin was not settled until the

1860s. The discovery of the Comstock Lode silver ore

deposit in 1859 initiated intense logging in the basin to

provide timber for mining operations (Strong 1984). Log-

ging reduced the area of forest by 67% by the end of the

19th century and subsequent 20th century logging

reduced old-growth forests to <2% of the LTB (Barbour

et al. 2002).

The climate in the LTB is characterized by cool, wet win-

ters and warm, dry summers. Most precipitation (80%)

falls as snow in the winter and more precipitation falls on

the west that east shore (Barbour et al. 2002). Mean

monthly temperatures at Tahoe City, California, range

from �2 °C in January to 16 °C in August, and mean

annual precipitation is 78.4 cm.

Forest structure and fuel load in mixed conifer forest

were measured in Sugar Pine Point State Park (Fig. 1,

Appendix S1). Mixed conifer forests (MC) may be co-dom-

inated by any of six species including incense cedar (Caloce-

drus decurrens [Torr.] Florin), sugar pine (Pinus lambertiana

Douglas), Jeffrey pine (Pinus jeffreyi Balf.), red fir (Abies

magnifica A. Murray bis), western white pine (Pinus monti-

colaDouglas ex D. Don) or white fir (Abies concolor [Gord. &

Glend.] Lindl. ex Hildebr.) (Beaty & Taylor 2007). Mixed

conifer stands were sampled on sites that ranged in eleva-

tion from 1948–2109 m a.s.l.

Forest structure and fuel loads in forests that were

logged in the 19th century were sampled in a 2900-ha

area on the east shore of Lake Tahoe, where tree species

distribution is controlled by elevation and soil moisture

(Fig. 1, Appendix S1; Barbour & Minnich 2000). Jeffrey

pine (JP) is the dominant species at low elevations (1900–

2000 m), and mixed forests of Jeffrey pine and white fir

occur above the Jeffrey pine zone. Above 2300 m, Jeffrey

pine–white fir forest is replaced by mixed forests of red fir

and western white pine (RF). Forests dominated by lodge-

pole pine (Pinus contorta var. murrayana Douglas ex Lou-

don; LP) occupy harsh or wet sites above or within the RF

zone. Stands were sampled at elevations ranging from

1980–2620 m. The primary criterion for plot site selection

in logged stands was the presence of a population of well-

preserved cut stumps. Preservation ranged from stumps

with little sap- or heart-wood decay, to moderately

decayed stumps still encased in bark. Site location and

characteristics are given in Fig. 1 and Appendix S1, and

further details on logging dates and fire regimes can be

found in Taylor (2004).

Field sampling

Forest structure

Forest structure and fuel loads in unlogged MC forests

were sampled in 12 plots with various site conditions. All

plots were 50 9 100 m, except two, which were larger

(70 9 100 m) because of low stand density. The plots

were established in 1999, and along with fire scar samples,

were used to examine how fire regimes and forest struc-

ture vary with environmental setting and how fire regimes

influenced tree regeneration (Beaty & Taylor 2007). Site

location and characteristics are given in Fig. 1 and Appen-

dix S1, and further details on fire regimes can be found in

Beaty & Taylor (2007). In each plot, trees (≥5.0 cm diame-

ter at breast height [DBH]), live saplings (>1.4 m tall and

<5.0 cm DBH) and live seedlings (0.5–1.4 m tall and

<5.0 cm DBH) were mapped and measured in 10 9 10 m

grids cells. The condition (live or dead), location (x, y),

DBH, height class (dominant, co-dominant, intermediate,

suppressed) and species of trees and logs ≥ 5 cm DBH

rooted in a cell were recorded. Reference period tree age

structure was determined by coring all trees >40 cm DBH

Fig. 1. Location of study area and forest plots in the Lake Tahoe Basin.

Forest type is indicated by symbol (diamond = Jeffrey pine, cross =

lodgepole pine, circle = mixed conifer, square = red fir).
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to the pith at 30 cm above the soil surface and all trees in

randomly selected 10 9 10 m cells until ≥20% of all trees

in the contemporary forest were cored. In 2010, we re-

measured the plots to collect additional data needed to

reconstruct reference forest characteristics and to measure

forest fuels. In each 10 9 10 m sample grid, we measured

the DBH, height (m), height to dead crown base (m) and

height to live crown base (m) of all live and dead standing

trees. We also recorded the relative height class (dominant,

co-dominant, intermediate, suppressed) of all live and

dead standing trees and visually classified dead trees by

stage and decay class (Maser et al. 1979). Downed logs

weremapped, classified by decay class, identified to species

andmeasured at DBH.

