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PREFACE

This technical reference applies to monitoring situations involving a single plant species, such as
an indicator species, key species, or weed. It was originally developed for monitoring special sta-
tus plants, which have some recognized status at the Federal, State, or agency level because of
their rarity or vulnerability. Most examples and discussions in this technical reference focus on
these special status species, but the methods described are also applicable to any single-species
monitoring and even some community monitoring situations. We thus hope wildlife biologists,
range conservationists, botanists, and ecologists will all find this technical reference helpful.

Monitoring is not a new activity for land management agencies, but there is a renewed interest
and a new national emphasis on improving the quality of monitoring. Monitoring designed and
executed effectively is a powerful tool for better management of resources. Good monitoring,
while initially expensive to implement, is eventually cost-effective because management prob-
lems can be detected at an early stage, when solutions may yet be relatively inexpensive. Good
monitoring can demonstrate that management is effective and successful, can silence critics, and
can encourage the widespread adoption of an effective management technique.

Often, however, the results from monitoring are inconclusive and fail to provide the information
needed to evaluate the success of management. Inconclusive or ambiguous monitoring results are
expensive, both in terms of the resources wasted on the monitoring project and the potential
costs of incorrect action. These costs are often difficult to measure because they are exacted
from the environment in the form of environmental damage, or from industry in the form of
unnecessary controls. Reduced public confidence and litigation expenses are additional hidden
costs of poor monitoring.

Many monitoring projects suffer one of five unfortunate fates: (1) they are never completely imple-
mented; (2) the data are collected but not analyzed; (3) the data are analyzed but results are incon-
clusive; (4) the data are analyzed and are interesting, but are not presented to decision makers; (5)
the data are analyzed and presented, but are not used for decision-making because of internal or
external factors (see Appendix 1 for some typical scenarios). The problem is rarely the collection of
data. Agency personnel are often avid collectors of field data because it is one of the most enjoyable
parts of their jobs. Data collection, however, is a small part of successful monitoring.

Because of the difficulty and importance of effective monitoring, agencies developed standard
monitoring approaches in the 1960s through 1980s. While these techniques effectively met the
challenges of that time, they are inadequate now for several reasons:

® The resources and management effects of interest today are more variable and complex. It is
difficult for standard designs to keep pace with the rapid changes in issues. Monitoring data
from standard techniques are sometimes inconclusive because the studies are not specifically
designed for the issue in question.

® Many standard techniques do not address issues of statistical precision and power during
design; thus, standard monitoring techniques that involve sampling may provide estimates

that are too imprecise for confident management decisions.

¢ Commodity and environmental groups have become more sophisticated in resource measure-
ment and are increasingly skeptical of data from standard agency techniques.

PREFACE A



MEASURING AND MONITORING PLANT POPULATIONS
VOV VTV VYV V77V VVVVVVVVVVYVY

® Funding reductions are restricting resources available for monitoring projects. Concurrently,
agencies are being required to more clearly demonstrate through monitoring that funds are
being used to effectively manage public lands. This situation requires the design of efficient
monitoring projects that provide data specific to the current issues.

The challenges of successful monitoring involve efficient and specific design, and a commitment
to implementation of the monitoring project, from data collection to reporting and using results.
We have designed this technical reference with these challenges in mind. Our approach differs
radically from the development of standard techniques for field offices to apply. We instead pro-
vide technical guidance that assists field personnel in thinking through the many decisions that
they must make to specifically design monitoring projects for the site, resources, and issues. We
base this approach on the belief that local resource managers and specialists understand their issues
and their resources best and, therefore, are best able to design monitoring to meet their specific
needs. With this technical reference, local personnel can design much of the monitoring done at the
local level, and recognize when they need additional specialized skills for a successful project.

We encourage you to treat this technical reference not as a step-by-step guide on how to imple-
ment a monitoring study, but as a collection of pieces that you need to choose among and put
together for your particular situation and species. We have organized this technical reference to
follow a logical progression of planning and objective setting, designing the methodology, taking
the measurements in the field, analyzing and presenting the data, and making the necessary man-
agement responses. Many of these steps, however, occur simultaneously, or provide feedback to
others. Decisions made at each step of the monitoring process can affect the whole project, and
those made at later stages sometimes require the reassessment of previous decisions. A listing and
short content description of each chapter should make it clear that those chapters we have placed
in the latter part of the reference are also important in the conceptual stage if the monitoring is
to be efficient and effective:

Chapter 1. Introduction—Describes the role of monitoring in adaptive management. Contrasts
monitoring with other data-collection activities, such as inventory and long-term
ecological studies.

Chapter 2.  Monitoring Overview—Provides a step-by-step overview of the entire monitoring
process, and references chapters where information on each step can be found in more
detail. Flow charts are included to illustrate feedback loops and interrelationships
among the steps.

Chapter 3. Setting Priorities and Selecting Scale—Presents criteria and techniques for setting
priorities among species or populations and choosing the most appropriate scale
and intensity for monitoring.

Chapter 4. Management Objectives—Illustrates the foundational nature of management
objectives and describes their components, types, and development.

Chapter 5. Basic Principles of Sampling—Describes basic terms and concepts relevant to
sampling using simple examples. This chapter provides background information
critical to understanding material presented in Chapters 6, 7, and 11.

Chapter 6. Sampling Objectives—Describes objectives that complement management
objectives whenever the monitoring includes sampling procedures. A sampling
objective sets a specific goal for the level of precision or acceptable error rates
associated with the sampling process.

v
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Chapter 7. Sampling Design—Describes how to make the six basic decisions that must be
made in designing a sample-based monitoring study: (1) What is the population of
interest? (2) What is an appropriate sampling unit? (3) What is an appropriate sam-
pling unit size and shape? (4) How should sampling units be positioned? (5)
Should sampling units be permanent or temporary? (6) How many sampling units
should be sampled?

Chapter 8. Field Techniques for Measuring Vegetation—Discusses selecting an appropriate veg-
etation attribute to measure when monitoring (e.g., cover, density, frequency, bio-
mass, etc.) in terms of the biology and morphology of the species, and the practical
limitations involved in each type of measurement. Field techniques for measuring
each vegetation attribute and advice on field techniques and tools are provided.

Chapter 9. Data Management—Covers different ways of recording monitoring data in the field
and describes means for entering and managing field monitoring data sets with
computers.

Chapter 10. Communication and Monitoring Plans—Encourages the use of monitoring plans to
solicit involvement in the development of a monitoring project, and to document
the accepted monitoring protocol. Describes parties whose support may be critical
for a successful monitoring project.

Chapter 11. Statistical Analysis—Describes the methods used to analyze monitoring data
collected using sampling procedures, the use of graphs to examine data prior to
analysis and to display the results of analysis, and the interpretation of monitoring
data following analysis.

Chapter 12. Demography—Describes techniques for demographic analysis of populations and
provides cautions and suggestions for their use.

Chapter 13. Completing Monitoring and Reporting Results—Summarizes the final stages of a
monitoring project and describes methods for reporting results.

Effective monitoring is not easy; it requires a commitment of time and a willingness to think
through alternatives during planning and design. We believe you will find that increasing time
spent in design reduces total monitoring costs by making monitoring more efficient and
effective. Above all, we hope to help you avoid wasting time on a monitoring project that fails to
yield results useful for management decisions.

Because this is a somewhat novel approach, and because we intend to eventually update this
handbook, we are especially interested in receiving your comments and opinions. You can send
comments to:

Dr. Phil Dittberner

National Applied Resource Sciences Center, RS-140
Denver Federal Center, Building 50

P.O. Box 25047

Denver, CO 80225-0047
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CHAPTER 1. Introduction

The root of the word monitoring means "to warn," and an essential purpose of monitoring is to
raise a warning flag that the current course of action is not working. Monitoring is a powerful
tool for identifying problems in the early stages, before they become dramatically obvious or
crises. If identified early, problems can be addressed while cost-effective solutions are still avail-
able. For example, an invasive species that threatens a rare plant population is much easier to
control at the initial stages of invasion, compared to eradicating it once it is well established at a
site. Monitoring is also critical for measuring management success. Good monitoring can demon-
strate that the current management approach is working and provide evidence supporting the
continuation of current management.

In order for monitoring to function as a warning system or a measure of success, we must under-
stand what monitoring is and the close relationship between monitoring and improved natural
resource management decision-making. This chapter describes that relationship and defines the
concept of monitoring used throughout this technical reference. The distinction between
monitoring and many similar data-collecting activities is also discussed.

A. Definition of Monitoring

In this technical reference, we define monitoring as the collection and analysis of repeated
observations or measurements to evaluate changes in condition and progress toward meeting a
management objective. While the focus is plant populations, this concept is applicable to
management of any natural resource. Monitoring is a key part of what has been termed "adaptive
management," in which monitoring measures progress toward or success at meeting an objective
and provides the evidence for management change or continuation (Holling 1978; Ringold et al.
1996). At its most rigorous, monitoring incorporates a research design so effects may be attrib-
uted to management causes (see Section C.3. Research, below). In practice, most monitoring
measures the change or condition of the resource; if objectives are being met, management is

considered effective (more on this in Chapter 13).
objective
achieved?
alternative
objectives are not reached. Figure 1.2 management
illustrates the fate of the adaptive man-

agement cycle if monitoring produces FIGURE 1.1. Diagram of a successful adaptive management cycle.
Note that monitoring provides the critical link between

objectives and adaptive (alternative) management.

The adaptive management cycle is illus-
trated in Figure 1.1: (1) objectives are
developed to describe the desired con-
dition; (2) management is designed to
meet the objectives, or existing manage-
ment is continued; (3) the response of
the resource is monitored to determine
if the objective has been met; and (4)
management is adapted (changed) if

resource monitor
objective resource

inconclusive data.

Inherent in defining monitoring as part of the adaptive management cycle are two key con-
cepts. The first is that monitoring is driven by objectives. What is measured, how well it is mea-
sured, and how often it is measured are design features that are defined by how an objective is
articulated. The objective describes the desired condition. Management is designed to meet
the objective. Monitoring is designed to determine if the objective is met. Objectives form the
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objective
achieved?

resource monitor
objective resource

monitoring
data management
inconclusive response

unknown

FIGURE 1.2 Diagram of monitoring that fails to close the adaptive
management cycle. Because monitoring data is
inconclusive, the management response is unknown
and the cycle is unsuccessful.

foundation of the entire monitoring
project.

The second concept is that monitoring
is only initiated if opportunities for
management change exist. If no alterna-
tive management options are available,
expending resources measuring a trend
in a species population is futile. What
can you do if a population is declining
other than document its demise?
Because monitoring resources are
limited, they should be directed toward
species for which management
solutions are available.

B. Resource Monitoring and Habitat Monitoring

Two types of monitoring are included in this technical reference. Resource monitoring focuses on
the plant resource itself and monitors some aspect of that resource such as population size, aver-
age density, cover, or frequency. Habitat monitoring describes how well an activity meets the
objectives or management standards for the habitat. Establishing residual plant height standards
in riparian areas and measuring how well a grazing system meets those standards is an example
of habitat monitoring. Another example is to set a threshold level of the percentage of habitat
that may be disturbed by a particular activity, such as a logging project. Neither of these exam-
ples measures the response of the resource. The objective instead describes a habitat standard
against which the effectiveness of management is monitored.

In resource monitoring, the actual causes of population condition and trend are unknown. Changes
or condition could be the result of management, but could also result from weather patterns, insect
infestations, changes in herbivory, etc. This problem also exists when monitoring a habitat factor. An
additional problem with habitat monitoring is that you do not know whether assumed relationships
between the habitat factor and the species are true. Habitat monitoring is most effective when
research has demonstrated a relationship between a habitat parameter and the condition of a species.
For most rare plants, these data are lacking, and the relationship between a habitat parameter and a
species must be inferred from hypothesized and known ecological relationships.

