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Fire exclusion has been associated with structural and compositional changes 

in many upland forests of the western United States, but little is known about the 

impacts on riparian forests, portions of the landscape protected for habitat and water 

quality. For this study, I characterized the historic disturbance and tree recruitment 

processes of riparian forests in southwestern Oregon. I identified the ways in which 

riparian forest structure and composition have changed over the past 100 to 150 years, 

with a particular focus on the effects of fire exclusion. I used dendro-ecological 

methods to analyze tree ring data collected in riparian forest stands of two vegetation 

types in the Rogue River basin of southwestern Oregon: the mesic ‘Mixed Conifer’ 

zone (Pinus-Pseudotsuga-Calocedrus-Abies) and the more xeric ‘Interior Valley’ zone 

(Pinus-Quercus-Pseudotsuga). My results suggest riparian forests in both vegetation 

zones developed with frequent disturbance by fire and that, since fire has been 

excluded, these forests have entered a new successional trajectory. In the Mixed 

Conifer zone, tree recruitment in the pre-settlement period appears to have been driven 

by the interaction between climatic fluctuations and mixed-severity fires, which 

historically maintained multi-aged stands of shade-intolerant species. Patches of high-

severity fire within the mixed-severity matrix created large canopy gaps (>30 m in 

diameter)  in which new cohorts of Douglas-fir (Pseudotsuga menziesii) could 

establish within existing stands and perpetuate Douglas-fir overstory dominance. Tree 

recruitment appears to have been closely linked Since fire exclusion became effective,  

there has been an increase in tree density and a shift toward the establishment of white 



 
 

 

fir (Abies concolor), a fire-sensitive, shade-tolerant species. In the Interior Valley 

zone, riparian forests were most likely shaped by a low-severity fire regime. Frequent 

fires likely killed most tree seedlings and maintained open savannas or woodlands 

with shade-intolerant hardwoods and scattered, open-grown conifers. Fire exclusion in 

the Interior Valley zone has resulted in exceptionally high survival rates in Douglas-fir 

recruited during the late 19th and early 20th centuries. This led to the establishment of 

a closed-canopy conifer forest with fewer shade-intolerant hardwoods, which are an 

important source of food and habitat for wildlife. My findings suggest future 

management guidelines for riparian forests in fire-prone forests of the Pacific 

Northwest should consider the substantial and potentially undesirable ecological 

effects of the current hands-off management policy in riparian forests. Future 

proposals to attempt restoration of pre-settlement forest structure and composition in 

upland forests should also consider including restoration treatments within adjoining 

riparian forests. 
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DISTURBANCE AND DYNAMICS OF RIPARIAN FORESTS IN 

SOUTHWESTERN OREGON 

 

CHAPTER 1- INTRODUCTION 

 

Fire is a ubiquitous driver of ecosystem processes in the forests of western 

North America. Its paradoxical ability to both sustain and destroy forests has made our 

relationship with fire very complicated. For the greater part of the 20th century, 

attempted suppression of all wildland fires was the preferred management option in 

fire-prone forests of western North America (Stephens and Ruth, 2005). Fire was seen 

as a destructive force that undermined national interests by destroying the nation’s 

vast timber reserves and threatening life and property.  As early as 1924, some forest 

managers and scientists began to debate the merit of fire suppression and a number of 

studies began to identify landscape conditions attributable to fire suppression (Show 

and Kotok, 1924; Weaver, 1943; Cooper, 1960; Biswell, 1961; Schiff, 1962; Leopold 

et al., 1963; Stephens and Ruth, 2005). Recognition of the natural role of fire as an 

ecological process and emerging concerns among the scientific and management 

communities over suppression-related losses of biodiversity and declining forest 

health eventually led to significant changes in federal fire policy beginning in 1995 

(Mutch, 1970; Kilgore and Taylor, 1979; Romme, 1982; Kauffman, 1990; Agee, 

1993; Morgan et al., 1994; Agee, 1998; Stephens and Ruth, 2005). Having 

acknowledged the ecological role of fire, the restoration of fire as a natural process 

became an increasingly important management consideration for publicly-owned 

forest lands (Agee, 1998; Noss et al., 2006).  

Fire suppression during the past century has been associated with both 

structural and compositional changes in forest types that historically burned under low 

or mixed severity fire regimes (Agee, 1993). Although these changes are most often 

associated with fire suppression, many of the changes began with the arrival of Euro-

American settlers around 1850. Euro-American settlers grazed livestock in large 
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numbers, harvested timber, and lit fires for a variety of reasons. These activities began 

to alter the distribution of fuels across the landscape, thereby influencing the spread 

and severity of fire. The combination of Euro-American land management activities 

eventually resulted in greater accumulations and continuities of fuel on the forest 

floor, increased ladder fuels, greater recruitment of fire-sensitive species, and a denser, 

more homogeneous forest cover across the landscape. These factors are also 

associated with shifts toward higher severity fire behavior and fire effects that are 

more homogeneous and widespread than may have been the case historically (Collins 

et al., 2008; Miller et al., 2008).  

The results of Euro-American land management activities have led many land 

managers to begin active restoration of pre-settlement forest conditions. In forest types 

historically shaped by a low or mixed severity fire regime, the pre-settlement 

conditions are considered to be more resistant to fire disturbance than the post-

settlement conditions due to their heterogeneous forest structure on both the stand and 

landscape scale (Agee, 1998). While some patches of forest may have burned at high 

severity (>95% mortality), many patches experienced more moderate or even low 

levels of mortality (Agee, 1998). The result was often a mosaic of fire severities, fuel 

continuities, and seral communities (Agee, 1998; Stephens, 2004; Stephens and Gill, 

2005; Collins et al., 2008), all of which translate to more diverse and fire-resistant 

forest landscapes.   

While the impacts of fire exclusion on upland forest types have been well 

documented (Gast et al., 1991; O'Laughlin et al., 1993; USDA, 1993; Everett et al., 

1994; Lehmkuhl et al., 1994; Perry et al., 1994; Huff et al., 1995; Sierra Nevada 

Ecosystem Project, 1996; Hann et al., 1997; Hessburg et al., 1999; Hessburg et al., 

2005), the consequences for riparian forests are relatively unknown. If pre-settlement 

forest conditions and processes are to be used as a guide in restoration on a landscape 

scale, then a better understanding of the historic forest conditions in riparian systems 

is necessary. 
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Maintenance of riparian forests as late-successional species refugia and 

anadromous fish habitat has also become a primary objective for federal land 

management agencies, particularly in the Pacific Northwest. This has led to the 

creation of riparian reserves under the Northwest Forest Plan that extend certain levels 

of protection to riparian ecosystems with the goal of limiting the impacts of timber 

harvest and other anthropogenic disturbance (FEMAT, 1993; USDA and USDI, 1994; 

Hann et al., 1997; Sedell et al., 1997; USDI et al., 1999). The ‘hands-off’ management 

approach for riparian forests in the Northwest Forest Plan has led many to question the 

role of natural riparian disturbance processes and how the separate management of 

riparian buffer zones might affect those natural processes (Everett et al., 2003). In 

particular, the roles of fire and fire exclusion have become topics of interest in regard 

to riparian disturbance ecology. 

Previous studies of fire disturbance in Pacific Northwest riparian forests have 

focused on fire history reconstruction (Skinner, 1997; Everett et al., 2003; Olson and 

Agee, 2005), drivers of riparian fire severity (Halofsky and Hibbs 2008), and post-fire 

vegetation response (Halofsky and Hibbs, in press). The question of fire exclusion 

effects on forest structure and composition remains largely unanswered.   

Fires occured frequently in southwestern Oregon, making it an excellent area 

in which to study the role of fire in riparian forest systems and the changes in structure 

and composition that may have occurred with fire exclusion. The climate of 

southwestern Oregon ranges from cool and moist in the coastal regions to hot and dry 

in the interior valleys. Plant communities are a combination of species found in 

California, eastern Oregon, and coastal Oregon and Washington – with a variety of 

species unique to the Klamath and Siskiyou Mountains. A long history of disturbance, 

mostly fire-related, combined with the diverse climate, geology and flora of southwest 

Oregon have resulted in a great variety of communities (Franklin and Dyrness, 1973). 

Frequent fires have shaped upland forests throughout southwestern Oregon and fire 

exclusion effects have been documented in these uplands (Sensenig, 2002; Taylor and 
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Skinner, 2003). Fires have likely been important in shaping and maintaining riparian 

forests as well. 

Because low-elevation Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) 

and pine-dominated upland forests, such as those found in southwestern Oregon, 

historically developed with frequent fire disturbance, fire exclusion has affected 

structural and compositional characteristics in a number of ways. Fire-induced 

mortality historically reduced tree densities, particularly in younger age classes where 

thick, fire-resistant bark had not yet developed (Agee, 1993). In the absence of fire, 

more trees have been able to survive, forming dense, closed-canopy forests in areas 

where more widely spaced, patchy or open conditions may have previously existed.  

Fire exclusion has not only contributed to higher tree densities in upland 

forests, but has also affected their species composition. Whereas Douglas-fir, 

ponderosa pine (Pinus ponderosa subsp. benthamiana Hartw.), incense cedar 

(Calocedrus decurrens (Torr.) Florin), and other fire-resistant species are vulnerable 

to lethal damage primarily in smaller diameter classes, fire-sensitive species are 

vulnerable to lethal damage across all diameter classes because they do not grow the 

thicker bark needed to withstand low- to moderate-intensity fire. In pre-settlement 

forests, fire-sensitive species such as white fir (Abies concolor (Gord. & Glend.) 

