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PROJECT DESCRIPTION
Finney Creek is a major tributary to the Skagit River. Finney is important for fish but has
been degraded by past logging practices and is currently deficient in coarse woody debris. This
inventory is intended to quantify riparian forest conditions, determine what coarse woody debris
recruitment potential the riparian forest currently provides, and identify what management action
might be appropriate to improve riparian function. In order to accomplish this, a systematic
sample of the riparian forest was conducted along 10 miles of the portion of Finney Creek
accessible to anadromous fish. Data collected include species, diameter, height, distance from the
channel, as well as understory composition. Systematic sampling is considered a good way of
characterizing entire riverine systems, as data are spatially defined under such designs. Changes
in riparian forest attributes are readily captured, and proportional relationships are easily
exploited. The systematic design of this study captured spatial changes in forest structure and
composition at 500’ intervals. We are able to directly extrapolate the forest area occupied by
landform classifications based on the number of plots occurring in a given class. Spatial
orientation of vegetation provides increased insight with regard to the state of the riparian forest.
This inventory and assessment project is a stand -alone assessment of the riparian condition of
this once very productive salmonid habitat, and is linked to an inventory project of the entire
Skagit River Basin. The project also serves as an umbrella for development of various linked
projects involving riparian forest composition, forest-stream interaction, and riparian growth and
yield.

INTRODUCTION
Inventories of riparian area vegetation are a valuable component to riparian forest
management. This is a simple statement and indeed seems nearly redundant. However, relatively
few comprehensive inventories of riparian areas have been published. Likewise, few
methodologies have been developed to produce such inventories. The question in all forest
inventories is one of how much, but in riparian systems an additional question is where. That is,
where are components of the riparian systems changing with regard to riparian function, where
are functions impeded, and what positions do riparian vegetation elements hold with respect to
the channel? These are some of the possible questions one would consider and develop data
collection procedures for in a riparian system.
Methodologies have been developed for broad scale generalizations of riparian systems,
such as in watershed analysis (Washington Forest Practices Board 1995). In these analyses,
riparian vegetation might be classified into general categories such as “mature hardwood” or
“young conifer”. Methods such as this might focus on channel adjacent vegetation as was a quick
way of generalizing at the watershed scale. Other methods have focused on desired future
conditions or old growth structure. For example, a desired future condition methodology might
use randomly located plots of given criteria and collect measurements on riparian stands of
mature ages. Measured amounts might then be used as targets for developing stand management
guidelines in riparian zones. Yet others have used randomly selected sites to characterize riparian
zones in an aggregate fashion. These might measure several attributes of overstory and understory
vegetation across sites located in different stream networks and extrapolate the findings to a study
area.
One common thread in most published studies of riparian systems is the use of a
randomized approach to sampling. Random approaches have long been the preferred method by
many wishing to characterize populations of various types. Random approaches are discussed by
hundreds of authors, see Platts et al. (1987) or Husch et al. (1982), or any standard mensuration
text. The basic premise behind utilizing random sampling approaches are that results can be
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extrapolated to the population with minimal assumptions and effort, and that statistical treatment
of the data is straightforward. These advantages have a good deal of merit, and vast efforts have
gone into ensuring “random sampling”, following largely the body of research and statistical
appropriateness utilized in the social sciences. Another advantage often attributed to random
sampling is that of observer non- bias. That is, the areas which measurement are taken have
nothing to do with who is taking them.
The disadvantages to random sampling are usually framed in the context of expense and
resulting information. Random approaches are thought to be harder to implement in the field, can
result in high variances if the response is patchy, and are unlikely to provide uniform coverage
(Conquest and Ralph 1998). Additionally, while results can be extrapolated to the defined
population, the specific sites measured cannot be used to make inferences about the particular
system to which they are a part.
A systematic sampling approach was utilized for this study. Systematic approaches have
long been a standard approach in forest inventory but have not received the focus which has
traditionally been afforded to random designs, especially in research efforts. The general
advantages associated with systematic approaches include increased ease in field implementation,
and provision of uniform coverage of the target population (Conquest and Ralph 1998). With
regard to riparian systems, the advantages become increasingly evident. An important advantage
of systematic approaches is that the target population can be treated as a dynamic system. In
contrast, random sampling does not reveal anything about a neighboring unit when a given unit is
measured, nor does it capture any spatial relationships above the site level. Spatial changes are
evident, however, in systematic approaches, and are even amendable to statistical treatment by
means which in some respects surpass treatment of data collected under random designs. For
example, we can explore absolute and relative changes in any measured attribute through space,
as well as define and model trends and spatial relationships of these attributes. Overall, systematic
sampling might be seen as superior as whole systems can be characterized and holistically
quantified.
Systematic approaches have been utilized in a limited capacity, e.g. Hankin and Reeves
(1988), but few methodologies are published, and some mensuration texts are not up to date
enough to explore the benefits or discuss statistical treatment of collected information. An
underlying purpose of this study was to develop a systematic approach to riparian inventory,
which would maintain the spatial integrity of the data and allow for extensive exploratory data
analysis. This was accomplished by combining several concepts of traditional forestry with those
of econometric modeling and modern resampling techniques. The methodology captures site
specific characteristics including a riparian landform profile for each plot, and quantitative
description and spatial representation of overstory vegetation. The design can easily interface
with in-channel studies, allowing for spatial correlation between aquatic and terrestrial data. It
also captures riparian forest attribute changes through space. Because of proportional
relationships explicit to this type of systematic sampling, results allow for direct extrapolation
from the sample set to the population. The methodology allows for a vast amount of post
collection treatment such as calculation of height and distance above channel for each tree,
mathematical description of landform, and could aid in development of any number of forest
classification schemes.
Objectives and Key Questions
The purpose of this study was to develop an inventory methodology as described above
and to apply it to Finney Creek, a major tributary to the Skagit River, for the purposes of
identifying present conditions and future implications. In addition to building a methodology on
which to conduct subsequent inventories, this report aims at answering several key questions:
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•
•
•
•
•
•

Objective: Develop a flexible systematic inventory design which captures spatial changes
in riparian vegetation that can be used to create visualization and restoration tools,
treating the riparian forest as a whole system.
Objective: Develop a quantitative surrogate for landform which is easily applied and is
not stratified prior to the inventory. Determine whether this approach can produce
meaningful results.
Question: What are the existing riparian conditions in terms of terrestrial vegetation? Use
exploratory data analysis techniques to determine this and summarize the techniques and
the results in a report.
What is the significance of Red alder in the study area?
What are the present and expected future levels of riparian function in terms of coarse
woody debris input?
Additionally, develop an infrastructure for data handling and manipulation which can be
used on subsequent inventories.

Background to Riparian Studies
Riparian ecology and geomorphology have both become influential fields of study in
forest ecosystem management and ecological restoration. Among nearly countless others, some
examples of work from these fields include riparian plant associations or riparian community
composition (Rot 2000, among others), large woody debris recruitment and processes (McDade et
al. 1990, Beechie 1998, Collins 2001), landform studies (Rot 2000, Fonda 1974, Osterkamp and
Hupp 1984), conifer establishment and survivability (Beach and Halpern 2001, Mikkelsen 2001),
and riparian forest development (Fetherston et al 1995, among others).
All of these studies have had a tremendous impact on the understanding and management
of riparian systems. Using the knowledge attained through such work, the desired conditions, the
“how to” and the conceptual “where to” of streamside vegetation management is coming into
focus. The actual where to is a current topic of many restoration groups and planners. Spatially
explicit riparian inventory information will aid decision makers in answering this question and
therefore in the optimum allocation of their resources.
STUDY AREA
Finney Creek is a major tributary to the Skagit River. It is located in the Department of
Natural Resources (DNR) Finney Watershed Administrative Unit (Figure 1-1). The center of the
watershed is located approximately 5 miles from Concrete, WA (Figure 1-1).
Elevation ranges from 200’ at the mouth of Finney (confluence with the Skagit River) to 5080’ at
the summit of Finney Peak. The Finney Creek watershed, including the main stem of Finney
Creek, is composed of 32 sub-basins which collectively contain approximately 406,720’ of
stream channel covering 33,000 acres (Parks 1992). Topography is characterized by steep slopes
with high rates of erosion largely dominated by mass wasting (Paulson 1997) and large areas of
fluvial deposition due to channel disturbance. Soils in the drainage are primarily sandy loams
which are often excessively drained (Appendix 3). Geology is described as low-grade
metamorphic (Darrington Phyllite and Shuksan Greenschist), glacial sediments and sedimentary
rocks (Brown et al. 1986). The Finney Creek watershed underwent extensive glaciation during
the Pleistocene (>2my) resulting in the deposition of till, outwash, and lacustrine material as
surficial deposits throughout the basin (Snyder and Wade 1970). Average annual precipitation in
the area is 66-120”, with 67” at Concrete, WA between 1930 and 1990 (Parks 1992).
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Figure 1-1. Study location and WAU boundaries.

The Finney Creek watershed can be divided into upper and lower basins. The upper
basin is separated from the lower basin by topographic controls at approximately RM 12. This is
the extent of anadromous fish passage at an elevation of approximately 650’. The upper basin is
primarily public land owned by the Forest Service. Past action in the upper portion has included
extensive timber harvest and road building, primarily between 1950 and 1990, and reaching a
climax in 1975 when 694 acres were harvested (Parks 1992). Some tracts of large second growth
stands remain, and harvest on public land has declined dramatically since 1990.
Past management in the lower basin has been intensive industrial forestry and road
building. This land has changed hands several times in the past 50 years. It is assumed that some
harvest occurred in the lower basin in the early 1900’s, but the earliest harvest activity on
privately held land is documented on aerial photographs taken in 1940 (Parks 1992). Since that
time, all but very small isolated patches have been cut over at least once, and some has since been
cut again. This has left behind some large tracts of small diameter plantation fir. Larger areas yet
are under dominance of Red alder (Alnus rubra Bong.), which probably resulted from the first
rotation where clearcuts reached to the bank edge and were left to regenerate naturally.
The lower basin of Finney Creek has approximately 12 miles of anadromous fish habitat.
Historically, all salmonid species used what was considered prime habitat in the Finney system.
Lower Finney is a low gradient (<2°) stream with a median bankfull width of approximately
109’. This low gradient paired with high sediment inputs (Parks 1992) results in a relatively large
volume of sediment deposition throughout the system. Sediment sources are largely related to
tributary input from mass wasting events (Paulson 1997, Parks 1992) and chronic erosion
processes. Channel widening has occurred in response to these inputs and a lack of large woody
debris structures. Some meander-bend log accumulations exist, but appear to be unstable
spatially, relocating in larger flood events. Therefore, current habitat is considered degraded
(Beamer et al. 2000), though it is still used by several salmonid species. Habitat is bound at
approximately river mile 12 by bedrock waterfalls and steep gradients. Upstream from its mouth,
private non-industrial ownership comprises the lowest two miles of the creek. Upstream of this is
10 miles of contiguous industrial forestland. This study was conducted for the full length of both
banks along the entire length of anadromous fish habitat being managed by industrial forest
holdings (RM 2-12).
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METHODS
Plot establishment
Using 1998 DNR digital orthophotos projected in Arcview©, both sides of the bankfull
(vegetated) edge of the creek were traced, and a shapefile for this line feature created. An
Arcview© script was then used to generate points from a random start along the vegetated edge
spaced at 500’ intervals. This point file was then downloaded to a Trimble Pro-XR® survey grade
GPS unit and the points located in the field.