Forest structure in logged stands on the east shore was

sampled in 1996 in a similar manner. Twenty (JP = 11,

RF = 6, LP = 3) 0.5-ha (100 9 50 m) plots were estab-

lished to characterize forest conditions (Fig. 1, Appendix

S1). Forest structure and composition was determined by

measuring andmapping live and dead trees (≥10 cm DBH)

and preserved Comstock period cut stumps in 10 9 10 m

grids established in each plot. Saplings (stems >1.4 m tall

and <10 cmDBH) in each cell were also counted.

Forest fuels

Surface and canopy fuels in MC forests were estimated

using three methods (1) measurement of down and dead

woody fuel using planar intercept transects (Brown 1974);

(2) estimates of down and dead woody fuel using Photo

Series (Blonski & Schramel 1981); (3) estimates of down

and dead woody fuel using the Fire and Fuels Extension of

the Forest Vegetation Simulator (FFE-FVS http://www.fs.

fed.us/fmsc/fvs/whatis/index.shtml). For the planar inter-

cept method, surface fuels were measured along four 17-m

transects at four systematically located points in each plot

(Brown 1974). Transect direction was determined using

random azimuths from each point. Fuel Photo Series esti-

mates of fuel load were made at the same four points using

the Southern Cascades and Northern Sierra Nevada photo

series developed by Blonski & Schramel (1981). FFE-FVS

estimates of surface fuels by time-lag size class were gener-

ated using the western Sierra Nevada variant of FFE-FVS

from the list of trees and tree characteristics for each plot.

Surface fuel loads for contemporary forests in logged

stands on the east shore were estimated using only the

photo series and FFE-FVSmethods.

Forest reconstruction

Stand structure

Forest structure and composition were reconstructed for

the year 1873, 2 yrs after the last fire scar date on the east

shore (Taylor 2004) and the last fire scar date in eight of 12

MC plots on the west shore (Beaty & Taylor 2007). An ear-

lier date was not chosen because wood needed to recon-

struct earlier reference conditions would have been

consumed in the 1873 fire. Forest structure and composi-

tion in the MC plots were reconstructed using the method

described by Ful�e et al. (1997) modified for conditions in

MC forests (North et al. 2007; Scholl & Taylor 2010). This

included the following steps summarized from Ful�e et al.

(2002): (1) the diameter of live trees in 1873 was deter-

mined by subtracting the radial growth from 1873 to the

contemporary sampling date (complete tree cores); (2) the

diameter of live trees in 1873 was determined by subtract-

ing species-specific average annual radial growth, esti-

mated from cored trees >100 yrs old (n = 1509), from the

measured diameter for each year from 1873 to the contem-

porary sampling date (incomplete cores); (3) the death

date for dead and down trees was estimated using tree

decay class and cumulative species-specific decomposition

rates from diameter-dependent equations (Thomas 1979;

Rogers 1984); (4) decomposition rates were calculated for

each species for slow (25th percentile), median (50th per-

centile) and fast (75th percentile) decomposition to evalu-

ate the sensitivity of estimated death dates and forest

structure to decomposition rates; and (5) the diameter of

dead and down trees alive in 1873 was estimated by sub-

tracting species-specific average annual radial growth from

the measured diameter for each year from 1873 to the esti-

mated death date, and then adjusting diameters for bark

loss.

Forest fuels

Quantifying reference period forest fuels was a challenge

since fuels present in 1873 were likely to have decom-

posed completely. Consequently, we estimated surface

fuel abundance in each plot using three indirect meth-

ods. These methods were: (1) Photo Series, (2) FFE-FVS

(http://www.fs.fed.us/fmsc/fvs/whatis/index.shtml) and

(3) the Tables Method based on fuel deposition rates

reported in van Wagtendonk & Moore (2010).