Lindl. ex Hildebr.) were likely limited to topographical positions or forest types that 

did not burn frequently. In the absence of fire, however, white fir has become more 

widely distributed throughout upland forests in the region. 

Characterizing historic fire regimes is an important part of restoring the 

structure, composition, and disturbance processes that prevailed in forest ecosystems 

prior to Euro-American settlement. Fire regimes are described by the severity of fire 

effects on vegetation and are typically regarded as one of three different types: low, 

mixed, and high-severity. Each type of fire regime has a distinct signature in the 

structure and species composition of the forest it shapes. Low-severity fire regimes are 

characterized by frequent surface fires (every 5 to 30 years) that maintain relatively 

low-density, multi-aged stands of fire-resistant tree species by killing most trees when 
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they are too small to survive a fire (Agee, 1993). Low-severity fires are carried across 

the landscape by grasses, forbs, and other fine fuels. Conversely, high-severity (or 

‘stand-replacing’) fire regimes are characterized by large, infrequent fires (every 100-

400 years) that result in even-aged cohorts of shade-intolerant, early seral species 

(Arno et al., 2000). The extended time frame between fires results in large 

accumulations of coarse woody debris and ladder fuels that carry fire through all 

canopy strata and result in the death of most, if not all trees over large areas. Mixed-

severity is a term used to describe any type of fire in between the two extremes of low-

severity and high-severity. Fire frequency in a mixed-severity fire regime is highly 

variable over space and time, with fires occurring as often as every 15 years, or 

perhaps as long as 100 years (Arno et al., 2000; Taylor and Skinner, 2003). In general, 

a single mixed-severity fire event contains the full-spectrum of fire severities in a 

spatially patchy matrix. The spatially patchy matrix of fire severities is part of a 

feedback loop in which the patchiness of vegetation and fire severities continually 

influence each other. Over time, mixed-severity fire regimes produce complex, multi-

aged stands with large, old (200+ years) fire-resistant trees and intermediate-scale 

(within stand) patches of even-aged trees that are thinned by subsequent fires and 

competition.  

In this study, I used temporal and spatial recruitment patterns as well as the 

autecological characteristics of co-occuring species to make inferences about what 

type of fire regime historically shaped riparian areas within Douglas-fir-dominated 

forests. The fire regime of upland mixed conifer forests of southwestern Oregon and 

the greater Klamath-Siskiyou region has been described as mixed-severity, in which 

topographic complexity is a major driver of the spatial patterns of fire (Taylor and 

Skinner, 2003). I expected the fire regime in riparian areas of my study area to be 

similar to that of the adjacent uplands, while recognizing higher relative humidity and 

fuel moistures may have dampened the understory fire severity (Halofsky and Hibbs, 

2008), or limited its spatial extent.    
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The objectives of this study were to (1) identify the pre-Euro-American 

settlement fire regime and stand characteristics for riparian forests in the region and to 

quantify the changes in (2) overall tree density, (3) species composition, (4) age 

structure, and (5) temporal recruitment patterns that have occurred since Euro-

American settlement. I hypothesized that riparian forests in southwest Oregon 

developed with frequent disturbance by low- and mixed-severity fire and that, since 

Euro-American settlement, riparian forests in southwest Oregon have entered a new 

successional trajectory with (1) uncharacteristically high tree densities, (2) increased 

recruitment of fire-sensitive species and (3) temporal patterns of tree recruitment 

dissimilar to those of the past. 
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CHAPTER 2- METHODS 

Site Selection 

I investigated structural and compositional changes in riparian forests of two 

fire-prone regions of southwestern Oregon: the upper Applegate Valley (upstream of 

the town of Applegate) and the Butte Falls Resource Area, both of which are part of 

the greater Rogue River basin and are managed by the USDI Bureau of Land 

Management (BLM) and USDA Forest Service (USFS). I used BLM and USFS data 

sources to identify all unmanaged headwater stream reaches (first and second order) in 

my study area. I then inspected potential sites to select those with no evidence of tree 

harvest or hydraulic mining. Among the acceptable sites, I selected for sampling those 

that provided an even distribution across stream sizes and forest vegetation types. The 

selected sites ranged from 500 to 1000 m in elevation and are representative of the low 

to mid-elevation forests held by the Bureau of Land Management and US Forest 

Service in southwestern Oregon. Riparian sites sampled in both study regions were 

dominated by Douglas-fir and bigleaf maple (Acer macrophyllum Pursh), with 

adjacent upland forests in two vegetation types: the more mesic Mixed Conifer (Pinus-

Pseudotsuga-Calocedrus-Abies) and the more xeric Interior Valley (Pinus-Quercus-

Pseudotsuga) (Franklin and Dyrness, 1973). Fifteen sites were sampled during the 

summer of 2007 in the upper Applegate Valley region, with eight sites in the Mixed 

Conifer vegetation zone, and seven in the Interior Valley zone (Table 1). In the 

summer of 2008, thirteen sites were sampled in the Butte Falls Resource Area, with 

seven sites in the Mixed Conifer zone and six in the Interior Valley zone.  
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Table 1. Summary of study site characteristics

Site
Distance 

sampled (m)
No. nested 

plots
Easting Northing

Elevation 
(m)

Land aspect 
(deg)

Stream 
aspect

Stream 
gradient (%)

Plot Slope 
(%)

Bank full 
width (m)

Valley floor 
width (m)

Mixed Conifer (Pinus-Pseudotsuga-Calocedrus-Abies)
Star Gulch 500 5 489051 4669291 750 325-60 65-120 2-6 21-100 3.0-6.5 11.5-56.3
Beaver Creek 500 5 497593 4662078 676 314-34 224-304 1-3 14-120 5.0-7.7 12.0-50.0
Rock Creek 500 3 493187 4671004 795 265 340-40 5-13 48-80 2.0-2.3 6.0-20.0
Deadman's Gulch 500 5 486540 4668341 959 18-38 108-128 10-21 65-78 1.0-2.3 4.5-5.0
Nine Dollar Gulch 500 5 487562 4663794 847 260-340 170-224 6-12 22-78 1.0-3.0 10.0-15.0
Water's Gulch 300 3 502933 4663105 763 270-290 350-5 5-14 25-80 3.4-5.8 6.0-12.0
Cook and Green Creek 500 5 487041 4646478 958 330-65 240-330 3-4 14-85 5.0-7.3 8.0-60.0
Little Applegate River 500 5 514199 4664360 968 180-272 270-2 2-4 6-65 8.0-15.0 40.0-50.0
Lost Creek 500 5 528025 4730213 631 72-128 126-240 2-10 6-90 2.6-5.8 5.5-26.3
Morine Creek Tributary 1 500 5 518157 4729515 674 74-92 150-170 10-25 15-90 1.0-3.1 2.4-10.0
"Owl Creek" 500 5 498182 4719164 743 140-183 180-260 15-35 30-90 1.0-3.4 1.1-5.4
E. Fork Trail Creek 500 5 514320 4732915 741 90-122 180-198 3-10 35-85 2.6-9.5 5.9-12.5
Clark Creek 300 4 529096 4718617 666 156-185 230-270 5-10 12-75 4.0-7.8 9.1-20.0
"Bear Creek" 500 5 518841 4740632 694 167-200 55-110 10-22 18-90 0.5-4.0 1.4-4.1
Morine Creek Tributary 2 500 5 516551 4730028 826 190-258 128-158 12-30 0-80 0.5-3.3 1.8-9.0

Interior Valley (Pinus-Quercus-Pseudotsuga)
Spencer Gulch 500 5 496696 4673031 645 0-46 263-290 4-6 19-65 1.7-2.6 15.0-35.0
"Enchanted Forest" 500 5 485283 4684035 737 270-315 187-228 8-19 10-35 0.5-2.1 5.8-50.0
Muddy Gulch 500 5 508561 4669153 975 66-82 156-184 7-14 2-45 0.6-1.7 12.5-35.0
Balls Gulch 500 5 489519 4679675 629 42-350 260-312 8-11 5-52 1.5-2.4 10.0-50.0
Murphy's Gulch 500 5 497669 4667358 763 217-26 296-307 11-12 4-22 0.7-1.5 8.0-24.0
Slagle Creek Tributary 500 5 485855 4682770 777 155-343 218-290 13-35 20-82 1.0-1.8 4.0-15.0
Long Gulch 500 5 492269 4678215 752 280-25 180-194 4-12 10-85 0.5-10.0 10.0-20.0
"Greenhorn Gulch" 500 4 482309 4703901 763 90-120 170-180 20-30 25-50 1.0-2.3 2.0-3.5
"Cedar Springs" 300 4 537613 4697440 918 275-320 198-230 13-18 16-40 1.5-2.4 3.3-8.0
Salt Creek 500 5 533960 4703167 960 120-180 215-260 5-20 20-50 0.5-3.7 2.0-4.9
Fielder Creek Tributary 300 4 482406 4700930 680 275-308 335-345 30-55 25-60 2.1-6.0 2.1-6.0
"Gold Nugget" 500 5 496912 4701696 506 212-275 154-190 8-20 20-80 1.2-3.5 2.2-7.6
"Obenchain" 300 4 526884 4706259 822 266-310 175-240 4-10 0-38 0.8-5.8 2.0-5.8

Notes : Site names in quotation marks are unofficial names used for unnamed creeks. UTM locations are under the NAD 1983 projection.  
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Site Descriptions 

The Mixed Conifer (MC) vegetation zone is typical of mid-elevation forests in 

the southern Oregon Cascade Range and eastern Siskiyou Mountains and is the 

northern extent of the Sierran montane or mixed-conifer forests (Franklin and 

Dyrness, 1973). The Mixed Conifer zone is bounded by the Interior Valley and Abies 

concolor types at its lower and upper limits, respectively. Annual precipitation varies 

from about 900 to 1,300 mm, very little of which occurs in the summer months. The 

major overstory tree species in Mixed Conifer riparian forests include: Douglas-fir, 

white fir, incense cedar, white alder (Alnus rhombifolia Nutt.) and to a lesser extent, 

ponderosa pine, and sugar pine (Pinus lambertiana Dougl.). Mid-story and understory 

tree species include bigleaf maple, canyon live oak (Quercus chrysolepis Liebm.), 

Pacific madrone (Arbutus menziesii Pursh.), vine maple (Acer circinatum Pursh.), and 

Pacific yew (Taxus brevifolia Nutt.). Understory conditions in Mixed Conifer sites 

typically include a variety of shrub species, deep accumulations of organic matter on 

the forest floor, and abundant coarse woody debris. Stream-flow in this vegetation 

zone is perennial.    

