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A B S T R A C T  

Restoration of fre-dependent forests is often guided by reference conditions from forests with an active fre regime, thought to be resi ient to current and future 
disturbances and stresses. Reference conditions are usua  y based on historica  data or reconstruction, which great y  imits the sca e and comp eteness of data that can 
be co  ected. In the Sierra Nevada of Ca ifornia,  arge areas with reintroduced active fre regimes coup ed with extensive  idar data coverage provide the unique 
opportunity to deve op a contemporary regiona  reference condition dataset across a wide gradient of biophysica  conditions. We deve oped this dataset with a focus 
on three questions: (1) What is the geographic and environmenta  distribution of restored active-fre forest areas in the Sierra Nevada mixed-conifer zone? (2) What 
are the ranges of variation in forest structure and spatia  patterns across reference areas? And (3) How do stand density, tree c umping, and canopy opening patterns 
vary by topography and c imate in reference areas? We ana yzed fre history and environmenta  conditions over 10.8 mi  ion ha, inc uding 3.9 mi  ion ha in the Sierra 
Nevada mixed-conifer zone, and found 30,377 ha of restored active-fre areas. A though reference areas were distributed throughout the Sierra Nevada they were 
more abundant on Nationa  Park  ands (81% of reference areas) than Nationa  Forest  ands and were associated with higher  ightning strike density. Lidar-measured 
ranges of variation in reference condition structure were broad, with tree densities of 6–320 trees ha−1 (median 107 trees ha−1), basa  area of 0.01–113 m2 ha−1 

(median 21 m2 ha−1), average size of c ose y associated c umps of trees from > 1 to 207 trees (median 3.1 trees), and average percent of stand area > 6 m from the 
nearest canopy ranging from 0% to 100% (median 5.1%). These ranges correspond we   with past studies reporting density and spatia  patterns of contemporary and 
historica  active-fre reference stands in the Sierra Nevada, except this study observed greater tota  variation due to the much greater spatia  extent of samp ing. 
Within the montane forest zone, reference areas at midd e e evations had  ower density (86 vs. 121 trees ha−1), basa  area, (13.7 vs. 31 m2 ha−1), and mean c ump 
size (2.7 vs. 4.0 trees) compared to  ower- and higher-e evation reference areas, whi e ridgetops had  ower density (101 vs. 115 trees ha−1), basa  area (19.6 vs. 
24.1 m2 ha−1), and mean c ump size (3.0 vs. 3.3 trees) and more open space (7.4% vs. 5.1%) than other  andforms. Many of the re ationships between physiography 
and reference structure were context-dependent, suggesting that management practices shou d create heterogeneous forest structure congruent with  oca  c imatic 
and topographic factors infuencing stand conditions. 

1. Intr ducti n 

Restoration of forest resi ience – the abi ity of an ecosystem to 
maintain or quick y recover function after disturbance – is an important 
goa  in contemporary forest management, especia  y in fre-dependent 
forests of the western United States (North et a ., 2009; Churchi   et a ., 
2013; Hessburg et a ., 2013; DeRose and Long, 2014; Hessburg et a ., 
2015; Seid  et a ., 2015; Johnstone et a ., 2016; Stephens et a ., 2016). 
Reference conditions describing characteristics of ecosystems that 
portray or embody desired functiona  outcomes can provide a quanti-
fab e  ink between structure, composition, and desired function 
(Churchi   et a ., 2013). Reference conditions can serve as both way-
points to inform restoration targets (Kaufmann et a ., 1998; Moore 
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et a ., 1999) and benchmarks for eva uating restoration progress 
(Christensen et a ., 1996; Larson and Churchi  , 2012). In either case, 
reference conditions use a desirab e ecosystem as an examp e for re-
 ating function to measurab e aspects of structure and composition. 

Reference conditions in fre-dependent forests are often drawn from 
historica  data, inc uding recovered historica  inventories (Leiburg, 
1900; Langi  e, 1903; Munger, 1912; Co  ins et a ., 2011; Hagmann 
et a ., 2013; Lydersen et a ., 2013; Hagmann et a ., 2014) as we   as 
reconstructed forest conditions (Fu é et a ., 1997; Hessburg et a ., 1999; 
Scho   and Tay or, 2010; Churchi   et a ., 2013; Barth et a ., 2015; 
Schneider et a ., 2015; C yatt et a ., 2016; Churchi   et a ., 2017). His-
torica  references represent conditions that existed before Euro-Amer-
ican sett ement when  inkages between process and pattern remained 
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within the bounds of their evo utionary environment (Moore et a ., 
1999; Hessburg et a ., 2005; Larson and Churchi  , 2012), recognizing 
that Native American infuences constituted a part of that environment 
(Va e, 2013). However, primary historica  data suitab e for defning 
reference conditions are rare and often  imited in spatia  extent and 
data qua ity (Stephens et a ., 2015). Reconstructed forest conditions 
based on ana ysis of remnant structures (e.g.,  ive trees, snags, and  ogs) 
can be quite uncertain for sma  er trees, and the uncertainty increases 
as reconstructions reach farther back in time (Barth et a ., 2015). Due to 
the amount of  abor invo ved, reconstruction studies are a so  imited in 
their spatia  extent. Thus, they are ab e to characterize stand- eve  
structure adequate y but may not capture variation across wide bio-
physica  gradients within  andscapes (Hessburg et a ., 1999; Dickinson, 
2014), an important aspect of restoration p anning (Hessburg et a ., 
2015). A so, c imates have been and are changing,  imiting historica  
reference data because it describes forest conditions under a c imate 
diferent than today (Mi  ar and Woo fenden, 1999; Stephens et a ., 
2010; Heyerdah  et a ., 2014; Hanberry et a ., 2015; Hart et a ., 2015; 
Johnstone et a ., 2016). 

Reference conditions can a so be drawn from contemporary forests 
in areas where characteristic disturbance regimes have been main-
tained or reintroduced and modern anthropogenic disturbances  ike 
 ogging, mining, and grazing have been minima  (Tay or, 2010; Co  ins 
et a ., 2016). In the western United States, fre is the primary process 
that structures dry forests (Brown et a ., 2004; Hessburg et a ., 2005), 
maintaining stands characterized by a fne-sca e mosaic of tree c umps 
and canopy openings (Larson and Churchi  , 2012; Churchi   et a ., 
2013). Since the  ate 1960s, after about 60 years of fre suppression, 
forest managers in the Sierra Nevada region have been making a con-
certed efort to reintroduce frequent  ower-severity fre to mixed-con-
ifer forests, especia  y in Nationa  Parks (Parsons and Botti, 1996; van 
Wagtendonk, 2007). However, there has been no critica  assessment of 
where fre regimes have begun to be restored in the Sierra Nevada nor 
how much of the region cou d be considered a reference condition. 
Defning contemporary reference conditions for the Sierra Nevada 
wou d supp ement existing historica  references in three important 
ways. First, contemporary measurements are precise with respect to 
sizes and  ocations of trees across the diameter distribution. Second, 
contemporary reference conditions inherent y incorporate the efects of 
recent changes in c imate. And third, remote sensing a  ows quantif-
cation of  arge reference  andscapes. 

The structura  conditions associated with resi ient forest ecosystems 
vary with fne-sca e changes in topography and environment (Lydersen 
and North, 2012; Kane et a ., 2015b; Churchi   et a ., 2017). Thus, a 
regiona  reference condition dataset shou d have a wide range of var-
iation refecting the diversity of physiographic and c imatic conditions 
across the region. Reference conditions used for a given area shou d be 
drawn from an environmenta  y and c imatica  y simi ar reference site 
to ensure that resi ient conditions in one  ocation wi   trans ate to an-
other. This concept is derived from c imate ana ogs (sensu Churchi   
et a ., 2013), and we refer to it in a broadened sense as biophysica  
ana ogs. 

Our objective was to identify and describe contemporary active-fre 
reference areas for diferent biophysica  settings within the Sierra 
Nevada mixed-conifer zone to support p anning, imp ementing, and 
monitoring restoration treatments. We sought to quantify how structure 
and spatia  pattern vary with topography and c imate. We con-
ceptua ized spatia  pattern as a fne-sca e mosaic of wide y space in-
dividua  trees, c umps of trees c ose y aggregated in space, and open 
space between tree crowns (Churchi   et a ., 2013). 

Our research questions were: 

(1) What is the geographic and environmenta  distribution of restored 
active-fre forest areas in the Sierra Nevada mixed-conifer zone? 

(2) What are the ranges of variation in structure and spatia  patterns 
across reference areas? 
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Fig. 1. Map of study area showing reference areas across the Sierra Nevada, 
federa  ownership, and  idar acquisitions. Inset shows detai  of area with high 
reference area density in western Yosemite. Light b ue box indicates  ocation 
shown in Fig. 3. (For interpretation of the references to co our in this fgure 
 egend, the reader is referred to the web version of this artic e.) 