In spite of these difficulties, the use of habitat monitoring should be expanded in rare plant
management. Habitat monitoring is often more easily implemented and evaluated than resource
monitoring (MacDonald and Smart 1993). For some species, such as annuals that fluctuate dra-
matically from year to year or long-lived perennials that change very little, habitat monitoring
may be more sensitive to detecting undesirable change than monitoring the plant species directly.

C. Related Activities

The term "monitoring" has been applied to a variety of data-gathering activities. We have defined
monitoring in this technical reference as driven by objectives and implemented within a manage-
ment context. This differs from many activities described below that are often implemented
under the general term "monitoring." We believe that many of these activities will benefit from
applying the concepts described, but throughout this technical reference we will maintain our
narrower definition of monitoring as objective based.

L CHAPTER 1. Introduction
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1. Inventory

Inventory can be described as a point-in-time measurement of the resource to determine
location or condition. For rare plants, inventories may be designed to:

® Locate populations of a species.

Determine total number of individuals of a species.
Locate all populations of rare species within a specific area (often a project area).
Locate all rare species occurring within a specified habitat type.

L IR R 2B 2

Assess and describe the habitat of a rare species (e.g., associated species, soils, aspect,
elevation).
® Assess existing and potential threats to a population.

Data collected during an inventory may be similar to those collected during monitoring. For
example, the number of individuals in each population may be counted during an inventory.
Similarly, a monitoring project may require counts of a single or several populations every
year for several years.

Information collected during an inventory may provide a baseline, or the first measurement,
for a monitoring study. Often, however, the necessary type and intensity of monitoring will
not be known until the inventory is completed. The information collected during inventory,
while useful for the development of a monitoring study, may not be useful for monitoring
itself. Here is a typical example.

During inventory for Physaria didymocarpa var. lyrata, qualitative estimates of population
size and various habitat parameters were noted. Exhaustive inventory, however, only
identified four populations. All are over 500 individuals, but all are restricted to small
areas of extremely steep scree slopes. Management conflicts are severe at all four sites.
Because of the demonstrated rarity of the species, public and agency concern over man-
agement is intense. Qualitative estimates of population size are considered inadequate for
monitoring this species, and quantitative objectives and monitoring are recommended.

2. Natural history study

3.

We do not consider investigations into basic ecological questions (pollination ecology, life
history, seed viability, seedbank longevity) to be monitoring. These questions often must be
answered before effective monitoring can be designed, but such studies are not monitoring.
Unfortunately, in the past, agency cost coding provided no incentive for basic ecological
investigation, and so creative specialists used the term "monitoring" for activities that were
really natural history studies. With changes in cost coding and increased emphasis on ecosys-
tem management, there is more flexibility to do natural history studies and recognize them
for what they are.

Research

Although natural history studies can be considered a type of research, the term here refers to
a study designed to determine the cause(s) of some observed ecological phenomenon. Many
monitoring projects intend to determine the response of a plant population to a particular
management activity, but in reality few monitoring projects conclusively identify the cause of
the response. Monitoring data are usually of limited value in determining causes of change,
and you must be careful to not misrepresent monitoring data as information on cause and
effect. For example, simply noting a decline in a species population after logging supports the
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hypothesis that logging negatively impacts the species but does not prove that logging is the
cause of the decline. The decline has to be consistently found at several logging sites and not
found in unlogged areas to confidently determine logging activities as the cause of the decline.

A continuum can be identified from monitoring to research as shown in Figure 1.3. The con-
fidence of attributing a change to a particular cause increases along the continuum, but the

Management Actions: Monitoring vs. Research

04 number of management treatment units } many
A B C D E F
no — post monitoring [— pre & post — pre & post — pre & post — pre & post
monitoring only monitoring monitoring monitoring monitoring
— no control — no control — control & — control & — control &
— no replication |— no replication treatment treatment treatment
— no replication  [— minimum — good replication
replication
| burn |

v

b
v > > > >

. >
T [
1 <]
!
after before after before after c c
—
— —
MONITORING — cause and effect T
cannot be statistically C C
inferred before  after before after
= unit where treatment is applied
RESEARCH — cause and effect can
= control unit be statistically inferred

FIGURE 1.3. A comparison of monitoring and research approaches for detecting a treatment effect from a prescribed burn.

For each of the scenarios shown in columns B-F above, statistical comparisons can be made between different
time periods and a decision can be made as to whether or not a statistically significant difference occurred.
However, the interpretation of that difference can be confounded by factors that are independent of the
treatment itself. The diagram and the following examples illustrate a continuum of increasing confidence in
determining likely causation as you move from left to right in the diagram. In column B, there is no pre-treatment
measurement but you may see differences between years one and two after the burn. There is no way of knowing
the conditions prior to treatment, and changes may be due to the burn, or they may be the result of some other
factor such as lower precipitation. In column C, where data was gathered both before and after the burn, you
still don’t know if changes were due to the burn or some other factor that differed between the two time periods.
In column D, there is a single treatment unit and a single control unit. Perhaps you see a change occur in the
burned area but not the control area. The change could be caused by the burn or there may be some other
factor that differentially affects the treatment area compared to the control. The burn unit, for example, could
have a slightly lower water table than the control unit, a factor independent of the burn but not apparent to the
naked eye. Other factors such as disease, insect infestation, and herbivory often occur in concentrations, heavily
affecting one area but not adjacent areas. Any of these factors could be the cause of observed differences. In the
last two columns, the treatment and control are replicated in space; thus there is a possibility of attributing
differences to the treatment. Since ecological systems are variable, the example in column E with three replicates
may have inadequate statistical power to detect differences. The differences due to the treatment may be hidden
by differences that occur due to other factors. The larger number of replicates in column F greatly increases the
likelihood of detecting treatment differences due to the higher statistical power associated with 8 replicates as
compared to 3 replicates.

* the term "significant” means that a statistical test was carried out and the difference was significant according to the test.
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cost of acquiring the needed data also increases. Statistical significance is often erroneously
equated with cause. In Figure 1.3, statistically significant differences were found in several
scenarios, but only for the last two scenarios (Columns E and F) can you attribute significant
differences to a cause. Only with several replications of treatment and control can you
confidently attribute changes to a treatment or cause.

Natural resource managers must decide during the development of a monitoring project if
proving causal relationships is important. If demonstrating causality is required, the cost of
obtaining that information must be evaluated. In many cases of resource management, a
research approach may not be feasible. Some typical problems are the complexity of the sys-
tem, the nonlinear response of organisms to causal mechanisms, and the lack of available
replicates because only one "treatment" area is available (Thomas et al. 1981).

This technical reference is not designed as a guide for developing research projects. Good
design is imperative to the success of a research project, and often requires specialized skills.
If you intend to embark on a research project, resources spent acquiring the skills of a statis-
tician and perhaps an academic researcher are a good investment, especially if the treatments
are expensive (such as construction of exclosures or prescribed burns). Hairston (1989) and
Manly (1992) provide excellent introduction to good, effective research designs in ecology.

4. Implementation monitoring

Implementation monitoring assesses whether the activities are carried out as designed. For
example: Was the fence built in the right spot to specifications to protect the plant popula-
tion from deer? Was the off-highway vehicle (OHV) closure maintained? Were the cows
moved on the right date to allow the rare plant to successfully produce seed? While such
monitoring does not measure the plant population, it does provide critical feedback on
whether the planned management is being implemented. Implementation monitoring can
also identify which variables are most likely to be causing a change in the resource, and help
eliminate from consideration some potential causes of change. This type of monitoring,
although critical to successful management, is not discussed further in this technical reference.

5. Measuring change

Measuring change over time is a main characteristic of monitoring, but simply measuring
change does not meet the definition of monitoring in this technical reference. Studies that
measure change can be implemented in the absence of an identified need for decision-mak-
ing. In contrast, monitoring is characterized primarily by objectives and by being part of an
adaptive management cycle. Monitoring uses change data to evaluate management and make
decisions (Perry et al. 1987).

Studies measuring change in the absence of a management context have been collectively
termed "surveillance" (Perry et al. 1987), but three types are recognized and described here:
trend studies, baseline studies, and long-term ecological studies. The distinction among the types
is blurred, and the terms have frequently been used interchangeably by resource managers.

a. Measuring trend

Much of the work done as monitoring is really designed to gather basic information about
the species. The most common approach is measuring to learn how the resource is changing
over time—measuring trend (some authors call this "baseline monitoring”- see next section).
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Here is an example of a study objective for measuring trend: “Determine if the density of
Primula alcalina is increasing, decreasing, or remaining stable at the Texas Creek Population
over the next 5 years.” While the trend of the population may be important, you could more
rigorously develop this study objective into a management objective:

Management objective: Maintain at least the current density of Primula alcalina at the
Texas Creek population (within 10% of the first measurement) over the next 5 years.

Management response (if cause is unknown): If Primula density declines by more than
10% over the 5-year period, more intensive monitoring or research will be initiated to
determine the cause of the decline; or

Management response (if cause is suspected): If Primula density declines by more than 10% over
the next 5 years, grazing at the site will be limited to late fall to allow seed set and dissemination.

A fundamental difference exists between monitoring for trend and monitoring for management,
even though the actual measurements and analysis may be the same. The second approach
places the measurements within the adaptive management cycle and identifies the changes in
management that will occur if the monitoring has a certain result. At the time the study begins
we do not know whether the population is stable, declining, or increasing. By conducting the
study within the framework of an objective and a management response, the course of action
at the end of 5 years is known before monitoring begins. If monitoring shows the population
is increasing or stable, current management may continue. If populations are declining, an
alternative management approach is outlined. If the study is done simply to detect change,
the course of action at the end of the 5 years will be unclear. What will likely occur is that
existing management and the trend study will simply be continued to determine if the decline
of the rare plant continues.

Specialists are often hesitant to develop objectives and management responses because of a
lack of information on the desired condition of the plant population and the relationship of
management to that condition. At a minimum, however, an objective to maintain the current
condition can be established and a commitment made to respond with more extensive
monitoring, study, or research if a decline is measured.

b. Baseline studies and long-term ecological studies

Another type of activity implemented as monitoring is called "baseline monitoring." This is
the assessment of existing conditions to provide a standard, or "baseline," against which
future change is measured. Commonly, a large number of variables is measured in hopes of
capturing within the baseline data set the ones that turn out to be important later. Baseline
monitoring is sometimes termed "inventory monitoring" (MacDonald et al. 1991) because it
often involves the collection of data to describe the current condition of a resource.
Remeasurement at a later date may be intended, but a commitment or plan for periodic
remeasurement is lacking. Periodic remeasurement is integral to a monitoring study. The
problem with baseline studies, and using inventory data as baseline data, is that the design of
the study may be inadequate to detect changes. This inadequacy usually results from
including too many variables and using too small of a sample size.

If the measurements are taken with a scheduled remeasurement, a baseline study may be
termed a long-term ecological study. The most common goal of these studies is to learn
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about the natural range of temporal variability of the resource by documenting the rates and
types of changes that occur in response to natural processes such as succession and distur-
bance. The term "long-term ecological monitoring" usually is used to describe the measure-
ment of community variables to determine change over the long term, 50-200 years or more.
In most studies, many variables are measured on a few large permanent plots (usually greater
than 0.1 hectare). Commonly measured variables include cover or density of all plant
species, demographic parameters of important species, soil surface conditions, fuel loads, and
animal signs (Greene 1984, 1993; Dennis 1993; Jensen et al. 1994). The term "baseline
monitoring" is also sometimes used for this activity.