For the Photo Series method, we matched reference

period stand composition and structure to historic photo-

graphs (n = 15 photos) of similar forest types in the

nearby (<175 km) southern Cascades that were never

logged and had experienced <20 yrs of fire suppression

(Taylor 2000). Fuel loads in the photographs were then

estimated using the southern Cascades Northern Sierra

Nevada Photo Series (Blonski & Schramel 1981). For the

FFE-FVS method, we estimated fuel loads using the tree

list of the reconstructed forest. Fuel was then accumu-

lated in each plot for the period equal to the median fire

return interval from fire scar records (grand median
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JP = 11 yrs; MC = 11 yrs; RF = 76 yrs; LP = 50 yrs)

(Taylor 2004; Scholl & Taylor 2006; Beaty & Taylor

2007) and output by time-lag size class.

For the Tables Method, each tree in the reconstructed

forest was assumed to deposit an amount of fuel propor-

tional to its basal area, which was derived from table values

in van Wagtendonk & Moore (2010). Fuel was then accu-

mulated as in the FFE-FVS method and fuel load for each

time-lag class was determined by summing values for all

trees.

Potential fire behaviour

Potential fire behaviour for contemporary and reference

forests was simulated using Crown Mass in Fuels Man-

agement Analyst (www.fireps.com/fmanalyst3/index.

htm). Crown Mass calculates potential fire behaviour

and some first-order fire effects from tree lists that

include tree species, DBH, tree height, crown ratio and

structural stage. Estimates of crown fuel variables in all

plots were made using tree lists and the Crown Mass

routine in FMA. For all reference plots (JP, MC, RF, LP)

and contemporary plots on the east shore (JP, RF, LP),

crown ratio and tree height were estimated using tree

lists and FVS. The crown fuel variables for these plots

were then estimated using tree lists and the Crown Mass

routine in FMA. For contemporary MC plots, we had

field measurements of tree height and crown ratio and

used these measurements in both FVS and FMA to esti-

mate crown fuel variables.

Surface fuel estimates for time-lag classes for each

method were then input to FMA, which compared the

similarity of our estimates to values for standard fuel mod-

els (i.e. Anderson 1982; Scott & Burgan 2005). We then

selected the range of fuel models for each forest type iden-

tified by FMA to bracket the range of potential behaviour

of fire (surface and crown) that might be expected from

the variability in our fuel estimates. The same fuel models

were used for reference and contemporary forest to iden-

tify relative differences between reference and contempo-

rary fire behaviour. Standard surface fuel models were

used to estimate potential fire behaviour because, in con-

trast to custom fuel models, they have been calibrated with

observed fire behaviour under conditions similar to those

simulated (Rothermel & Rinehart 1983; Burgan & Rother-

mel 1984).

Fire intensity depends on weather conditions and fuel

moisture content (Reinhardt & Crookston 2003) so we

estimated potential fire behaviour for the fire season

(1 June to 31 September) using three different fuel mois-

ture and wind speed scenarios. We used fuel moisture and

wind speeds for the 80th, 90th and 98th percentile

weather conditions (Fire Family Plus) from the Truckee

remote automated weather station (RAWS) to represent

moderate, severe or extreme fire weather conditions

(www.firemodels.org/index.php/national-systems/fire

familyplus).

We chose five variables from the simulations to repre-

sent potential fire behaviour: (1) rate of spread, (2) flame

length, (3) crowning index (minimum wind speed to sup-

port active crown fire), (4) torching index (wind speed at

6.06 m above the ground needed to ignite the crown), (5)

categorical fire type (surface, passive crown, active crown).

The last variable provides a measure of how fire hazard

may have changed in contemporary forests compared to

reference forests. Simulations were computed for each of

the three weather conditions and each standard fuel

model.

Comparison of reference and contemporary conditions

Comparison of reference and contemporary forest charac-

teristics were made using non-parametric statistical tests

(Sokal & Rohlf 1995). Differences in density, basal area,

quadratic mean diameter, fuels and fire behaviour charac-

teristics were identified using the Kruskal–Wallis H test.

Diameter distributions, or the frequency of stems in each

size class, for reference and contemporary forests were

compared using a Kolmogorov–Smirnoff two-sample test.