Figure 2-1. Study site location and sample plot origins.

After locating the GPS point in the field, a new point was created, permanently locating
the actual origin of the plot (Figure 2-1). This new point was necessary due to channel changes
which altered the vegetated edge after 1998, when the orthophotos were created. Also, the canopy
obscured some areas with shadow, and we wished to position our plot origin at or directly above
the bankfull edge. Plot data was then collected, using this point as the start (distance between was
still 500’). The plot dimensions are 150’ long, extending out from the bankfull edge, and 20’
wide.
The long rectangular shape of these plots was meant to capture changes in vegetation
composition and structure with increased distance from the bankfull edge across the various
fluvial surfaces and upland hillslope features. (Figure 2-2). Riverine riparian zones are composed
of two ecosystems: the riparian ecosystem includes frequently flooded, moist to wet fluvial
surfaces such as stream banks, active channel shelves, active floodplains, and overflow channels.
The transitional ecosystem lies between the riparian and upland ecosystems and includes drier
fluvial surfaces such as inactive floodplains and terraces (Kovalchik and Chitwood 1990).
Although the boundaries of riparian ecosystems can be highly variable, in general they extend
outward from the river or stream channel, encompass the limits of flooding, and include the
canopy of adjacent streamside vegetation (Sedell et al. 1991).
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Figure 2-2. Illustration of plot and sub-plot layout

Strip plot design
Plot layout was conducted by first locating the GPS point for the plot origin (here on
referred to as the plot origin). Once the point was located the next task was to determine the
bearing at which to create a 150’ transect, which would be the centerline of the plot. This was
accomplished by taking an azimuth in the direction of upstream flow (pointing the compass
upstream), using valley form as the guide. Ninety degrees was then added or subtracted from this
azimuth, yielding a right angle to the direction of flow. A fiberglass tape was then used to
delineate a 150’centerline for the plot. This feature of the plot design allows for a fixed plot
design without “closing the square” and speeds up the data collection process. The centerline is
measured on bearing, and brush was cleared to the ground to ensure straightness. After pulling
the tape and affixing it to the base of significant slope breaks, degree of slope was recorded and
corrected for horizontal distance. The tape is then secured and treated as the centerline of the plot.
All trees within 10’ of either side of the centerline were then measured. A second tape (loggers’
tape) was used to determine whether borderline trees are in or out. This was done by measuring
the distance to the tree including its radius at Dbh at a right angle to the centerline tape.
Sub-plots
In addition, three sub-plots were established as areas of increasing distance from the
bankfull edge (Figure 2-2). These sub-plots are each 50’ long and 20’ wide horizontal distance.
The first runs from 0-50’, the second 50-100’ and the third 100-150’. These subplots are the basic
unit of extrapolation used when reporting the results of this inventory.
Measured variables
Tree measurements included species, Dbh, and where the center of the tree bole crossed
the centerline at a right angle. This distance is the slope distance to the channel and adds another
spatial element to study and allows for subsequent calculations. Specifically, computer macros
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were written which use the slope break information to create a mathematical plot profile. Each
tree could then be placed on the profile and its horizontal distance and height above channel
calculated. The series of steps involved in the coding are not discussed here but are an extensive
exercise in trigonometry. This data allows for spatial description (both horizontal and vertical) of
forest metrics based on the distance of trees from the bankfull edge.
Plot information also consisted of measuring the vertical distance of the plot origin above
the low-flow channel and the bankfull height. In addition, the bankfull width was measured with
a laser rangefinder (some estimated). Shade readings were taken for each of the subplots at 50,
100, and 150’ horizontal distances on the centerline using a spherical densiometer.
Understory was qualitatively classified by predominant shrubs and herbaceous plants in
each subplot. Four species were assumed to valuable as indicators of soil moisture. These were
willow (Salix hookeriana), salmonberry (Rubus spectabilis), vine maple (Acer circinatum), and
sword fern (Polystichum munitum). These plants were chosen to represent a moisture gradient at
an ordinal level. That is, the moisture class of willow > salmonberry > vine maple > sword fern.
While there is some overlap, these moisture regimes are consistent with examples of indicator
plants (Klinka et. al 1989). The fern is an obligate upland plant intolerant of moist conditions.
The vine maple is associated with moist sites but does not tolerate wet conditions well, while the
salmonberry is a facultative species capable of living in areas with a fluctuating water table.
Willow lives under very wet conditions, and on sites which regularly flood, with roots sometimes
extending into subsurface water.
Qualitative description of the landform as floodplain, terrace, or slope was recorded,
based on bank edge characteristics such as height of the plot origin above the bankfull height,
presence or absence of cut banks, and degree of slope.
Age/Height data collection
In addition to the data collected at each plot, two additional separate but strongly linked
datasets were formed for use in modeling tree diameter-height relationships and diameter-heightage relationships, especially for red alder. The first is a set of height data which has a matching
diameter. This was conducted for all tree species with varying intensity. To ensure representation,
trees were measured for height and diameter along the entire length of the creek system. All
measured trees were within 150’ horizontal distance from the bankfull edge. The plot nearest to
where each height was taken was also recorded (all would have occurred within 250’ of a plot).
Tree height was taken using an Impulse© laser rangefinder and were measured at a minimum of
two positions to ensure an accurate height. This dataset is used in establishment of diameterheight relationships (Appendix 1). Data for another dataset, one containing both height and
diameter as well as ages, was also gathered. This was used in modeling alder dominated riparian
stands for growth and density (a topic of a separate, forthcoming paper). Trees in selected stands
were cored across the range of diameters present. Stands were selected to represent 1) the full
length of the study area on both banks 2) varying densities of stems and 3) site class information
obtained from a GIS database.
Determination of forest area
A simple and straightforward approach was taken in the determination of total forest area.
The riparian forest was defined as the 150’ of vegetation adjacent to the bankfull edge of the
channel. This definition allows reporting upon a standard area adjacent to the creek. The acreage
of the riparian forest adjacent to Finney Creek was calculated as the sum of the lengths of both
banks multiplied by the 150’ width. The length of the left (south) bank, 58268’ + 62955’ for the
right bank = 121233’ total riparian length. This multiplied by 150’ gives 18,184,950 ft2. For
acreage: 18,184,950/43560 = 417.5 acres of riparian forest in the study area.
In some sections of this report, an expansion is used to illustrate the condition of the
riparian forest. This expansion factor is possible because of the proportional relationship between
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the size of our plots and the number of plots we measured in a given class, and the total forest
area. The expansion factor is simply: X subplots in a class/690 (the total number of subplots
measured) x 417.5 (the total acreage associated with our riparian study area). The relationship
between length and area allow for description of the riparian condition on the basis of length.
Calculated riparian forest metrics
Traditional metrics in forest inventory include volume, basal area, and trees per acre. All
of these can be seen as measures of density. From basal area and trees per acre the quadratic
mean diameter is determined. All of these metrics were calculated for each subplot.
In addition to these metrics, two other metrics were developed, percent conifer (and
hardwood), and average height above channel. Percent conifer was determined by the total stem
count on a subplot divided into the number of conifer stems. Alternatives to this include percent
conifer by basal area or by volume. Average height above channel (AHAC) was calculated as the
average height of the ground surface for each subplot. For each subplot, a mathematical profile
(an algorithm) was developed which calculates the height of the ground surface at 1’ intervals
from the plot origin. Up to five different slope values are accounted for, as is the height of the
plot origin above the low-flow channel.
We hypothesize that average height above channel is a useful surrogate for landform type
and disturbance regime. Data from Rot et al. 2000 suggests that the relative impact of fluvial
disturbance is dependent on landform type. Osterkamp and Hupp (1984) organized vegetated
landforms into four classes based on elevation and related flood frequency, inundation period,
and plant community composition to these landform classes. Hawk and Zobel (1974) identified
five plant communities on different riparian landforms along the McKenzie River, Oregon, where
flooded soils maintained the dominance of red alder on lower floodplains and conifers replaced
deciduous trees on drier, higher terrace sites. Beach (1999) found that Douglas-fir regeneration
was positively associated with low terraces (1-3 m) and negatively associated with active
floodplains (<1 m) and hillslopes (slope > 20%), while western redcedar and western hemlock
were both positively associated with high terraces (>3 m). Rot (2000) found that landform (e.g.
floodplain, low terrace, high terrace, slope) was an important determinant of both riparian
overstory and understory composition, finding distinct differences in community composition
between floodplain (<1 m) and the other landforms. Therefore, average height above channel
(AHAC) is used as a classification tool in this project. Classes are <5’, 5-10’, 10-15’, 15-50’, and
50+’. These are considered surrogates for floodplain, low terrace (or mature floodplain), high
terrace (or gently sloping, uneven topography), upland (slopes), and steep upland (steep slopes),
respectively.
Volume estimation
Estimation of volume is the primary focus of most traditional forest inventories. While
this is not the case for this project, volume is estimated in cubic feet per acre (ft3/acre) for each
subplot. Standard volume equations from the British Columbia Forest Service (1962) are used.
These volumes represent total stem volume, including stump and top, without allowance for
defect, trim, or breakage. These equations are of the form:
log V = 0 +1(log D) + 2(log H)
where D is diameter at breast height
H is total height
V is total volume of stem inside bark
log refers to the logarithmic value of the variable

