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CHAPTER 1: Introduction 

1.0 Sugar pine ecology and need for research 

Sugar pine (Pinus lambertiana Dougl.) can attain the greatest stature of any Pinus species in 

North America and is an essential component of the Sierra Nevada mixed-conifer forests (Kinloch and 

Scheuner 1990, Oliver 1996).  It is endemic in the southern Cascades of Oregon and throughout 

California to Baja, Mexico (Kinloch and Scheuner 1990).  Recent studies indicate low sugar pine 

regeneration and recruitment rates in parts of California (Olson and Helms 1996; Ansley and Battles 

1998; van Mantgem et al. 2004).  Proposed causes for this lack of regeneration and low recruitment 

include: extensive overharvesting, fire suppression practices, and the introduced pathogen white pine 

blister rust (Cronartium ribicola J.C. Fisch.) (Ansley and Battles 1998; van Mantgem et al. 2004).  There is 

increasing concern that sugar pine might not continue as an important component of Sierra Nevada 

mixed-conifer forests (van Mantgem et al. 2004, Zald et al. 2008), yet there is little research about the 

conditions, stand structures, and management treatments that promote recruitment (Fowells and 

Schubert 1956; McDonald 1976; McDonald and Reynolds 1999; Olson and Helms 1996; York et a. 2003, 

2004; York and Battles 2008). 

1.1 Understanding the effects of competition and site on sugar pine growth and implications 
for restoration in the Lake Tahoe Basin, California and Nevada 

This study was located in the mixed-conifer forests of the Lake Tahoe Basin, California and 

Nevada, in the north-central Sierra Nevada.  The overall goal of this study was to assess height growth of 

sugar pine regeneration, along with individual tree- and stand-scale metrics, to identify conditions most 

likely to increase overstory recruitment in the Lake Tahoe Basin, CA and NV, USA.  Specifically, we 

addressed the following objectives: 
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1.) Compare competition variables and tree characteristics at the individual tree level 

between true saplings (TS) and pygmy trees (PYG) in stands of differing site 

productivity and management history.  

2.) Identify the best predictors of tree status (TS vs. PYG) to develop a predictive model 

for use by managers.  

3.) To define relationships between canopy closure, stand structure and sugar pine 

height growth rates in stands with differing management histories and site 

productivities; 

4.) To identify the most important microsite and individual tree attributes explaining 

past growth rates and develop models to predict stand structures that promote 

these attributes at the stand and individual seedling/sapling level.  

5.) To recommend stand structures that enhance sugar pine regeneration height growth 

while not increasing fire hazard.  

This report has been divided into four chapters following this introduction.  Chapter two, 

“Silviculture and regeneration ecology of sugar pine (Pinus lambertiana) in the Sierra Nevada, U.S.A.”, 

reviews the current literature pertaining to the history of logging and silviculture in the mixed-conifer 

forests of the Sierra Nevada and the Lake Tahoe Basin, U.S.A. and ecology of sugar pine regeneration.  

Chapter three, “Determinants of pygmy sugar pine (Pinus lambertiana) in the Lake Tahoe Basin, U.S.A.,” 

investigates objectives one and two.  Chapter four, “Stand and individual tree characteristics affecting 

past growth of sugar pine (Pinus lambertiana) regeneration at the individual tree- and stand-scales in 

the Lake Tahoe Basin, CA and NV, USA,” examines objectives three and four. Chapter five, “Management 

Recommendations,” discusses study findings and how best to use silviculture to promote sugar pine 

sapling growth and recruitment, at the individual tree and stand levels, thus addressing objective five. 
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CHAPTER 2: Silviculture and regeneration ecology of sugar pine (Pinus 
lambertiana) in the Sierra Nevada, U.S.A. 

2.0 Sugar pine ecology and distribution 

Sugar pine (Pinus lambertiana Dougl.) is a highly valued timber species and can attain the 

greatest stature of any Pinus species in North America.  Its distribution extends south from the west 

slopes of the Cascades in Oregon, throughout the Klamath, Siskiyou, and Sierra Nevada Ranges into Baja, 

Mexico (Kinloch and Scheuner 1990).  Sugar pine is a significant component of the California mixed-

conifer vegetation type with approximately 80% of the growing stock located in California.  Sugar pine 

ranges in elevation from close to sea level in the Coast Ranges of southern Oregon and California to 

more than 3000 m in the Transverse Range of southern California (Kinloch and Scheuner 1990).  

Historically sugar pine comprised a greater proportion of the Sierra mixed-conifer forest; however, as a 

result of extensive harvesting due to its high commercial value, its abundance and range have been 

reduced substantially (Oliver 1996). 

The Sierra Nevada Range spans 650 km from the border of northern California and Nevada 

south to the Tehachapi Mountains; it is bound on the west by California's Central Valley and on the east 

by the Great Basin (USDA Forest Service 1997).  The Lake Tahoe Basin (TB), comprised of 88,000 

hectares and located in the northern Sierra Nevada (Figure 2-1), straddles the California-Nevada state 

line between the Sierra Nevada and Carson Mountain Ranges (USGS 2008).  Lake Tahoe is a large 

freshwater lake with an elevation of 1,897 m and an area of 489 km² (USGS 2008).  

Exact species composition of the Sierra Nevada mixed-conifer forest depends on latitude, 

elevation, and specific site conditions.  Sugar pine grows at a wide range of elevations and on a variety 

of soils.  It is able to persist on hot dry sites and can outcompete some of its pine associates such as 

ponderosa pine in northern California on the Shasta-Trinity National Forest (Oliver 1978).  In the 

northern Sierra Nevada, sugar pine is associated with Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), 
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which is absent in the southern Sierras (Tappeiner 1980).  Ponderosa pine (P. ponderosa Dougl. ex 

Laws.), is prevalent at lower elevations and on southerly aspects; it is replaced by Jeffrey pine (P. jeffrey ; 

Balf.) on colder sites, higher elevations (> 1830 m) and serpentine soils (Rundel et al. 1977).  California 

black oak (Quercus kellogii Newb.) and incense-cedar (Calocedrus decurrens (Torr.) Florin) are also 

common associates found throughout the Sierra Nevada range in varying concentrations. 

Giant sequoia (Sequoia giganteum (Lindl.) Buchholz) is an associate of sugar pine on mesic sites 

in the central and southern Sierras (Tappeiner 1980) while white fir (Abies concolor (Gord. & Glend.) 

Lindl.) is ubiquitous throughout the Sierras but is replaced by red fir at higher elevations (2,134 - 2,734 

m).  In addition to red fir, western white pine (P. monticola Dougl.) and lodgepole pine (P.  contorta 

(Grev. & Balf.) Critch.) are also associates of sugar pine at higher elevations (> 2,134 m) (Tappeiner 

1980). 

In the eastern Sierra Nevada, Jeffrey pine dominates in the mid-elevations and grows in 

association with white fir, incense-cedar, lodgepole pine, and scattered sugar pine (USDA Forest Service 

1997).  Green alder (Alnus tenuifolia) and willow (Salix spp.) species are dominant high elevation riparian 

species found along stream banks and in meadows but are minor components in the central Sierras 

above 1680 m (USDA Forest Service 1981).  Sugar pine is considered intermediate in shade tolerance, 

being more tolerant than ponderosa pine, similar to Douglas-fir, and less tolerant than white fir and 

incense-cedar (Baker 1949; Daniel et al. 1979; Oliver 1996).   
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2.1 History of logging and silviculture in the Sierra Nevada and the Lake Tahoe Basin, 
California and Nevada, U.S.A. 

Throughout the western U.S., including the Sierra Nevada, widespread harvesting of timber 

began in the mid 1800s with the discovery of gold and silver deposits in California in 1849 and Nevada in 

1859.  Vast amounts of timber were needed to aid in ore extraction and urban development (Raumann 

and Cablk 2008).  Forests were viewed as an inexhaustible resource, and no thought was given to 

preservation (Helms and Tappeiner 1996).  High value trees, such as shade intolerant pines and those 

that were readily accessible, were harvested first (Beesley 1996).  However as the pine supply was 

quickly depleted, loggers switched to harvesting white and red firs and incense-cedar.  This pattern was 

markedly different from the pattern created by the historical fire regime, which tended to kill smaller 

diameter trees and favored large diameter, fire-resistant species in post-fire stands (SNEP 1996).   

The introduction of railroad and ground-skidding systems increased access to more stands, 

greatly reducing the amount of old growth and altering the character of remnant stands through 

extensive high-grade logging (Helms and Tappeiner 1996).  Deliberate repeated fires to reduce slash, 

uncover potential minerals, improve hunting and facilitate grazing were very damaging (Cermak 1996).  

Livestock grazing occurred through the 1930s and had a pronounced impact on second-growth forest 

regeneration (Raumann and Cablk 2008).  From 1860-1930 approximately 67% of the TB’s forests were 

clear-cut with more accessible sites often experiencing repeated harvesting (Elliot-Fisk et al. 1996).  

Small-scale logging operations to aid infrastructure development in the TB began in 1910 and continued 

through the 1960s (Elliot-Fisk et al. 1996; Lindstrom 2000; Raumann and Cablk 2008). 

Little to no management was practiced in western forests until the turn of the 20th century 

when silviculture was first attempted by selective harvesting of large, mature trees (Tappeiner et al. 

2007).  Selective harvesting was utilized heavily in the Sierra Nevada mixed-conifer forests where there 

was ample and vigorous conifer regeneration to reforest harvested stands (Tappeiner et al. 2007).  
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Weak forestry laws coupled with lack of enforcement and continued expansion of railroads and 

technological developments prevailed from the early to mid 1900s (Cermak 1996).  In California, tax 

incentives perpetuated selective harvesting and discouraged more moderate harvests.  Section 123⁄4 of 

the state constitution enabled private landowners to avoid taxes on harvested timber if at least 70% of 

the volume of trees per unit of land was removed (Helms and Tappeiner 1996).   

 During the mid 1900s there was a transition to even-aged silviculture methods, such as 

clearcutting and seed-tree regeneration, which became the dominant practice until the mid 1980s.  In 

California, the Forest Practices Act (1943) established that natural regeneration and even-aged methods 

were the preferred silvicultural treatments (Helms and Tappeiner 1996).  By the mid 1950s a concept 

called “unit area control” was developed in the Sierra Nevada, which recognized that mixed-conifer 

forests consisted of mosaics of age classes and structures (Helms and Tappeiner 1996).  This new 

silvicultural approach focused on prescribing treatments based on an assessment of the condition of 

small stands of trees instead of individual trees (Helms and Tappeiner 1996).  In the Sierra Nevada it was 

common practice for private timber companies to high-grade the pine component and then exchange 

the cut-over lands with the U.S. Forest Service for trees on federal lands (Helms and Tappeiner 1996). 

By the late 1980s, the public was becoming aware of the effects of wildfire suppression policies 

and the repeated preferential harvesting of pine.  These practices caused a transition in many Sierran 

mixed-conifer forests from mosaics dominated by large fire- tolerant species to dense stands dominated 

by smaller shade tolerant species creating ladder fuels and enabling intense crown fires (Parsons and 

DeBenedetti 1979, Helms and Tappeiner 1996).  This sparked a shift on public lands in the 1990s away 

from economically driven timber production to an ecosystem management approach focusing on 

conservation of old-growth and wildlife habitat (Puettmann et al. 2009).  Timber harvesting was 

significantly reduced on public lands as a result and large-scale clearcutting was eliminated in California.  
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The employment of longer rotations and partial harvests (Puettmann et al. 2009) and the negative 

perceptions associated with even-aged harvesting prompted the adoption of uneven-aged methods, 

such as individual tree and group selection (Helms and Tappeiner 1996). More recent philosophies 

promote greater diversity in silvicultural strategy in order to best meet ecological management 

principles (North et al. 2009). Restoration research has indicated that historic conditions in the Sierran 

mixed-conifer forests exhibited a wide range of diameter distributions and likely did not follow the 

reverse-j shape often found under current conditions or dictated through traditional individual tree 

selection (North et al. 2007; 2009). 

2.2 Overview and history of silviculture in the western U.S.A. 

The predominant silvicultural systems employed in the U.S. were adopted from Europe where 

forests had been managed for centuries (Puettmann et al. 2009).  Silvicultural systems are often 

associated with their methods of regeneration and not the stand structures they develop or maintain 

(Tappeiner et al. 2007).  Systems are often considered as either even- or uneven-aged.  Even-aged 

systems such as clearcutting, seed-tree, various shelterwood methods, and coppice grow relatively 

uniform tree sizes and ages (Tappeiner et al. 2007).  Uneven-aged methods, including individual tree and 

group selection, maintain a wide range of tree sizes and usually ages (Tappeiner et al. 2007).    

Clearcutting, or harvesting all trees in a stand, developed in response to the onset of 

industrialization (Puettmann et al. 2009).  It is a suitable method of regeneration for several species, 

such as Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), many pine species, and hardwoods 

(Tappeiner et al. 2007).  Planted regeneration, in addition to natural, may be needed to sufficiently stock 

the new stand.  Both the seed-tree and shelterwood methods involve partial harvesting of the stand 

with the new stand initiating under the partial overstory.  Traditionally, the residual trees are harvested 

after regeneration is well established.   
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The seed-tree method leaves 5 - 20 mature trees per hectare as a seed source for regeneration 

(Tappeiner et al. 2007).  This method is often applied for regeneration of pines, which need ample light 

for establishment and can grow in exposed microclimates.  However, this system and the clearcut 

method do not favor the establishment of more shade tolerant species, such as Douglas-fir and sugar 

pine (McDonald 1976).  Shelterwood methods typically leave around 30 trees per hectare of desired 

species to provide a seed source for regeneration and a suitable microclimate for continuous growth 

and survival of regeneration (Puettman et al. 2009).  Species that flourish under a shelterwood system 

include more shade tolerant species such as sugar pine, western larch (Larix occidentalis Nutt.), western 

white pine (Pinus monticola Dougl. ex D. Don), spruce (Picea spp.) and hardwood species (McDonald 

1976).    

The individual tree and group selection methods were developed in Europe and continuously 

provide for canopy cover and a variety of forest products.  These systems are designed to regenerate 

existing uneven-aged stands or convert stands to uneven-aged and are often applied to mixed species 

stands.  Selection systems facilitate natural regeneration of desired species by creating small openings of 

varying sizes (Smith et al. 1997).  The disadvantage of traditional individual tree selection is that it may 

not produce openings that are large enough for natural regeneration of shade intolerant species such as 

sugar pine and Douglas-fir (McDonald 1976; Lillieholm et al. 1990).   

Group selection silviculture, on the other hand, may facilitate natural regeneration of mid-shade 

tolerant species while accomplishing other objectives (Raymond et al. 2003; York et al. 2003, 2004; 

Webster and Lorimer 2005; Shields et al. 2007; York and Battles 2008).  The favorable microclimate of 

mineral soil, relatively cool soil surface temperatures, and short intervals of overstory light created by 

selection methods facilitate the growth of mid shade tolerant conifers such as sugar pine and Douglas-fir 

(McDonald 1976).  In the West, the small openings produced through group selection are believed to 

mimic natural disturbances that remove small groups of trees within a stand.  Examples of such 
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disturbances are insects, disease, and small, high-intensity fires within a matrix of low-intensity surface 

fires (Smith et al. 1997).  The resultant gaps and stand structures approximate what would have been 

created by fire before pre-Euro American settlement in the mixed-conifer forest type of the Sierra 

Nevada (Elliott- Fiske et al. 1996; Skinner and Chang 1996).       

2.3 Effects of fire suppression and mitigation of fire hazard in the Sierra Nevada and the Lake 
Tahoe Basin, California and Nevada, U.S.A.  

Fire suppression practices coupled with overharvesting and grazing have greatly altered forest 

development in many parts of the Sierra Nevada (Parsons and DeBenedetti 1979; Taylor 2000; Taylor 

2004; Beaty and Taylor 2007).  Prior to Euro-American settlement, recurring fire was the most pervasive 

disturbance agent influencing the structural development and species composition of mixed-conifer 

forests in the Sierra Nevada (Skinner and Chang 1996; Taylor 2004; Beaty and Taylor 2008).  Fire 

suppression practices were implemented in the early 20th century and low to moderate severity fire 

was virtually eliminated, particularly in low- to middle-elevation forests (Skinner and Chang 1996). 

Fires consisted of frequent, low- to moderate- severity surface fires and varied in size from small 

spot fires to burns affecting entire stands (Skinner and Chang 1996, Taylor 2004).  Mean fire return 

interval (MFI) on the west shore of the TB between 1700 and 1875 ranged from 4 to 53 years (Beaty and 

Taylor 2008).  A similar study estimated the fire return interval prior to 1850 ranged between 3 and 44 

years (Skinner and Chang 1996).  These fires tended to occur in late summer and fall when soil moisture 

levels were low and trees were dormant (Taylor 2004; Beaty and Taylor 2007).  

Lack of fire has altered both forest stand structure and composition.  Many second-growth 

forests consist of higher densities of small- to medium-sized shade tolerant, fire-intolerant trees such as 

white fir than forests under historical conditions (Parsons and DeBenedetti 1979; Taylor 2000; Barbour 

et al. 2002; Taylor 2004; Beaty and Taylor 2007).  There is also increased vertical continuity of fuels and 

increased risk of stand-replacing fires (Skinner and Chang 1996; Beaty and Taylor 2007).  Increases in 
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stand densities have also altered understory conditions, decreasing available light and increasing litter 

depth and competition for soil moisture (North et al. 2005a). 

Existing forest composition and structure in the TB exhibit similar conditions as other parts of 

the Sierra Nevada:  dense forest and heavy fuel conditions are present in many stands (Taylor 2004; 

Beaty and Taylor 2007).  Hazardous conditions have resulted in devastating wildfires such as the 2007 

Angora wildfire, which burned several hundred homes in South Lake Tahoe (Murphy et al. 2007; Safford 

et al. 2009).  Consequently, fire is being reintroduced throughout many mixed-conifer forests including 

the TB. 

Prescribed fire treatments are typically intermediate treatments designed to decrease fire 

hazard, dispose of slash, prepare the site to cycle nutrients, and expose mineral soil.  Recent studies 

indicate that sugar pine establishment and growth are enhanced following prescribed fire treatments 

(York and Heald 2007; Moghaddas et al. 2008).  Prescribed fire is a beneficial tool for regeneration of 

pine species and may be an effective tool when combined with mechanical treatments to reduce fuel 

loadings and enhance sugar pine growth. 

2.4 Stand conditions affecting sugar pine regeneration  

Currently, limited knowledge exists about sugar pine regeneration and the optimal conditions 

for growth and long term survival.  Previous research has found that solar radiation, litter depth and soil 

moisture are important variables associated with understory tree species composition and may be 

important factors limiting tree regeneration in Sierran mixed-conifer forests (Gray et al. 2005; North et 

al. 2005b).  Sugar pine establishment may also be strongly influenced by deep snow packs associated 

with El Niño events by providing an increased quantity of available moisture over a longer period of time 

(North et al. 2005a).  With the majority of the precipitation delivered in the form of snow in the TB, soil 

water is often depleted by mid-July (Rogers 1974).  Therefore, soil moisture availability to seedlings is 
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dependent on the water-holding capacity of the soil and competition from other vegetation (Gray et al. 

2005). 

Sugar pine seedlings have been found to be sensitive to changes in soil moisture and are lower 

in drought resistance than their mixed-conifer associates in California (Pharis 1967).  However, they may 

compensate for this lack of resistance by growing deep root systems during establishment (Pharis 1967).  

Sugar pine regeneration is sensitive to frost and drought (Fowells and Stark 1965) and may require high 

soil moisture until they reach sapling or greater sizes (Tappeiner and McDonald 1996).  Recent research 

that examined the resource requirements for diameter growth in mixed-conifer saplings on the Plumas 

National Forest north of the TB, found a slight negative correlation between diameter growth and 

available water for sugar pine saplings (Bigelow et al. 2009).  

   Research indicates that seedling establishment may be favored in more shaded areas due to 

the facilitative effects of shrubs that may increase available soil moisture, and decrease light intensity, 

heat, soil temperatures, and evaporation (Dulohery et al. 2000; Gray et al. 2005; Legras and Vander Wall 

2010).   A recent study in the Carson Range of Nevada found that seedling emergence and survival was 

greater under shrubs than in open conditions (Legras and Vander Wall 2010).  Shrubs likely facilitated 

seedling survival through microclimate mediation, decreasing temperature and light intensity, and 

increasing soil moisture (Legras and Vander Wall 2010). 

Desiccation from direct solar radiation may be a cause of high seedling mortality rates (Gray et 

al. 2005).   Research has found that seedling survival was the poorest following treatments that involved 

canopy removal during initial seedling establishment.  Poor survival rates were attributed to water 

limitations caused by rapid drying of the soil from the additional heat absorbed by exposed, darkened 

litter (Legras and Vander Wall 2010).  The benefits of having an overstory canopy on seedling growth 

have been proven to be short-lived and may switch to a more competitive interaction after several years 
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(Dulohery et al. 2000); the effects may be more pronounced on sites of low productivity (Zhang et al. 

2006).   

Sugar pine has been shown to have slow initial height growth even on the most productive sites 

(Fowells and Schubert 1956a).  Similar to many pine species, sugar pine allocates a large proportion of 

its initial photosynthate to root growth and less to foliage production (Pharis 1967).  Approximately 3 - 5 

years are needed for pines to switch allocation from root to shoot growth and increase growth rates 

(Fowells and Schubert 1956a; York et al. 2004).  As a result sugar pine may be initially outcompeted by 

some of its more shade tolerant counterparts (Oliver 1996; York et al. 2004). 

Sugar pine has been found to establish well on sandy soils and may allocate a larger portion of 

growth to a long taproot with few lateral branches (Fowells and Schubert 1956a).  One study found that 

root systems of sugar pine growing on sandy soils had taproots averaging 43 cm in length after 2-3 

months, with a maximum of 61 cm (Fowells and Schubert 1956a).  This is in contrast to establishment of 

sugar pine on duff-covered soils which had average taproots 18-23 cm in length and a maximum of 30.5 

cm (Fowells and Schubert 1956a). 

