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ABSTRACT / The National Forest Management Act (1976) 
specifies that multiresource inventories be conducted to 
provide baseline data for development and, later, 
monitoring of national forest management plans. This 
mandate entails the most ambitious and complex resource 
planning effort ever attempted. In this paper we evaluate 
the structure and use of current inventory-monitoring 
programs and recommend a framework for gathering data 
to improve national forest planning. Current national 
guidelines are general and provide only basic directions to 

forest-level planners. Forest inventories have traditionally 
concentrated on timber. Although these inventories are 
often well designed, the questions we are now asking 
about forest resources have outgrown these methods. 
Forest management is impeded by general confusion over 
definitions of resources and the interactions among them. 
We outline a simple classification scheme that centers on 
identification of basic ecosystem elements that can be 
readily measured. Furthermore, spatial and temporal 
scales must be considered in the design of 
inventory-monitoring programs. The concept of ecological 
indicators is reviewed, and caution is advised in their use. 
Inventory-monitoring programs should be goal-directed 
and based on as rigorous a statistical design as possible. 
We also review fundamental issues of variable selection, 
validation, and sampling bias. We conclude by developing 
a flexible inventory-monitoring program that is designed to 
provide information on individual characteristics of the 
environment, rather than being based on fixed definitions 
of resources. 

The  Forest and Rangeland Renewable Resources 
Planning Act of  I974 (RPA), as amended by the Na- 
tional Forest Management Act of  1976 (NFMA), spec- 
ifies that forest-level inventories be developed and 
analyzed by interdisciplinary teams to develop inte- 
grated forest land and resource management  plans 
(forest plans). These forest-level inventories are to 
provide baseline data for monitoring and provide in- 
put to the RPA assessment and program. In doing so, 
the inventories must reflect regional and national in- 
formation needs as well as serving as a base for fur- 
ther project development (Lurid 1984, Forest Service 
1989). This mandate, as given to the US Forest Ser- 
vice (FS) by Congress, entails the most ambitious and 
complex resource planning effort  ever attempted. 
Such a large, muitifaceted program requires clear elu- 
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cidation of  the general philosophy, goals, and proce- 
dures to be used in meeting program requirements. 
Fur thermore,  adequate personnel, both in terms of 
quantity and quality, and funding must be made avail- 
able to meet program requirements (Garcia 1989). 

The  purpose of  this paper  is to evaluate the struc- 
ture and use of  current  inventory and monitoring 
programs used on national forests, with emphasis on 
wildlife, range, and timber. We first review inventory- 
monitoring requirements placed on the Forest Service 
by legislative action, including the concepts underly- 
ing integrated, multiresource inventories. Next we re- 
view the format  of  current  inventory-monitoring pro- 
grams used by the forest service for forest planning. 
We then develop an alternative format  for defining 
and analyzing'resources and incorporate this format 
into a new framework for Forest Service inventory 
monitoring. We also evaluate the use of  ecological 
indicators and the concept of  biodiversity in inven- 
tory- monitoring and issues of  study'design and statis- 
tical analysis necessary for the development of  a rigor- 
ous inventory-monitoring program. 

Complete descriptions of the inventory and moni- 
toring programs used by national forests are not pro- 
vided here. Such summaries have been previously 
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produced by other individuals (OTA 1992) as part of 
a review of forest planning. We used these reviews as 
part of our analysis and incorporate some of their 
conclusions with respect to current programs and fu- 
ture needs for Forest Service inventory and monitor- 
ing. In this paper we define monitoring as simply the 
repeated inventory of an item to determine its trend 
and status. 

Mandated Goals and Requirements 

The Forest Service is required to gather informa- 
tion on all land, soil, timber, forage, water, air, fish, 
wildlife, aesthetics, recreation, wilderness, and energy 
and mineral resources on all forests and rangelands in 
the United States for developing the RPA assessment 
and program, and subsequent regional guides and 
forest plans (Forest Service 1989, 1990). These inven- 
tories are conducted to: (1) determine the condition, 
production, potential, and amounts of key ecosystem 
components or processes; (2) identify a benchmark 
for describing the current physical and biological situ- 
ation and for forecasting changes; (3) provide ecolog- 
ical information as bases for protection and manage- 
ment decisions about land and resource uses, 
proposed plans, or actions; (4) consider conditions or 
trends that either change the demand for resources or 
that are affected by resource decisions; and (5) refer 
all inventory information to specific units of land 
(Forest Service 1990). 

The FS has approached this inventory and moni- 
toring task in a largely decentralized way. General 
guidelines that direct adherence to RPA and NFMA 
directives have only recently been developed by 
Washington staff (e.g., Lund and Thomas 1989, For- 
est Service 1990). However, specific details of sam- 
pling design, data collection, data analysis, and fore- 
cast modeling have been left to region- and, more 
typically, national forest (hereafter, forest) level deci- 
sion making. Guides provided from the national level 
are general and provide only the most basic of direc- 
tion. For example, the Resource Inventory Handbook 
(Forest Service 1990) requires only that each forest 
"establish and maintain required RPA assessment 
data bases." The content, structure, and reliability of 
these data bases are not specified. Although "a de- 
scription of the inventory objectives" and "analysis 
and reporting procedures" must be specified for each 
forest inventory, only the most general guidelines on 
these objectives and analytical techniques are pre- 
sented. 

