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Abstract 

Quantitative metrics of horizontal and vertical structural attributes in eastside old-growth ponderosa pine (Pinus 
ponderosa P. and C. Lawson var. ponderosa) forests were measured to guide the design of restoration prescriptions. The 
age, size structure, and the spatial patterns were investigated in old-growth ponderosa pine forests at three protected study 
areas east of the crest of  the Cascade Range: Metolius Research Natural Area and Pringle Butte Research Natural Area in 
central Oregon and Blacks Mountain Experimental Forest in northern California. The three study areas represented sites 
characterized by deep accumulations of pumice from Cascade volcanism. All stems > 15 cm in height (minimum height of 
an established seedling) were mapped and measured on a total of 27 l-ha plots. The distribution of trees within each 
individual plot was investigated by second-order spatial analysis with Ripley's K(d) function, and then evaluated across 
each study area with functional data analysis. Coarse woody debris was sampled by using the strip-plot method to 
determine log density, mean log size, volume, and cover. The oldest trees were 618 years at Metolius, 613 years at Pringle 
Butte, and 330 years at Blacks Mountain. Stands were multi-aged, with as many as 16 cohorts at Metolius and 22 cohorts at 
Pringle Butte. Density of live old-growth ponderosa pine in the upper canopy ranged from 34 to 94 trees ha - I  at Metolius, 
35 to 79 trees ha - I  at Pringle Butte, and 15 to 73 trees ha -I  at Blacks Mountain; the differences between study areas were 
not significant, resulting in an overall mean density of 50 4- 3.5 live old-growth trees ha - I .  Mean diameters of these old- 
growth trees did not differ among the three study areas; the overall mean was 60.0 4- 1.55 cm dbh. Large dead ponderosa 
pines (overall mean diameter 61.7 4- 4.33 cm) were a common feature at all three study areas; the overall mean density was 
9.0 4- 0.97 trees ha - ] .  Ripley's K(d) analysis of spatial point patterns using upper canopy trees revealed significant 
departure from randomness in 24 of the 27 plots. Functional data analysis of the spatial relationship of all sample plots by 
study area revealed two strong patterns. At scales of 1.2 < d < 2.6 m at Metolius and 1.6 < d < 8.4 m at Blacks Mountain, 
the deviation from random was not significant, suggesting the distribution of  old-growth trees was random. More 
important, significant positive deviation from complete spatial randomness at larger scales at Metolius and Blacks 
Mountain suggested a clumped distribution. Maximum radii of the clumps were about 22.5 m in diameter at Metolius and 
about 24 m in diameter at Blacks Mountain. In contrast, old-growth trees at Pringle Butte were randomly distributed. 
Density of logs at Metolius and Pringle Butte was 47.0 5 :5 .28  logs ha -~, their mean large-end diameter was 37.6 5: 
2.41 cm, the mean length of each log was 4.2 4- 0.09 m, the cumulative length of all logs averaged 512.9 5:78.12 m, the 
total volume averaged 62.3 5 :6 .30  m 3 ha - I .  and the cover averaged 1.7 5: 0.08%. A majority of  the logs were in an 
advanced stage of decomposition, suggesting that they were in place for considerable time. These results are discussed in 
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the context of reference conditions for restoration of ecosystem health and ecological integrity in eastside ponderosa pine 
forests. 
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1. Introduction 

Coniferous forests east of the crest of the Cascade 
Range in the Pacific Northwest have undergone dra- 
matic physiognomic changes in the last 100 years. 
Early settlers and surveyors at the beginning of the 
20th century passed through open forests of ponderosa 
pine (Pinus ponderosa P. and C. Lawson var. ponder- 
osa, in contrast to P. ponderosa var. P. and C. Lawson 
var. scopulorum Engelm. found throughout the Rocky 
Mountains and the southwest) with widely spaced 

, trees, few if any down logs, and little litter and woody 
undergrowth (Languille et al., 1903; Wickman, 1992; 
Bonnicksen, 2000). Witness trees marked by land 
surveyors during the late 1800s in central Oregon 
were predominantly ponderosa pine with diameters 
that exceeded 50 cm (Perry et al., 1995). The stem 
pattern of these eastside forests was a seemingly 
uniform park-land of widely spaced medium to large 
and old trees and continuous herbaceous undergrowth 
(Agee, 1994). This pattern best fits the "old forest 
single strata" stand structure class (O'Hara et al., 
1996) and was largely the result of repeated surface 
fire. Historical fire regimes in these forests consisted 
of very frequent (<25 year mean fire-free interval) to 
frequent (26-75-year mean fire-free interval), low 
intensity fires that bumed some or most forest floor 
plants, consumed litter, and killed primarily small 
trees (Kilgore, 1981: Agee, 1993). Estimated fire 
return interval was 4-11 years in central Oregon 
(Bork, 1984; Morrow, 1986), 10-11 years in north- 
eastern Oregon (Hall, 1980; Heyerdahl, 1997; Olson, 
2000), and 7 years in eastern Washington (Everett 
el al., 2000). 

Current amounts of eastside old-growth ponderosa 
pine forest are estimated to range from as low as 3-  
15% of pre-Euro-American settlement levels (Bol- 
singer and Waddell, 1993: Everett et al., 1994; Perry 
et al., 1995; Hann et al., 1997; Beardsley et al., 1999). 
Decline in the overall extent of eastside old-growth 

ponderosa pine forest can be attributed to changes in 
natural disturbance regimes resulting from active 
management programs for fire suppression, livestock 
grazing, selective logging of old fire-resistant trees for 
timber and insect control, and extensive road building 
(Bergoffen, 1976; Johnson et al., 1994; Oliver et al., 
1994). With effective fire exclusion, understory tree 
density in the remaining ponderosa pine stands has 
increased, stand composition now includes more fire- 
intolerant species, and stands are at greater risk of 
replacement (Agee, 1993, 1996; Covington and 
Moore, 1994). These stands now fit the "old forest 
multi-strata" stand structure class (O'Hara et al., 
1996). 

There is widespread recognition of the need to 
restore health and resiliency to eastside forest ecosys- 
tems (Quigley et al., 2001). Land managers are more 
aware of the many disturbance agents affecting for- 
ests, yet often lack the knowledge of how disturbance 
agents interact with each other and how they interact 
across multiple scales to cause changes that may affect 
ecosystem integrity. Increasingly, managers are 
attempting to restore the frequency and intensity of 
disturbances and thus the resulting periods of stability 
through thinning, underbuming, and fuel reduction 
treatments that prevent stand-replacement fires (Arno 
and Ottmar, 1994; Fiedler, 1996; Weatherspoon, 2000: 
Conard et al., 2001; Oliver, 2001). Protection of 
remnant old-growth ponderosa pine stands and indi- 
vidual trees (Perry et al., 1995) as well as variability in 
thinning density to mimic the spatial distribution of 
stems in old-growth stands (Harrod et al.. 1999) have 
been suggested as a key component of restoration 
efforts. Other efforts to accelerate the development 
of old-growth characteristics include retention of 
snags, and planning for future snags and down woody 
material. 

While considerable attention has been given to 
describing old-growth characteristics of Douglas-fir 
(Pseudotsuga menziesii (Mirbel) Franco) forests west 
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of the crest of the Cascade Range (Franklin and Spies, 
1991; Ansley and Battles, 1998; Acker et al., 1998; 
Van Pelt and Franklin, 2000), little attention has been 
directed at developing a detailed description of struc- 
tural attributes in eastside old-growth ponderosa pine 
stands that could serve as a model in restoration 
efforts. Spatial point pattern as a component of old- 
growth structure is of particular interest because it 
reveals information on stand history, population 
dynamics, and competition (Haase, 1995). An interim 
definition ~ of eastside old-growth ponderosa pine 
forest attributes was prepared by the USDA Forest 
Service in 1993 and was based on structural features 
such as the number of large trees, number of snags, 
amount of down woody material, number of tree 
canopy layers, the native shrub or herb component, 
and the amount and size of tree or canopy gaps. While 
the interim definition was derived from a database 
used for plant association classification, little data was 
available to support the definition, and professional 
judgement was relied upon for much of the descrip- 
tion. Harrod et al. (1999) postulated historical condi- 
tions after first measuring and mapping stumps, logs, 
snags, and live trees within mixed ponderosa p ine- -  
Douglas-fir stands in a relatively small area of eastern 
Washington, yet this work involved a narrow range of 
tree ages, and was conducted on a site that was 
extensively logged for timber during the late 1920s 
and early 1930s. In addition, Harrod et al. (1998) 
developed a model for determining historical snag 
densities in dry forests east of the Cascade Range. 
There remains a need for quantified descriptions of 
old-growth ponderosa pine forest structure that 
include the spatial point pattern if managers are to 
use the remaining old-growth stands as a guide for 
restoration efforts. 

The purpose of this study was to develop quantita- 
tive measures of horizontal and vertical structural 
attributes in eastside old-growth ponderosa pine for- 
ests to guide the design of restoration prescriptions. In 
this context, horizontal and vertical structure is limited 
to live and dead trees and logs; we fully recognize the 
importance of understory vegetation, especially 
shrubs and graminoids as structural components that 
may be affected by ecological processes and may have 

I Unpublished report on file, USDA Forest Service, Pacific 
Northwest Research Station, LaGrande, OR. 

importance equal to that of tree strata when restoration 
activities are considered. Sampling was confined to 
the pumice-dominated portion of the range of eastside 
ponderosa pine, a broad band extending from about 
47°N latitude in Washington south through Oregon to 
about 40°N latitude in California. Forests within this 
band develop in the orographic rainshadow of volcanic 
peaks of the Cascade Range. The following questions 
were addressed. (1) What diameter distributions were 
historically (pre-1900) present within old-growth pon- 
derosa pine stands? (2) What were the historical 
ranges of densities of trees within old-growth ponder- 
osa pine stands? (3) Were there common spatial 
patterns of trees in old-growth ponderosa pine stands? 
(4) How can this information be applied to support 
management of eastside ponderosa pine stands? 