Two key differences exist between baseline and long-term ecological studies and the
monitoring described in this technical reference:

® Baseline and long-term ecological studies do not specifically evaluate current management
or result in a management decision, although they may provide management direction in
the future by describing system functions and fluctuations (Perry et al. 1987). In monitor-
ing, the application of the data to management is identified before the measurements are
taken because monitoring is part of the adaptive management cycle.

® These studies often attempt to maximize the number of characteristics measured because
those most sensitive for measuring change are not known. In contrast, in this technical
reference, we advocate the explicit selection of one or a few measurable variables to be
monitored.

One type of monitoring explicitly involves the measurement of a "baseline" and is sometimes
termed "baseline monitoring." In this monitoring design a series of measurements are taken
prior to the initiation of a management activity and used for comparison (a "baseline") with the
series of measurements taken afterward (Green 1979; MacDonald et al. 1991). This type of sit-
uation is common in water quality monitoring. For example, measurements of water column
sediment in a river may be taken for 5 years prior to the construction of a power plant, and
then for 5 years afterward to determine the background, or baseline level of sediment, and
whether the pollution controls of the plant are adequate to prevent elevated sediment levels.
When measurements are made at both treatment and control areas, this type of monitoring
design is termed the before-after, control-impact (BACI) design (Bernstein and Zalinski
1983; Faith et al. 1995; Long et al. 1996). It is rare in land management agencies and rare plant
management to have several years notice before initiating an activity during which a baseline
can be measured, but if the opportunity arose, such a monitoring design can be very effective.

D. Mandates for Monitoring

1. Congressional mandates
Monitoring is so important to successful management that Congress gives specific direction
for monitoring in several pieces of legislation. Pertinent sections are reprinted in Appendix 2
and are summarized below.

Endangered Species Act (ESA) of 1973 (as amended in 1988): Directs all Federal agencies
to carry out programs for the conservation of threatened and endangered (T/E) species.
Agencies must also aid the Secretary of the Interior in implementing a system to effectively
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monitor the status of all listed species, as well as those species for which it has been
determined that listing is "warranted, but precluded." These latter species were previously
classified as Candidates (C1) and more recently as "Species of Concern."

Federal Land Policy and Management Act of 1976: Requires that "...the public lands be
periodically and systematically inventoried" (section 102(a)). This inventory "...shall be kept
current so as to reflect changes in conditions and to identify new and emerging issues and
their values" (Section 201(a)). While the term "inventory" is used, the requirements for a
continuing process and collection of data that measure change suggest monitoring more
than inventory.

National Environmental Policy Act (1969): Directs Federal agencies to use ecological
information to examine direct, indirect, and future consequences when planning and
developing projects. Such examination requires the availability of monitoring data to
describe how resources responded to past similar actions and the implementation of
monitoring to determine the accuracy of the assessment and prediction of the impacts
from the proposed project.

2. Bureau of Land Management regulations

Based on congressional direction and Executive Orders, BLM has developed agency regula-
tions that all its offices are required to follow. These regulations are codified in the BLM
manual. Sections 1622, 6500, 6600, and 6840 clearly show that monitoring is recognized at
national levels as an extremely important activity that should be given high priority by each
local office.

Section 1622: Requires that priority species and habitats be identified, management objec-
tives developed for them, and the objectives monitored. The manual section especially
encourages the setting of "threshold levels which indicate when modifications in management
direction will be made."

Section 6500: Requires an inventory of special status species be maintained on a "continuing
basis," which suggests monitoring more than inventory. It also directs the BLM to prepare
site-specific objectives for special status species in all activity plans (such as allotment
management plans) and monitor them to evaluate success.

Section 6600: Requires that objectives for special status plants be developed and monitored.
These objectives are to be clearly defined, site-specific, and measurable, with a timetable for
accomplishment.

Section 6840: Directs the BLM to "...evaluate ongoing management activities to ensure T/E
conservation objectives are being met." Special status plants are to be conserved by
"...monitoring populations and habitats...to determine whether management objectives are
being met."
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CHAPTER 2. Monitoring Overview

The steps described below and illustrated in the flow

diagrams in Figure 2.1-2.5 provide an overview of A. complete background tasks |g—,
the development of an adaptive management cycle ¥
(Figure 1.1). This chapter focuses on the develop- B. develop objectives |¢—
ment of objectives and monitoring methods and
briefly addresses the development of management v
strategies. C. design and implement management |g¢—
v
The following steps should not be considered D. design monitoring methodology |4
sequential. Feedback loops and reviews are many, as ¥
shown by the multidirectional arrows in the flow . — .
diagrams. At nearly any point in the process of E. implement monitoring as a pilot study [~
developing a monitoring project, earlier decisions v
may have to be revisited and changes made. F. implement and complete monitoring
v

G. report and use results .—Jp

A. Complete Background Tasks

(Figu re 2.2) FIGURE 2.1. These seven major steps are broken
into sub-steps and illustrated in figures
2.2-2.5.

1. Compile and review existing information

Compile relevant information on the species
and/or populations. For those monitoring pro-
jects where the target species and/or population
is predetermined, you will only need the infor-
mation specific to the species. For rare plant
management programs that are just beginning,
you'll likely want to assemble the informa-

tion needed to set priorities among all the A COMPLETE BACKGROURD TASKS

sensitive species occurring in your adminis- 1. compile and review existing information
trative unit. If you manage many species, ==
you may wish to start with a short list of
. . - 2. review upper level planning documents
species that are high priority, perhaps
because of legal reasons, such as federally v
listed species and Species of Concern 3. identify priority species and/or populations <_A
(Chapter 3). ¥
) . 4. assess resources available for monitoring  ¢—
2.Review upper level planning ==
documents 5. determine scale | 4————
Consistent local land management depends v
on following upper level planning docu- 6. determine intensity of monitoring N
ments. These documents describe to the (qualitative, quantitative, demographic)
public the agency's planned activities. v
Because managers are accountable for 7. review —>
implementing these plans, specific manage-
ment activities for rare plant populations FIGURE 2.2. Flow diagram of the monitoring process,

continued. Steps associated with completing
background tasks are illustrated in detail.
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goals and objectives described in them. Even if you believe your agency's land use plan pro-
vides little specific direction for rare plant management (many of the older ones don't), you
will increase support for your specific project if you can show a clear relationship between it
and the general directives outlined in planning documents (Chapter 3).

3. ldentify priority species and/or populations

Prioritize the species for monitoring, and document your thought process. This documenta-
tion will be useful to you and your successor if managers and other parties question your
priorities. For priority species select priority populations. These priorities may periodically
require reassessment due to changes in threats, management, conflicts, and the interest of
outside parties (Chapter 3).

4. Assess the resources available for monitoring

Resources for monitoring depend on management support, priorities, and the people and
equipment available. Has management placed a priority on this monitoring project, or is sup-
port and funding limited? You may need to promote the importance of the project before
you begin working on it. Are qualified personnel available to do the work? Do you have the
necessary field equipment such as vehicles and measuring tapes? Is any high-tech equipment
available (e.g., geographic information systems, global positioning systems, survey or forestry
equipment)? Are people willing to give reviews and help sharpen your thinking? Do you
have access to people with specialized skills? The types and amounts of resources will limit
the extent and complexity of a monitoring project (Chapter 3).

5. Determine scale

Identify the scale of interest for monitoring (e.g., the range of the species, the populations
within a certain watershed, populations in certain types of management units, a single popu-
lation, a portion of a single population such as a key area or macroplot). Decide the scale of
interest early in the monitoring process because it will influence later decisions and design. If,
for example, the scale of interest is the species across its entire range, you will need to coordinate
with various administrative units to develop a network of monitoring studies (Chapter 3).

6. Determine intensity of monitoring

Will qualitative monitoring be adequate? Do you need quantitative data? Does the rarity of
the species, the degree of threats, or the political sensitivity of potential decisions warrant the
use of an intensive demographic approach? You may need to reevaluate the selected intensity
of monitoring as you work through the remaining monitoring decisions (Chapter 3).

7. Review

At this point, management should be briefed, and opinions and review solicited. For small
projects, you could complete these steps on your own and then solicit internal and possibly
external review. For larger programs or highly controversial species and populations, you may
need to assemble a team (Chapter 10).
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B. Develop Objectives (Figure 2.3) B. DEVELOP OBIECTIVES
) | 1. develop an ecological model k_A
1. Develop an ecological model ¥
In this technical reference, we promote the | 2. identify general management goals H
use of narrative or diagrammatic summaries v
(models) of the ecological and management | 3. select indicator H
interrelationships of the species of interest — * . .
(Chapter 4 gives examples). Completing a | 4. identify sensitive attributes |‘ q
model will help develop objectives, focus your — v .
monitoring, and improve interpretation and | 3. specify direction and quantity of change |‘ )
application of the data. | - specify:me — |
: v
2. Identify general management goals (7 develop management objecive |4——
Using your ecological model, try to refine
conservation goals. Should the population | 8. specify management response |—}
size of the species be increased? Maintained?
Recruitment increased? Mortality decreased? | 9. review management objective |—}

Describing these general management goals

is the first step toward developing specific FIGURE 2.3. Flow diagram of the monitoring process,
objectives continued. Tasks associated with developing

objectives are illustrated in detail.

3. Select indicator

You may choose to monitor the species itself or some aspect of the habitat that serves as an
indicator of species success. Monitoring threats as indicators can form an effective basis for
management changes. Indicators are also useful for species that are difficult to measure or
monitor (e.g., very small species, annuals, long-lived species).

4. ldentify sensitive attribute

Common measurable vegetation attributes include density of individuals, cover, frequency, and
production. Attributes also include qualitative and semi-quantitative measures such as presence
or absence of the species, estimates of cover by cover class, and visual estimates of population
size. The attribute most sensitive for measuring progress toward the described goal will vary by
species and situation. For example, individuals of some species such as rhizomatous grasses are
difficult to count. Instead of density, you would need to select another measure of success or
improvement such as cover or frequency. Examples of attributes of habitat indicators include
density of weeds, the percentage of the site impacted by some activity (such as disturbance from
recreational vehicles), and the height of stubble remaining after livestock grazing. The attribute
most sensitive and useful for monitoring depends on the life history and morphology of the
species and the resources available to measure the attribute (Chapter 8). Some species are so
poorly known you may have difficulty identifying a sensitive parameter. Make the best choice
you can or postpone monitoring until you know more about the natural history of the species.

5. Specify direction and quantity of change

Will you monitor for a percentage change or an absolute change, a target or threshold value
(Chapter 4)? What increase do you want to see, or what decrease will you tolerate? Can you
specify a target population size? The quantity has to be measurable (confidently measuring a
1% change in average density is extremely difficult) and biologically meaningful (a 10%
change in density of an annual species is probably not important). Again, you may be limited
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by lack of information. You may also be limited by the amount of change you can detect in a
sampling situation (Chapters 5, 6, 7, and 11).

6. Specify time frame

How soon will management be implemented? How quickly do you expect the species to
respond? How long do you want this monitoring program to continue if some threshold is
not reached? The time frame should be biologically meaningful for the change you are
anticipating. A 50% increase in the density of a long-lived woody plant, for example, is
unlikely to occur over the next 3 years (although a decline of that magnitude may be
possible and alarming).

7. Develop management objective

The priority species or population, selected scale (location), sensitive attribute, quantity and
direction of change, and time frame of change (Steps A5, A6, B3, B4, B5, and B6) are the
critical components of the objective. Combine them into a simple, measurable, understandable
objective (Chapter 4).