Variation in simulated fire behaviour in reference and

contemporary forests related to weather and fuels model

was also identified by ordinating fire behaviour variables

using principal components analysis (PCA; McCune et al.

2002). Average values for each variable (ROS, FL, CI, TI)

for the three weather scenarios, and the three fuel types,

were calculated for each forest type and then standardized

to ordinate potential fire behaviour in contemporary and

reference forests.

Results

Forest reconstruction

The forest reconstruction method for MC forests was not

sensitive to variation in decomposition (Appendix S2).

There were no differences in the reconstructed average

density, basal areas or quadratic mean diameter for the

low, moderate and high decomposition models (P > 0.05,

Kruskal–Wallace H test). However, on average, 40–44% of

reference stems were trees that died in the mid- to late

20th century and were reconstructed to 1873. Therefore,

the lack of inclusion of downed and dead wood in the for-

est reconstruction would greatly underestimate stand den-

sity and basal area (Appendix S2). Given the low

sensitivity of the reconstruction method to variation in the

decomposition model, only the 50th percentile model is

reported.
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Reference and contemporary forest structure

Reference and contemporary JP forests were different

(Fig. 2, Appendix S3). Contemporary forests had five-fold

more trees (P < 0.001), 1.8-fold more basal area

(P < 0.001), and trees 60% the size (P < 0.05) of the refer-

ence forest. Contemporary forests also had a different size

class distribution than the reference forest (P < 0.05).

There were few trees <40 cm in diameter in the reference

forest (Fig. 2).

Reference MC forests were different to the contempo-

rary forests (Fig. 3, Appendix S3). Contemporary forests

had three-fold more trees (P < 0.001), 1.9-fold more basal

area (P < 0.001) and 4.4-fold more white fir than the ref-

erence forest (P < 0.001), although overall quadratic mean

diameter (QMD) was similar (P > 0.05). The shape of the

size class distribution for the reference forest was also dif-

ferent than for the contemporary forest (P < 0.001; Fig. 3).

In the reference forest, trees were more evenly distributed

among size classes than in contemporary forests, which

had a higher density of trees, especially white fir, in the

smallest size classes.

Reference RF forests were different to contemporary

forests (Fig. 4, Appendix S3). Contemporary forests were

3.3-fold denser (P < 0.05) than reference forests, but basal

area was similar (P > 0.05). Contemporary forests also had

a different composition. Red fir and western white pine

comprised >50% of the trees in the reference forests, while

>50% of the trees in the contemporary forest were lodge-

pole pine. In fact, contemporary forests have 19.6-fold

more (P < 0.05) lodgepole pine than reference forests. The

size class distributions of the contemporary and reference

forest were also different (P < 0.001). Reference red fir,

western white pine and lodgepole pine trees were larger in

diameter than contemporary trees and there were few ref-

erence trees <30 cm in diameter (Fig. 4).

Fig. 2. Mean and range of tree (stems >10 cm in diameter) density in

reference and contemporary Jeffrey pine forests (n = 11) in the Lake

Tahoe Basin, USA. The ‘X’ symbol denotes the mean, and the vertical line

depicts the range for each size class. Note the y-axis scale is different on

each graph. Bins are classified by the lowest DBH included in the bin. For

example, the 10 cm bin includes trees 10 to 20 cm DBH. Every other bin is

labeled on the x-axis.

Fig. 3. Mean and range of tree (stems >10 cm in diameter) density in

reference and contemporary mixed conifer forests (n = 12) in the Lake

Tahoe Basin, USA. Format as in Fig. 2.
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Reference LP forests had one-third the trees of the con-

temporary forests (P < 0.05) but their basal areas were

similar (P > 0.05; Fig. 5, Appendix S3). Trees in the refer-

ence forest were also twice as large as those in the contem-

porary forest (P < 0.05) and trees were present in a wider

range of size classes (Fig. 5). There were few reference

trees <30 cm in diameter.