2. Methods 

2.1. Study areas 

Sampling for this study was conducted in three 
separate areas: Metolius, 23 km northwest of Sisters 
in north-central Oregon, Pringle Butte, 46 km south- 
west of Bend in south-central Oregon, and Blacks 
Mountain, 64 km northwest of Susanville in north- 
eastern California (Fig. 1). Each study area was domi- 
nated by ponderosa pine, with minor amounts of other 
conifers present. Each study area was unique with 
respect to the surrounding landscapes in that the study 
area was situated within a larger area designated and 
protected from all Euro-American logging. Conse- 
quently the legacy of historic stand structure was 
present. The Metolius study area is about 300 ha 
within the 581-ha Metolius Research Natural Area 
(RNA), established as a designated reserve for non- 
manipulative research in 1931 in recognition of the 
old-growth ponderosa pine stands present (Hall, 
1972a). The Metolius study area (lat. 44°30'N, long. 
121°37'30"W) lies on a nearly flat bench (elevation 
900 m). Associated species include antelope bitter- 
brush (Purshia tridentata (Pursh) DC.) and western 
needlegrass (Achnatherum occidentale (Thurb. ex S. 
Wats.) Barkworth). Soils are well drained, developing 
in basalt and andesite residuum overlain with 2-5 cm 
of dacite pumice from the explosion of ancient Mount 
Mazama (now Crater Lake) some 6600 years ago and 
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Fig, 1. Map of western USA. showing locations of old-growth ponderosa pine study areas sampled in this study. 

<7 cm of basaltic ash from cinder cones to the 
east. The closest weather station is about 23 km south- 
east at Sisters, OR (iat. 44°17'N, long. 121°33'W) 
(Fig. 2) with continuous records since 1958; this 
station is at the margin of continuous forest, and 
probably receives less precipitation than the Metolius 
area. Mean annual temperature at the Sisters station is 
7.5 °C and mean annual precipitation totals 357 mm, 
mostly as snow. 

The Pringle Butte study area is about 200 ha in size, 
and lies within the 470-ha Pringle Falls RNA, estab- 
lished as a designated reserve for non-manipulative 
research in 1936 in recognition of its old-growth 
ponderosa pine stands (Hall, 1972b). Pringle Butte 
study area (lat. 43°42'N, long. 121°37'W) lies on a 
south slope (elevation 1460 m). Slope angle was <5%. 

Associated vegetation includes lodgepole pine (Pinus 
contorta Dougl. ex Loud.) as a subordinate and ante- 
lope bitterbrush, snowbrush (Ceanothus velutinus 
Dougl. ex Hook.) and greenleaf manzanita (Arctosta- 
phylos patula Greene). Soils are well drained, rela- 
tively undeveloped loamy coarse sands and ash 80- 
130 cm in depth, derived from aerial deposits after the 
explosion of ancient Mount Mazama. Three basaltic 
cinder cones form part of the RNA perimeter. The 
closest weather station is 130 m lower in elevation at 
Wickiup Dam, OR (lat. 4°41'N, long. 121°41'W) 
(Fig. 2), about 6 km to the southwest, with continuous 
records since 1941. The mean annual temperature at 
Wickiup Dam is 6.3 °C, and the mean annual pre- 
cipitation totals 534 mm, mostly as snow during win- 
ter or rain during early summer convection storms. 
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Fig. 2. Climatic features for weather stations in close proximity to 
study areas. Pattern of mean monthly maximum temperature, mean 
monthly temperature, and mean monthly minimum temperature 
(left axis and broken lines), with the pattern of mean monthly 
precipitation superimposed (right axis and solid lines) for Sisters 
near Metolius, Wickiup Dam near Pringle Butte, and Chesters near 
Blacks Mountain. 

The Blacks Mountain study area lies within 
the 3715-ha Blacks Mountain Experimental Forest, 
established in 1934 as a principal site for manage- 
ment studies in eastside ponderosa pine forests. The 
Blacks Mountain study area (lat. 40°40'N, long. 

121°10'W) lies within a gently rolling basin with 
southern and western aspects (elevation 1700- 
2000 m). In addition to ponderosa pine, Jeffrey pine 
(Pinus jeffreyi Grev. and Balf.) occurs in limited 
amounts along the perimeter of frost pockets and at 
higher elevations. Incense-cedar (Calocedrus decur- 
rens (Torr.) Florin) occurs as scattered individuals. 
White fir (Abies concolor (Gord. and Glend.) Lindl. 
ex Hildebr.) occurs occasionally at higher elevations. 
Other associated species include antelope bitterbrush, 
greenleaf manzanita, mountain big sage (Artemisia 
tridentata Nutt. spp. vaseyana (Rydb.) Beetle), Idaho 
fescue (Festuca idahoensis Elmer), and western needle 
grass. Soils are mostly moderately deep loams and 
sandy loams over fractured basaltic bedrock. The 
closest weather station is at Chesters, CA (lat. 
40°18'N, long. 121°14'W) (Fig. 2) with continuous 
records since 1948; this station is about 40 km south 
of Blacks Mountain and probably receives less pre-. 
cipitation than the Blacks Mountain study area. Mean 
annual temperature at the Chester station is 8.1 °C and 
mean annual precipitation totals 860 mm, mostly as 
snow.  

2.2. Sampling methods 

Stand structure and spatial point patterns at Metolius 
were characterized between 1995 and 1997 within 
twelve 100m × 100m plots, with the perimeter 
oriented in cardinal directions. Comparable data from 
five l-ha plots were obtained during 1999 at Pringle 
Butte. Each plot was systematically established within 
a larger unit roughly 20-ha in size; plots were a fixed 
distance and direction from common benchmark 
points without regard for structural characteristics. 
All trees >15 cm tall were tagged, and species, 
diameter at breast height (dbh), and crown class 
(classified as dominant, codominant, intermediate, 
overtopped, or seedling) noted. Dominant trees had 
crowns that rose through or above the general canopy 
and received full sunlight from above and partial light 
from the side. Codominant trees had crowns in the 
upper canopy that were blocked from receiving light 
from the side by neighboring crowns. Intermediate 
trees had crowns that received little light from above 
and none from the side. Overtopped trees had crowns 
completely overtopped by one or more neighboring 
trees. Dominant and codominant trees are hereafter 
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referred to as "upper canopy" and intermediate and 
overtopped trees are referred to as "lower canopy." 
Seedlings were defined as any stem between 15 cm 
and 1.37 m in height. Total tree height was measured 
with a clinometer or survey laser for randomly selected 
trees representing each of the four strata. A single 
increment core was taken at breast height from the 
same trees measured for height. Because some of the 
plots occurred in larger units in which low intensity 
underburning was applied within the previous five 
years, all stems were carefully assessed for bole char 
and crown scorch as indicators that the tree was either 
alive or dead before the fire. 

Each stem was mapped by using a survey laser 
mounted on a tripod and a small rrflector to measure 
bearing (nearest 0.1 °) and horizontal distance (nearest 
0. i m) to the middle of each tree from reference points 
in 16 25 m x 25 m cells. For small trees, the bole was 
bent to the side and the reflector was held directly over 
the root collar. For larger trees, the distance was 
measured to the side of the bole on the arc that passed 
through the pith. Reference points were established at 
the corners of cells that gave clear, unobstructed views 
to mapped trees and to the southwest comer of the 
plot. The number of reference points varied from 7 to 
25, but most of the plots could be completely mapped 
by using 14 reference points. The maximum distance 
between any tree and a reference point was confined to 
<35.4 m. Finally, in each plot, the angle and horizontal 
distance from the southwest comer to each reference 
point was measured. 

Coarse woody debris (CWD) sampling techniques 
followed the strip-plot method evaluated by Bate et al. 
(2002) and used by Torgersen (2002) for determining 
log density, large-end diameter, mean length, total 
length, volume, and percent cover of logs. The middle 
of a 4 m x 40 m strip plot was.centered over each of 
the nine interior cell comers, with the strip oriented at 
a bearing determined randomly. Only logs or parts of 
logs that were > 1 m in length with large-end diameter 
> 1 5 c m  and small-end diameter >7 .6cm and the 
large end inside the strip plot qualified as contributing 
to log density. Large end, small end, and length of 
qualifying logs were measured. Only that portion of 
non-qualifying logs (those with large end falling out- 
side the strip plot) that fell within the strip plot were 
measured for total length, volume, and cover, with 
diameter of the piece measured at the line of intercept 

with the strip plot boundary. Volume of each log was 
calculated using Smalian's formula: 

Voli = ½ (LEA/+  SEA/) × Li 

where LEAi and SEAi are the cross-sectional areas of 
the large and small ends, and Li, is the length of the ith 
log. Percent cover was the vertical projection of logs 
as a percentage of the total area and assumed no 
overlap of pieces. In addition, the decomposition class 
of each log was recorded, following the protocol of 
Maser et al. (1979). 