Periodic surface fires favor sugar pine regeneration in the mixed-conifer forests of the central 

Sierras by creating favorable seedbed conditions by reducing competition and litter depth, and 

increasing understory light (Sugihara and McBride 1996; North et al. 2005b; North et al. 2008).  Fire 

suppression practices have favored regeneration of more shade tolerant species such as white fir and 

incense-cedar in the Sierra Nevada (North et al. 2005b; North et al. 2008).  Large densities of some plant 

species inhibit sugar pine regeneration by vying for limited resources, such as soil moisture, and by 

outcompeting sugar pine at lower canopy closures (Yeaton 1983; Sugihara and McBride 1996).  Sparse 

regeneration can establish without fire although seedlings are prone to being shaded out once canopy 

closure has occurred.  Sugar pine will persist at lower light levels but grows slowly (Oliver and Dolph 

1992). 
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2.5 Damaging agents to sugar pine regeneration 

In comparison to its common associate ponderosa pine, sugar pine is affected by relatively few 

native insects and pathogens with the exception of occasional predation by the sugar pine cone beetle 

(Conophthorus lambertianae Hopk.) and the mountain pine beetle (Dendroctonus ponderosa Hopk.) 

(Ferrell and Scharpf 1996; Oliver 1996).  The introduction of the non-native pathogen white pine blister 

rust (WPBR) in the early 1900s may substantially impact regeneration (Kimmey and Wagener 1961; 

Kliejunas 1982, Shaw and Geils 2010).  WPBR was first introduced into Vancouver in 1910 on infected 

eastern white pine (Pinus strobus L.) nursery stock (Mielke 1943).  By 1929 the pathogen had spread 

southward into California where it infected sugar pine at one location on the Six Rivers National Forest 

and at one location on the Klamath National Forest (Kliejunas 1982).  Infection centers were discovered 

in the northern Sierra Nevada by 1938 and the Stanislaus National Forest by 1944 (Kliejunas 1982).  

WPBR spread southward to the Mountain Home Demonstration State Forest by 1968, and to the 

southern end of the Sierra Nevada to the Breckenridge Mountain area by 2002 (Kliejunas and Adams 

2003).   

White pine blister rust is an obligate parasite that spends part of its life cycle on Ribes spp. and 

part on white pines.  Specific environmental conditions are needed for pine infection.  Spore production 

requires 48 hours with 100% relative humidity and temperatures cooler than 20° C (Hirt 1935; Hirt 1942; 

Van Arsdel et al. 1956).  These conditions tend to occur close to the ground increasing the likelihood 

that infections will occur in small trees (Van Arsdel 1961).  Infections generally occur close to the stem 

and girdle the cambium, causing direct mortality of sugar pine seedlings, saplings and even large trees in 

epidemic years (Hagle et al. 1989; Hunt 1982; Hunt 1998; Kliejunas and Adams 2003).  Due to the higher 

impact on understory trees, white pine blister rust has the potential to substantially impact both density 

and recruitment of regeneration into the overstory. Recent research in the TB found only 4 out of 10 
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sampled stands had indications of declining sugar pine populations, with indications of stability in the 

remaining 6 sampled populations (Maloney et al. 2011).  

White pine blister rust can also cause indirect mortality to sugar pine by predisposing trees to 

bark beetle attack, predominantly by the mountain pine beetle (Kliejunas and Adams 2003).  It can also 

reduce tree vigor and increase susceptibility to damage from restoration treatments such as prescribed 

fire (Stephens and Finney 2002).  Some sugar pines have strong genetic resistance to white pine blister 

rust (Kinloch and Littlefield 1977).  Silvicultural methods to manage for blister rust include branch 

pruning (King 1958; Weber 1964) and canker excision.  These methods, in concert with maintenance of a 

broad genetic base of sugar pine and planting trees with a combination of genetic resistance factors, 

remain the best options for blister rust management (DeNitto 1996; Ferrell and Scharpf 1996).       

Another factor that may inhibit sugar pine regeneration is a lack of suitable parent trees 

providing a viable seed source.  Young sugar pine are poor cone producers; cone production increases 

with age with the majority of cone producers concentrated in trees greater than 45 cm in diameter at 

breast height (DBH) (Fowells and Schubert 1956b).  Its large, heavy seeds have poor wind dispersal due 

to heavy wing-loading (Thayer and Vander Wall 2005), typically falling less than 50 m from the parent 

tree (Fowells and Schubert 1956b).  Seeds are also often subject to predation and secondary dispersal by 

chipmunks (Tamias spp.), squirrels (Spermophilus spp.), deer mice (Peromyscus maniculatus Lec.) and 

Stellar’s Jays (Cyanocitta stelleri Gem.) (Fowells and Stark 1965; Thayer and Vander Wall 2005).  These 

seed caching species play a vital role in dispersing seeds away from the initial seed source but can also 

substantially reduce the amount of seed available for regeneration (Thayer and Vander Wall 2005).  Zald 

et al. (2008) found lower cone and seed production in both sugar and Jeffrey pine as compared to the 

more shade tolerant incense-cedar and white fir, affecting future species composition and limiting 

attempts to increase relative pine abundance. 

2.6 Silvicultural treatments promoting sugar pine regeneration  
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Several studies have investigated how various even- and uneven-aged methods affect 

regeneration of tree species in the California mixed-conifer type, including sugar pine.  Research 

examining the effects of different silvicultural systems on forest productivity in long-term forest 

inventory plots from 1974 – 1994 at the Blodgett Experimental Forest in the central Sierra Nevada 

indicates that densities of natural regeneration of sugar pine seedlings were maximized in treatments 

utilizing group selection.  The next highest densities of sugar pine were found in individual tree selection 

treatments (Olson and Helms 1996).  Densities of sugar pine saplings however, were greatest following 

overstory removal twenty years post-harvest. 

Recent studies investigating the effects of group selection opening size on height growth found 

that height growth of all tree species increased by 34% from the smallest to largest opening size (0.1 - 

1.0 ha); sugar pine height growth was maximized in openings between 0.3 and 0.6 ha in size  (York et al. 

2003, 2004; York and Battles 2008).  Another study looking at the effects of silvicultural system (clearcut, 

seed-tree, shelterwood, group and individual tree selection) and soil scarification on seedling density 

and height growth found that sugar pine seedling density was greatest in shelterwood harvests followed 

by the selection systems (McDonald 1976).  Sugar pine height growth, measured for nine years after 

treatment, was maximized in the clearcut method.  However, researchers noted that sugar pine height 

growth increased over time in the selection systems with scarification and concluded that sugar pine 

may become a dominant conifer under the selection systems given more time. 

Twenty eight years after treatment, McDonald and Reynolds (1999) did a follow-up study and 

remeasured the growth of saplings in the group selection treatments from the original 1976 study 

conducted by McDonald (1976).  They analyzed the effects of group selection opening size (9 m, 18 m, 

27 m in diameter) and aspect on sapling growth 10 and 28 years after treatment.  Sugar pine density 

was greatest in openings 9 m in diameter with a northerly aspect.  Height and diameter growth were 

maximized in openings 27 m in diameter with a southerly aspect (McDonald and Reynolds 1999).  Sugar 
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pine had the greatest increase in height of all tree species during the last 18 years of the study.  This 

result suggests that with time and continued treatments sugar pine has the potential to become a 

dominant in the overstory (McDonald and Reynolds 1999). 

Sugar pine may have a greater ability to respond to additional light from silvicultural treatments 

than other species (Uzoh et al. 1997).  Research has shown sugar pine seedling survival to be higher on 

selectively harvested, prepared slopes than ponderosa pine, incense-cedar and white fir (Fowells and 

Stark 1965).  Research has found that sugar pine growing under a canopy of ponderosa pine responded 

well to overstory removal and grew as fast as some its counterparts at 58% full sun (Oliver and Dolph 

1992).  Other research substantiates this finding that sapling height was best in treatments that had the 

most aggressive reductions in density and canopy closure such as clearcut and seed tree methods 

(McDonald 1976).  These results imply that sugar pine regeneration may prosper with an uneven-aged 

management regime that creates adequate light and soil exposure to facilitate natural regeneration and 

promotes recruitment into the overstory (Olson and Helms 1996; York et al. 2003, 2004; York and 

Battles 2008).  

One study from the Blodgett Experimental Forest in the central Sierra Nevada noted that 

naturally growing seedlings often did not survive into the sapling stage.  The low survival was attributed 

to the lack of low-intensity surface fires, which reduces competition from less fire tolerant species 

(Olson and Helms 1996).  In recent research, sugar pine seedling density increased following prescribed 

burning and mechanical thinning, with most germinants occurring on burned microsites (Moghaddas et 

al. 2008; Zald et al. 2008).  Sugar pine seedling survival rates are higher on partially harvested slopes 

than ponderosa pine, incense-cedar and white fir following slash burning and exposure of bare mineral 

soil (Fowells and Stark 1965).  Sugar pine seedlings had high relative and absolute height growth when 

planted within burn piles following site preparation beneath a shelterwood overstory in a Sierra Nevada 

mixed-conifer forest (York and Heald 2007).  This indicates that it may be possible to promote 
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regeneration with use of fire and other silvicultural strategies if treatments are aimed at restoring the 

structures and processes that existed prior to fire exclusion and suppression practices (Moghaddas et al. 

2008; Zald et al. 2008; North et al. 2009).   

A recent study suggests that the conditions created by vigorous fuels treatments are not 

sufficient to support rapid growth of shade intolerant saplings in the central Sierra Nevada (Bigelow et 

al. 2009).  However this same study was unable to identify the light requirements for sugar pine 

saplings, citing a small sample size as reason for the lack of findings (Bigelow et al. 2009).  Sugar pine 

tends to be less shade tolerant as it matures (Minore 1979) and may require lower densities and canopy 

closures for sustained growth and recruitment into the overstory (Gray et al. 2005). 

Selecting the appropriate site preparation treatment for the regenerating species is critical for 

successful establishment (Tappeiner and McDonald 1996).  For example, sugar pine is known to prefer 

bare mineral soil for establishment and growth (Fowells and Schubert 1956a).  Soil scarification creates 

bare mineral soil through disturbance with heavy machinery such as bulldozers.  Prescribed fire has 

become increasingly applied in recent years in mixed-conifer forests through various means such as 

individual pile or broadcast burning (Tappeiner and McDonald 1996).  Mastication (shredding material in 

place) is another commonly utilized method in the Sierra Nevada (Moghaddas et al. 2008).  Material is 

then removed off-site or evenly distributed over the treated stand.    

Brush has also been shown to hinder sugar pine establishment and growth, indicating that it 

may be necessary to implement intermediate treatments, such as release operations, to reduce 

competing shrub and tree species (Fowells and Schubert 1956a; Olson and Helms 1996).  Commonly 

employed methods for controlling competing vegetation during conifer regeneration include manual 

control by cutting or grubbing, grazing, herbicides, and mulching (Tappeiner and McDonald 1996).  For 

natural regeneration, seed availability and timing of disturbance are also important considerations 

necessary to ensure establishment success (Tappeiner and McDonald 1996). 
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Creating these conditions may facilitate recruitment and help ensure that sugar pine remains a 

significant component of the overstory (Lillieholm et al.  1990).  The majority of studies in the mixed-

conifer forests of California have been conducted in areas of moderate site productivity (Fowells and 

Schubert 1956a, McDonald 1976; Lillieholm et al. 1990; Olson and Helms 1996; McDonald and Reynolds 

1999; York et al. 2003, 2004; York and Battles 2008; Moghaddas 2008).  Few studies have examined the 

effects of site on growth of sugar pine regeneration (Fowells and Schubert 1956a; Oliver 1978).  

2.7 Conclusion 

Overharvesting and fire suppression practices have altered forest conditions in many parts of 

the Sierra Nevada including the mixed-conifer type.  Logging and silviculture in the Sierra Nevada have 

changed over the last one hundred years as a result of changes in demand, public perception, and the 

availability of science.  This has increased research and regulatory measures regarding forest practices in 

California.  Research has identified silvicultural systems that promote establishment and growth of 

mixed-conifer species, including sugar pine.  However, there have been few studies related to site 

effects on growth of sugar pine regeneration. 

As a result of extensive harvesting sugar pine’s abundance and range have been reduced 

substantially.  Recent studies also indicate a lack of regeneration and low recruitment of sugar pine into 

the overstory in parts of California.  Low regeneration and recruitment may result from overharvesting, 

fire suppression practices and exclusion, and the introduced pathogen white pine blister rust 

(Cronartium ribicola J.C. Fisch.) (Ansley and Battles 1998; van Mantgem et. al. 2004).  It is not readily 

understood whether this lack of recruitment is related to abiotic site factors, such as poor site 

productivity, biotic factors such as competition or white pine blister rust, or a complex interaction of 

multiple factors.   
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 Figure 2-1.  Location of the Lake Tahoe Basin, California (CA) and Nevada (NV), USA. 
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3.0 Abstract 

Sugar pine is a moderately shade tolerant pine and constitutes a significant component of the 

mixed-conifer forests of California.  Low overstory recruitment of sugar pine (Pinus lambertiana Dougl.) 

is not well understood in parts of California.  In this study we investigated site and competition effects 

on growth of sugar pine sapling.  We sampled nine stands in the Lake Tahoe Basin, CA and NV, USA, of 

differing management history and site productivity.  We compared differences between stand and tree 

characteristics at the individual tree level by sapling class (true sapling vs. pygmy trees), management 

type, and site productivity class.  We also performed logistic regressions to model sapling class from 

stand and individual tree characteristics to develop relationships managers can use to identify true 

saplings from pygmy trees.  We found significant differences between true saplings and pygmy trees for 

the competition characteristics of live tree basal area, total basal area and canopy closure, and the tree 

characteristic of height growth at the individual tree level.  Results from this study suggest the existence 

of stunted pygmy sugar pine resulting from edaphic and/or competition-related factors at the individual 

tree level.  We also identified metrics and models managers can utilize to identify saplings most likely to 

respond positively to treatment.  For individual logistic regressions, the competition characteristics of 

live tree basal area, total basal area and canopy closure were significant predictors of sapling class, as 

well as the individual tree characteristic of sapling height growth.  The best individual predictors of 

sapling class were live tree basal area and height growth with overall prediction rates of 76.2% and 

68.9%, respectively.  The multiple predictor model that included live tree basal area, and the tree 

characteristics of crown surface area and height growth had the best discrimination ability of all models 

and improved the overall accuracy of the model to predict true saplings to 77%. 
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3.1 Introduction 

Sugar pine (Pinus lambertiana Dougl.) is a key component of the Sierra Nevada mixed-conifer 

forests (Kinloch and Scheuner 1990), however, recruitment of saplings into the overstory is low in parts 

of California (Olson and Helms 1996; Ansley and Battles 1998; van Mantgem et. al. 2004).  Low sapling 

recruitment may result from the interacting effects of extensive overharvesting, fire suppression 

practices and exclusion, and the introduced pathogen white pine blister rust (caused by Cronartium 

ribicola J.C. Fisch.) (Ansley and Battles 1998; van Mantgem et. al. 2004).  It is not readily understood 

whether this lack of recruitment is due to sapling response to abiotic factors such as poor site 

productivity, biotic factors such as competition and white pine blister rust, or complex interactions 

among multiple factors. 

Sugar pine is intermediate in shade tolerance (Baker 1949; Daniel et al. 1979; Oliver 1996) and 

small trees have been shown to utilize additional light from the creation of small openings and grow as 

quickly as some of their more shade tolerant associates (Oliver and Dolph 1992; Oliver 1996, McDonald 

and Reynolds 1999).  Prior to Euro-American settlement sugar pine comprised a greater proportion of 

the Sierra Nevada mixed-conifer forests.  However, extensive harvesting, due to its high commercial 

value, has reduced its abundance and range (Oliver 1996).  Pines may also have been favored in mixed-

conifer stands by frequent, low-intensity fires that reduced the density of competing, more shade 

tolerant species (Barbour et al. 2002, Taylor 2004).  

 Increases in stand density and overstory canopy cover from fire exclusion have increased litter 

depth and competition for soil moisture, and reduced understory light in many mixed-conifer forests 

(North et al. 2005).  Consequently, sugar pine has lower seedling survival than some of its more shade 

tolerant associates such as white fir (A. concolor (Gord. & Glend.) Lindl.) and incense-cedar (Calocedrus 

decurrens (Torr.) Florin) (North et al. 2005).  Large densities of these same species inhibit sugar pine 
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regeneration by vying for limited resources such as soil moisture and outcompeting sugar pine at lower 

canopy closures (Yeaton 1983; Sugihara and McBride 1996).   

In California there is little rainfall during the summer growing season making water the primary 

limitation to productivity (Witty et al. 2003).  Site quality can also have a profound influence on tree 

growth.  Edaphic factors such as soil depth, texture, pH, and soil type can influence the amount of soil 

moisture and nutrients available for plant uptake, thereby limiting growth (Brady 1990).  Deficiencies or 

toxicities in soil nutrients and exposure to ambient air pollution can also impede growth, cause 

deformations, or even result in tree death (Kozlowski 1980; Brady 1990).  Forests on extremely 

resource-poor sites can be composed of stunted, or pygmy, trees.  

Pygmy or dwarf is a relative term used to describe a tree that does not reach full stature for 

various reasons.  For this study we will refer to these trees as “pygmy” trees although they are also 

referred to as “dwarf” in the literature.  Several species of pine in North America grow as pygmy trees 

and forests.  In the eastern United States examples include eastern white pine (Pinus strobus L. and 

Pinus strobus var. nana Hort.) (Chisman and Lylo 1958; Dochinger and Seliskar 1970), pitch pine (P. rigida 

Mill.) in the southern pine barrens of New Jersey (Andresen 1959) and Mt. Everett, Massachusetts 

(Motzkin et al. 2002), and Virginia pine (P. virginia (Mill.) in the Appalachain Range (Miller and Cumming 

1999).  In the western United States examples include Bishop (Pinus muricata D. Don) and lodgepole 

pines (P. contorta var. bolanderi (Parl.) Vascy) in the coastal range of Mendocino, California (Jenny et al. 

1969; Westman 1971; Westman 1975; Sholars and Golec 2006), and Mexican pinyon (P. cembroides 

Zucc.) in Arizona and New Mexico (Whittaker and Niering 1965; Whittaker and Niering 1968).  There are 

also several species of pygmy pines growing on serpentine soils in both the eastern and western United 

States (Whittaker 1954). 

Multiple factors of soils and topography contribute to the existence of pygmy forests and trees.  

In California, pygmy forests of cypress (Cupressus pygmaea Lemm.), and Bishop and lodgepole pines 
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grow on a shallow soil layer (36 cm thick) underlain by a concrete-like hardpan of iron or clay (Jenny et 

al. 1969; Sholars and Golec 2006).  This hard pan layer is extremely acidic (pH 2.8 – 3.9) and  low in 

available nitrogen, phosphorous, potassium, and several micronutrients (Jenny et al. 1969; Sholars and 

Golec 2006).  These soils have poor drainage and aeration, and low available soil moisture that impedes 

continued root growth (Westman 1971).  These conditions often produce pygmy trees with very slow 

growth rates (Jenny et al. 1969; Westman 1971).  

 Several species of pine grow on outcrops of serpentine soils as pygmy stands in California and 

Oregon, and in pockets throughout the Appalachian Mountains in the eastern U.S.A. (Walker 1954; 

Whittaker 1954).  These soils are characterized by low amounts of calcium and nitrogen and large 

quantities of magnesium, nickel, chromium, and other heavy metals (Walker 1954; Miller and Cumming 

1999).  In addition to high soil acidity, deficiencies in soil nutrients and toxicities in soil nutrients, 

presence of microorganisms which may act as pathogens or toxicants (Westman 1975), and recurrent 

fire (Andresen 1959), also can lead to the creation and maintenance of pygmy forests.  At the individual 

tree-scale, microclimate (Smith et al. 2003), soils and topography (Whittaker and Niering 1965; 

Whittaker and Niering 1968), exposure to ambient air pollution (Dochinger and Seliskar 1970), and 

genetics (Chisman and Lylo 1958) can also lead to the formation of pygmy pine trees and stands.  To our 

knowledge research has not documented the existence of pygmy sugar pine trees  in the mixed-conifer 

forest type of California.  

3.1.1 Objectives 

While our understanding of sugar pine ecology and regeneration in the Sierra Nevada has been 

strengthened by previous research, there is a need to address why sugar pine saplings rarely recruit into 

the overstory.  If saplings persist as both advanced regeneration and as suppressed pygmy trees, it is 

necessary to define relationships for environmental and individual tree variables that contribute to the 

best height growth of sapling-sized sugar pine (trees <12.7 cm dbh and > 1.37 m height). 
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Managers must be able to assess the status of the sugar pine understory using metrics that are 

efficient and simple to employ.  Our research focused on assessing the current status of sapling-sized 

sugar pine in stands of differing site productivity and identifying metrics managers can use to identify 

true saplings from pygmy trees in the Lake Tahoe Basin, CA and NV, USA.  Specifically, the objectives of 

this study were to:   

1.)  Compare competition variables and tree characteristics at the individual tree-scale between 

true saplings (TS) and pygmy trees (PYG) in stands of differing site productivity and management history.  

2.)  Identify the best predictors of tree status (TS vs. PYG) to develop a predictive model for use 

by managers.  

3.2 Methods 

3.2.1 Study area  

This study was located in the Lake Tahoe Basin (TB), an 88,000 hectare watershed found in the 

north-central Sierra Nevada Range along a transition zone between the Mediterranean climate of 

California and the drier continental climate of the Great Basin, Nevada (Figure 3.1).  This transition is 

illustrated by the pronounced rain shadow effect occurring from the west to east, with the east side of 

the TB receiving as little as one third of the precipitation as the west (50 – 150 cm, respectively).  The 

majority of the annual precipitation occurs as snow from December to March.  Mean summer 

temperatures average 30° C and mean winter temperatures are approximately -6° C at lake elevation 

(1900 m a.s.l.) with a frost-free growing period of 75 days (Manley et al. 2000).  

Soils are typically young Inceptisols or Entisols derived from granite in the majority of the TB, 

and are characterized by a mixture of scree and rock outcrops on shallower soils and glacial till 

supporting deeper soils (USDA NRCS Soil Survey 2007).  Volcanic rocks overlie the granite on the 

northern shores and in a few small pockets in other localities (USDA NRCS Soil Survey 2007; Elliott-Fisk 

et al. 1996). Parent materials in these areas are comprised of basalts and andesites (USDA NRCS Soil 
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Survey 2007, Elliott-Fisk et al. 1996). This large variation in soils sustains a broad range of vegetation 

(Manley et al. 2000).  