Haight, 2002

Finney Creek Riparian Inventory and Assessment – Appendix

8

Volume is estimated directly for each tree by input of the variables into the equation.
Individual tree volume is then summed on a per subplot basis, and volume per subplot becomes
the basic unit of extrapolation. For height input, separate diameter-height regression equations
were generated for each tree species. See Appendix 1 for diameter-height regressions equations
and the fitting and selection process for each species.
Using volume per subplot as the basic unit of extrapolation, volume is estimated by
landform class and for the total forest. Estimating the mean volume is a fairly straightforward
exercise. First the mean volume for subplots which fall under each class are calculated using
bootstrapping (see below). This provides mean volume on a ft3/acre basis for each class (i.e.
floodplain plots contain on average X ft3/acre). Total volume in ft3 for the class is then
determined by extrapolation to the acreage associated with the class (i.e. X ft3/acre of floodplain
x acres of floodplain = ft3 on floodplains)
Bootstrapping
By resampling observations from the observed data, the process of sampling observations
from the population is mimicked. Bootstrap resampling provides estimates of the mean, standard
error, confidence intervals, and distributions for any statistic, without dependence on asymptotic
theory (S-plus software). For this study, bootstrap resampling is used to derive the estimates of
the mean and standard error for volume and basal area in the study area. The fundamental
assumption of bootstrapping is that the observed data are representative of the underlying
population. For more detailed descriptions of bootstrapping, see Efron and Tibshirani (1993), and
Shao and Tu (1995). Bootstrap estimates are conducted over 1000 replicates for all analyses.
Jackknife after bootstrapping is used to produce a influence plots (Figure A2-4, for example),
showing observations which are influential in the estimation of the mean. Additionally, bootstrap
inference is used to produce resampling distributions of the variance (Figure A2-2, for example).
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RESULTS AND DISCUSSION
This section discusses the results of several measured and calculated riparian forest
attributes and metrics. One advantage of using a systematic sampling methodology is
extrapolation from sampled plots to total forest area under any defined classification system. For
example, systematically sampling plots at regular intervals, a total of X plots are found to fall on
floodplains, a class. Since the sampling universe is finite, it is reasonable to assert that the number
of plots sampled is proportional to the total number present in the population. Further, because
the forest of interest is defined as being 150’ from the bankfull edge, the exact size of it is known
(as shown above). Therefore, the proportion of plots of a given class to the total number of plots
also yields the proportion of riparian area under that class.
We define a set of values which fall into a class as a sub-population. There are two subpopulations discussed in this paper. These are 1) the sub-plots themselves, in which there are
three spatially defined classes based on distance from the bankfull edge (discussed above), and 2)
landform as derived through the surrogate of average height above channel (AHAC).
Average Height Above Channel
Average height above channel (AHAC) was calculated on a per sub-plot basis (Figure 31). Two-hundred twelve sub-plot surfaces had an average height above the (low flow) channel
(AHAC) of 5’ or less. Another 183 sub-plots had an AHAC between 5’ and 10’. Seventy subplots occurred on surfaces averaging between 10-15’ and 137 between 15-50’. The remaining 88
had AHAC values >50’.
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Figure 3-1. Distribution of average height above channel (AHAC) values on a per subplot basis. AHAC is
calculated as the average height of the ground surface of each sub-plot above the low-flow channel.
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As with any classification system, some overlap is bound to occur. Average height above
channel, however, is both quantitative and continuous. That is, a plot or subplot can have any
value for AHAC. This allows for absolute and relative differences and changes to be realized.
Therefore, landform can be evaluated as a continuous variable for management considerations, or
for modeling purposes. It should be noted that any value (“bin”) could be used to group the data
for exploratory purposes, and streams of different sizes can be considered appropriately. One
feature of larger stream systems is that terrace formation does not preclude channel activity.
Some plots in this study had a negative slope moving away from the bankfull edge and an active
or abandoned side channel near the back end of the plot. Whereas height above bankfull height or
low-flow channel alone might not capture this attribute, average height above the channel does.
AHAC is the average height of a fluvial or upland surface, and likely serves as a surrogate for
frequency of disturbance. If restoration goals are targeted at, for example, establishment of
conifer for coarse wood recruitment, the average height of the ground surface above the channel
is an important consideration.
Volume
The aggregate riparian forest
The aggregate riparian forest refers to the total study area, as represented by the set of all
the sub-plots. Sub-plot volumes on a per acre basis (Figure 3-2) are used in the bootstrap
resampling to obtain estimates of mean volume, and the standard error of mean volume. Total
volume for the riparian forest is extrapolated from these values (Table 3-1).
250

200+ sub-plots had
volumes of <=1000
ft3/acre.

Number of Sub-plots

200

150
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0
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Volume (ft^3/acre)

Figure 3-2. Distribution of total volume (ft 3/acre) estimates on a per sub-plot basis.
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Table 3-1. Bootstrap resampling estimates for the mean and standard error, with total volume in ft3 for the
aggregate riparian forest.
Note: No significant difference in the sample population distributions of the left and right banks was detected using the KolmogorovSmirnov goodness of fit test (p-value = 0.33), so sub-plot values from both banks of the creek were run together for the bootstrap
estimates.

Population

n

Aggregate Forest

690

Total
Acres
417.5

Mean
(ft3/acre)
3669

Standard Error
196.5

Total Volume
(ft3)
1,531,808

Volume estimation for sub-plots
Bootstrap resampling was then used for generation of forest volume estimates based on
sub-plots. These are distance-based classes which are 50’ horizontal distance in length. The first
class starts at the bankfull edge and extends to 50’ horizontal distance on bearing. The next starts
at 50’ and extends to 100’ horizontal distance. The final class refers to the last 50’ (100-150’
horizontal distance). Identical analysis was conducted separately for each class.
Table 3-2. Bootstrap resampling estimates for the mean and standard error, with totals for volume in ft 3 for
three distance-based classes, and the sample size (n) and total acres associated with each.

Class
(0-50’)
(50-100’)
(100-150’)
Total

n

Total
Acres
139.1
139.1
139.1
417.4

230
230
230
690

Mean
(ft3/acre)
4178
3579
3209
-

Standard Error
341
399
205
-

Total Volume
(ft3)
581,160
497,839
446,372
1,525,371

Volume estimation by landform
Bootstrap resampling was then used for estimating volume based on landform
classification. Each of the sub-plots was classified based on its AHAC (Figure 3-3), and the set of
values for each landform used in the bootstrap.

Steep Upland (50+)
13%

Floodplain (0-5')
30%

Upland (15-50')
20%

High Terrace (10-15')
10%

Low Terrace (5-10')
27%

Figure 3-3. Distribution of sub-plots by landform.
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Table 3-3. Bootstrap resampling estimates for mean and standard error, with totals for volume in ft3 for
each landform, and the sample size (n) and total acres associated with each.

Landform Type
Floodplain
Low Terrace
High Terrace
Upland
Steep Upland
Total

n

Total Acres

Mean

Standard Error

212
183
70
137
88
690

128.3
110.7
42.3
82.9
53.2
417.4

3045
3800
3270
4809
3467
-

242.5
284.9
458.5
628.2
540.1
-

Landform Volume
(ft3)
390,674
420,660
138,321
398,666
184,444
1,532,765

Volume estimation can be accomplished in many ways. The bootstrapping method used
in this study provides consistent mean and standard error estimates. Bootstrap resampling
requires that the data be representative of the population. This is precisely the case with this
systematic sampling methodology, indeed with many systematic designs. Systematic approaches
might be the preferred approach to the measurement and quantification of riparian systems. The
vegetation in these systems is largely controlled by channel morphology and exhibits patterns of
local homogeneity. The ability to capture changes in vegetation through space and correlate them
to in-channel attributes such as large woody debris are very good reasons to move to systematic
approaches. The importance of floodplain management in large stream systems is evident in this
study, as this data suggests that 30.7% of the riparian forest within an area 150’ adjacent to the
creek is floodplain. Results suggest that volume is lowest in the more disturbance prone
floodplains, where channel processes are more often resetting the biological accumulation of
volume.
Testing for differences in volume
The two-sample Kolmogorov-Smirnov goodness of fit test is used to test whether two
sets of observations could reasonably have come from the same distribution (or population). The
test was used to test for significant differences in volume based on the two classification sets
described above. This includes differences in distance from the bankfull edge (3 classes) and in
landform types (as derived from average height above channel). Results show no difference in the
distribution of volume between the three distance-based classes (p =0.10).
There were differences, however, between landform types. Goodness of fit tests were
conducted for each successive landform (floodplain, low terrace, high terrace, upland and steep
upland) as modeled by average height above channel. Results show significant differences in the
distribution of volume between floodplain and low terrace sites, and upland vs. steep upland sites.
No difference was detected for low terrace vs. high terrace or high terrace vs. upland (p =0.10 for
all tests). These results suggest that average height above channel is a useful surrogate for
landform characterization. Detection of differences using the Kolmogorov-Smirnov goodness of
fit test reveal that sub-populations do exist and are significantly different from each other. Further
refinement of the bins and a priori stratification of the bins in future sampling efforts should
further improve and validate the performance of this metric.
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Basal Area
Sub-plot basal area values (ft2/acre) (Figure 3-4) where used in bootstrap resampling to
obtain estimates of mean basal area and the standard error of the mean for each of the distancebased classes (Table 3-4) and the landforms (Table 3-5).
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Figure 3-4. Distribution of basal area values in ft2/acre on a per subplot basis.
Basal area estimation for subplots
Table 3-4. Bootstrap resampling estimates for mean and standard error, for basal area in ft 2/acre for three
distance-based classes, and the sample size of each.

Class
(0-50’)
(50-100’)
(100-150’)

n
230
230
230

Mean
(ft2/acre)
136.6
121.3
115.8

Standard
Error
9.0
10.1
7.1

Note: Mean basal area decreases with distance.

Basal area estimation for landform
Testing for significant differences in basal area
Again, the sub-populations (classes) were tested for significant differences in distribution
using the two-sample Kolmogorov-Smirnov goodness of fit test. For the distance-based classes,
results showed a significant difference (p=0.10) in the sub-populations between the first and
second class (0-50’ and 50-100’). No differences were detected between the other distance-based
This suggests that the first two distance-based classes came from different populations.
Decreasing mean basal area values were found with increasing distance (Table 3-4). While these
differences were not found significant using a modified t-test (p= 0.10), they should be
considered for further implication.

Haight, 2002

Finney Creek Riparian Inventory and Assessment – Appendix

14

Table 3-5. Bootstrap resampling estimates for mean and standard error, for basal area in ft2/acre for each
landform, and the sample size (n) and total acres associated with each. classes.