FS conducts inventories at three scales: (1) a re- 
gional forest inventory and analysis (FIA) that uses a 

grid sampling design to depict conditions of general 
strata of forest types rather than each specific loca- 
tion, (2) a forest level inventory designed to assess 
timber growth and volume of  forests, and (3) stand 
exams designed to provide information for develop- 
ing management (timber harvest) prescriptions. 
These inventories are not necessarily poorly de- 
signed; they typically adhere to scientific methods and 
procedures of statistical sampling. The problem, how- 
ever, is that the questions that we are now asking 
about forest resource conditions and trends have sim- 
ply outgrown these methods. Initial attempts to in- 
ventory integrated conditions and trends of wildlife 
habitat and timber conditions, for example, have been 
made by the Eastern Region through their wildlife 
and timber management information systems (WMIS 
and TMIS) (R. Holthausen, personal communica- 
tion). Such approaches should be applauded and ex- 
panded even further to consider broader questions of 
biodiversity and ecological health. 

The task for inventory and monitoring as pre- 
sented to the FS by Congress, and then dispersed to 
the various administrative levels, is complicated from 
both an administrative planning and technical level. 
Inventory and monitoring questions are not trivial. As 
we develop throughout this paper, there is long-term 
and ongoing discussion within the scientific commu- 
nity as to what constitutes appropriate inventory of 
current conditions and monitoring to assess trends. 
Differing approaches constitute "rigorous and 
proper" sampling design (for both inventory and 
monitoring), and many complicated statistical and 
mathematical techniques exist for analyzing the re- 
sultant data. Advanced academic training and exten- 
sive research experience are often necessary to design 
inventories and analyze inventory data and establish a 
monitoring program (see also Garcia 1989, Schreuder 
and others 1993). Within this context the FS has been 
asked to develop a program of  inventory and moni- 
toring of forest resources. 

Integrated Inventories 

RPA and NFMA legislation mandated that inven- 
tories be integrated (e.g., Munn 1988). Lund (1986) 
defined an integrated inventory as being designed to 
meet multilevel, multilocation, multiresource, or tem- 
poral needs. This integrated focus was desired to min- 
imize duplication of data gathering and so that rela- 
tions among resources could be considered in the 
development of forest (and any management) plans. 
Integration thus forms the core of the inventory pro- 
gram required for use in FS planning. However, the 
application of a statistically reliable program of  inte- 
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grated inventory and monitoring at all spatial scales is 
difficult and costly (e.g., Schreuder  and others 1993). 

True  multiresource inventories are those designed 
to meet at least part of  the information requirements 
for management  of  two or more resources; for exam- 
ple, timber and wildlife. In the broadest sense, even a 
timber cruise could be considered "multiresource" be- 
cause some of  the information gathered could be use- 
ful to wildlife-habitat analysis, for example, data on 
tree species composition and tree stocking density. As 
shown by Morrison (1983) and Morrison and others 
(1987), however, inventories designed solely for tim- 
ber analysis are often poor predictors of  wildlife den- 
sity. Lund (1986) restricted the use of"mult i resource" 
to include only those inventories in which preplanned 
integration was involved. 

Many considerations arise in the design of  multire- 
source inventories. Data from one or more data bases 
should have the potential of  being aggregated to dif- 
ferent levels of  resolution for analysis. Furthermore,  
data could be collected from the same location to al- 
low for analysis of  potential interactions among vari- 
ables, when this is of  interest, and account for changes 
(e.g., temporal variation) in environmental conditions 
that will alter resource condition. Sample locations 
should be distributed across the ecosystem, and the 
inventory should serve as the baseline for monitoring 
change. Using existing data, adding additional infor- 
naation, and developing new sampling designs as 
needed should all be integrated into the ideal multire- 
Source inventory (see Schreuder  and others 1993). 

Conceptual Framework for Development of 
Inventory-Monitoring Programs 

In this section we present a conceptual framework 
for developing a scientifically rigorous program of 
inventory and monitoring of  natural resources. We 
also evaluate the concepts of  biodiversity and ecologi- 
cal indicators as they apply to inventory-monitoring. 

Resources: What Are They and Why Do We 
Measure Them? 

Inventory, monitoring, and management  of  what 
we popularly call natural resources are complicated 
by a general confusion concerning definitions of  vari- 
ous resources and the interactions among them. 
NFMA and its implementing regulations specify only 
the general type of  "resources" to monitor. A simple 
classification scheme, taken from Carey and Dennis 
(1984), allows us to operationalize "resources." This 
scheme describes an overall "wildland production sys- 

tern" as being comprised of  three basic but interde- 
pendent  subsystems. Most fundamental  are the eco- 
system elements consisting o f  air, water, minerals, 
soil, sunlight, flora, and fauna. Ecosystem elements 
provide the basic materials for  satisfying many human 
needs (e.g., air, water) and desires (fauna, aesthetics). 
Whenever  humans perceive opportunities to trans- 
form such basic elements into a state suitable for  hu- 
man use through the application of  expertise and 
technology (i.e., through management),  such ele- 
ments (singularly or in combination) represent  natu- 
ral resources. Natural resource management  pro- 
duces wildland outputs in the form of  commodities 
and amenities available or desired for human use. 