(3) How do density, tree c umping, and canopy opening patterns vary 
by topography and c imate in reference areas? 

2. Meth ds 

2.1. Classifying the biophysical environment 

2.1.1. Climate classes 
We began by defning c imate c asses across the Sierra Nevada 

(Fig. 1) to de ineate the mixed-conifer zone and to provide the bio-
physica  context for ana yzing variation in reference condition struc-
ture. 

We defned c imate c asses using the grain size of catchment basins. 
Catchment basins form eco ogica  y re evant units (a connected wa-
tershed) that are fami iar to forest managers and are operationa  y 
practica  for mechanica  (e.g., road bui ding and yarding) and fre 
treatments (e.g., p acement of fre  ine). We used basin data from the 
Nationa  Hydrography Dataset (EPA and USGS, 2018), with catchment 
sizes ranging from 7 to 1013 ha. We combined any catchments sma  er 
than 100 ha with their immediate neighbors unti  a minimum size of 
100 ha was reached; the sma  est catchment after conso idation was 
109.3 ha. For c imate c assifcation variab es we focused on metrics 
integrating the biophysica  conditions experienced by vegetation 
(Stephenson, 1998). Fo  owing the defnition of c imate ana ogs by 
Churchi   et a . (2013), we se ected actua  evapotranspiration (AET) and 
c imatic water defcit (Defcit) which are integrated measures of pro-
ductivity and moisture stress, respective y (Lutz et a ., 2010). We sup-
p emented these with January minimum temperature (Tmin), which can 
he p to pinpoint  imitations on regeneration and growth (Lutz et a ., 
2010; Dobrowski et a ., 2013). We gathered annua  AET, Defcit, and 
Tmin data averaged over the 1981–2010 period from the Basin Char-
acterization Mode  dataset (F int et a ., 2013, 2014) at a 270 m pixe  
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Fig. 2. Map of  ayers used to c assify c imate – annua  actua  evapotranspiration 
(AET), c imatic water defcit (Defcit), and January minimum temperature 
(Tmin) – across the study area. Data from F int et a . (2014). 

reso ution. We ca cu ated the 25th and 75th percenti e from the va ues 
for each metric distributed throughout each catchment (Fig. 2). 

We used the six resu tant variab es for each catchment (25th and 
75th percenti e va ues for each of AET, Defcit, and Tmin) – norma ized 
by g oba  maxima – in a hierarchica  c assifcation with Euc idean dis-
tances and a comp ete  inkage method, and imp emented using the 
hc ust function in R (R Core Team, 2016). We chose to use 20 c asses by 
inspecting the dendrogram (Fig. A.1) and scree p ot as we   as by in-
specting the c assifcation resu ts for cuts at 4, 8, 12, 16, 20, 24, 28, and 
32 c asses. We assigned descriptive names to each c ass based on in-
spection of the dendrogram and boxp ots of c ass-wise distributions of 
AET, Defcit, and Tmin (Tab e 1, Fig. A.2). 

We va idated the c imate c asses by testing their abi ity to dis-
criminate between forest composition using Sierra Nevada data from 
USFS Forest Inventory and Ana ysis (FIA) p ots (Bechto d and Patterson, 
2005). We se ected 3217 p ots that represent native forested commu-
nities using the fo  owing criteria: (1) minimum 10% forest cover, (2) 
natura  stand origin, and (3) no artifcia  regeneration. We summarized 
composition on each p ot by ca cu ating proportions of  ive tree basa  
area by species and assigned each p ot a c imate c ass based on its 
pub ic y avai ab e fuzzed  ocation (within 1.6 km of the true  ocation). 

We used PERMANOVA (McCune et a ., 2002) to test whether 
composition varied by c imate c ass. With the adonis function in the R 
package vegan (Oksanen et a ., 2016), we compared proportionate  ive 
basa  area by species across c imate c asses using the Bray-Curtis dis-
simi arity measure (Bray and Curtis, 1957) and assessed signifcance 
with 1000 permutations of c imate c ass  abe s. 

To provide a more specifc idea of how composition varied by c i-
mate c ass we took two approaches to associating tree species with each 
c imate c ass. First, we created  ists for each c ass giving the species that 
are dominant by basa  area on at  east 5% of FIA p ots, in decreasing 
order of dominance frequency. 

Second, we performed an indicator species ana ysis (ISA) (McCune 
et a ., 2002) to determine the most characteristic indicator species for 
each c ass. The ISA ca cu ates indicator va ues (IVs) for each species in 
each c ass representing how faithfu  and how exc usive the species is to 
that c ass (McCune et a ., 2002). We assessed signifcance of IVs using a 
permutation test, random y shufing the c imate c asses 1000 times. We 
assigned an indicator species to each c ass by taking the species with the 
highest IV that was a so signifcant under the permutation test 
(p < 0.05). When two c imate c asses had the same indicator species 
we diferentiated them by a so considering the species with the second 
highest signifcant IV. For pairs of c asses where the primary and sec-
ondary indicator species were both the same, we tested for diferences 
in composition with PERMANOVA using the adonis function, Bray-

Forest Ecology and Management 437 (2019) 70–86 

Curtis dissimi arities, and 1000 permutations to assess signifcance. 
We used the resu ts of these two composition ana yses to make as-

sociations between c imate c asses and the eco ogica  zones and forest 
types defned by van Wagtendonk et a . (2018). We a so associated the 
c imate c asses into fve major groups: Foothi  s, Low Montane, Mid-
Montane, Upper Montane, and High Sierra. 

2.1.2. Landscape management units 
We subdivided catchments by topographic position to capture  o-

ca ized patterns of change in so ar demand, soi  depth, and water 
avai abi ity that can infuence the biophysica  environment and re-
ference conditions at fne sca es (Wiggins, 2017). We c assifed areas in 
terms of  andscape management unit (LMU, sensu Underwood et a ., 
2010) using the Landscape Management Unit Too  version 2 (Boynton 
et a ., 2015). This too  operates by c assifying a digita  e evation mode  
(DEM) by topographic position. We used the simp ifed output from the 
too  and created the fo  owing c asses based on a 30 m reso ution DEM 
and defau t parameters: ridge, va  ey, SW s ope (135–225° aspect), and 
NE s ope (0–135° and 225–360° aspect). The resu tant LMU sizes ranged 
from 0.1 to 56.6 ha and averaged 12.0 ha. We did not perform va ida-
tion on the LMU c asses since the nature of LMUs has a ready been 
described for Ca ifornia (Underwood et a ., 2010; Lydersen and North, 
2012; Wiggins, 2017). 

2.2. Locating reference areas 

We se ected study areas in the Sierra Nevada mixed-conifer zone, 
where forests are dominated by a variab e mix of ponderosa pine (Pinus 
ponderosa), Jefrey pine (P. jefreyi), sugar pine (P. lambertiana), white 
fr (Abies concolor), red fr (A. magnifca), and incense cedar (Calocedrus 
decurrens). This corresponds with the  ower-montane and upper mon-
tane forest zones of van Wagtendonk et a . (2018) (Tab e 1). This zone 
is the center of most contemporary forest management in the Sierra 
Nevada and has a greater restoration need than other forest types due to 
its greater departure from characteristic fre return interva s 
(25–40 years greater departure than other Sierra Nevada forest zones) 
(Saford and Van de Water, 2014). 

We defned reference areas across the Sierra Nevada based on 
management and fre history. We restricted the study to federa   ands so 
that we had access to records of past management. This inc uded a   or 
part of 13 Nationa  Forests and three Nationa  Parks (Fig. 1). We cre-
ated a raster  ayer at a 30 m reso ution where pixe  va ues were scored 
as integers from 0 to 5 representing how restored the fre regime of that 
pixe  was (Fig. 3). One point was scored for each of the fo  owing cri-
teria: 

1. No records existed of past timber management (p anting, harvest, 
thinning, etc.); 

2. The pixe  had experienced at  east two fres in the  ast 60 years, so 
that a “regime” was beginning to be defned (Tay or, 2010; Lydersen 
and North, 2012; van Wagtendonk et a ., 2012); 

3. At  east one of these fres occurred within the  ast 30 years, so that 
the resu ts of reintroduced fre were sti   extant (Lydersen and 
North, 2012); 

4. At  east one of these fres had moderate severity efects on the pixe s, 
because moderate severity fre ki  s more trees in  ower canopy 
strata than  ow severity fre, thereby doing more work to return a 
fre-exc uded stand to resi ient conditions (Co  ins et a ., 2011; 
Becker and Lutz, 2016); and 

5. The pixe  had not experienced high severity efects, because high 
amounts of morta ity indicate  ow fre resistance (North et a ., 2012; 
Stephens et a ., 2013). 