Nine second-growth stands were selected from the mixed-conifer forest of the lower montane 

vegetation zone (1,396 - 2,200 m) for sampling across a variety of private, federal and state ownerships 

(Figure 3.1).  Selected stands contained sugar pine saplings as well as additional overstory sugar pine 

and at least three additional overstory tree species.  The most common associates of sugar pine in the 

TB include Jeffrey pine (P. jeffreyi Balf.), incense-cedar and white fir; at higher elevations (2,134- 2,734 

m) white fir is replaced by red fir and may be associated with western white pine (P. monticola Dougl.) 

and lodgepole pine (P.  contorta (Grev. & Balf.) Critch.) (Tappenier 1980).  Green alder (Alnus tenuifolia) 

and Scouler’s willow (Salix scouleriana Barr.) are dominant high elevation riparian species found along 

stream banks and in meadows but are minor components above 1680 m (USDA Forest Service 1981).  

We sampled four “managed” stands (two prescribed burned, one thinned and prescribed 

burned, one thinned and salvaged) and five “unmanaged” stands.  Stands that have been treated since 

the Comstock era after the 1930s are hereafter referred to as ‘managed’, while stands unmanaged since 

the Comstock era are referred to as ‘unmanaged’ (Table 3.1). The smallest sampled stand was 2 hectares 

(ha), the largest 30.4 ha, and the median stand was approximately 4.9 ha in size. 

Managed stands varied widely in management history, although recent management has had 

two main objectives, fuels reduction to mitigate fire hazard and salvage projects to harvest trees (dead 

or trees projected to die), predominantly red and white fir trees, from a fir engraver (Scolytus ventralis 

Lec.) outbreak.  In the two prescribed burned stands all stems < 36 cm were thinned or girdled in the 

mid 1990s; dead stems and slash were piled and a fall understory burn conducted two years post 

thinning.  In the thinned and burned stand, residual basal area was decreased between 23 and 34 m2 ha 

-1 with approximately 6 m spacing between tree boles in 2004; stems were piled and an autumn burn 

was implemented in 2005 (Personal comm. Rich Adams, California State Parks 2008).   
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The two thinned stands underwent a salvage harvest in the mid 1990s for a fir engraver and 

Jeffrey pine beetle (Dendroctonus jeffreyi Hopk.) outbreak on federal lands.  Treatment consisted of 

tractor or hand-felling down to 34 m2 ha -1 of residual basal area; logs were removed by helicopter.  

Desired spacing between the edges of residual tree crowns was approximately 1.5 m and the following 

order of preference was used for species retention: Jeffrey pine/ sugar pine, white fir, and incense-

cedar.  Slash was lopped and scattered within the stand (USDA Forest Service 1994). 

3.2.2 Field methodology 

During the summers of 2008 and 2009, we installed ten plots in each stand on a systematic grid 

using a randomly selecting starting distance from each stand boundary.  To avoid edge bias a minimum 

distance of 20 - 30 m from stand edge was chosen at random to start grid transects.  There was a 

minimum spacing of 30 m between plot centers with spacing between plots varying according to stand 

size.  Seventeen plots were established in the D.L. Bliss stand due to its larger size than other sampled 

stands.  Plots were circular with a radius of 12.62 m (0.20 ha, ‘macro-plots’) with smaller nested plots 

with a 5.64 m radius (0.01 ha, ‘micro-plots’) to study regeneration of all species (trees less than 1.37 m 

tall, and < 12.7 cm in DBH).  Plots falling on roads or in streams were randomly offset.  UTM coordinates 

were recorded at plot centers using a hand-held GPS unit.  At each plot center, aspect, slope, elevation 

and disturbance history were also recorded.  

Due to the low numbers of sugar pine regeneration found in preliminary data collection, belt 

transects were added to each stand to collect additional sugar pine regeneration data.  Belt transects 

were 150 m in length and 11.28 m in width.  These transects were placed on the same grid and at the 

same azimuth as the circular overstory and understory plots.  Belt transects were placed every 200 m at 

a randomly selected starting point chosen between 1 – 50 m along the length of each grid line until the 

stand boundary was reached.  On transect lines that were less than 150 m in length, shorter transects of 

50 – 100 m were installed. Only sugar pine regeneration was measured on belt transects.  
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Macro-plot measurements included DBH for all trees greater than or equal to 12.7 cm at DBH, 

tree status (live/ dead), species, strata and canopy class (Smith et al. 1997), and damage / defect.  Trees 

were subsampled by species and size class for the following additional characteristics: age, total height, 

height to live crown base, crown width, sapwood and bark thickness.  Trees were separated into size 

classes according to Forest Inventory and Analysis protocol (FIA 2007) and percent species composition, 

basal area, trees per hectare, and stand density index were calculated for each stand (Long and Daniel 

1990).   

The calculation of site index (SI) was based on the height and age of dominant and codominant 

trees at a base age of 50 years (Krumland and Eng 2005).  Each stand was classified into site index 

classes (fair (< 12.2 m) and poor (12.2 – 18.3 m)) using 6.1 m (20 ft) height intervals (Krumland and Eng 

2005).  To determine an approximate age distribution for each stand, rings were counted on tree 

increment cores after mounting and sanding with various grits of sandpaper and validated with a 

microscope.  On samples without a pith, the methodology of Applequist (1958) was used for estimation. 

3.2.3 Regeneration measurements  

On belt transects, sugar pine saplings were defined as trees > 1.37 m height and < 12.7 cm DBH.  

For each sapling, we recorded the following measurements: age, height, live crown length, crown width, 

DBH, damage / defects, presence / absence of white pine blister rust, height growth.  Presence of white 

pine blister rust (WPBR) was recorded if the tree had aecia spores or two of the following 

characteristics: WPBR canker with resin, bark stripping, branch flagging, or rodent chewing.  The 

following competition characteristics were also measured at each sapling: percent canopy closure, live 

tree basal area, and distance, azimuth and species to closest shade tree.  Percent canopy closure was 

measured with a spherical densiometer above each sapling at the outermost tip of the branch in the 

four cardinal directions and averaged.  Basal area was measured at each individual sapling using a 
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relaskop with a 20 basal area factor (BAF).  Azimuths to closest shade tree were transformed using 

methods of Beers et al. (1966).    

Height growth was measured with digital calipers or a height pole.  If there was no apparent 

dominant leader, then measurements were taken from the tallest live branch.  Crown length was 

measured to the height of the lowest live branch at point of insertion.  To obtain crown diameter, the 

longest live branches in the N-S and E-W directions were measured and averaged.  Crown surface area 

was then calculated using a modified equation from Zarnoch et al. (2004), as published in Waring and 

O’Hara (2009).  An increment core on the north side of the tree was extracted to determine age using 

the same techniques as described above.   

Past ten year height growth (cm yr-1) was measured with digital calipers by measuring insertion 

point of each branch whorl down the length of the stem starting with the year 2007.  Measurements 

were then averaged over the last ten years to achieve an approximate average annual height growth 

rate.  If a tree was over 2.7 m in height, increment growth was not measured and the densiometer 

readings were taken from the outermost branch in each cardinal direction.  If the canopy of the sapling 

biased the densiometer measurement, a ladder was used to take the measurement above the canopy of 

the sampled tree.  

3.2.4 Analyses 

Means and standard errors were calculated for competition variables measured at the individual 

tree level (canopy closure (%), live tree, and total basal area (m2 ha-1), distance and transformed azimuth 

(radians) to closest shade tree), and individual tree variables (crown surface area (m2), DBH (cm), height 

(m), height to diameter ratio (HDR), and 10-yr annual average height growth rate (height growth= cm yr -

1).  The following definition was used to classify trees as either true saplings (TS) or pygmy trees (PYG) 

based on sugar pine growth relationships by site index and expected minimum growth (Larsen and 

Woodbury 1916; Fowells and Schubert 1956; Oliver 1978). We based our definition on the published 
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data of Larsen and Woodbury (1916), due to a lack of a more current and comprehensive data set. We 

used a cut-off of 50-years as the age at which sugar pine saplings should achieve a DBH of at least 12.7 

cm (Figure 2; Larsen and Woodbury 1916): 1. TS = tree age < 50 years with a DBH < 12.7 cm; and 2.) PYG 

= tree age ≥ 50 years with a DBH < 12.7 cm.    

Data were pooled across all nine stands to evaluate differences between competition and 

individual tree variables between TS and PYG.  Due to potential differences in growth patterns, data 

were separated and analyzed by site productivity class (fair and poor) and management history using 

non-parametric tests since data did not meet the assumptions for normality.  Wilcoxon rank-sum tests 

(test value = χ²) were used to test for significant differences among TS and PYG for pooled data, and also 

by site productivity class (fair and poor) and management history.  The significance level was set at α = 

0.05 for all tests.    

Individual and multiple logistic regression analyses were performed using data pooled across all 

nine stands to assess whether competition and individual tree measurements could predict tree status.  

Data were pooled across all stands to increase sample size and improve the accuracy of the models.  For 

individual logistic regressions the probability of a tree being a TS or a PYG was modeled as a function of 

competition measurements (canopy closure (%), live tree and total basal area (m2 ha-1), distance (m) and 

transformed azimuth to closest shade tree (radians)), and tree measurements (crown surface area (m2), 

DBH (cm), height (m), HDR, and height growth (cm yr -1)).  Forward selection was used to develop a final 

model for multiple logistic regression, introducing both competition and tree variables into a single 

model.  Variables were added sequentially in order of importance, defined by the results for the 

likelihood ratio test and lack of fit tests for individual logistic regression, and retained if significant (p < 

0.05).  Chi square (χ2), lack of fit and Wald test statistics were used to evaluate individual and multiple 

variable models at a significance level of α = 0.05 for all tests.    
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Two-way interactions between variables were tested and omitted from the forward selection if 

p-values were not significant.  Variance inflation factors (VIF) were also calculated between variables to 

test for multicollinearity and omitted from the model if the factor was 10 or greater (Ott and Longnecker 

2001).   

Receiver operating characteristic (ROC) curves were calculated for each model to identify the 

optimal threshold value and corresponding probability that maximizes the number of true positives 

(identification of TS) and minimizes false positives (identification of a PYG as a TS) (Hosmer and 

Lemeshow 2000).  The receiver operator characteristic curve is a graphical representation of the 

relationship between true-positive and false-positive rates (SAS 2007).  For the purposes of classification 

an optimal cut-off point is the threshold that maximizes sensitivity (true positives) and specificity (1- 

false positives) (Hosmer and Lemeshow 2000).  It plots the true positive and false positive rate for 

a binary classifier  as the discrimination threshold is varied (Hanley and McNeil 1982).   

The area under the ROC curve ranges from zero to one and was used in this study to provide a 

measure of the model’s ability to discriminate between trees that are classified as TS or PYG (Hosmer 

and Lemeshow 2000).  As a general rule an ROC = 0.5 suggests that the model has no discrimination, 

values between 0.7 – 0.8 have acceptable discrimination, and values between 0.8 – 0.9 have excellent 

discrimination; it is unusual to observe values greater than 0.9 (Hosmer and Lemeshow 2000).Model 

performance was assessed considering both goodness-of-fit and discrimination (Hosmer and Lemeshow 

2000).  Receiver operating characteristic curves were calculated for all significant individual variables 

and the optimal combination of competition-related and tree characteristics at the individual tree-scale. 

Using the best fixed effect model, we then used a mixed-effect model to account for stand and 

transect-within-stand variance effects. A hierarchical generalized linear (logistic) mixed model was fit to 

the data with both stand and transect-within-stand modeled as random effects factors, and fixed effects 

factors BAL, CSA and HG, using SAS PROC GLIMMIX with constrained estimation of variance 

http://en.wikipedia.org/wiki/Sensitivity_(tests)
http://en.wikipedia.org/wiki/Binary_classifier
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components.  All analyses were performed with program JMP (Vers. 8) (SAS Institute 2007) and SAS 

(Vers. 9.2) (SAS Institute 2008). 

3.3 Results 

3.3.1 Stand level characteristics for nine sampled stands  

Stand characteristics at the plot level were averaged and summarized for the nine sampled 

stands in Table 3.1.  Age structure was typically comprised of one or two cohorts with a few stands 

having remnant stems from pre-Euro-American settlement (prior to 1850).  Overstory basal areas (live 

tree and total) varied considerably between stands and management types, with the highest live tree 

basal area approximately 4 times greater (59.4 m² ha-1) than the lowest (14.3 m² ha-1).  For total basal 

area, the largest value (68.5 m² ha-1) was approximately 3.5 times larger than the lowest value (19.1 m² 

ha-1).  The median live and total basal areas were 42.6 and 45.3 m² ha-1, respectively.  Tree density also 

varied widely among stands (overstory = 108.1 -632.5 (trees ha-1) and understory = 420.4 - 5585.4 (trees 

ha-1)), as did stand density index (247.3 - 1473.9).  No definite trends occurred in site index between 

stands; all stands were classified into fair and poor site productivity classes (Table 3.1, Krumland and Eng 

2005).    

3.3.2 Site index and classification of sugar pine saplings 

Out of 130 trees measured across all stands, 38.5% (n = 50) were classified as TS and 61.5% (n = 

80) as PYG (Table 3.2).  Regarding site productivity, there was a fairly even split between TS and PYG in 

poor (46.0% and 52.5%, respectively) and fair (54.0% and 47.5%, respectively) site productivity classes.  

Regarding management, 18.0% of TS were sampled in managed stands and 82.0% in unmanaged stands.  

This difference decreased for PYG, with 32.5% sampled in managed stands and 67.5% sampled in 

unmanaged stands; however, these differences were not significant (z = 1.81, p = 0.07).  Approximately 

10% of both TS and PYG had confirmed presence of white pine blister rust (Table 3.2).   
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There was a slight negative relationship of height growth by age for TS and PYG (data not 

shown).  The average age of TS was 33 years and 75 years for PYG (data not shown).  The spatial 

distribution of TS and PYG was variable within both managed and unmanaged stands of differing site 

productivity (Figure 3.3).  For example, in the managed stand of fair site quality two of thirteen transects 

had both TS and PYG, five transects had only PYG, one transect had only TS, and four transects had zero 

sugar pine.  This indicates that the distribution within the stand was patchy with TS and PYG occurring 

both separately within the stand and on the same transect.  The unmanaged stand of poor productivity 

showed a similar pattern with both TS and PYG occurring on five transects, with three transects having 

only PYG, and one transect with no sugar pine (Figure 3.3).  This indicates that in both stands of differing 

site productivity and management history that the spatial distribution of TS and PYG was variable and 

patchy with TS and PYG occurring both separately within the stand and on the same transect. 

3.3.3 Differences in competition characteristics between TS and PYG at the individual tree- level 

We found significantly higher means for pooled competition and individual tree variables for 

PYG compared with TS for live tree and total basal area and canopy closure, and significantly lower 

means for height growth (Table 3.3).  All other stand and individual tree attributes were non-significant 

between TS and PYG (Table 3.3). 

To assess whether trees infected with white pine blister rust significantly affected the results, 

infected trees (n = 13) were removed and Wilcoxon rank-sum tests were performed.  For competition 

and individual tree characteristics we found significantly higher means for PYG compared with TS for live 

tree and total basal area and canopy closure, and significantly lower means for height growth.  These 

findings were similar to the above results for pooled trees.  We also found significantly lower means for 

TS for the individual tree characteristic of crown surface area; all other variables were non-significant.  

An additional Wilcoxon rank-sum test was conducted to determine if there was a significant difference 

in crown surface area among trees with WPBR and those without.  There were no significant differences 



42 

 

in crown surface area among infected and uninfected trees so infected trees were included in all 

subsequent analyses.  

Within each management type, there were no significant differences in competition 

characteristics between TS and PYG (Table 3.4a).  For tree attributes the only significant differences 

were in unmanaged stands where TS had significantly higher mean crown surface area and height 

growth than PYG (Table 3.4b).  The small sample size for height growth (TS = 3, PYG = 6) likely 

contributed to the non-significant results (Table 3.4b).  

Within each site productivity class (fair and poor), there were significantly higher means for PYG 

in the competition characteristics of live tree, total basal area, and azimuth to closest shade tree in poor 

quality sites, and canopy closure in fair sites at the individual tree level (Table 3.4c).  For tree 

characteristics mean height growth was the only significant individual tree attribute, with significantly 

higher means for TS than PYG in both site productivity classes (Table 3.4d).  

3.3.4 Predicting tree status: true saplings vs. pygmy trees 

The fitted mixed effects model resulted in estimates of the random effects variance components 

for both the stand and transect-within-stand factors that were zero. Fitting a random effects model 

where the random effects estimates are all zero is equivalent to fitting a model without the random 

effects insofar as the estimates of the fixed effects and their standard errors will be identical in the two 

analyses (Brown and Prescott, 2006), however the degrees of freedom associated with significance 

testing (when based on F-tests) of the fixed effects will change.  We found no difference in significance 

for any variable (BAL, CSA, or HG) when significance was tested using a Chi-square or F-test (fixed or 

mixed effects). We thus proceeded using the logistic fixed effects models and Chi-square significance 

tests.   

For the logistic fixed effects regression of individual predictors to identify a TS, the competition 

characteristics of live tree basal area, total basal area, and canopy closure (p = 0.0265, p = 0.0261 and p = 
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0.0189, respectively) were significant predictors (Figure 3.4).  The parameter estimates for these factors 

were all negative indicating that as these variables increased, the probability that a tree was classified as 

a TS decreases.  However, canopy closure had significant lack of fit (p < 0.05) that transformations were 

unable to eliminate.  Tree height growth was a significant positive predictor (p  = 0.0005) of a tree being 

a TS (Figure 3.5).  The larger the value of a tree’s height growth, the greater the probability of it being 

classified as a TS.   No other variables significantly predicted whether a tree was TS or PYG (p > 0.05, 

data not shown).  

For multiple logistic regression analyses, the combination of competition and individual tree 

characteristics that best explained the probability of a tree being a TS included the competition factor 

live tree basal area, and the individual tree attributes of crown surface area and height growth (Table 5).  

The likelihood ratio test (χ2), (p < 0.0001) and lack of fit (p < 0.5705) demonstrated that the model was a 

significant improvement over the intercept-only model (Table 3.5).  Similarly, Wald statistics (χ2), 

signified that all variables in the model significantly predicted a tree being a TS when adjusted for the 

effects of the other variables (Table 3.5).  The individual tree characteristics of crown surface area and 

height growth were positively related to the prediction of a tree being a TS.  As crown surface area and 

growth rate increased, the probability increased that a tree was classified as a TS.  Conversely, live tree 

basal area was negatively related, signifying that as this variable increased, so does the likelihood that a 

tree was classified as a PYG.   

The strongest predictor of whether a tree was a TS was height growth (odds ratio = 1.60), 

followed by crown surface area (odds ratio = 1.14), and live tree basal area (odds ratio = 0.91) (Table 

3.5).  For every unit increase  in height growth (cm yr -1) and crown surface area (m2) the odds of a tree 

being a TS increased by a factor of  1.60  for height growth, and by 1.14 for crown surface area, when 

adjusted for the effects of other variables in the model (Table 5).  Live tree basal area had an odds ratio 
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close to 1 (odds ratio = 0.91), signifying that as live tree basal area increases, the probability of a tree 

being a TS decreases (Table 3.5).   

Receiver operating characteristics were calculated for each of the significant individual 

predictors and the multiple predictors to identify the optimal threshold value and corresponding 

probability that maximizes the number of true positives (identification of TS) and minimizes false 

positives (identification of a PYG as a TS) (Table 3.6).  For competition measurements, live tree basal 

area at the optimal threshold (x = 32.1 m2, probability = 0.338) had the best accuracy, correctly 

predicting a tree as a TS at an accuracy of 76.2% (false positives = 35.6% and false negatives = 8.5%).  

Total basal area (x = 32.1 m2, probability = 0.371) had a slightly decreased accuracy at the optimal 

threshold, identifying TS at an accuracy of 67.7% (false positive = 44.6% and false negative = 16.1%).  The 

overall prediction rate for canopy closure (x = 73.0%, probability = 0.321) was a slight improvement over 

total basal area at the optimal threshold, improving accuracy to 69.2% (false positives = 43.6% and false 

negatives = 11.5%).  For individual tree attributes, the number of false positives was minimized (falsely 

identifying a tree as a TS) at a probability = 0.294 (x = 4.23 cm yr-1) for height growth (Table 3.6).  The 

overall accuracy (true positives and true negatives) at this probability was 68.9% (false positives = 46.9% 

and false negatives = 13.8%). 

The discrimination ability of each predictor, measured as the area under the ROC curve, was 

calculated for each significant individual predictor, as well as for the optimal multiple predictor model.  

For individual predictors the individual tree characteristic of height growth had the highest ROC value,   

0.7417, a value indicating that the model had acceptable discrimination.  The competition characteristics 

of canopy closure, live tree and total basal area had lower ROC values (0.6339, 0.6239, 0.6235, 

respectively), indicating signifying that the corresponding models had weak discriminating ability.  

However, the optimal multiple predictor model with the competition variable live tree basal area, and 

the individual tree variables of crown surface area and height growth had excellent discrimination with 
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an ROC = 0.8607.  The overall prediction rate for multiple predictors (live tree basal area, crown surface 

area, and height growth) was also a substantial improvement over individual predictors, increasing the 

overall prediction rate to 77.0% at a probability of 0.239 (false positives = 38.7% and false negatives = 

6.7%) (Table 3.6). 

When assessing model performance both goodness-of-fit and discrimination ability should be 

taken into account (Hosmer and Lemeshow 2000).  With this in mind, the best individual predictors of a 

tree being a TS or a PYG were live tree basal area with the highest overall accuracy (76.2%) and tree 

height growth with the best discrimination ability (ROC = 0.7417).  However the lower overall accuracy 

of height growth (68.9%) was based on a smaller sample size (n=61) than for the other competition 

characteristics (n = 130).  The multiple predictor model, however, had the greatest discrimination ability 

and prediction rate  with an ROC of 0.8607 and an overall prediction rate of 77%.       