Reference and contemporary fuels

Estimates of total surface fuel (1-, 10-, 100-hr) varied by

method and forest condition (Table 1). All methods gave

similar estimates (P > 0.05) of total reference surface

fuel load for JP and MC forests. Moreover, reference

surface fuel loads for these forest types were lower

(P < 0.05), except JP Photo Series, than in contemporary

forest. Estimates of FFE-FVS and the Photo Series for

contemporary MC were also similar (P > 0.05) to planar

intercept estimates. In reference RF forests, the FFE-FVS

and fuel deposition rate estimates were similar

(P > 0.05) and so were Photo Series and fuel deposition

rate estimates for reference LP (P > 0.05). Estimates of

contemporary RF surface fuels were similar or higher

than reference RF, depending on the method. Differ-

ences in reference and contemporary surface fuels for LP

were inconsistent among methods.

Canopy fuel characteristics in reference forests differed

compared to contemporary forests (Table 2). Canopy bulk

density (CBD) was lower (P < 0.05) for JP, MC and RF,

and canopy base height (CBH) was higher (P < 0.05) for

reference than in contemporary forests. Stand height was

only different for contemporary RF, which was shorter

than for the reference forest.

Reference and contemporary potential fire behaviour

Fire behaviour in all reference and contemporary forest

types was strongly influenced by fire weather and fuel

moisture conditions (Table 3). Measures of fire behaviour

including flame length, rate of spread, crowning index and

torching index, became more extreme when weather con-

ditions were more extreme, and this was true for reference

and contemporary forest conditions for all forest types

(Fig. 6a,b, Appendix S4). In JP forests, fire behaviour was

least extreme with TL4 and most extreme with FBM9, and

fire behaviour with TL7 was intermediate. In MC forests,

fire behaviour was most extreme with fuel model FBM10

and least extreme with TL3. In RF and LP forests, fire

behaviour was least extreme with TL4 and most extreme

with TL7.

Fire behaviour in contemporary JP and MC forests

was higher than in reference forests (Fig. 6a,b, Appendix

S4). Rate of spread, flame length, crowning index and

torching index were more extreme (P < 0.05) in con-

temporary than reference forests for all fuel models and

weather conditions, with few exceptions. This pattern is

also reflected in potential fire type. Reference JP and

Fig. 4. Mean and range of tree (stems >10 cm in diameter) density in

reference and contemporary red fir forests (n = 6) in the Lake Tahoe

Basin, USA. Format as in Fig. 2. Not shown for contemporary forests are

Jeffrey pine in the 10-cm (mean = 1.3, range 0–4) and 30-cm (mean = 0.7,

range 0–2) size classes, and white fir in the 20-cm (mean = 0.3, range 0–2)

and 30-cm (mean = 0.3, range 0–2) size classes.

Fig. 5. Mean and range of tree (stems >10 cm in diameter) density in

reference and contemporary lodgepole pine (n = 3) in the Lake Tahoe

Basin, USA. Format as in Fig. 2. Not shown for contemporary forests are

Jeffrey pine in the 40-cm (mean = 0.7, range 0–2) size class, and white fir

in the 30-cm (mean = 1.0, range 0–2) size class.
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S2. Mean (±SE) density, basal area, quadratic mean diameter, and number of dead trees assigned 

a death date in the mid to late 20
th

 century (with estimated establishment dates before 1873) for 

the reference forest for three decomposition condition models (25
th

 percentile, 50
th

 percentile, 

75
th

 percentile). Values are for trees >10 cm dbh and did not differ among decomposition classes 

(p > 0.05). 

 



 

S3. Structural characteristics of contemporary and reference forests Jeffrey pine, mixed conifer, red fir, and lodgepole pine forests in 

the Lake Tahoe Basin, USA. Species acronyms are ABCO, Abies concolor; ABMA, A. magnifica; CADE, Calocedrus decurrens;  

PICO, Pinus contorta; PIJE, P. jeffreyii; PILA, P. lambertiana; PIMO, P. monticola. n is the number of plots. Contemporary and 

reference value pairs in each row were compared with a Kruskal-Wallis H-test (*P<0.05). 