Timber management history data were retrieved from the Forest 
Service nationa  geodata c earinghouse (USDA Forest Service, 2018), 
supp emented by manua  inspection of aeria  imagery for signs of 
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Table 1 
C imate c ass characteristics in terms of c imate variab es, species composition, and forest type. Va ues shown here are descriptive; they are not the input va ues used 
for c assifcation. AET = actua  evapotranspiration, Tmin = annua  minimum temperature. Species codes are given in Tab e A.1. Eco ogica  zones, forest types, and 
historica  fre return interva s are as defned by van Wagtendonk et a . (2018). 

Median Va ues 

C ass Reference area (area with  idar) 
(ha) 

E evation (m) AET (mm) Defcit (mm) Tmin (° C) Species dominant by BA in at  east 5% of 
p ots 

Indicator species 

Dry Foothi  s – 270 386 903 9.5 QUDO, QUWI, PISA, QUCH QUDO, QUWI 
Hot Southern Foothi  s – 240 276 1145 9.8 QUDO, QUWI, QUCH, AECA QUDO, AECA 
Warm Southern Foothi  s – 1280 241 1057 7.4 QUDO, QUCH, QUWI, QUKE, PIMO JUCA 
Foothi   Va  eys 
Foothi  -Low Montane 

Transition 

– 
– 

390 
770 

553 
452 

640 
755 

9.4 
7.7 

PIPO, PSME, LIDE, QUWI, QUDO 
QUCH, PIPO, QUWI, QUKE, QUDO, 
PSME, CADE 

PSME, PIPO 
QUKE 

Very Hot Low Montane 
Hot Low Montane 

– 
– 

770 
1010 

545 
611 

617 
482 

7.6 
5.7 

PSME, PIPO, QUKE, CADE PSME, QUKE 
PIPO, CADE, PSME, LIDE, QUKE, QUCH, 
ABCO 

LIDE 

South Sierra Low Montane 933 (0) 1740 160 927 3.9 QUCH, PIMO, PIJE, ABCO, QUWI, QUKE, 
CADE 

PIMO 

Warm Dry Low Montane 
Warm Mesic Low Montane 
Xeric Mid Montane 

2121 (1505) 
10,221 (9379) 
1713 (1150) 

1310 
1670 
1470 

485 
376 
229 

573 
620 
756 

5.2 
3.5 
1.9 

PSME, ABCO, PIPO, QUKE, CADE, QUCH 
ABCO, CADE, PSME, PIPO, PILA, PIJE 
PIJE, JUOC, ABCO, CADE, QUCH, PIPO, 

PSME, QUKE 
CADE 
PIJE, JUOC 

PISA 
Warm Mesic Mid Montane 0 (0) 1470 507 416 2.7 ABCO, PSME, CADE, PIPO ABCO, CADE 
Coo  Dry Mid Montane 
Xeric High Montane 

10,119 (7978) 
2566 (1695) 

1810 
1850 

359 
220 

517 
628 

1.5 
0.1 

ABCO, ABMA, CADE, PSME, PIPO, PIJE 
PIJE, ABCO, JUOC, PIPO, ABMA, CADE 

ABCO, ABMA 
PIJE, JUOC 

Coo  Mesic High Montane 
Coo  Dry High Montane 
Co d Dry High Montane 

524 (0) 
2180 (1050) 
– 

2170 
2110 
2330 

443 
298 
224 

321 
465 
523 

0.0 
−0.8 
−2 

ABMA, ABCO, PICO, PIMO2, PIJE, TSME 
ABCO, ABMA, PICO, PIJE, PIPO 
PIJE, PICO, ABMA, ABCO, JUOC 

ABMA, ABCO 
ABMA, PICO 
PIJE, PICO 

High Sierra 
High Va  eys and Meadows 

– 
– 

2950 
2880 

224 
379 

353 
155 

−3.5 
−3.8 

PICO, PIAL, ABMA, PIBA 
PIBA 

PICO 
PIBA 

Suba pine – 3400 201 252 −5.1 PIAL, PICO, PIBA, TSME PIAL 

C ass Eco ogica  zone Common forest type(s) Historica  fre return interva  

Dry Foothi  s 
Hot Southern Foothi  s 

Foothi   shrub and and wood and 
Foothi   shrub and and wood and 

QUDO wood and, PISA-QUWI wood and 
QUDO wood and, mixed hardwood wood and 

Short 
Short 

Warm Southern Foothi  s Foothi   shrub and and wood and QUDO wood and, mixed hardwood wood and Short-Medium 
Foothi   Va  eys Foothi   shrub and and wood and/Lower-montane forest 

transition zone 
QUDO wood and, PISA-QUWI wood and, riparian 
forest 

Medium 

Foothi  -Low Montane Transition Foothi   shrub and and wood and/Lower-montane forest 
transition zone 

Mixed hardwood wood and, QUDO wood and, 
mixed evergreen 

Short-Medium 

Very Hot Low Montane 
Hot Low Montane 
South Sierra Low Montane 

Lower-montane forest 
Lower-montane forest 
Lower-montane forest 

QUKE-PIPO-ABCO-PSME forest, mixed evergreen 
QUKE-PIPO-ABCO-PSME forest, mixed evergreen 
QUKE-PIPO-ABCO-PSME forest, mixed conifer 

Short 
Short-Medium 
Short 

Warm Dry Low Montane 
Warm Mesic Low Montane 

Lower-montane forest 
Lower-montane forest 

Mixed evergreen, mixed conifer 
Mixed conifer 

Short 
Short 

Xeric Mid Montane Lower-montane forest/Upper montane forest transition PIJE wood and, JUOC wood and, mixed evergreen Short 
zone 

Warm Mesic Mid Montane Lower-montane forest/Upper montane forest transition Mixed conifer Short 
zone 

Coo  Dry Mid Montane Lower-montane forest/Upper montane forest transition Mixed conifer, PIJE wood and Short-Medium 
zone 

Xeric High Montane 
Coo  Mesic High Montane 

Upper montane forest 
Upper montane forest 

PIJE wood and, mixed conifer, JUOC wood and 
ABMA forest, PIMO2 forest, PIJE wood and 

Medium 
Medium 

Coo  Dry High Montane 
Co d Dry High Montane 

Upper montane forest 
Upper montane forest 

ABMA forest, PICO forest, PIJE wood and 
PIJE wood and, PICO forest, ABMA forest, JUOC 
wood and 

Medium-Long 
Medium-Long 

High Sierra Upper montane forest/Suba pine forest transition zone PICO forest, PIAL wood and, ABMA forest, PIBA 
wood and 

Long 

High Va  eys and Meadows 
Suba pine 

Suba pine forest 
Suba pine forest 

PIBA wood and 
PIAL wood and, PICO forest, PIBA wood and, 
TSME forest 

Long 
Long 

mechanica  treatment in potentia  reference areas. Low-intensity his-
torica   ogging may have been missed in this procedure. We did not 
consider management history for Nationa  Parks aside from prescribed 
burning, since mechanica  treatments have se dom been used in park 
management. Fire history was drawn from the FRAP fre at as (Ca  Fire, 
2018) for years 1957–1983 and Monitoring Trends in Burn Severity 
(Eidenshink et a ., 2007) for years 1984–2014. The Ca  Fire (2018) data 
did not inc ude spatia  y exp icit burn severities, so we treated a   
management ignitions as  ow severity fres throughout. Fires started by 
 ightning and accidenta  human ignition were assumed to be  ow se-
verity when they were sma   (< 400 ha) and successfu  y suppressed 

within a 3 days. Larger fre areas from 1957 to 1983 with unknown 
severity were exc uded from the ana ysis. 

Using the defned raster  ayer, we drew po ygons around areas with 
high scores (at  east four, most y fve), fo  owing natura  boundaries of 
fre history and topography to separate areas (Fig. 3). We enforced the 
fo  owing criteria for each area: 

1. Patch size was at  east 100 ha, to provide a meaningfu  samp e of fre 
efects within each one; 

2. Any high-severity patches incorporated into the reference area were 
no  arger than 10 ha, since the majority of high-severity patches 
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Fig. 3. I  ustration of reference patch de ineation, showing some key e ements 
of the manua  de ineation methods. The background reference score (Landsat 
pixe  size of 30 m) ranges from one to fve depending on fre history (section 
2.2). Constraints app ied in patch de ineation: (A) Stringers were cut of at a 
100 m width thresho d. (B) High-severity patches greater than 10 ha in size 
were exc uded. This resu ted in “donut ho es” when the 100 m width thresho d 
a  owed. (C) Contiguous patches were sp it apart on catchment divides (pic-
tured) and fre perimeters. (D) Areas scoring most y fve were favored but areas 
scoring most y four were a  owed when the on y criterion not met was “at  east 
one moderate severity fre” and the number of fres was greater than two. 

found historica  y were no more than a few hectares in size (Ki gore, 
1973; Skinner and Chang, 1996; Kee ey and Stephenson, 2000); 

3. No more than 10% of the po ygon had burned at high severity, 
which is near the high end of the range of variation in historica  high 
severity proportions (Ma  ek et a ., 2013 and references therein; 
Stephens et a ., 2015); 

4. The average number of fres in the po ygon was ≥ 2, to ensure that 
the area has, on the who e, experienced mu tip e fres; and 

5. The average number of recent fres (< 30 yr. o d) in the po ygon 
was ≥ 1, to ensure that the area has, on the who e, burned recent y. 