The Interior Valley (IV) vegetation zone encompasses the low-elevation valley 

bottoms and lowlands of the Rogue River valley and its tributaries, such as the 

Applegate valley in the eastern Siskiyous. This vegetation zone is the warmest and 

driest west of the Cascade Mountains (Franklin and Dyrness, 1973). As a result of its 

location in the rain shadow of the Coast and Siskiyou Mountain ranges to the west, 

this region receives approximately 500-800 mm of rain per year (Franklin and 

Dyrness, 1973). Vegetation in the Interior Valley zone consists of a mosaic of 

grasslands, oak savannas and woodlands, coniferous forests, and sclerophyllous shrub 

communities (chaparral). Within riparian forests, the major tree species include: 

Douglas-fir, incense cedar, ponderosa pine, Oregon white oak, California black oak, 

Pacific madrone, and bigleaf maple. Understory conditions in Interior Valley sites 

typically include grasses, many shrub species, and relatively low accumulations of 
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organic matter or coarse woody debris. Stream-flow in this vegetation zone is typically 

intermittent or ephemeral.     

     

Sampling Strategy 

I used a nested plot design to acquire representative sample sizes for all trees 

(Fig. 1). Based upon preliminary sampling, I sampled conifer species ≥ 50 cm in 

diameter at breast height (DBH, 1.37 m above the ground) and hardwood species ≥ 25 

cm in a large plot, because they occurred at relatively low densities. These ‘long plots’ 

extended for 300 to 500 m along the stream and extended 10 m into the forest from the 

edge of the stream bank on one side only. I used one long plot for each site (stream 

reach). I recorded the species and DBH of each tree, its location in the long plot (x,y), 

and collected one increment core (to pith) approximately 40 cm from the ground on 

the uphill side. I also recorded the DBH of standing dead trees and downed logs 

(decay classes 1 and 2) that met the size criteria.  

Conifer species < 50 cm DBH and hardwood species < 25 cm DBH occurred at 

much higher densities than the larger trees, so I did not need to sample as great an area 

to achieve a representative sample. I used 3 to 5 10x20 m rectangular plots nested 

within each long plot and spaced at 100 m intervals. Within each nested plot, I 

measured the DBH for each tree and took an increment core approximately 40 cm 

above the ground. When saplings were too small to take an increment core, I cut a 

basal disc. I also measured the DBH for all standing dead trees and downed logs. For 

each nested plot, I recorded a variety of site characteristics including slope, aspect, 

bank full stream width, and woody shrub and fern cover percentage by species. 

 

Tree Ring Sample Processing 

All increment cores were mounted and prepared by sanding with progressively 

finer grits up to 320 or 400-grit, depending on the size of the annual growth rings. If 

additional surface preparation was needed, core surfaces were sanded by hand with 

600-grit sandpaper. Ages for increment cores and cross sections were determined by 
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Stream

500m

10x20 m ‘nested plots’
Core/basal disc of 
all trees > 1.37 m tall

10x500 m ‘long plot’
Targets conifers ≥ 50 cm DBH
and hardwoods ≥ 25 cm DBH

 

Fig. 1. Plot structure
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hand-counting annual growth rings under a binocular microscope with up to 40x 

magnification. When increment cores did not intercept the pith (biological center of 

the tree), the number of years from the innermost ring to the pith was estimated using 

pith locators (transparencies with concentric circles for different ring curvatures). 

Ring-widths were measured for a sub-sample (18%) of all cores to determine the 

accuracy of hand-counts. Measurements were made using a computer-compatible 

incremental measuring machine and the software program COFECHA was used to 

cross-date tree ring series and to check for missing annual rings (Grissino-Mayer, 

2002). 

 

Age estimation for major overstory conifer species 

As a result of heartwood decomposition, I was unable to obtain increment 

cores for some trees (mostly large diameter) and therefore unable to determine their 

age. To approximate ages for the most prevalent and commonly affected species, 

Douglas-fir, white fir, and incense cedar, I developed species-specific linear regression 

models to estimate age as a function of DBH. R2 values ranged from 0.47 to 0.66.  

These trees comprised 18% of the Douglas-fir and white fir on MC sites and 18% of 

the Douglas-fir and incense cedar on IV sites.  Hereinafter these will be referred to as 

‘estimated’ trees. One equation was developed for each species and in each region 

(Ashland and Butte Falls resource areas) (see Appendix Table i). Because I did not 

measure tree heights, my regression equations are based solely upon DBH. DBH is a 

poor predictor of age for suppressed trees or very large diameter, old trees. Although 

the inclusion of estimated tree ages did not appear to affect my interpretation of 

temporal tree recruitment patterns in most situations, there was a particularly large 

number of trees > 50cm DBH on MC sites that I was unable to take tree ring samples 

from due to heartwood decay. When compared to the tree ages derived from complete 

increment cores, my regression equations frequently underestimated the actual age of 

large-diameter trees (> 50cm DBH), which resulted in an artificially large number of 

Douglas-fir trees that were approximately 150 years old (Fig. 2). When compared with 
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climate and initial growth patterns, this large pulse did not appear to accurately reflect 

the historical recruitment patterns. As a result of this inaccuracy, I excluded 

‘estimated’ trees from analyses dependent on tree ages. 

 
Temporal recruitment and climate association analysis 

To examine temporal recruitment patterns in riparian forest stands, I graphed 

relative frequency age distributions of overstory conifer species for each site (conifer 

species that are capable of recruiting into the upper canopy). I also averaged the data 

from the majority of sites, excluding outliers (two with scattered, old stumps and one 

with little live Douglas-fir), to graph the average age and diameter distributions for 

each vegetation zone. For this analysis, I did not include ‘estimated’ trees.  

I examined the relationships between conifer recruitment and climate using 

three common indices for Pacific Northwest climate: Palmer Drought Severity Index 

(PDSI), Pacific Decadal Oscillation (PDO), and El Nino-Southern Oscillation (ENSO) 

(Cook et al., 2004; MacDonald and Case, 2005; Braganza et al., 2009). When I speak 

of climate, hereinafter I will be referring only to PDSI because it was the index with 

the most pronounced relationship to my recruitment data. Because inter-annual 

variability in PDSI values was so high, I used the smoothed 20-year low-pass values 

provided in the original data set for interpretation (Cook et al., 2004).    

 

Diameter distribution and growth analysis 

To characterize the structure of riparian forest stands, I graphed the diameter 

distributions of the two most abundant conifer species in each vegetation zone (48% of 

all stems in Mixed Conifer and 54% in Interior Valley). For this analysis, I included 

all trees, including ‘estimated’ trees. I made inferences about relative differences in 

stand density over time by examining the relationship between the date of origin and 

the average 
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Fig. 2. (top) Five-year age class representation of Douglas-fir (PSME) and white fir 
(ABCO) trees dated with increment cores and trees whose ages were estimated with 
linear regression equations (PSMEest, ABCOest), averaged across 11 Mixed Conifer 
riparian sites in the Rogue River basin, Oregon. (bottom) Five-year age class 
representation of Douglas-fir (PSME) and incense cedar (CADE) trees dated with 
increment cores and trees whose ages were estimated with linear regression equations 
(PSMEest, CADEest), averaged across 12 Interior Valley riparian sites in the Rogue 
River basin, Oregon. 



15 

 

basal area increment (BAI/tree age) of all Douglas-fir (the dominant species) with 

complete increment cores in each vegetation zone (82% of each vegetation zone). I 

calculated the average BAI for each tree by dividing its DBH by its age. Because the 

average BAI was a relatively coarse measure of stand conditions at the time of 

germination, I also measured and averaged the first twenty cambial years of a subset 

of Douglas-fir increment cores that either intercepted the pith or came within 10 years 

of it. When the pith was not intercepted, I estimated the growth rate for the innermost 

annual rings using a geometric model. With this model, I calculated the distance to 

pith, the number of rings missing, and a ring-width correction (Duncan, 1989). I 

applied a Lowess scatter plot smoothing (locally weighted regression) to the data 

using S-PLUS (smoothing factor: r =0.15) to demonstrate the temporal trends in early 

growth rates. For this analysis, I included 74 samples (tree ring series) for MC sites 

and 123 for IV sites.   