Landform Type
Floodplain
Low Terrace
High Terrace
Upland
Steep Upland
Total

n

Total Acres

212
183
70
137
88
690

128.3
110.7
42.3
82.9
53.2
417.4

Mean
(ft2/acre)
105.6
119.3
108.7
160.6
137.2
-

Standard Error
6.5
7.6
13.3
15.9
18.0
-

For the landform classes, significant differences in the sub-populations were found
between the upland and all other landform classes. No other differences were detected (p=0.10).
This reflects similarities in the populations found on sites with different bed-form elevations.
T-tests were used to test for differences in mean basal area and show a significant
difference in mean basal area between the floodplain, low terrace, and high terrace sites vs. the
upland sites (p=.05). The higher basal area achieved in the upland plots is ascribable to these
containing far more conifer (albeit small diameter conifer, see below) than on the other
landforms. The most disturbance prone landform, floodplain, showed the lowest average basal
area, reflecting stand age and composition (generally young alder stands).
Examination of influence plots (outlier analysis) (Figure A2-4, for example) reveals that
very few sample plots have strong influence over the mean of their respective subpopulations.
This suggests that average height above channel was effective in capturing the variability of the
subpopulations and is a useful surrogate. One exception might be in the distance-based classes,
where the class closest to the active channel had several outlying observations with respect to
mean basal area.
Species and Diameter Distributions
This section discusses the diameter distributions of tree species along the anadromous
portion of the Finney Creek watershed. For each species, total trees measured in the study area
are used for initial consideration. Trees per acre is a direct extrapolation so proportional
relationships are easily exploited. Under the study design, all trees 2” or greater at Dbh were
measured in fixed plots. As discussed above, these plots were systematically spaced and therefore
represented the entire range of conditions found in the study area. Very few trees in the study area
were smaller than 2”. A total of 5104 trees were measured for diameter. Of these, 353 were snags.
Red alder
Uneven aged stands have been conceptualized as a summation of several different even
aged stands growing on the same parcel of land at the same time (Davis and Johnson 1987).
Aggregating all measured alder reveals that the distribution of alder stems across the study area
follows a negative exponential distribution (Figures 3-5 and 3-6). Meyer (1952) attributes
deLiocourt (1898) to first exploring the negative exponential distribution of uneven aged stands.
In the first numerical study of the topic deLiocourt published on his observation that the ratio of
trees in successive diameter classes tends to remain constant through the range of diameter
classes represented in a forest (Davis and Johnson 1987). Meyer (1952) also showed that the
diameter distribution of natural unmanaged uneven-aged stands tends towards a constant ratio in
terms of the number of trees in successive diameter classes. He referred to this ratio as the
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diminution coefficient and it has been a popular conceptual device ever since (Davis and Johnson
1987).
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Figure 3-5. Diameter distribution and summary statistics for Alnus rubra measured in the study area.
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Figure 3-6. Scatter plot of actual values and negative exponential curve using total number of Alnus rubra
stems as predicted by diameter in 1” classes. n= 2913.
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Most of the stands in the study area were more like even aged stands, which after a fluvial
disturbance event grew out of what appears to be a fairly uniform colonization of sites. This
suggests that the alder dominated riparian forest as a whole can be seen a collection of even aged
stands, with age classes resulting from disturbance events. These events provide a continuous
supply of small trees regenerating uniformly on disturbed sites, resulting in a diameter class
distribution which is patchy across the larger uneven-aged landscape. Assuming disturbance is
the primary mechanism for alder regeneration, and given a constant rate of disturbance, the
number of trees expected in different size classes should remain constant through time.
Black cottonwood and bigleaf maple
Black cottonwood (Populus trichocarpa) and bigleaf maple (Acer macrophyllum) also
exhibit diameter distributions associated with unmanaged uneven-aged forests (Figure 3-7).
Again, less large trees is what is expected in any naturally regenerated forest. Maple has a much
steeper slope. Considering the physiological trait that these trees often stump sprout, with many
stems in close proximity, the steep slope might reflect increased mortality at smaller diameters.
Cottonwood shows a less continuous distribution, where it is thought that this species is
undergoing dramatic mortality (thinning) at certain points in a stands’ life history. Alternatively,
less sites are suitable for cottonwood growth, which might result in greater gaps in the age class
distribution.
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Figure 3-7. Diameter distributions and summary statistics for Populus trichocarpa (left) and Acer
macrophyllum measured in the study area.
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Figure 3-8. Diameter distribution and summary statistics for conifer species (Pseudotsuga
menziesii, Tsuga heterophylla, Thuja plicata, and Picea sitchensis) measured in the study
area.
Conifer species distributions
Conifer distributions clearly (Figure 3-8) reflect management on the landscape.
Especially noteworthy is the smaller number of trees in the smallest class of all but spruce
species, and a spike of trees in classes just larger than this. This reflects a lack of regenerating
seedlings and a pulse of activity in the basin. For example, the age classes associated with
Douglas fir between 5-7” represent 46% of this species presence within 150’ of the bankfull
channel. Moreover, the lack of trees at the smallest classes could have dramatic implications with
regard to future supply of conifer seed and physical presence. Conifer may be having difficulty
regenerating under the heavy brush found on the low terrace landforms, while limited harvest in
these areas could play a role in limiting disturbance of shrub canopy.
All of the conifer distributions show a decrease in stems at larger size classes, similar to
the hardwoods, and consistent with biological process. Given the diminution in number of trees at
successive size classes, there will be a massive deficit in conifer trees if regeneration is not
improved. That is, the lack of conifer in the smallest diameter classes suggests that the number of
conifers will decrease through time. Active management might be a viable option given this
scenario.
Percent Conifer
Percent conifer (as a function of stem count) is a straightforward metric, useful in
description of riparian condition and spatial orientation of forest composition. The results of this
study show a large number (504) of the sub-plots in the sample area had values of 0% conifer
(Figure 3-9). Combining this information with that of the landform classes developed above, the
vertical orientation of conifer presence becomes clear (Figure 3-9). However, the impact of
management action on the study area cannot be overstated. This information is not valuable from
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a ‘natural conditions’ perspective. Vegetation patterns on the landscape reveal that the majority of
existing conifer occurs on hillslopes. While this is consistent with other literature, it is not the
whole picture in this study. On the contrary, it is evident that the last places harvested were the
harder to reach steep hillslopes, and that these were harvested under some form of harvest
regulation. Therefore, many were replanted to plantations with Douglas fir and that is what
remains. The lower, easier to reach sites where harvested in the 1950’s and before, under no
regulation or replanting mandates. Therefore, the absence of conifer on lower landforms cannot
be seen as precluding those sites’ capability of supporting it.
While we cannot draw conclusions from this information about the undisturbed state of
Finney, we can use it to better understand and summarize the current situation. For example,
much of conifer within 150’ of the bankfull edge of the stream occur on slopes where the channel
is relatively more confined. Specifically, of the 97 sub-plots containing 50% or greater conifer, 42
of them occur on surfaces averaging >50’ above the low flow channel. This average height is
equivalent to an average slope of 45° (100%). Also, that there is a lack of conifer on landforms
which can support it. For example, in the 5-10’ (low terrace) class, there are 158 sub-plots where
there is no conifer present. Only 19 sub-plots with average height above the channel between 015’ had greater than 50% conifer. This equates to only 4% of the total land area (11.2 acres) in
this elevation regime (281 acres). Therefore, this information is most useful in a “current
conditions” and management sense, where exploration for future management options is key.
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Figure 3-9. Distribution of sub-plot values for percent conifer by stem count for each landform class.

Quadratic Mean Diameter
Quadratic mean diameter (QMD) is the measure of average tree size conventionally used
in forestry and is a widely used stand statistic that appears in virtually all yield tables, simulator
outputs, stand summaries, and much inventory data (Curtis and Marshall 2000). Reinekes’ (1933)
stand density index (SDI) is based on QMD, as are the various relative density measures and
stand management diagrams derived from the Reineke relationship (Curtis 1982).
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Quadratic mean diameter can be expressed by:

QMD =

BA
.005454  TPA

Where BA is the basal area of a sub-plot on a per acre basis and TPA is number of trees on a subplot on a per acre basis. The quadratic mean diameter gives greater weight to larger trees and is
equal to or greater than the arithmetic mean by an amount that depends on the variance of the
diameters and can also be seen as the diameter of a tree with average basal area (Curtis and
Marshall 2000). Due to the mathematical properties of the equation, QMD is positively correlated
to basal area and negatively correlated to trees per acre. That is, larger stand basal area values will
result in a larger stand QMD while larger stand trees per acre values will result in a smaller stand
QMD. Therefore, the higher the stem density the lower the QMD.
The distribution of QMD values (Figure 3-10) shows a large proportion of the
stands within 150’ of the bankfull edge are of relatively small average diameter. In fact, 450 subplots showed stand QMD 10” or less. Using the expansion factor for the total forest area, this
equates to (450/690*417.5) 272 acres. Dividing this area in ft2 by 150 and converting to miles
yields 14.97 miles, the amount of riparian habitat in length which has a riparian forest QMD of
10” or less. A QMD of 20” or less is found on 93% (21.4 miles) of the total riparian length in the
study area (22.9 miles).
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Figure 3-10. Distribution of quadratic mean diameter values on a per sub-plot basis.
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IMPLICATIONS: CURRENT CONDITION AND FUTURE EXPECTATIONS
Basal Area
The Washington State Forest Practices Manual sets desired future condition
(DFC) basal area targets for site class II and site III ground at 275 and 258, respectively. The low
mean basal area values found in the study area reveal that much of the riparian forest is not
anywhere near this target. It is likely that alder and hardwood dominated stands will never reach
target DFC levels. Chambers (1974) reported that for normal well stocked stands, the basal area
of trees >7” Dbh would be between 92 and 209 ft2/acre for the best site ground (site index 120)
depending upon age (25-60 years). For site index closer to our stands (100), he reports between
76 and 177 ft2/acre. Stands such as those used by Chambers comprise the majority of the study
area. Therefore, it is reasonable to assert that establishing and retaining conifer will be necessary
to meet both regulatory targets and, more importantly, provide the riparian function associated
with those targets. Because DFC cannot be met, however, many stream adjacent stands cannot be
entered for harvest, so the hardwood composition will remain unaltered. Alternate management
strategies might be the only option under this set of circumstances.
Piece Size Distribution
The physical dynamics of fluvial environments can make a substantial imprint on
ecosystem patterns by controlling the distribution of substrates on which plant and animal
communities develop (Swanson et al. 1988). Large woody debris influences the routing of
sediment and particulate organic matter through the channel network by creating areas of low
shear stress where material can be stored, creating depositional sites where vegetation can
colonize and become established within an otherwise inhospitable fluvial environment.
(Fetherston et al. 1995). Forms of woody debris vary from key piece material to component piece
material, found in conjunction with key pieces forming logjams and smaller woody piece
accumulations. Bilby and Ward (1989) found a general relationship between mean channel width
and the size and frequency of debris pieces.
Beechie and Sibley (1997), working with this general relationship, derived a regression
equation for the minimum piece size required to form a pool for streams up to 20 m (64’) bankfull
width:
Minimum diameter of a pool forming piece (m)= 0.028(bankfull width) + 0.0057 (r2= .65)
where bankfull width is in meters. Bankfull width measurements at our plots resulted in a median
of 109’. Using this equation for Finney Creek yields a minimum piece size of 36.6”, although the
width of Finney Creek is outside the range of the data used in the formation of the regression
equation. On work in the Nisqually River, Collins and Montgomery’s mean for key pieces in
logjams was 98 cm (38.6”), and 64 cm (25”) for “racked” pieces (Collins and Montgomery,
submitted to restoration ecology, unpublished draft 2001). Collins and Montgomery also found
relatively few pieces less than 25 cm (approx 10”) in their logjams. Based on the above LWD
information, we developed a rating system for potential functional woody debris components in
the Finney Creek riparian forest (Table 4-1).
We defined three classes of functional wood, those pieces at least 38” were considered
highly functional, those between 10” and 38” as moderately functional, and those <10” as
minimally functional. For every sub-plot, a count of tree diameters meeting these criteria was
generated. Sub-plots having at least one highly functional piece were then grouped, sub-plots
having at least two moderately functional pieces composed a second group, and plots failing to
meet either criteria defined the third group. We also use QMD to construct a second set of criteria
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for definition of functional wood (Table 4-1). Here sub-plots with a QMD of less than QMD of 
38” were grouped (highly functional), as were those having a QMD of 10” (moderately
functional) and those having a QMD <10” (minimally functional).
Table 4-1. Criteria for assessment of functional wood based on number of potential pieces or quadratic
mean diameter.
Function
Rating

Criteria

Functions
Provided
Supplies key piece
LWD, root strength,
litter

High

38”
QMD >38”

Quantity
1 per sub-plot
(45 per acre)
N/A

Moderate

10”
QMD >10”

2 per sub-plot
(90 per acre)
N/A

Supplies component size
LWD, root strength,
litter

N/A

N/A

Root strength, leaf litter

QMD<10”

N/A

Minimal

Dbh (in)

160

140

Number of Sub-plots

120

100

80

60

40

20
100-150'

0
Minimal
Function (<2 Moderate (>=2
High (>=1 piece
pieces 10" piece 10" DBH)
38" Dbh)
DBH)

50-100'
0-50'

QMD <10
QMD >=10
QMD >=38

WOODY DEBRIS CRITERIA

Figure 4-1. Abundance of potential functional wood based on two sets of criteria.

