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ABSTRACT

Data on vegetation structure provide a focus for linking ecological, soclal, and
economic values in an Integrated framework for inventory, analysis, and decislon-
making. By incorporating current knowledge about ecosystem structure and function
into inventory design and data collection, and by measuring structural attributes at
a basic level, flexibility in responding to information needs is maximized. Inventory
objectives are often met most efficiently and effectively using a combination of
ground-based and remote sensing approaches. A wide variety of measures of live
trees, coarse woody debris, canopy architecture, and understory vegetation can be
employed as indicators of resource values as well as underying ecological
processes. However, measures of structural complexity and variability may be more
important than mean stand conditions. The dynamic and often unpredictable nature
of ecosystems underscores the importance of using results from inventory and
monitoring to adjust natural resource management decisions. ’

INTRODUCTION

With growing concern about environmental quality and increased demand for a
variety of products and amenities from forest lands, the need for information from
integrated forest inventories has never been stronger. At the same time,
ressarchers are finding tremendous. complexity In ecosystems, including
interrelations of component structures and processes, and links among structural
and functional diversity, biological diversity, and long-term ecosystem productivity.

The forest stand has long been a focus of inventory specialists and ecologists.
As one component of stand-leve! inventories, forest structure offers an opportunity
to link ecological, social, and economic values in an integrated framework for forest
inventory, analysis, and decision-making. Flexibility in addressing information needs
about ecological systems and natural resources Is enhanced by incorporating
current knowledge about ecosystem structure and function into inventory design,
and by measuring ecosystem components and processes at a basic level. In this
paper we discuss the use of data on above-ground vegetation for many purposes.
The content is biased towards developing Integrated, multiple-resource inventories
having an ecological basis. Presented concepts should assist resource managers
and inventory specialists with wide-ranging backgrounds in developing inventories
of forest ecosystems.
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Relevant Ecological Concepts

Several concepts influence design of ecologically-based inventories. First,
ecosystem structure (the physical organization or pattern of a system) is one of
three Interrelated attributes of ecosystems described by Franklin et al. (1981) and
Noss (1990). Other primary attributes are composition (identity and variety of
elements in a collection, such as species or genes) and function (ecological and
evolutionary processes such as gene flow, disturbance, nutrient cycling). Inventory
designs focused on structure must consider composition and function as well.

Ecosystems also occur at a hierarchy of spatial scalss. Higher levels of
organization in a hierarchy Incorporate and constrain behavior of lower levels In
ways that are not fully understood (Allen and Starr 1982, O'Nelll et al. 1986). In this
regard, broader scales of landscapes and regions provide context for deslgning and
implementing stand-level inventories. Similarly, stands consist of a mosaic of
finer-scaled ecosystems. Ecologists have found that this within-stand variability and
pattern Is often more Important than average conditions as a control and an
expression of ecosystem function.

Finally, ecosystems are dynamic. The often-unpredictable response of systems
to disturbance introduces uncertainty to forest planning and management decisions.
Information from inventories and monitoring can be used to evaluate and adjust
decisions in a changing world. While temporal scale and variability therefore are
key considerations In designing monitoring systems, this paper focuses on
inventories conducted at a single point-in-time.

Needs for Information on Vegetation Structure

A broad array of data needs provide incentive for conducting integrated forest
inventories. Data on vegetation structure have uses at many scales, ranging from
prescribing stand treatments to analyzing resource trade-offs or environmental
ramifications of proposed policies at the national level. Data may also be used In
research and modeling at a range of spatial scales. Many public land managers
have legal mandates and policy direction to consider multiple resources In their
planning, inventories, and decision processes. In particular, the USDA Forest
Service's new Ecosystem Management perspective emphasizes a broader
framework for inventories and assessments to support ecologically-based
management (Kessler et al. 1992, USDA Forest Service 1992). There is growing
interest among private landowners, as well, in managing for multiple values.