 

Douglas-fir spatial pattern analysis    

To better understand historic stand development and disturbance processes at 

my sites, I analyzed the spatial patterns of tree age among Douglas-fir ≥ 50cm DBH, 

for which I have x and y coordinates. I chose Douglas-fir for this analysis because it 

was the most abundant tree in both of the vegetation types I sampled and it is shade-

intolerant. Because it is shade-intolerant and requires mineral soil for its seeds to 

germinate, Douglas-fir recruitment patterns are useful indicators of past disturbance 

processes. To quantify the spatial patterns of tree age, I used the spatial statistics 

module in the S-PLUS statistical software package to test for spatial autocorrelation in 

tree age (MathSoft, 2000). Autocorrelation, or spatial dependence, is the statistical 

term for heterogeneity (patchiness) in spatial data. It quantifies similarity between 

neighbors as a function of spatial separation. If near neighbors are more similar than 

distant neighbors, the data are autocorrelated (Ettema and Wardle, 2002). 

Autocorrelation is calculated using the semivariance statistic γ(h) for a range of 

distance intervals h: 
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where N(h) is the number of pairs of observations separated by distance h, z(si) is the 

value of the variable of interest at location si, and z(si+h) is its value at a location at 

distance h from si. When spatial autocorrelation is present at the scale sampled, 

semivariance will be low at short distances, increase for intermediate distances, and 

generally will reach an asymptote (‘sill’) when data separated by large distances 

become spatially independent (Ettema and Wardle, 2002). To minimize the effect of 

outliers in the data, I chose the ‘robust’ semivariance option in S-PLUS (eq. 2), a 

modification to the ‘classic’ semivariance estimator (eq. 1). 
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Douglas-fir data from long plots were used to calculate semivariance for each 

of the two vegetation types. All trees lacking a complete increment core were 

excluded from this analysis, making semivariance estimates conservative. To increase 

the number of possible pairs of trees in each distance ‘bin,’ all trees were combined 

into one data set per vegetation zone, with x-coordinates at each site separated by 1000 

m to prevent age comparisons between sites. Empirical variograms were constructed 

with the data from each vegetation zone, which describe how tree age is correlated 

with distance. When constructing empirical variograms, the user can control the 

degree of smoothing by adjusting the size of the distance bins (‘lags’), the number of 

points per bin, and the distance of reliability (maximum distance for comparison) 

(MathSoft, 2000). After exploratory analyses, I set the lags to 8 m, the lag tolerance to 

4 m, and the maximum distance to 176 m and 250 m for MC and IV sites, 

respectively. Testing for geometric anisotropy was not applicable due to the 

dimensions of my long plots, 10x500 m. 
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Interpreting historic age distributions with missing trees 

A number of stand reconstruction studies have highlighted the importance of 

including dead trees when interpreting historic stand structure (Johnson et al., 1994; 

Fulé et al., 1997; Everett et al., 2007; North et al., 2007). I was unable to assign ages 

or time since death for snags and logs for this study due to rapid decomposition rates 

and a lack of previous stem-mapping or data collection at my sites. Of greater concern 

was my inability to detect small-diameter dead wood in my survey of snags and logs, 

resulting in a presumed underestimation of historic tree densities – an unavoidable 

consequence similarly experienced by previous studies (Johnson et al., 1994; Fulé et 

al., 1997; Everett et al., 2007; North et al., 2007). In forest types drier than those we 

sampled, where decomposition rates are relatively slow and fires were historically 

frequent, it has been argued the absence of small-diameter deadwood is of little 

concern because historic fire regimes would have kept the number of small-diameter 

trees very low and competitive stress mortality was minimal (Fulé et al., 1997; Everett 

et al., 2007). Although my sites may have experienced similarly frequent fires, my 

study is limited in its ability to estimate historic small-diameter tree densities, 

particularly in more rapidly-decomposing species such as white fir. While I could not 

specifically determine historic small-tree densities, Douglas-fir growth rate data 

permitted me to demonstrate relative differences in tree density over time.  
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CHAPTER 3- RESULTS 

Species composition 

Mixed Conifer 

Douglas-fir (PSME) was the most common conifer species in Mixed Conifer 

sites, comprising 37% of all live trees sampled (Table 2). White fir (ABCO), incense 

cedar (CADE), and Pacific yew (TABR), an understory species, were the other most 

common conifer species, comprising 11%, 7%, and 12% of all live trees sampled, 

respectively. Bigleaf maple (ACMA) and white alder (ALRH) were the most common 

hardwood species, at 15% and 9% of all live trees sampled. The most abundant 

understory shrubs and ferns include: sword fern (Polystichum munitum-POMU), 

beaked hazel (Corylus cornuta-COCO), trailing blackberry (Rubus ursinus-RUUR), 

wood rose (Rosa gymnocarpa-ROGY), and common snowberry (Symphoricarpos 

albus-SYAL) (Table 4). Conifer seedling and sapling (< 1.37 m tall) cover averaged 

less than one percent for all species sampled. 

 

Interior Valley 

Douglas-fir was the most common species in the Interior Valley sites, 

comprising 48% of all live trees sampled (Table 2). Incense cedar and ponderosa pine 

(PIPO) were the other most common conifer species, comprising 6% and 2% of all 

sampled live trees, respectively. The most common shrub and fern species included 

poison oak (Toxicodendron discolor-TODI), common snowberry, beaked hazel, 

trailing blackberry, and sword fern (Table 4). Conifer seedling and sapling (< 1.37 m 

tall) cover averaged less than one percent for all species sampled. 
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Table 2.  Summary of live tree species attributes for Mixed Conifer and Interior Valley sites.

Vegetation 
type

Species N
Average 
density 

(stems/ha)

Large tree 
density 

(stems/ha)

% of total 
stems

% of 
sites 

present

DBH range 
(cm)

DBH 
mean 
(cm)

Vegetation 
type

Species N
Average 
density 

(stems/ha)

Large tree 
density 

(stems/ha)

% of total 
stems

% of 
sites 

present

DBH range 
(cm)

DBH 
mean 
(cm)

Mixed Conifer  (Pinus-Pseudotsuga-Calocedrus-Abies) Interior Valley (Pinus-Quercus-Pseudotsuga)
ABCO 204 183.18 7.26 11.16 66.67 1.3-105.0 21.92 ABCO 3 12.00 2.00 0.22 23.08 8.1-59.5 25.43
ACMA 274 106.00 25.81 14.99 93.33 1.6-146.3 27.71 ACMA 283 156.23 30.67 21.18 92.31 0.1-123.5 29.09
ALRH 168 129.25 25.44 9.19 66.67 1.8-76.5 24.47 ALRH 18 58.67 8.67 1.35 23.08 7.7-65.4 37.76
ARME 28 40.34 12.00 1.53 33.33 0.5-67.6 33.76 ARME 180 96.57 26.85 13.47 84.62 2.9-66.8 32.83
CACH 8 37.00 2.00 0.44 13.33 0.8-40.0 8.55 CADE 77 84.34 12.67 5.76 69.23 1.6-141.5 34.33
CADE 129 105.82 12.15 7.06 73.33 0.5-134.1 32.18 CONU 3 10.00 0.00 0.22 23.08 0.2-10.2 4.97
CONU 34 38.52 0.00 1.86 60.00 0.8-13.9 5.97 FRLA 31 51.83 5.33 2.32 38.46 0.5-70.5 16.87
FRLA 31 82.96 14.00 1.70 26.67 1.0-43.0 13.91 PILA 3 2.67 2.67 0.22 23.08 64.3-111.5 83.37
PILA 2 12.00 2.00 0.11 13.33 25.4-54.5 39.95 PIPO 20 30.16 5.78 1.50 53.85 3.2-94.5 58.77
PIPO 3 22.00 2.00 0.16 13.33 3.0-122.5 47.83 PSME 639 335.73 48.61 47.83 100.00 1.0-150.4 42.34
PSME 676 265.24 57.78 36.98 100.00 0.3-193.0 55.25 QUCH 37 82.92 6.67 2.77 30.77 1.7-61.5 19.62
QUCH 42 66.29 2.00 2.30 53.33 0.7-34.1 9.01 QUGA 6 20.50 3.00 0.45 23.08 1.6-47.5 21.48
QUKE 3 37.50 0.00 0.16 6.67 1.9-16.8 7.33 QUKE 31 58.67 2.67 2.32 61.54 0.7-50.8 14.45
TABR 226 127.55 15.74 12.36 86.67 0.9-63.0 18.50 TABR 5 17.25 6.00 0.37 15.38 9.7-40.4 22.76

Notes: N= number of individuals sampled, DBH= diameter at breast height (1.37 m). 'Large tree density' refers to the average density of conifers > 50cm DBH and hardwoods > 25cm DBH.  
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Table 3.  Summary of dead tree species (standing snags and dow ned logs) attributes for MC and IV sites.