Data from Blacks Mountain were originally 
obtained as part of the long-term "methods of cutting" 
study (Dolph et al., 1995a) established in 1938. A 
complete control (no cutting treatment) was applied to 
an 8-ha experimental unit and replicated in 10 blocks 
uniformly distributed across the entire experimental 
forest. Within each control treatment unit, a 200 m × 
400 m plot was established with a transit and stadia 
with the long dimension roughly perpendicular to the 
contour lines. The plots were reinventoried in 1990 by 
using a staff compass and metal tape to map all live 
trees >29.2 cm dbh in two hundred 20 m × 20 m cells. 
Dead stems apparently were not noted at the time of 
plot establishment but were felled for fire-hazard 
reduction in 1947; all inventoried dead represent those 
stems that had died since this date. Hand-drawn maps 
of stem locations for the 10 control plots at Blacks 
Mountain were subsequently digitized by the staff at 
the Redding Silviculture Laboratory, Redding, CA, 
with locations converted to x, y coordinates (nearest 
0.1 m). Because the original plots were larger than 
1 ha, data from a 100 m × 100 m subset were system- 
atically extracted to provide conformity with the plot 
size used at Metolius and Pringle Butte. Increment 
cores were not collected and tree heights were not 
measured at Blacks Mountain. CWD data were not 
available from Blacks Mountain. 

2.3. Analysis of age classes 

Increment cores collected at Metolius and Pringle 
Butte were sanded to clarify the rings, and annual rings 
counted under a binocular microscope. For accuracy, 
counts were made independently by two people. The 
number of rings to the pith on cores where pith was not 
present was estimated using templates of concentric 
circles. Cores were discarded from further considera- 
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tion if the pith was not within an additional 10 rings. 
Total tree age was computed as the total number of 
annual rings in the core plus 10; based on local 
observation, 10 years was the average number of years 
required for a ponderosa pine seedling to reach 1.37 m 
in height. 2 

2.4. Analysis of  structural components 

Stem density, diameter class distribution, stand den- 
sity index, basal area, mean tree height, and age dis- 
tribution were computed to describe the population 
structure of standing trees in each plot and study area. 
Absolute density of stems was computed as the sum of 
all stems, including seedlings, within the plot. Because 
seedlings were defined as <1.37 m in height, they lack 
diameter and were not considered in subsequent sum- 
maries of class, stand density index, basal area, and 
mean tree height. Because sampling occurred on a full 
hectare, basal area of trees was computed as a summa- 
tion of the cross-sectional areas of all trees > 1.37 m in 
height. Trees were grouped into 10 cm dbh size classes 
to give size-frequency distributions for each plot. Stand 
density index (SDI) is a relative density measure based 
on the relationship between mean tree size and number 
of trees per unit area in a stand (Reineke, 1933), and has 
proved useful for quantifying relative density across a 
wide variety of stand conditions because it is indepen- 
dent of site quality and stand age (Long and Daniel, 
1990). Because the diameter distribution was unknown 
or was not normal, SDI was calculated as a summation 
of individual tree values: 

= ° 

where SDI is stand density index, dbhi is diameter in 
cm at breast height (1.37 m) of the ith tree in the plot, 
and the exponent a is a species-specific value (Shaw, 
2000). Cochran (1992) defined a as 1.7653 based on a 
regional analysis of ponderosa pine density in Oregon 
rather than the more generally applied exponent 1.6 
used for Blacks Mountain; 1.74 was used for lodge- 
pole pine and 1.73 was used for all other species. SDI 
was calculated for each plot at Metolius, Pringle Butte, 
and Blacks Mountain. While dead trees (snags) are not 
normally summed for a determination of SDI, we 

2Unpublished data on file, USDA Forest Service, Pacific 
Northwest Research Station. LaGrande. OR. 

calculated a separate value of SDI for dead trees 
because the space they occupy is space not readily 
available for live trees. 

A total of 251 trees were measured for total height at 
Metolius, ranging from 6 to 116 cm in diameter. An 
additional 211 trees were measured for total height at 
Pringle Butte; these sample trees ranged from 1.5 to 
121.9 cm in diameter. Because it was n.ot possible to 
measure heights of all trees at each study area, these 
two subsets were used to verify applicability of a 
general height--diameter equation especially devel- 
oped for large tree sizes (Moore et al., 1996). This 
equation has the following form for ponderosa pine: 

HTi = 4.5 + 1769.17 x e (-5'7742 xdbhl)-°2t97 

where HTi is the total height in feet of the ith tree and 
dbhi is the corresponding diameter at breast height in 
inches. Regression of observed tree height against 
calculated height with a linear model resulted in all 
R 2 value of 0.94 for Metolius and 0.92 for Pringle 
Butte. Based on this fit, the equation was judged 
sufficient for estimating tree heights at Metolius and 
Pringle Butte. Height-diameter equations developed 
specifically for Blacks Mountain stands by Dolph et al. 
(1995b) were used for all pine, white fir, and incense- 
cedar at Blacks Mountain. 

Log density (number ha-l) ,  mean large-end dia- 
meter, mean length of each log, cumulative length, 
volume of each log, total volume, percent cover, and 
frequency by decomposition class were summarized 
by species and plot for Metolius and Pringle Butte. 

Analysis of variance (ANOVA) with least signifi- 
cant difference multiple comparison method was used 
to compare mean tree density, diameter, SDI, basal 
area, and height among the three study areas. Assump- 
tions of normality and equal variances were tested 
graphically (Quinn and Keough, 2002). The t-tests 
were used to compare structural features between 
Metolius and Pringle Butte when comparable data 
were not available from Blacks Mountain. P-values 
from ANOVAs and t-tests are reported for all variables 
when significant (P < 0.05). 

2.5. Analysis of spatial patterns 

Angle and distance measurements for each tree 
within each cell were converted to a Cartesian coor- 
dinate system based on the respective reference point 
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using sine and cosine relations, then each entire plot 
was transformed to make the coordinate system cor- 
respond to an origin in the southwest corner. The 
distribution of trees within each plot was investigated 
by second-order spatial analysis with Ripley's K(d) 
function, a cumulative density function which uses the 
second moment, i.e., the variance of all point-to-point 
distances in a closed plane (a fixed-area rectangular 
plot) to evaluate two-dimensional distribution patterns 
(Ripley, 1976: Diggle, 1983; Upton and Fingleton, 
1985; Moeur, 1993; Haase, 1995). Ripley's K(d) 
analysis compares the distribution of point-to-point 
(tree-to-tree) distances to a distribution for a hypothe- 
sized point pattern to test whether the observed pattern 
is random, aggregated, or regularly spaced. In this 
analysis, a circle of radius d is centered on each point 
and the number of individual points distributed within 
the circle is counted. For n individual points distrib- 
uted in an area A, the density (2 = n/A) is the intensity 
or mean number of points per unit area. The function 
2K(n) is the expected number of additional points 
within radius d of any one arbitrary point. If the points 
are randomly (Poisson) distributed, the expected value 
of K(d) is r~d 2. The cumulative distribution function of 
the distance from all trees on a plot to all other trees is 
estimated by ~'(d) as: 

" " w Ad) 
K(d) = A Z ~ - - ~  n2 , f o r / ~ j  

i=1 j=l 

where n is the number of trees, A is the area of the plot, d 
is the distance between tree i and tree j, and wij is an 
isotropic weighting parameter that corrects for bound- 
ary effects when the second tree is outside the plot 
(Ripley, 1977: Moem, 1993). The ~'(d) distribution was 
computed for values o ld  from 0 to a maximum of 15 m 
at 0.2 m intervals for all trees and separately for upper 
and lower canopy trees. Selection of d is somewhat 
arbitrary but is influenced by plot size. After exploration 
with larger values we used a d of 15 m because this 
distance appeared to capture the distribution of all trees 
that might realistically influence any given tree. Con- 
ventionally, L(d) is reported rather then ~'(d). L(d) is a 
square root transformation that linearizes/~'(d), stabi- 
lizes its variance, and has expected value approximately 
zero under the Poisson assumption: 

L(d) = - d 

Under this approach, we obtain an estimation of patch 
radius because the greatest positive deviation from 
zero within the bounds of d is an approximate indi- 
cator of patch radius (Martens et al., 1997). 

To test the statistical significance of departure from 
hypothesized complete spatial randomness of the test 
statistic L(d), we used a Monte Carlo simulation 
approach to construct a 95 % confidence interval based 
on 100 iterations of a Poisson distribution, with n 
equal to the same number of trees in the plot (Moeur, 
1993). When trees were relatively close to each other, 
L(d) became positive and extended beyond or outside 
the upper limit of the confidence region and the 
observed distribution was considered to have a 
clumped distribution. When trees were relative far 
from each other, L(d) became negative and extended 
below the confidence region and the interpretation was 
judged to be uniform or regular. When L(d) remained 
within bounds of the upper and lower confidence 
bounds for any given d, the null hypothesis of com- 
plete spatial randomness was not rejected. 

Spatial analysis of an individual plot using Ripley's 
K(d) function and the L(d) statistic is informative in 
identifying a single unique spatial point pattern for 
that plot, and revealing how that pattern changes with 
scale (levels of d). Because the function and the 
corresponding confidence interval are sensitive to 
the number of points, different plots cannot be directly 
pooled to test the hypothesis that various spatial point 
patterns from different plots are in agreement and 
represent model conditions. Interpretations of Ripley's 
K(d) function and the L(d) statistic has thus been 
limited to those for the single plot. To overcome this 
limitation and thus evaluate historic old-growth spatial 
point patterns from a larger number of plots represent- 
ing a larger set of conditions, we used functional data 
analysis (Ramsay and Silverman, 1997) to calculate a 
mean L(d) for each of the three study areas. Functional 
data analysis is the statistical analysis of data where 
the data are themselves functions, i.e., the relationship 
of y to x over some defined range and domain. Func- 
tional data analysis has proved beneficial in evaluating 
independent functional observations from various 
unrelated fields such as cyclic curves representing 
human bone outlines with specific landmarks, reaction 
time after a visual stimulus in children with attention 
deficit hyperactive disorder, and components of 
weather records such as phase and amplitude variation 
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in weather records of temperature and pressure (Ram- 
say and Silverman, 2002). Functional data analysis 
generally involves some level of smoothing to obtain 
continuous functions from the source data. While the 
amount of smoothing used is somewhat arbitrary, we 
explored various options and selected a general B- 
spline (basis spline) method with five basis functions 
to provide the most generic or smoothest overall 
function (Ramsay and Silverman, 1997). 