Many of  the items we label as natural resources are 
actually artificial constructs that do not have clear bio- 
logical definition or justification. For example, 
"rangelands" or rangeland vegetation has been de- 
fined as " . . .  shrublands, grasslands, and open forests 
where dry, sandy, saline, or wet soils; steep topogra- 
phy; and rocks preclude the growing of  commercial 
and timber crops" (Heady 1975). Rangelands include, 
then, numerous ecosystem elements in a variety of  
topographic and soil conditions. Rangelands are fur- 
ther defined by their management  for livestock and 
big game and the amount  and distribution of  forage 
available for animals to consume. As previously 
noted, the FS (and other  federal agencies) is man- 
dated to inventory and monitor this range-forage ec- 
osystem with its attendant resources. To  accomplish 
this task adequately, however, policy decision makers 
within the FS must decide which ecosystem element or 
combination of  elements (interactions) to emphasize, 
including specific methods of  inventory, data analysis, 
and model development (for torecasting). The  
"rangeland resource" per se cannot be inventoried 
and monitored in any meaningful way; it must be 
broken down into its component,  measurable ecosys- 
tem elements. Similar arguments can be developed 
for each of  the natural resources specified in RPA and 
NFMA. Similarly, resources per se are not directly 
impacted by natural or human-induced changes. 
Rather, ecosystem elements within what we term a 
resource are impacted, thus impacting specific human 
desires (outputs). Cutting a tree can alter fungi, which 
may or may not alter resource output  at some fur ther  
time; compensation by many of  the other  interacting 
elements could occur [e.g., decline'in flying squirrel 
(Glaucomys sabrinus) density which results in or from a 
change in fungi]. 

Until the passage of  RPA and NFMA, forest inven- 
tories concentrated primarily on the timber resource 
from a standpoint of  maximizing timber production 
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through stocking density, tree growth, mortality, and 
other  production-related factors. These inventories 
largely ignored other  attributes unlikely to influence 
timber production (McClure and others 1979). The  
inventory and monitoring programs currently in use 
were initially based on pre-RPA and -NFMA attitudes 
and a production-dominated paradigm. Current  in- 
ventory and monitoring programs, which are man- 
dated to include integrated, multiresource invento- 
ries, are largely designed by retrofitting timber- 
oriented programs (see papers in LaBau and Cunia 
1990, especially pp. 467-543). 

Thus,  consideration of ecosystem elements should 
be clearly distinguished from resources and wildland 
outputs in the conceptualization and design of  inven- 
tories and monitoring programs. This will facilitate 
appropriate selection of  sampling methods, goal set- 
ting for precision and bias, and development and use 
of  specific analytical and modeling tools. 

Spatial and Temporal Considerations in Sampling 

Spatial scales must be considered in the design of  
inventory and monitoring programs. The  scale of  an 
inventory and monitoring effort  must be appropriate 
to the element being quantified. For example, an ag- 
gregation of  stand inventories into larger units--say, 
a watershed--fails to address element interactions 
that go spatially (geographically) beyond stand 
boundaries. Water and wildlife move beyond stand 
boundaries; recreation opportunities usually cover 
large tracts of  land. An animal may be in a stand 
because the stand offers some of its life requisites 
(e.g., nest site) or because of  its juxtaposition to other 
stands. Knowing the specific ecosystem processes that 
influence the occurrence of  a resource helps to deter- 
mine the appropriate scale to inventory and monitor. 

The  temporal scale is also of  primary importance 
in measuring and evaluating ecological systems. If  we 
sample during the wrong period, or over too narrow a 
time, we may miss a critical component  of  an ecosys- 
tem element. For example, sampling wildlife only in 
the summer largely ignores habitat requirements tot  
winter survival (e.g., Fretwel11972, Morrison and oth- 
ers 1985). I t may also be undesirable if the time period 
within which data are collected is too wide. For exam- 
ple, birds significantly alter their use of  tree species 
for foraging even within one to three-week time 
blocks (Brennan and Morrison 1990). Thus,  sampling 
over too wide or too narrow of  a time period will miss 
critical factors in ecosystem (resource) assessment; 
different ecosystem elements will require different  
sampling scales and times. 

Biological Diversity as the Basis for Identifying 
Inventory and Monitoring Elements 

Biological diversity is the variety and variability of 
living organisms and the ecological conditions in 
which they occur. The  concept of  biological diversity, 
or biodiversity, thus encompass ecosystem elements 
and ecosystem interactions (e.g., OTA 1987, Noss 
1990). Any change in an element will affect ecosystem 
interactions to varying degrees. Changes in elements 
affect our  human-defined natural resources and their 
outputs. Although natural resources and their out- 
puts are not the essential elements that should be in- 
ventoried and monitored,  changes in their compo- 
nent parts--ecosystem elements--will influence the 
ecosystem and the resources we desire. 

There  is growing interest in assessing biodiversity 
(OTA 1987), including within the FS (Szaro and Sal- 
wasser 1990, Williams and Marcot 1991). Acknowl- 
edging the need to inventory and monitor biodiver- 
sity is simply placing the FS-mandated integrated, 
mukiresource inventory and monitoring program 
into a more realistic and popular  framework. It will be 
more realistic if inventory and monitoring of  biodi- 
versity focuses on ecosystem elements and their pro- 
cesses and not on resources and resource outputs. 
Wildland outputs should be viewed and analyzed 
within a context of ecosystem functioning and their 
effects on biodiversity. 

Although the FS is now discussing biodiversity, the 
means to inventory and monitor its component  parts 
and their functions and interactions are not resolved. 
Inventory and monitoring must address numbers and 
distribution of  organisms and should allow assess- 
ment of long-term population viability. Inventory and 
monitoring should also address a variety of  processes 
that occur within the ecosystem. 