3.4 Discussion 

Overstory characteristics for individual stands (basal area (m² ha -1), TPH (# of trees ha-1), SDI)) 

were lower than anticipated in unmanaged stands and varied widely between stands. Site productivity 

and other edaphic factors varied widely throughout the TB and may have influenced the wide variation 

and differences observed in density and canopy closure.  We found that our stands of poor productivity 

(LC, TP and VS) also contained fewer trees and had less above-ground competition than other stands.  

These stands may have experienced increased competition for below-ground resources such as available 

soil water and nutrients, resulting in the decreased occupancy and productivity observed above-ground.  

Recent research substantiates this finding that site productivity has a profound effect on overstory tree 

recruitment (Stephenson and van Mantgem 2005). All nine stands were classified as either fair (6 

stands) or poor (3 stands) site quality.  These classes are the two lowest of six possible site classes for 

the interior California mixed-conifer forest type (Krumland and Eng 2005).   
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We found no effect (variance estimates were zero) of stand or transect-within-stand on 

predictions of saplings being either TS or PYG. It is more likely to get a zero estimate for a variance 

component when one or more of the following holds: (1) the true population variance component is 

small relative to the residual variability; (2) the number of levels of the random factor is small (e.g., 

number of stands, number of transects per stand); or (3) the number of observations per level of the 

random factor is small (Brown and Prescott, 2006). In this dataset (n=61 observations) there were 7 

stands and a total of 24 transects. The number of transects per stand ranged from 1 to 8, averaging 3.4, 

the number of observations per stand ranged from 1 to 26, averaging 8.7, and the number of 

observations per transect ranged from 1 to 8, averaging 2.5.  This paucity of data likely explains the 

observed zero estimates for the variance components associated with stand and transect-within-stand. 

The effects of site and competition on individual tree attributes are further supported when 

examining differences between TS and PYG.  Our finding that PYG had smaller crowns and were growing 

slower than TS suggests that inter-tree competition influences which trees become PYG.  This idea is 

further supported by stand conditions for PYG, which had significantly higher density (live tree basal 

area) and canopy closure at the individual tree level than TS for pooled data.   

The effect of site on sapling growth dynamics is also evidenced when separated by site 

productivity class and management type.  Individual tree level densities were higher for PYG than TS in 

stands of poor productivity, while canopy closure was higher for PYG in stands of fair productivity.  In 

response to these dense and light-limited stand conditions, PYG had reduced height growth in both site 

classes.  In unmanaged stands, PYG responded to site conditions with significantly decreased growth 

rates and crown surface areas.  This suggests that PYG growth dynamics were affected by inter-tree 

competition and resource limitations of a microsite.  Site quality was having a pronounced effect on 
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growth dynamics of PYG, with saplings experiencing even lower growth rates on poor quality sites.  

Saplings in the TB are persisting as stunted, pygmy trees as a result of these site and edaphic factors.  

  Logistic regression also corroborates the finding that site contributed to the differences 

between TS and PYG.  Densities (live tree and total basal area) as well as canopy closure were significant 

determinants of TS and PYG, suggesting that these variables contributed to inter-tree competition and 

the reduced growth rates of PYG.  Similarly, in the multiple logistic regression model, live tree basal area 

was a significant determinant of a tree being a TS, suggesting that stand conditions partly differentiate 

between TS and PYG.  However, edaphic factors appear to be impacting the growth of PYG more than 

competition from stand conditions, given that height growth was the most important individual 

predictor, and height growth and crown surface area were the two most important variables in the 

multiple logistic model identifying TS and PYG.  These results suggest that competition-related factors, in 

addition to other site factors, were influencing growth dynamics and causing the persistence of stunted, 

pygmy sugar pine. 

The low incidence of TS or PYG infected with white pine blister rust (Table 2) also supports the 

finding that competition and site factors led to the persistence of pygmy sugar pine.  We expected that 

white pine blister rust would influence the individual tree attributes of sapling-sized sugar pine.  

Conditions for blister rust infection tend to occur close to the ground increasing the likelihood that 

infections will occur in small trees (Van Arsdel 1961).  Infections generally occur close to the stem 

girdling the cambium and causing direct mortality of sugar pine seedlings, saplings and even large trees 

in epidemic years (Hunt 1982; Hagle et al. 1989; Hunt 1998; Kliejunas and Adams 2003).  However, this 

expectation was not substantiated by results of Wilcoxon rank-sum tests indicating that competition-

related and edaphic factors were influencing the occurrence of pygmy trees, and at this point were not 

heavily affected by white pine blister rust.  It is also possible that many of the susceptible trees were 

already dead from white pine blister rust given that small trees infected by white pine blister rust may 
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be killed within a few years (Schoettle 2004) or that relatively high levels of genetic resistance to white 

pine blister rust were present, as some stands within the TB have been found to have higher levels of 

resistance than others (Maloney et al. 2011). 

Our study sites were mostly located on sites that were derived from granite.  With the majority 

of the precipitation delivered in the form of snow in winter and spring of the TB (Gray et al. 2005) and 

little to no precipitation received in the summer, it is possible that the growing season can be truncated 

from late season snows, cold temperatures or early/ late season frosts.  Another factor limiting growth 

might be available soil water which is often depleted by mid-July in the TB (Roger 1974).  In addition, if 

the soil has a sandy texture, the increased porosity of the soil may be unable to store sufficient water for 

the dry summer months, contributing to decreased growth rates.  A recent study showed that the 

removal of above-ground vegetation can extend the growing period from 28 - 80 days for Douglas-fir 

seedlings by increasing the quantity of available soil water (Dinger and Rose 2009).  

Sugar pine establishes well on sandy soils, allocating a large amount of initial resources to root 

development (Fowells and Schubert 1956).  However, it also requires ample soil moisture until it reaches 

sapling or greater sizes (Tappeiner and McDonald 1996).  It is possible that after the first twenty years of 

growth, root systems of the pygmy sugar pine came into contact with the bedrock and were not able to 

access fractures with enough available water to continue growth, resulting in stagnation.  In the poor 

quality sites that characterized the majority of our sampled stands, growth may be retarded for an even 

longer period of time due to nutrient deficiencies or toxicities, or soil pH that may be preventing the 

solubility of essential nutrients to plants and contributing to the low growth rates (Brady 1990). 

Research in the southern Sierra Nevada on pine growth in granitic soils found that many of 

these soils tend to be relatively thin with thick, weathered bedrock beneath that provides an important 

source of water for plants (Witty et al. 2003).  Friable bedrock is an extremely important source of water 

for trees growing in Mediterranean climates in the Sierra Nevada, yet access to this water is restricted to 
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fractures, which are often spaced about 50 cm apart (Hubbert et al. 2001; Witty et al. 2003).  Ponderosa 

pine seedlings penetrate through the soil and encounter weathered bedrock within the first 2 years on 

granitic derived soils in the southern Sierra Nevada (Witty et al. 2003).  In a similar study, Jeffrey pine 

seedlings less than three years old had well developed tap roots that exceeded one meter in length 

(Hubbert et al. 2001).   

In northern California the existence of stunted forests of pygmy cypress, Bishop and lodegepole 

pine have been attributed to several factors.  Soils in these forests are known to be extremely acidic and 

low in available nitrogen, phosphorous, potassium and micronutrients (Jenny et al. 1969; Sholars and 

Golec 2006).  The pygmy forest soils are nutrient-poor, sandy, and extremely acid (pH = 2.8 to 3.9), with 

aluminum toxicity (Jenny et al. 1969, Sholars and Golec 2006).  These spodosol and ultisol soils exhibit 

extremes in available soil moisture and are underlain by an iron or clay cemented hardpan that inhibits 

root penetration and creates a perched water table (Jenny et al. 1969; Sholars and Golec 2006). 

Pygmy communities of pine have also adapted to growth on serpentine soils in various locations 

of the U.S.A. (Walker 1954; Whittaker 1954; Miller and Cumming 1999), which are known to be deficient 

in calcium and nitrogen and have heavy accumulations of nickel and magnesium (Walker 1954; Miller 

and Cumming 1999).  The soils in the TB are not known to be extremely acid spodosols or ultisols, or 

derived from serpentine parent materials, but other edaphic factors may cause some TB saplings to 

exhibit growth traits similar to their northern pygmy cousins such as nutrient deficiencies or toxicities, 

soil pH, texture and depth, or moisture limitations at the individual tree scale. 

Microclimate and topography contribute to small stands of pygmy Mexican pinyon and alligator 

juniper (Juniperus deppeana Steud.) in southern Arizona and New Mexico (Whittaker and Niering 1965).  

In southern Arizona, these stunted trees are scattered amongst small oak trees (Quercus spp.) on open, 

xeric slopes from 1,830-2,130 m in elevation (Whittaker and Niering 1965).  These pygmy trees 

experience a pronounced rain shadow effect, growing on steep, rocky soils with a southerly aspect 
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(Whittaker and Niering 1968) that have a low cation exchange capacity (Whittaker et al. 1968).  Pygmy 

trees are virtually absent from the northern slopes at the same elevation band (Whittaker and Niering 

1968). 

Pygmy trees that are not distorted in growth form or assuming a krummholz shape also grow at 

high elevations, at or near timberline (Smith et al. 2003).  Harsh edaphic conditions and chronic low-

level disturbances including frequent winter storms, have contributed to the slow radial growth and 

persistence of a rare community of pygmy pitch pines growing on Mt. Everett in Massachusetts, U.S.A. 

(Motzkin et al. 2002).  The stunted growth forms may be the result of abiotic factors that limit growth 

such as increased sky and wind exposure which may cause low minimum temperatures and high 

sunlight (Smith et al. 2003).     

On the individual tree-scale, genetics can cause the occurrence of pygmy-sized trees such as the 

discovery of pygmy eastern white pine in Pennsylvania (Chisman and Lylo 1958).  Exposure to elevated 

levels of pollutants such as ozone and sulfur dioxide can cause chlorotic dwarf disease in susceptible 

eastern white pine regeneration, resulting in stunted tops and roots, chlorotic foliage, and premature 

leaf abscission (Dochinger and Seliskar 1970).  The presence of pygmy trees in the TB was variable within 

and between stands and does not appear to be the result of a distinct sub-population, although we can 

not conclusively rule out this possibility without conducting further research.  Trees also appeared to be 

relatively healthy with low incidence of white pine blister rust and other damaging agents so it does not 

appear that the observed pygmy sugar pine result from exposure to air pollution or other pollutants.  

We found TS and PYG in stands of both fair and poor site productivity in the TB.  This suggests 

that individual tree conditions were variable within the stand and might have contributed to the 

existence of individual pygmy sugar pine in the TB.  Edaphic conditions and inter-tree competition from 

fire suppression practices may have differed at the microsite scale given that individual trees were 

affected and not entire stands.  This is distinct from the edaphically limited coastal pygmy forests near 
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Mendocino, California (Jenny et al. 1969; Scholars and Golec 2006), distinct pygmy vegetation located 

on serpentine soils in various parts of the United States (Walker 1954; Whittaker 1954; Miller and 

Cumming 1999), and the stunted pitch pine forests of the New Jersey pine barrens (Andresen 1959). 

In summary, we found that some sugar pine saplings were true saplings persisting as advanced 

regeneration, while others were found to be pygmy trees (defined as trees that reach a mature height 

between 3-8 m (Ball 2005)).    Our study confirms that competition has affected sapling growth in the 

TB, with competition characteristics (canopy closure, live tree and total basal area) being significant 

determinants of a tree being a TS or a PYG.  Edaphic factors at the individual tree level also appeared to 

be affecting sugar pine sapling crown surface area and height growth.   To our knowledge, no previous 

research has documented the existence of pygmy sugar pine in the TB.  This finding that sugar pine can 

persist at very low growth rates as pygmy trees, is an interesting life-history trait that trees can exhibit 

as a result of multiple factors (Ball 2005), including the biotic and abiotic factors we found to be 

important in the TB. 

Continued growth at the individual tree-scale may be dependent on creating more open 

microsites with increased resource availability through aggressive silvicultural treatments that reduce 

overstory and shrub competition.  On sites of fair productivity, treatments focused on reducing canopy 

closure and or  basal area may benefit both true saplings and pygmy sugar pine and would provide the 

opportunity to track the response of these trees though time.   On sites of poor productivity, saplings 

may be experiencing increased below-ground competition related to soil, moisture, or nutrient 

conditions; therefore density of trees and shrubs may need to be reduced even more than on sites of 

fair or greater productivity to stimulate growth.  Managers therefore need to incorporate a complex 

array of biotic and abiotic factors into treatments designed to increase sugar pine overstory recruitment.  
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Table 3.1.  Stand level characteristics of nine sampled stands in the Lake Tahoe Basin, CA and NV, USA.  For all variables except stand size, 

numbers are means with standard error in parentheses.  Asterisks denote standard error < 0.001 for those means. Values are based on 

individual tree measurements and averaged at the plot level.   

Stand MT1
SI2 Age Structure3 Stand 

Size      

(ha¯¹)

Live Basal Area                

(m² ha¯¹)

Total Basal Area                   

(m² ha¯¹)

Overstory   

Density                 

(trees ha-1)

Understory               

Density                

(trees ha-1)

SDI4

DLB PB F 2 cohorts w/ remnants 30.4 44.8 (0.11) 60.9 (0.17) 389.7 (0.00)* 791.4 (4.05) 760 (4.71)

SP2 PB F 1 cohort 7.7 59.4 (0.07) 68.5 (0.09) 632.5 (0.00)* 5585.4 (80.41) 1474 (92.25)

EB TH & PB F 1 cohort w/ remnants 2.4 42.6 (0.42) 45.3 (0.79) 164.1 (0.00)* 800.8 (10.03) 619 (9.63)

LC TH & SA P 1 cohort remnants 4.5 27.5 (0.08) 29.6 (0.12) 210.2 (0.00)* 480.5 (5.12) 474 (5.11)

TP UM P 2 cohorts w/ remnants 3.6 14.3 (0.13) 19.1 (0.17) 108.1 (0.00)* 420.4 (1.67) 247 (2.75)

VS UM P 2 cohorts w/ remnants 21 22.7 (0.10) 24.0 (0.21) 260.3 (0.00)* 700.7 (2.39) 439 (3.40)

MY UM F 1 cohort w/ remnants 4.9 42.0 (0.14) 51.6 (0.24) 412.3 (0.00)* 1791.8 (6.67) 802 (8.05)

GC UM F 2 cohorts 13 46.2 (0.05) 53.0 (0.17) 450.3 (0.00)* 4444.5 (17.59) 1115 (19.22)

CL2 UM F 3 cohorts 2 57.3 (0.41) 60.6 (0.05) 368.3 (0.00)* 1361.4 (10.12) 950 (21.66)

 
1
Management Type = Separated into the following categories: PB - Prescribed burn: mid 1990s, TH & SA - Thinned and salvaged: Light understory thin and 

salvage harvest in the mid 1990s, TH & PB - Basal area reduction: 2004 & prescribed burn 2005, UM - Unmanaged since harvesting during 1860-1930s. 
2
Site Index = P =Poor, F = Fair; base age 50 years (Krumland and Eng 2005); 

3
Age Structure = Remnants are stems left prior to Comstock era harvesting between 1860s – 1930s; 

4
SDI = Stand Density Index was calculated using the summation method (Long and Daniel 1990).  
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Table 3.2.  Percentage of true saplings (TS) and pygmy trees (PYG) sampled in each site productivity class, management type and presence of 

white pine blister rust infection for 130 saplings measured in nine stands in the Lake Tahoe Basin, CA and NV, USA.  See text for details on age 

category classification of true saplings and pygmy trees. 

Age Class

n % n % n % n % n % n %

True saplings 50 38.5 23 46.0 27 54.0 9 18.0 41 82.0 5 10.0

Pygmy trees 80 61.5 42 52.5 38 47.5 26 32.5 54 67.5 8 10.0

MT UM
3

WPBR
4

 Total
1                                 

 Poor SI
2

 Fair SI
2   

MT M
3

 
1
Total (n=130) and percent of total (%) classified as either a true sapling or a pygmy tree. 

2
SI = Site Index; base age 50 years (Krumland and Eng 2005); 

3
MT= Management Types: M - Managed since initial harvesting between 1860-1930s; UM - Unmanaged since harvesting during 1860-1930s; 

4
WPBR= White pine blister rust (Cronartium ribicola) presence was recorded if the tree had aecia spores or two of the following characteristics: WPBR canker 

with resin, bark stripping, branch flagging, or rodent chewing. 7
5

 



 

 

Table 3.3.  Differences in a) competition characteristics and b) individual tree attributes for true saplings and pygmy trees for nine sampled 

stands in the Lake Tahoe Basin, CA and NV, USA.  Numbers are means with standard error in parentheses. Wilcoxon rank-sums were used to test 

for differences between trees classified as true saplings (TS) and pygmy trees (PYG).  See text for details on age category classification of true 

saplings and pygmy trees.  Values with an asterisk are significantly different at the p < 0.05 level. All measurements were taken at the individual 

tree level.   

a. Age Class n Live Basal 

Area             

(m²  ha¯¹)

n Total Basal 

Area              

(m²  ha¯¹)

n Canopy 

Closure        

(%)

n DI
1                   

(m)

n Azimuth
2                   

(radians)

True saplings 50 23.0 (1.92)*         50 26.9 (2.16)*          50 52.3 (3.16)*           50 2.48 (0.36)      50 0.91 (0.10) 

Pygmy trees 80 28.4 (1.54)*  80 33.3 (1.86)* 80 62.3 (2.70)* 77 1.74 (0.22) 78 1.14 (0.08)

b. Age Class n Height 

Growth       

(cm  yr¯¹)

n Height          

(m)

n Diameter      

(cm)

n Height/ 

Diameter 

Ratio

n CSA              

(m²)

True saplings 21 5.72 (0.54)*         45 3.20 (0.18)         49 6.77 (0.45)          44 55.51 (3.62)       49 20.30 (1.88) 

Pygmy trees 40 3.90 (0.23)* 78 3.23 (0.17) 75 6.53 (0.40) 73 62.99 (3.88) 80 16.77 (1.12)
  

1
DI= Distance to closest shade tree from each measured sugar pine sapling; 

2
Azimuth = Azimuth to closest shade tree from each measured sugar pine sapling (Beers et al. 1969); 

3
CSA= Crown surface area calculated for each measured sugar pine sapling (Zarnoch et al. 2004).
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Table 3.4.  Differences in competition (a, c) and individual tree characteristics (b, d) for true saplings and pygmy trees within differing 

management types (a, b) and site productivity classes (c, d) for nine sampled stands in the Lake Tahoe Basin, CA and NV, USA.  Numbers are 

means with standard error in parentheses. Wilcoxon rank-sums were used to test for differences between trees classified as true saplings (TS) 

and pygmy trees (PYG).  See text for details on age category classification of true saplings and pygmy trees.  Values with an asterisk are 

significantly different at the p  < 0.05 level.  All measurements were taken at the individual tree level.   

a.

Age Class MT² n Live Basal Area             

(m²  ha¯¹)

n Total Basal Area              

(m²  ha¯¹)

n Canopy Closure        

(%)

n DI3                            

(m)

n Azimuth4                    

(radians)

True saplings UM 41 20.6 (1.62) 41 22.9 (1.68) 41 47.6 (3.28) 41 2.66 (0.44) 41 0.91 (0.11)
Pygmy trees UM 54 25.0 (1.89) 54 27.8 (1.91) 54 54.9 (3.33) 51 1.88 (0.32) 52 1.17 (0.10)
True saplings M 9 33.7 (6.89) 9 45.4 (6.51) 9 73.6 (4.93) 9 1.69 (0.0.30) 9 0.93 (0.23)
Pygmy trees M 26 35.3 (2.10) 26 44.7 (3.16) 26 77.8 (2.80) 26 1.45 (0.21) 26 1.08 (0.13)

b.

Age Class MT² n Height Growth       

(cm  yr¯¹)

n Height                      

(m)

n Diameter                 

(cm)

n Height/ Diameter 

Ratio

n CSA5                

(m²)

True saplings UM 18 5.37 (0.55)* 37 3.19 (0.20) 40 6.80 (0.51) 36 55.41 (4.09) 40 21.53 (2.12)*
Pygmy trees UM 34 3.66 (0.22)* 53 2.73 (0.16) 49 5.74 (0.51) 48 65.88 (5.24) 54 15.03 (1.36)*
True saplings M 3 7.84 (1.42) 8 3.27 (0.38) 9 6.59 (0.99) 8 55.96 (8.21) 9 14.84 (3.71)
Pygmy trees M 6 5.24 (0.72) 25 4.28 (0.31) 26 8.01 (0.55) 25 57.43 (5.15) 26 20.39 (1.83)

c.

Age Class SI² n Live Basal Area             

(m²  ha¯¹)

n Total Basal Area              

(m²  ha¯¹)

n Canopy Closure        

(%)

n DI                                  

(m)

n Azimuth                    

(radians)

True saplings P 23 17.4 (1.80)* 23 20.7 (2.47)* 23 48.8 (4.60) 23 2.72 (0.64) 23 0.75 (0.13)*
Pygmy trees P 42 25.8 (2.27)* 42 27.0 (2.18)* 42 57.3 (4.02) 39 2.08 (0.40) 40 1.18 (0.11)*
True saplings F 27 27.7 (2.93) 27 33.5 (3.05) 27 55.3 (4.33)* 27 2.28 (0.40) 27 1.05 (0.14)
Pygmy trees F 38 31.2 (1.97) 38 38.6 (2.80) 38 67.9 (3.36)* 38 1.39 (0.16) 38 1.10 (0.12)

d.

Age Class SI² n Height Growth       

(cm  yr¯¹)

n Height                      

(m)

n Diameter                 

(cm)

n Height/ Diameter 

Ratio

n CSA                

(m²)

True saplings P 14 4.95 (0.42)* 21 2.99 (0.28) 22 5.74 (0.68) 20 62.42 (6.62) 22 21.47 (3.51)
Pygmy trees P 26 3.72 (0.25)* 42 2.74 (0.18) 38 5.83 (0.60) 38 67.28 (6.41) 42 16.05 (1.60)
True saplings F 7 7.27 (1.23)* 24 3.39 (0.21) 27 7.60 (0.56) 24 49.75 (3.40) 27 19.35 (1.92)
Pygmy trees F 14 4.22 (0.46)* 36 3.81 (0.26) 37 7.25 (0.52) 35 58.33 (4.08) 38 17.58(1.58)   

1
SI = P - Poor, F - Fair; base age 50 years (Krumland and Eng 2005); 

2 
MT= Management Types: M - Managed since initial harvesting between 1860-1930s; UM - Unmanaged since harvesting during 1860-1930s. 