Our nomenclature for the L(d) statistic was aug- 
mented as Zkt(d), for plots k = I, 2 . . . . .  ml, with 
l = designating study areas i . . . . .  3, and m designat- 
ing the number of plots within each study area. From 
this, we summarized the estimated spatial pattern 
functions across replicate plots within study areas to 
obtain an estimate of the mean spatial pattern for each 
study area, L_..t~. Separately, we derived confidence 
bounds for L t(d) to assess spatial randomness of the 
mean spatial pattern function for each study area. We 
computed estimates of the variance function f'kt(d) 
within each plot based on nij, the number of trees in 
each plot, 100 iterations of a Monte Carlo simulation, 
and a Poisson distribution of the niy points, assuming 
spatial randomness. Functional data analysis methods 
were again used to composite (average) estimates of 
the variance functions at the plot level to obtain a 
combined estimate of variance at the study area level, 
f'.t(d). The average variance function was then used to 
compute a standard error function at the study area 
level. The standard error function re_.gp_~sents the sam- 
piing error of the mean function L t(d), based on the 
number of plots, within a study area, and was computed 
as S.E.t(d) = [f,'.t(d)/n.t] I/2. Approximate 95% con- 
fidence bounds for assessing spatial randomness of the 
mean spatial pattern function at the study area level is 
then +2 S.E.t(d), since the expected mean is equal to 0 
assuming spatial randomness. The resulting mean 
spatial pattern function, Lj(d), and +2 S.E.t(d) con- 
fidence bounds for the mean were plotted for each 
study area to assess when the mean function departed 
from spatial randomness. Thus L.t(d) and upper 
and lower confidence bounds were for determining 
spatial randomness were calculated using 12 unique 
distributions for Metolius, 5 distributions for Pringle 
Butte, and 10 distributions for Blacks Mountain. Lack 
of spatial randomness is indicated when the mean 
function occurs outside the confidence bounds +2 
S.E.t(d). 

3. Results 

3.1. Age structure 

Diameter and total age relations in ponderosa pine 
are usually obscure; young trees persist for decades 
with little diameter growth when suppressed, and old 
trees persist for centuries with little diameter growth 
when crowns deteriorate. Total ages of 215 trees were 
obtained at Metolius; these trees ranged from 37 to 
618 year in age (Fig. 3). A total of 99 trees were from 
dominant or codominant trees in the upper canopy, 
with mean dbh of 63.9 cm and mean total age of 214 
years (Fig. 4). There were two prominent peaks in the 
frequency of establishment of these aged trees; the 
first peak was 120-123 years and the second peak was 
250-260 years before present. The remaining 116 
aged trees were intermediate and overtopped trees 
in the lower canopy with mean dbh of 21.5 cm and 
mean total age of 78 years (Fig. 4). While no minimum 
dbh criterion was used for classifying live trees into 
the upper canopy classes, the upper canopy class trees 
that were aged were, with only one exception, 
>36 cm dbh and >100 years in total age. Conversely, 
lower canopy class trees that were aged were generally 
smaller in dbh and younger. 

A total of 170 trees were sampled for total age at 
Pringle Butte. Trees ranged in age from 47 to 613 
years in age (Fig. 3). A total of 118 ponderosa pine 
were from dominant or codominant positions in the 
upper canopy, with mean dbh of 56.5 cm and mean 
total age of 243 years (Fig. 4). While our random 
selection of trees for sampling to determine total age 
was not designed to identify discrete age classes, 
>40% of the dominant and codominant trees were 
between 150 and 190 years in age. Intermediate and 
overtopped trees in the lower canopy were represented 
by 40 ponderosa pine with mean dbh of 21.2 cm and 
mean total age of 105 years (Fig. 4). While upper 
canopy class trees were >36 cm dbh and >100 years in 
total age, similar to conditions at Metolius, lower 
canopy class trees often were <36 cm dbh yet >100 
years in total age. 

Additional size-age sampling at Pringle Butte 
included three upper canopy class Iodgepole pine with 
mean dbh of 35.5 cm and mean total age of 123 years, 
and eight lower canopy class lodgepole pine with 
mean dbh of 17 cm and mean total age of 60 years. 
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in the upper canopy (©) and intermediate and overtopped trees in 
the lower canopy (A). 

We have no direct size-age data from Blacks Moun- 
tain; all of the stems were assumed to be in excess of 
100 years in age because initial characterization was 
limited by minimum diameter. Recent work at Blacks 
Mountain supports this assumption; dominant and 
codominant trees occurred in three age classes with 
means of 330, 223 and 109 years, and intermediate and 
overtopped trees were <75 years in age (personal 
communication, Carl Skinner, Redding Silviculture 
Laboratory, Redding, CA). 

The size-age distributions from each study area 
formed the basis of our generalization that trees that 

were alive and in the upper canopy at each study area 
at the beginning of this study were present in ! 900 and 
represent "old-growth" trees, and in contrast, the 
lower canopy trees and all seedlings noted in this 
study at Metolius and Pringle Butte were not present 
in 1900 and represent in growth that was added since 
1900. 

3.2. Size structure of standing trees 

Structural features were characterized for 22,242 
stems at Metolius, 11,307 stems at Pringle Butte, and 
584 stems at Blacks Mountain. Density of all stems 
ranged from 510 to 3402 trees ha- 'a t  Metolius and 
1474 to 3197 trees ha- ~ at Pringle Butte. Density of all 
stems at Blacks Mountain was based only on those 
stems >29.5 cm in dbh and ranged from 28 to 105 
trees ha-I (Table 1). 

A total of 1345 trees were classified as live ponder- 
osa pine in the upper canopy across the three study 
areas. Density of live ponderosa pine in the upper 
canopy ranged from 34 to 94 trees ha -~ at Metolius, 
35 to 79 trees ha -~ at Pringle Butte, and 15 to 73 
trees ha - '  at Blacks Mountain. Despite the uneven 
sample sizes, Bartlett's test did not indicate unequal 
variances. An F-test failed to suggest a significant 
difference in mean density of upper canopy ponderosa 
pine among the three study areas (P=0.181) ;  the 
overall mean density was 50 ~ 3.5 trees ha- l (mean ± 
S.E.). Individual live upper canopy ponderosa pine 
ranged from 12.0 to 133.1 cm dbh and 10.9 to 49.3 m 
in height at Metolius, 16.0 to 121.9 cm dbh and 12.8 to 
47.1 m in height at Pringle Butte, and 29.5 to 
129.8 cm dbh and 15.6 to 42.2 m in height at Blacks 
Mountain. Frequency of large live ponderosa pine was 
somewhat evenly distributed between 20 and 
100cmdbh and tended to peak between 60 and 
70 cm dbh at Metolius, was more narrowly distributed 
between 30 and 90 cm dbh and peaked between 40 
and 50 cm dbh at Pringle Butte, and was right-skewed 
with a peak between 40 and 50 cm dbh at Blacks 
Mountain (Fig. 5). Mean diameter did not differ 
among the three study areas (P = 0.832); the overall 
mean was 60.0 -I- 1.55 cm dbh. When the diameter 
distribution of the three study areas were pooled, the 
distribution was noticeably more modal (Fig. 6). In 
contrast, the mean maximum height (the single 
tallest tree in each plot) differed among study areas 
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Table 1 
Structural attributes of density, diameter at breast height, stand density index, basal area and height (mean 
ponderosa pine stands at Metolius, Pringle Butte, and Blacks Mountain 

and standard error) in old-growth 

Species" Density (stem ha -I)  dbh (cm) SDI' BA c (m 2 ha - t )  Height (m) 

Metolius 
All stems 1853 (262.6) - 571 (31.9) 30.9 (I .40) 44.8 (0.74) d 
Live t, pper canopy Pp 54 (5.4) 60.5 (2.74) 267 (15.5) 16.7 (0.98) 30.9 (0.93) 
Dead upper canopy Pp 10 (I.4) 60.9 (6.06) 57 (9.3) 3.6 (0.60) 30.3 (2.85) 
Live lower canopy Pp 1619 (270.0) 7.9 (0.55) 245 (32.0) 10.6 (I.32) 6.7 (0.46) 
Seedlings Pp 156 (70.6) . . . .  
Live lower canopy Other 9 (2.1) 8.0 (1.79) 3 (0.7) 0.1 (0.03) 6.4 (I.51) 
Seedlings Other 6 (3.2) . . . .  

Pringle Butte 
All stems 2261 (285.2) - 552 (26.6) 30.7 (I.53) 44.8 (1.69) '~ 
Live upper canopy Pp 57 (7.7) 61.0 (2.08) 282 (31.2) 17.5 (1.87) 31.4 (0.61) 
Dead upper canopy Pp I 1 (2.5) 59.4 (3.40) 58 (15.9) 3.6 (1.04) 30.7 (I.04) 
Live lower canopy Pp 1489 (179.0) 5.5 (0.58) 177 (25.5) 5.5 (0.58) 5.1 (0.45) 
Seedlings Pp 392 (85.3) . . . .  
Dead upper canopy Lpp I (1.1) 42.4 (1.94) 9 (7.0) 0.5 (0.40) 25.4 (0.40) 
Live lower canopy Lpp 195 (137.2) 8.9 (I .03) 31 (18.8) 1.3 (0.84) 7.4 (0.85) 
Seedlings Lpp 116 (108.4) . . . .  