Vegetation 
type

Species N
Average 
density 

(stems/ha)

Large tree 
density 

(stems/ha)

% of total 
stems

% of 
sites 

present

DBH range 
(cm)

DBH 
mean 
(cm)

Vegetation 
type

Species N
Average 
density 

(stems/ha)

Large tree 
density 

(stems/ha)

% of total 
stems

% of 
sites 

present

DBH range 
(cm)

DBH 
mean 
(cm)

Mixed Conifer  (Pinus-Pseudotsuga-Calocedrus-Abies) Interior Valley (Pinus-Quercus-Pseudotsuga)
ABCO 31 45.67 4.00 9.37 46.67 2.0-81.9 19.85 ACMA 16 16.63 4.13 5.56 53.85 8.3-71.4 32.97
ACMA 11 18.50 2.00 3.32 46.67 3.2-42.5 18.06 ALRH 3 3.00 3.00 1.04 15.38 39.7-48.8 44.33
ALRH 6 53.00 3.00 1.81 20.00 5.2-37.5 18.55 ARME 33 58.67 4.50 11.46 76.92 3.4-54.5 25.75
ALRU 2 6.00 6.00 0.60 6.67 39.7-47.3 43.50 CADE 8 17.00 2.00 2.78 38.46 4.0-90.0 28.31
ARME 7 23.33 3.33 2.11 26.67 2.2-40.0 26.33 FRLA 1 10.00 0.00 0.35 7.69 19.5 19.50
CADE 15 27.40 2.95 4.53 46.67 2.4-135.0 65.66 PIPO 10 24.72 2.22 3.47 46.15 2.7-98.7 54.35
CONU 1 10.00 0.00 0.30 6.67 11.0 11.00 PSME 177 112.90 17.27 61.46 100.00 1.3-165.5 37.94
PILA 2 4.00 4.00 0.60 6.67 99.8-170.0 134.90 QUCH 1 12.50 0.00 0.35 7.69 4.3 4.30
PIPO 2 2.00 2.00 0.60 6.67 55.0-60.0 57.50 QUGA 31 134.00 5.67 10.76 23.08 7.5-66.5 19.88
PSME 212 63.20 26.19 64.05 93.33 1.5-159.5 71.71 QUKE 8 17.33 2.33 2.78 30.77 3.5-50.3 22.59
QUCH 5 32.00 2.00 1.51 13.33 8.4-30.4 18.14
TABR 37 78.78 29.33 11.18 53.33 4.5-51.9 17.59

Notes: N= number of individuals sampled, DBH= diameter at breast height (1.37 m). 'Large tree density' refers to the average density of conifers > 50cm DBH and hardwoods > 25cm DBH.  
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Table 4. Tw enty most common understory shrub/fern species in nested plots

Vegetation 
type

Species
% of 
plots 

present

Avg cover 
(%)

Min cover 
(%)

Max cover 
(%)

Vegetation 
type

Species
% of plots 
present

Avg cover 
(%)

Min cover 
(%)

Max cover 
(%)

Mixed Conifer (Pinus-Pseudotsuga-Calocedrus-Abies ) Interior Valley (Pinus-Quercus-Pseudotsuga )

POMU 83 1-5 0-1 5-25 TODI 78 1-5 0-1 25-50
COCO 81 1-5 0-1 25-50 SYAL 67 1-5 0-1 25-50
RUUR 78 0-1 0-1 5-25 COCO 62 1-5 0-1 25-50
ROGY 75 0-1 0-1 5-25 RUUR 52 1-5 0-1 5-25
SYAL 57 1-5 0-1 5-25 POMU 50 0-1 0-1 5-25
HODI 41 1-5 0-1 5-25 ROGY 48 0-1 0-1 5-25
LIBO 41 0-1 0-1 5-25 MAAQ 37 0-1 0-1 1-5

WHMO 41 0-1 0-1 5-25 DRAR 30 0-1 0-1 1-5
PHLE 39 1-5 0-1 5-25 HODI 30 0-1 0-1 5-25
ACCI 38 5-25 0-1 50-75 PHLE 23 0-1 0-1 5-25
BENE 38 1-5 0-1 5-25 LOHI 22 0-1 0-1 1-5
RUPA 36 0-1 0-1 5-25 WHMO 20 1-5 0-1 50-75
MANE 33 1-5 0-1 50-75 ACMA 18 0-1 0-1 0-1
LOHI 29 0-1 0-1 1-5 ARME 17 0-1 0-1 1-5
QUCH 28 0-1 0-1 1-5 CADE 17 0-1 0-1 0-1
PAMY 23 0-1 0-1 5-25 QUCH 17 1-5 0-1 5-25
TODI 23 0-1 0-1 1-5 RULE 17 0-1 0-1 1-5
CHUM 22 0-1 0-1 1-5 SYMO 17 1-5 0-1 5-25
AMAL 14 0-1 0-1 1-5 AMAL 15 0-1 0-1 0-1
CONU 14 1-5 0-1 5-25 PSME 15 0-1 0-1 1-5

Notes : 69 Mixed Conifer and 60 Interior Valley nested plots w ere sampled. Six cover classes (%) w ere used: 0-1, 1-5, 5-25, 25-50, 50-75, and 75-100

Minimun and maximum cover percentages are among nested sample plots.
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Conifer age distributions and climate associations  

Mixed Conifer 

Prior to Euro-American settlement in the mid-19th century, the age distribution 

of live Douglas-fir and white fir across all sites in the Mixed Conifer (MC) zone 

shows a pulsed pattern of recruitment that corresponds to cooler, wetter climatic 

periods that followed extended droughts (Fig. 3). Recruitment peaks appear to have 

occurred around 1685, 1800, and 1850. It is also possible another pulse happened 

between 1740 and 1770, though few trees from this period were alive at the time of 

sampling. After the recruitment pulse of 1850, my data show abundant conifer 

recruitment occurring throughout all climatic conditions, comprising the majority 

(84%) of live trees. Recruitment was most abundant from 1905-1910. Many MC sites 

showed a dramatic increase in apparent recruitment of the more shade-tolerant and 

fire-sensitive white fir after 1900. White fir comprised 51% of live trees recruited after 

1900, but only 18% of live trees recruited before 1900. Although white fir is not as 

long-lived as Douglas-fir, it is capable of living at least 300 years – suggesting the 

relative absence of live white fir recruited prior to 1900 is not a function of longevity, 

but rather its relatively greater sensitivity to fire.  

 

Interior Valley 

The age distribution of live Douglas-fir and incense cedar shows the majority 

(79%) of live trees in the Interior Valley (IV) vegetation zone recruited after 1850 and 

the density of large-diameter conifer snags and logs was relatively low (~20/ha). Most 

apparent recruitment occurred in two broad pulses, circa 1870 and 1950. Each of these 

pulses corresponds to cooler, wetter climatic periods that follow extended dry periods 

(Fig. 4). Because few live trees recruited before 1850, I could not discern earlier 

climate relationships. After the recruitment pulse of the mid-20th century, tree 

recruitment declined rapidly and no longer appeared to respond to climatic 

fluctuations. 
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Fig. 3. (A, top) The smoothed initial growth rates (average of first 20 yrs.) for a 
subsample of Douglas-fir. (B, middle) Average age distribution of Douglas-fir (PSME) 
and white fir (ABCO) on 11 Mixed Conifer riparian sites in the Rogue River basin, 
Oregon.  (C, bottom) A smoothed Palmer Drought Severity Index (PDSI) 
reconstruction is shown for comparison with tree establishment dates. PDSI values 
greater than zero are cooler, wetter periods and those less than zero are warmer and 
drier.   
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Fig. 4. (A, top) The smoothed initial growth rates (average of first 20 yrs.) for a 
subsample of Douglas-fir. (B, middle) Average age distribution of Douglas-fir (PSME) 
and incense cedar (CADE) on 12 Interior Valley riparian sites in the Rogue River 
basin, Oregon. (C, bottom) A smoothed Palmer Drought Severity Index (PDSI) 
reconstruction is shown for comparison with tree establishment dates. PDSI values 
greater than zero are cooler, wetter periods and those less than zero are warmer and 
drier.
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Conifer diameter distributions 

Diameters of the two most abundant conifer species in each vegetation type 

follow a negative exponential or reverse-J shape distribution (Fig. 5). Douglas fir, 

white fir, and incense cedar diameters ranged from 0 to 190cm for MC sites and 0 to 

150cm for IV sites. Although they spanned a wide range of diameters, 42% of trees in 

both vegetation types were less than 10cm DBH. Mid-sized live trees (20-50cm) were 

slightly more abundant in IV sites, where they occurred at a density of 99 trees per 

hectare (TPH) versus 78 TPH in MC sites. Shade-tolerant species were more abundant 

in MC sites than in IV sites, especially in smaller diameter classes. White fir 

comprised 49% of trees less than 20cm DBH on MC sites, whereas incense cedar 

comprised only 15% on IV sites.  

 

Douglas-fir growth rates 

Mixed Conifer 

Average basal area growth rates (BAI/tree age) of Douglas-fir varied widely 

throughout my 450 year record (Fig. 6). Slow-growing trees were present in all 

recruitment cohorts and many have persisted over 200 years. Our data suggest that 

fast-growing trees were relatively uncommon after 1920. Lowess scatter plot 

smoothing of initial Douglas-fir growth rates (first 20 years) provided a more sensitive 

depiction of inferred stand density over time and across the landscape (Fig. 3). The 

smoothed initial growth rate data display growth rate trends that correspond very 

closely to tree recruitment patterns. Trees germinating in the first half of a recruitment 

pulse experienced higher growth rates than those in the second half of the pulse. Trees 

from the mid-19th century pulse on MC sites appear to have grown more rapidly than 

the preceding observed pulses and growth rates declined dramatically after the late 

19th century. 

 

Interior Valley
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Fig. 5. Average five-centimeter diameter-class distributions of live Douglas-fir (PSME), white fir (ABCO), and incense cedar 
(CADE) for the Mixed Conifer (left) and Interior Valley (right) vegetation types. 
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Fig. 6.  Average basal area increment (BAI) of live Douglas-fir as a function of the year of origin for Mixed Conifer (left) and 
Interior Valley (right) vegetation types. A Lowess smoothing line (smoothing parameter: f=0.1) is included as a visual guide.
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As seen in MC sites, average basal area growth rates (BAI/tree age) of 

Douglas-fir in IV sites were also highly variable since 1800 (Fig. 6). Since the 

recruitment of the mid-20th century cohort, my data suggest there have been no 

subsequent fast-growing trees. Lowess smoothing of initial Douglas-fir growth rates in 

the IV zone also corresponded to tree recruitment patterns (Fig. 4). Initial growth rates 

achieved in the 1850 and 1950 pulses on IV sites were equally high, with a dramatic 

reduction in growth rates following the 1950 pulse.   