 
Density Basal Area Quadratic Mean Diameter 

Jeffrey pine (n = 11) Mean SD Range Mean SD Range Mean SD Range 

ABCO Contemporary 38.0 21.60 28-70 5.1 2.8 0.4-11 45.4* 14.1 25.3-66.4 

Reference 13.0 9.70 0-32 5.7 4.1 0-12 76.3* 27.9 54.8-113 

ABMA Contemporary 8.0 19.10 0-68 2.4 5.3 0-18.2 43.7* 12.8 39.2-58.2 

Reference 1.0 2.80 0-10 0.4 1.0 0-2.6 75.5* 78.9 56.2-97.2 

PIJE Contemporary 297.0* 171.50 132-758 19.4* 6.6 23.4-48.1 38.7* 8.5 28.6-52.5 

Reference 55.0* 19.70 26-90 38.9* 5.3 11.6-29.3 68.0* 7.8 54-85.6 

Total Contemporary 343.0* 178.70 172-794 46.4* 6.3 28.4-58.7 39.4* 8.8 27.8-52.7 

Reference 68.0* 22.20 30-114 25.5* 8.1 12.6-38.1 67.5* 8.1 54.7-85.3 

 
Density Basal Area Quadratic Mean Diameter 

Mixed conifer (n = 12) Mean SD Range Mean SD Range Mean SD Range 

ABCO Contemporary 292.9* 202 67.1-644 26.8* 16.6 4.6-60 35.4 8 25.3-48.7 

Reference 65.9* 46.5 14-144 8.0* 6.1 2.6-20 44 11.9 24.3-66.2 

ABMA Contemporary 40.2 80.6 0-266 5.4 9.8 0-27.5 23.1 22.3 0-57.4 

Reference 11.6 18.5 0-56 2.4 4.4 0-14.8 21.6 24.7 0-58 

CADE Contemporary 12.8 28.1 0-90 5.3 10.7 0-31.4 19.4 35.4 0-88.9 

Reference 5.1 10.5 0-30 3.5 6.9 0-18.6 24.1 43.7 0-106.3 

PICO Contemporary 6.8 12.3 0-40 0.5 0.7 0-1.9 18.5 25.4 0-85.5 

Reference 0.3 0.7 0-2 0.03 0.1 0-0.3 5 13 0-43 

PIJE Contemporary 41.7 29.3 2-88 15.6 11.6 0.1-43 69.4 23.9 20.5-121.5 

Reference 43.9 25.2 12-104 12.4 8.6 2.2-26 58.1 11.4 41.6-81.2 



PILA Contemporary 2.9 28.1 0-90 2.3 4.9 0-16.3 33.7 48.2 0-144.2 

Reference 2.9 4.5 0-14 1.9 4.3 0-15 32.7 47.3 0-123.7 

PIMO Contemporary 5.3 13.5 0-44 1.3 3 0-7.9 9.7 23 0-68.4 

Reference 2 4.7 0-14 0.3 0.7 0-2 7.3 17.3 0-50.1 

Total Contemporary 402.6* 205.9 127.1-734 57.2* 26.2 24.4-105.8 44.2 7.9 29.8-57.7 