3
DI= Distance (m) to closest shade tree from each measured sugar pine sapling; 

4
Azimuth= Azimuth (radians) to closest shade tree from each measured sugar pine sapling (Beers et al. 1969); 

5
CSA= Crown surface area (m

2
) calculated for each measured sugar pine sapling (Zarnoch et al. 2004).
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Table 3.5. Results of multiple logistic regression model predicting the identification of true 

saplings and pygmy trees in nine stands in the Lake Tahoe Basin, CA and NV, USA.  Live tree 

basal area (BAL) was the only competition variable included in the model; the individual tree 

attributes of crown surface area (CSA), and 10-yr average height growth (HG) were also 

included. 

Overall Model Evaluation R
2

n χ² df p

Likelihood Ratio Test 0.307 61 24.07468 3 < 0.0001*

Lack of Fit 61 54.47163 3 0.5705

Predictor ß     SE Wald χ²df p e
ß
(odds ratios)

Intercept -2.48 1.28 3.74 1 0.0532 NA

BAL (m
2
 ha 

-1
) -0.09 0.04 6.53 1 0.0106* 0.91

CSA (m
2
) 0.13 0.06 5.46 1 0.0195* 1.14

HG (cm yr -1) 0.47 0.22 4.68 1 0.0305* 1.60  

 



 

Table 3.6.  Receiver Operating Characteristic (ROC) statistics identifying the optimal overall prediction rate for the identification of a true sapling 

(TS) and pygmy tree (PYG) in nine stands in the Lake Tahoe Basin, CA and NV, USA.  ROC values were calculated for live tree basal area (BAL), 

total basal area (BAT), canopy closure (CC), crown surface area (CSA), and height growth (HG).  We also calculated thresholds for the best 

multiple predictor model with BAL, CSA, and GR.   The optimal threshold (x) maximizes the number of true positives and minimizes the number 

of false positives and is represented by the following units: BAL and BAT (m2 ha -1), CC (%), and HG (cm yr -1).  See text for details on age category 

classification of true saplings and pygmy trees.  

Observed Predictor ROC Probability x Total n TS n PYG n % Correct False Positive False Negative

TS BAL (m2 ha -1) 50 45 5 90.0%

PYG BAL (m2 ha -1) 80 26 54 67.5%

Overall BAL (m2 ha -1) 0.6239 0.338 32.1 130 76.2% 36.6% 8.5%

TS BAT (m2 ha -1) 50 41 9 82.0%

PYG BAT (m2 ha -1) 80 33 47 58.8%

Overall BAT (m2 ha -1) 0.6235 0.371 32.1 130 67.7% 44.6% 16.1%

TS CC (%) 50 44 6 88.0%

PYG CC (%) 80 34 46 57.5%

Overall CC (%) 0.6339 0.321 73.0 130 69.2% 43.6% 11.5%

TS HG (cm yr -1) 21 17 4 81.0%

PYG HG (cm yr -1) 40 15 25 62.5%

Overall HG (cm yr -1) 0.7417 0.294 4.23 61 68.9% 46.9% 13.8%

Observed Predictors ROC Probability Total n TS n SST n % Correct False Positive False Negative

TS 21 19 2 90.5%

PYG 40 12 28 70.0%

Overall 0.8607 0.239 61 77.0% 38.7% 6.7%

BAL (m2 ha -1),                  

CSA (m2), HG (cm yr -1)

Reciever Operating Characteristics for Individual Predictors

Reciever Operating Characteristic for Multiple Predictors

Predicted Values

Predicted Values

7
9
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Figure 3.1. Location of nine sampled stands of different management types in the Lake Tahoe 

Basin, CA and NV, USA.
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Figure 3.2.  Tree age class distribution by diameter at breast height (DBH) in 2007 for sampled 

saplings (dbh < 5.0”) and overstory (dbh > 5.0”) sugar pine trees in nine stands in the Lake Tahoe 

Basin, CA and NV, USA, as compared to minimum expected growth reported in Larsen and 

Woodbury (1916).  Vertical line at age 50 indicates the age threshold (50 years) used to define 

true saplings from pygmy trees based on published values for sugar pine saplings in California 

(Larsen and Woodbury 1916, Fowells and Schubert 1956; Oliver 1978). Tahoe Basin overstory 

trees (n=3) falling more than 5% below the minimum growth line have been removed. TB = 

Tahoe Basin trees sampled in this research. 

 



 

 

 

 

 

 

Figure 3.3.  Distribution in 2007 of true saplings (TS) and pygmy trees (PYG) along sampled transects for a) a managed stand of fair site quality, 

and b) an unmanaged stand of poor site quality, in the Lake Tahoe Basin, CA and NV, USA.  See text for details on age category classification of 

true saplings and pygmy trees.
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Figure 3.4.  Logistic regression predictions of the effect of competition characteristics on the probability 

of a tree being a true sapling (0) or pygmy tree (1). a) live tree basal area (BAL), b) total basal area (BAT), 

and c) canopy closure (CC)  for nine sampled stands in the Lake Tahoe Basin, CA and NV, USA.  All 

predictors are significant at the p < 0.05 level.     
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Figure 3.5.  Logistic regression predictions of the effect of height growth (HG) on the probability of a 

tree being a true sapling (0) or pygmy tree (1) for nine sampled stands in the Lake Tahoe Basin, CA and 

NV, USA.  This predictor is significant at the p < 0.05 level. 
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CHAPTER 4: Stand and individual tree characteristics affecting past height 
growth of sugar pine regeneration at the individual tree- and stand-scales in the 

Lake Tahoe Basin, CA and NV, USA 

 

Authors:  

Natalie Angell, Kristen Waring and Tabitha Graves 

School of Forestry, Northern Arizona University, Flagstaff, AZ 

 

4.0 Abstract 

Sugar pine (Pinus lambertiana) is a highly valued timber species, but there is increasing concern 

that it won’t persist as an important component of the mixed-conifer forests of California.  Sugar pine is 

intermediate in shade tolerance, yet there are few studies indentifying what stand conditions sustain 

sugar pine regeneration and promote recruitment.  This study aimed to develop relationships between 

stand structure and canopy closure and quantify which stand and individual tree characteristics best 

explain past growth rates of sugar pine regeneration at the microsite level.  We collected data on  sugar 

pine seedlings and saplings, including height growth (cm yr-1), crown surface area (m2), DBH (cm), and 

height (m), as well as the microsite measurements of live basal area (m2 ha-1 ), total basal area (m2 ha-1 ), 

canopy closure (%), and distance (m), azimuth (rad) and species of closest shade tree, across 6 managed 

and 8 unmanaged stands in the Lake Tahoe Basin, CA and NV.  We compared differences in stand and 

individual tree characteristics by management and treatment type and developed models to explain 

past height growth of sugar pine regeneration at the individual tree-scale using the same stand and 

individual tree metrics. We also modeled seedling height growth at the stand-scale. Height growth of 

sugar pine seedlings was significantly greater in denser, unmanaged stands with higher canopy closures.  

Individual growth of saplings was maximized in thinned and salvaged stands with reduced densities and 

canopy closures although this increase in growth was non-significant.  At the stand-scale, the best two 
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regression models explained a similar amount of variation (R2adj = 0.74 and 0.72 respectively). The first 

model included live basal area, stand density index, and crown surface area as predictors of seedling 

height growth, while the second included available soil moisture between 15 and 30 cm as a negative 

predictor instead of he positive predictor, stand density index. Individual tree-scale growth models did a 

modest job of explaining past variation in height growth, but never explained more than 40% of the 

variation. The observed low growth rates suggest that current regeneration is persisting as advance 

regeneration in the understory.  Our results indicate that the optimal individual tree-scale models for 

seedlings and saplings are incredibly complex and the relationships are not easy to discern.  Stand-scale 

models were less complex and more robust predictors of height growth. More research should be 

conducted to determine if the regeneration that is persisting in the understory will respond positively to 

more aggressive silvicultural treatments that further reduce canopy closure.  
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4.1 Introduction 

 Sugar pine (Pinus lambertiana Dougl) is a highly valued timber species and can attain the 

greatest stature of any Pinus spp. in North America.  Its distribution extends south from the west slopes 

of the Cascades in Oregon, throughout the Klamath, Siskiyou, and Sierra Nevada ranges into Baja, 

Mexico (Kinloch and Scheuner 1990).  Sugar pine is a significant component of the California mixed-

conifer vegetation type with approximately 80% of the growing stock located in California.  Sugar pine 

ranges in elevation from close to sea level in the Coast Ranges of southern Oregon and California to 

more than 3000m in the Transverse Range of southern California (Kinloch and Scheuner 1990).  

Historically sugar pine comprised a greater proportion of the Sierran mixed-conifer forest; however, as a 

result of extensive harvesting due to its high commercial value, both its abundance and range have been 

substantially reduced (Oliver 1996). 

 Exact species composition of the Sierra Nevada mixed-conifer forest depends on latitude, 

elevation, and specific site conditions. In the northern Sierra Nevada, sugar pine is associated with 

Douglas-fir (Pseudotsugae menziesii (Mirb.) Franco), which is absent in the southern Sierras (Tappeiner 

1980).  Ponderosa pine (P. ponderosa Dougl. ex Laws.), is prevalent at lower elevations and on southerly 

aspects; it is replaced by Jeffrey pine (P. jeffreyi Grev. & Balf.) on colder sites, higher elevations 

(>1830m) and serpentine soils (Rundel et al. 1977).  California black oak (Quercus kellogii Newb.) and 

incense-cedar (Calocedrus decurrens (Torr.) Florin) are also common associates found throughout the 

Sierra Nevada range in varying concentrations.  Giant sequoia (Sequoia giganteum (Lindl.) Buchholz) is 

an associate on mesic sites in the central and southern Sierras (Tappenier 1980) while white fir (A.  

concolor (Gord. & Glend.) Lindl.) is ubiquitous throughout the Sierras but is replaced by red fir at higher 

elevations (2,134- 2,734m).  In addition to red fir, western white pine (P. monticola Dougl.) and 

lodgepole pine (P.  contorta (Grev. & Balf.) Critch.) are also associates at higher elevations (>2,134m) 

(Tappenier 1980).  In the eastern Sierra Nevada, Jeffrey pine dominates in the mid-elevations and grows 
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in association with white fir, incense-cedar, and lodgepole pine (USDA Forest Service 1997).  Green alder 

(Alnus tenuifolia) and willow (Salix spp.) species are dominant high elevation riparian species found 

along stream banks and in meadows but are minor components in the central Sierras above 1680m 

(USDA Forest Service 1981).  Sugar pine is considered mid-shade tolerant, being more tolerant than 

ponderosa pine, similar to Douglas-fir, and less so than white fir and incense-cedar (Baker 1949; Daniel 

et al. 1979; Oliver 1996).   

 Recent studies indicate low sugar pine regeneration and recruitment rates in parts of 

California (Olson and Helms 1996; Ansley and Battles 1998; van Mantgem et al. 2004).  Proposed causes 

for this lack of regeneration and low recruitment include: extensive overharvesting, fire exclusion and 

suppression practices, and the introduced pathogen white pine blister rust (caused by Cronartium 

ribicola Fisch.) (Ansley and Battles 1998; van Mantgem et al. 2004).  The observed slow rates of 

population decline indicate that there is time to apply restoration strategies to promote sugar pine 

seedling growth and recruitment in the mixed-conifer forests of the Sierra Nevada range (van Mantgem 

et al. 2004).  

4.1.1 Factors affecting sugar pine regeneration  

 Currently, limited knowledge exists about sugar pine regeneration and the optimal conditions 

for growth and long term survival.  Previous research has found that solar radiation, litter depth and soil 

moisture are important variables associated with understory tree species composition and may be 

important factors limiting tree regeneration in Sierran mixed-conifer forests (Gray et al. 2005; North et 

al. 2005a).  In a recent study in the nearby Carson Range of Nevada researchers found that sugar pine 

emergence and seedling survival was higher under shrubs than open conditions (Legras and VanderWall 

2010).  Shrubs likely facilitated seedling survival through microclimate mediation, decreasing 

temperature and light intensity, and increasing soil moisture (Legras and VanderWall 2010).  Sugar pine 
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seedlings are sensitive to frost and drought (Fowells and Stark 1965) and may require high soil moisture 

until they reach sapling or greater sizes (Tappeiner and McDonald 1996).  Sugar pine establishment may 

also be strongly influenced by deep snow packs associated with El Niño events by providing an increased 

quantity of available moisture over a longer period of time (North et al. 2005b).   

Periodic surface fires favor sugar pine regeneration in the mixed-conifer forests of the central 

Sierras by reducing competition and litter depth, and increasing the availability of understory light 

(Sugihara and McBride 1996; North et al. 2005b).  Frequent fire may also have created favorable 

seedbed conditions for sugar pine germination (North et. al. 2005b; Zald et al. 2008).  In a recent study, 

sugar pine seedling density increased following implementation of prescribed burning and mechanical 

thinning (Moghaddas et al. 2008).  Sugar pine has also demonstrated higher seedling survival rates on 

partially harvested slopes than ponderosa pine, incense-cedar and white fir following slash burning and 

exposure of bare mineral soil (Fowells and Stark 1965).  More recently sugar pine seedlings have been 

shown to have high relative and absolute height growth when planted within burn piles following site 

preparation beneath a shelterwood overstory in a Sierra Nevada mixed conifer forest (York and Heald 

2007). This indicates that it may be possible to promote regeneration with use of fire and other 

silvicultural strategies if treatments are aimed at restoring the structures and processes that existed 

prior to fire exclusion and suppression practices (North et al. 2007; Moghaddas et al. 2008; North et al. 

2009).  

Contrary to the affects of past management on sugar pine regeneration, regeneration of the 

more shade tolerant species has been favored by these practices (North et al. 2005b; Zald et al. 2008).  

Large densities of species such as white fir and incense-cedar inhibit sugar pine regeneration by vying for 

limited resources such as soil moisture and outcompeting sugar pine at lower canopy closures (Yeaton 

1983; Sugihara and McBride 1996).  Sparse regeneration can establish without fire although seedlings 
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are prone to being shaded out once canopy closure has occurred.  However, sugar pine has been shown 

to exploit additional light from the creation of small openings and grow as quickly as some of its more 

shade tolerant associates (Oliver and Dolph 1992; Oliver 1996).  Similar to many pine species, sugar pine 

allocates a large proportion of its initial photosynthate to growth of its root system and less to foliage 

production (Pharris 1967).  Approximately 3 - 5 years are needed for pines to switch their allocation 

from root to shoot growth and increase growth rates (Fowell and Schubert 1956a; York et al. 2004).  As 

a result sugar pine may be initially outcompeted by some of its more shade tolerant counterparts (Oliver 

1996; York et al. 2004).   

4.1.2 Objectives 

There is increasing concern that sugar pine might not survive as a significant component of 

Sierra Nevada mixed-conifer forests (Ferrell 1996, Zald et al. 2008).  Regeneration and growth of sugar 

pine likely depends on the creation of gaps (Oliver and Dolph 1992; Oliver 1996; York et al. 2004).  This 

suggests that sugar pine may flourish under a variety of management options, yet research is lacking as 

to whether partial canopy removals, such as thinning or uneven-aged management (ie, group or 

individual tree selection) will promote natural regeneration.  There is also little research on the most 

important factors required to successfully recruit sugar pine regeneration into the overstory. This 

research focused on more clearly defining stand structures that promote successful sugar pine 

regeneration and recruitment in the Lake Tahoe Basin.  Specifically, we addressed the following 

objectives: 

1.) To define relationships between canopy closure, stand structure and sugar pine height growth 

rates in stands with differing management histories; 
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2.) To identify the most important stand, microsite, and individual tree attributes explaining past 

growth rates and develop models to predict stand structures that promote these attributes at 

the stand and individual seedling/sapling level.  

Sugar pine height growth may be explained as a function of environmental and individual tree 

attributes.  We hypothesized that managed stands that have been prescribed burned would provide a 

microclimate suitable for seedling establishment with the exposure of bare mineral soil and would 

therefore have higher initial growth rates than in unmanaged stands.  For continued growth of saplings 

we predicted that managed stands would have higher height growth rates than unmanaged stands due 

to lower percent canopy closure and density than unmanaged stands for individual tree growth.  We 

also predicted that that canopy closure (%), live basal area and crown surface area would be the best 

predictors of past sugar pine height growth for both seedlings and saplings at both the individual tree 

and stand scale.  

4.2 Methods 

4.2.1 Study area  

This study was located in the Lake Tahoe Basin (TB), an 88,000 hectare watershed found in the 

north-central Sierra Nevada Range along a transition zone between the Mediterranean climate of 

California and the drier continental climate of the Great Basin, Nevada (Figure 4-1).  This transition 

results in part from the pronounced rain shadow effect, with the east side of the TB receiving as little as 

one third of the precipitation as the west (150 – 50 cm, respectively).  The majority of the annual 

precipitation arrives as snow from December to March.  Mean summer temperatures average 30° C and 

mean winter temperatures are approximately -6° C at lake elevation (1900 m a.s.l.) with a frost-free 

growing period of 75 days (Manley et al. 2000).  
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Soils are typically young Inceptisols or Entisols derived from granite in the majority of the TB, 

and are characterized by a mixture of scree and rock outcrops on shallower soils and glacial till 

supporting deeper soils (USDA NRCS Soil Survey 2007).  Volcanic rocks overlie the granite on the 

northern shores and in a few small pockets in other localities (USDA NRCS Soil Survey 2007; Elliott-Fisk 

et al. 1996). Parent materials in these areas are comprised of basalts and andesites (USDA NRCS Soil 

Survey 2007, Elliott-Fisk et al. 1996). This large variation in soils sustains a broad range of vegetation 

(Manley et al. 2000).  

We selected fourteen second-growth stands across private, federal and state ownerships for 

sampling from the mixed-conifer forest of the lower montane vegetation zone (1,396 - 2,200 m) (Figure 

4-1).  Selected stands contained sugar pine saplings, overstory sugar pine, and at least three additional 

overstory tree species.  The most common associates of sugar pine in the TB include Jeffrey pine (P. 

jeffreyi Balf.), incense-cedar and white fir; at higher elevations (2,134- 2,734 m) white fir is replaced by 

red fir and may be associated with western white pine (P. monticola Dougl.) and lodgepole pine (P.  

contorta (Grev. & Balf.) Critch.) (Tappenier 1980).  Green alder (Alnus tenuifolia) and Scouler’s willow 

(Salix scouleriana Barr.) are dominant high elevation riparian species found along stream banks and in 

meadows but are minor components above 1680 m (USDA Forest Service 1981).  

We sampled six “managed” stands (three prescribed burn, one thinned and prescribed burned, 

two thinned and salvaged) and eight “unmanaged” stands (Table 4-1).  Stands that have been managed 

since the Comstock era (late 1800’s) are hereafter referred to as ‘managed’, while stands not treated 

since the Comstock era are referred to as ‘unmanaged.’  The smallest sampled stand was 2 hectares 

(ha), the largest 30.4 ha, and the median stand size was approximately 4.9 ha. 

Managed stands varied widely in management history, although recent management has had 

two main objectives: 1. fuels reduction to mitigate fire hazard and 2. salvage projects to harvest red and 
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white fir trees that were dead or dying as a result of a fir engraver (Scolytus ventralis Lec.) outbreak.  In 

the two prescribed burned stands all stems < 36 cm were thinned or girdled in the mid 1990s; dead 

stems and slash were piled and a fall understory burn conducted two years post thinning.  In the thinned 

and burned stand, residual basal area was decreased between 23 and 34 m2 ha -1 with approximately 6 

m spacing between tree boles in 2004; stems were piled and an autumn burn was implemented in 2005 

(Rich Adams, personal communication, March 2010).   

The two thinned stands underwent a salvage harvest in the mid 1990s for a fir engraver and 

Jeffrey pine beetle (Dendroctonus jeffreyi Hopk.) outbreak on federal lands.  Treatment consisted of 

tractor or hand-felling down to 34 m2 ha -1 of residual basal area; logs were removed by helicopter.  

Desired spacing between the edges of residual tree crowns was approximately 1.5 m and the following 

order of preference was used for species retention: Jeffrey pine/ sugar pine, white fir, and incense-

cedar.  Slash was lopped and scattered within the stand (USDA Forest Service 1994). 

4.2.2 Field methodology 

During the summers of 2008 and 2009, we installed ten plots in each stand on a systematic grid 

using a randomly selecting starting distance from each stand boundary.  To avoid edge bias we randomly 

chose a minimum distance of 20 - 30 m from stand edge to start grid transects.  There was a minimum 

spacing of 30 m between plot centers with spacing between plots varying according to stand size.  We 

established seventeen plots in the D.L. Bliss stand due to its larger size than other sampled stands.  Plots 

were circular with a 12.62 m radius (0.20 ha, ‘macro-plots’) with smaller nested plots with a 5.64 m 

radius (0.01 ha, ‘micro-plots’) to assess regeneration of all species (trees less than 1.37 m tall, and < 12.7 

cm in DBH).  Plots falling on roads or in streams were randomly offset.  At each plot center we recorded 

aspect, slope, elevation disturbance history, and UTM coordinates.  We then established belt transects 

in each stand to study sugar pine regeneration.  Belt transects were 150 m in length and 11.28 m in 
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width.  These transects were placed on the same grid and at the same azimuth as the circular overstory 

and understory plots.  Belt transects were placed every 200 m at a randomly selected starting point 

chosen between 1 – 50 m along the length of each grid line until the stand boundary was reached.  On 

transect lines that were less than 150 m in length, shorter transects of 50 – 100 m were installed.  All 

sugar pine saplings on transects were measured using the same methods as saplings in micro-plots. 