Blacks Mountain 
All stems e 58 (7.6) 59.8 (2.41) 261 (35.8) 18.9 (2.55) 38.1 (0.94) "t 
Live upper canopy Pp 42 (5.2) 58.8 (2.31) 173 (21.0) 12.6 (I.56) 25.6 (0.69) 
Dead upper canopy Pp 7 (1.6) 63.8 (8.88) 35 (6.2) 2.7 (0.46) 25.8 (3.19) 
Live upper canopy Other 8 (2. I) 46.5 (11.11) 47 (13.5) 3.2 (0.94) 16.4 (3.62) 
Dead upper canopy Other 1 (0.6) 23.4 (9.80) 7 (3.2) 0.4 (0.21) 9.7 (4.01) 

a Species are; Pp: ponderosa pine, other: unspecified mixture of grand fir, Douglas-fir, western larch, 
Iodgepole pine. 

b Stand density index. 
¢ Basal area. 
d Height for all stems is maximum rather than mean. 
e Blacks Mountain data based on stems >29.5 cm dbh. 

white fir, and incense-cedar, Lpp: 

(P < 0.00 !). The tallest tree in each unit were taller at 
Metolius and Pringle Butte compared to Blacks Moun- 
tain (P < 0.001); mean maximum height was 44.8 4- 
0.69 m for Metolius and Pringle Butte, and 38.1 4- 
0.94 m at Blacks Mountain. Similarly, the mean height 
of upper canopy ponderosa pine differed among the 
study areas (P < 0.001). Mean height of upper canopy 
ponderosa pine at Metolius and Pringle Butte was 31.1 
-4- 0.67 m, and the mean height of upper canopy 
ponderosa pine at Blacks Mountain was 25.6 + 
0.69 m (Table 1). Basal area of upper canopy ponder- 
osa pine was marginally similar among the study areas 
(P = 0.049) with an overall mean basal area of 15.3 4- 
0.80 m 2 ha -t .  Basal area of upper canopy ponderosa 
pine tended to be higher at Metolius and Pringle Butte 
than at Blacks Mountain. SDI is related to basal area 
through diameter, yet differences among study areas in 

SDI were more pronounced than those for basal area. 
The SDI at Blacks Mountain was less than that for 
Metolius and Pringle Butte (P < 0.002). Mean SDI at 
Blacks Mountain for upper canopy ponderosa pine 
was 172.6 4- 1 9.37 compared to 271.2 4- 13.71 for 
Metolius and Pringle Butte. 

Large dead ponderosa pine were a common feature 
at all three study areas; a total of 243 ponderosa pine 
snags were characterized. Variation in the density of 
dead ponderosa pine in the upper canopy was con- 
siderable; a few units were devoid of snags, while the 
maximum number observed was 21 snags ha -t .  
Despite this variation in density, an F-test failed to 
suggest a significant difference in mean density of 
dead ponderosa pine in the upper canopy among the 
three study areas (P = 0.271); the overall mean den- 
sity was 9.0 4- 0.97 trees ha -j .  Ponderosa pine snags 
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in the upper canopy ranged from 36.4 to 110.8 cm dbh 
and 22.9 to 44.8 m in height at Metolius,  36.2 to 
143.2 cm dbh and 22.9 to 51.2 m in height at Pringle 
Butte, and 30.2 to 118.6 cm dbh and 15.9 to 40.2 m in 
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Fig. 6. Diameter distribution of large live and dead trees in the 
upper canopy of old-growth ponderosa pine stands, pooled from 
three study areas. Species code: Pipo, Pinus ponderosa. 

height at Blacks Mountain. The frequency distribution 
of  dead ponderosa pine followed the distribution of  
live ponderosa pine at each study area; the distribution 
of  dead tree diameters tended to be relatively broad at 
Metolius, relatively narrow at Pringle Butte, and right 
skewed at Blacks Mountain (Fig. 5). When the dia- 
meter distribution of  the three study areas were 
pooled, the distribution was broadly modal (Fig. 6). 
There were no differences among study areas in mean 
diameter (P = 0.927), height (P = 0.261), basal area 
(P = 0.475), and SDI (P = 0.162) for ponderosa pine 
snags; the overall mean diameter  was 61.7 4- 4.33 cm, 
the overall mean height was 28.7 -t- 1.76 m, the overall 
mean basal area was 3.3 -t- 0.37 m 2 ha - ] ,  and the 
overall mean SDI was 49.0 4- 5.55. 

A large number of  small ponderosa pine were char- 
acteristic of  Metolius and Pringle Butte; a total of 26,873 
stems in the lower canopy were mapped across the two 
study areas. Density ranged from 443 to 3313 
trees h a - ' ,  and averaged 1619 trees ha - ]  at Metolius 
and 1489 trees ha - I  at Pringle Butte (Table 1). Results 
of  a t-test with unequal variances failed to indicate a 
significant difference in mean density of  lower canopy 
trees between these two study areas (P = 0.695). The 
overall mean density was 1581 4- 194.8 trees ha - l .  
Ponderosa pine in the lower canopy were larger in 
dbh (P = 0.01), and taller (P < 0.024), and accounted 
for more basal area (P = 0.009) at Metolius compared 
to Pringle Butte, yet there was no difference in the two 
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areas in SDI (P -- 0.117). The overall mean SDI was 
245 4- 24.6. 

Density of ponderosa pine seedlings ranged from 1 
to 744 seedlings ha -~, and averaged 156 at Metolius 
and 392 at Pringle Butte. Results of a t-test with 
unequal variances failed to indicate a significant dif- 
ference in the mean density of ponderosa pine seed- 
lings (P = 0.06); the overall density was 225 4- 60.6 
seedling ha - l  . 

3.3. Spatial distribution pattern 

Ripley's K(d) analysis of spatial point patterns using 
upper canopy trees revealed significant departure from 
randomness in 24 of the 27 plots. These departures are 
first illustrated with two examples of individual plots, 
and then presented as a general pattern for each of the 
three study areas. 

The first example is plot 23 at Metolius, based on 99 
upper canopy trees of which 83 were alive and 16 were 
dead trees (Fig. 7). The spatial point pattern is a direct 
representation of mapped tree coordinates, with the 
southwest corner of the plot corresponding to coordi- 
nates (0, 0). Large portions of the plot contained no 
upper canopy trees, especially gaps in the northeast 
and southeast corners. Trees generally were aggre- 
gated into clumps. The mean distance between each 
tree and its closest neighbor was 4.2 + 3.1 m. The 
mean density within a maximum distance d (15 m) 
was 9.4 trees. Examination of the plot of L(d) as a 
function of d (Fig. 7) revealed several contrasting 
features. First, the distribution of upper canopy trees 
was not significantly different from random at scales 
of <1.8 m. Second, the distribution was significantly 
different from random at scales of >2.0 m. The sig- 
nificant positive deviation of the sample statistic from 
random suggests a general clumped distribution of the 
trees at these scales. 

The second example is plot 281 at Pringle Butte, 
based on 92 upper canopy trees of which 80 were alive 
and 12 were dead trees (Fig. 8). Again, large portions 
of the plot contained no upper canopy trees, especially 
gaps in the western hall  In contrast to plot 23, trees in 
plot 281 generally were not aggregated into recogniz- 
able clumps. The mean distance between each tree and 
its closest neighbor was 4.9 4- 3.3 m. The mean 
density within a maximum distance d (15 m) was 
6.5 trees. Examination of the plot of L(d) as a function 

of d (Fig. 8) revealed a single point pattern: the 
distribution of upper canopy trees tended to deviate 
from random at scales between 2.2 and 9.2 m but was 
not significantly different from random at all scales 
< 15 m except at 3.2 and 4.6 m. The significant positive 
deviation of the sample statistic from random at only 
these two distances suggests a general random dis- 
tribution of the trees across all scales. 

While not tested statistically, there was no apparent 
relationship between the number of age classes found 
on a sample plot and the type of spatial pattern, either a 
clumped or a random distribution of upper canopy 
trees. 

The features portrayed in these two examples were 
found repeatedly at all three study areas. Across all 
three study areas, the mean distance between each tree 
and its closest neighbor was 6.5 + 0.3 m and did not 
differ among the tree study areas. Similarly, the mean 
density within a maximum distance d (15 m) was 5.3 
-t- 0.4 trees and did not differ among study areas. The 
plots of L(d) as a function of d were highly similar to 
Fig. 7 for 6 of the 12 sample plots at Metolius, one 
sample plot at Pringle Butte, and 4 of the 10 sample 
plots at Blacks Mountain, with positive deviations that 
were significantly different from random at scales of 
>2.0 m, indicating a general clumped distribution of 
trees. In contrast, the plots of L(d) as a function of d 
for the remaining six study plots at Metolius, three 
sample plots at Pringle Butte, and six sample plots at 
Blacks Mountain were highly similar to Fig. 8, with 
little or no significant deviation from random across 
all scales of d. This indicated a general random 
distribution of trees in these sample plots. Occurring 
as an apparent anomaly, the plot of L(d) as a function 
of d for a single sample plot at Pringle Butte, contain- 
ing 43 live and dead trees, contained negative devia- 
tions that were significantly different from random at 
scales of >6.2 m, indicating a general uniform dis- 
tribution of trees. 