These criteria ensured that po ygons represent patches with a 
variety of patterns, main y characterized by pixe s with a score of fve 
(Fig. 4). The criteria a  owed for fexibi ity in severa  ways. First, even 
though high-severity pixe s were not favored in the pixe  criteria, we 
recognized that some amount of high severity fre is expected to occur 
in reference areas (Co  ins and Stephens, 2010; Ma  ek et a ., 2013) and 
so some high-severity patches were inc uded. We chose to make the 
 imits for high severity inc usion within these areas  ibera  re ative to 
pub ished historica  conditions because (1) studies capturing historica  
conditions  ike y missed some of the  argest patches and, (2) these re-
ference stands have had severa  fres recent y but are sti   recovering 
from decades of fre suppression, so we did not expect them to fu  y 
match historica  conditions. The criteria a so a  owed for unburned 
patches to be incorporated within the matrix of burned  ands. This is 
intentiona , since unburned refugia are critica  e ements of resi ience in 
post-fre  andscapes (Ko den et a ., 2015; Meddens et a ., 2018; Meigs 
and Krawchuk, 2018). In contrast, we did not a  ow any mechanica  
treatment activity within the reference areas. 

We visited 11 of the 85 identifed reference areas, focusing on 
northwestern Yosemite. We wa ked through the areas in an informa  
survey guided by aeria  photos and the  idar canopy mode s with the 
goa  of seeing as many diferent kinds of conditions as possib e. We 
co  ected notes and photographs characterizing forest structure over a 

tota  path  ength of about 200 km. We used the qua itative data co -
 ected in these visits to improve our interpretation of fre history data 
and modifed reference area boundaries in  ight of what we  earned. 
Specifca  y, we redrew boundaries to more c ose y fo  ow topographic 
features, we became stricter with exc uding high severity areas, and we 
decided to a  ow patches that had on y burned at  ow severity when 
they had burned three or more times. 

2.3. Quantifying reference area structure 

We used  idar data to characterize the forest structure of the re-
ference areas and provide a set of quantitative reference conditions. 
Lidar data provides measurements of structure at a reso ution of severa  
data points per square meter across areas tens to hundreds of thousands 
of hectares in size, and so a  owed us to quantify structura  variation 
across entire reference areas. We characterized structure using  idar-
identifed tree-approximate objects (TAOs) (North et a ., 2017; 
Jeronimo et a ., 2018). TAOs are an eco ogica  y meaningfu  unit of 
measurement representing a canopy tree that was detected by the  idar 
a ong with subordinate trees that cannot be individua  y reso ved. The 
canopy tree may be an individua  with no subordinates or may be as-
sociated with a sma   number of understory trees (mean 1.5 [sd 1.2] 
undetected trees per TAO; S. Jeronimo, unpublished data). Using TAOs 
a  ows for a consistent unit of ana ysis even whi e tree detection ac-
curacy changes with forest structure (Jeronimo et a ., 2018). Since  arge 
trees, which are more visib e to  idar, dominate basa  area and spatia  
heterogeneity (Lutz et a ., 2012, 2013, 2018), direct y measuring pat-
terns of TAOs maintains much of the usefu  information that wou d be 
gathered in a traditiona  tree-based survey. By necessity, this portion of 
the ana ysis was  imited to areas with avai ab e  idar data (Fig. 1; 
Tab e 2). This inc uded 76% of the identifed reference areas, or 
23,088 ha. 

Across each  idar acquisition area we created ground-norma ized 
canopy height mode s using a 0.75 m reso ution and a 3 × 3 pixe  
smoothing window (Jeronimo et a ., 2018) and segmented the canopy 
height mode  into TAOs using the TreeSeg too  in the FUSION Lidar 
Too kit (McGaughey, 2018). The TreeSeg too  associates each TAO with 
a  ocation and a height. We additiona  y mode ed dbh for each TAO 
using regressions deve oped from the 3217 FIA p ots described above. 
We used the fo  owing regression mode  form: 

= bdbh height ,b
0 1 (1) 

ftting a separate set of coefcients for each c imate c ass (Tab e 
A.2). 

We sp it reference areas into po ygons by LMU, and for each 
po ygon ca cu ated summary metrics quantifying conditions in terms of 
TAO size distributions, stocking, and spatia  pattern. We did not at-
tempt to separate TAOs dominated by a  ive tree from TAOs dominated 
by a snag. Size distributions were quantifed in terms of mode ed dbh 
distributions. Stocking was quantifed by TAO density and basa  area 
based on mode ed dbh. Spatia  pattern metrics fo  owed the Individua s, 
C umps, and Openings method (ICO) (Churchi   et a ., 2013). TAOs 
were considered members of the same c ump if their high points were 
within 6 m of one another, and TAOs with no neighbors within 6 m 
were considered individua s. This  imiting distance was chosen to re-
present the average crown width of a mature conifer and was va idated 
using p ot data from Yosemite (n = 97 trees, data not shown). C ump 
size distributions were reported as proportions of TAOs in c umps of 
diferent sizes: individua s, sma   c umps (2–4 TAOs), medium c umps 
(5–9 TAOs),  arge c umps (10–14 TAOs), super c umps (15–30 TAOs), 
and mega c umps (> 30 TAOs). Any area with no vegetation ta  er than 
2 m in the canopy height mode  was considered open space. We created 
open space distributions to describe the amount of area at varying 
distances from the nearest canopy: 0–10 m in 2 m bins, 10–20 m, 
and > 20 m (Churchi   et a ., 2017). We de ineated canopy gaps with 
methods from Lydersen et a . (2013), which uses image morpho ogy 
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Fig. 4. Photos exemp ifying conditions in reference areas. (a) shows a hi  s ope view exhibiting a comp ex patch mosaic. (b), (c), and (d) show open, fre-resistant 
conditions with scattered  arge trees and very  itt e understory. (e) and (f) show sites that have burned fewer times or at  ower severity, where stem density appears 
high but most sma   trees are dead and surface fue   oads are  ow. 

operations to identify gaps at  east 60 m2 in size and cut of  ong before being subdivided by LMU to avoid edge efects. 
meandering gaps at eco ogica  y re evant thresho ds. Gaps were sum-
marized in terms of gap density and gap size distributions. C umps, 
open space, and gaps were a   quantifed across entire reference areas 

Table 2 
Lidar acquisitions used in this study and their key technica  specifcations. Vendor abbreviations: WSI = Watershed Sciences, Inc. (today Quantum Spatia ), 
NCALM = Nationa  Center for Airborne Laser Mapping, CIS = Carnegie Institution for Science. CAO = Carnegie Airborne Observatory (Asner et a ., 2007). 

Acquisition I  i ouette Basin Rim Fire Sequoia Nationa  Park Storrie Fire Moon ight Fire Tahoe Nationa  Forest 

Mo./yr. acquired 
Co  ected by 
Instrument 
Max. returns per pu se 

−2)Average pu se density (# m
Laser pu se frequency (kHz) 
Fie d of view (°) 

Aug. 2011 
WSI 
Dua  Leica ALS50 ii 
4 
12 
83 
± 14 

Nov. 2013 
NCALM 
Optech Gemini ALTM 
4 
12 
125 
± 14 

Aug. 2015 
CIS 
CAO 
4 
14 
100 
± 17 

Aug. 2009 
WSI 
Dua  Leica ALS50 ii 
4 
7 
90 
± 14 

Aug. 2013 
WSI 
Dua  Leica ALS50 ii 
4 
11 
90 
± 14 

Jun. 2013 
NCALM 
Optech Gemini ALTM 
4 
8.5 
100 
± 18 
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2.4. Diferences in reference structure across biophysical environments 

To assess how structure of reference areas changes across diferent 
biophysica  environments we tested for diferences in forest structure 
and pattern between c imate and LMU c asses, inc uding an interaction 
term, using ana ysis of variance (ANOVA) and structura  indices. We 
used data from the six c imate c asses that had at  east 100 ha of re-
ference areas with  idar coverage (Warm Dry Low Montane, Warm 
Mesic Low Montane, Xeric Mid Montane, Coo  Dry Mid Montane, Xeric 
High Montane, and Co d Dry High Montane). The structure and pattern 
indices were TAO density, TAO basa  area, mean c ump size, and pro-
portion of open space > 6 m from the nearest canopy. These metrics 
are a good summary of stocking and pattern (Churchi   et a ., 2013). 
The indices were ca cu ated based on LMUs within each reference area. 
We confrmed that the distributions of the indices met the assumptions 
of ANOVA, which required  og-transforming the c ump and opening 
indices. We then tested for signifcant diferences between c imate and 
LMU c asses for each of these metrics in separate univariate two-way 
ANOVAs. For any tests that gave signifcant resu ts we used a Tukey 
HSD post-hoc test to fnd signifcant diferences between pairs of 
c asses. 