We also developed a continuous spatial distribution of potentially functional wood across
the Finney Creek riparian forest by bringing the data into Arcview© (Figure 4-2).
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Figure 4-2. Aerial photography (1998) of partial range of study area with spatial distribution of functional
recruitable wood.
Note: The data in Figure 4-2 are for the sub-plots closest to the channel (0-50’), based on number of piece size criteria (Table 4-1).
The white dots show plots with no highly or <3 moderately functional pieces, the gray show plots with at least 3 moderately
functioning pieces, and the black (4) show plots with key piece size trees.

Only 13 of the 690 sub-plots contained key piece size material (Figure 4-1). The GIS reveals that
distances on the order of contiguous miles are lacking potential highly functioning pieces.
Potential moderately functioning wood was better distributed (263 sub-plots had at least 2
moderately sized pieces), but plots with only minimally sized material is most abundant (414 subplots). Using QMD results in similar conclusions, but only 1 sub-plot had an average diameter of
38” or greater (see also Figure 3-10). This provides, however, only a look at the condition of the
riparian forest adjacent to the stream. It is not an accounting of how much woody debris will ever
actually reach the channel. Spatial position of adequately sized trees and direction of fall will
limit the actual number of pieces which will ultimately be contributed.
No alder trees meeting the 38” key piece size criteria were measured across the
20+ miles of streamside habitat (Figure 3-5). Alder is not known to grow this large in any setting
(Harrington et al. 1994). Therefore, it can be assumed that red alder is not a viable source for
pool-forming key piece woody debris in the study area. However, alder is seen throughout the
study area as contributing moderate size pieces, and these have value as component or racked
pieces in log jams. Management of alder could include thinning to increase diameter growth at
faster rates. This activity should occur when the stand is young.
Finney Riparian Forest Composition
Complex mosaics of riparian plant associations develop in riparian zones due to
processes such as site potential, succession, and stability (Kovalchik and Chitwood 1990).
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Streams flowing through mature stands of conifer in the Pacific Northwest tend to contain larger
amounts of wood with larger averaged size pieces than channels located in younger communities,
often dominated by smaller, hardwood species (Bilby and Ward 1991). Of the 690 sub-plots
measured in this study, 477 were pure hardwood (100%), of these, 292 were composed of 70% or
more alder. An additional 75 sub-plots had no trees on them. These elements will be a limiting
factor in the availability of large woody debris.
While cottonwood may reach diameters of sufficient size, the number of pieces available
will be limiting. Of the 4028 hardwood stems measured, a total of only 411 (10%) were
cottonwood. Further, conifer derived LWD not only tends to be larger than hardwoods, but decay
rates are significantly lower, thus increasing longevity in the system (Harmon et al. 1986).
Therefore, stream reaches adjacent to stands dominated by hardwood will be afforded little if any
long term coarse woody debris. The stream adjacent habitat represented by hardwood dominated
stands is the bulk of riparian habitat in the study area, with an estimated 302 acres composed of
70% or more hardwood.
Red alder is well suited to out-compete conifers on gravel substrates. It fixes nitrogen,
grows faster than all of the native conifers as a juvenile, and reaches sexual maturity within 3-4
years (Harrington et al. 1994). Red alder typically attains maximum diameters of 20-25”, heights
of 80-110’, and is short lived, reaching only 100 years of age on better quality sites in the Pacific
Northwest (Franklin and Dyrness 1988). A finding with significant implication is that alder was
not found to occur with conifer at most of the sample sites (Figure 4-2), whether due to lack of
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Figure 4-3. Distribution of plot values for percent hardwood by stem.
Note: 477 (69%) of the 690 plots were composed of 100% hardwood. 500 (72%) of the plots were composed of at least 70%
hardwood.
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seed source, competitive interactions, or site characteristics. Even in older alder stands, the
presence of conifer was severely limited. Therefore, even if these stands are left alone,
successional pathway may not yield conifer.
Beach and Halpern (2001) found the vast majority (92%) of conifer regeneration to be
within 80m (256’) of the nearest potential seed source tree. Our fixed plots covered 150’ of
horizontal distance, and beyond the end may or may not have had conifer presence. Therefore,
managing for seed source may or may not be a viable option in these areas. Understory plantings
may therefore be the only option in many alder-dominated sites in the study area.We determined
percent conifer (and hardwood) by stem count (refer to Figure 4-3). Alternatives to this include
percent conifer by basal area or by volume. Basing it on stems, however, allows for determination
of sites where the number of conifer pieces are lacking. If several consecutive sites have no
conifer within 150’ of the bankfull edge, then we can reasonably assert that the channel will lack
conifer wood recruitment in these areas. Utilizing Arcview®, we were able to spatially define the
areas where conifer presence was abundant or lacking (Figure 4-4 shows limited range).
The conifers in the study site were spatially clumped (Figure 4-4 shows partial range).
The majority of conifer (>60%) occurring within 150 horizontal feet of the stream were found to
exist within only 14% of the plots, which occurred along two 1-mile reaches. Conifer presence in
these (and all) reaches was found to be dominated by small diameter trees (Figure 3-8). Five
hundred and fifty eight of the 645 (87%) conifer measured were less than or equal to 10” in
diameter at breast height. Therefore, piece recruitment might (in the future) be satisfied for these
reaches, but assuming minimal transport, most of the length of Finney Creek would remain at a
lack of conifer input. Additionally, a fair portion of the length of one of the two conifer bearing
reaches is controlled by bedrock, where coarse wood is not the primary component of pool
formation. Woody debris supplied to these reaches would have to move (intact) downstream to
unconfined reaches if they were to function.

Figure 4-4. Aerial photography (1998) of partial study area with spatial distribution of conifer. The white
dots show 0% conifer, the light pink 0-25%, the dark pink 25-50%, and the dark red 50-100%.
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CONCLUSIONS AND SUMMARY
Study Design
Results from this study suggest that continuous spatial arrangements of data are an
invaluable asset with regard to characterizing riparian systems as a whole. The Finney Creek
study design shows merit in quantitatively capturing important spatial attributes of the riparian
forest. The use of new and emerging statistical treatment of data provides an important element,
allowing for a systematic approach to be widely utilized. Data structures were not discussed in
depth in this paper but are also a pivotal instrument in terms of analytical approaches. The
approach is recommended for use in riparian inventories, and some future effort will be put into
expansion and clarification of systematic approaches and their application to other datasets. The
sampling methodology offers several key metrics, many of which were explored in this paper,
and some of which are yet to be uncovered. A new metric, average height above channel
(AHAC), which combines both bankfull height and a plot profile, allows for data manipulation
with regard to landform.
Composition of the Lower Finney Riparian Forest
The current state of stream adjacent forest on Finney Creek reveals the need for
consideration of active management. Most stands are in a state of hardwood dominated stasis,
where conifer successional pathways are either stunted or paused entirely. Highly functional
wood in terms of size is severely limited and many sites have neither large nor moderately sized
pieces available for recruitment. Diameter distributions on Alder sites are not expected to change
or shift toward larger size classes. On conifer sites, some time is needed for these stands to grow
to sizes sufficient to supply large woody debris. However, these sites are unfortunately spatially
very clumped, and the majority of future functional wood from most conifer stands will occur in
limited portions of the channel length.
Management objectives with regard to the current state of stream adjacent forest along
the main-stem of Finney Creek include retention of near stream conifer and silvicultural
treatments aimed at maximizing the incremental growth of conifer. Additionally, and especially
in locations where the percent conifer is very low, conifer should be retained and managed for
seed source as best as possible.
However, with regard to regenerating conifer from existing remnant trees or stands,
Beach and Halpern (2001) found that conifer regeneration in hardwood stands was relatively low
in areas adjacent to individual conifer trees or young stands. Therefore, successful establishment
of conifers on areas directly adjacent to Finney Creek may require additional active management
approaches such as understory planting and overstory thinning, especially in areas heavily
dominated by hardwood.
Active management sites can be identified based on criteria obtained from the dataset
generated from this study. Several tools were developed for use in decision support, enabling
better assessment of success and risk factors associated with active management in riparian zones.
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Summary of Key Points
➢ The majority of conifer (>60%) occurring within 150 horizontal feet of the creek were
found to exist within only 14% of the plots, which occurred along two one-mile reaches
of bedrock canyon.
➢ Conifer presence was found to be dominated by small diameter trees, with 87% of the
conifers measured being less than or equal to 10” in diameter at breast height.
➢ The stream-adjacent habitat represented by hardwood-dominated plots composes the bulk
of riparian habitat in the study area, with 302 acres composed of 70% or more hardwood.
➢ In order to reach a reasonable state of riparian function with regard to coarse woody
debris, establishing and retaining conifer will be necessary.
➢ Successful establishment of conifers on areas directly adjacent to Finney Creek may
require additional active management approaches such as understory planting and
overstory thinning, especially in areas heavily dominated by hardwoods.
➢ The relative-elevation plot metric ‘Average height above channel’ shows potential as a
useful surrogate for landform, and is valuable as a continuous, quantitative variable.