 

Pre-settlement spatial recruitment patterns 

Mixed Conifer 

Spatial analyses of Douglas-fir recruitment patterns demonstrate fundamentally 

different patterns in stand development between vegetation types. MC sites showed a 

high degree of spatial autocorrelation in tree age at near distances, which decreased 

rapidly to distances of ~30 m. Beyond 30 m, tree ages were spatially independent of 

one another (Fig. 7). Semivariance (γ(h)) on MC sites followed a negative exponential 

function with a range of 27.99, sill of 3510.54, and a nugget of 0. The average 

difference in age between pairs of trees ranges from 20 yrs at distances less than 2 m, 

to 64 yrs at distances beyond 30 m (Fig. 8).  

 

Interior Valley 

IV sites showed a much lower degree of spatially structured autocorrelation in 

tree age. While γ(h) values in MC sites ranged from 0 to over 4000, in IV sites the 

range was 200 to ~800: indicating a smaller range of variability in tree age at all 

distances (Fig. 9). IV sites exhibit a relatively constant level of variability in tree age 

up to 20m and become spatially independent beyond 30 m. Semivariance (γ(h)) 

follows a Gaussian function with a range of 31.12, sill of 493.16, and a nugget of 

186.71. The average difference in age between pairs of trees is approximately 25 yrs at 

distances less than 30 m and is approximately 35 yrs at distances beyond 32 m. The 

lower degree of spatially structured autocorrelation in IV sites relative to MC sites was 
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most likely the result of most Douglas-fir ≥ 50cm DBH at each IV site having 

recruited in a single cohort. 

 

Shade-intolerant hardwoods 

The most abundant shade-intolerant hardwood species was Pacific madrone 

(ARME), present at 85% of IV sites at an average density of 50 live and 15 dead stems 

per hectare (Tables 2, 3). California black oak (QUKE) was present at 62% of IV sites 

at an average density of 59 live and 17 dead stems per hectare. Oregon white oak 

(QUGA) was the least common shade-intolerant hardwood species in riparian forests, 

present at only 23% of IV sites, where it existed primarily as snags overtopped by the 

young cohort of Douglas-fir (~20 live/ha and ~134 dead/ha). 
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Fig. 7. Empirical semivariogram (points) and fitted model (line) for 193 Mixed 
Conifer Douglas-fir trees ≥ 50cm DBH, showing tree age semivariance estimates as a 
function of increasing distance (in meters) between neighboring trees. The sill 
provides an estimate of total population variance. The nugget (intercept) represents the 
variance due to sampling error, and/or spatial dependence at scales not explicitly 
sampled. The range (asymptote) signifies the extent of heterogeneity, or patch size, 
beyond which data are stochastically independent (Ettema and Wardle 2002). 
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Fig. 8. Mean age difference as a function of increasing distance between neighboring 
Douglas-fir trees ≥ 50cm DBH for Mixed Conifer (top) and Interior Valley (bottom) 
vegetation types. (Inset) Histogram of tree age for samples used in this analysis.   
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Fig. 9. Empirical semivariogram (points) and fitted model (line) for 210 Interior 
Valley Douglas-fir trees ≥ 50cm DBH, showing tree age semivariance estimates as a 
function of increasing distance between neighboring trees. The sill provides an 
estimate of total population variance. The nugget (intercept) represents the variance 
due to sampling error, and/or spatial dependence at scales not explicitly sampled. The 
range (asymptote) signifies the extent of heterogeneity, or patch size, beyond which 
data are stochastically independent (Ettema and Wardle 2002). 
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CHAPTER 4- DISCUSSION 

Conifer recruitment in the Mixed Conifer vegetation zone 

1550-1700: Old-forest legacies 

The small sample size of living trees that recruited from 1550-1700 limits my 

ability to characterize recruitment patterns during this period; however, my growth 

rate and climate data suggest recruitment patterns were similar to those of the 18th and 

19th centuries (Fig. 3b.). Although living trees from this period are few in numbers, my 

data show Douglas-fir recruited throughout this period with growth rates that 

corresponded to the pre-settlement average (Figs. 3a, 6). Reconstructed Palmer 

Drought Severity Index (PDSI) values also suggest climatic patterns during this period 

were similar to those that occurred throughout my 450 year record of tree recruitment, 

with the exception of a particularly long drought that lasted from 1615-1670 (Fig. 3c). 

This was the longest period of drought experienced by the live trees I sampled. This 

extended drought could have increased the susceptibility of living trees to insect and 

disease-related mortality and perhaps higher-severity fires resulting from the increase 

in dead woody fuels (Whitlock et al., 2003). As a result, live tree densities may have 

been lower in the 17th century than in the 18th or 19th centuries.  

Regardless of minor climatic differences, it is likely fires were common in 

riparian forests during this period given that successful Douglas-fir recruitment into 

the overstory of existing stands is thought to be highly-dependent upon the mineral 

soil and, in particular, the light environment created by moderate to high severity fires 

(Morrison and Swanson, 1990; Agee, 1993; Zenner, 2005). Fire scar evidence has also 

shown that fires were common in upland forests of the Klamath-Siskiyou region 

during this period (Taylor and Skinner, 1998). These fires may also explain the rarity 

of Douglas-fir older than 300 years in my sample. Although Douglas-fir is capable of 

living over 1000 years, they may be unlikely to live past 300 years in riparian forests 

of my study region due to the long-term risk of mortality in a mixed-severity fire 

regime (such as that described for upland forests of the region) (Taylor and Skinner, 
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1998, 2003). Trees growing in the steep, shallow-soil riparian environment may also 

be more susceptible to wind-throw. It is likely a combination of these factors 

(exceptionally long drought, frequent mixed-severity fire, shallow soils) has resulted 

in a relatively small number of trees that recruited during this period surviving to the 

present.    

 

1700-1900: Recruitment dynamics of the pre-settlement and early settlement periods  

Tree recruitment from 1700-1900 appears to have been driven by the 

interaction between climatic fluctuations and fire. This linkage of climate, fire, and 

recruitment has been described elsewhere in western North America for shade-

intolerant, fire-resistant species (North et al., 2005; Brown, 2006). Tree recruitment 

from 1700-1900 in the Mixed Conifer zone appears to have been cyclical, with broad 

pulses occurring approximately every 50-60 years (Fig. 3b). In general, these pulses 

were coincident with cooler, wetter periods that followed extended dry periods (Fig. 

3c).  

Our data suggest each recruitment pulse occurred in three phases. First, I 

suggest that extended drought conditions would prepare the landscape for more 

widespread and severe fires by decreasing fuel moistures and increasing dead, woody 

fuels. Fires occurring in these extended drought periods would then create the patchy 

canopy conditions (Figs. 7 and 8) and mineral soil needed for successful Douglas-fir 

recruitment. Our data suggest that tree recruitment began to increase during the most 

severe portions of droughts, suggesting Douglas-fir immediately began taking 

advantage of newly opened canopy gaps. The second phase began as the climate 

shifted back towards cooler and wetter conditions, where my data indicate initial 

growth rates (first 20 years) of Douglas-fir seedlings increased and tree recruitment 

rose to its maximum rate for a 10-20 period. Finally, the third phase of each pulse was 

marked by a decrease in both recruitment numbers and growth rates, suggesting 

increasing levels of competition as disturbed sites began to ‘fill up.’  
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Douglas-fir can recruit without fire, but this phenomenon typically occurs in 

drier forest types and grasslands where it receives sufficient sunlight and mineral soil 

is exposed (Thilenius, 1968; Tveten and Fonda, 1999; Heyerdahl et al., 2006). While 

other disturbance agents (wind-throw, root disease) can produce adequately-sized 

canopy openings, fire is most effective at creating the combination of large gaps, 

exposed mineral soil, and reducing competition from shrubs and herbs – particularly at 

the observed regional scale. We also know that fire has been a dominant disturbance in 

the Pacific Northwest landscape for over 10,000 years (Whitlock et al., 2003).  

Our analysis of spatial autocorrelation of Douglas-fir trees supports the 

connection between fire and Douglas-fir recruitment into existing stands. The spatial 

analysis shows trees within 30 m of each other are very likely to have established in 

the same cohort (Figs. 7, 8). This type of pattern is indicative of small-scale 

heterogeneity in age, creating a landscape of many small, discontinuous patches of 

tree recruitment commonly found in mixed-severity fire regimes (Arno et al., 2000; 

Ettema and Wardle, 2002; Taylor and Skinner, 2003). This pattern of small, patchy 

cohort recruitment is not observed where single-tree gaps are the primary means of 

recruitment into the overstory (Mast and Veblen, 1999).  

 

1900-present: Shifting recruitment dynamics   

With the creation of the US Forest Service (USFS) in 1905, suppression of all 

wildland fires became an official federal policy until the late 1960s. While the 

effectiveness of the USFS fire suppression campaign was relatively limited until the 

end of World War I, the sharp increase in the abundance of live trees that recruited 

around 1900, particularly of fire-sensitive species, suggests fire has been excluded 

from MC sites since that time. Widespread domestic livestock grazing may have also 

reduced fine-fuel loads, limiting the spread of fire across the landscape (Savage and 

Swetnam, 1990; Miller and Rose, 1999; Heyerdahl et al., 2006).  