3. Results 

3.1. Climate classes 

The 20 c imate c asses identifed across the Sierra Nevada were 
distinct y diferent in terms of AET, Defcit, Tmin, and species compo-
sition (Fig. A.2). The warmest, driest c ass, Dry Foothi  s, had a median 
AET of 386 mm (range 229–856 mm, mean 396 mm), a median Defcit 
of 903 mm (range 317–1202 mm, mean 893 mm), and a median Tmin of 
9.5 °C (range 2.1–12.5 °C, mean 9.4 °C). In contrast, the co dest, wettest 
c ass, Suba pine, had a simi ar median AET of 379 mm (range 
100–483 mm, mean 207 mm), a much  ower median Defcit of 155 mm 
(range 12–767, mean 255 mm), and a median Tmin of −3.8 °C (range 
–8.3 to 0.9 °C, mean –5.2 °C) (Tab e 1). Five c asses fe   into the Foot-
hi  s category, fve were Low Montane, three were Mid-Montane, four 
were Upper Montane, and three were High Sierra. Geographica  y, 
c imate c ass groupings fo  owed two major gradients:  atitude and 
e evation. A noticeab e break in c assifcation occurred around 38°N 
 atitude, with some higher-Defcit c asses introduced south of that  ine. 
The e evation gradient is c ear, and is expressed in rough y para  e  
bands running north-south a ong the range (Fig. 5). 

Composition of FIA p ots was diferent among c imate c asses 
(p < 0.01). C asses in the Foothi  s group were dominated by oaks 
(Quercus spp.) and gray pine (Pinus sabiniana), with Ca ifornia buckeye 
(Aesculus californica) and sing e- eaf pinyon (P. monophylla) in the 
Southern Foothi  s. Ponderosa pine, Doug as-fr (Pseudotsuga menziesii), 
and tanoak (Lithocarpus densiforus) occurred in Foothi   Va  eys and 
incense-cedar additiona  y occurred in the Foothi  s-Low Montane 
Transition zone. Low Montane c asses were dominated by Doug as-fr, 
white fr, sugar pine, incense cedar, and ponderosa pine, but red fr was 
notab y absent. Ca ifornia b ack oak (Q. kelloggii) was a so common and 
canyon  ive oak (Q. chrysolepis) was present. Sugar pine was most 
dominant in the Warm Mesic Low Montane c ass. Mid-Montane c asses 
had a simi ar species assemb age but a so inc uded red fr, and Jefrey 
pine was dominant in the Xeric Mid Montane c ass. High Montane 
c asses were dominated by red fr, Jefrey pine, and white fr, with some 
of the other pines sti   present. Last y, the High Sierra group was 
dominated by high-a titude pines (P. contorta, P. albicaulis, and P. bal-
fouriana) with some red fr and mountain hem ock (Tsuga mertensiana) 
(Tab e 1). 

The indicator species ana ysis (ISA) yie ded signifcant resu ts for a   
c imate c asses. Within the Montane c asses Doug as-fr and Ca ifornia 
b ack oak were indicators for warmer, drier c asses (high AET and high 
Defcit) whi e incense cedar indicated coo er c asses ( ower Tmin). 
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Fig. 5. Map of c imate c asses. Catchments containing at  east one reference 
area indicated to i  ustrate the environmenta  distribution of reference areas. 

Edaphica  y xeric c asses ( ow AET with high Defcit) were indicated by 
Jefrey pine and western juniper (Juniperus occidentalis). Red fr and 
 odgepo e pine (P. contorta) indicated c asses with Tmin va ues at or 
be ow 0 °C (Tab e 1). 

There were two cases when pairs of c asses shared the same primary 
and secondary indicator species. The Very Hot Low Montane c ass and 
the Warm Dry Low Montane c ass both had Doug as-fr and Ca ifornia 
b ack oak as indicators, and the Xeric Mid Montane and Xeric High 
Montane c asses shared Jefrey pine and western juniper. In both cases 
PERMANOVA tests with pairwise contrasts showed signifcant difer-
ences in FIA p ot composition (p < 0.01). 

3.2. Reference areas 

We identifed a tota  of 30,377 ha of reference areas across the 
Sierra Nevada mixed-conifer zone (Tab e 1). Median contiguous patch 
size was 260 ha and the maximum was 5500 ha. Reference areas were 
distributed across the  atitudina  and a titudina  ranges of our study 
area, most y on the west s ope of the Sierra Nevada (Fig. 1). By far the 
majority of reference area was in the centra  and southern Sierra 
(25,663 ha), concentrated in Yosemite Nationa  Park (19,990 ha) and 
Sequoia-Kings Canyon Nationa  Park (3927 ha), a ong with 1380 ha on 
the Sierra, Sequoia, and Inyo Nationa  Forests. The majority of re-
ference areas in the northern Sierra were on the P umas and Lassen 
Nationa  Forests (3532 ha) and Lassen Nationa  Park (701 ha). 

3.3. Reference conditions 

The enve ope of reference area structure was broad and variab e 
(Figs. 4, 6). TAO density varied from 6 to 320 TAOs ha−1 distributed 
wide y across diameter c asses (Fig. 6b). Typica  LMUs had up to 42.9 
TAOs ha−1 < 20 cm dbh, up to 29.2 TAOs ha−1 20–40 cm dbh, up to 
26.0 TAOs ha−1 40–60 cm, up to 21.6 TAOs ha−1 60–80 cm, up to 15.3 
TAOs ha−1 80–100 cm, and up to 7.4 TAOs ha−1 100–120 cm dbh (a   
va ues given are 75th percenti e va ues) (Fig. 6a). Overa   density was 
norma  y distributed (Fig. 6b) with a mean of 111 TAOs ha−1 and a 
standard deviation of 40 TAOs ha−1. Basa  area was distributed with a 
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Fig. 6. Ranges of variation in reference condition structure across a   reference areas with avai ab e  idar data. Each data point represents one  andscape management 
unit. TPH = TAOs per hectare, DBH = diameter at breast height, BA = basa  area. Horizonta  axes for pane s a, e, and f show break points between bins. 

mode at 25 m2 ha−1 (standard deviation 17 m2 ha−1) and a right skew. 
The majority of LMUs had  ess than 10 m2 ha−1 of basa  area, but on y 
fve percent had  ess than 2 m2 ha−1 (Fig. 6c). 

Spatia  patterns of TAOs in reference areas had some consistent 
patterns of variation. TAOs were most common y arranged as in-
dividua s with no c ose neighbors and in c umps of 15–30 (both median 
38% of TAOs per LMU). LMUs with many c umps of 2–14 or > 30 
TAOs were  ess common (Fig. 6d). Between 25% and 40% of stand area 
was usua  y situated in openings < 4 m from the nearest canopy, 
whereas  ess than 15% was usua  y > 6 m from the nearest canopy. 
However, as is evident in the basa  area distribution, some LMUs were 
very open and it was not uncommon for 10–20% of the LMU area to be 
 ocated > 10 m from the nearest canopy (Fig. 6e). De ineated gaps at 
 east 12 m in diameter were present on 94% of LMUs, usua  y re-
presenting < 50% of LMU area. On most LMUs the majority of gaps 
were under 0.5 ha in size (median 72%), with 25% under 0.05 ha 
(Fig. 6f). However,  arger gaps were often present inc uding common y 
up to 13% of gaps in the 1–5 ha size c ass, and 94% of tota  gap area 
across reference areas was accounted for by gaps ≥ 1 ha. Most LMUs 
had 0–10% of area in gaps (Fig. 6g) at a density of 2–5 gaps ha−1, and 
up to 8 gaps ha−1 was common (Fig. 6h). The highest observed gap 
density was 26 ha−1. 

3.4. Variation in reference structure across biophysical environments 

A   of the stocking and spatia  pattern indices we tested varied 
signifcant y by c imate c ass and LMU. Density and mean c ump size 

a so had signifcant c imate c ass-LMU interaction terms (Fig. 7). Of the 
six c imate c asses ana yzed the  owest- and highest-e evation c asses 
had the highest densities (median 121 TAOs ha−1), fo  owing a rough y 
U-shaped distribution across the e evation gradient. The Xeric Mid 
Montane c ass had signifcant y  ower density than any other c ass 
(median 86 TAOs ha−1). Density was a so signifcant y  ower on ridges 
compared to va  eys, but the abso ute diference was not  arge (medians 
101 vs. 115 TAOs ha−1). Ridges and va  eys diverged from the genera  
U-shaped distribution in the highest e evation c ass, Co d Dry High 
Montane, where densities were a most as  ow as for the Xeric Mid 
Montane c ass (Fig. 7). Basa  area fo  owed density in its response to 
topography (s ight y  ower on ridges), but its re ationship with c imate 
was more comp ex. The two edaphica  y xeric c asses had  ower basa  
area (median 3.7 and 22 m2 ha−1) as did the Warm Mesic Low Montane 
c ass (median 13.7 m2 ha−1). However, the Coo  Dry Mid Montane 
c ass, which had re ative y  ow density, had the highest basa  area 
(median 31 m2 ha−1). There was no signifcant c imate c ass-LMU in-
teraction for basa  area. 