8. Specify management response

Given the potential alternative results of monitoring, what management changes would be
implemented in response to each alternative (Chapters 4, 10, and 13)? These management
responses should be clarified before monitoring begins so all parties know the implications of
monitoring results.

9. Review management objective

Preferably, several of these steps would be completed by a team of specialists and manage-
ment, but often the rare plant specialist will work alone through these steps. Before proceeding
to the design of monitoring, solicit internal and external review, especially from parties that
may be affected by management changes made in response to monitoring data (Chapter 10).
Do others have information about the biology or ecology of the species that you should
incorporate into the model? Do all agree on the management objective? Do all agree with
the proposed management response?

C. Design and Implement Management

Depending on the situation, current management may be continued or new management
proposed. Often current management is continued and monitored because little is known
about the ecology and management requirements of a particular rare species. In some cases,
however, previous monitoring data or natural history observations may suggest a need for
management change. The ecological model may provide insight on needed changes as well. If
new management is required, it must be completely described so it can be implemented
effectively.

The design of conservation management strategies for rare plant species involves consideration of
the ecology of the plant, funding, management options, conflicting uses and activities, and com-
munication and coordination with public and user groups. This complex and difficult step is
unique to each situation, and is a subject beyond the scope of this technical reference.
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D. Desigh the Monitoring Methodology (Figure 2.4)

D. DESIGN MONITORING METHODOLOGY

1. QUALITATIVE MONITORING 2. CENSUS 3. QUANTITATIVE MONITORING
a. design general methodology | | a. define the counting unit | a. develop sampling
objectives
b. design methods to reduce b. develop methods - - -
variability among observers to ensure complete | b. define sampling unit |
counts by all observers
c. identify number of |c. describe sampling unit size & shapel
measurement units
v
- v d. determine method of sampling
d. determine arrangement of unit placement
measurement units v

e. decide whether sampling units
will be permanent or temporary

4

f. estimate the number of
)| a. design data sheet I{— sampling units required

{.

| b. determine monitoring frequency |

{.

| c. describe likely data analysis techniquesl

‘.

| d. identify necessary resources |

| e. develop a draft monitoring plan |

FIGURE 2.4. Flow diagram of monitoring process illustrating the sub-steps of designing a monitoring
methodology. The decisions required for each of the three types of monitoring—qualitative,
census, and quantitative (sampling)—are summarized.

1. Qualitative monitoring

a. Design general methodology

Methods for qualitative monitoring include estimating quantity (e.g., ranked abundance,
cover class) and quality (e.g., population stage class distribution, habitat condition), and using
a permanent recording method, such as a photopoint or a video sequence (Chapter 8).

b. Design methods to reduce variability among observers

The biggest drawback of using qualitative techniques is that estimates among observers can

vary significantly. Between-observer variability can be reduced by several strategies described
in Chapter 8.
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c. Identify number of measurement units

Some qualitative monitoring situations may require several to many measurement units, such
as macroplots or photoplots. These are not sampling units, since they will not be combined
and analyzed as a sample. Many design decisions, however, are similar to those required for
sampling units and include selecting size, shape, and permanence.

d. Determine arrangement of the measurement units

How will these measuring units be distributed in the population or across the landscape?
Will you selectively place them based on some criteria such as threat or ease of access? Will
you distribute these units evenly across the population to enhance dispersion and avoid bias?

2. Census

a. Define the counting unit

Will you count individuals (genets), stems, clumps, or some other unit? Will you count all
individuals or only certain classes (such as flowering)? These questions must be clearly
addressed in the design to ensure different observers conduct counts using the same criteria

(Chapter 8).
b. Develop methods to ensure complete counts

Will you have standardized methods (transects, plots, or grids)? Counts that are intended to
be a complete census are often incomplete. What strategies will you use to ensure small
individuals are not overlooked (Chapter 8)?

3. Quantitative Studies with Sampling

a. Develop sampling objectives

If you are using sampling to estimate population sizes or mean values (such as density, cover,
or frequency), you must also identify an acceptable level of precision of the estimate. If you
are sampling and determining the statistical significance of changes over time, you must iden-
tify the size of the minimum detectable change (previously specified in your management
objective), the acceptable false-change error rate, and missed-change error rate (or statistical
power level). What is the risk to the species if your monitoring fails to detect a real change
(missed-change error), and how confident must you be of detecting a change over time (sta-
tistical power)? What is the risk to alternative uses/activities if your monitoring detects a
change that is not real (false-change error)? (Chapters 5, 6, and 7)

b. Define the sampling unit
Will sampling units be individually placed plots, plots or points placed along a line, a line of

points, individual plants, seedpods, or some other unit? The sampling unit must be explicitly
identified to ensure the selected units are random and independent (Chapters 7 and 11).
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c. Describe unit size and shape

The most efficient size and shape of the sampling unit depends on the spatial distribution of
the species you are sampling. Most plants grow in clumps. Unless careful consideration is
made of plot size and shape, most plots will rarely intersect clumps of the target species.
Many plots will be required in such a design to meet the specified precision and power of
the sampling objective. Efficient sampling design using plots of appropriate size and shape
can dramatically reduce the number of sampling units that must be measured, reducing the
time and resources required for the field work and data entry. The size and shape of the
sampling unit may be the most important decision affecting the success of projects where
sampling is used (Chapters 7 and 11).

d. Determine sampling unit placement

Sampling units must be positioned without bias. There are several methods described in
Chapter 7.

e. Decide whether sampling units will be permanent or temporary

Permanent sampling units are suitable for some situations, while temporary ones are more
suitable for others (Chapter 7). If the sampling units are permanent, monumenting or another
method of relocation becomes critical and will require additional field time for plot
establishment during the first year of the monitoring project (Chapter 8).

f. Estimate the number of sampling units required

Data from a pilot study are the most reliable means to estimate the number of sampling
units required to meet the targets of precision and power established in the sampling objec-
tive (see section E, below). Chapter 7 and Appendices 7, 16, 17, and 18 describe estimation
of sample size based on pilot data as well as some alternative methods.

4. Design issues common to all three types

a. Design data sheet

While some studies may use electronic tools to record data, in most studies the researcher
will record measurements on a data sheet. A well-designed data sheet can simplify rapid and
accurate data recording and later computer data entry (Chapter 9).

b. Determine monitoring frequency

How often should the parameter be measured? Will you be monitoring annually? Every 3
years? The frequency varies with the life form of the plant and the expected rate of change
(long-lived plants may require infrequent measurement), the rarity and trend of the species
(the risk of loss for very rare or very threatened species is higher), and the resources available
for monitoring.

CHAPTER 2. Monitoring Overview A



MEASURING AND MONITORING PLANT POPULATIONS
VOV VTV VYV V77V VVVVVVVVVVYVY

c. Describe the likely data analysis techniques

For all projects, describe how the data will be evaluated and analyzed. If you are using quan-
titative sampling, identify the statistical tests appropriate for the data you're planning to
collect so the assumptions of the tests can be considered in the design stage (Chapter 11).
Don't assume you can collect data, give it to an "expert" and expect meaningful results. Useful
data analysis starts with good field design and data collection. This is also a good point to
check whether the data will actually address the objective, given the analyses you plan to use.

d. Identify necessary resources

Now that you have specifically designed the monitoring project, estimate the projected
annual and total costs, analyze the resources needed, and compare to resources available.
Reevaluate equipment and personnel required to successfully implement your project and
ensure they are available. Document the responsible individual/team for implementation of
the monitoring, the source and amount of the funding for monitoring (annually and over the
life of the project), and the necessary equipment and personnel.

e. Develop a draft monitoring plan

If all these steps have been documented and reviewed, many components of your monitoring
plan have been completed. The draft monitoring plan provides four important benefits: (1) it
focuses the thinking of the author by forcing articulation; (2) it provides a vehicle for com-
munication and review; (3) it documents approval and acceptance when finalized; and (4) it
provides a history of the project and guards against the untimely end of the monitoring
project if the primary advocate leaves (Chapter 10). For those monitoring projects requiring
minimal review from people outside the agency , the monitoring plan may be postponed
until after data from the pilot stage have been analyzed.

f. Review plan

Use the monitoring plan to solicit review of your proposed project (Chapter 10). Do all
reviewers agree with the methodology? Does the proposed methodology really monitor the
objective? It may be necessary to revise either the methodology, or the objective, or both. For
example, your objective may involve increasing cover of the target species, but as you design
the monitoring you may realize that measuring cover of this particular species will be
difficult. Treat development of objectives and design as an interactive process; the objective
drives the design of the monitoring, but the practical constraints of the morphology of the
plant, the characteristics of the site, or the availability of monitoring resources may require
reevaluation of the objective.

E. Implement Monitoring as a Pilot Study (Figure 2.5)

1. Collect field data and evaluate field methods

The first trial of a monitoring method in the field often exposes problems with the method-
ology (e.g., plots cannot be positioned due to dense vegetation; the proposed counting unit
cannot be applied consistently; lacy vegetation proves a problem for measuring shrubs along
a line intercept). This is why the pilot period is important for testing the feasibility of the
proposed monitoring approach and identifying improvements. You may find at this stage that
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the project cannot be implemented as
planned and requires substantial revision,
or even abandonment, in spite of all the
work done to this point.

E. IMPLEMENT MONITORING AS A PILOT STUDY

1. collect field data and evaluate field methods

v
2. Analyze P”Ot StUd)’ data 2. analyze pilot study data
Analyze data from the pilot study. Do v
assumptions of the ecological model still 3. reassess time,/resource requirements
appear correct? Are sampling objectives of ¥
precision and power met? If not, you may 4. review

need to alter your monitoring design (add
more sampling units or improve the
efficiency), the sampling objective (accept F. IMPLEMENT MONITORING
lower precision and/or power), or perhaps
abandon the entire project. Is the level of

1. collect field data

change or difference you've specified seem v
realistic? Do changes due to weather seem 2. analyze data after each measurement cycle
larger than you anticipated, thus swamping ==

the quantity specified in your objective, or
do the plants appear so slow-growing that
the proposed change is unrealistic? You

may need to reassess the quantity or time G. REPORT AND USE RESULTS
frame component of your objective.

3. evaluate monitoring

1. complete periodic reports

3. Reassess time/resource h 2
requirements 2. complete final analysis and report
The pilot project should provide a better v
estimate of the resources required for 3. circulate and /or publish report

monitoring. Your estimate of costs should
include the amount of time it has taken to
develop the monitoring to this point as well FIGURE 2.5. Flow diagram of the monitoring process,
as how much time it will take to continue continued. Tasks associated with implementing
the monitoring annually and complete final monitoring as a pilot study, continuing monitoring,
dat Ivsi d e reporting and using results are illustrated.

ata analysis and reporting.

4. Review

Solicit review of the results of the pilot period. Do all parties still agree to continue the
monitoring and abide by the results? Are the resources available to implement monitoring
throughout its life span? Make necessary changes to the monitoring design and the monitoring
plan and solicit final review.

F. Implement Monitoring (Figure 2.5)

1. Collect field data

Complete data collection at specified intervals. Ensure data sheets are completely filled out,
duplicated, and stored in a safe place.
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2. Analyze data after each measurement cycle

Complete data analysis soon after data collection. Data should not be stored over several
years before analysis for a final report. Timely analysis identifies problems early, reduces the
work associated with the final report, and ensures that questions requiring additional field
visits can be addressed. In addition, questions that occur as field data sheets are entered into
the computer can often be answered because the field work is still fresh in your memory.

3. Evaluate monitoring

Evaluate field methods, costs, sample size, and relevancy of the monitoring project after each
data collection. Recognize that at any time in the process a problem may arise that causes
you to change or abandon your monitoring effort. All the steps preceding this one reduce
that risk, but do not eliminate it.