Use of Ecological Indicators: Cautions 

Indicators are often used as an index of  environ- 
mental conditions that are too difficult, inconvenient, 
or expensive to measure directly (Landres and others 
1988). Some indicators are useful because, under  the 
right circumstances, they can portray responses to cu- 
mulative effects of natural and human-caused envi- 
ronmental  conditions when such effects are not evi- 
dent  when the attributes are measured alone (e.g., 
bioaccumulation of  contaminants). Indicators are in- 
tended to function as surrogates for determining ef- 
fects of  management  activities and resultant environ- 
mental stress (Hunsaker and Carpenter  1990). 

Use of  indicators assumes that the modus tollens 
form of  retroductive logic operates correctly, namely, 
reasoning from a hypothetical proposition according 
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to which if the consequent be denied, the antecedent 
is denied. In other  words, if overall environmental  
conditions are good, then an indicator of  those condi- 
tions will take on particular values; if the indicator is 
observed to not take on those values, then environ- 
mental conditions are not good. The  fallacy of  this 
reasoning is that the indicators can be responding to a 
host of  factors other  than those that represent envi- 
ronmental conditions of  interest, such as factors not 
controllable by management,  or off-site effects as with 
degradation or Neotropical wintering habitats for mi- 
gratory songbirds. Thus, we can never be sure that 
the response variable directly and always reflects local 
conditions or direct effects of  management  guidelines 
(e.g., Morrison 1986). 

For this reason, schemes that use ecological indica- 
tors to overcome the intrinsic complexity of  ecosys- 
tems, including measures of  biodiversity, might be 
inadequate and untrustworthy (see also Kelly and 
Harwell 1990). At the least, indicators should be se- 
lected and used with care, and examined with the use 
of  rigorously designed evaluation studies. Indicators 
should not be based solely on best-guess estimates. 
The  prevalent practice is to make "indicators" out of  
species that already require monitoring (e.g., threat- 
ened and endangered;  game species), and to rely on 
existing data bases, however inadequate. 

The  FS now recognizes three general classes of  
indicators: ecological indicators, management  indica- 
tor species, and most recently (Federal Register 36 
CFR Part 219, Section 219.40; 15 February 1991), 
management  indicators. Ecological indicators are ele- 
ments of the biotic system that index changes in eco- 
logical conditions of  an ecosystem. Management indi- 
cator species (MIS) are individual species or species 
groups that are selected to index population re- 
sponses of  another  species in the ecosystem. Manage- 
ment indicators is a broad concept that "include[s] 
biological communities and special habitats rather 
than being limited to only individual species. This 
recognizes the important  role of  biological communi- 
ties in providing diversity and the ecological contribu- 
tions of  various structural elements within those com- 
munities" (loc. cir.). The  FS is now proposing to use 
"management  indicators," rather  than the other  two 
concepts in Forest planning. They  note (Section 
219.40), however, that the concept of  ecological indi- 
cators is coming under  diminishing scientific support  
(e.g., Landres and others 1988). 

Proposed changes in the use of  the indicator con- 
cept should consider several key components. Ecolog- 
ical indicators are coming under  diminishing support  
primarily because of  their misuse both by scientists 

and managers, al though the concept itself remains 
valid (e.g., Morrison 1986, Landres and others 1988). 
MIS is a broad concept that includes five FS-defined 
types of  indicators; only one of  these classes is an 
ecological indicator (Patton 1987). Endangered spe- 
cies, species with special habitat needs, and other  clas- 
sifications are included under  MIS. Th e  proposed 
changes should clearly address how these various 
types or classes of  species will be handled in the fu- 
ture. A standard system to classify "biological commu- 
nities and special habitats" should be developed. 
Communities should be unambiguously delineated on 
maps and related to management  allocations and ac- 
tivities. Care should be taken to avoid circularity in 
definitions, such as: "biological communities [pro- 
vide] diversity an the ecological contributions 
. . .  within those communities" (loc. cit.). Communi- 

ties themselves are largely defined by diversity and 
ecological elements. 

In a practical sense, then, the proposed use o f  
"communities" as indicators would not be easy to ap- 
ply. The  biological community must be def ined- -but  
the definition is based largely by the species present. 
What value will be used to summarize or describe the 
community? What is the community intended to indi- 
cate? What change in the communi ty- - i f  it can be 
measured--is  acceptable? Clearly, much thought  and 
research is necessary before the new management  in- 
dicator concept can be considered a positive advance- 
ment. 

Sampling Design and Statistical 
Considerations 

Inventory and monitoring by the FS of  ecosystem 
elements and conditions should be designed to test 
clearly stated hypotheses. There  should be overall 
(national) guidelines on how to develop such hypoth- 
eses of  ecological conditions and trends and effects of  
resource management  on ecosystem conditions and 
on how to design inventory and monitoring methods 
to test these hypotheses. In this way, individual na- 
tional forests could gather and analyze data at appro- 
priate spatial and temporal scales in a consistent man- 
ner. The  levels of  acceptable e r ror  and power also are 
critical to identify a priori in analyzing inventory and 
monitoring data. Managers must know the reliability 
of  the data they use. Unfortunately, forest plans sel- 
dom provide information on statistical analyses, if in- 
deed any were or are to be conducted. 

Improvement  of  FS inventory and monitoring thus 
begins with the development of  an overall modeling 
environment based on the interplay between a corn- 
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plex environment  and RPA and NFMA requirements  
for integrated, multiresource inventories. FS plan- 
ning should not be based solely on use of  existing 
information. 