Mean c ump size was indistinguishab e among fve of the six tested 
c imate c asses (Fig. 7). The Coo  Dry Mid Montane c ass had a  ower 
mean c ump size than the rest (median 2.7 vs. 4.0 trees). Mean c ump 
size difered between ridges (median 3.0 trees) and other  andforms 
(median 3.3 trees). More pronounced was the interactive efect of c i-
mate c ass and LMU on mean c ump size. C ump sizes were  arger in 
va  eys compared to other  andforms in the Warm Dry Low Montane, 
Xeric Mid Montane, and Xeric High Montane c imate c asses (Fig. 7). 
Southwest-facing s opes a so had higher mean c ump sizes in the Xeric 
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Fig. 7. Structure and pattern indices varying by c imate c ass and  andscape management unit (LMU). Interaction terms are shown where signifcant. Letters above 
box p ots indicate statistica  y distinct groupings based on Tukey tests. Open space index refers to the proportion of area > 6 m from the nearest canopy. BA = basa  
area, MCS = mean c ump size, TAO = tree-approximate object. 

High Montane c imate c ass. The open space index, measuring the 0.046), whi e va  eys and SW s opes were transitiona  (median 0.056). 
proportion of stand area greater than 6 m from the nearest canopy edge, 
varied across c imate c asses and LMUs a most as a mirror image of 4. Discussi n 
basa  area when p otted on a  og sca e (Fig. 7). The open space index 
was  owest in the Warm Dry Low Montane c ass (median 0.01) and We found that contemporary fre-dependent forests, often used to 

inform restoration targets, vary by c imate and topographic position, 
producing an array of structura  conditions that are high y variab e at 

highest in the Xeric Mid Montane c ass (median 0.29). Open space was 
higher on ridges (median 0.074) and  ower on NE-facing s opes (median 
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 andscape sca es. Our resu ts reafrm the importance of managing for 
wide and fexib e ranges of variation at mu tip e sca es rather than 
managing for one specifc condition at any one sca e (Larson and 
Churchi  , 2012; Hessburg et a ., 2015; Co  ins et a ., 2016). Given the 
comp ex re ationship between environmenta  setting and reference 
condition structure, it is va uab e to use the most biophysica  y ana o-
gous data avai ab e for eva uating departure from reference conditions 
(Churchi   et a ., 2013). We found that c imate c asses at coarse sca es 
and LMUs at fne sca es provided a meaningfu  biophysica  temp ate for 
forest structure and spatia  pattern. Using this framework, management 
objectives for a departed  andscape cou d be defned to produce a range 
of stand structures congruent with c imatic and physiographic factors 
that may improve forest resi ience to increasing severity and frequency 
of fre and drought stresses. 

4.1. Geographic and environmental distribution of reference areas 

The geographic distribution of reference areas was most obvious y 
due to management practices associated with diferent  and owner-
ships. We required that reference areas had no history of active forest 
management such as p anting, thinning, or  ogging. Timber manage-
ment has been widespread across Nationa  Forests of the Sierra Nevada 
since the ear y 1900s (Laudens ayer and Darr, 1990), but has genera  y 
not occurred in the Nationa  Parks which were protected from most 
resource extraction starting in 1890 (Yosemite and Sequoia-Kings 
Canyon) and 1907 (Lassen) (Parsons and van Wagtendonk, 1996). 
Logging that did occur before the parks were protected was most y 
opportunistic and sma  -sca e (Laudens ayer and Darr, 1990). Second, 
fre po icy has been very diferent between Nationa  Forests versus 
Nationa  Parks in the Sierra Nevada, especia  y since the ear y 1970s 
when the parks began phasing out fu   suppression po icies and 
adopting instead active prescribed fre and managed wi dfre programs 
(Parsons and Botti, 1996; van Wagtendonk, 2007; van Wagtendonk and 
Lutz, 2007). In contrast, Nationa  Forests started using prescribed 
burning more recent y and have adopted managed wi dfre primari y in 
designated wi derness (Stephens and Ruth, 2005). This in  arge part 
accounts for the fact that 81% of the reference area in the Sierra Nevada 
mixed-conifer zone is in Nationa  Parks, even whi e the parks represent 
 ess than 13% of the federa   and base in the Sierra Nevada. 

Some part of the distribution of reference areas can a so be attrib-
uted to environmenta  conditions, in particu ar,  ightning strikes. 
Lightning ignitions are an important environmenta  factor in Sierra 
Nevada fre regimes, since essentia  y a   of the montane forest is dry 
enough to burn during the annua  summer drought (Lutz et a ., 2009). 
Lightning strike density varies with e evation across the Sierra, peaking 
in the 1800–2400 m e evation band (van Wagtendonk, 1994; van 
Wagtendonk and Cayan, 2008). This may exp ain why there were no 
reference areas in the two  owest-a titude montane c imate c asses 
(Very Hot Low Montane, Hot Low Montane). The e evation band that 
these c asses primari y occupy, 600–1200 m, receives  ess than ha f as 
many  ightning strikes of any of the other montane c asses, and  ess 
than a quarter as many strikes as the three highest-e evation montane 
c asses (van Wagtendonk and Cayan, 2008). Another exp anation may 
be the tendency of forests in this e evation band to burn in human-
caused fres with  arge high-severity patches. 

A fna  factor that infuenced the distribution of reference areas was 
the 2013 Rim fre. The Rim fre burned 31,519 ha of western Yosemite 
(Lydersen et a ., 2014), reburning a series of fres from the 1980s to 
2000s that had substantia   ower-severity components. This initia  
series of fres primed western Yosemite for a subsequent  ower-severity 
burn. A though the Rim fre burned at high severity on the adjacent 
Stanis aus Nationa  Forest, severity in Yosemite was much more mixed 
in part because of the previous fre history (Lydersen et a ., 2014; Kane 
et a ., 2015a; Lydersen et a ., 2017). Over ha f of the reference areas in 
Yosemite on y met our criteria after being burned by the Rim fre. 

4.2. Ranges of variation in reference stand structure and pattern 

The ranges of variation in density that we measured in reference 
areas genera  y matched ranges reported by past studies quantifying 
active-fre Sierra Nevada forest structure. For examp e, severa  re-
constructed and historica  datasets report mean densities ranging from 
60 to 314 TAOs ha−1, with tota  density ranges from 16 to 650 TAOs 
ha−1 (minimum dbh va ues varied from 5 to 15.2 cm) (North et a ., 
2007; Scho   and Tay or, 2010; Co  ins et a ., 2011; Van de Water and 
North, 2011; Knapp et a ., 2013; Barth et a ., 2015; Stephens et a ., 
2015). This matches we   with our measured mean density of 111 TAOs 
ha−1 (range 6–320), even when considering that each TAO may re-
present both the identifed overstory tree and up to severa  subordinate 
trees. These same studies report mean basa  area between 21 and 54 m2 

ha−1 with a range of 0.3–89 m2 ha−1, compared to our mean basa  area 
of 25 m2 ha−1 (range 0.01–113). This a ignment indicates that the re-
ference areas we identifed exhibit some of the key structura  features 
associated with historica  y resi ient stands, name y,  ower densities 
than contemporary fre-suppressed forests and dominance by  arge trees 
(North et a ., 2009; Stephens et a ., 2015; Saford and Stevens, 2017). 
However, dominance by  arge trees was not observed in every reference 
area. In particu ar, sma   o d trees (often 10–20 cm dbh observed during 
fe d visits) dominated the Xeric Mid-Montane c imate c ass, which is 
characterized by sha  ow, grave  y soi s with very sparse forest cover 
and stringers of denser cover in patches of convergent topography. 

In contrast, correspondence between our measurements of spatia  
pattern and reported measurements for historica  Sierra Nevada forests 
was mixed. We are aware of on y one study using spatia  y-exp icit data 
to describe historica  spatia  patterns in the Sierra Nevada: Lydersen 
et a . (2013) used 1929 stem map data from the “Methods of Cutting” 
experiment on the Stanis aus-Tuo umne Experimenta  Forest to quan-
tify tree c umps and canopy opening patterns. Our measurements of 
TAO c umps did not direct y a ign with their measurements of tree 
c umps. Specifca  y, we measured a higher proportion of individua s 
(38% vs. 5.6%) and a  ower proportion of sma   c umps of 2–4 trees/ 
TAOs (4.2% vs. 13.4%). This is probab y because many TAOs counted 
as individua s actua  y represent two or three trees. In this sense our 
data and the data from Lydersen et a . (2013) are not direct y com-
parab e. However, measurements of open space do not re y on tree 
counts and so can be direct y compared. Our average measurements 
were simi ar to the Methods of Cutting p ots. Lydersen et a . (2013) 
found 40% of p ot area was in open space < 3 m from the nearest 
canopy compared to our fnding of 25–40% within 4 m. The Methods of 
Cutting p ots averaged 5.2 de ineated gaps ha−1 compared to our 
4.1 ha−1, and the distributions of gap sizes were a so comparab e. We 
additiona  y identifed many  arge gaps (> 10 ha) that were not pos-
sib e to detect with the 4 ha p ots used by Lydersen et a . (2013). 