Reference 131.6* 61.9 54-252 29.4* 14.4 8.7-54 53 5.3 45.2-61.4 

 
Density Basal Area Quadratic Mean Diameter 

Red fir (n = 6) Mean SD Range Mean SD Range Mean SD Range 

ABCO Contemporary 1.00 1.70 0-4 ,0.1 0.10 0-0.2 27.60 

Reference 

ABMA Contemporary 184.0* 142.0 14-328 24.0 16.9 5.7-50 42.1* 10.3 31.5-60.7 

Reference 94.0* 32.1 68-142 40.0 9.3 27-53 73.5* 8.1 62.3-80.8 

PICO Contemporary 274.0* 188.8 0-484 17.9* 10.5 0-31.6 28.3* 5.1 23.2-31.4 

Reference 14.0* 23.0 0-58 0.3* 3.2 0-8.2 33.8* 10.3 27.3-41.5 

PIJE Contemporary 3.0 2.8 0-6 0.1 0.1 0-0.3 20.0 7.6 16.8-23.1 

Reference 

PIMO Contemporary 71.0 52.4 14-176 6.5* 5.1 0.8-13.3 32.1* 8.3 21.8-41.5 

Reference 53.0 17.9 22-74 15.5* 6.4 5.8-22.2 63.9* 9.8 47.3 

Total  Contemporary 538.0* 259.1 214-842 48.5 15.4 31.7-71.4 33.1* 5.6 26.7-39.8 

Reference 162.0* 33.1 118-208 55.8 9.3 40.9-67.8 64.9* 7.1 56.6-75.1 

 
Density Basal Area Quadratic Mean Diameter 

Lodgepole pine (n = 3) Mean SD Range Mean SD Range Mean SD Range 

ABCO Contemporary 1.0 1.2 0.20 0.4 0.5 0-1.0 14.4 

Reference 

ABMA Contemporary 27.0 3.5 0-76 6.4 11.1 0-19 42.9 17.0 33.2-52.5 

Reference 12.0 17.3 0-32 1.5 1.4 0-2.3 59.5 44.2 33.9-52.5 

PICO Contemporary 583.0* 334.0 202-850 40.3* 14.5 26-55.1 29.4* 6.6 25.4-36.9 

Reference 171.0* 74.0 90-234 55.6* 32.0 29.7-91.4 62.4* 7.3 54.5-69.2 



PIJE Contemporary 1.0 1.2 0-2 0.1 0.1 0-0.1 38.7 

Reference 

PIMO Contemporary 4.0 6.9 0-12 0.3 0.9 0-0.6 41.4 21.7 28.8-54.0 

Reference 2.60 4.6 0-8 1.1 1.9 0-3.3 111.8 

Total Contemporary 617.0* 366.0 204-860 47.8 18.9 26.1-59.6 30.4* 5.7 26.1-36.9 

Reference 186.0* 85.7 98-266 59.7 87.6 37.6-93.5 62.4* 6.4 55.0-66.4 

  



S4. Mean simulated fire behavior under 80
th

, 90
th

, and 98
th

 percentile weather conditions for reference and contemporary forests in the 

Lake Tahoe Basin, USA.  Fire types are surface (S), passive crown (PC), and active crown (AC). 
a
Fuel model from Scott and Burgan  

(2005). 
e
Fuel model from Anderson (1982). Pairs of reference and contemporary conditions for a fire behavior variable with the same 

letter were significantly different (Kruskal-Wallis H test, 
a
 P<0.05, 

b
 P<0.01, 

c
P<0.001) 

 
Flame length (m) Rate of spread (m/h) Torching index (km/h) Crowning Index (km/h) Fire Type 

Jeffrey pine (n=11) Ref. Con. Ref. Con. Ref. Con. Ref. Con. Ref. Con. 

All Fuel Models 0.9 2.8 130 575 330 30 121 46 

TL04
d 0.5 1.7 69 374 500 53 120 46 

80th percentile 0.4 0.6 45
a
 120

a
 593

c
 65

c
 127

c
 48

c
 11S 5S,6PC 

90th percentile 0.6
a
 1.0

a
 70

b
 341

b
 508

c
 54

c
 118

c
 45

c
 11S 5S,6PC 

98th percentile 0.6 3.4 91
b
 662

b
 398

c
 41

c
 115

c
 44

c
 11S 5S,5PC,1AC 

TL07
d 0.8 2.3 77 602 400 32 120 46 

80th percentile 0.6
a
 1.0

a
 52

b
 195

b
 498

c
 40

c
 129

c
 49

c
 11S 5S,6PC 

90th percentile 0.8
b
 1.5

b
 78

b
 460

b
 407

c
 33

c
 118

c
 45

c
 11S 1S,10PC 

98th percentile 0.9 4.6 101
c
 1151

c
 296

c
 23

c
 115

c
 44

c
 11S 1S,9PC,1AC 

FB09
e 

1.4 4.4 243 749 91 5 123 46     

80th percentile 1.0
c
 1.9

c
 152

c
 288

c
 104

c
 6

c
 130

c
 48

c
 11S 11 PC 

90th percentile 1.3
c
 3.7

c
 253

c
 681

c
 91

c
 5

c
 120

c
 45

c
 11S 11 PC 

98th percentile 1.9
b
 7.5

b
 323

c
 1278

c
 77

c
 3

c
 118

c
 44

c
 11S 10 PC; 1 AC 

Mixed conifer (n=12) Ref. Con. Ref. Con. Ref. Con. Ref. Con. Ref. Con. 