Considerations for Future Work
➢ Analysis is still planned for the description of trends, the optimal plot spacing and
systematic autoregressive modeling across riparian study areas.
➢ Generally, height growth of alder will not exceed 100’, placing their ability to shade a
creek with a median bankfull width of 109’ in question.
➢ Channel migration zone delineation will aid in determining the number of plots falling
entirely in the CMZ. This will aid in development of management schemes aimed at
improving the condition of the riparian forest.
➢ Alder age-diameter relationships are being explored further in a follow-up paper.
➢ Density relationships for growth of alder through time should be explored with respect to
fluvial disturbance regimes.
➢ The variability of basal area in hardwood dominated systems complicates the use of this
metric for setting desired future condition targets.
➢ Using the variability of sub-populations provides an index of homogeneity.
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APPENDIX 1
Development of diameter-height regression equations for six tree species found in the Finney
Creek basin.
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Development of a Height Regression Equation for Alnus rubra
An important component in forest volume estimation is accurate prediction of tree
heights. To do this, diameter-height regression equations are developed for the study area or
region of interest. The development of a regression equation for total height (ht) predicted from
diameter at breast height (Dbh) for Alnus rubra (Alder) was of particular importance in this
project, as this species clearly dominates the study area in terms of stems. Furthermore, heightdiameter equations for this species have been developed for upland areas, but not as of yet
specifically for riparian zones. In addition to volume estimation, this equation could be used for
development of or input into LWD recruitment models. On its own the equation would be of
predictive value in determining which trees in a riparian area might best be suited for leave trees,
if decisions were being based on tree height.
Alder (and other species as discussed below) were sampled across the entire study area.
The area is represented by two site classes, so this was taken into consideration. A total of 157
Alder trees were measured for use in height-diameter equation development. Tree lean was not
corrected for, but trees having a lean greater than 10 degrees were excluded from measurement.
Therefore, for the highest trees (e.g. 100’), the maximum error associated with lean would be
approximately 1.5’. This is not the case for most trees, however, as all had less lean and most
were shorter. In addition, at least two measurements were taken for each tree from different
locations. This allowed visibility of the tree from different angles. Height data was taken with a
laser rangefinder to the top of the leader. Only trees which appeared healthy and free from defect
were chosen for measurement. Trees with split tops were also excluded.
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Figure A1-1. Scatter of original data for total height vs. diameter at breast height for Alnus rubra.

Equations deriving height from diameter are very common and have been around for
many years. There are many recognized models utilizing different transformations of both the
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dependent and independent variables (Husch et al. 1982). Both linear and nonlinear models have
been employed in the fitting of height-diameter curves. The value of using linear models is in
model fitting and diagnostics. Nonlinear models do not provide t and F statistics, or statistics used
in verifying the validity of the model (e.g. Durbin-Watson). Additionally, nonlinear models must
be given an initial value for each beta coefficient, a process which has undergone some scrutiny
and can lead to misspecification. The major drawback of linear models is that they are dependent
on the assumption that the underlying population distribution is normal. A further drawback of
some linear models is that a slight bias in the coefficients may be incorporated due to logarithmic
transformations.
Several equations were fit to the Alder data (Table A1-1). These include logarithmic,
quadratic, untransformed, and the nonlinear Shumaker (1939) model. Most of the models were
very close in their description of variability in height based on dbh (the r2 statistic). The best
model was chosen by considering this, the F and t statistics (where appropriate), the performance
of the equation across the dataset, the Root Mean Square Error (RMSE), and simplicity of use
(parsimony).
Table A1-1. Beta coefficient values and model diagnostics used in model selection of the regression model
of total height vs. diameter at breast height for Alnus rubra.
Note: Please see Table A1-3 for equation specification of each model.

Coefficient
B0
B1
B2
SSE
RMSE
F stat
r2

Nonlinear
101.2
-4.297

Linear 1
4.514
-3.593

Linear 2
2.869
0.576

Linear 3
-2.649
31.088

15014
9.78
N/A
N/A

20806
11.51
682
0.81

12392
8.88
779
0.83

13115
9.14
638
0.80

Linear 4
18.510
5.711
-0.089
12308
8.85
330
0.81

Linear 5
25.722
3.885
13607
9.31
609
0.80

The best model based on the criteria specified above and the considerations of linear and
nonlinear modeling was the “Linear 2” model:
ln(Ht) = 0 + 1* ln(Dbh)
Where ln is the natural log of the variable.
Table A1-2. Regression output for the chosen regression model of total height vs. diameter at breast height
for Alnus rubra.
Dependent Variable: LN(HT)
Method: Least Squares
Date: 08/01/01 Time: 16:07
Included observations: 157
Variable
C
LN(DBH)
R-squared
Adjusted R-squared
S.E. of regression
Sum squared resid
Log likelihood
Durbin-Watson stat

Haight, 2002

Coefficient
2.869267
0.575619
0.834045
0.832974
0.154096
3.680587
71.85077
2.102744

Std. Error
0.043205
0.020624
Mean dependent var
S.D. dependent var
Akaike info criterion
Schwarz criterion
F-statistic
Prob(F-statistic)

t-Statistic
66.41052
27.91037
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Prob.
0.0000
0.0000
4.025251
0.377052
-0.889819
-0.850886
778.9888
0.000000
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The regression equation to three significant figures:
LN(HT) = 2.869 + 0.576*LN(DBH)
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Figure A1-2. Fitted curve for the chosen regression model of total height vs. diameter at breast height for
Alnus rubra.

Model diagnostics
The data being modeled (height data) was found to be random and normally distributed
(Figure A1-3). There was not autocorrelation in the error term (no patterns in the residuals-See
Durbin Watson test below). There was, however, some heteroskedasticity evident in all of the
regression runs (Figure A1-5).
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Figure A1-3. Distribution of Measured Heights for Alnus rubra
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The competing models had similar r2 values but were quite different in their form. The
untransformed linear model (“Linear 5” in Figure A1-4) increased without bounds, while the
other models showed varying degrees of flattening out at higher diameters. While the chosen
model did not flatten out as much as some others, it predicts well within the data range, and it is
not expected that Alder grows larger than this.
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Figure A1-4. Height curves for all regression models for Alnus rubra.
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Figure A1-5. Residuals vs. Fitted Values (untransformed values on both axes). Note: There does appear to
be some heteroskedasticity (unequal variance) across the dataset.
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Ordinary least squares estimates are consistent in the presence heteroskedasticity, but the
conventional computed standard errors are no longer valid. Whites heteroskedasticity consistent
covariance estimates are used below (Table 2-4) to compute corrected standard errors (does not
change the point estimates of the parameters).
Model specification
A nonlinear equation (Schumacher 1939) for height-diameter relationships used in the
PNW is Ht = 4.5 + 0 * e(1 x 1/Dbh) (Martin and Flewelling 1998). This nonlinear model can be
linearized by:
Let Y = natural log of height above breast height i.e. ln(Ht-4.5).
Let X = 1/Dbh
From here ordinary least squares regression can be used, simply predicting y from x. Other linear
models are found throughout the literature and in text books (Table A1-3).
Table A1-3. Equation specifications for all competing models of total height vs. diameter at breast height
for Alnus rubra.
Model
Nonlinear (Schumacher, 1939)
Linear 1
(linearized Schumacher)
Linear 2
(Stoffels and Van Soest, 1953)
Linear 3
(Henricksen, 1950)
Linear 4
(quadratic)
Linear 5
(untransformed)

Specification
Ht = 4.5 + 0 x e(1 * 1/Dbh)
ln(Ht-4.5) = 0 + 1(1/Dbh)
ln(Ht) = 0 + 1(ln(Dbh))
Ht = 0 + 1(ln(Dbh))
Ht = 0 + 1(Dbh) + 2(Dbh)
Ht = 0 + 1(Dbh)

Note: In addition to graphical interpretation (Figure A1-5), serial correlation in the residuals is formally tested using the Durbin
Watson Statistic. This is conducted as follows:
Ho:  = 0
Ha:  > 0 (showing positive autocorrelation)
DWstat: 2.10
DL: ( = .05, n= 157, df= 1): 1.65
DU: ( = .05, n= 157, df= 1): 1.69
The DWstat is higher than the DU, so fail to reject, this indicates that the residuals are random. This means that the regression is not
spurious, and statistical tests (F and t) can be performed to test the value of the model and coefficients in prediction.

Table A1-4. Regression output using the White Heteroskedasticity-consistent covariance matrix estimator.
Dependent Variable: LN(HT)
Method: Least Squares
Date: 08/03/01 Time: 14:57
Included observations: 157
White Heteroskedasticity-Consistent Standard Errors & Covariance
Variable
Coefficient
Std. Error
C
2.869267
0.054825
LN(DBH)
0.575619
0.025294
R-squared
0.834045 Mean dependent var
Adjusted R-squared
0.832974 S.D. dependent var
S.E. of regression
0.154096 Akaike info criterion
Sum squared resid
3.680587 Schwarz criterion
Log likelihood
71.85077 F-statistic
Durbin-Watson stat
2.102744 Prob(F-statistic)
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t-Statistic
52.33469
22.75747
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Prob.
0.0000
0.0000
4.025251
0.377052
-0.889819
-0.850886
778.9888
0.000000
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Development of a Height Regression for Populus trichocarpa
Regression analysis was conducted for Black Cottonwood (Populus trichocarpa) in the
same fashion as it was for Alder (above). The importance of this species as a source of short-term
woody debris may be overlooked in general sentiment. Many regard the species as a weed, and it
is known to be far inferior to coniferous species for contribution of woody debris. This is due in
part to its much faster decomposition rate. However, the species grows very tall, making the
probability of individual trees falling into creeks from banks higher than other hardwoods. In
addition, it is very fast growing. Further, the canopy is much higher off the surface than that of
alder, possibly allowing for increased chance of conifer success in under-plantings.
While much research still needs to be conducted on cottonwood, these preliminary
regression analyses provide some insight its structural characteristics. A total of 50 trees were
measured for height, following the same protocols as used for alder (no split tops, free of defect,
lean < 10 degrees, 2 measurements per tree). Like the alder data, trees were sampled from across
the range of their diameter distributions, as well as their geographic range within the study area.
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Figure A1-6. Scatter of original data for total height vs. diameter at breast height for Populus trichocarpa

Several equations were fit to the data, and the best model selected by considering the
overall performance of the equations. The model which best describes the data is the linearized
model of the widely used Schumacher model, the specification of which is shown in Table A1-3.
The analytical process was identical to that of alder, but for Cottonwood only the results of the
final equation are reported.
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Table A1-5. Regression output for the chosen regression model of total height vs. diameter at breast height
for Populus trichocarpa.
Dependent Variable: LN(HT-4.5)
Method: Least Squares
Date: 08/20/01 Time: 13:50
Included observations: 50
Variable
C
1/DBH
R-squared
Adjusted R-squared
S.E. of regression
Sum squared resid
Log likelihood
Durbin-Watson stat

Coefficient
4.942829
-5.604422
0.763651
0.758727
0.176736
1.499306
16.72860
2.025326

Std. Error
0.041834
0.450028
Mean dependent var
S.D. dependent var
Akaike info criterion
Schwarz criterion
F-statistic
Prob(F-statistic)

t-Statistic
118.1546
-12.45350

Prob.
0.0000
0.0000
4.525064
0.359808
-0.589144
-0.512663
155.0896
0.000000

The regression equation to three significant figures:
LN(HT-4.5) = 4.943 - 5.604*(1/DBH)

The fitted curve for the chosen model:
140.00

120.00

Total Height (Ft)