G. Report and Use Results (Figure 2.5)

1. Complete periodic reports

Completing a summary report each time data are collected will yield the following benefits:
(1) display the importance and usefulness of the monitoring to management, thus increasing
continued support; (2) provide a summary for successors in the event of your departure; and
(3) provide a document that can be circulated to other interested parties.

2. Complete final analysis and report

At the end of the specified time frame (or earlier if objectives are achieved), prepare a final
monitoring report and distribute to all interested parties (Chapter 13). This final report pre-
sents and summarizes the data, analyses, and results, and provides recommendations. If the
monitoring project has been designed and documented as described above and data have
been analyzed periodically, this final report should be easy to complete and not contain
major surprises.

3. Circulate and /or publish report

Sharing the results of your monitoring increases the credibility of the agency, assists others in
the design of their monitoring projects, enhances partnerships, and reduces redundancy.
Sharing the results in a technical forum such as a symposium or a journal article is also good
professional development for you.
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MEASURING AND MONITORING PLANT POPULATIONS

CHAPTER 3. Setting Priorities,
Selecting Scale and Intensity

Resources and funding for monitoring are limited. You will not likely be able to develop objec-
tives and monitor achievement of objectives for all the species and populations for which you
are responsible. Priorities must be set, and the scale and intensity of monitoring these priorities
must be determined. Scale describes the spatial extent, and intensity describes the complexity
and cost of the monitoring. The scale of monitoring can range from a macroplot subjectively
placed within a population to all populations of a species across its range. Intensity can vary from
a single photopoint that is revisited every 5 years to a labor-intensive demographic technique
that requires annual assessment of every individual in a population.

Clearly, as you increase the scale and intensity you will know more about the species and its trend
and status, but the monitoring will be more expensive. With limited funds, you can monitor one or
a few species at a large scale and high intensity, or more species at a more limited scale and lower
intensity. The setting of priorities is the first step in determining the importance and number of
species and/or populations that require attention, the monitoring resources that should be allocated
to each, and the complexity of the objective for each species or population that can be monitored.

In the absence of priorities, species that are in need of monitoring because of their rarity and sensi-
tivity may be ignored while more common species may be addressed due to their relationship with
an urgent or high profile issue (such as plants found in riparian areas or old growth), or because
they are public favorites (such as orchids). The narrow margin of existence of some species and the
crisis rate of decline in others leave little room for misallocation of management and monitoring
resources. Although you would expect that the rarest species are monitored most intensively, a
review of monitoring in the United States found that according to priority classifications used by
The Nature Conservancy and the U.S. Fish and Wildlife Service, nearly half of the species monitored
were of low priority ranking (Palmer 1986, 1987). Surprisingly, nearly a third of the studies
reviewed used a demographic approach, the most intensive method of monitoring, and a choice
that likely meant ignoring other species. Explicit setting of priorities would alleviate this problem.

A. Assembling Background Information

1. Upper-level planning documents and guidance

Priority species or populations may have already been identified in an accepted land use plan
or activity plan. These documents provide overall management direction for large areas of
land (e.g., a District or Resource Area). Your office and priority species may also be
addressed in a recent interagency regional plan that encompasses portions of several States
occurring within an ecosystem boundary. In the absence of compelling reasons, such as new
information or the appearance of new threats, the priorities identified in these plans should
be accepted and used.

Many land use plans, especially older ones, provide little direction for management of rare
plants. If the plan lacks goals directly related to rare plants, look for supporting goals, such as
"maintain a full complement of flora and fauna" or "maintain viable populations of native
species." Occasionally, directions for conservation of rare species may be found in lists of
standard operating procedures.
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Another source for setting priorities may be State or regional lists of rare species. In some
States, priorities are recommended at an annual meeting of representatives from Federal and
State agencies, universities, and private firms. Some BLM State Offices issue a list of priority
species, as do some Forest Service Regional Offices. The U.S. Fish and Wildlife Service assigns
a listing priority to species based on threats and taxonomic status (Figure 3.1). The Nature
Conservancy and its associated Natural Heritage Programs rank all rare species with a State
and Global rarity ranking based on the number of occurrences (Figure 3.1).

LISTING PRIORITY, U.S. FISH AND WILDLIFE SERVICE

L. Threat Threat Taxonomic
Priority Magnitude Immediacy Status

1 high imminent monotypic genus
2 high imminent species

3 high imminent subspecies/variety
4 high not imminent monotypic genus
5 high not imminent species

6 high not imminent subspecies/variety

* Priority 7-12 uses the same approach, but for species with low magnitude of threat

THE NATURE CONSERVANCY/NATURAL HERITAGE PROGRAM RATING SYSTEM

1. Critically imperiled (5 or fewer occurrences or very few [<1,000] individuals or few acres).

2. Imperiled (6 to 20 occurrences or few [<3,000] remaining individuals, or few acres).

3. Very rare and local, found locally in a restricted range, or vulnerable to extinction or extirpation
by outside factors (21-100 occurrences or <10,000 individuals).

4. Apparently secure, though it may be rare in parts of its range.

5. Demonstrably secure, though it may be rare in parts of its range.

6. Status uncertain, with the need for more information; possibly in peril.

These rankings can be used either at the State scale (within the State only) or at a global scale (the entire range of the species), and
are often presented, for example, as "S1" or "G1", for critically imperiled at the state or global level.

STATE LISTING CRITERIA*

State Priority |. A taxon in danger of becoming extinct or extirpated from the State in the foreseeable
future if identifiable factors contributing to its decline continue to operate; these are taxa whose
populations are present only at critically low levels or whose habitats have been degraded or
depleted to a significant degree.

State Priority 2. A taxon likely to be classified as Priority 1 within the foreseeable future if factors
contributing to its population decline or habitat degradation or loss continue.

Sensitive. A taxon with small populations or localized distributions within the State that presently do
not meet the criteria for classification as Priority 1 or 2, but whose populations and habitats may be
jeopardized without active management or removal of threats.

Monitor. Taxa that are common within a limited range, as well as those taxa which are uncommon,
but have no identifiable threats (for example, certain alpine taxa).

Review. Taxa which may be of conservation concern, but for which we have insufficient data to
recommend an appropriate classification.

Possibly extirpated. Taxa which are known in the State only from historical (pre-1920) records or
are considered extirpated from the State.

* Used for prioritizing State-listed species in several States.

FIGURE 3.1. Three widely used systems for ranking species. Such approaches may be useful for setting
monitoring priorities.
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2. Existing species information

a. Applications of existing information

Reviewing and assembling existing information serves five important functions in the
development of a monitoring project:

® The compilation and comparison of existing information are important for setting priorities.
You must know about the relative rarity and threats to all the species you manage in order
to allocate monitoring resources among them.

® The response to a management approach may have already been monitored elsewhere. An
initial review may identify the need for immediate changes in management, and thereby
avoid monitoring a decline before the management action is initiated.

® Some measurement techniques may have been tried previously on your species (or a
similar one) with minimal success. Knowing the monitoring history may help you avoid
repeating mistakes.

® This information will be used in developing the ecological model and setting objectives.

® A compilation of existing information will identify parties that should be included in the
development of the monitoring project. For example, an assessment of distribution of a
species across its range might identify the need to coordinate monitoring of populations
on adjacent Federal lands managed by another office or agency. An assessment of threats
may identify user groups who should be involved in the development of a monitoring
project, since their resource use may affect or be affected by the results (Chapter 10).

b. Documenting existing information

All existing information should be documented and stored in a single place (you should
duplicate and archive one copy to protect from loss). A summary of the information that
should be included is given in Figure 3.2. For many species, little is known, and many of the
information items must be filled in with hypotheses. Avoid simply leaving the information
out. Your hypotheses are likely better than nothing, and, by forcing yourself to try to describe
all of the species' biology and threats, you will identify those information items that are criti-
cal to your ecological model (Chapter 4) and to the monitoring design. These may require
additional study before initiating monitoring.

The sources of the information in your summary should be documented. Cite published
sources and personal communication, and comment about the reliability of the information.
Hypotheses and your observations should be clearly identified.

These summaries are time-consuming, but they have benefits in addition to improving the
quality of monitoring projects. The summaries can be referenced or included in biological
evaluations and assessments. They can be helpful in training technicians or other specialists.
They also communicate your observations and knowledge of the species to your successors.
Once completed, the summaries are easily updated, incorporating new information as it
becomes available.
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Species Biology Habitat
life history (annual, perennial) physical features
life expectancy (long or short lived) soil
reproductive ecology elevation
pollinators aspect
flowering period slope
annual variability in flowering moisture
seed maturation period biotic features
seed production community
seed viability potential importance of competition
seedling ecology animal use
regularity of establishment natural disturbance
germination requirements fire

establishment requirements

Population

slope movement
small scale (e.g., animal diggings)

population size (range, average) Threats

annual variation natural

number and distribution of populations herbivory
disease
predators
succession

weed invasion
anthropogenic
on-site (grazing, logging, etc.)
off-site (changes in hydrology, pollinators)
Trend
Causes of Trend
Management Options

FIGURE 3.2. Components of information that may be useful in a review of a species. Summarizing
all that is known or hypothesized about each of these components is not only
helpful is setting priorities among species and populations for monitoring, it is also
critical for developing ecological models, designing studies, and ensuring that
anecdotal information about a species is not lost during changes in personnel.

c. Locating information

Sources of information are varied, and are rarely in an accessible published form. Much of
the knowledge about a species resides in the experience of individuals, and may be difficult to
extract.

Natural Heritage Programs and Conservation Database Centers associated with a State
agency or The Nature Conservancy maintain databases on location and condition of rare
plant populations. They also provide access to that information in adjacent States. State
Native Plant Societies and environmental groups may have information on the species, and
may also be able to put you in contact with amateur and professional botanists who know
about the species.

Academic experts who have worked with the species or related species may sometimes be

found at universities or colleges. Herbaria may be a source of information on additional
populations. Specimen labels often contain habitat notes, and some herbaria have computerized
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these to facilitate searching and summarizing. Many Heritage Programs/Databases have com-
pleted herbarium searches for rare species and may have the information in an accessible
form. Be cautious about using herbarium records, however. Specimens may not be accurately
identified (those that have been annotated as part of a recent study are the most reliable),
may be misfiled, or may be poor representations of a species. Place names may provide only
general location information or even be incorrect.

People familiar with the species may be found within your local office (other specialists), in
local Federal offices administering adjacent lands (e.g., BLM, Forest Service, National Park
Service, military), in regional and State federal offices, in research units, and associated with
private consulting firms. You may also be able to find knowledgeable individuals using
Internet/World Wide Web resources such as discussion groups. (The Ecological Society of
America administers a discussion group that may be helpful.")

Published information on rare species is most often found in symposium proceedings, techni-
cal reports, and project reports. This information can be difficult to locate through conven-
tional computerized searches and is often best found through contact with reputable sources.
Often State Natural Heritage Programs maintain extensive collections of unpublished and
published literature on sensitive species.

B. Setting Priorities

1. Involving managers, using teams

Because establishing priorities in land management is a subjective process, different people
will list the same species in different priority order. For a manager, the highest priority species
may be the one that conflicts with the dominant commodity activity. For the botanist, the
highest priority species may be the rarest one. Legal direction, existing plans, and pet projects
may all conflict with priorities that would result from a strict following of biological criteria.

Because the setting of priorities is subjective, we recommend they be set by a team, or at a
minimum, with input from management and other specialists. Solicit input from others
outside of the agency as well, such as from Native Plant Society members and commodity
groups. Setting priorities is a situation-specific activity. The lists of criteria that follow are not
meant to be exhaustive; there may be other criteria important to your specific situation.