All Fuel Models 1.4 8.4 187 675 290 20 80 46 

TL3
d 0.4 6.2 58 484 512 37 81 46 

80th percentile 0.4 0.4 40 41 618
c
 46

c
 85

b
 49

b
 12S 10S,2PC 

90th percentile 0.5 6.1 58
b
 457

b
 516

c
 38

c
 79

b
 45

b
 12S 4S.6PC,2AC 

98th percentile 0.5
a
 12.2

a
 76

c
 952

c
 403

c
 28

c
 77

b
 44

b
 12S 3S,5PC,4AC 

TL4
d 0.6 6.6 83 579 327 22 81 46   

80th percentile 0.5 1.0 56
a
 205

a
 391

c
 28

c
 85

b
 49

b
 12S 4S,8PC 

90th percentile 0.6 6.5 83
b
 561

b
 331

c
 22

c
 79

b
 45

b
 12S 3S,7PC,2AC 

98th percentile 0.7
a
 12.4

a
 108

c
 970

c
 260

c
 16

c
 77

b
 43

b
 12S 3S.5PC,4AC 

FBM10
e 3.2 12.3 420 963 30 0 80 46 



80th percentile 1.8
c
 4.7

c
 199

c
 483

c
 36

c
 0

c
 85

b
 49

b
 12S 12PC 

90th percentile 3.0
a
 10.9

a
 343

c
 943

c
 31

c
 0

c
 79

b
 45

b
 6S,6PC 10PC,2AC 

98th percentile 4.7
b
 21.3

b
 717

c
 1463

c
 23

c
 0

c
 77

b
 43

b
 3S,9PC 6PC,6AC 

Red fir (n=6) Ref. Con. Ref. Con. Ref. Con. Ref. Con. Ref. Con. 

All Fuel Models 0.6 2.0 70 211 423 44 55 42   

TL4
d 0.5 0.5 72 71 456 48 55 42 

80th percentile 0.4 0.4 46 46 544
c
 58

c
 58 44 6S 6S 

90th percentile 0.5 0.5 72 72 462
c
 49

c
 54 41 6S 6S 

98th percentile 0.6 0.6 96 96 362
c
 37

c
 53 40 6S 6S 

FB08
e 0.4 0.4 59 59 461 60 56 44 

 
80th percentile 0.3 0.3 38 38 531

c
 71

c
 60 46 6 S 6 S 

90th percentile 0.5 0.5 60 60 467
c
 60

c
 55 43 6 S 6 S 

98th percentile 0.5 0.5 80 80 384
c
 50

c
 54 42 6 S 6 S 

TL7
d 

0.8 5.1 80 502 352 24 55 42 

80th percentile 0.6 0.6 54 54 435
c
 31

c
 58 44 6S 6S 

90th percentile 0.8 0.9 81 147 359
c
 25

c
 54 41 6S 6PC 

98th percentile 0.9
a
 13.9

a
 106

c
 1306

c
 262

c
 17

c
 53 40 6S 3PC,3AC 

Lodgepole pine (n=3) Ref. Con. Ref. Con. Ref. Con. Ref. Con. Ref. Con. 

All Fuel Models 0.6 3.9 68 364 479 37 69 48   

TL4
d 0.5 0.7 70 203 514 42 69 50 

80th percentile 0.4 0.4 44 44 612
b
 51

b
 73 53 3S 3S 

90th percentile 0.5 0.5 70 70 523
b
 43

b
 67 49 3S 3S 

98th percentile 0.6 1.3 95 494 407
b
 33

b
 66 48 3S 3S 

FB08
e 0.4 7.0 58 366 515 47 69 45     

80th percentile 0.3 0.3 36 36 594
b
 54

b
 73 48 3 S 3 S 

90th percentile 0.4 9.2 58 445 523
b
 48

b
 67 44 3 S 2 S, 1AC 

98th percentile 0.5 11.4 78 617 429
b
 38

b
 66 43 3 S 2 S,1 AC 

TL7
d 0.8 3.9 78 522 407 21 69 50 

80th percentile 0.6 0.7 52 71 501
b
 27

b
 73 53 3S 2 S,1PC 

90th percentile 0.8 1.1 78 276 419
b
 22

b
 67 49 3S 3PC 

98th percentile 0.9 9.8 103
a
 1220

a
 302

b
 15

b
 66 48 3S 2PC,1AC 

 