100.00

80.00

60.00

40.00

20.00

3.
2
4.
4
5.
6
6.
8
8.
0
9.
2
10
.4
11
.6
12
.8
14
.0
15
.2
16
.4
17
.6
18
.8
20
.0
21
.2
22
.4
23
.6
24
.8
26
.0
27
.2
28
.4
29
.6
30
.8
32
.0
33
.2
34
.4
35
.6
36
.8
38
.0
39
.2

2.
0

0.00

Diameter Breast Height (In)

Figure A1-7. Fitted curve for the chosen regression model of total height vs. diameter at breast height for
Populus trichocarpa. r2 = .76
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Model diagnostics
Figure A1-8 shows a histogram of the height distribution and confirms the basic
assumptions of normality in linear regression.
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Figure A1-8. Distribution of measured heights for Populus trichocarpa.
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Figure A1-9. Residuals vs. Fitted Values (untransformed values on both axes)for the chosen regression
model of total height vs. diameter at breast height for Populus trichocarpa.
Note: There does appear to be some heteroskedasticity (unequal variance) across the dataset. Ordinary least squares estimates are
consistent in the presence heteroskedasticity, but the conventional computed standard errors are no longer valid. Whites
heteroskedasticity consistent covariance estimates can be used to compute corrected standard errors (does not change the point
estimates of the parameters). The White covariance matrix assumes that the residuals of the estimated equation are serially
uncorrelated. This assumption was previously validated using the Durbin-Watson test.
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Development of a Height Regression for Acer macrophyllum
Big leaf maple (Acer macrophyllum) was also modeled to establish a relationship
between height (ht) and diameter at breast height (dbh). Regression analysis was conducted in the
same fashion as for Alnus rubra and Populus trichocarpa. This species is an important habitat
species for both terrestrial and aquatic species. It may also be an important indicator for
suitability of sites for conifer potential. In terms of woody debris, the species does not grow as
tall, but does have good girth. This coupled with a wide canopy make it an excellent bank edge
species.
Big leaf maple is known to grow to 100’ (McMinn and Maino 1981). We found few trees
however, which were much more than 70’. This is due in great part to the spreading pattern of the
trees canopy. The total height was taken to the top of the leader, but from various angles different
leaders would result variable total heights. Even given this, good prediction equations were
established.
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Figure A1-10. Scatter of original data for Acer macrophyllum

Several equations were fit to the maple data which consisted of a total of 139
observations. Two competing models were evident after initial regression analyses were
conducted. The two models represent different approaches to diameter-height modeling and are
good examples of some of the intricacies of linear modeling. The model of ln(Ht) vs. ln(Dbh)
shows height as continually increasing with increases in diameter. The model of Ht vs. ln(Dbh)
has a much more realistic form, becoming almost asymptotic at larger diameters. However, the
assumption of normality in linear regression is violated by the untransformed height data used in
this model, whereas the natural log transformation of the variable used in the competing model
fulfills this assumption (Figures A1-11, and A1-12).
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Figure A1-11. Distribution of measured heights for Acer macrophyllum in original scale.
Note: This distribution shows some deviation from normality. While “not too bad”, formal testing of the normality assumption by use
of the Jarque-Bera statistic affirms a deviation from normality. The ramifications of this are possible bias of t and F statistics, which
test the validity of the model in prediction.
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Figure A1-12. Histogram of the height data for Acer macrophyllum.
Note: The histogram shows that when the natural log transformation is used, the data set follows a normal distribution.

While the statistical problems of model selection can be intricate and cumbersome, the
practicalities of the selection are sometimes easier to deal with. The problem here, that the
underlying distribution of the height data deviates from normality, is not so serious when
considering that it is without question that diameter has been found a significant predictor for
height in hundreds of regression analyses, and that the deviation from normality while significant
is not severe. Further, the prediction equation (the regression equation) graphically displays a
good fit to the data. With these considerations in mind, the best model is probably that of Ht vs.
ln(Dbh).
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Figure A1-13. Fitted curves for the competing regression models of total height vs. dbh for Acer
macrophyllum.
Note: The competing equations show very different curves. In the ln (Ht) vs. ln (Dbh) model, the increase in height continues at an
almost constant rate. The model of Ht vs. ln (Dbh) is the chosen model, becoming more asymptotic at larger diameters.

The regression equations to three significant figures for both models are given, but the
regression output is only provided for the chosen model:
LN(HT) = 2.467 + 0.551*LN(DBH)

(Competing Model)

HT = -0.903 + 20.089*LN(DBH)

(Chosen Model)

Table A1-6. Regression output for the chosen model of total height vs. diameter at breast height for Acer
macrophyllum.
Dependent Variable: HT
Method: Least Squares
Date: 08/21/01 Time: 07:39
Included observations: 139
Variable
C
LN(DBH)
R-squared
Adjusted R-squared
S.E. of regression
Sum squared resid
Log likelihood
Durbin-Watson stat

Haight, 2002

Coefficient
-0.903290
20.08929
0.742641
0.740763
8.570043
10062.05
-494.8351
2.057300

Std. Error
2.016175
1.010378
Mean dependent var
S.D. dependent var
Akaike info criterion
Schwarz criterion
F-statistic
Prob(F-statistic)

t-Statistic
-0.448022
19.88294
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Prob.
0.6548
0.0000
36.48813
16.83195
7.148706
7.190929
395.3312
0.000000
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Model diagnostics
See also Figures A1-11 and A1-12.
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Figure A1-14. Residuals vs. Fitted Values (untransformed values on both axes) for the chosen regression
model of total height vs. diameter at breast height for Acer macrophyllum.
Note: There does appear to be some heteroskedasticity (unequal variance) across the dataset. Ordinary least squares estimates are
consistent in the presence heteroskedasticity, but the conventional computed standard errors are no longer valid. Whites
heteroskedasticity consistent covariance estimates can be used to compute corrected standard errors (does not change the point
estimates of the parameters). The White covariance matrix assumes that the residuals of the estimated equation are serially
uncorrelated. This assumption was previously validated using the Durbin-Watson test.
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Development of Height Regressions for Three Conifer Species
Individual tree height and diameter measurements are essential variables in forest
inventory and growth and yield modeling. While diameter measurement are easy to obtain, tree
height measurements are considerably more costly to collect (Moore et al 1996). Height-diameter
curves are valuable in that they are applied to observed tree diameters, allowing for estimation of
other forest attributes such as volume and LWD recruitment. Many tree height equations have
been developed for various tree species. Several of these equations were used to generate heightdiameter curves for the conifer species found in the study area, namely Douglas-fir (Pseudotsuga
menziesii), Western hemlock (Tsuga heterophylla), and Western redcedar (Thuja plicata). Grand
fir (Abies grandis) and Sitka spruce (Picea sitchensis) were found in such limited number that
equations could be developed.
Because smaller datasets were collected for these species, improved curves are planned in
the near future. In addition to the datasets being small, representation of diameter classes was
largely limited to smaller size trees. Eventually, geographically explicit curves for several species
will be developed for use in forest growth and yield modeling in the Skagit Basin.
Conifer species were modeled using both linear and non-linear equations. The non-linear
equations included the Wykoff and Shumaker functions, and linear equations included some of
those explained above in the Red Alder analysis. The Wykoff function is that used in the Stand
Prognosis Model (Wykoff et al. 1982) which has been widely applied in the inland Northwest
(Moore et al. 1996). The Shumaker (1939) model has been around for more than fifty years and is
widely applied in the Pacific Northwest (Martin and Flewelling 1998). The following shows the
mathematical function of the equations:
The Wykoff function:
Ht = 4.5 + e

(a+

b
)
Dbh+1

The Shumaker function:
Ht = 4.5 + a  e b(1 / Dbh)
Douglas Fir
Douglas fir was the best represented in terms of number of measurements taken (Figure
A1-15). But with only 35 observations, the accuracy of the prediction equation should be
considered preliminary. However, when comparing the predictive accuracy of the Wykoff model
developed for this dataset with that of a very large dataset used by Moore et al. (1996) in the
inland Northwest, the parameter estimates of this dataset performed better. This might be an
indication of the importance of local equations in the development of accurate forest modeling
systems.
Three competing equations for Douglas fir were identified. Two of these were the
nonlinear models and the third the linear transformation of the Shumaker model. The two nonlinear models were run with multiple starting values to help ensure that the least squares solution
was the global rather than local solution. The final model used in the inventory is the Shumaker
model, chosen because of the lowest root mean square error values (Table A1-7). The curves
produced by all three models are given in Figure A1-16. See Table A1-7. for the coefficients.
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Figure A1-15. Diameter distribution and summary statistics of measured Pseudotsuga menziesii.
Table A1-7. Coefficients and root mean square error (RMSE) estimates for linear and nonlinear regression
models of total height vs. diameter at breast height for Pseudotsuga menziesii.
Note: The linearized model refers to the linearized Shumaker model.
Coefficient Linearized
a
4.630
b
-5.425
RMSE
8.7

Wykoff Shumaker
4.489
84.108
-4.736
-3.708
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Figure A1-16. Fitted curves for competing linear and nonlinear regression models of total height vs.
diameter at breast height for Pseudotsuga menziesii.
Note: Extrapolation outside the range of this figure has not been tested and is not recommended due to the asymptotic nature of the
curves.
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Similar analyses were conducted for Western redcedar (Thuja plicata) and Western
hemlock (Tsuga heterophylla), again using limited datasets. The models and equations for each of
these are shown below. Grand fir (Abies grandis) was found in such limited amount, that height
information was not gathered. Likewise, less than 5 Sitka spruce (Picea sitchensis) were found,
so models were not generated.
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Figure A1-17. Fitted curves for four competing models of total height vs. diameter at breast height for
Thuja plicata. The Shumaker and Wykoff functions perform almost identically.
Note: The Stoffels’ model, a linear model, actually predicts within the dataset better, but is not at all asymptotic, so even a small
increase in dbh will result in larger gains in height prediction. The chosen model is the Wykoff.

Table A1-8. Coefficients and root mean square error (RMSE) estimates for linear and nonlinear regression
models of total height vs. diameter at breast height for Tsuga heterophylla.
Note: The linearized model refers to the linearized Shumaker model. Please refer to Table A1-3 in the Development of Height
Regression Equation for Alnus rubra section for specification of the Stoffels model.

Coefficient
a
b
RMSE

Haight, 2002

linearized
4.557
-6.536
17.5

Wykoff
Shumaker
5.018
144.965
-15.212
-13.498
10.1
10.6

Stoffels
1.775
0.823
9
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Figure A1-18. Fitted curves for three competing models of total height vs. diameter at breast height for
Tsuga heterophylla.
Note: The Shumaker and Wykoff functions perform almost identically. The chosen model is that produced from the Wykoff function.

Table A1-9. Coefficients and root mean square error (RMSE) estimates for linear and nonlinear regression
models of total height vs. diameter breast height for Tsuga heterophylla.
Note: The linearized model refers to the linearized Shumaker model.