Functional data analysis of the spatial relationship 
of all sample plots by study area revealed two strong 
patterns (Fig. 9). There was a significant ne_n_eg_ative 
deviation of the cumulative distribution of L.t(d) at 
scales <1 m and a significant positive deviation of 
L.t(d) scales >2.8 m Metolius. Similarly, there was a 
significant n e ~ e  deviation of the cumulative dis- 
tribution of L.t(d) at scales < 1.4 m and a significant 
positive deviation of L.t(d) scales >8.6 m at Blacks 
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random distribution as a dotted line with mean equal to zero, and the point-wise 95% confidence envelope around the expected distribution of 
complete spatial randomness shown by dashed lines. 
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Fig. 8. (A) Spatial point pattern of large live (O)  and dead (O) trees in the upper canopy of old-growth plot 281 at Pringle Butte study area 
and (B) the results of Ripley's K(d) analysis on these 92 trees, with the empirical cumulative distribution of L(d) shown as a solid line, the 
expected random distribution as a dotted line with mean equal to zero. and the point-wise 95% confidence envelope around the expected 
distribution of complete spatial randomness shown by dashed lines. 
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distribution patterns resulting from Fig. -9. Summary spatial 
functional data analysis for large live and dead trees in the upper 
canopy of old-growth stands at (A) Metolius; (B) Pringle Butte; 
and (C) Blacks Mountain study areas, with the empirical 
cumulative distribution of Lkt(d) shown as a solid line, and the 
point-wise 95% confidence envelope around the expected distribu- 
tion of complete spatial randomness shown by dashed lines. 

Mountain.  The significant negative deviat ion at 
scales < i .0 m at Metolius and < 1.4 m Blacks Moun- 
tain suggest a uniform distribution,  which likely 

implies  the minimum distance between individuals.  
At  scales of  1.2 < d < 2.6 m at Metol ius  and 1.6 < d < 
8.4 m at Blacks Mountain,  the deviat ion from random 
was not significant, suggesting the distribution of  
trees was random. More importantly,  significant posi- 
tive deviation from comple te  spatial randomness at 
larger scales at Metolius and Blacks Mountain sug- 
gests a c lumped distribution. Maximum radius of  the 
clumps is suggested by the distance at which L l(d) 
culminates.  Thus, large live and dead upper canopy 
trees at Metolius were c lumped and these clumps 
were about 22.5 m in diameter.  Large live and dead 
upper canopy trees at Blacks Mountain also were 
c lumped and these clumps were about 24 m in dia- 
meter. 

In contrast, there was no significant deviation from 
complete spatial randomness across all scales <15 m 
at Pringle Butte. Thus, large live and dead u p p e r  
canopy trees in old-growth plots at Pringle Butte were 
randomly distributed. 

3.4. Size structure o f  CWD 

Logs were a common feature of  ponderosa pine 
plots at Metolius and Pringte Butte. A total of  170 logs 
at Metolius and 1 15 logs at Pringle Butte were mea- 
sured; descriptive statistics for the two areas are 
presented as Table 2. Density ranged from 13.9 to 
90.3 logs ha -~ across the two areas. Results of  a t-test 
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Fig. 10. Diameter distribution of the large end of logs in old- 
growth ponderosa pine stands at Metolius and Pringle Butte. 
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Table 2 
Down wood characteristics (mean and standard error) for Metolius and Pringle Butte 

Density LED a Length Total length Volume Piece Log cover 
(stem ha -I) (cm) (m) (m ha -I) (m 3 ha -I) volume (m 3) (m 2 ha -t) 

Metolius 40.5 (5.5) 38.9 (3.2) 4.0 (0.2) 394.2 (39.9) 60.4 (7.4) 4.2 (0.4) 1.5 (0.2) 
Pringle Butte 62.5 (9.8) 34.3 (3.0) 4.8 (0.4) 797.9 (209.1) 67.0 (13.1) 2.9 (0.4) 2.2 (0.4) 

'~ Large-end diameter. 

with unequal variances failed to indicate a significant 
difference in mean density of logs between these two 
study areas. The overall mean density was 47.0 + 5.28 
logs ha - l .  Similarly, there was no difference between 
Metolius and Pringle Butte with respect to mean large- 
end diameter (mean ::k S.E. = 37.6 :t: 2.41 cm), mean 
length of  each log (4.2 4- 0.09 m), the cumulative 
length of  all logs (512.9 4- 78.12 m), the total volume 
of  all logs (62.3 4- 6.30 m 3 ha- l ) ,  and the cover of  all 
logs (1.7 4- 0.08%). In contrast, individual logs were 
smaller in volume at Pringle Butte (P = 0.036); logs 
averaged 4.2 4- 0.36 m 3 at Metolius and 2.9 5= 0.42 m 3 
at Pringle Butte. Because mean large-end diameter 
was similar at the two study areas, values for large-end 
diameter were pooled, and their frequency distribution 
revealed a strong negative exponential relation with 
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Fig. 1 I. Frequency distribution of logs by decomposition class in 
old-growth ponderosa pine stands at Metolius and Pringle Butte. 
Decomposition classes based on Maser et al. (1979); logs in 
decomposition class I had intact bark, were round with relatively 
intact, sound wood, and were elevated on support points, while logs 
in decomposition class 5 had missing bark, were soft and oval, and 
rested fully on the ground. 

diameter (Fig. 10). More than 85% of the logs were 
between 15 and 65 cm in large-end diameter. 

More than half of  the logs were classified as decom- 
position class 5 (Fig. 11 ), characterized by the absence 
of  bark and twigs, soft, blocky pieces of  wood that 
have faded to light yellow or gray, overall log shape 
round to oval, and the log resting fully on the ground. 
This suggested that most of  the logs were in place for 
considerable time. In contrast, <3% were classified as 
decomposition class 1, characterized by fully intact 
bark, presence o f  twigs, the wood sound with no 
fading in color,  the log round and usually elevated 
on support points. This suggested that only a few logs 
represented recent recruitment. The frequencies of 
logs classified in decomposition classes 2, 3, and 4 
were relatively similar to each other. We made no 
attempt to distinguish between logs that showed the 
effects of  recent bums, logs that showed the effects of  
fires that occurred presumably before the beginning of 
fire protection, and logs that showed no effect of fire. 
We did note at both Metolius and Pringle Butte the 
presence of  logs with char in plots where fire has been 
excluded since establishment of  the RNA. 

4 .  D i s c u s s i o n  

4.1. Disturbance regimes 

Metolius, Pringle Butte, and Blacks Mountain are 
all study areas that belong to formally designated 
Research Natural Areas or Experimental Forests that 
were established in the early 1930s because of  their 
predominance of  old-growth ponderosa pine stands 
unaffected by human intervention or activity. Outside 
of  these formally designated areas, the common man- 
agement objective was to convert these multi-aged 
forests to even-aged stands under a strategy of  redu- 
cing the risk of  losses to insects, diseases, and wildfire 
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(Johnson et al., 1994). These three study areas are 
easily distinguishable as large islands of old-growth 
surrounded by vast landscapes of young ponderosa 
pine stands resulting from the extensive harvesting 
that occurred during the 1940s and 1950s. Much of the 
area encircling Pringle Butte, for example, is frag- 
mented ~ by clearcuts that were replanted with uni- 
formly-spaced ponderosa pine seedlings. 

Natural disturbance regimes in eastside ponderosa 
pine stands represented by our three study areas are 
characterized by the combined effects of insects, 
diseases, and fire. Major insects associated with 
old-growth ponderosa pine forests include the pandora 
moth (Coloradia pandora Blake), the western pine 
beetle (Dendroctonus brevicomis LeConte), and the 
turpentine beetle (D. valens LeConte). Old-growth 
ponderosa pine forests at each of our study areas 
are subject to defoliation from pandora moth whose 
larvae consume the needles produced during the pre- 
vious year. Periods of reduction in radial growth at 
Metolius were consistent with growth reductions iden- 
tified by Speer et al. (2001) at Pringle Butte in 
response to pandora moth outbreaks. While outbreaks 
rarely led to tree mortality, repeated overstory defolia- 
tion affects the amount of sunlight, water, and nutri- 
ents available for understory trees and associated 
vegetation. Mortality from western pine beetle in 
old-growth ponderosa pine stands occurs at low levels 
unless regional droughts affect tree vigor across entire 
watersheds, leading to greater than normal host avail- 
ability. Low-level mortality from western pine beetle 
results in widely scattered snags. The turpentine beetle 
attacks wounded trees near their base or at shallow 
roots, often after the litter has been consumed by fire. 
While normally nonlethal, attacks by turpentine bee- 
tles place an additional stress on old-growth ponderosa 
pine subjected to competition and climatic stresses 
when boles are wounded by fire. 

Comandra blister rust (Cronartium comandrae Pk.) is 
common at Metolius and Pringle Butte, but apparently is 
lacking at Blacks Mountain. This native disease invades 
the fine twigs and main branches in the crown and 
develops cankers high in the bole which slowly progress 
down the bole, eventually killing the top and producing 
excessive resin flows above the canker as the wood 
becomes case hardened (Childs, 1968). Top-killed trees 
survive many years, eventually developing a resin- 
soaked, case hardened snag that persists for decades. 

Individual ponderosa pine at all three study areas were 
infected at low levels with dwarf mistletoe (Arceutho- 
bium campylopodum (Engelm.) Gill) which parasitizes 
the tree and can reduce vigor and tree growth. Occa- 
sionally, dwarf mistletoe-caused brooms develop at 
heights that affect fire behavior. 

The most comprehensive fire history study of pon- 
derosa pine forests in this region was conducted by Bork 
(1984) in stands surrounding our Pringle Butte study 
area; using dendrochronology techniques she recon- 
structed a 619-year chronology for six disjunct plots 
totaling 100 ha and found a composite fire free interval 
of 7-20 years. Between the years 1700 and 1800, 48 fires 
occurred, with 41 fires occurring during the next cen- 
tury. With the advent of fire suppression activities, only 
17 fires occurred during the next eight decades. 