2. Criteria for species comparisons

Rank. Some approaches have utilized the conservation status or rank assigned a species, such
as from one of the systems illustrated in Figure 3.1. Note that in many systems, this rank is
already a composite of criteria. For example, the ranking used by the U.S. Fish and Wildlife
Service combines taxonomic distinctness with the magnitude and imminence of the threat.

Rarity. Rarity relates to population size, number of populations, and distribution of popula-
tions across the landscape. In comparing species, perhaps the most useful aspect of rarity for
monitoring is the number of populations. A species restricted to a single large population is

'To subscribe, send an e-mail message to LISTSERV@QUMDD.UMD.EDU. Leaving the subject line blank, include the
following message: SUBSCRIBE ECOLOG-L [your name], typing your name where the brackets are. Put nothing
else in the message. The listserver will send additional information.
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at more risk than one with fewer total numbers distributed in several populations. Similarly,
populations clustered in a small area may all be affected by the same threat, while populations
that are widely distributed are less likely to be affected by a single impact.

Taxonomic distinctness. A species that is the only representative in its family would rank
above one that is the only representative in its genus, which would rank above a species that
occurs in a genus with many species. The concept behind this ranking is that the taxonomic
distinctness of a single-species family correlates with high genetic uniqueness. A subspecies or
variety would for the same reasons be considered of less value. A drawback to this approach
is that taxonomic divisions are largely based on morphological differences and may not
directly relate to genetic diversity.

Sensitivity to threats. Species vary in their sensitivity to threats depending on their biology
and ecology. Species with a long-lived seed bank are buffered from population declines
because a single good germination year can function as a rescue. Species with populations
that vary widely from year to year but lack a seed bank are more prone to local extinction.
Species that are limited to midsuccessional stages are vulnerable to both disturbance and suc-
cession caused by lack of disturbance. Species dependent on other species for pollination or
seed dissemination are more sensitive than those that are wind-pollinated and dispersed.
Species that have exacting habitat requirements are more sensitive than those that are more
cosmopolitan in habitat.

Known declines. Species with known declines based on monitoring or observation are more
important for monitoring and management than species that are considered stable.

Extent of threats. Threats can be evaluated in terms of scale and intensity. Scale describes the
percentage of the populations affected and the distribution of threats across the landscape.
Intensity describes the degree to which populations are affected by threats (e.g., extirpation
of the population, mortality of a few individuals).

Immediacy of threats. The rate at which threats may occur and populations decline is another
important consideration. Species or populations with ongoing or immediate threats would
rank higher than those with potential threats.

Conflict. The degree of management conflict between potential conservation actions and existing
or alternative uses (usually commercial) may be an important consideration in prioritizing popu-
lations. The degree of conflict may also dictate the form of monitoring (high conflict situations
may require quantitative monitoring or even research into cause and effect).

Monitoring difficulty. Monitoring some types of plants, such as annuals and geophytes, can
be nearly impossible due to temporal and spatial variability. Some species, such as those
found on cliffs, are difficult to access. Monitoring species growing on fragile sites, such as
erosive slopes or semi-aquatic habitats, may cause unacceptable investigator impacts.

Availability of management actions. If no management options are available, resources should
be directed toward other species with management alternatives.

Recovery potential. Some species will only recover with a large expenditure of resources,
while others have high recovery potential. You may choose to focus on the species with the
highest potential, especially if several species could be managed for recovery with the same
resources required for one.
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Public interest. The fact that birds and mammals (e.g., bald eagles and grizzly bears) corner
vastly more recovery resources than amphibians or invertebrates is largely a result of this
factor. A common orchid will have more public support and interest than a rare algae.

Potential for crisis. Crisis can be defined in biological terms (potential for extinction) and in
management terms (potential for politically heated conflict).

3. Criteria for population comparison

Population size. Investing in larger populations may be a better conservation strategy than
salvaging small populations. Larger populations are better able to weather annual variability,
and they provide a larger buffer for decline. Conversely, it may be more important in some
situations to monitor small populations because they are more prone to extinction, and
assume the larger ones are at less risk.

Population viability. A population with individuals distributed among all age classes is more
demographically "healthy" than one with obviously skewed stage distributions (e.g., all old or
dying individuals). Monitoring may be concentrated on those populations with the best
potential for long-term survival or on those that are obviously in trouble.

Population location. Selecting populations on the fringe of the distribution of the species
usually increases the range of genetic variability conserved. These populations may also
occupy fringe habitats that are marginal and stressful, and may express response to rangewide
stresses, such as climate changes, before more central populations.

Habitat quality. Depending on the situation, higher priority for monitoring may be applied to
populations found on degraded or disturbed habitat (because they are more at risk) or on stable
or pristine habitat (because protection is a better conservation investment than restoration).

Unique habitat. Populations located on unique habitat likely contain unique genetic
combinations and are important for conserving the range of genetic diversity of the species.

Previous information/monitoring/research. Populations with previous monitoring or natural
history studies may be a higher priority if data suggest a decline or problem, or a lower priority
if data suggest the population is stable or increasing.

Special management area. Specially designated areas such as Research Natural Areas (RNAs)
and purchased preserves represent a significant investment of resources. If rare plant popula-
tions are an important factor for establishment or purchase, maintaining the population is a
management priority. Monitoring of these populations would be a higher priority than
populations in non-designated areas. Conversely, it may be assumed that the protection
afforded by designation reduces threats, as well as the need for monitoring.

Other. Most of the criteria applicable to prioritizing among species are also applicable to pri-
oritizing among populations (e.g., sensitivity to threats, extent of threats monitoring difficulty,
availability of management actions, recovery potential, public interest, and potential for
crisis). Using these criteria to establish priorities among populations, however, differs from
their application to comparisons of species. For example, characteristics such as high sensitivity
to threat, known declines, and extensive immediate threats would usually result in a high
priority for a species. For species, the goal is to protect and maintain as many species as possible
(to combat extinction) so species most at risk are those most important to manage. These
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* note that all weights range from 1-5 and species ratings range from 1-3, with the lowest number having the lowest importance. For monitoring difficulty,

a low number means it is a difficult species to monitor (the more difficult species receive a lower importance for monitoring).

management. Managers are also the ones
who will make decisions based on the
monitoring. Be wary of your inclination

FIGURE 3.3. Completed matrix for setting priorities among
five species.
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to do self-driven monitoring,
where you choose to devote
what resources you can toward
your pet monitoring project.
Although the monitoring may be
implemented as long as you're
there to do it, if you leave, your
pet project may die. A monitoring
project needs other advocates
besides the specialist(s), preferably
in management.

Once management is supportive,
you should consider three limit-
ing factors when designing a
monitoring project: (1) the skill
level of those planning and
implementing the project; (2)
the equipment available; and (3)
the time and money available for
field work and analysis.

The project may require special
skills at the planning level.
Depending on the complexity of
the project and your knowledge,
you may need a statistician or
someone with expertise in sam-
pling design. State offices and
regional offices may have people
who can help. You may be able
to solicit or contract advice from
specialists associated with univer-
sities, private consulting firms,
and conservation groups. Rare
plant experts associated with
State agencies and those with the
U.S. Fish and Wildlife Service
may also provide advice. Use as
many resource people as possible
for review.

Special skills may also be needed
at the implementation level.
Field work that will be completed
mostly by summer technicians
may need to be designed differently
than that done by experienced
botanists.

for
crisis

management | potential | interest
actions

MANAGEMENT CRITERIA

difficulty

of threats

threats

decline

BIOLOGICAL CRITERIA
rarity | taxonomic | sensitivity | known | extent of | immediacy | existing | monitoring | availability of | recovery | public | potential | 1.,
conflict

status

rating x weight
rating x weight
rating x weight
rating x weight
rating x weight
rating x weight
rating x weight

rating for species
rating for species
rating for species
rating for species
rating for species
rating for species
rating for species

SPECIES| WEIGHTING

FIGURE 3.4. Blank matrix worksheet for setting priorities among species.
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Most plant monitoring
projects require inex-
pensive equipment
such as measuring
tapes, pin flags, and a
camera (a list of stan-
dard field equipment
is provided in
Appendix 12). Some
projects may require
specialized equipment,
such as Global
Positioning Systems,
survey equipment, and
video equipment.
These are becoming
more commonly avail-
able at agency offices.
Other specialists in
your forestry and
range programs may
have ideas about useful
equipment that will
reduce your field
time. Many of these
people also have
experience in sampling
vegetation and can
provide ideas and help
sharpen your thinking
through discussion.

Population | | Population 2 | Population 3 | Population 4 | Population 5| Population 6 | Population 7
rating |w x r| rating |w x r | rating |w x r | rating |w x r | rating |w x r | rating |w X r | rating |w X r

criteria
weighting

=
. . o] <
Finally, the time o | g
. «
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. &l o S & | O S| e K] R%) v
compared to the time HE: g 9|E gle |2 2 gl £

) Ble|v|x|8IEQ| & E|E o|g|o o §2
allocated for a moni- ARSI RN Sls |58]8|s S|£|%

i : <|s|s|s|S|8|E Y& ol |algl|e IR SE:
toring project. Most Zz|slels|E|8|sE|E |2 | x»|E|l=|&|©O|5|8|0
botani d iali w|s 25 5/g(38|s|8|8|5¢2|¢|c|lE|2]s|2|Tw
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are fairly good at O[&]8|8|E|S|ac|e|S|E|=8|e|3|8|8|L|8|E|F
estimating field time
for gathering data. FIGURE 3.5. Blank matrix worksheet for setting priorities among populations.

Estimating the office time required is more difficult. Estimate at least one work week to develop
and document the objectives and design the monitoring. Complex projects requiring considera-
tion of various points of view, and extensive review will take much longer. To estimate analysis
and reporting time, multiply field time by 2-5 times, depending on the complexity of the data
gathered. Qualitative data will take less time to analyze and report than a detailed, data-intensive
method that requires statistical analysis.

It is important that the time required for monitoring be estimated liberally. Many field data sets

have not been analyzed because time needed for analysis was not included in the budget. Managers
must know and support the total time required for completion of the monitoring project.
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D. Selecting Scale

Monitoring scales can vary from a single small local population of a few individuals (local scale),
to many large populations and the range of the species (landscape scale). The scale should be
decided explicitly, because scale has important implications for monitoring design (Chapter 7).

1. Landscape scale

The selection of scale will be guided by management considerations and priorities and limited
by resources available for monitoring. Landscape scale can be defined in a number of ways:

® a1l known populations of the species

2

populations on Federal and State lands

2

populations within an administrative boundary (e.g., BLM District or Resource Area,
National Forest)

populations within a watershed

populations within a vegetation type

populations within a management unit (e.g., an allotment, a wilderness area)
populations within a treatment area

L 2K R JEK R 2

populations with a specific management treatment (e.g., grazed populations)

Establishing a system of monitoring populations of a species across its entire range provides
the most accurate measure of the overall trend and condition of a species. Because of the
required coordination efforts for species that cross administrative boundaries, however, such
rangewide approaches are unfortunately rarely attempted. If you share a species of limited
distribution with only one or two other agencies, consider trying to coordinate monitoring
efforts. For species that cross several administrative boundaries, the new efforts at interagency
regional planning and ecosystem management provide hope that coordination of rangewide
monitoring of species may become easier in the future.