Live trees that recruited in the 20th century were the most abundant of my 

sample. Sixty eight percent of live Douglas-fir and white fir recruited during this 
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period. Fire-sensitive white fir is also represented in far greater numbers than it was 

prior to 1900, suggesting frequent fires previously limited its survival.  

The strong relationship between climate and tree recruitment that was 

suggested for earlier periods appears to have weakened during the 20th century. 

Whereas conifer recruitment was historically most abundant during a cooler and 

wetter climatic period that followed an extended drought, tree recruitment patterns in 

the 20th century did not exhibit a distinguishable climatic response. Following the 

recruitment pulse at the beginning of the 20th century, Douglas-fir and white fir 

continued to recruit into increasingly dense stands despite the shift in climate toward 

warmer, drier conditions. When the climate shifted back toward cooler, wetter 

conditions, there was no positive response in recruitment.  

Until the late 19th or early 20th century, it appears most tree recruitment into 

the overstory of MC riparian forests occurred in large canopy gaps (>30 m in 

diameter) created by fire. Continuing the 50-60 year cycle, another pulse of tree 

recruitment occurred in the early 20th century; however, initial growth rates of 

Douglas-fir recruited during this period suggest they were not growing in canopy gaps, 

but in the shaded understory.. Rather than increase, as growth rates had historically 

during recruitment pulses, growth rates of most early 20th century Douglas-fir 

remained low (Fig. 3a).  

In the shade, 20th century Douglas-fir trees would not have received enough 

sunlight to support the rapid growth rates achieved by the dominant trees of the 

preceding recruitment cohorts. It is possible that slow-growing, suppressed understory 

Douglas-fir were present historically, but are not represented in the population of 

living pre-settlement trees because they were more susceptible to subsequent fires, 

insects, or diseases. The most successful trees would most likely have been the 

individuals that recruited into canopy gaps during post-fire, favorable climate pulses 

because they grew more rapidly out of the ‘lethal flaming zone’ (Mast et al., 1999). 

Although I cannot rule out the existence of small, suppressed trees in the pre-

settlement period, it is unlikely they would have survived multiple fires. Our data 
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suggests nearly all post-1900 Douglas-fir trees growing under modern stand 

conditions are not on the trajectory to replace the large-diameter trees that currently 

dominate the canopies of MC riparian forests (Fig. 3a, 6). The lack of successful 

Douglas-fir recruitment in the 20th century suggests fire exclusion has triggered a shift 

in the stand dynamics of riparian systems in this vegetation zone from a model 

characterized by frequent fire disturbance and shade-intolerant tree recruitment in 

large canopy gaps to one characterized by the replacement of overstory trees by shade-

tolerant species through individual tree-fall gaps.  

 

Conifer recruitment in the Interior Valley vegetation zone 

1580-1850: Pre-settlement conifer recruitment in savanna/woodlands 

The age structure of live Douglas-fir observed for IV sites suggests the 

survival of trees to a fire-resistant size was infrequent during the pre-settlement period 

and that the recruitment of live trees from this period does not appear to have been 

associated with climatic fluctuations. Given the apparent low survival rates of 

seedlings and saplings, IV tree densities in the pre-settlement period were most likely 

low relative to MC sites. Only 4 percent of live conifers on IV sites recruited prior to 

1850 versus 14 percent on MC sites. Low tree densities may also explain the high 

initial growth rates and average basal area growth rates of Douglas-fir that recruited 

during this period, relative to those that recruited during the 20th century (Figs. 4a, 6). 

Although widespread stand-replacing fires prior to the mid-19th century could explain 

the relatively small number of older trees, early Euro-American settler accounts in the 

Rogue River and Willamette Valleys noted the widespread use of fire by Native 

Americans in maintaining open oak savanna and woodland communities with conifers 

existing as scattered, open-grown individuals (Thilenius, 1968; LaLande, 1995). The 

low density of large-diameter conifer snags and logs (~21/ha) in this vegetation zone 

also suggests pre-settlement tree densities were low (Table 3).  

 

1850-1900: Expansion of conifers in the early settlement period 
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Around 1850, my data show the beginning of a conifer recruitment pulse larger 

than any in my record of the preceding pre-settlement period (Fig. 4b). Twenty percent 

of live conifers recruited from 1850-1900, five times the number from the previous 

280 years combined. The pattern of tree recruitment during this period is similar to the 

three-phase process seen for MC sites where recruitment and growth rates increase 

following fire (1850-1870), reach peak levels during a cooler, wetter climate, and 

subsequently decrease as sites fill-up (1870-1900). The apparently higher survival rate 

of trees recruited during this period is difficult to interpret given the number of co-

occurring, confounding factors.  

Euro-American settlers began to arrive in large numbers around 1850. 

Settlement altered both the numbers and distributions of Native American populations 

and likely affected the quantity and quality of indigenous burning. Euro-American 

activities such as livestock grazing, logging, mining, and agriculture also had severe 

impacts on vegetation communities – particularly in the low-elevation IV zone where 

settlers lived and worked most frequently (LaLande, 1995). According to regional fire 

scar evidence and early Euro-American accounts, the second half of the 19th century 

was a period of frequent fire – both natural and anthropogenic (LaLande, 1995; Taylor 

and Skinner, 1998). PDSI values also indicate 1850 marked the end of a 30-year 

drought and the climate during this period was relatively mild on average, creating 

favorable conditions for post-fire seedling growth and survival (Fig. 4c).  

 

1900-1940: Douglas-fir recaptures site dominance    

26% of live Douglas-fir and incense cedar on IV sites were recruited between 

1900-1940.  Climatic conditions during this period ranged from moderately cool and 

wet from 1900-1910 to a relatively severe drought from 1910-1940 (Fig. 4c). Despite 

the steady decline in PDSI values (toward warmer, drier conditions) from 1900-1930, 

conifer recruitment numbers and growth rates began to increase (Fig. 4b). The 

‘release’ of initial growth rates during this period suggests widespread fires may have 

killed a large portion of the young trees that had previously filled many IV sites during 
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the late 19th century– thereby opening growing space for subsequent recruitment. 

Despite drought conditions, Douglas-fir rapidly captured the newly available growing 

space with initial growth rates paradoxically increasing as drought conditions 

worsened. It appears that only two of my 13 IV sites did not experience this second 

pulse of recruitment and subsequently have Douglas-fir canopies that established 

almost exclusively during the late 19th century.  

Forest Service livestock grazing reports indicated livestock grazing during this 

period was widespread and that much of the region had been heavily overgrazed by 

cattle, sheep, and hogs (LaLande, 1995). These reports suggest grazing was 

responsible for a consistent ‘background’ level of disturbance to tree recruitment, but 

it is unlikely grazing would have resulted in the sudden release of initial growth rates 

observed just prior to 1900 because grazing does not typically kill large numbers of 

taller, established trees. 

 

1940-present: Dense, suppressed stands 

Around 1940, the climate shifted back to cooler, wetter conditions, coinciding 

with two decades of the most abundant conifer recruitment of my sample (Figs. 4b, 

4c). Forty nine percent of all live Douglas-fir and incense cedar recruited after 1940. 

Shortly after climatic conditions improved, growth rates began to decline to the lowest 

levels of my sample (Figs. 4a, 6). The apparent decoupling of climate and recruitment 

again suggests stands were becoming too crowded to support additional trees and the 

extremely slow growth rates of most trees recruited during this period indicate they 

were growing in the shaded understory. Because I did not sample seedlings or saplings 

too small to have a DBH, my late-20th century recruitment data are missing some trees 

that may have recruited during this time period. Nevertheless, my plot cover data 

indicate conifer seedling and sapling cover averaged less than one percent, so it is safe 

to assume I did not miss any large recruitment pulses. Without frequent fires, the trees 

that germinated in the late-19th and 20th centuries experienced much lower rates of 

mortality in the seedling and sapling stages. The apparently higher survival rate of 
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these cohorts has likely resulted in the in-filling of the open-canopy savannas and 

woodlands that were presumably present prior to Euro-American settlement.        

 

Characterizing historic fire regimes  

Our data suggest pre-settlement fire frequency and severity in riparian forests 

of southwestern Oregon differed between vegetation types. Although I was unable to 

construct a fire history for riparian forests, my more general characterizations of the 

historic fire regimes are supported by the observed age distributions, growth rate 

patterns, spatial patterns of recruitment, autecological properties of various tree 

species, the regional upland fire history, and historical accounts of Euro-American 

settlers (LaLande, 1995; Taylor and Skinner, 1998).  

 

Mixed Conifer    

Our work suggests riparian forests of the MC vegetation zone were historically 

shaped by a mixed-severity fire regime, similar to that of upland MC forests of the 

region (Taylor and Skinner, 1998). Pre-settlement recruitment dates of trees on MC 

sites span several centuries, with Douglas-fir of many ages located in close proximity 

to one another – suggesting large-scale stand-replacing fires did not occur. Multi-aged 

stands can result from low- and mixed-severity fire regimes; however, the spatial 

recruitment patterns of Douglas-fir during this period indicate mixed-severity fire-

driven, intermediate-scale canopy mortality was most likely responsible for its 

consistent dominance of the overstory. Given the patchy matrix of tree recruitment, 

the distribution of fuels would have been highly variable across space and time.  