Lightning has long been known as the principal 
nonhuman ignition mechanism for fires in eastside 
ponderosa pine forests. Annual lightning patterns for 
broad regions containing our study areas apparently 
are higher than for surrounding regions as a result of 
storm tracks and a propensity for anticyclonic storms 
to develop in July and August (Agee, 1993). Frequent 
dry lightning days, during which cloud-to-ground 
lightning strikes develop without accompanying pre- 
cipitation, occur throughout this region when both 
stability and moisture levels in the lower atmosphere 
are low (Rorig and Ferguson, 1999). Frequency of dry 
lightning in eastside ponderosa pine forests also coin- 
cides with the time of year when moisture content of 
fine fuels is lowest. Frequent low-intensity fires result- 
ing from lightning thin stands from below by killing 
small-diameter stems through a combination of cam- 
bial and root damage and crown scorch, consume litter 
and down wood, open the stands to increased sunlight, 
and lead to vertical stratification of fuels by eliminat- 
ing fuel ladders between the forest floor and the 
overstory canopy (Saveland and Bunting, 1988: Agee, 
1993). 

In contrast to other regions within the distribution of 
ponderosa pine (Agee, 1993), our three study areas 
probably are outside the range of influence of early 
burning by Native Americans. Our reconstruction of 
historic conditions for the past several hundred years 
suggests that intentional ignitions by hunters and 
gathers likely were unnecessary because stands were 
already open and allowed unrestricted travel, pro- 
duced little desirable foods or medicinal plants, and 
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Table 3 
Reference conditions for eastside old-growth ponderosa pine forests 

Condition Description 

Stand age 
Live upper canopy trees 

Snags 

Coarse woody debris 

Spatial pattern of upper canopy trees 

Multi-aged, >3 age classes in the upper canopy, the youngest age class dating from before 1900 
Density 50 + 3,5 trees ha -I  (mean + S.E.); mean diameter 60.0 + 1.55 cm dbh with a modal 
distribution ranging from 25 to 125 cm dbh 
Density 9.0 -4- 0.97 trees ha -~. mean diameter 61.7 :t: 4.33 cm with a modal distribution 
ranging from 25 to 125 cm 
Density 47.0 -4- 5.28 logs ha -j ,  large-end diameter 37.6 =I= 2.41 cm), mean length 4.2 + 0.09 m, 
cumulative length 512.9 + 78.12 m, total volume 62.3 4- 6.30 m 3 ha -I ,  cover 1.7 4- 0.08% 
Either aggregated, clumped distribution, with clumps >22 m in diameter, or random distribution 

provided little grazing or browsing opportunities. 
Thus our three study areas represent old-growth con- 
dition where all natural processes except frequent low- 
intensity fires have continued unimpaired by Euro- 
American settlement. 

4.2. Regeneration patterns 

Selection of a base date for establishing reference 
conditions is somewhat arbitrary and site specific; in 
this work we base our reference conditions on the 
reconstruction of stand structure in 1900. This pre- 
dates all known fire suppression, livestock grazing, 
and timber logging activities in central Oregon. 3 The 
year 1900 also was used as a base date to describe 
stand dynamics before and after Euro-American pre- 
sence in the Bitterroot River region of Montana (Arno, 
1988). Others have used the date 1883 as the begin- 
ning of Euro-American influence in southwestern 
ponderosa pine because of the construction of the 
transcontinental railroad across northern Arizona 
coincident with the initiation of heavy commercial 
logging and widespread livestock grazing (Ful6 et al., 
1997), or 1851 as the date of the last major fire in the 
ponderosa pine-dominated Cheesman Lake landscape 
in the Front Range of Colorado (Kaufmann et al., 
2OOO). 

Our three study areas contain ponderosa pine stands 
that clearly are multi-aged (Fig. 3), our first common 
reference point (Table 3) for characterizing old- 
growth ponderosa pine forests. Ponderosa pine seed 
crops are not regularly periodic at our study areas, and 
good seed crops rarely occur more than every 4-5 

3Unpublished data on file. USDA Forest Service, Deschutes 
National Forest, Bend, OR. 

years (Barrett, 1979). Successful recruitment of a new 
cohort depends on adequate seed production, adequate 
soil moisture, protection from frost, and lack of com- 
petition from shrubs and graminoids, and protection 
from fire until trees develop protection in the form of 
thickened bark. Recruitment at our study areas also is 
influenced by small mammals that cache seeds in open 
pumice soil. Sampling to determine total age of indi- 
vidual trees and presumably establishment date of 
cohorts was based on diameter distribution and canopy 
stratification, and was not designed to identify all 
discrete age classes. When all sampled trees were 
grouped into 10-year age classes, individual plots 
were highly heterogeneous with respect to age, and 
contained as many as 16 10-year age classes at Meto- 
lius and as many as 22 10-year age classes at Pringle 
Butte. As expected, young age classes (less than 100 
years) were well represented; some ponderosa pine 
recruitment occurred every decade during the last 100 
years, and almost every decade since 1850. This 
recruitment likely is related to the gradual climate 
warming after the Little Ice Age and above-normal 
precipitation between 1885 and 1910, the wettest 
period during the past 275 years (Garfin and Hughes, 
1996), and reflects strongly the effectiveness of fire 
suppression beginning about ! 910. In contrast, recruit- 
ment represented by sample trees in age classes >150 
year old was increasingly infrequent, with a gap of 
essentially no cohort recruitment between 1800 and 
1850. Recruitment during the period 1670-1700 was 
relatively common. Our sample depth becomes pro- 
gressively shallow beyond the mid-1600s (Fig. 3), 
making interpretations tenuous. Establishment of 
cohorts at Blacks Mountain around the 1890s, the 
1770s, and the 1670s was consistent with common 
cohorts at Metolius and Pringle Butte, and suggests 
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remarkably similar conditions across the entire east- 
side ponderosa pine region. 

4.3. Historic forest structure 

Our work to identify old-growth ponderosa pine 
structural components serves as a key element in 
developing descriptions of reference conditions for 
managing ponderosa pine. Despite great heterogeneity 
at the plot level within study areas, the lack of overall 
difference between mean density of live upper canopy 
trees suggests a threshold beyond which stands rarely 
develop, and a second common reference point 
(Table 3). Our density of live upper canopy trees is 
lower than the 65 -t- 7 trees ha-~ reported for a site in 
north-central Arizona with soils derived from a mix- 
ture of volcanic, limestone, and sandstone formations 
(Ful6 et ai.. 1997). It closely resembles reported 
densities of 57 trees ha-l  for old-growth stands on 
the Mogollon Rim Plateau on volcanic soils (Coving- 
ton and Moore, 1994). Other studies in the southwest 
have reported densities of old-growth ponderosa pine 
ranging from 37 to 111 trees ha -1 (Covington et al.. 
1997). Harrod et al. (1999) reported historical condi- 
tions characterized by a mean of 61 trees ha-~ after 
reconstructing the structure from stumps, logs, snags, 
and live trees in plant associations comparable to those 
in our study areas on one site in eastern Washington. 

The diameter distribution of trees in the upper 
canopy (Fig. 6) represents an additional component 
of reference conditions for the live overstory useful for 
comparing conditions in other stands with large pon- 
derosa pine. The broad range of diameters found 
across the three study areas presumably represents 
differential growth rates because of tree-tree competi- 
tion and the effects of numerous cohorts resulting from 
past disturbance events. 

Similarly, the common number of large dead pon- 
derosa pine in the upper canopy across the three study 
areas (9 + 0.97 snags ha - l )  suggests a third common 
reference point (Table 3). We made no attempt to 
cross-date dead ponderosa pine with our master tree- 
ring chronology using dendrochronology techniques, 
thus we are unable to establish the date of death for 
these trees. We assume that processes contributing to 
mortality of large and old ponderosa pine remain 
essentially unaffected by recent fire exclusion, and 
thus the current population of snags provides the best 

representation of conditions before 1900. This 
assumption may be problematic; clearly the exclusion 
of fire has led to establishment of new cohorts, and 
increased density of stems may negatively impact 
growth rates of large live trees and contribute even- 
tually to accelerated snag creation (Boindi, 1996; Mast 
et al., 1999). In contrast, work in central Oregon 
suggests that repeated underburning may reduce 
growth rates of smaller diameter trees (Cochran and 
Hopkins. 1991) and prevent the establishment of 
understory vegetation that plays an important role 
in maintaining soil quality through N2 fixation (Busse 
et al., 1996). In addition, stems in the lower canopy 
usually incur more competition-induced mortality 
than larger stems (Fiedler and Morgan, 2002). The 
number of snags has rarely been reported in other. 
work to reconstruct historic stand structure, presum- 
ably because many of these studies have occurred after 
the historic structure has been compromised by some 
degree of harvest activity. Our three study areas con- 
tained a higher density of snags than that reported for 
uncut forests in western Montana (Harris, 1999). 
Many of the existing snags occurring at Metolius 
and Pringle Butte were created by Comandra blister 
rust; because of slow mortality rate and longevity of 
the resulting standing snag, Comandra blister rust 
plays an important role in the development of snags 
that differ in wood density compared to those that 
develop after lethal attacks by western pine beetle. 
Presumably some of the snags noted at Metolius result 
from an especially virulent period of infection by 
Comandra blister rust during the 1950s, with infection 
probably occurring during a period of cooler, more 
moist climate that favored spore production (Filip, 
1977). The vascular plant, common comandra 
(Comandra umbellata Nutt.), is the alternate host 
for Comandra blister rust, yet is especially uncommon 
under the dense canopy created by post-1900 cohorts 
(Youngblood and Riegel, 2000). We speculate that 
under historic disturbance regimes that maintained 
more open conditions, common comandra was more 
prevalent, providing greater opportunity for Coman- 
dra blister rust infection. 