Once you've identified the landscape scale and the pool of populations that you will consid-
er monitoring, you need to decide if all populations at that scale will be monitored or only a
portion of them (perhaps because of limited monitoring resources). If monitoring only a por-
tion, you must decide if you want to draw a sample of populations from all those that occur
at that scale, or select specific populations. If you wish to draw conclusions about all of the
other populations at that scale from the portion monitored, you will need to draw a random
sample of monitored populations from the entire set of populations. For example, if you
monitor only populations that are easily accessible along roads, your sample would be biased
(not random) and only represent roadside populations. You would be unable to draw any
conclusions about populations in native habitat. You may, however, decide that you will
select only roadside populations because those are the ones about which you have conserva-
tion concerns. This is a perfectly valid approach, as long as you recognize that you are limited
to conclusions only about those selected roadside populations.

In statistical terms, when you identify the set of all populations that are of interest, you
define a "sampling universe" from which you will randomly draw "sampling units" (in this
example, individual populations). You must carefully consider both the sampling universe
and sampling units if you want to be able to draw conclusions about several populations.
These concepts are described in more detail in Chapter 7, and also apply to consideration of
scale at the single population and macroplot level (below).
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2. Local scale

You may be constrained by limited monitoring resources to selecting one or a few popula-
tions from all of those known. You may select this population over others based on some
criteria such as previous information, ease of access, degree of threat or lack of it, size, and
inclusion in a special management area such as an RNA. Be aware that monitoring a popula-
tion does not allow you to draw conclusions about all of the populations. Even if you select a
population at random, it is not appropriate to assume it represents the range of conditions
and trends occurring within other populations. Common sense and biological experience
suggest just the opposite. You may, however, be able to use qualitative monitoring at other
populations to support conclusions that trend or condition is similar to the site you are
monitoring quantitatively.

Unless your selected population is very small, you will face the same sample versus selection
issue previously described for populations at the landscape scale. If you wish to draw
conclusions about the entire population you are monitoring, you must sample the population
randomly. Sometimes this is not possible. For example, a population comprising individuals
dispersed over a very large area may be difficult and time-consuming to sample randomly, or
some portions of the population may be physically inaccessible.

One option is to select a portion of the population as a key area or macroplot, monitor only
within that area, and agree among interested parties that the results will be applied to man-
agement of the entire population (Chapter 7). This approach is common in range studies. The
drawback is that you must assume the key area functions as an indicator for the entire popula-
tion. Inferences cannot be made to the entire population based on data. Changes measured on
the macroplot may or may not represent those occurring outside of the macroplot. This problem
can be partially addressed by supplementing the quantitative studies within a macroplot with
qualitative studies dispersed throughout the population. While you will still be unable to
conclusively state that the changes observed within the macroplot represent those outside
the macroplot, the supporting evidence may be sufficiently strong for management decisions.

Situating a macroplot requires some decisions. Will the plot(s) be located in the area most
likely to be affected by adverse management? Will you attempt to locate the plot(s) in a rep-
resentative area of the population, and if so, how will you define what is representative? Will
your main criteria be ease of access? Chapter 7 discusses these issues in more detail.

E. Selecting Intensity

Intensity of monitoring can be defined as the complexity of methods used to collect information.
Monitoring intensity roughly equates to time, but also relates to the skills required to collect
information. Monitoring can be generally classified into qualitative and quantitative techniques.
Qualitative techniques are usually less intensive than quantitative. Within each class, levels of
intensity also vary.

1. Examples of qualitative monitoring

Presence or absence. Noting whether the species of interest is still at the site may be an
effective way to monitor a species with many roadside populations. Populations located along
roads can be noted by a "windshield check" by other specialists in the course of their work.

Site condition assessment. Site condition assessments provide a repeated evaluation of the
quality of the habitat. The monitoring is designed to detect obvious and dramatic changes that
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can be recorded photographically, with video, or in written descriptions aided by a standard
form (see Appendix 10).

Estimates of population size. Visual evaluation of population size, often in classes such as 0-
10, 11-100, 101-1000, 1001-5000, etc., provides more information than simply noting
presence or absence.

Estimation of demographic distribution. A population's demographic distribution is the
percentage of the population or number of individuals within classes such as seedling, non-
reproductive adult, reproductive, and senescent.

Assessment of population condition. In this approach, the observer evaluates the condition
of the population by noting occurrence and extent of utilization, disease, predation, and
other factors.

Photopoints. Photopoints are pictures that are retaken from the same position of the same
frame at each observation (see Chapter 8).

Photoplots. Photoplots straddle the division between qualitative and quantitative monitoring.
These are usually close-up photographs of a bird's-eye view of a plot within the frame. Plot
size varies with camera height and lens type, but commonly ranges from 50cm x 30cm to

Im x 1m. Photoplots can provide a qualitative record of a small portion of the population, or
they can be used as a plot to measure cover and/or density (see Chapter 8).

Boundary mapping. Mapping the perimeter of a plant population monitors change in the
area occupied by the population.

2. Types of quantitative monitoring

By definition, in quantitative studies some attribute is measured or counted. Three basic
types of quantitative approaches can be described:

Census. A census of the population counts or measures every individual. The main advantage
of this approach is that the measure is a count and not an estimate based on sampling. No
statistics are required. The changes measured from year to year are real, and the only
significance of concern is biological.

Sample. A sample measures only a portion of the plant population. No sample is an identical
representation of the population as a whole. It is an estimate of that population; thus, some
error is associated with the sample (the difference between the sample estimate and the real
value of the population). Statistics is the tool used to assess that error (see Chapters 5, 6, 7,
and 11). A sample of quantitative data should only be taken if the results are to be analyzed
statistically, because the error associated with that sample can be quite large, and the
monitoring useless for detecting change. Only through statistical analysis can the magnitude
of sampling error be assessed.

Some monitoring designs avoid statistics by doing a complete census or full counts in a small
portion of the populations in a representative plot. For example, height may be used to mea-
sure plant vigor annually. Rather than sampling, a single representative plot is established in
the middle of the population and the height of all individuals within that plot is measured.
No statistics are necessary, because you know the true average height of all the plants in the
plot. If the decision has been made to base management changes on the changes within the
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plot, this is an acceptable approach, but be aware that the average height of the plants in the
plot is not an estimate of the average height of the plants in the population.

Demographic monitoring. Demographic monitoring involves marking and monitoring the
fate of individuals through time (Chapter 12). It is extremely labor-intensive, and represents
the most intense level of monitoring that can be used.

F. Priorities, Resources, Scale, Intensity

Priorities, available resources, selected scale, and selected intensity are closely related and must
be considered together when developing a monitoring project. Given limited monitoring
resources, scale and intensity are inversely related. You can choose to monitor many populations
(large scale) with low intensity or devote all your monitoring resources toward monitoring a sin-
gle population intensely. If you have many high priority species, limited monitoring resources
may allow you to monitor only a single population of each species at a low intensity.

This explicit consideration of the interplay of priorities, resources, scale, and intensity is critical
to the effective allocation of monitoring resources. In the absence of this analysis, we tend to
ignore inexpensive monitoring solutions and focus on intensive data-collecting techniques. Other
techniques, such as qualitative methods and photographs, are generally less time-consuming to
design and implement, but can be effective for many situations. Low-intensity monitoring may
be designed as a warning system that triggers more intensive monitoring or research if a problem
appears. In other situations, low-intensity techniques may provide the data needed for making
decisions. Most changes monitored by these techniques must be fairly large or obvious before
they are detected; thus, it is often appropriate to take immediate management action based on
these measures. Implementing a high-intensity study to quantify a problem that is obvious only
delays remedial action.

In summary, allocating monitoring resources is a critical initial stage in the development of a
monitoring project. Ranking priorities and selecting scale and intensity are not trivial activities,
but are fundamental to the effective design of good monitoring. Using teams and soliciting
review will help focus decisions about allocation, and avoid premature sidetracks into selecting
methods.
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MEASURING AND MONITORING PLANT POPULATIONS

CHAPTER 4. Management
Objectives

A. Introduction

In this technical reference we are promoting objective-based monitoring whose success depends
upon developing specific management objectives. Objectives are clearly articulated descriptions

of a measurable standard, desired state, threshold value, amount of change, or trend that you are
striving to achieve for a particular plant population or habitat characteristic. Objectives may also
set a limit on the extent of an undesirable change.

As part of the adaptive management Cycle, management objectives:

® Focus and sharpen thinking about the desired state or condition of the resource.

® Describe to others the desired condition of the resource.

® Determine the management that will be implemented, and set the stage for alternative
management if the objectives are not met.

® Provide direction for the appropriate type of monitoring.

® Provide a measure of management success.

As the foundation for all of the management and monitoring activity that follows, developing
good management objectives is probably the most critical stage in the monitoring process
(MacDonald et al. 1991). Objectives must be realistic, specific, and measurable. Objectives
should be written clearly, without any ambiguity.

B. Components of an Objective

Six components are required for a complete management objective:

® Species or Habitat Indicator: identifies what will be monitored

® Location: geographical area

® Attribute: aspect of the species or indicator (e.g., size, density, cover)

® Action: the verb of your objective (e.g., increase, decrease, maintain)

® Quantity/Status: measurable state or degree of change for the attribute
® Time frame: the time needed for management to prove itself effective

Management objectives lacking one or more of these components are unclear. Figure 4.1 gives
examples of typical incomplete objectives and identifies their missing components.

1. Species or habitat indicator

Monitoring may involve measuring the change or condition of some aspect of the species
itself. If you are monitoring the species, the objective should include its scientific name. If the
objective will address a subset of the species (e.g., only flowering individuals, fruits, or
seedlings), this should be specified.
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What's Missing?
Increase Physaria didymocarpa var. lyrata at the Williams Creek Shale Pit by 1999.

Exclude livestock from the Summit Creek Primula alcalina population.

Exclude livestock from the Summit Creek if cattle are impacting Primula alcalina.

Increase percent cover of the Lime Creek population of Astragalus aquilonius by 50%.

v AW N =

Decrease the percent of Astragalus aquilonius individuals trampled by livestock at the
Grandview site by the 1996 grazing season.

6. Maintain a population of at least 400 individuals of Astragalus diversifolius at the Birch
Creek site between 1994 and 2000.

7. Allow no more than 30% herbivory of inflorescences in any two years in a row between
1997 and 2000.

8. Increase Astragalus aquilonius at the Wood Creek site by 30% between 1997 and 2003.

9. Increase the habitat occupied by Gymnosteris nudicaulis by 300 hectares.

10. Increase the viability of the onion.

11. Maintain, at a minimum, 300 Happlopappus radiatus.

12. Increase the number of hectares of Primula alcalina habitat under protective
management by 240 hectares by 2003.

1. Increase what attribute of P. didymocarpa? Increase from what level or from which time?

2. This is a management action, not an objective.

w

. Not an objective, more similar to a management response. The term "impacting" is
ambiguous. Need to identify some measurable parameters.

. Increase by 50% over current value? By when?
. How large a decrease in percent? From when?
. Looks OK.

What plant? What site or population? Is an inflorescence included in the 30% if it is only partially
eaten, or does it have to be completely consumed? (this would be addressed in the methodology)?

N o N

[ee)

. What attribute of A. aquilonius? Cover? Density? Something else?

9. Where? In a certain population or watershed or throughout the resource area? By when
should this increase occur?

10. What is viability? How much increase? What onion? What population? By when?

1. Where? Time frame? Maintain 300 of what attribute (individuals, stems, flowering plants)?

12. What is protective management? Where should this increase occur?

FIGURE 4.1. Examples of objectives missing one of the six components of a management objective:
species or habitat indicator, location, attribute, action, quantity/status, and time.