Many efforts to develop an ecological basis for forest inventory have involved
new applications of vegetation data collected in timber inventories, or the
"piggy-backing” of new vegetation measures onto existing inventory designs
(Schlatterer and Lund 1984, Rudis 1991, Lund 1986). Many activities have been
aimed at wildiife habitat assessment, with habitats defined largely by vegetation
structure (Ohmann 1992). However, inventory systems relying on models of
wildlife-habitat relationships are still not well-tested (Thomas and Verner 1986).
Interest in wildlife and their habitats is now encompassed by a broader issus of
biclogical diversity. The loss of structural complexity in managed forests of all ages
may threaten biodiversity in forest ecosystems (Hansen et al. 1991). Severa! related
issues focus attention on methods of inventorying and mapping vegetation structure,
most notably the debate over fate of old-growth forests. Vegetation structure Is the
most distinctive feature of developmental stages and age classes in natural and
managed forests (Spies and Franklin 1991, Spies et al. 1988).
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INVENTORY DESIGN CONSIDERATIONS

inventory Design and Sampling Methods

L]
design is driven by objectives that consider information ngec{s.
acct‘éecymcr,zquirem%nts. and cost. %nformaﬁon from multiple-resource lnventongs is
must support a variety of analyses, including gvaluating resource Interactions,
imperfect knowledge about ecosystem proceésses further complicates efforts to
identify and measure appropriate attributes. The challenge, then, is to incorlporat(ej
concepts of ecosystem complexity into inventory designs that are affordable an

. simple to apply in practice.

unately, many simple measures of forest structure can be used to estimate
resggr?:e vaIL):es asy' welr as Indicate ecosystem processes underlying fprqst
biodiversity, health, and productivity (Noss 1890) (Table 1). TP)e sclentiﬁc credibility
of using structural measures as indicators of bro_ader ecological function rests o'?l
developing and validating reliable models. Ecologncally—based inventory designs wi
also be furthered by adhering to the following guiding principles (Wikstrom .and
Hoekstra 1981): (1) collect data under an ecological classification system,. (2
assure capability of aggregating data to different levels of resolution for ana[ysls. (3)
collact data from the same sample points (not necessarily at the same time) for
interaction analysis; (4) distribute sample locations across ecosystem(s); (5) provide
measurements of change and relationships in ecosystem(s'): A_Iso, data elemqnts
should be collected at a basic level to allow later classification under multiple

schema.

In most cases maps, graphics, and summary statistics are all desired proqucts,
and inventory deslgng thgt c%mbine remote sensing and ground-based techniques
provide maximum efficiency and effectiveness. We emphasize ground-based
approaches in this paper, but also discuss some important applications of rempte
sensing technology. Procedures can be applied to mappeg po[ygons of vegetation
that serve as inventory units themselves or as sgmplmg units wnthln'more extensive
surveys, or to plots measured as part of extensive, sample-based inventories.

Field Plot Design

Ground measurements of vegetation provide a high level of resolution and detail,
but inventory objectives may not justify the cost. Nevenhgless, some structural
attributes can be assessed in no other way. Accuracy of field measurements is
readily quantifiable using accepted statistical measures, and data can be collected
to varying levels of accuracy.

Methods of sampling vegetation fall into four general categories: (1) point (e.g.,
point-intercept), (2) FI)Ineg(e.g.. line-intercept), (3) area, of plot; and (4) plotless (e.g;i .
point-center-quarter). Point data usually can be obtained quickly, and can be uLsie
to determine frequency and relative abundance of certain components. ne;
transect methods generate data on the composition, frequency, and abundance 0
structural elements, and on thelr horizontal arrangement. Plots are frequently used
to describe the arrangement, density, and composition of structural elements within
an area. Plot methods are usually time- and labor-intensive, but ghey provide
relatively accurate data. Plotless sampling techniques produce density estimates
as a function of distance. Sea Cooperrider et al. (1986), Grelg-Smith (1964), LaBau
and Cunia (1990), Lund (1986), and Mueller-Dombois and Ellenberg (1974), for
more detailed discussions of sampling methods.
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Variability Characteristics
Spatial distribution; standard
deviation of bole diameter

inventories. As the number of variables increases, problems of plot size, shaps,
number, and distribution, and the value of information obtained, become more
critical because of cost (Lund 1986). Also, it becomes increasingly difficult to
optimize plot design (Wiant and Yandle 1980, Zeide 1980) as elements are added.
In general, relatively large plots encompassing smaller, nested plots are commonly
used in broad-scale and multi-resource inventories (Lund 1986). A combination of
plot, line, and point methods may. also be used.

ASSESSING MEAN STRUCTURAL CONDITIONS

Tree Boles

Measures of the size, density, and distribution of tree boles (live, dead, standing,
and fallen) in a forest have many applications. Tree boles are a valuable timber and
wildiife resource. Abundance and characteristics of live trees and dead tree boles

deviation of tree height; horizontal

pattern
Structural Complexity Index

Vertical layering; standard

Horizontal pattern

); density

, basal area, stand

Mean stand characteristics
Diameter (quadratic mean
density index, stocking); volume; biomass

(number of stems

(coarse woody debris) also are important in many ecological and physical processes
in forest ecosystems (Harmon et al. 1986).