An optimal study design provides a starting point 
against which all other,  suboptimal designs can be 
compared.  The re  are four  prerequisites for optimal 
design of any study, including inventory and monitor-  
ing (Green 1979, pp. 68-70): (1) An impact must not 
yet have occurred; before-impact  baseline data pro- 
vide a temporal  control to which future  data (impact 
or no impact) can be compared.  (2) I f  an impact has 
occurred, then the type, intensity, place, and time of  
the impact must be known so that a sampling design 
appropr ia te  to tests of  hypotheses can be developed. 
Otherwise, one is conducting a monitor ing study to 
detect impact, ra ther  than an impact study to test 
against the null hypothesis of  no change due to im- 
pact; the to rmer  is much more difficult to conduct 
than the latter. (3) It must be possible to obtain mea- 
surements of  all relevant biotic and abiotic variables in 
association with the individual samples. Tha t  is, mea- 
surements for an area covering numerous  samples 
may be adequate for general description, but are in- 
adequate for hypothesis testing. (4) Areas that will be 
free t rom future impact must be available to serve as 
controls. 

The  first and fourth prerequisites imply that con- 
trols in both time and space are necessary. Otherwise, 
one cannot determine if any change is due to an im- 
pact; it may have happened anyway. An optimal de- 
sign is therefore  necessarily a t reatment  x area x time 
factorial design in which evidence for change is a sig- 
nificant area x time interaction (i.e., univariate or 
multivariate analysis of  variance). Clear statements of  
null hypotheses are essential prerequisites to the de- 
termination of  statistical methods. 

In practice, it is difficult or impossible to meet  the 
requirements of  an optimal design, especially when 
monitoring landscape-scale conditions because land- 
scapes are not replicable or  controllable units. How- 
ever, additional steps can be taken in the future to 
increase adherence to these standards. Some previ- 
ously collected FS data might be suitable as baseline 
data for future,  properly designed monitoring, but in 
all cases, these data and the design and methods used 
to collect them must be rigorously evaluated. Stating 
that "it's the best we have available" might compound  
and prolong the problem and probably would force 
continued collection of  worthless data. 

In summary,  the FS must examine all existing de- 
signs and the data they generate and document  the 
rationale (e.g., adequacy of  design, methods, sample 

size, data analyses) for  continuing their use. Further- 
more,  future management  plans can be written that 
incorporate p roper  study design and analysis for the 
evaluation of  project effects. It will not be possible to 
implement  an optimal design in all cases, but at tempts 
should be made to do so, and failures to achieve such a 
design explained and documented.  Green (1979, Fig- 
ure 3.4) summarized many possible designs for  sam- 
pling and statistical analysis, and Schreuder  and oth- 
ers (1993) reviewed sampling and analytical techniques 
specific to forest applications. 

Validation of Inventory and Monitoring 
Study Designs 

It is important  to assess the quality of  data used in 
inventory and monitor ing with regard to sampling 
bias: that is, are your  measurements  actually sampling 
the p roper  statistical population? This concerns both 
the equipment  and techniques used and the people 
doing the data collection. Included are critical spatial 
and temporal  components:  the same item may vary 
spatially and temporally in distribution because of  
natural or human-caused events. Thus,  sampling in 
the same manner  over an inappropr ia te  time period 
may result in biased results (e.g., Brennan and Morri- 
son 1990). 

Several wildlife studies have clearly shown that sig- 
nificant bias exists among  observers and that this bias 
can alter conclusions based on such data [e.g., see 
papers in Ralph and Scott (1981) and Morrison and 
others (1990); see also Gotfryd and Hanseli (1985), 
Block and others (1987), Verner  and Milne (1990)]. 
For example,  Gotfryd and Hanseli found significant 
interobserver variability for 18 of 20 univariate habi- 
tat comparisons. Tra in ing can reduce observer er ror  
to an acceptable level (e.g., see Kepler and Scott 1981; 
Block and others 1987). However, training must be 
combined with an actual analysis of  this bias: the act of  
instruction does not necessarily result in adequately 
trained and qualified personnel.  Fur thermore ,  many 
observers will stray f rom acceptable levels of  accuracy 
and precision over the course of  time, and observers 
do not stray in the same manner .  Often termed drift, 
such observer er ror  can be corrected only through a 
continuing program of  training and evaluation. Each 
forest should detail how training and evaluation are 
handled and how bias is quantified and reduced. 

Bias may not be a significant problem. I f  a consis- 
tent sampling method is used and the independent  
variables measured vary in a similar manner  over time 
or between areas (e.g., between a t reatment  and a 
control), then the conclusions might still be valid re- 
gardless of  this bias (Green 1979, pp. 33-34), but this 



Resource Inventory and Monitoring 153 

is a situation that cannot simply be assumed to exist. It 
must be studied and corrected as indicated. 

Development of Inventory and 
Monitoring Program 

We have reviewed the foundation required for de- 
velopment of  a scientifically valid program of  inven- 
tory and monitoring. Specific programs developed by 
the FS must be defensible from the standpoint of  rig- 
orous study design and analysis. Thus, inventory and 
monitoring activities must adhere  to the principles of  
the scientific method. Here  we suggest a program of  
inventory and monitoring that is founded on a basic 
framework for identifying ecosystem elements and 
that is capable of  addressing both current  and poten- 
tial (future) questions on resources and wildland out- 
puts. 

Inventory 
Inventories can be category-driven or attribute- 

driven. With a category-driven inventory, resources 
are tallied into a series of  classes that are defined a 
priori. Category-driven inventories are thus inflexi- 
ble. I f  the questions being asked change, then the 
inventory data will be unlikely to address the new 
question adequately. Category-driven inventories 
have been used historically and are currently in wide 
use by the FS (although newer inventories of  land 
conditions, as from remote sensing, lend to attribute- 
based approaches). Regional and subregional inven- 
tories, however, that use a systematic grid rather than 
an optimized or category-driven design, such as forest 
inventory and analysis (FIA), avoid some of  these 
problems (J. Ohmann,  personal communication). 