Coefficient
a
b
RMSE

Haight, 2002

linearized
4.522
-6.083
17.2

Wykoff
Shumaker
5.109
154.124
-12.158
-9.903
5.9
6.9
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APPENDIX 2
Background Information for Analytical Procedures and Example Results
Methods
Estimation of the sampling error (standard error of the mean) has traditionally been
problematic. The sampling error is important because it explains how accurate our estimate would
be in repeated sampling. The standard error of the mean is calculated directly from the standard
deviation and the number of observations in the population by the following formula:

SE =

STDEV
n

However, there are complicating factors. Two important factors are discussed here. The
first is that of normality and the second that of systematic sampling. Estimation of the sampling
error is dependent upon a population whose underlying distribution is normal. This is seldom the
case in biological populations. If the population is not normal, then the standard deviation will not
explain the distribution of the sampled observations (and thus the population) and will therefore
provide erroneous standard error estimates.
There is then the issue of systematic sampling. If sampling units are systematically
selected, then variation in the observed values may no longer be ascribable to randomness if the
interval between sampling units happens to coincide with the pattern of population variation
(Husch et al. 1982, among others). While no unexpected periodicity was found by utilizing a time
series approach (a forthcoming, separate report will cover this), it was found that the data series
was not strictly independent on an observation to observation basis. Fundamentally, the reason a
systematic sample will not yield a valid estimate of the sampling error is that variance
computations require a minimum of two randomly selected sampling units (Husch et al. 1982).
While we selected two random starts from the population, one for each bank, we did not
necessarily eliminate this concern.
Until recently, no valid method for estimating the sampling error of a systematic sample
had been devised. Now, with the convention of modern computing power, sampling error can be
estimated by resampling techniques such as bootstrapping and jackknifing. Resampling
techniques are becoming more popular and should prove to be quite valuable to natural science
researchers.
Resampling techniques: bootstrap and jackknife
In statistical analysis, the researcher is usually interested in obtaining not only a point
estimate of a statistic but also an estimate of the variation in this point estimate, and a confidence
interval for the true value of the parameter. For example, a researcher may calculate not only a
sample mean but also the standard error of the mean and a confidence interval for the mean.
Traditionally, researchers have relied on the central limit theorem and normal approximations to
obtain standard errors and confidence intervals. These techniques are valid only if the statistic, or
some known transformation of it, is asymptotically normally distributed. Hence, if the normality
assumption does not hold, then the traditional methods should not be used to obtain confidence
intervals.
A major motivation for the traditional reliance on normal-theory methods has been
computational tractability. However, with the availability of modern computing power,
researchers need no longer rely on asymptotic theory to estimate the distribution of a statistic.
Instead, they may use resampling methods which return inferential results for either normal or
non-normal distributions.
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Resampling techniques such as the bootstrap and jackknife provide estimates of the
standard error, confidence intervals, and distributions for any statistic. In the bootstrap, for
example, B new samples, each of the same size as the observed data, are drawn with replacement
from the observed data. The statistic is calculated for each new set of data, yielding a bootstrap
distribution for the statistic. The fundamental assumption of bootstrapping is that the observed
data are representative of the underlying population. By resampling observations from the
observed data, the process of sampling observations from the population is mimicked. For more
detailed descriptions of bootstrapping, see Efron and Tibshirani (1993), and Shao and Tu (1995).
Example results for bootstrap resampling of volume
The following graphs illustrate the procedure used in bootstrap resampling. For the
aggregate forest, all plot values were used in the bootstrap. For any classification regime, a
bootstrap procedure such as this was completed separately for each class (subpopulation).
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Figure A2-1. Distribution of replicates (histogram of estimated means) generated from bootstrap
resampling for the estimate of mean volume for aggregate riparian forest.
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Figure A2-2 . Distribution of replicates (histogram of estimated variances) generated from bootstrap
resampling for the variance of volume for the aggregate riparian forest.
Note: The distribution of replicated is highly skewed, suggesting that bootstrapping is a better approach than “normal based methods”
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Figure A2-3. Normal Q-Q plot of estimated variances generated from bootstrap resampling for the variance
of volume for the aggregate riparian forest.
Note: This plot suggests that both tails of the distribution of replicated variances deviate from the normal distribution.
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Figure A2-4. Influence plot generated from jackknife resampling of mean volume for the aggregate riparian
forest.
Note: The plot is similar to a Cooks’ distance plot. Observations with absolute relative influence greater than two are particularly
influential over the mean volume.

Basal Area
Basal area is the total cross-sectional area of the trees in a stand, measured in square feet
per acre. Basal area per acre is the typical stand density measure and is an appropriate conversion
from the sample basal area (Davis and Johnson 1987). If bi is the basal area of tree i, and di is that
trees diameter at breast height then:
2

d  1
bi =   i 
= 0.05454d i2
2
144
 
The sum of the trees’ basal area on a plot (or subplot) is then taken, and this number extrapolated
to a per acre basis based on the area of the plot. Basal area can be highly variable, due to a variety
of factors. As stands age, basal area increases until a biological maximum is attained. These
maximums can be estimated for a given species under given site classes.
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APPENDIX 3
Soil series found along the anadromous portion of Finney Creek
Italicized sentences are from the soil classification portion of the soil survey, the rest is
from the general soil map unit descriptions.
Cokedale Series: (34- Cokedale silt loam- only one): Very deep, somewhat poorly drained soils
on floodplains. These soils formed in alluvium that is high in content of phyllite. Mixed
hardwoods and conifers. Slopes are 0-3%. Elevation is 120-1200 ft. The average annual
precipitation is about 60 inches, average annual air temperature about 51 degrees F, and the
average frost-free season is 160-200 days. These soils are coarse-silty over sandy or sandy
skeletal, mixed, acid, mesic Aquic Xerofluvents.
100 yr DF: 165
50 yr DF: 125
50 yr RA: 95
Wiseman Series: (159- Wiseman channery sandy loam- only one): Very deep, somewhat
excessively drained soils on alluvial fans. These soils formed in alluvium derived from phyllite.
The native vegetation is mainly conifers. Slopes are 0-8%. Elevation is 200-900 ft. Average
annual precipitation is 55”. Average air temp. 51. Average frost free 160-220. These soils are
sandy-skeletal, mixed, mesic Dystric Xerorthents.
100 yr DF: 152
50 yr DF: 115
50 yr RA: Not provided
Larush Series: (88- Larush silt loam- one of three). Very deep well drained soil on flood plains
and terraces along major streams. It formed in alluvium. Native vegetation mainly conifers and
hardwoods. Slopes are 0-3%. Elevation is 100-500 ft. Average annual precipitation is 70”, air
temp 52, and frost free 180-220 days. These soils are coarse-silty over sandy or sandy-skeletal,
mixed, mesic Fluventic Xerumbrepts.
100 yr DF: 162
50 yr DF: 131
50 yr RA: Not Provided
Birdsview Series: (12- Birdsview loamy sand, 0-8% slopes- one of two). Very deep, somewhat
excessively drained soil on terraces. It formed on glacial outwash. Native vegetation mainly
conifers. Elevation is 200-1000 ft. Average annual precipitation is about 70”. Average annual air
temp is 51 degrees F. Average frost free season is 160-220 days.
100 yr DF: 165
50 yr DF: 125
50 yr RA: Not provided
Birdsview Series: (13- Birdsview loamy sand, 50-80% slopes- two of two). Very deep,
somewhat excessively drained soil on terrace escarpments. It formed on glacial outwash.
Native vegetation mainly conifers and mixed hardwoods. Elevation is 200-1000 ft. Average
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annual precipitation is about 70”. Average annual air temp is 51 degrees F. Average frost free
season is 160-220 days. These soils are mixed, mesic Dystric Xeropsamments
100 yr DF: 143
50 yr DF: 115
50 yr RA: Not provided
Barneston Series: (6- Barneston very gravelly sandy loam, 8-30% slopes- one of four). Very
deep, somewhat excessively drained soil on terraces and areas between terraces. It formed in
loess and volcanic ash underlain by glacial outwash. Native vegetation mainly conifers. Elevation
is 250-1200 ft. Average annual precipitation is 70”. Average air temp is 50, frost free 180-220
days.
100 yr DF: 150
50 yr DF: 118 (GIS 121)
50 yr RA: Not provided
Barneston Series: (7- Barneston very gravelly sandy loam, 30-65% slopes- two of four). Very
deep, somewhat excessively drained soil on terrace escarpments and side slope between
terraces. It formed in loess and volcanic ash underlain by glacial outwash. Native vegetation
mainly conifers. Elevation is 250-1200 ft. Average annual precipitation is 70”. Average air temp
is 50, frost free 180-220 days. These soils are sandy-skeletal, mixed, mesic Andic Xerochrepts.
100 yr DF: 150
50 yr DF: 118 (GIS 121)
50 yr RA: Not provided
Dystric Xerorthents: (50- 50-80% slopes - one of three). Very deep, excessively drained soils on
dissected outwash terrace escarpments. They formed in stratified glacial outwash. Native
vegetation mainly conifers. Elevation is 400-1000 ft. Average annual precipitation is 60 in.
Average annual air temp is 50 and average frost free season 170-190.
100 yr DF: 150
50 yr DF: 117
50 yr RA: Not provided
Pilchuck Series: (104- Pilchuck loamy sand- one of one besides variant). Very deep, excessively
drained soil on flood plains. It formed in sandy alluvium. Native vegetation is mixed hardwoods
and conifers. Slopes are 0-3%. Elevation is 20-500 ft. Average annual precipitation is 55”.
Average annual air temp is 52 degrees F, average frost-free season is 160-210 days. These soils
are mixed, mesic Dystric Xeropsamments.
100 yr DF: 152
50 yr DF: 114
50 yr RA: Not provided
Kline Series: (84- Kline very gravelly sandy loam, 0-8% slopes- only one). Very deep, somewhat
excessively drained soil on alluvial fans. It formed in mixed alluvium. Native vegetation mixed
conifers and hardwoods. Elevation is 100- 1000 ft. Average annual precipitation is 60”. Average
annual air temp is 50 degrees F. Average frost free season is 140-170 days. These soils are sandyskeletal mixed, mesic Aquic Xerofluvents.
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100 yr DF: 134
50 yr DF: 106
50 yr RA: Not provided
Bellingham Series: (11- Bellingham mucky silt loam- one of two). Very deep, poorly drained
soil in depressional areas. It formed in alluvial and lacustrine material. Native vegetation is mixed
hardwoods and conifers. Slope is 0-2%. Elevation 0- 450 ft. Average annual precipitation is 40”.
Average air temp 51 degrees F. Average frost free season is 170-210 days. These soils are fine,
mixed, nonacid, mesic Mollic Haplaquepts.
100 yr DF: Not provided
50 yr DF: Not provided
50 yr RA: 85 (GIS 83)
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