Contemporary measurements of spatia  pattern in the active-fre 
Sierra San Pedro Martir in northern Baja Ca ifornia, Mexico provide 
another point of reference. Fry et a . (2014) found that 10–14% of trees 
in Jefrey pine-mixed conifer stands were individua s with no c ose 
neighbors, whi e 20–25% of trees were in sma   c umps and 18–24% of 
trees were in medium c umps of 5–9 trees. These proportions represent 
a somewhat  ess c umped stand than the Lydersen et a . (2013) data 
(more individua s and sma   c umps, fewer  arge c umps), but compare 
to our fndings simi ar y. That is, we found higher proportions of in-
dividua s and  ower proportions of sma   c umps overa  . 

4.3. Variation in reference structure across biophysical environments 

Patterns of variation in active-fre forest structure are very comp ex, 
driven by mu tip e interactions between fre, topography, and moisture 
(Kane et a ., 2013, 2015a; Co  ins et a ., 2016). Some of this variation 
can be exp ained by e evation, water ba ance, and topographic position. 
For examp e, Co  ins et a . (2015) found that e evation and AET strong y 
diferentiated between diferent c asses of tree size and stand basa  
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area. Kane et a . (2015b) found that AET and Defcit, a ong with s ope 
and topographic position, were good predictors of canopy cover and 
tree height in twice-burned stands. Lydersen and North (2012) found 
gradients of tree size and density associated with s ope position, which 
diferentiated between structura  conditions better than aspect did. 
However, there was residua  variation around these patterns in a   
cases. Our resu ts suggest that the way the biophysica  environment 
drives structure in active-fre  andscapes is context-dependent, which 
may partia  y account for high amounts of unexp ained variation in 
ear ier research. This agrees with fndings of Abe  a et a . (2015) from 
the Spring Mountains of Nevada. Here we provide examp es i  ustrating 
the comp ex context dependency in re ationships between the biophy-
sica  environment and structure (Fig. 8). 

We found that ridgetops had  ower density,  ower basa  area, 
sma  er tree c umps, and more open space than other  andforms (Fig. 7). 
This matches descriptions by Lydersen and North (2012), who suggest 
that ridges unique y combine  ower productivity with more severe fre 
efects (i.e., more fre morta ity) to resu t in a fundamenta  y diferent 
growing environment than other  andforms. However, c imate condi-
tions can a ter or enhance this re ationship. For instance, the basic re-
 ationship between  andform and density is reversed in the Xeric High 
Montane c imate c ass, where ridges are simi ar to NE s opes whi e SW 
s opes have the  owest density (Fig. 7). One possib e exp anation is that 
this c imate c ass is characterized by sha  ow, rocky soi s throughout, so 
ridgetop soi  conditions are not very diferent from other  andforms. 
This norma ization of  andform efects may a  ow the (usua  y  ess im-
portant) efect of aspect on inso ation to be expressed in the form of 
reduced density on SW s opes. In contrast, the re ationship between 
 andform and density is enhanced in the Co d Dry High Montane c ass, 
where ridgetop density was  ower than density on other  andforms by a 
much greater margin than in any other c imate c ass (Fig. 7). One 
possib e exp anation for this pattern is that ridges in this c imate c ass, 
which was the on y samp ed c imate c ass with average Tmin va ues 
be ow 0 °C (Fig. A.2), experience strong winds carrying damaging ice 
crysta s more common y than warmer c asses, and so the unique y 
difcu t growing environment found on ridges is made even more dif-
fcu t re ative to other c imate c asses. 

Fig. 8. Examp e i  ustrating context-depen-
dent re ationships of c imate and  andform 
driving structure and pattern in reference 
areas, as is quantitative y shown in Fig. 7. In 
mesic conditions, density and spatia  pat-
terns are simi ar between ridges and va  eys; 
on y the sizes of trees difer. In xeric condi-
tions trees are sti    arger in va  eys than on 
ridges, but density and mean c ump size are 
a so higher in va  eys. 

A strong y context-dependent re ationship was observed between 
 andform and mean c ump size. Overa  , c ump sizes in va  eys were not 
signifcant y diferent than for any other  andform; however, in the 
warmest and driest c imate c asses, va  eys had signifcant y  arger 
c umps on average. For the Xeric Mid Montane and Xeric High Montane 
c asses the diference was approximate y a factor of 2, whi e the Warm 
Dry Low Montane c ass, the hottest c ass samp ed, the diference was a 
factor of over 100 (Fig. 7). This pattern, a ong with the patterns re ated 
to ridgetops discussed above, suggests that whi e broad conc usions 
about structura  variation across e evation, water ba ance, and topo-
graphy may be he pfu  guideposts, the signs and magnitudes of re-
 ationships between these factors and structure are not consistent across 
biophysica  space. 

The U-shaped distribution of density and basa  area with increasing 
e evation within the six montane c asses under study (Fig. 7) runs 
counter to the expectation that stand density shou d increase approxi-
mate y monotonica  y with e evation due to the combination of oro-
graphic precipitation and  onger fre return interva s (van Wagtendonk 
et a ., 2018). This can be exp ained by considering actua  evapo-
transpiration – a surrogate for productivity (Stephenson, 1998) – in-
stead of precipitation. Actua  evapotranspiration was negative y cor-
re ated with e evation for the montane c imate c asses (r = −0.33, 
Tab e 1), suggesting that  ower densities in the mid-montane c asses 
may be due to  ower productivity coup ed with simi ar y frequent fre 
compared to the  ow-montane c asses. This efect was c earer than the 
efect of recent fre regimes. We were not ab e to fnd any statistica  
re ationships between recent fre severity and c imate c asses, and fre 
regimes have not been reestab ished  ong enough to test for efects of 
fre frequency. 

One  imitation to the mode  discussed in this section is that our 
study design did not fu  y address potentia  spatia  autocorre ation of 
LMUs. Adjacent LMUs within the same or adjacent reference areas are 
more  ike y to have simi ar fre history, be structura  y simi ar, and be in 
the same c imate c ass. A though we did not samp e enough sites to 
contro  for this factor, we suggest that, at  east from a management 
perspective, LMUs can be considered independent y. 
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4.4. Using reference condition data in forest management 

The structura  data for Sierra Nevada reference areas presented here 
are intended to be app ied to forest restoration p anning and treat-
ments. The enve opes of forest structure indices (Fig. 6) can provide 
quantitative waypoints for interpreting current conditions and p anning 
restoration treatments or comparing to post-treatment conditions for 
monitoring. Further research forma izing the inc usion of  idar-mea-
sured structure and spatia  pattern into forest restoration p anning is 
current y underway. 

Eva uating departure from the reference conditions presented here 
is more straightforward if  idar data are avai ab e for the departed area 
under ana ysis. This a  ows for consistent data processing and direct 
comparisons between two TAO-based sets of metrics. However, the 
reference conditions we report can a so be compared to ground-based 
measurements (i.e., tree  ists) as  ong as the  imitations of  idar mea-
surements are accounted for. Specifca  y, each TAO may represent 
between one and severa  trees, and so measures of TAO density and 
c ump sizes wi   be sma  er than measures of tree density and c ump 
sizes. For these measures our resu ts can be taken as a  ower range 
estimate. On the other hand, our resu ts for basa  area shou d be c ose to 
the actua  va ues, since  idar accurate y captures the  arger trees that 
constitute most of the basa  area (Lutz et a ., 2012; Jeronimo et a ., 
2018). Simi ar y, since  idar is very efective at measuring canopy gaps 
our resu ts for the open space index shou d be very simi ar to resu ts 
from a fe d-measured stem map (Koukou as and B ackburn, 2004). 

Our resu ts indicate that fre use has been an efective restoration 
too  where imp emented, since the reference areas we identifed are 
apparent y set to continue burning at  ower severity and are structura  y 
simi ar to historica  forest conditions that are thought to be resi ient. 
Neverthe ess, Sierra Nevada forest managers have been conservative in 
fre reintroduction and the rate of restoration  ags behind regiona  
targets (North et a ., 2015; Stephens et a ., 2016). This research pro-
vides strong support for increasing the use of restorative fre in the 
Sierra Nevada. 