Macro-plot measurements included DBH for all trees greater than or equal to 12.7 cm at DBH, 

tree status (live/ dead), species, strata , canopy class (Smith et al. 1997), and damage / defect.  All trees 

were sub-sampled by species and size class for the following additional characteristics: age, total height, 

height to live crown base, crown width, sapwood and bark thickness.  Trees were separated into size 

classes according to Forest Inventory and Analysis protocol (Forest Inventory and Analysis 2007) and 

percent species composition, basal area, trees per hectare, and stand density index were calculated for 

each stand (Long and Daniel 1990).  Canopy cover measurements were also taken at each plot center 

and the four cardinal directions at two distances: the overstory radius (12.62 m) and half the radius 

(6.31 m).  Plot measurements were then averaged across the stand to calculate percent stand canopy 

cover.  Predicted available soil moisture between 0-15 cm and 15-30 cm for each stand was obtained 

from published soil survey data (USDA NRCS Soil Survey 2007).   

The calculation of site index (SI) was based on the height and age of dominant and co-dominant 

sugar pine (base age 50 years; Krumland and Eng 2005).  To determine an approximate age distribution 

for each stand, rings were counted on tree increment cores after mounting and sanding with various 

grits of sandpaper and validated with a microscope.  On samples without a pith, the methodology of 

Applequist (1958) was used for estimation. 

 4.2.3 Regeneration measurements  
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On micro-plots (all trees) and belt transects (sugar pine only), trees were separated into the 

following height and dbh classes according to Shepperd (2007): seedlings (<1.37 m height), 1 (0 – 46 

cm), 2 (47 – 136 cm); and saplings (≥1.37 m height), 3 (≥1.37 m and <2.54 cm dbh), 4 (>1.37 m and ≥2.54 

cm dbh).  For each sugar pine seedling and sapling we also measured: age, height, live crown length, 

crown width, DBH, damage / defects, presence / absence of white pine blister rust, height growth.  

Presence of white pine blister rust (WPBR) was recorded if the tree had aecia spores or two of the 

following characteristics: WPBR canker with resin, bark stripping, branch flagging, or rodent chewing.  

Because regeneration can be influenced by competition, we measured the following competition 

characteristics for each seedling or sapling: percent canopy closure, live tree basal area, and distance, 

azimuth and species to closest shade tree.  Percent canopy closure was measured with a spherical 

densiometer above each sapling at the outermost tip of the branch in the four cardinal directions and 

averaged.  Basal area was measured at each individual sapling using a relaskop with a 20 basal area 

factor (BAF).  Azimuths to closest shade tree were transformed using methods of Beers et al. (1966).    

Height growth was measured with digital calipers or a height pole.  If there was no apparent 

dominant height, then measurements were taken from the tallest live branch.  Crown length was 

measured to the height of the lowest live branch at point of insertion.  To obtain crown diameter, the 

longest live branches in the N-S and E-W directions were measured and averaged.  Crown surface area 

was then calculated using a modified equation from Zarnoch et al. (2004), as published in Waring and 

O’Hara (2009).  On saplings in height classes 3 and 4, an increment core on the north side of the tree 

was extracted to determine age using the same techniques as described above.   

Past ten year height growth (cm yr-1) was measured with digital calipers by measuring insertion 

point of each branch whorl or by bud scar on seedlings, down the length of the stem starting with the 

year 2007.  Height growth was re-measured in the summer of 2009 for all seedlings that were 1 year in 
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age to determine the rate of growth for 2008.  Measurements were then averaged over the last ten 

years to achieve an approximate average annual height growth rate.  If a tree was over 2.7 m in height, 

increment growth was not measured and the densiometer readings were taken from the outermost 

branch in each cardinal direction.  If the canopy of the sapling biased the densiometer measurement, a 

ladder was used to take the measurement above the canopy of the sampled tree.  

4.2.4 Analysis 

Means and standard errors were calculated by management type for individual tree scale 

estimates of live basal area (m2 ha-1), total basal area (m2 ha-1), canopy closure (%), height growth (cm yr-

1), crown surface area (m2), and height (m) of sugar pine regeneration.  Regeneration data were pooled 

across all fourteen stands and separated and analyzed by height class: classes 1 and 2 (seedlings) and 

classes 3 and 4 (saplings), to separate potential different influences on height growth patterns.  Non-

parametric tests were used because data did not meet assumptions for normality or equal variance 

required in parametric methods.  Wilcoxon rank-sums and Kruskal–Wallis (test statistic = χ² ), followed 

by a post-hoc Z-test using the Bonferroni test value were used to test for significant differences between 

management types.  Data from the thinned and prescribed burn stand were omitted from analyses 

separated by management type due to the small sample size (n=2). The significance level was set at α = 

0.05 for all tests.   

We assessed sugar pine regeneration height growth rates using multiple and linear regression 

analyses to test the effect of environmental, stand scale, and individual tree measurements on 

individual tree-scale growth.  Because we expected that samples within a transect or stand might be 

spatially autocorrelated, we modeled transects and stands as random effects in mixed effects models.  

Random effects account for the potential spatial autocorrelation, so we tested to see whether models 

with these random effects (stand, transect, and transect-within-stand) were supported.   



79 

 

 Following the procedure of Zuur et al. (2009), we first formulated the most complex set of fixed 

effects we thought was reasonable.  With the complex fixed effects model, we then compared models 

with (1) no random effects, (2) plot only random effects, and (3) transect nested within plot random 

effects, using AIC for comparison. The model with the lowest AIC was selected unless the difference in 

AIC scores between the random effects models and the complex fixed effects model was less than two 

(Burnham and Anderson 2002); if this occurred than the fixed effects model was used in analyses. 

Finally, we used the best of those models and used all possible models and backwards stepwise 

regression to identify the best fixed effects model.  

Our response variable was height growth averaged over the last 10 years or the life of the 

seedling.   Height growth was skewed (non-normal) so we transformed the data using a natural 

logarithm.  Only slight violations in normality assumptions remained in height growth after natural log 

transformations.  We modeled the variables influencing height growth separately for seedlings and 

saplings, while also separating the models using a management variable (‘management’ and 

‘treatment’). In order to evaluate whether management or specific treatment type were important 

determinants of past height growth, we assessed height growth with 3 different models for both 

(seedlings and saplings), for a total of 6 models: (1) our hypothesized growth model (using only the 

variables of canopy closure, live basal area, and crown surface area), (2) management model: using 

management as a variable, with all treatment types pooled and each tree assigned to either ‘managed’ 

or ‘unmanaged’ and (3) treatment model: using treatment type as a variable, with treatments separated 

into treatment type (ie, unmanaged, prescribed burned or thinned and prescribed burned ) with each 

tree assigned to the appropriate category.  The natural log of past height growth was modeled as a 

function of stand level measurements (canopy cover (%), site index (m), stand density index, stand live 

basal area (m2 ha-1)), individual tree level measurements (available soil moisture between 0-15 cm and 
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15-30 cm of the soil profile, canopy closure (%), live, dead and total basal area (m2 ha-1), distance, 

transformed azimuth (radians), species and status of closest shade tree), and individual seedling 

measurements (crown surface area). 

For saplings, the natural log of past growth for the last ten years was modeled as a function of 

the same stand and individual tree level measurements listed above except that status of closest shade 

tree was not used as a potential predictor because few shade trees were observed.  We also 

incorporated dbh, height to diameter ratio and white pine blister rust (presence/ absence) as potential 

predictors. White pine blister rust was not used as a variable in seedling models because we observed 

few seedlings with confirmed white pine blister rust.   

 We also modeled sugar pine seedling growth at the stand scale, but did not model sapling 

growth at the stand scale . We first modeled growth using only our hypothesized best predictors 

(canopy closure, live basal area, and crown surface area). We then modeled growth as a function of the 

same predictors as used in the individual tree-scale models using backward stepwise regression to 

determine the best predictors of seedling height growth. All variables were scaled appropriately and 

averaged at the stand-scale. 

For all models (tree-scale and stand-scale), we tested for interactions between variables.  

Variance inflation factors (VIF) were calculated between variables to test for multicollinearity and one 

variable was omitted from the model if the factor was 10 or greater (Ott and Longnecker 2001).  Mixed 

effect modeling was performed with program R statistical software (R development core team 2011). All 

other analyses were performed with use of JMP (Vers. 8) (SAS Institute 2007) and NCSS statistical 

software (Hintze 2006).   
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4.3 Results 

4.3.1 Sugar pine growth and stand attributes 

Stand characteristics at the plot level were averaged and are summarized for all fourteen 

sampled stands in Table 4-1.  Age structure was typically comprised of one and two cohorts with a few 

stands having remnants from pre-Euro-American settlement (prior to 1850). Live and total basal areas 

varied considerably between stands and management types, with the highest live basal area over 6 

times greater (92.1 m² ha ­¹) than the lowest (14.3 m² ha ­¹).  For total basal area, the highest value 

(109.46 m² ha ­¹) is over 5.5 times greater than the lowest (19.1 m² ha ­¹).  The median live and total 

basal areas were 42.0 and 51.6 m² ha ­¹ respectively.  Understory and overstory trees per hectare also 

varied widely between stands (overstory = 108.1 – 670.5 and understory = 420.4 – 5585.4), as did stand 

density index, ranging between 247 and 1563.   

We found significantly higher basal areas (live only and total), canopy closure, height growth 

and total height of sugar pine seedlings in unmanaged stands than in managed stands for (Table 4-2).  

The converse is true for saplings, with managed stands having significantly higher mean basal areas (live 

and total), canopy closures and sapling height than unmanaged stands (Table 4-2).  The mean height 

growth rate was also higher for managed than unmanaged stands, although the difference was not 

statistically significant (Table 4-2).   

When separated by treatment type, seedlings in unmanaged and prescribed burned stands had 

similar basal areas and canopy closures but had significantly greater basal area and canopy closure than 

thinned and salvaged stands (Table 4-3).  However, height growth rate means were significantly 

different among all treatment types, with growth rate highest in unmanaged followed by prescribed 

burned, then thinned and salvaged stands. Height growth of seedlings was significantly greater in 

unmanaged than prescribed burned stands but not for thinned and salvaged stands.  At the stand-scale, 
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there were no clear relationships between mean height growth and canopy closure or live basal area for 

seedlings when separated by treatment type (Figure 4-2).   

For saplings, live and total basal areas and canopy closure were significantly lower in 

unmanaged than prescribed burned stands but not statistically different from thinned and salvaged 

stands (Table 4-3).  Mean sapling height was significantly higher in unmanaged than prescribed burned 

stands, but not significantly different from thinned and salvaged stands. 

Stand-scale comparisons revealed no significant differences between unmanaged and managed 

stands (Table 4.4). We also found no significant differences between treatment types, however, some 

categories had very small sample sizes and high variability (Table 4.4). Only seedling height and height 

growth was compared at the stand-scale due to small sample sizes of saplings in several stands.       

4.3.2 Mixed effects models and regression analyses 

The inclusion of random effects yielded delta AIC values that were within two AIC units of fixed 

effect only models, indicating that little spatial autocorrelation existed within transects or stands for 

height growth, so we report here models that include only fixed effects.   We hypothesized that past 

height growth of regeneration at the individual tree- and stand-scales would be a function of site 

conditions such as canopy closure and live basal area, and individual tree characteristics such as crown 

surface area of the tree.   

Seedling models  

The hypothesized model of seedling growth performed poorly (R2 = 0.102); both the 

management and treatment type models performed better.  The highest predicted variation in height 

growth rates in seedlings occurred when treatment type was included as a possible predictor (lowest 

AIC values, Table 4-5).  The explained variation increased by approximately 25% over the hypothesized 
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model for the three best-fitting models (R2 = 0.362, R2 = 0.363, and R2 = 0.364, respectively, Table 4-5).  

The best model included available soil moisture from 15-30 cm, crown surface area, total basal area, 

management type, stand canopy cover, species of closest shade tree and the interaction between total 

basal area and crown surface area.  In addition to the variables from the best model, the second best 

model also included azimuth to closest shade tree, and the third best model included available soil 

moisture from 0-15 cm. 

Including management (managed/ unmanaged) as a possible predictor also substantially 

improved model performance over the hypothesized model (top three best fit models: R2 = 0.356, R2 = 

0.358, R2 = 0.358, respectively; Table 4-5).  The best model included crown surface area, available soil 

moisture between 15-30 cm, management, species of closest shade tree, stand canopy cover and the 

interactions between species of closest shade tree with crown surface area and management.  The 

second best model also included live basal area and the third best model had total basal area instead of 

live basal area.   

Sapling models 

For saplings, the hypothesized model again performed poorly (R2 = 0.197). Adding treatment 

type to the models, the top three models were a robust improvement over the hypothesized models (R2 

= 0.362, R2 = 0.293, R2 = 0.359, respectively, Table 4-5).  These models explained an additional 8-14% of 

the variation in past height growth.  In addition to treatment type, the best model also included azimuth 

to closest shade tree, live basal area, DBH, management type and stand density index.  The second and 

third best models were similar but the second did not include management type, and the third best 

model included stand canopy cover instead of stand density index.   



84 

 

The highest predicted variation in sapling growth rates occurred when management (managed/ 

unmanaged) was incorporated as a predictor (lowest AIC values, Table 4-5).  The predicted variation in 

past height growth was a robust improvement over the hypothesized models explaining an additional 

14%, 16%, and 14%, respectively (R2 = 0.339, R2 = 0.357, R2 = 0.344).  The best model included azimuth to 

closest shade tree, crown surface area, live basal area, management and stand canopy cover.  The 

second best model was similar but included DBH instead of crown surface area.  The third best model 

was also similar but included stand density index instead of stand canopy cover.  

Stand-scale models 

 At the stand-scale, the hypothesized model performed better than at the individual tree-scale 

(R2adj = 0.57). However, the two best models again substantially improved model fit and explained more 

variation (lowest AIC values, R2adj = 0.72 and 0.74, respectively; Table 4-6). The third best model 

explained a similar amount of variation as the hypothesized model (R2adj = 0.54). The best model 

included live basal area, stand density index, and crown surface area. The second best model included 

available soil moisture between 15-30 cm instead of stand density index, and the third best model 

included only live basal area and crown surface area. None of the best models included management or 

treatment type as a significant predictor of past seedling height growth. Available soil moisture between 

15-30 cm was the only negative predictor of growth in the hypothesized or best three models (Table 4-

6).  

4.4 Discussion 

Stand-scale  

Mean stand-scale basal area and canopy cover in managed stands were higher than expected.  

This may be a result of the management objectives and treatment intensities for the stands, none of 
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which were aimed at substantially reducing density except for the thinned and burned stand.  The large 

range in values for densities and canopy cover for unmanaged stands were also contrary to what we 

anticipated.  We thought that unmanaged stands would on average have higher densities and canopy 

cover than managed stands.  We found a wide range in site productivity across stands, particularly 

unmanaged stands (data not shown), which may partially explain the wide variation in density and 

canopy cover between managed and unmanaged stands and within unmanaged stands.  Accessible 

stands meeting our selection criteria likely affected our results as well; many stands that currently have 

an abundance of sugar pine are located on sites of poor productivity and low canopy cover. An 

additional factor not accounted for in our analyses is time since management, which varies from only a 

few to 15 years and can greatly impact canopy cover but should not greatly impact overstory density. 

We found low mean height growth values for both seedlings and saplings in all stands.  In 

comparison to other studies conducted in California our height growth rate values were marginal and 

generally less than the lowest reported values (Larsen and Woodbury 1916; Fowells and Schubert 1956; 

Fowells and Stark 1965; York et al. 2004). The TB lies near the eastern edge of sugar pine’s range and as 

such, may be marginal habitat for sugar pine. It is also likely that management history and site 

productivity variation within the TB are affecting seedling and sapling growth. We were unable to 

sample natural sugar pine regeneration under completely open conditions, which may produce higher 

growth rates. 

 We were able to predict stand-scale height growth of seedlings with metrics relatively 

accessible to managers: live basal area, stand density index or available soil moisture from 15-30 cm, 

and crown surface area. Of these, live basal area and stand density index are calculations easily 

completed from standard stand exam data. Available soil moisture was obtained for each stand using 

existing soil survey data (USDA NRCS 2007). Crown surface area would require the most effort, but data 
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collection could be incorporated into regeneration plots during stand exams, with the resulting 

calculation a straight-forward equation (Zarnoch et al. 2004; Waring and O’Hara 2009). Generally, as live 

basal area and available soil moisture decrease, seedling growth also declines. The negative relationship 

with available soil moisture was unexpected, but may be indicative of the increasing competition that 

occurs on sites with greater available soil moisture.  

Individual tree-scale 

When calculated at the individual tree-scale, the greater densities and canopy closures in 

unmanaged stands were expected.  It is interesting that there is no apparent relationship between 

microsite (basal area or canopy closure) and height growth rates by treatment type; we expected there 

to be an evident relationship, with height growth rate increasing to a given density and canopy closure 

and then decreasing with increasing density and canopy closure. We further expected that growth rates 

and microsite would be influenced by treatment type; however this was not supported by the data.  The 

highest height growth rates were found in unmanaged stands which also had the highest densities and 

canopy closures. There was also considerable variation in growth rates and microsite values within 

treatment types, complicating interpretation.  It appears that sugar pine seedlings require a sheltered 

microclimate for growth and are less influenced initially by density and canopy closure. 

The higher height growth rates and heights of seedlings in unmanaged stands was not 

anticipated although it supports some findings in recent studies (Dulohery et al. 2000; Gray et al. 2005, 

Legras and Vander Wall 2010).  When separated by management type mean densities and canopy 

closures at the seedling level were statistically similar for prescribed burned and unmanaged stands, 

which were statistically greater than thinned and salvaged stands.  These findings were anticipated since 

the management objectives for the prescribed burned stands were not aimed at reducing stand 
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densities but rather for hazardous fuels reduction.  The significantly higher seedling height growth rates 

in the prescribed burned stand as compared to the thinned and salvaged stands were expected since 

prescribed fire may decrease litter and duff which may in turn increase the amount of soil moisture 

available for seedling growth (Legras and Vander Wall 2010).  However we thought that height growth 

rates for seedlings would be higher in the prescribed burned stands than in the unmanaged stands and 

our research does not support this finding. 

For saplings, higher densities and canopy closures were found at the individual tree level in 

managed stands.  This was unexpected and again, may be a result of site productivity or be an artifact of 

the management histories of the managed stands.  Sapling heights and height growth rates were higher 

in managed than unmanaged stands, although the difference was not statistically significant between 

managed and unmanaged stands for height growth rates.  The higher heights and height growth rates 

observed in the prescribed burned stands (as compared to unmanaged stands) may be explained by the 

benefits of fire which reduces competition and litter depth, and increases availability of understory light 

(Sugihara and McBride 1996; North et al. 2005b).  Height growth was highest, although not statistically 

significant, in thinned and salvaged stands which had the lowest densities and canopy closures.  

However it is important to recognize that both the thinned and salvaged stands were on low quality 

sites (data not shown) and this may explain why the difference in growth was not statistically significant.  

For sustained sapling growth and for overstory recruitment, saplings may benefit from treatments 

reducing both overall stand density and more focused canopy closure reduction around individual sugar 

pine saplings. 

As with the stand-scale, the hypothesized growth models were poor predictors for describing 

past variation in past height growth of seedlings and saplings.  The best models explained less than half 

of the variation, indicating that important variables are missing from our predictive models. For example 
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we did not measure nutrient availability which may have impacted growth rates since nitrogen is known 

to be one of the most limiting nutrients to forest productivity (Helms and Tappeiner 1996). Additionally, 

predicting height growth of seedlings resulted in more complex models than for sapling height growth, 

suggesting that it is more difficult to predict seedling height growth. Using management or treatment 

type as predictors did not result in large differences in variation explained but did affect AIC values in 

the seedling models. Treatment type models were better for seedlings, while both management and 

treatment type had similar AIC values in the sapling models.  

Significant variables in the seedling models included factors linked to establishment and early 

growth, such as available soil moisture, closest shade tree characteristics, and crown surface area. 

Sapling models included variables more closely tied to expected patterns of height growth such as live 

basal area, DBH, and  stand density index. However, several variables were significant in both seedling 

and sapling models, and management or treatment type were important in most models. 

Species of nearest shade tree may have influenced growth by providing the benefits of partial 

shade and diffuse light transmittance to establishing regeneration maybe as a result of crown 

architecture.  Distance and azimuth to nearest shade tree are important in determining the amount of 

shading received by the seedling or sapling, though only azimuth was significant in the best models The 

importance of nearest shade tree location and characteristics in our models warrants further study, 

potentially as a component of spatial pattern analysis in these or similar mixed-conifer stands.  

Factors affecting sugar pine regeneration     

Sugar pine has been shown to establish well on sandy soils (Fowells and Schubert 1956), 

allocating its resources to a taproot with a few lateral branches growing in length to 61cm in 2-3 

months, averaging 43cm in length (Fowells and Schubert 1956).  This is in contrast to establishment of 
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sugar pine germinating on duff-covered soils which had average roots 18-23cm in length and a 

maximum of 30.5cm in length.  On these soils sugar pine may be allocating a large portion of the 

available resources to root development in more open, resource poor sites (Fowells and Schubert 1956). 

The granitic derived soils on many of our sites may have less available soil moisture (Hubbert et al. 2001; 

Witty et al. 2003) which may impede continued seedling growth on poor quality sites if resources are 

limiting and if the bedrock is not friable for continued root development (Witty et al. 2003). 

Water is the primary limitation to productivity in many Mediterranean forests of California 

(Witty et al. 2003).  Soil water is often depleted by mid-July in the TB (Rogers 1974).  With the majority 

of the precipitation delivered in the form of snow in the TB, soil moisture availability to seedlings is 

dependent on the water-holding capacity of the soil and competition from other vegetation (Gray et al. 

2005).  Although we did not measure available soil moisture, sugar pine seedlings have been found to be 

very sensitive to changes in soil moisture, being both the least drought resistant and drought tolerant in 

comparison to its mixed-conifer associates in California (Pharris 1967).  Sugar pine may require ample 

soil moisture until it reaches sapling or greater sizes (Tappeiner and McDonald 1996).  Recent research 

looking at the resource requirements for diameter growth in mixed-conifer saplings on the Plumas 

National Forest north of the TB, found a slight negative correlation between diameter growth and 

available water for sugar pine saplings (Bigelow et al. 2009). 

 Shrub density was also not considered in this study and may have been influencing growth rates 

of seedlings.  Research indicates that seedling establishment may be favored in more shaded areas due 

to the facilitative effects of shrubs which may increase available soil moisture, and decrease light 

intensity and heat, and reduce soil temperatures and evaporation (Dulohery et al. 2000; Gray et al. 