Thus,  inventories should be designed to provide 
information on individual environmental characteris- 
tics rather  than designed based on a set of  fixed defi- 
nitions (e.g., old growth, mixed conifer, rangeland). 
For example, there has been much debate over the 
absolute amount  of  old growth remaining in the Pa- 
cific Northwest, largely due to differences in defini- 
tions and sampling er ror  (Marcot and others 1991). 
This is a fundamental  question of  study design, the 
answer to which must be based on sound ecological 
principles. The  basic building blocks of  what we term 
"natural resources" are the individual ecosystem ele- 
ments. By basing an inventory and monitoring system 
on these building blocks, we allow much flexibility in 
assessing status and trend in variously defined re- 
sources. Thus, as our  definitions of  resources 
change--for  a host of  ecological, economical, and so- 
ciological reasons--an inventory based on elements 

can still provide useful data on the abundance, distri- 
bution, and condition o f  resources. In attribute- 
driven inventories, resources and the elements that 
comprise them can be assembled at various spatial and 
temporal scales depending upon the questions being 
asked. 

Monitoring 
To monitor  resources requires a survey or sam- 

pling design that results in specified accuracy and pre- 
cision; inventory is often driven by the requirements 
of  monitoring. Thus, inventory and monitoring in the 
context of  long-term land management  are necessar- 
ily complementary. 

It is beyond the scope of  our  paper  to describe 
specific inventory-monitoring programs for each eco- 
system element, and thus each resource, o f  concern to 
the public. Study designs necessary for sampling these 
elements must be based on the purpose and spatial- 
temporal context of  the element. What the FS must do 
is determine which elements are of  primary concern 
and then use the most appropriate sampling methods 
to gather data on the p roper  elements. 

A two-tiered approach can be used to inventory 
and monitor ecosystem elements on forests: (1) na- 
tional and regional scales can define the specific re- 
sources that require a general or overall view, and (2) 
forest- and district-specific resources and conditions 
based on localized management  concerns. The  at- 
tribute-based system outlined above can address both 
of  these levels o f  inquiry. Both of  these levels must 
state their questions explicitly and develop a clear 
study design. 

Monitoring can be classified into three simple cate- 
gories: (1) implementation monitoring---determines 
if management  operations are actually being con- 
ducted as prescribed; are established guidelines being 
followed? (2) effectiveness moni tor ing--are  goals of  
management  activities actually being met; is the man- 
agement activity having the desired effect? (3) Valida- 
tion m o n i t o r i n g I a r e  the basic assumptions and foun- 
dations used for developing forest management  
guides sound and correct? These categories are not 
mutually exclusive, but should be incorporated into 
the design of  any inventory and monitoring program. 

Use of Ecological Indicators 
The  FS should seriously consicier moving away 

from the current  management  indicator species (MIS) 
concept and delay implementation of  the proposed 
management  indicator concept. The  FS would be bet- 
ter served by developing a system to answer specific, 
key questions about the environment  by selecting eco- 
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system element indicators that will answer those ques- 
tions, rather than forcing environmental questions a 
posteriori into the MIS or other  systems. The  FS will 
thereby gain substantial information on ecological 
conditions and responses. Some good information has 
been gathered on specific species (especially those 
rare and endangered),  and MIS has certainly raised 
the awareness of  most FS personnel regarding the 
importance of  a more holistic approach to manage- 
ment. If  the management  indicator concept is devel- 
oped, we propose that a mixed team of  ecologists and 
planners be given the charge to identify criteria and 
classification approaches, and necessary field valida- 
tion studies, to fur ther  develop this approach as one 
facet of  biodiversity on Forests. 

Toward an Integrated Inventory 

Inventory and monitoring of management  activi- 
ties should include tracking ecological conditions 
across political and administrative boundaries. In- 
deed, Roughgarden (1989) has suggested a national 
ecological survey; recent development of  the USDI 
National Biological Survey is apparently a step in this 
direction. The  Environmental Protection Agency 
(EPA) has already initiated a national program of  en- 
vironmental monitoring, called the Environmental 
Monitoring and Assessment Program (EMAP 1990). 
This program is a response to a 1988 recommenda- 
tion by the EPA Science Advisory Board indicating 
that EPA should monitor ecological status and trends, 
as well as develop innovative methods for anticipating 
emerging problems before they reach crisis propor-  
tions (Hunsaker and Carpenter  1990). EMAP seeks to 
monitor at regional and national scales. The  FS, in 
contrast, must expand its monitoring at local, forest 
levels to include broader,  resource-neutral conditions 
of biological diversity and ecosystems. The  structure 
outlined by EMAP, however, appears applicable to 
areas more localized than that envisioned by the EPA. 
The  goal of  providing statistically unbiased estimates 
with known confidence limits is a prerequisite to all 
inventory and monitoring programs. The  EMAP pro- 
gram can aid FS in meeting these prerequisites in an 
expanded inventory and monitoring program. More- 
over, two major existing inventory and monitoring 
programs already used by FS--forest  health monitor- 
ing (FHM) and FIA--should be supported and ex- 
panded beyond their main focus on timber resources 
to depict subregional and regional biodiversity condi- 
tions and trends. Sampling frameworks for many on- 
going inventories are already providing statistically 
valid measures of  some ecosystem elements, particu- 
larly vegetation composition and structure (J. Ohm- 
ann, personal communication). Such methods and 

data have proven useful in many ecosystem and mul- 
tiple-resource assessments (e.g., Ohmann and Mayer 
1987, Ohmann 1989, 1990, papers from Workshop 2 
in LaBau and Cunia 1990, Hansen and others 1991, 
Schreuder and others 1993, Ohmann  and Cohen 
1994). 