Live Trees. Methods for sampling live trees are well established.
Variable-radius sampling is popular, but the method loses its efficiency when
sampling elements uncorrelated with tree basal area. Point or line sampling may
be useful in surveys that won't be repeated, and where maximum efficiency is
desired. Fixed-area plots are advantageous in continuous forest inventories where
measuring change is a primary objective. Computations .of tree-level volume and
biomass generally utilize allometric equations that describe relations to

easily-measured attributes.

; layer heights;

Stand summary statistics are computed by expanding tree-level measurements
(diameter at breast height (DBH), basal area, and height) based on plot size and
number. Measures of interest include quadratic mean diameter and per-acre stand
volume, biomass, and stem density (Table 1). Vegetation density can be expressed
in absolute or relative terms, Relative measures compare absolute measuras to a

Density (crown cover)
canopy volume; biomass
Cover; biomass

Stage of development

decay class; position on

area, height or length);
ground

measurements
Size (diameter, basal

Tree-level

standard of Iinterest, such as normal stands used in yleld table development.
Relative measures permit useful comparisons of stands of differing stages of
development and (sometimes) species (Maclean 1979). Relative measures also
convey a more precise representation of tree stocking and canopy closure than do
absolute measures such as stem density or basal area (McTague and Patton 1989).
Reinegke's (1933) stand density Index (SDI} is applicable to even-aged,
single-species stands. Crown competition factor (CCF) (Gingrich 1967) may be
used in uneven-aged, mixed-species stands. As an alternative, Maclean (1979)
offers an approach where the stocking contribution of each tres is calculated
| individually, as though it were growing in a normal stand of like trees. Tree-level

contributions can be aggregated by stand component for many analytical purposes.

Crown dimensions (width,

height, depth)
Height; cover; weight

Multiple

Table 1. Selected structural elements of forest vegetation, with some commonly used tree- and stand-level characteristics

Structural Element
Tree boles (live,
snags, down fogs)

Snags. Snags (standing dead trees), one component of coarse woody debris
(CWD), should be routinely inventoried If the welfare of wildlife species that use
snags Is of concern. Unfortunately, there is little information about accurate and
efficient methods of determining snag characteristics (Bull et al. 1990, Ohmann
1992, Thomas and Verner 1986). Sampling of snags is problematic because of their -
relatively low densities, irregular spatial distributions, and Irregular recruitment over
time from natural and human-caused disturbances (Sples et al. 1988). These
attributes also complicate attempts to use inventory data to assess snag habitat for

" wildiife specles (Ohmann 1992),

Understory (shrubs

Tree canopy
and herbs)
Multi-element
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The appropriate size, number, and configuration of field plots depends on
inventory objectives, size of the area to be sampled, existing snag density, desired
precision, and the particular ecosystem under study. Bull et al. (1990) compare
fixed-radius and variable-radius plots of various sizes with complete counts, They
recommend using 1-ac or factor-5 plots to determine snag density in areas of
several thousand acres where the known snag density is 0.7-2 snags/ac. However,
variable-radius sampling may be a problem in dense stands because of low snag
‘Visibility, or if measuring change on permanent plots is an objective. The authors
recommend complete counts where snags are scarce (<0.2/ac).

Down Logs. Down logs (fallen trees) present similar sampling challenges.
Line-intercept (or planar-intersect) sampling (Brown 1974) is a popular and efficient
sampling method for computing log volume, biomass, and density. See Brown
(1974) for guidelines on sampling intensities and field procedures. It measured as

part of an integrated, muiti-resource inventory, however, lines should sample the _

same ground area and forest condition as plots used to sample other elements.
Fixed-radius plots may be employed as well, and may be better suited to
characterizing spatial distribution and monitoring change.

Tree Canopy

Overstory canopy closure, or crown cover, is perhaps the most widely applied
measure of canopy structure. Canopy closure is used to predict habitat quality for
wildlife, timber volume, abundance and diversity of understory vegetation, forage
production, and snow and rain Interception. Unfortunately, many wildiife-habitat
relationship models incorporate crown cover as a stand-density variable, while
timber models generally describe stand density in terms of stocking, basal area, or
trees-per-acre. QGreater standardization in modeling approaches would improve
multi-resource Inventory and analysls.