Under pre-1990 disturbance regimes, snag creation 
presumably involved the combined effects of all dis- 
turbance processes: competition, insects, diseases, and 
fire, individually and in all possible combinations 
were responsible for tree mortality. Our understanding 
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of the interactions among these disturbance factors 
under historic and current climatic regimes at various 
spatial and temporal scales is limited. For example, 
reintroduction of fire into fire-dependent systems after 
decades of exclusion may result in immediate mortality 
of large old-growth trees through excessive heat to tree 
roots, cambium, or crown. Subsequent mortality of 
additional large old-growth trees for several years after 
the fire may occur because of the delayed effects of tree 
wounding and second-order effects of insects or dis- 
ease. Initial results of prescribed burning in southwes- 
tern ponderosa pine indicated mortality extending years 
after the burn (Harrington and Sackett, 1992). Our 
presentation of snag density and size characterization 
is accompanied with the following caveat: our under- 
standing of long-term demographics of eastside old- 
growth ponderosa pine snags under natural disturbance 
regimes is weak. Research focused on the creation of 
large diameter ponderosa pine snags in disturbance 
regimes of high frequency fire and the contribution 
of frequent fires to snag fall rates (Landram et al., 2002) 
will help fill this gap in our understanding. 

The high density of small diameter stems and 
seedlings in the lower canopy is a direct result of 
numerous cohorts becoming established since the late 
1800s and the number of missed fire-return intervals 
due to essentially complete fire exclusion since the 
early 1900s. High density of small diameter stems and 
seedlings is a pervasive characteristic across much of 
the ponderosa pine ecosystems (Arno, 1988; Coving- 
ton et al., 1997:Ful6 et al., 1997; Kaufmann et al., 
2000: Brown et al., 2001). The presence of several to 
many cohorts of small diameter stems represents the 
single most dramatic difference between historic and 
present-day conditions. 

Characterization of coarse woody debris (CWD) 
resources in old-growth ponderosa pine forests has 
received less attention than has characterization of 
standing live and dead stems (Chambers, 2002). 
Perhaps this is because many may believe that 
historic fire in ponderosa pine forests eliminated 
CWD, leaving a forest floor devoid of all but scat- 
tered bunch grasses and small shrubs. Our results 
indicate a rich and diverse assemblage of CWD on 
the forest floor and provide a fourth common refer- 
ence point (Table 3). Logs at Metolius and Pringle 
Falls were more abundant and were larger than those 
reported for old-growth ponderosa pine stands in 

northeastern Oregon (Torgersen, 2002). We made no 
attempt to cross-date pieces of CWD so we can not 
say with certainty what portion of our CWD is 
representative of conditions pre-1900. Because 
Comandra blister rust caused resin impregnation 
which may prevent moisture infiltration necessary 
for decay, some of the logs may have persisted for 
decades. The preponderance of logs in an advanced 
stage of decomposition (Fig. 11) also suggests long- 
evity of CWD but is likely biased upward because of 
fire exclusion over the past century. Similar to snag 
density, our presentation of CWD characterization is 
accompanied with the following caveat: our under- 
standing of long-term demographics of CWD in 
eastside old-growth ponderosa pine forests under 
natural disturbance regimes is weak. Research 
focused on the decay rates of CWD and the fate 
of individual pieces under repeated fire will help fill 
this gap in our understanding. 

Perhaps the most significant portion of our work is 
the characterization of spatial patterns in eastside old- 
growth ponderosa pine forests. The distribution pat- 
tern of plants across environments increasingly is of 
interest to plant ecologists because of the information 
on stand history, dynamics, and plant-plant interac- 
tions that can be revealed. Earlier work in the northern 
Rocky Mountains showed that in old-growth forests of 
western hemlock (Tsuga heterophylla (Raf.) Sarg.) 
and western redcedar (Thuja plicata Donn ex D. 
Don), cohorts of seedlings begin in clusters within 
canopy gaps that result from mortality of an overstory 
tree, the cohorts are thinned through density-depen- 
dent mortality, and eventually a regular or uniform 
spacing of individual dominant trees is achieved 
through tree-tree inhibition (Moeur, 1997). Density- 
dependent mortality also apparently leads to uniform 
spacing in some deciduous forest types that lack 
prominent disturbance factors (Ward et al., 1996). 
In contrast, Martens et al. (1997) found strong clump- 
ing or aggregation within semi-arid woodlands in New 
Mexico which they attribute to competition for both 
above-ground resources and below-ground resources. 
Work in Sierra Nevada mixed-conifers forests showed 
a strong clumped distribution for four species, with the 
distribution attributed to fine-scale disturbance pat- 
terns (Knight, 1997). While ponderosa pine stands 
have often been described as open and park-like, few 
quantitative studies that explore the spatial point 
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pattern of trees exist. White (1985) used nearest 
neighbor analysis to identify a wide range in the size 
of clumps or groups of old-growth ponderosa pine 
northwest of Flagstaff, Arizona; his work with 373 
trees from a single stand identified clumps from 0.02 
to 0.29 ha in size, compared to clumps 0.04 to 0.05 ha 
in size in work reported here. Perhaps the first to use 
Ripley's K(d) analysis in ponderosa pine forests was 
Getis and Franklin (1987) who found clumping at 
scales of 6-42 m on the Klamath National Forest in 
extreme northern California. Given that clumping is a 
predominant spatial pattern in ponderosa pine, and 
that a complete random distributions also occurs, little 
effort has focused on the ecological functioning of 
either of these arrangements. It seems clear that 
frequent, low intensity disturbance serves to create 
these two spatial patterns, yet it is unclear how this 
pattern relates to below ground resources, wildlife 
attributes, and long-term site productivity. 

While exploration of spatial patterns within single 
plots, the 1.44 ha sample plot used by Gelis and 
Franklin (1987) or the 2.5 ha sample plot used by 
Knight (1997), provide insights into stand structure at 
one specific location, these results cannot be widely 
extrapolated to other similar stands. Our approach has 
been to analyze the spatial pattern within replicated 
plots across a study area to discern variation across 
similar stands, and then look for repeated patterns 
across the landscape by working at geographically 
disjunct locations. Previous efforts to summarize the 
results of multiple Ripley's K(d) analysis from closely 
adjacent plots (Harrod et al., 1999) were hampered by 
the inability to combine various distributions or func- 
tional data. Our use of functional data analysis demon- 
strates the strength of this tool and suggests a 
mechanism for more robust spatial analyses that 
employ the results of Ripley's K(d) analyses from 
multiple sample plots distributed across the landscape. 
Our work also demonstrates the existence of common 
spatial patterns in old-growth ponderosa pine forests 
that are repeated across the landscape (Fig. 9), thus 
providing a fifth common reference point (Table 3). 

4.4. hnplications for designing restoration 
treatments 

What are the implications for future management 
of eastside ponderosa pine, given that the current 

amount of old-growth is far less than before pre- 
Euro-American settlement? Our results have direct 
application within the context of forest management 
activities designed to renew ecosystem health and 
ecological integrity of eastside forest ecosystems 
through both structural and process restoration (Ste- 
phenson, 1999). The three study areas used in this 
work provided unique opportunities to examine the 
structure of eastside old-growth ponderosa pine 
stands and characterize reference conditions that 
could serve as a model in restoration efforts. Our 
concept of reference condition follows that of Moore 
et al. (1999) in providing the following: (1) the range 
of natural variability i n composition and structure in 
eastside old-growth ponderosa pine ecosystems; (2) a 
point of reference against which to evaluate depar- 
tures within the ecosystem; and (3) a criterion for 
measuring the success of restoration treatments 
designed to return sites to sustainable conditions. 
Our work provides managers an important descrip- 
tion of natural variability that may aid in understand- 
ing historic conditions, a description of conditions in 
stands that are dramatically under represented across 
the landscape, and a set of conditions that may serve 
as a reference for setting regional management goals 
(Landres et al., 1999). Clearly, establishment of these 
reference conditions has inherent limitations; even 
our current understanding of eastside old-growth 
ponderosa pine may be of limited relevance today 
without considering the conditions within the context 
of climate changes (Millar and Woolfenden, 1999). 
Despite this limitation, our reference conditions 
represent the accumulated structure that has been 
influenced by past climatic events rather than a static 
condition at a single point in time (Zul6 et al., 2002). 
Reference conditions, because they presumably 
represent conditions that existed pre-Euro-American 
settlement, provide a point against which to evaluate 
change since Euro-American settlement and a point 
against which to evaluate change under restoration 
treatment. As such, they may be a useful management 
goal, but more likely they will be one of several goals 
representing ecological, social, and political consid- 
erations; in this context, our reference conditions 
may guide the direction of a desired condition with- 
out specifically limiting the detail of a desired con- 
dition (Landres et al., 1999). Our results suggest that 
designing and implementing restoration treatments 
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specifically for eastside ponderosa pine ecosystems 
involves the following. 

1. Identification of eastside old-growth ponderosa 
pine stands by using the reference conditions 

• (Table 3). While our reference conditions focus on 
means as the central tendency, the means are not 
intended to be applied as strict rules across all 
situations. We also provide measures of variation 
that are equally important. 

2. Retention and protection of existing upper canopy 
layers (live and dead) in eastside old-growth 
ponderosa pine stands. 

3. Creation and retention of trees in clumps or a 
random distribution of stems. This probably 
represents the most significant departure from 
past thinning guides that emphasized uniform 
spacing to optimize the growing space and 
resources available for each residual tree. 

4. Reintroduction of fire to reduce fuels, recycle 
nutrients, and change forest structure by eliminat- 
ing high densities of stems in lower canopies. This 
involves active management to create conditions 
for regeneration of new seedling cohorts and 
associated vegetation, while at the same time 
managing for low densities in lower canopy 
layers. 

5. Retention of coarse woody debris. This involves 
active management to ensure a continual presence 
of logs in spite of reintroduced fire. 
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