Interactions between successive fires in mixed-severity regimes are 

particularly important in shaping the species composition, fuel characteristics, and 

future fire-severity in a given patch (Collins et al., 2008). Un-burned patches in the 

‘fire mosaic’ would have accumulated heavier fuel loads over time and therefore may 

have subsequently burned at a higher severity than the surrounding forest – potentially 

producing a canopy gap for Douglas-fir recruitment. Although large-diameter white fir 
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and Pacific yew (a highly fire-sensitive species) trees were relatively uncommon 

(~7/ha, ~15/ha respectively), their presence suggests that fire severities in many 

portions of pre-settlement riparian stands were quite low and un-burned patches 

played a key role in maintaining a greater species diversity. The absence of mixed-

severity fires due to fire suppression and other 20th century land management 

activities has apparently put MC sites on a new successional trajectory in which 

Douglas-fir can no longer dominate the forest canopy and may be replaced by white 

fir. 

 

Interior Valley 

Patterns of IV tree recruitment in the pre-settlement period appear to have been 

similar to those reported for Southwestern ponderosa pine forests where high-

frequency, low-severity fire was the key disturbance process (White, 1985; Mast et al., 

1999). In this type of fire regime, conifer establishment is dependent on the creation of 

‘safe sites’ where seedlings are able to establish and grow tall enough to survive the 

next fire (White, 1985; Mast et al., 1999). The resulting recruitment pattern is a pulse 

of recruitment after fire that experiences high rates of mortality in subsequent fires – 

thereby creating a relatively flat age distribution over time. Hardwood species are also 

an important component of the IV vegetation zone and their autecological 

characteristics provide other types of evidence to support my characterization of the 

pre-settlement fire regime. The presence of large-diameter, shade-intolerant 

hardwoods, such as Oregon white oak, California black oak, and Pacific madrone, 

indicates conifers were maintained at much lower densities under the pre-settlement 

fire regime. Without regular fire disturbance, conifers grow up through and overtop 

hardwoods, leaving them in the shade and eventually leading to their death. Multi-

stemmed hardwoods were also very common, which are typically the result of re-

sprouting after fire killed the above-ground stems (Agee, 1993). Without frequent fires 

to keep Douglas-fir expansion at bay, many shade-intolerant hardwoods are being 
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over-topped – particularly at my driest sites where most white oaks were already dead 

because they were in full-shade (Fig. 10).  

The role of anthropogenic ignitions in pre-settlement fire regimes is difficult to 

quantify, but early settlement records in the eastern Siskiyou Mountains indicate 

Native Americans frequently used fire to modify vegetation communities (Agee, 1993; 

LaLande, 1995). Oak savanna and prairie communities provided a greater abundance 

of food relative to dry Douglas-fir forests, so fire was an important management tool 

to limit the encroachment of Douglas-fir and to maintain the productivity of essential 

food sources such as camas (Camassia spp.), bracken fern (Pteridium aquilinum), 

tarweed (Madia spp.), and acorns (Agee, 1993).  

Unlike MC riparian forests, it appears that fire exclusion in the lower-elevation 

IV vegetation zone did not occur until much later in the 20th century. The delayed 

effectiveness of fire-suppression policies on IV sites in the early 20th century may be a 

result of Euro-American ignitions, both intentional and unintentional. Euro-American 

settlers used fire on a regular basis as a vegetation management tool during the first 

few decades of the 20th century, particularly to maintain grasslands for livestock 

grazing (LaLande, 1995). A number of factors likely contributed to the decline of 

anthropogenic burning after this period. Among these factors were: shifting attitudes 

towards burning associated with growing populations and conflict over smoke, the 

increase in commercial value of timber, and the collapse of livestock prices associated 

with the Great Depression (LaLande, 1995). By the end of World War I, the US Forest 

Service began successfully implementing an aggressive fire-detection and suppression 

campaign, reducing the number and extent of fires in the eastern Siskiyou and possibly 

western Cascade Mountains (LaLande, 1995). 
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Fig. 10. An open-grown Pacific madrone that is being over-topped by a younger 
cohort of Douglas-fir Photo taken adjacent to an intermittent stream in the Interior 
Valley vegetation zone in the Fielder Creek drainage, southwestern Oregon.   
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CHAPTER 5- CONCLUSIONS 

Ecological conclusions 

My findings support my hypothesis that riparian forests in southwestern 

Oregon experienced frequent fires and that fire exclusion has had ecologically 

substantial effects on the structure, composition, and successional trajectory of these 

forests. Historically, fires likely had similar effects on forest vegetation as those seen 

in upland forests of the region, where low- and mixed-severity fire regimes maintained 

lower density, spatially patchy, multi-aged stands of fire-resistant conifer and 

hardwood species.  

In Mixed Conifer riparian forests, patches of high-severity fire within the 

mixed-severity matrix apparently created canopy gaps in which new cohorts of 

Douglas-fir could establish within existing stands and perpetuate Douglas-fir overstory 

dominance. Fire exclusion has been associated with an increase in tree density and an 

increase in the recruitment of white fir, a fire-sensitive, shade-tolerant species. 

Without large canopy gaps, Douglas-fir recruitment has been restricted to the shaded 

understory where it grows very slowly and is unlikely to replace the large canopy 

dominant Douglas-fir trees that recruited before 1900. 

 Interior Valley riparian forests were most likely shaped by a low-severity fire 

regime, similar to that of Southwestern ponderosa pine, where frequent fires killed 

most tree seedlings and maintained open savannas or woodlands with shade-intolerant 

hardwoods and scattered, open-grown conifers. Fire exclusion has been associated 

with high survival rates in Douglas-fir recruited during the late 19th and early 20th 

centuries, resulting in the establishment of a closed-canopy, homogeneous conifer 

forest with fewer shade-intolerant hardwoods. Douglas-fir recruitment since the mid-

20th century has been declining and those that have recruited have been growing very 

slowly in the shaded understory. 

 

Management implications 
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Our findings suggest future management guidelines for riparian forests in fire-

prone forests of the Pacific Northwest should consider the substantial and potentially 

undesirable ecological effects of the current ‘hands-off’ management policy in riparian 

forests. For example, the Douglas-fir dominated canopy in the Mixed Conifer zone 

may eventually be replaced by white fir, which does not produce the high quality, 

large diameter, more decay-resistant standing snags and coarse woody debris desired 

for both terrestrial and aquatic species habitat. The eventual loss of shade-intolerant 

hardwood species in riparian forests of the Interior Valley zone will also be 

detrimental to the many species of birds and mammals that depend upon them for food 

and habitat. In both cases, the changing structure and composition will change future 

fire behavior. 

Under the Northwest Forest Plan, riparian management buffer zones extend 

one-to-two tree heights from the stream’s edge, even for intermittent headwater 

streams. Implemented across the entire landscape, these riparian management zones 

occupy a surprisingly large portion of the land surface – particularly in 

topographically complex regions such as the Klamath-Siskiyou, where 50% of a mile-

square section may be riparian management zones. Future management guidelines 

might also consider the effects of ‘hands-off’ riparian management zones on the 

effectiveness of restoration and fuels treatments on a landscape scale. The use of 

prescribed fire at larger scales might be more easily implemented or more effective if 

allowed to burn through riparian zones as fires did historically.  

At the stand scale, my findings suggest future proposals to restore pre-

settlement forest structure and composition in upland forests should include 

restoration treatments within adjoining riparian forests. As in the uplands, restoration 

treatments in riparian forests should increase the stand-scale patchiness or 

heterogeneity of canopy cover and reduce tree densities – particularly in the Interior 

Valley vegetation zone. Unlike many restoration and hazardous fuel treatments that 

have been implemented on federal lands, treatment guidelines should not be driven by 

maximum tree diameter limits, but rather the effects of the treatment on current and 
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future stand structure and composition. Because most riparian forests have not burned 

for 70-100 years, many trees that would have been killed by low- or moderate-severity 

fires are now too large to be killed by low-severity prescribed fires. This means 

prescribed fire objectives should be extended to include overstory mortality and patch 

creation. If these outcomes cannot be achieved through prescribed fire, mechanical 

treatments might also be applied prior to the use of fire. Mimicking the stand structure 

produced by the low and mixed-severity fire regimes that were present in the pre-

settlement period would promote the recruitment of shade-intolerant, fire-resistant tree 

species, increase overall tree health and growth, increase structural diversity, and 

create a more discontinuous forest canopy, restricting the spread of high-severity 

crown fires.            

If restoration or fuels treatments are to be applied within, and adjacent to 

riparian forests in southwestern Oregon, future management guidelines will need to 

balance those objectives with the in-stream habitat requirements of anadramous fish. 

In particular, the need for a steady supply of coarse wood and a well-shaded 

environment may appear incompatible with the restoration of savanna or woodland 

conditions in the Interior Valley zone; however, reductions in tree density upslope for 

restoration or fuels reduction purposes may increase water infiltration into the soil, 

reduce transpiration loss, and so result in greater stream flow and cooler in-stream 

temperatures. Further research may be necessary with respect to the effects that 

riparian restoration and fuels treatments might have on in-stream habitat conditions.  

Recognizing the role of natural disturbances and the dynamic nature of vegetation 

communities in this fire-prone region will be necessary for outlining the future of 

landscape-level forest management.   
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APPENDIX 

Table i. Linear regression models used for estimating tree age 
Species Veg. type Region Model r^2

Douglas-fir Mixed Conifer Applegate age=EXP(3.346+0.4146*LN(DBH)) 0.62
Butte Falls RA age=EXP(3.4201+0.4067*LN(DBH)) 0.53

Interior Valley Applegate age=EXP(3.384+0.3204*LN(DBH)) 0.51
Butte Falls RA age=48.6949+1.6405*(DBH) 0.66

White fir Mixed Conifer Both age=60.9509+1.562*(DBH) 0.47
Incense cedar Interior Valley Both age=70.2805+1.5165*(DBH) 0.63  