4.5. Limitations 

An important drawback to using  idar measurements as the so e data 
source is that there are no composition data to go a ong with the 
structura  measurements. Composition data must come from other 
sources such as mode ing or imputation from structure, Landsat or other 
spectra  data sources, or fe d surveys (Jeronimo et a ., 2018). Lidar is 
a so on y ab e to characterize the shrub  ayer in genera  terms 
(Martinuzzi et a ., 2009), which can be a prob em since shrubs, as an-
giosperms, are a key e ement of mamma  and bird diets in the Sierra 
Nevada (Lutz et a ., 2014, 2017). However, the reference conditions we 
provide here are associated with species assemb ages (Tab e 1). Since 
restoration treatments typica  y favor fre- and drought-to erant species 
it shou d be c ear which species wi   be expected for retention in a given 
c imate c ass. Neverthe ess, fe d visits and si vicu tura  know edge wi   
sti   be necessary to set rea istic composition targets. 

Another  imitation of  idar is a difcu ty diferentiating  ive trees 
from dead trees. Some studies have used return intensity data to esti-
mate dead tree parameters (e.g., Kim et a ., 2009), but no method has 
yet been wide y accepted and no study has been done at the TAO or 
equiva ent sca e. For these reasons we chose not to separate TAOs 
dominated by a  ive tree from TAOs dominated by a dead tree in our 
ana yses. This may be consequentia  for some reference areas. For ex-
amp e,  idar data for areas within the Rim Fire were co  ected on y 
8–12 weeks after initia  burning, probab y before much of the morta ity 
from that fre was actua  y discernib e from  idar. We justify our in-
c usion of these data in two ways. Since we focused on areas that 
burned at  ow and moderate severities (1) we expect that much of the 
morta ity was concentrated in sma  er size c asses, not in the  arger 
trees that dominate TAOs, and (2) even when the measurements we 
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report represent something c oser to pre-fre structure than post-fre 
structure, that structure  ed to  ow and moderate severity burning and 
thus can be considered a desirab e condition. 

Whi e the reference areas we present have experienced some fre 
reintroduction, they a so previous y experienced decades of fre sup-
pression and other anthropogenic disturbances (e.g., grazing). We do 
not c aim that these forests are fu  y restored nor that they are in the 
most resi ient condition possib e. Neverthe ess, these areas have burned 
mu tip e times and are sti   forested with a degree of heterogeneity 
comparab e to historica  measurements. They are the best extant ex-
amp es of Sierra Nevada mixed-conifer forests under an active fre re-
gime. 

In this study we have ana yzed and presented resu ts representing 
ranges of structure at sca es of topographic facets with areas most y 
around 2–20 ha. However, spatia  heterogeneity in forest structure a so 
occurs across broader sca es:  andscape conditions are a mix of a tree 
c ump and canopy opening patch mosaic, shrub and and herb and 
covering dozens of hectares of potentia  forest sites, and some  arge 
aggregations of c osed-canopy forest (Hessburg et a ., 2005; Kane et a ., 
2014). Ana yzing these reference areas in terms of  andscape patches 
(e.g. sera  stages sensu Gärtner et a ., 2008) wou d be a va uab e com-
p ement to the fner-sca e data we have presented here. 

5. C nclusi ns 

Forest structure in active-fre  andscapes is high y variab e at mu -
tip e sca es (Fry et a ., 2014; Be ote et a ., 2015; Co  ins et a ., 2016). 
Measuring reference conditions across contemporary active-fre  and-
scapes using  idar afords some key advantages over historica  reference 
conditions and fe d-based samp ing. The Sierra Nevada region may be 
unique in having broad  idar coverage coup ed with  arge areas of re-
introduced fre. This a  owed us to quantify  andscape features over 
reference areas on the sca e of hundreds to thousands of hectares that 
wou d not have been practica  y measurab e with reconstruction tech-
niques or using ground-based surveys. We captured the fu   range of 
structura  variabi ity present in the reference areas, inc uding dense 
aggregations of hundreds of trees as we   as  arge meandering openings 
snaking across dozens of hectares. Whi e our nove  techniques provided 
some new insights into forest structure under active fre conditions, our 
fndings a so confrmed past research indicating that frequent  ower-
severity fre  eads to high y variab e  andscapes patterned after c imatic 
and topographic gradients. 
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Appendix A:. Additi nal tables and fgures 

See Tab es A1 and A2. 

Table A1 
Species codes, Latin names, and common names key for Tab e 1. 

Species code Latin name Common name 

ABCO Abies concolor White fr 
ABMA 
AECA 

Abies magnifca 
Aesculus californica 

Red fr 
Ca ifornia buckeye 

CADE Calocedrus decurrens Incense-cedar 
JUCA 
JUOC 

Juniperus californica 
Juniperus occidentalis 

Ca ifornia juniper 
Western juniper 

LIDE Lithocarpus densiforus Tanoak 
PIAL 
PIBA 
PICO 

Pinus ablicaulis 
Pinus baulforiana 
Pinus contorta 

Whitebark pine 
Foxtai  pine 
Lodgepo e pine 

PIJE 
PILA 
PIMO 

Pinus jefreyi 
Pinus lambertiana 
Pinus monophylla 

Jefrey pine 
Sugar pine 
Sing e- eaf pinyon 

PIMO2 
PIPO 

Pinus monticola 
Pinus ponderosa 

Western white pine 
Ponderosa pine 

PISA 
PSME 
QUCH 

Pinus sabiniana 
Pseudotsuga menziesii 
Quercus chrysolepis 

Gray pine 
Doug as-fr 
Canyon  ive oak 

QUDO 
QUKE 
QUWI 

Quercus douglasii 
Quercus kelloggii 
Quercus wislizeni 

B ue oak 
B ack oak 
Interior  ive oak 

TSME Tsuga mertensiana Mountain hem ock 

Table A2 
Mode  coefcients and statistics for height-diameter regressions on forest inventory and ana ysis p ots within each c imate c ass (tota  number of p ots = 3217). 
Mode  form is , with dbh in cm and height in m. 

Data used to bui d mode  

C ass b0 b1 
2r RMSE (cm) N p ots N trees DBH min (cm) DBH max (cm) Height min (m) Height max (m) 

1 1.53856 1.14648 0.64 3.99 216 3179 2.5 121.2 1.2 45.1 
2 2.72283 1.02325 0.61 3.38 31 304 3.6 101.3 2.7 30.5 
3 2.05648 1.15830 0.70 4.29 69 1310 2.5 115.1 0.9 34.4 
4 1.14798 1.12029 0.86 5.09 21 654 2.5 149.6 2.7 64.6 
5 1.37670 1.10943 0.79 4.73 460 13,524 2.5 209.0 1.8 68.9 
6 1.19206 1.12831 0.86 5.06 88 3311 2.5 182.6 1.8 68.9 
7 1.07742 1.16068 0.84 5.16 27 1091 2.5 161.0 2.1 60.4 
8 3.03182 0.95797 0.64 5.64 30 723 2.5 158.2 1.5 46.3 
9 1.44673 1.08746 0.86 4.74 335 13,501 2.5 203.2 0.9 70.1 
10 1.69328 1.05785 0.86 5.10 224 8712 2.5 245.6 1.5 75.6 
11 2.31671 1.00310 0.81 5.60 113 2251 2.5 157.5 1.2 51.8 
12 1.40413 1.10804 0.86 4.78 62 2414 2.5 177.8 1.8 60.7 
13 1.78311 1.04917 0.85 5.32 356 13,568 2.5 216.7 0.6 80.5 
14 2.82546 0.92227 0.75 5.58 312 8589 2.5 164.6 0.3 59.4 
15 1.93072 1.04232 0.84 5.77 127 4231 2.5 201.4 0.9 59.4 
16 1.91499 1.06052 0.83 6.33 328 10,398 2.5 261.9 0.6 59.4 
17 2.05270 1.06432 0.79 6.15 233 6498 2.5 176.8 0.9 67.1 
18 2.58053 1.00908 0.74 7.68 164 5082 2.5 196.3 1.2 57.9 
19 15.64717 0.67221 0.44 5.68 1 34 56.4 127.3 8.2 17.4 
20 2.96029 1.02971 0.72 8.15 44 990 2.5 154.2 1.5 33.2 
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See Figs. A1 and A2. 

Fig. A1. C uster dendrogram for c imate c asses. 
The  abe s at the second sp it indicate broad c i-
mate zones. Labe s a ong the bottom are names of 
the 20 fna  c imate c asses (red boxes), inter-
preted by inspecting this graphic as we   as Fig. 
A.2. (For interpretation of the references to co our 
in this fgure  egend, the reader is referred to the 
web version of this artic e.) 
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Fig. A2. Characteristics of the 20 c imate c asses in terms of actua  evapotranspiration (AET), c imatic water defcit (Defcit) and January minimum temperature 
(Tmin), which were the input variab es for the c assifcation, as we   as e evation, for reference. See Tab e 1 for c ass descriptions. 

Appendix B. Supplementary material 

Supp ementary data to this artic e can be found on ine at https://doi.org/10.1016/j.foreco.2019.01.033. 
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