Field techniques for estimating overstory cover range from ocular estimates to
use of simple devices such as the moosehorn and spherical densitometers, to use
of various photographic methods (Chan et al. 1986, Bunnell and Vales 1990).
Forest inventories may also employ line- or point-intercept sampling, or
measurement of crown widths (O'Brien- 1989). Ocular estimation methods are
simplest and" most common, but are often Inaccurate. Methods such as
point-intercept or fisheye photographic analysis are more accurate but also more
time-consuming (Chan et al. 1986).

Many of these methods record an angular view of the canopy, thus Including
much of the depth of crowns of surrounding trees rather than just the tree crowns
directly overhead. Choice of view angle should be consistent with the portion of the
environment of interest. Narrow angles of view are preferable if canopy gaps are
of interest. In fact, a vertical projection of cover is the least biased, and is the kind
of cover utilized in most timber and wildlife models. The moosehorn and ocular
estimation approximate vertical projections (Bunnell and Vales 1990).

Understory vegetation

Measures of understory vegetation are useful in describing stand development,
vegetative diversity, wildlife habitat, and range condition. Cover of shrub and herb
layers Is most commonly assessed using ocular estimates for fixed-area plots, or
using line- or point- intercept methods.
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Stage of Development

In many inventoriss the ultimate purpose of collecting data on .vegetation
structure is to classify stage of forest deyelopment. Following major disturbance,
stand development follows a relatively predictable sequence of successional stages
(Oliver and Larson 1990). Classification of these stages 'are'used In ecological
characterization and In resource management. Most classification systems rgly on
stand means for attributes such as tree size and density, though wildlife and timber
models typically utilize different measures of stand density.

ASSESSING STRUCTURAL COMPLEXITY AND VARIABILITY

The structural complexity of forest vegetation, including vertical canopy Iayeri'ng.
variation In tree size, and horizontal patchiness of canopies, Is important to a variety
of ecological processes. Structural variability distinguishes stages of forest
development and influences habitat selection by many animals.  Structural
complexity plays an important role in overall diversity of plaqt ar)d animal
communities (Hansen et al. 1991). Various aspects of structural diversity can be
assessed using several ground-based and remote sensing approaches.

Canopy Height Diversity

Vertical layering of vegetation has often been only vagusly defined. Several
techniques for measuring foliar height diversity are very laborious and are usefu[ for
intensive analysis and research, but impractical for broad surveys and inventories.
A simpler approach Is to ocularly estimate the number of canopy layers or 'the
canopy volume in different layers. This can be done relat_ively rapidly, but it is
subject to observer bias and many stands do not contain discrete canopy layers.
Alternatively, any of several Indices that describe the vertical diversity of tree
canopies can be applied to measures of space occupied by tree canopies. For
example, heterogeneity indices developed to compute species dlvergity (reviewed
by Christensen and Peet (1984), and Magurran 1988) can be applied to canopy
structure as waell. - .

Spies and Cohen (1991) have developed an index of canopy height diversity
(CHD) that is based on the volume of “ecological space” occupied by trees in a
stand, and is general enough in theory to apply to a broad spectrum of gcolqgical
processes and organisms. Ecological space is defined as the sum of the imaginary
cylinders surrounding individual trees, with cylinder height equal to tree height and
cylinder diameter equal to crown diameter. The CHD can be calculated from DBH
measurements and a rough knowledge of DBH-height relationships and DBH-crown
area relationships, thus avoiding observer bias. Furthermore, CHD more closely
tracks stand development, as defined by stand age, than indices based on basal
area or other measures of tree density. However, index formulation is somewhat
complex and non-intuitive, and the index may not apply to all forest ecosystems.

As an alternative measure of structural complexity, Spies and Cohen (1991)
found that the standard deviation of tree DBH in a stand Is also highly cqrrelated
with stand age, at least in natural Douglas-fir forests. While standard deviation of
tree DBH may be a good indicator of diverse stands and is simple to caiculate gnd
intuitively straightforward, it is not as easily linked to ecological process and habutai
conditions as measures of crown volume.
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Vartability in Tree Size

Inspired by the fact that many structural attributes of vegetation are highly
correlated, Cohen and Spies (1992) developed a structural complexity index (SCI)
that captures the overall structural diversity of a forest stand. They. conducted a
principal components analysis (SAS 1991) on over 200 natural stands using eight
variables: standard deviation of DBH, mean DBH of upper-canopy trees, standard
deviation of crown diameter, mean crown diameter of upper-canopy trees, standard
deviation of tree height, mean height of upper-canopy trees, mean density of
upper-canopy trees, and mean basal area of upper-canopy trees. The SCI for a
stand is its score along the first principal component axis. The SC! can be
calculated using simple field measurements (Spies and Cohen 1992).