We recommend that the FS establish or use exist- 
ing research and development  projects with the goal 
of  developing a scientifically valid method of  applying 
the ecological indicator concept at the forest level. If  
designed properly, this project could provide infor- 
mation to both general tiers of  FS data needs: for 
regional and national planning, and for district and 
torest planning and management.  Although EMAP 
itself will be of  limited use to the FS below the regional 
level, its program and program officers will be a valu- 
able source of  information to the FS. Ecosystem ele- 
ments and indicators of  various ecosystem processes 
should be selected as outlined above. 

Acknowledgments 

We thank John  Teply and Richard Holthausen [or 
discussing these topics with us; William Block, Denis 
Dean, Richard Holthausen, Carolyn Hunsaker, Steve 
McDonald, Janet Ohmann,  .]ames Karr, and Jared 
Verner  for reviewing drafts; Robin White for  provid- 
ing guidance for this project; and Lori Merkle for 
preparing numerous drafts. 

Literature Cited 

Block, W. M., K. A. With, and M. L. Morrison. 1987. On 
measuring bird habitat: Influence of observer variability 
and sample size. Condor 89:241-251. 

Brennan, L. A., and M. L. Morrison. 1990. Influence of 
sample size on interpretations of foraging patterns by 
chestnut-backed chickadees. Studies in Avian Biology 
13:187-192. 

Carey, H. H., and N. Dennis. 1984. Analysis and display of 
multiresource interactions in the RPA assessment. USDA 
Forest Service Pacific Southwest Forest and Range Exper- 
iment Station, Berkeley, California. Unpublished report, 
36 pp. 

EMAP (Environmental Monitoring and Assessment Pro- 
gram). 1990. Environmental monitoring and assessment 
program: 1990 project descriptors. June 1990. US Envi- 
ronmental Protection Agency, Washington, DC EPA/600/ 
9-90/028. 

Forest Service. 1989. Draft 1990 RPA program. USDA For- 
est Service, Washington, DC. 

Forest Service. 1990. Resource inventory handbook. USDA 
Forest Service, Washington, DC. FSH 1909.14. Amend- 
ment No. 1, 3/29/90. 

Fretwell, S. D. 1972. Populations in a seasonal environment. 
Monograph in population biology No. 5. Princeton Uni- 
versity Press, Princeton, New Jersey. 



Resource Inventory and Monitoring 155 

Garcia, M. W. 1989. Forest service experience with interdis- 
ciplinary teams developing integrated resource manage- 
ment plans. Environmental Management 13:583-592. 

Gotfryd, A., and R. I. C. Hansell, 1985. The impact of ob- 
server bias on multivariate analysis of  vegetation struc- 
ture. Oikos 45:223-234. 

Green, R. H. 1979. Sampling design and statistical methods 
for environmental biologists. John Wiley & Sons, New 
York, 257 pp. 

Hansen, A.J.,  T. A. Spies, F.J. Swanson, and.]. L. Ohmann. 
1991. Conserving biodiversity in managed forests: lessons 
from natural forests. BioScience 41:382-392. 

Heady, H. F. 1975. Rangeland management. McGraw-Hill, 
New York, 460 pp. 

Hunsaker, C. T., and D. E. Carpenter (eds.). 1990. Ecologi- 
cal indicators for the Environmental Monitoring and As- 
sessment Program. US Environmental Protection Agency, 
Office of Research and Development, Research Triangle 
Park, North Carolina. EPA 600/3-90/060. 

Kelly, J. R., and M. A. Harwell, 1990. Indicators of ecosys- 
tem recovery. Environmental Management 14:527-545. 

Kepler, C. B., and J. M. Scott. 1981. Reducing bird count 
variability by training observers. Studies in Avian Biology 
6:366--371. 

LaBau, V.J., and T. Cunia. 1990. State-of-the-art methodol- 
ogy of forest inventory: A symposium proceedings, 30 
July-5 August 1989, Syracuse, New York. Workshop 2: 
Integrating multiple-value forest surveys into timber sur- 
vey. USDA Forest Service, Portland, Oregon. General 
Technical Report PNW-GTR-263, pp. 467-543. 

Landres, P. B., J. Verner, and J. w. Thomas. 1988. Ecologi- 
cal uses of vertebrate indicator species: A critique. Conser- 
vation Biology 2: 316o-328. 

Lund, H. G. 1984. Workshop background. Pages 1-7 in H, 
G. Lund (ed.), Preparing for the 21st century. Proceed- 
ings of the forest land inventory workshop, Denver, Colo- 
rado, 26--30 March 1984. USDA Forest Service, Timber 
Management, Washington, DC. 

Lund, H. G. 1986. A primer on integrating resource inven- 
tories. USDA Forest Service, General Technical Report 
WO-49.64 pp. 

Lund, H. G., and C. E. Thomas. 1989. A primer on stand 
and forest inventory designs. USDA Forest Service, Gen- 
eral Technical Report WO-54.96 pp. 