2005, Legras and Vander Wall 2010).  Desiccation from direct solar radiation may be a cause of high 

seedling mortality rates (Gray et al. 2005).   Recent research also found that seedling survival was the 
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poorest following treatments that involved canopy removal during initial seedling establishment. Poor 

survival rates were attributed to water limitations caused by rapid drying of the soil from the additional 

heat absorbed by exposed, darkened litter (Legras and Vanderwall 2010).   

The benefits of having an overstory canopy on seedling growth have been proven to be short-

lived and may switch to a more competitive interaction after several years (Dulohery et al. 2000); the 

effects may be more pronounced on sites of poor productivity (Zhang et al. 1996).  Sugar pine has been 

shown to have slow initial height growth rates even on the most productive sites (Fowells and Schubert 

1956).  It will persist at lower light levels and grow at reduced rates in such suboptimal growing 

conditions (Oliver and Dolph 1992).  In the low and moderate quality sites such as the majority of our 

sampled stands, growth may be retarded for an even longer period of time and may explain why the 

average height growth rates in our study were very low.  As a result of the low growth rates it appears 

that sugar pine seedlings persist as advance regeneration in the understory in many of our stands.  It is 

unclear whether or not the established regeneration will respond to treatments that increase resource 

availability in stands of low site productivity.     

For continued growth of saplings, a recent study suggests that even after vigorous fuels 

treatments have been applied that the conditions created are not sufficient to support rapid growth of 

shade intolerants in the Central Sierras (Bigelow 2009).  However this same study was unable to identify 

what the light requirements are for sugar pine saplings, citing a small sample size as reason for the lack 

of findings (Bigelow et al. 2009).  Sugar pine tends to be less shade-tolerant as it matures (Minore 1979) 

and may require lower densities and canopy closures for sustained growth and recruitment into the 

overstory (Gray et al. 2005).  Other research has found that sugar pine growing under a canopy of 

ponderosa pine responded well to overstory removal and grew as fast as some its counterparts at 58% 

full sun (Oliver and Dolph 1992).  Other research substantiates this finding that sapling height was best 
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in treatments that had the most aggressive reductions in density and canopy closures such as clearcut 

and seed tree methods (McDonald 1976).  

4.4.1 Conclusions 

At the individual tree level, we rejected our hypothesis that sugar pine seedlings grow best in 

height on prescribed burned sites because of the exposure of bare mineral soil.  It appears that sugar 

pine are less affected by dense stand conditions and canopy closure during the seedling stage.  

However, for continued seedling growth after establishment the results are less clear.  The low observed 

growth rates suggest that current regeneration is persisting as advance regeneration in the understory. 

It is probable that these trees are responding to both competitive interactions with the overstory 

canopy and potentially the shrub layer in addition to abiotic site factors.  It is unclear whether seedlings 

will respond favorably to treatments that reduce density and canopy closure.   

For saplings we accepted our hypothesis that individual tree growth is maximized in microsites 

with reduced densities and canopy closures.  Saplings grew best in thinned and salvaged stands with 

reduced densities and canopy closures although this increase in growth was non-significant.  Site 

productivity is an important variable for both seedlings and saplings and may be driving the non-

significant results for sapling growth in the thinned and salvaged stands.  For saplings continued growth 

at the individual tree level may be dependent on creating more open microsites with increased resource 

availability through more aggressive silvicultural treatments. 

For our second objective, our hypothesized models did a poor job explaining variation in past 

height growth rates at both the stand- and individual tree-scales. We found two stand-scale models best 

explained seedling height growth. Individual tree-scale models improved the explained variation but 

were still weak.  Explaining height growth at the individual tree-scale is complex and difficult to predict. 
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We did not measure variables such as nutrient availability, soil type, and shrub competition that may 

explain more of the variation in height growth.   

To enhance sugar pine seedling growth at the stand-scale, it may be necessary to create shaded 

microsites for initial seedling establishment and then follow-up with intermediate treatments to reduce 

belowground competition and increase resource availability. For continued growth of saplings, 

treatments that reduce densities and canopy closures will aid in sapling recruitment into the overstory.  

More research should be conducted to determine if the suppressed regeneration that is currently 

persisting in the understory will respond positively to more aggressive silvicultural treatments. 

Treatments designed to restore stand structure and composition to conditions more similar to those 

occurring prior to the late 1800’s are also likely to favor sugar pine regeneration and growth, particularly 

if they are a designated component of the management strategy (North et al.2007; North et al. 2009; 

Taylor 2004).   
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Table 4-1.  Stand level characteristics for fourteen sampled stands in the Lake Tahoe Basin, CA and NV, USA.  For all variables except stand size, 

numbers are means with standard error in parentheses.  Values are based on individual tree measurements averaged at the plot-level, except 

for site index which is averaged at stand level. 

Stand TRT1 Age Structure3 
 
  

Stand 
Size      
(ha) 

Canopy 
Cover      

(%) 

Live Basal 
Area                   

(m²  ha¯¹) 

Total Basal 
Area        

(m²  ha¯¹) 

Overstory 
Trees ha¯¹ 

Understory 
Trees ha¯¹ 

SDI4 

SP1 PB 1 cohort w/remnants 7.3 44.4 35.5 (0.23) 41.1 (0.33) 284.2 (0.00) 520.5 (15.99) 677 (17.43) 

DLB PB 2 cohorts w/remnants 30.4 39.0 44.8 (0.11) 60.9 (0.17) 389.7 (0.00) 791.4 (4.05) 760 (4.71) 

SP2 PB 1 cohort  7.7 61.6 59.4 (0.07) 68.5 (0.09) 632.5 (0.00) 5585.4 (80.41) 1474 (92.25) 

EB TH & PB 1 cohort w/remnants 2.4 36.0 42.6 (0.42) 45.3 (0.79) 164.1 (0.00) 800.8 (10.03) 619 (9.63) 

LC TH & SA 1 cohort w/remnants 4.5 40.9 27.5 (0.08) 29.6 (0.12) 210.2 (0.00) 480.5 (5.12) 474 (5.11) 

SS TH & SA 1 cohort  5.3 45.6 41.5 (0.07) 43.4 (0.10) 376.3 (0.00) 930.9 (20.13) 709 (19.1) 

TP UM 2 cohorts w/remnants 3.6 27.9 14.3 (0.13) 19.1 (0.17) 108.1 (0.00) 420.4 (1.67) 247 (2.75) 

VS UM 2 cohorts w/remnants 21.0 33.7 22.7 (0.10) 24.0 (0.21) 260.3 (0.00) 700.7 (2.39) 439 (3.4) 

MY UM 1 cohort w/remnants 4.9 40.0 42.0 (0.14) 51.6 (0.24) 412.3 (0.00) 1791.8 (6.67) 802 (8.05) 

GC UM 2 cohorts 13.0 43.0 46.2 (0.05) 53.0 (0.17) 450.3 (0.00) 4444.5 (17.59) 1115 (19.22) 

CL2 UM 3 cohorts 2.0 42.2 57.3 (0.41) 60.6 (0.05) 368.3 (0.00) 1361.4 (10.12) 950 (21.66) 

GR UM 1 cohort  3.6 54.4 62.9 (0.22) 94.5 (0.31) 452.3 (0.00) 1281.3 (6.10) 1040 (6.65) 

CL1 UM 2 cohorts w/remnants 2.5 53.3 86.2 (0.23) 95.7 (0.34) 616.5 (0.00) 2674.7 (2.7) 1437 (2.92) 

SP3 UM 1 cohort w/remnants 5.7 61.6 92.1 (0.37) 109.5 (0.52) 670.6 (0.00) 3365.4 (8.32) 1563 (11.44) 
 

 1TRT = Treatment Type: PB - Prescribed burn: mid 1990’s, TH & SA - Thinned and salvaged: Light understory thin and salvage harvest in the mid 
1990’s, TH & PB - Basal area reduction: 2004 & prescribed burn 2005, UM - Unmanaged since harvesting during 1860-1930’s. 

2Site Index = Base age 50 years of dominant and co-dominant overstory sugar pine (Krumland and Eng 2005); 
3Age Structure = Remnants are stems left prior to Comstock era harvesting between 1860’s – 1930’s; 
4SDI = Stand Density Index was calculated using the summation method (Long and Daniel 1990).  
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Table 4-2. Individual tree level differences in microsite and sugar pine seedling and sapling characteristics (height growth and height) between 

14 managed and unmanaged stands in the Lake Tahoe Basin, CA and NV, USA.  Numbers are means with standard error in parentheses. 

Wilcoxon rank-sums were used to test for differences between unmanaged and managed stands.  Values with an asterisk are significantly 

different at the P <0.05 level.   

Size Class
1

MGD
2 n Live Basal 

Area             

(m²  ha¯¹)

n Total Basal 

Area              

(m²  ha¯¹)

n Canopy 

Closure        

(%)

n Leader 

Growth       

(cm  yr¯¹)

n Height          

(m)

UM 403 33.8 (0.65)*         403 40.3 (0.80)*          404 76.9 (0.98)*           286 2.53 (0.06)*        358 0.28 (0.017)* 

M 236 29.5 (0.78)*  236 37.3 (1.04)* 236 70.3 (1.24)* 193 1.80 (0.05)* 218 0.13 (0.007)*

UM 134 23.3 (1.15)*         134 26.1 (1.16)*         134 52.9 (2.10)*           75 4.10 (0.19)           123 2.78 (0.10)*    

M 45 36.2 (2.11)* 45 46.9 (2.68)* 45 79.1 (2.21)* 16 4.99 (0.56) 39 3.64 (0.26)*

Seedlings

Saplings

 

1Size Class - Seedlings (<1.37m height and <2.54cm dbh); Saplings (>1.37m height, 2.54 – 12.7cm dbh; 

2 MGD= Management: M - Managed since initial harvesting between 1860-1930”s; UM - Unmanaged since harvesting during 1860-1930’s. 
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Table 4-3.  Individual tree level differences in microsite and sugar pine seedling and sapling characteristics (height growth and height) between 

fourteen stands with different management histories in the Lake Tahoe Basin, CA and NV, USA.  See Table 4-1 for treatment type (TRT) and Table 

4-2 for size class descriptions. Wilcoxon and Kruskal – Wallis rank-sums were used to test for significant differences between different treatment 

types. Within each treatment type, values that are not connected by the same letter are significantly different at the P < 0.05 level.  Values that 

share the same letter are not statistically significant.  TH & PB not included in statistical analysis due to low sample size. Means (standard error) 

shown; n = number of observations. 

 

Size Class TRT n Live Basal Area            

(m²  ha¯¹)

n Total Basal Area                

(m²  ha¯¹)

n Canopy Closure      

(%)

n Height Growth     

(cm yr¯¹)

n Height                

(m)

UM 403 33.8 (0.65)  A 403 40.3 (0.80)  A 404 76.9 (0.98)  A 286 2.53 (0.06)  A 358 0.28 (0.017)  A

PB 164 31.7 (1.03)  A 164 42.4 (1.26)  A 164 75.3 (1.31)  A 128 1.94 (0.07)  B 151 0.12 (0.01)   B

SH 70 24.7 (0.73) B 70 25.3 (0.70)  B 70 58.8 (2.22)  B 63 1.49 (0.06)  C 65 0.13 (0.01)  AB

 TH & PB 2 20.7 (2.3) 2 36.7 (13.78) 2 58.4 (28.86) 2 2.69 (0.24) 2 0.39 (0.18)

UM 134 23.3 (1.15)  A 134 26.1 (1.16)  A 134 52.9 (2.10)  A 75 4.10 (0.19)  A 123 2.78 (0.10)  A

PB 36 37.9 (2.48)  B 36 50.8 (2.97)  B 36 81.3 (2.40)  B 13 4.95 (0.69)  A 30 3.74 (0.31)  B

SH 7 30.2 (3.59) AB 7 30.8 (3.12) AB 7 76.0 (3.07)  B 3 5.13 (0.41)  A 7 2.97 (0.47) AB

 TH & PB 2 27.6 (4.59) 2 34.4 (6.89) 2 49.3 (1.30) 0 - 2 4.57 (0.80) 

Se
ed

lin
gs

Sa
p

lin
gs
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Table 4-4. Stand-scale differences in microsite and sugar pine seedling characteristics (height growth and height) between 14 stands in the Lake 

Tahoe Basin, CA and NV, USA.  No significant differences were found between management (MGD) or treatment type (TRT) (p ≥ 0.05). Treatment 

type comparisons included unmanaged stands. Means (standard error) shown; n = number of stands. See Table 4-1 for treatment type (TRT) and 

Table 4-2 for size class descriptions. 

 

  n Live Basal 
Area             

(m²  ha¯¹) 

Total Basal 
Area              

(m²  ha¯¹) 

Canopy 
Cover          

(%) 

Height 
Growth       

(cm  yr¯¹) 

Height          
(m) 

MGD             

UM 8 53.0 (8.5) 63.5 (10.3) 44.5 (3.8) 2.40 (0.16) 0.36 (0.07) 

  
     

  

M 6 41.9 (9.0) 48.1 (11.1) 44.6 (4.2) 1.92 (0.22) 0.17 (0.08) 
TRT             

PB 3 46.5 (13.8) 56.9 (16.8) 48.3 (6.3) 2.03 (0.27) 0.14 (0.12) 

SH 2 34.5 (16.9) 36.5 (20.5) 43.3 (7.7) 1.38 (0.33) 0.12 (0.14) 

 TH & PB 1 42.6 (23.9) 45.3 (29.0) 36.0 (10.9) 2.69 (0.46) 0.39 (0.20) 
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Table 4-5. Results of multiple linear regression models to predict the natural log of past sugar pine seedling and sapling height growth (cm yr¯¹) 

in fourteen stands in the Lake Tahoe Basin, CA and NV, USA.  See Table 4-2 for size class, and Table 4-1 for management history description.   

Size Class TRT / MGD¹ n² Best 3 Models³                                                              R24 R2 Adj.5 RMSE6 AIC7 K 8

Seedlings HYP 465 BAL, CC, CSA 0.108 0.102 0.395 461.98 3

Saplings HYP 90 BAL, CC, CSA 0.197 0.167 0.355 88.81 3

451 BAT, CSA, TRT, H20_15_30, SP, ST. CANC, BAT X CSA 0.362 0.348 0.332 298.66 10

450 AZ, BAT, CSA, TRT, H20_15_30, SP, ST. CANC, BAT X CSA 0.363 0.347 0.332 299.64 11

451 BAT, CSA, TRT, H20_0_15, H20_15_30, SP, ST. CANC, BAT X CSA 0.362 0.346 0.332 300.38 11

77 AZ, BAL, DBH, TRT, SDI 0.362 0.308 0.325 50.47 6

77 AZ, BAL, DBH, ST. CANC 0.293 0.254 0.338 50.65 4

77 AZ, BAL, DBH, TRT, ST.CANC 0.359 0.304 0.326 50.75 6

454 CSA, H20_15_30, MGD, SP, ST. CANC, SP X CSA, SP X MGD 0.356 0.337 0.334 309.06 13

454 BAL, CSA, H20_15_30, MGD, SP, ST. CANC, SP X CSA, SP X MGD 0.358 0.337 0.334 309.86 14

453 BAT, CSA, H20_15_30, MGD, SP, ST. CANC, SP X CSA, SP X MGD 0.358 0.337 0.334 310.09 14

89 AZ, BAL, CSA, MGD, ST. CANC 0.339 0.300 0.325 49.08 5

77 AZ, BAL, DBH, MGD, ST.CANC 0.357 0.312 0.324 49.082 5

89 AZ, BAL, CSA, MGD, SDI 0.344 0.305 0.324 49.51 5

MGD

MGD

TRT

Seedlings TRT

Saplings

Seedlings

Saplings

 

1TRT/MGD = Treatment type or Managed; HYP model = Hypothesis model; TRT = Treatment type included as possible predictor of past height 
growth of sugar pine regeneration; MGD = Managed/ unmanaged included as a possible predictor of past height growth of sugar pine 
regeneration; 

2n = Number of observations used in model; 
3 Best 3 Models: AZ = Transformed azimuth (radians), BAL= Live basal area (m² ha¯¹), BAT = Total basal area (m² ha¯¹), CC=Average canopy closure 

(%), CSA= Crown surface area of sugar pine seedling or sapling (m²), TRT = Management type in stand, MGD = Managed/ unmanaged, SP 
= Species of closest shade tree, SDI = Stand density index; ST.CANC = Stand canopy cover; model interactions are denoted by an X in 
between terms; 

4R2 = Coefficient of multiple determination; 
5 R2 Adj. = Coefficient of multiple determination adjusted for the number of explanatory terms in the model;  
6RMSE = Square root of the variance (standard error of the regression);  
7AIC = Akaike’s Information Criterion Differences; 
8K = Number of model parameters. 
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Table 4.6 Results of multiple linear regression models to predict the natural log of past sugar pine seedling height growth (cm yr¯¹) at the stand 

level across fourteen stands in the Lake Tahoe Basin, CA and NV, USA.  

 

 

Model2 R2 3 R2 adj4 RMSE5 AIC6 K7 

HYP1 BAL, CC, CSA 0.67 0.57 0.37 24.6 3 

Best 1 BAL, SDI, CSA 0.80 0.74 0.29 17.7 3 

Best 2 BAL, H2015, CSA 0.78 0.72 0.30 18.8 3 

Best 3 BAL, CSA 0.61 0.54 0.38 21.9 2 

 1 HYP model = Hypothesis model;  
2 Model = AZ = Transformed azimuth (radians), BAL= Live basal area (m² ha¯¹), CC=Average canopy closure (%), CSA= Crown surface area of sugar 

pine seedling or sapling (m²), SDI = Stand density index; H2015 = available soil moisture between 15-30 cm 
3R2 = Coefficient of multiple determination; 
4 R2 Adj. = Coefficient of multiple determination adjusted for the number of explanatory terms in the model;  
5RMSE = Square root of the variance (standard error of the regression);  
6AIC = Akaike’s Information Criterion Differences; 
7K = Number of model parameters. 
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Figure 4-1. Location of fourteen sampled stands of different management types in the Lake Tahoe Basin, 

CA and NV, USA. 
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Figure 4-2.  Relationship between average sugar pine seedling height growth rate (cm yr -1) and the 

microsite characteristics of (a) canopy closure (%) and (b)  live basal area (m2 ha -1) by management type 

for 14 stands in the Lake Tahoe Basin, CA and NV, USA. 
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CHAPTER 5: Management Recommendations 

5.0 Enhancing growth of sugar pine regeneration 

Sugar pine (Pinus lambertiana Dougl.) is an important component of the Sierra Nevada mixed-

conifer forests and a valuable timber species (Kinloch and Scheuner 1990).  Sugar pine is  moderately 

shade tolerant (Baker 1949; Daniel et al. 1979; Oliver 1996) and may have an even greater ability to 

respond to increased light from silvicultural treatments than its mixed-conifer associates (Uzoh et al. 

1997).  Recent research has suggested a slow decline in future sugar pine regeneration and recruitment 

rates in parts of California (Olson and Helms 1996; Ansley and Battles 1998; van Mantgem et al. 2004).  

Without silvicultural intervention, the future species composition of these mixed-conifer forests will 

likely have reduced numbers of sugar pine and be dominated by other conifers (Zald et al. 2008; Waring 

and O’Hara 2009).  

The presence of pygmy sugar pine in the TB has not previously been documented to our 

knowledge.  The microsite characteristics of live tree and total basal area and canopy closure were 

identified as important stand metrics that a manager may use to identify trees as true saplings.  Past 10-

year annual average height growth rate (height growth) of a sapling was also an important individual 

predictor that managers may use.  The best individual predictors identified that a manager can use to 

identify pygmy sugar pine were live tree basal area and height growth rate with overall prediction rates 

(76.2% and 68.9%, respectively).  The multiple predictor model including live tree basal area, and the 

sapling characteristics of crown surface area and height growth, improved the overall prediction rate to 

77% overall accuracy.   

Our study found that competition and site are affecting sugar pine regeneration growth in the 

Tahoe Basin.  Sugar pine tends to be less shade tolerant as it matures (Minore 1979).  Continued growth 

of saplings at the individual tree-scale may be dependent on creating more open microsites (Gray et al. 

2005) with increased resource availability through aggressive silvicultural treatments that reduce 
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overstory and shrub competition.  Research has found that sapling height was greatest in treatments 

that had the most aggressive reductions in density and canopy closures, such as clearcut and seed-tree 

methods (McDonald 1976).  While we do not advocate even-aged methods, we do recommend 

treatments that focus on reducing canopy cover and/or reducing basal area in a heterogeneous spatial 

pattern. Such treatments would provide the open conditions most favorable for sugar pine saplings 

while also meeting current management objectives such as restoration, fuels reduction and wildlife 

habitat (North et al. 2009).  

Localized edaphic conditions in poor quality sites may be more limiting to continued growth 

than competition-related factors.  Therefore management of sugar pine saplings should be focused on 

true saplings in stands of at least fair site productivity where competition may be playing a more 

substantive role in the growth dynamics of sugar pine saplings and can be manipulated through 

silvicultural treatments.   

  Aggressive treatments should be implemented to create openings large enough around 

saplings to decrease competition for below-ground resources (Devine and Harrington 2008).  In areas of 

poor site quality saplings may be experiencing increased below-ground competition related to soil, 

moisture, or nutrient conditions; therefore density may need to be reduced even more than on sites of 

fair or greater productivity to stimulate growth.  It will also be necessary to enact measures to protect 

saplings from prescribed fire, since their bark is relatively susceptible to fire until sugar pine reach large 

sizes. 

5.1 Modeling fire behavior and silvicultural treatments 

5.1.1 Methods 

Fire behavior 

We calculated fuel loadings and modeled predicted current and future fire behavior and future 

fuel loadings for all 14 sampled stands using the Forest Vegetation Simulator Fire and Fuels Extension 
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(FVS-FFE), Western Sierra Nevada variant (Keyser and Dixon 2011). The stands included eight 

unmanaged and six managed stands (three burned stands, two thinned stands, and one thinned and 

burned stand) (Table 5.1).  In each stand 10 plots were located on a systematic, randomized grid; 

spacing between plots varied by stand size (see previous chapters for further details). Overstory and 

understory tree data was collected using 1/8th acre fixed area circular plots. Fuels data was collected 

using modified fuel transects (Brown 1974) sampled on every other plot in all stands over the summers 

of 2008 and 2009. Three 55ft fuel transects were located at 0°, 120°, and 240° beginning at plot center. 