Horizontal Diversity {Pattern)

Horizontal diversity, or patchiness, describes the regutarity of vegetation
distribution in a horizontal plane. It can be calculated for any vegetation layer in a
stand, including shrub and herb understories. The variance associated with mean

total cover across a number of vegetation plots is one measure of horizontal
diversity.

Gap structure is another attribute of horizontal diversity. While gap structure and
dynamics have been of great Interest in research, a sampling protocol has only
recently been developed (Runkle 1992). Gap structure can be surveyed using a
variety of methods including complete surveys, a grid system of sample points, line-
intersect sampling, or strip transects. ‘

REMOTE SENSING APPROACHES

Most components of vegetation structure discussed thus far can be assessed
using remote sensing as well as ground-based methods. Indeed, remote sensing
has been successfully employed to assess stand structure since the end of World
War |l. Initially, aerial photo-interpretation techniques were developed to estimate
tree size, density, species, basal area, and cover. Most of these techniques are still
widely used today (Paine 1981). However, with the advent of satellite sensors and
concomitant digital data in the early 1970s a whole new set of assessment
techniques were required (Lillesand and Kiefer 1987). Thus, throughout the 1970s
and 1980s the remote sensing research community developed a number of
algorithms for extracting information on stand structure from sateliite data. The
models utilize both spectral and spatial (e.g., texture) properties of the imagery
(Iverson et al. 1989, Cohen and Spies 1992). Satellite data are beginning to replace
aerial photography in applications to forest inventory.

Satellite remote sensing is most applicable to assessing structure of the upper
forest canopy. Understory vegetation and coarse woqQdy debris are not readily
observed, though they may Influence reflectance. If these other characteristics are
related to overstory features then they may be assessed using correlative models.
The structural complexity and pattern In upper canoples is reflected in image texture.
In this regard, efforts to estimate CHD using digital remote sensing data have been
less successful than efforts to estimate SCI (Cohen and Sples 1992),

In addition, remote sensing technology and classification methods can be

objectively, uniformly, and efficiently applied across extensive areas and multiple
ownerships, including inaccessible sites. However, a strong reliance on ground-and
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- nformation for calibration and vaigauorn usuany 13 ossoiuar w
gg?::x%itr,\zssgsu‘hs of acceptable accuracy. Indeed, all c!asslﬂcgtlons of digital data
need to be assessed for accuracy in representing ground co.ndltlons before the?/ caln
be used with confidence. Neither the sensors nor the algorithms are yet suffic er:;l y
developed to provide the level of detail and accuracy commonly attained on v e:
ground or with air-photos. Accuracy results depend largely on the ecosystem un ed
study, the structural attributes and number of classes, and the types of imagery an
algorithms used. For some attributes, such as species compositioq. high degres‘s
of accuracy should not be expected unless strongly associated with topographic
and other site factors. :

research on sensor technology and on relations between stand and
imag:ng?:::nies Is essential to delivering useful tools to forest managers ar:g
inventory specialists. For example, most models for estimating stand structlure ;‘
correlative rather than mechanistic. Spectral properties that are strongly relate lo
a stand attribute class can be used in developing a classification algorithm. :Vlc:‘de s
that explicitly account for mechanisms driving scene reflectance will probably have

- greater utility in the future.

CONCLUSIONS

roaches to measuring vegetation structure are many and varied. The
proﬁgsps of weighing tactors ogf cost, accuracy, feasibility, and effectiveness aga:nst
multiple objectives for ecologically-based lnven}orles can be quite complex.
Nevertheless, there are ample opportunities to utilize simple, affordable measures
of vegetation structure as indicators of resource va]ues as well as of broader
ecosystem health and function. Opportunities will increase with advanced
knowledge about ecosystem structure and function, and improved technology for
measurement and analysls. In the meantime, efforts to develop closer ties among
research, inventory, and monitoring activities will be rewarded by improved decision-
making by managers, planners, and policy-makers.
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