Marcot, B. G., R. S. Hohhausen, J. Teply, and W. D. Carrier. 
1991. Old growth inventories in the Pacific Northwest: 
definitions, status, and visions for the future. Pages 47-70 
h~ L. F. Ruggiero, K. B. Aubry, A. B. Carey, and M. H. 
Huff, (technical coordinators), Wildlife and vegetation 
of unmanaged Douglas-fir forests. USDA Forest Serv- 
ice, Portland, Oregon. General Technical Report PNW- 
285. 

McCiure, J. P., N. D. Cost, and H. A. Knight. 1979. Multire- 
source inventories--a newconcept for forest survey. 
USDA Forest Service, Research Paper SE-191.68 pp. 

Morrison, M. L. 1983. Assessing changes and trends in wild- 
life habitat in a forest management context. Pages 101- 
103 in J. F. Bell and T. Atterbury (eds.), Renewable re- 
source inventories for monitoring changes and trends. 
SAF 83-14. Oregon State University, Corvallis. 

Morrison, M. L. 1986. Bird populations as indicators of  en- 
vironmental change. Pages 429--451 in R. F. Johnston, 
(ed.), Current ornithology, Volume 3. Plenum Press, New 
York. 

Morrison, M. L., I. C. Timossi, K. A. With, and P. N. Man- 
ley. 1985. Use of tree species by forest birds during winter 
and summer. Journal of  Wildlife Management 49:1098- 
1102. 

Morrison, M. L., I. C. Timossi, and K. A. With. 1987. Devel- 
opment and testing of linear regression models predicting 
bird-habitat relationships. Journal of Wildlife Management 
51:247-253. 

Morrison, M. L,, C. J. Ralph, and J. Verner (eds.). 1990. 
Avian foraging: Theory, methodology, and applications. 
Studies in Avian Biology 13:1-515. 

Munn, R. E. 1988. The design of  integrated monitoring 
systems to provide early indications of  environmental/ 
ecological changes. Environmental Monitoring and Assess- 
ment 11:203-217. 

Noss, R. F. 1990. Indicators for monitoring biodiversity: A 
hierarchical approach. Cortservation Biology 4:355-364. 

OTA (Office of Technology Assessment, US Congress), 
1987. Technologies to maintain biological diversity. US 
Government Printing Office, Washington, DC. OTA-F- 
330. 334 pp. 

OTA (Office of  Technology Assessment, US Congress). 
1992. Forest Service planning: Accommodting uses, pro- 
ducing outputs, and sustaining ecosystems. US Govern- 
ment Printing Office, Washington, DC. OTA-F-SOS. 
2O6 pp. 

Ohmann, J. L. 1989. Status and trends of coniferous forest 
habitats in the western United States. Pages 38-50 in B. G. 
Pendleton (ed.), Proceedings of the western raptor man- 
agement symposium and workshop, 26--28 October 1987, 
Boise, Indiana. Science and Technology Series No. 12. 
National Wildlife Federation, Washington, DC. 

Ohmann, J. L. 1990. Muhiresource inventories in the Pacific 
Coast states--progress and future direction. Pages 529- 
537 in V. J. LaBau, and T. Cunia (technical coordinators), 
State-of-the-art methodology of  forest inventory: A sym- 
posium proceedings, 30 July-5 August 1989, Syracuse, 
New York. USDA Forest Service, Portland, Oregon. Gen- 
eral Technical Report PNW-GTR-263. 

Ohmann,J.  L,, and W. B. Cohen. 1994. Inventories of stand 
structure: an ecosystem perspective. In Proceedings, stand 
inventory teclmologies: An international, multiple re- 
source conference, 13-18 September 1992, Portland OR. 
American Society for Photogrammetry and Remote Sens- 
ing (in press). 

Ohmaun, J. L., and K. E. Mayer. 1987. Wildlife habitats of 
California's hardwood forests--linking extensive inven- 
tory data with habitat models. Pages 174-182 in T. R. 
Plumb and N. H. Pillsbury (technical coordinators), Pro- 
ceedings of  the symposium on multiple-use management 
of Calitbrnia's hardwood resources, 12-14 November 
1986, San Luis Obispo, California. USDA Forest Service, 
Pacific Southwest Forest and Range Experiment Station, 
Berkeley, California. General Technical Report PSW- 100. 

Patton, D. R. 1987. ls the use of  "management indicator 
species" feasible? Western Journal qf Applied Forestry 2: 
35-34. 



156 M.L. Morrison and B. G. Marcot 

Ralph, C. J., and J. M. Scott (eds.). 1981. Estimating numbers 
of terrestrial birds. Studies in Avian Biology No. 6. 630 pp. 

Roughgarden, J. 1989. The United States needs an ecologi- 
cal survey. BioSciences 39(1):5. 

Scbreuder, H. T., T. G. Gregoire, and G. B. Wood. 1993. 
Sampling methodsfor multiresource forest inventory. 
John Wiley & Sons, New York, 446 pp. 

Szaro, R. C., and H. D. Salwasser. 1990. Conserving the 
heritage: The USDA Forest Service on biological diver- 
sity. Pages 12-14 in Forestry on the Frontier. Proceedings 

of the 1989 Society of  American Foresters National Con- 
vention. Society of American Foresters, Bethesda, Mary- 
land. 

Verner, J., and K. A. Milne. 1990. Analyst and observer 
variability in density estimates from spot mapping. Condor 
92:313-325. 

Williams, B. L,, and B. G. Marcot. 1991. Use of biodiversity 
indicators for analyzing and managing forest landscapes. 
North American Wildlife and Natural Resources Confer- 
ence 56:613---627. 