Fuels were tallied in the following size classes: 1-hour, 10-hour, 100-hour and 1000-hour. The 1- and 10-

hour classes were measured from 10-16ft, the 100-hr class from10-23ft, and the 1000-hr class from 10-

55ft along each transect. The species, diameter and level of decay were also recorded on 1000-hr fuels. 

Litter, duff and percent vegetation cover were also measured on each sampling plane. Duff and 

litter depths were measured at 16ft and 23ft along each transect. Percent vegetation cover was also 

measured at 16ft and 23ft by creating an imaginary cylinder 3.3ft wide and 6.6ft tall and recording % live 

woody vegetation, % dead woody vegetation, % live non-woody vegetation, and % dead non-woody 

vegetation (Brown 1974). Fuel loadings for all surface fuels, excluding litter and duff, were calculated in 

tons/acre using a published equation for the Sierra Nevada Mountains (van Wagtendonk et al. 1996). 

Litter and duff were calculated in tons/acre using the fire fuels calculator for down dead and woody 

debris developed by Hammond (2004). Total tons/acre for each plot were then averaged across the 

stand. 

The Forest Vegetation Simulator (FVS) is a semi-distant-independent individual tree growth and 

yield model that, when used with Fire and Fuels Extension (FFE), can model fire behavior characteristics 

(Beukema et al. 1999). Field data, including tree species, DBH, crown ratio, strata, canopy cover, surface 

fuel loads and slope are used in conjunction with fire weather to simulate fire behavior and fire effects 
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(Stephens 2009). We modeled fire behavior under severe (90th percentile) and moderate (70th 

percentile) fire weather conditions (Table 5.2, USFS, pers. comm. 2009). We input site index values 

based on 5-7 sugar pine site trees collected from each stand (Table 5-1) and ran the model under two 

different fuel model scenarios. In the first scenario, we allowed FVS to automatically choose the fuel 

model based upon the input fuels data. In the second scenario, we used fuel model 9 (hardwood/timber 

litter, Anderson 1982) for all stands. Others have found this model to exhibit a mid-range of fire 

behavior for western conifer stands (Skog et al. 2006).  

Silvicultural treatments  

Based on current conditions, we chose to use the Granlibakken (GR) stand for treatment 

simulations. This stand exhibited high predicted fire hazard (Table 5.4), has not been recently managed, 

and is of moderate to high site quality. These qualities make it a likely candidate for future fire hazard 

reduction treatments and similar to other managed stands in the Basin.  Furthermore, treatments 

conducted on poor quality sites may reduce fire hazard while also providing additional growing space for 

sugar pine regeneration, but such treatments will by necessity focus upon the dense shrub layer in these 

stands, rather than the trees.  

Live basal area was a significant predictor of regeneration height growth in the majority of 

regression models at both the individual seedling and total stand scales (see Chapter 4 for details). 

While the relationships are complex, at the stand level, we found that regeneration height growth 

decreased with increasing availability of soil water (15-30 cm deep) and as well as increasing live basal 

area and crown surface area. We therefore chose to use live basal area as our management metric for 

designing and modeling silvicultural treatments to enhance height growth of sugar pine regeneration. 

Decreasing live basal area should result in lower crown surface area and increased height growth rates 
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as a result of shifting patterns of carbon allocation within individual trees and greater access to the soil 

water as overstory trees are removed.  

We chose to model group selection treatments on a 30-year cutting cycle, a relatively aggressive 

thinning and prescribed burning regime, and a prescribed burn-only regime. Regeneration was based 

upon the average values for four managed stands on the western shore of Lake Tahoe (Table 5-3). Sugar 

pine and Jeffrey pine were preferred leave trees in all scenarios. In the group selection scenario, groups 

were simulated using a clearcut followed by thinning from below to a basal area of 100 ft2 ac-1 every 30 

years. The matrix was thinned from below to 100 ft2 ac-1 every 30 years, assuming that when the stand is 

fully converted, no area will remain as part of the original matrix. Additionally, 2 legacy trees were left in 

each group opening and no trees > 30” DBH were ever harvested. Regeneration occurred 5 years 

following each entry. 

In the thin and burn regime, we initially thinned the stand from below to 80 trees ac-1, followed 

the next year by a prescribed burn. Every 10 years, another prescribed burn was implemented. All 

prescribed fires were simulated using low-moderate fire weather conditions (Table 5-2) with a burn 

efficiency of 70%. Regeneration occurred following each burn entry. Finally, we also modeled burn-only 

treatments. Such treatments are cost-effective and applied on a fairly short return interval. We modeled 

both a 10- and 20-year return interval for prescribed fire under low-moderate fire weather conditions 

(Table 5.2) with a burn efficiency of 70%. Regeneration occurred following each burn entry for both 

return interval regimes.  

5.1.2 Results 

Predicted fire behavior: current conditions 

Predicted fire behavior attributes for all stands are shown in Table 5.4. Using the automatic fuel 

model selection, FVS-FFE predicted relatively high fire behavior in most sampled stands. Predicted fire 
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behavior was less severe using fuel model 9 and likely unrealistic given the sampled fuels in our stands 

(data not shown). The unmanaged and 20-year burn-only scenarios were more likely to exhibit crowning 

and torching indices >25 mph, indications of high crown fire hazard (Table 5.4, Skog et al. 2006). 

Predicted mortality was high for all stands under severe fire weather conditions, with generally high 

predicted mortality for unmanaged stands under moderate fire weather conditions (Table 5.4).  

Treatment scenarios: predicted stand structure and fire behavior 

 Both the group selection and the thin and burn scenarios provided for complex stand structures 

over time, but, by definition, with different spatial patterns. Large trees and a greater proportion of pine 

are predicted under all scenarios, due to the non-removal preference for sugar and Jeffrey pine. Output 

from the stand visualization system can be seen for all scenarios in Figure 5.1 through 5.7. Quantitative 

stand data can be found in Table 5.5. The thin and burn scenario appears to best create a trajectory 

towards grouped, large trees with a greater proportion of sugar pine (Figure 5.5).  

All treatment scenarios reduced predicted fire behavior, at least temporarily, over the no 

treatment scenario (Table 5.6). However, the group selection and thin and burn scenarios reduced 

predicted fire behavior over a greater time period. Groups did exhibit a low crowning index and canopy 

base height during the sapling stage, however, this would be moderated by the surrounding matrix of 

lower predicted fire behavior (Table 5.6). Burn-only scenarios were not able to decrease crown fire 

hazard over the long-term, particularly the 20-year burn entry scenario (Table 5.6).  

5.2 Conclusions 

 Treatments that create a variable horizontal spatial pattern, such as modified group selection or 

variable density thinning, are  the management strategies most likely to meet the multiple objectives of 

lowering density, reducing fire hazard, maintaining aesthetics, and providing for the establishment and 

recruitment of sugar pine. Prescribed burning is also likely to result in a similar spatial heterogeneity and 
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create desirable seedbeds for sugar pine germination (Zald et al. 2008). Leaving residual, large sugar 

pine in the  openings provides a nearby seed source while maintaining some structural heterogeneity in 

the openings. While we simulated a thin from below in the matrix, we recommend that a variable 

density thinning in both the groups and matrix would be more suitable for stands in the Lake Tahoe 

Basin. Variable density thinning provides for a less regular spatial pattern and more flexibility in species 

preferences. Burn-only treatments may create an unacceptable level of sugar pine mortality, depending 

upon the uniformity of the fire and frequency of entry. This is of particular concern in the TB, where 

sugar pine seedlings are growing very slowly and thus need additional time to reach a more fire-

resistant size. Fire applied in a patchy distribution, whether designed to specifically avoid existing sugar 

pine regeneration or to simply leave unburned patches within the stand, is likely to cause less sugar pine 

regeneration mortality.  

 Growth of sugar pine saplings is likely to be enhanced near openings or with reduced canopy 

cover and stand density. Growth of seedlings, however, appears to be more closely tied to factors 

related to establishment. Reducing belowground competition and providing shade will enhance 

available resources while moderating the forest floor microclimate. Growth of understory sugar pine in 

the Lake Tahoe Basin is controlled by a complex combination of biotic and abiotic factors that limit 

height growth on most sites. Managers with an objective of increasing sugar pine establishment and 

recruitment into the overstory should focus on reducing basal area and increasing spatial heterogeneity. 

We recommend either a modified group selection with variable group sizes and shapes or a variable 

density thinning followed by prescribed fire. With both options, maintenance by prescribed fire is likely 

a viable option so long as care is taken to avoid extensive sugar pine mortality.   

These practices in concert with planting of white-pine blister rust resistant seedlings may help 

sugar pine recruit into the overstory, increasing the genetic and structural diversity of the stand.  These 
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treatments may be implemented in conjunction with strategically placed fuels treatments to meet 

several objectives including reducing hazardous fuels, promoting pine regeneration and improving 

aesthetics.  This multi-faceted approach will hopefully enable managers to conserve sugar pine and 

ensure that it continues to be a significant component of the Sierra Nevada mixed-conifer forest type.   

Multiaged management that creates two or more age classes may provide for multiple resource 

objectives and create sustainable stand structures that provide for continuous crown cover over time, 

thus avoiding some of the negative perceptions associated with more aggressive even-aged treatments 

(O’Hara 1998).  When integrated with topographic-scale variability, a range of multiaged approaches can 

be used to design stand structures that accommodate the role of fire, sensitive wildlife habitat and 

heterogeneous stand structures (North et al. 2009). 
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Table 5.1 Stand characteristics for 14 sampled stands in the Lake Tahoe Basin, CA and NV. Canopy base 

height and canopy bulk density values from FVS-FFE model output.  

Stand 
Management 

history (year) 

Slope 

(%) 

Aspect  

(°) 

Canopy 

cover 

(%) 

Basal 

area (ft
2 

ac
-1
) 

Stand 

density 

index 

Canopy 

base 

height  

(ft) 

Canopy 

bulk 

density 

(kg m
3
) 

Cascade 

Creek 
Unmanaged 27.6 291 53 366.7 1437 4 0.149 

Cascade Lake Unmanaged 6.6 162 42 366.7 950 4 0.197 

General 

Creek 
Unmanaged 20.5 126 43 217.7 1115 2 0.232 

Granlibakken Unmanaged 22 126 54 274 1040 7 0.177 

Myers Unmanaged 26.7 300 40 174.7 802 3 0.214 

Sugar Pine Pt 

3 
Unmanaged 3.3 116 62 378.9 1563 4 0.255 

Twin Peaks Unmanaged 40.4 95 28 62.3 247 4 0.042 

Van Sickle Unmanaged 23.1 197 34 98.9 439 3 0.112 

         

Emerald Bay 

Thinned & 

prescribed burned 

(2005) 

18.8 105 36 185.5 619 9 0.061 

D.L. Bliss 
Prescribed burned 

(1995) 
33.6 257 39 194.7 760 6 0.182 

Logan Creek 
Thinned & 

salvaged (1996) 
42 311 41 102.3 474 10 0.056 

Spooner 

Summit 

Thinned & 

salvaged (1994) 
28.8 302 46 164.6 709 7 0.139 

Sugar Pine Pt 

1 

Prescribed burned 

(1996) 
21.1 114 44 184.5 677 11 0.131 

Sugar Pine Pt 

2 

Prescribed burned 

(1993) 
15.3 116 62 258.6 1474 8 0.241 
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Table 5.2. Severe (95%) and moderate (70%) fire weather conditions used to model fire behavior in the 

Lake Tahoe Basin CA and NV. 

 

Severe Moderate 

Prescribed 

fire 

1 hr (%moisture) 3 12  

10 hr (% moisture) 7 12  

100 hr (% moisture)  8 14  

1000 hr (% moisture) 9 25  

Duff (% moisture) 15 125  

Live woody plants (% moisture) 70 150  

Live herbaceous layer (% 

moisture) 70 150  

Temperature (°F) 85 70 70 

Wind speed @ 20 ft (mph) 12 6 6 

Burn season Summer Summer Late spring 
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Table 5-3. Average regeneration by species for four managed stands on the western shore of Lake Tahoe 

(D.L. Bliss, Emerald Bay, Sugar Pine Point 1 and 2). Values were used to establish post-treatment 

regeneration in FVS_FFE. 

 
Species Trees per acre 

Incense-cedar 184 

Jeffrey pine 95 

Sugar pine 120 

White fir 604 
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Table 5-4. Predicted fire behavior under current conditions for all stands in the Lake Tahoe Basin. Fuel model was automatically selected by FVS-

FFE. Stands are arranged alphabetically by unmanaged (top) and managed (bottom).  

Stand Fuel model(s)
1 

Surface flame 

length (ft) 

 

Fire type 

Torching 

index 

(mph) 

Crowning 

index 

(mph) 

 Total flame 

length  

(ft) 

Mortality  

(%) 

  Model # 

Weight 

(%) 

Sever

e 

Moderat

e 

Sever

e 

Moderat

e 

Sever

e 

Moderat

e Severe Severe 

Sever

e 

Moderat

e 

Cascade Lake 13 100 7.1 4.1 59 6 

Passiv

e Passive 0 13.4 98 49 

Cascade 

Creek 13/12 91/9 9.2 5.4 46 8 

Passiv

e Passive 0 15.5 98 78 

General 

Creek 13 100 8.9 5.1 66 9 Active Passive 0 11.2 100 91 

Granlibakken 13 100 8.7 5.1 56 6 

Passiv

e Passive 0 13.9 98 42 

Myers 13 100 9.5 5.6 64 10 Active Passive 0 11.5 100 90 

SPP3 13 100 7.3 4.2 68 7 Active Passive 0 11.1 100 61 

Twin Peaks 13/12 66/34 10.4 6.1 18 7 

Passiv

e Passive 0 40.3 93 73 

Van Sickle 13 100 9.9 5.6 32 7 

Passiv

e Passive 0 20.0 98 87 

Emerald Bay 13 100 9.4 5.3 19 5 

Passiv

e Surface 0 31.7 90 19 

D.L. Bliss 13 100 10.2 6.1 63 9 

Passiv

e Passive 0 12.5 99 86 

Logan Creek 13 100 11.3 6.8 25 7 

Passiv

e Passive 0 32.1 95 76 

Spooner 

Summit 13/12 68/32 8.3 4.9 36 5 

Passiv

e Passive 0 16.4 98 78 

SPP1 13 100 9.3 5.3 32 5 

Passiv

e Surface 1.3 17.8 96 41 

SPP2 13 100 8.0 4.6 65 5 Active Surface 0 11.2 100 37 

1. Full descriptions of fuel models used in FVS-FFE can be found in Anderson (1982). 
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Table 5-5. Results of silvicultural treatment scenarios for Granlibakken stand. Note that quadratic mean 

diameter (QMD) is not appropriate for describing uneven-aged systems and is thus not shown for thin 

and burn or burn-only scenarios. Group selection scenarios represent even-aged groups within the 

stand. TPA = trees per acre 

Scenario Year Pre-treatment   Removed TPA Post-treatment 

    TPA 
Basal area  

(ft2 ac-1) 
QMD 
(in)   

Basal area 
(ft2 ac-1) 

QMD 
(in) 

Canopy base ht 
(ft) 

Canopy bulk density 
(kg m3) 

No 
treatment 2008 664 273 8.7 NA NA NA 7 0.177 

2018 619 307 9.5 NA NA NA 8 0.172 

2028 550 335 10.6 NA NA NA 6 0.166 

2038 411 332 12.2 NA NA NA 10 0.148 

2048 322 331 13.7 NA NA NA 12 0.134 

2058 259 329 15.3 NA NA NA 14 0.121 

Group 
selection 
(opening) 

2008 664 273 8.7 260 15 2.6 35 0.003 

2018 1396 22 1.7 0 22 1.7 3 0.053 

2028 1361 63 2.9 0 63 2.9 3 0.316 

2038 1325 145 4.5 753 100 5.7 6 0.115 

2048 561 177 7.6 0 177 7.6 9 0.141 

2058 477 239 9.6 0 239 9.6 14 0.128 

Group 
selection 
(matrix) 

2008 664 273 8.7 248 100 6.6 26 0.018 

2018 405 115 7.2 0 115 7.2 3 0.045 

2028 395 136 8 0 136 8 6 0.117 

2038 384 161 8.8 375 100 46 46 0.011 

2048 9 108 48.1 0 108 48.1 53 0.010 

2058 8 115 50 0 115 50 61 0.010 

Thin & 
Burn 

2008 664 273 
 

584 114 
 

26 0.021 

2018 1050 120 
 

0 120 
 

50 0.019 

2028 1345 137 
 

0 137 
 

3 0.075 

2038 1381 130 
 

0 130 
 

3 0.083 

2048 1360 126 
 

0 126 
 

3 0.070 

2058 1443 130   0 130   3 0.094 

Burn Only 
(10-yr) 

2008 664 273 
 

0 273 
 

7 0.177 

2018 1182 160 
 

0 160 
 

2 0.080 

2028 1326 137 
 

0 137 
 

2 0.163 

2038 1358 108 
 

0 108 
 

2 0.181 

2048 1405 95 
 

0 95 
 

2 0.187 

2058 1407 83   0 83   2 0.181 

Burn Only 
(20-yr) 

2008 664 273 
 

0 273 
 

7 0.177 

2018 619 307 
 

0 307 
 

8 0.172 

2028 1171 225 
 

0 225 
 

2 0.350 

2038 1064 267 
 

0 267 
 

3 0.265 

2048 1275 135 
 

0 135 
 

2 0.350 

2058 1189 181   0 181   3 0.320 
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Table 5-6. Predicted fire behavior for the Granlibakken stand over 50 years. Automatic fuel model selection by FVS-FFE was model 13 (100%) for 

all scenarios in all modeled years.  

 

Scenario Year 

Surface flame length 

(ft) Total flame length (ft) Fire type 

Torching 

index 

Crowning 

index Mortality (%) 

    Severe Moderate Severe Moderate Severe Moderate Severe Severe Severe Moderate 

No 
treatment 

2008 8.7 5.1 56 6 Passive Passive 0.0 13.9 98 42 

2018 8.4 5.0 55 5 Passive Passive 0.0 14.2 98 16 

2028 8.3 4.9 56 7 Passive Passive 0.0 14.7 98 32 

2038 8.4 5.0 43 5 Passive Surface 0.0 16.1 97 12 

2048 8.5 5.0 34 5 Passive Surface 3.0 17.4 95 11 

2058 8.5 5.0 24 5 Passive Surface 6.2 18.9 93 10 

Group 
selection 
(opening) 

2008 14.0 7.3 14 7 Passive Surface 11.5 304.2 81 13 

2018 10.9 6.0 19 6 Passive Passive 0.0 34.8 89 30 

2028 8.9 5.2 53 9 Active Passive 0.0 8.4 100 84 

2038 9.3 5.3 30 6 Passive Passive 0.0 19.6 98 80 

2048 8.8 5.1 35 5 Passive Surface 0.0 16.7 98 71 

2058 8.6 5.1 24 5 Passive Surface 6.1 18.1 97 47 

Group 
selection 
(matrix) 

2008 10.9 6.0 11 6 Surface Surface 13.1 75.0 81 5 

2018 9.9 5.6 18 6 Passive Passive 0.0 39.5 87 14 

2028 9.5 5.4 30 6 Passive Passive 0.0 19.3 93 22 

2038 10.7 5.9 11 6 Surface Surface 33.3 111.1 74 1 

2048 10.6 5.8 11 6 Surface Surface 42.4 111.8 73 1 

2058 10.5 5.8 10 6 Surface Surface 53.6 112.9 71 1 

Thin & 
Burn 

2008 10.6 5.9 11 6 Surface Surface 13.9 67.3 81 5 

2018 8.9 5.0 9 5 Surface Surface 58.8 73.7 58 2 

2028 6.6 3.8 16 4 Passive Passive 0 27.2 89 15 

2038 5.5 3.0 14 3 Passive Passive 0 25.2 86 11 

2048 4.8 2.4 11 2 Passive Surface 0 28.6 61 8 

2058 4.7 1.9 13 2 Passive Surface 0 22.8 79 8 
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Table 5.6 (continued). Predicted fire behavior for the Granlibakken stand over 50 years. Automatic fuel model selection by FVS-FFE was model 13 
(100%) for all scenarios in all modeled years.  
 

Scenario Year 

Surface flame length 

(ft) Total flame length (ft) Fire type 

Torching 

index 

Crowning 

index Mortality (%) 

    Severe Moderate Severe Moderate Severe Moderate Severe Severe Severe Moderate 

Burn 
only 

(10-yr) 

2008 8.7 5.1 56 6 Passive Passive 0 13.9 98 42 

2018 8.9 5.2 27 7 Passive Passive 0 25.8 94 32 

2028 8.5 5.0 42 7 Passive Passive 0 14.9 98 43 

2038 7.6 4.5 41 7 Passive Passive 0 13.7 98 47 

2048 6.7 4.0 40 6 Passive Passive 0 13.3 99 53 

2058 6.1 3.5 35 5 Passive Passive 0 13.7 98 55 

Burn 
Only 

(20-yr) 

2008 8.7 5.1 56 6 Passive Passive 0 13.9 98 42 

2018 8.4 5.0 55 5 Passive Passive 0 14.2 98 16 

2028 8.6 5.1 74 13 Active Passive 0 7.6 100 72 

2038 8.2 4.9 66 10 Active Passive 0 9.9 100 57 

2048 8.9 5.2 87 14 Active Passive 0 7.6 100 70 

2058 8.3 4.9 62 11 Active Passive 0 8.3 100 67 
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Figure 5.1. Granlibakken stand conditions in 2008.  

 

 

Figure 5.2. Granlibakken stand conditions in 2058 under a no treatment scenario.  
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Figure 5.3. Group selection opening conditions in 2058 for the Granlibakken stand.  

 

 

Figure 5.4. Group selection matrix conditions in 2058 for the Granlibakken stand.  
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Figure 5.5. Thin and burn scenario conditions in 2058 for the Granlibakken stand.  
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Figure 5.6. Burn-only (10-year entry) scenario in 2058 for the Granlibakken stand.  

 

Figure 5.7. Burn-only (20-year entry) scenario in 2058 for the Granlibakken stand. 
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