Measurement attributes can also focus on aspects of the habitat of a species rather than
direct measurements of the plant population itself. Attributes may be selected that serve as
indicators or surrogates for the condition of a particular species. Useful indicators may focus
directly on known or perceived threats to a particular population. Here are three examples
that illustrate the use of indicator measurement attributes based on threats assessments:

¢ Offroad vehicle impacts. A rare plant population exists in a remote area where the only
known threat is disturbance from off-road vehicles. Monitoring the presence, number, or
spatial extent of tire tracks may provide the most sensitive feedback information needed
to adjust management activities on the site (e.g., installing new signs or fences).
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® Non-native species impacts. A particular site contains populations of several rare plant
populations. The only known threat to the site is the potential invasion of non-native
species which presently do not occur on the site but do occur along a nearby road.
Tracking the weed-free condition of the site may provide the most critical information
needed to prescribe management activities (e.g., organizing a volunteer work party to
remove all non-native species from the site).

Woody species encroachment. An open meadow site supports several rare plant popula-
tions. Historical records indicate that lightening-ignited fires burned through the site on a
regular basis. Fire suppression activities in the nearby forest have dramatically reduced the
fire frequency and the principal threat to the rare species population is shading from
woody species encroachment. Tracking the abundance of woody species in the meadow
will alert you to the need for management action (e.g., prescribed burning).

Other potential indicators or surrogates for directly measuring attributes of a plant population
include abiotic variables (e.g., water quality parameters), or other plant or animal species.

Using habitat indicators to indirectly measure species’ success or condition is a common
practice in resource management, but is not without problems. Your chosen indicator may
have a weaker relationship with the species than you hypothesize. Another factor may have
important effects on the species, but have little relationship to the selected indicator (e.g.,
cattle grazing of a wetland species and a selected indicator of soil water levels). For these
reasons, when threats-based attributes, indicator species, or abiotic variables are used as
surrogates for tracking individual plant populations, it is advisable to periodically assess the
plant population itself to ensure the validity of the surrogate relationship.

2. Location

Clear delineation of the specific entity or geographic area of management concern allows all
interested parties to know the limits to which management and monitoring results will be
applied. The spatial bounds of interest defined in a management objective will vary depend-
ing on land management responsibilities (e.g., you may only have access to a portion of a
particular population due to multiple land ownership patterns) or particular management
activities (e.g., you may only be interested in plants located within a fenced macroplot that is
located within a larger population). The location is related to the selected scale of monitoring
(Chapters 3 and 7), which is affected by conservation goals and responsibilities, the biology
of the species, and the realities of limited monitoring resources.

3. Attribute

Five major classes of quantitative vegetation measures are available. A brief description and
comparison is given here; Chapter 8 presents a more thorough comparison.

® Density. Density is the number of individuals or stems (or another counting unit) per unit
area. It can only be used when a consistent counting unit can be recognized.

® Cover. The amount of ground covered by the vertical projection of plant matter can be
visualized by considering a bird's-eye photograph of the vegetation. The percentage of the
ground obscured by vegetation is canopy (or aerial) cover. Basal cover is the percentage of
the ground covered by the base or trunk of the plant.
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® Frequency. If a population is visualized overlaid with a grid defining sampling units, the
percentage of those units occupied by the species is the frequency. As quadrat size
changes, frequency also changes; thus, frequency is a measure that is dependent on the
size of the sampling unit.

® Vigor. Measures include biomass production, the number of new shoots produced, the
number of reproductive shoots produced, the number of seeds produced, plant height,
plant volume, and many others.

¢ Demography. Demographic approaches use rates of reproduction and mortality to model
population dynamics. These techniques have recently become widely applied in rare plant
management and are described in Chapter 12.

Other possible attributes include population size, qualitative estimates of abundance, pres-
ence/absence, and areal extent. Attributes of habitat factors may be similar to quantitative
vegetation measures (e.g., density of tire tracks or cover of woody species) or peculiar to the
factor (e.g., level of a trace contaminant expressed in parts per million).

When selecting an attribute, first narrow the list of potential attributes given constraints of
species morphology and site characteristics (e.g., density is not an option if your species lacks a
recognizable counting unit). Then narrow the list further by considering the following criteria:

® The measure should be sensitive to change (preferably the measure should differentiate
between human-caused change and "natural" fluctuation).

¢ Biologically meaningful interpretations of the changes exist that will lead to a logical
management response.

® The cost of measurement is reasonable.

® The technical capabilities for measuring the attribute are available.

® The potential for error among observers is acceptable.

4. Action

There are three basic actions: increase, decrease, and maintain. There is a tendency when
managing rare things to want to have them increase. Some populations, however, may already
be at the maximum potential for their habitat or suffer from no apparent threats. For these, a
more realistic objective would be to maintain current condition. For other populations you
may wish to set a threshold that will trigger a management action if the population falls
below the threshold. Some questions to consider:

® Are current populations viable or have recovery needs such as increased population size,
improved vigor, or change in demographic distribution been identified? Species with
potential for rapid declines or existing significant degradation of habitat may deserve a
more aggressive approach than simply maintaining the current condition.

¢ Are management options available that you believe will increase the abundance or
improve the condition of the species?

® Will increases occur with removal of threats, or will more active management efforts be
necessary (e.g., prescribed fire, augmentation by transplants, control of competing exotics).
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The following is a list of common action verbs used in management objectives and guidelines
describing when each is appropriate:

® Maintain: use when you believe the current condition is acceptable or when you want to
set a threshold desired condition (e.g., maintain a population of 200 individuals; maintain
a population of at least 4000 individuals).

¢ Limit: use when you wish to set a threshold on an undesirable condition or state of the
species or habitat (e.g., limit cheatgrass cover to 10%; limit mortality to 10% per year).

® Increase: use when you want to improve some aspect of the species or habitat factor (e.g.,
increase the average density by 20%; increase the number of populations to 16).

® Decrease: use when you want to reduce some negative aspect of the species or habitat

(e.g., decrease livestock utilization of inflorescences to 50% or less; decrease cheatgrass cover
by 20%).

5. Quantity /state
The condition or change must be described with a measurable value. This can be a quantity
(e.g., 500 individuals, 20% cover, 30% change), or a qualitative state (e.g., all life stages pre-
sent at the site, cover class 4).

Determining these quantities or states requires consideration of a number of factors:

® How much can the species respond? Populations of long-lived plants (like trees or some
cacti) may be very slow to respond to management changes. Changes may be small and
difficult to detect, or take many years to express.

® What is necessary to ensure species or population viability (e.g., how much change, what
population size, what qualitative state)?

® How much change is biologically meaningful? Some species (such as annuals) can have
tremendous annual variability, and an objective that specifies, for example, a 10% increase
in density is meaningless.

® What is the intensity of management? Will you continue existing management, remove
current threats, or implement a radical alternative?

® What is the implementation schedule of management? If the monitoring project is scheduled
to last 5 years, but new management will not be implemented until the second year of the
study, the change results from only 3 years of management.

® What are the costs and problems associated with measuring the amount of change specified?
Small changes are often difficult and expensive to detect (Chapters 5 and 7).

The task of specifying a measurable quantity or state is usually a challenging one. The ecology
of many plants, especially rare ones, is poorly understood. Predicting the response of a plant

to particular management activity is often difficult. Many plant populations undergo natural
fluctuations as they respond to varying climatic conditions or to the fluctuating populations
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of pollinators or herbivores. Most plant populations have been subject to impacts from
human activities and there may be little or no knowledge of historical conditions or natural
population levels. Few species have been studied in enough detail to reliably determine mini-
mum viable population levels. These challenges should not serve as obstacles to articulating
measurable objectives. Use the tools described in Section D and do the best that can be
done. If you do not articulate a measurable management objective, you have no way to assess
if current management is beneficial or deleterious to the species of interest.

6. Time frame

The time required to meet a management objective is affected by the biology of the species,
the intensity of management, and the amount of change specified. Populations of short-lived
plants that reproduce annually can probably respond fairly quickly, but long-lived plants and
those with episodic reproduction may require more time. Intense management will result in
more rapid changes than low intensity or no special management. Large changes will require
more time than smaller ones, unless a management action will have immediate, large impacts
(e.g., timber harvest).

It is recommended that time frames be as short as possible for several reasons:

® Changes in agency budgets and personnel often doom long-term monitoring projects.

® Short-term objectives promote regular reassessment of management and implementation
of management changes.

¢ Monitoring often uncovers unexpected information; short-term objectives encourage
modification of objectives and monitoring based on this information.

¢ Short-term objectives circumvent the trap of monitoring ad infinitum while avoiding
difficult decisions.

Objectives with time frames as short as several months to a year may be appropriate in
some situations. The adaptive management cycle must occur within a short enough period
that opportunities for species recovery or alternative management are not lost.

C. Types and Examples of Management Objectives

Objectives can be described in one of two ways:

® A condition (e.g., increase the population size of Species A to 5000 individuals; maintain a
population of Species B with at least 2500 individuals; maintain Site B free of noxious weeds
X and Y). We will call these target/threshold management objectives.

® A change relative to the existing situation (e.g., increase mean density by 20%; decrease the
frequency of noxious weed Z by 30%). We will call these change/trend management objectives.

For target/threshold objectives, you assess your success in meeting your objective by comparing
the current state of the measurement attribute to the desired state or to an undesirable state that
operates as a red flag or threshold. With a change/trend objective you measure the trend over
time. The two objectives are obviously related. Consider the following change/trend objective:
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® Increase mean density of Primula alcalina at Texas Creek by 20% between 1998 and 2005.

You could sample your population, and estimate the current density (say 50 plants/m?). Once
the current density is estimated, you could write your objective as follows:

® Increase mean density of Primula alcalina at Texas Creek to 60 plants/m’ by 2005 (a
target/threshold objective).

In spite of this relationship, the two types of objectives are appropriate for different situations.
You may choose a change/trend objective when you have insufficient information to describe a
realistic future condition. You would also use a change/trend objective when you believe the
current state is less important than the trend over time. For example, whether a population has
8000 individuals or 6000 individuals may not matter; a decline from 8000 individuals to 6000
individuals (a 25% decline), may be very important to detect. Usually change objectives are
more appropriate than target/threshold types of objectives when management has changed and
you want to monitor the response (trend) of the selected attribute.

The two types of objectives also require different considerations in designing the monitoring
methodology and analyzing the results, especially when the monitoring of the objective requires
sampling. Chapter 6 describes these issues in detail.

Management objectives can be written to describe either desirable or undesirable conditions and
trends. You would frame your objective in desirable terms if you believe improvement of the
plant population or habitat is necessary and you have implemented management you believe
will result in improvement. These objectives are sometimes referred to as "desired condition
objectives" because they describe the target condition or trend of the resources (e.g., increase to
2000 individuals, decrease cover of a noxious weed by 40%).

If you believe that the current condition is acceptable, and that a continuation of current man-
agement will likely maintain that condition, you could frame your objective using undesirable
thresholds of condition or trend. These are sometimes referred to as "red flag objectives" because
they state the level of an undesirable condition or change that will be tolerated (e.g., no fewer
than 200 individuals; no more than 20% cover of the noxious weed; no more than a 20%
decrease in density). These objectives act as a warning signal that management must change
when the threshold is exceeded. Red flag objectives can be written to identify an unacceptable
decline in a rare species or a surrogate habitat variable, or an unacceptable increase in a negative
factor (e.g., an exotic species, encroaching shrub cover, the percentage of habitat disturbed by
recreational vehicle traffic, etc.).

Different types of management objectives require varying intensities of monitoring (Chapter 3).
Qualitative objectives can be monitored using techniques that assess condition or state without
using quantitative estimators. Simply finding if the plant still occurs at a site is a type of moni-
toring that can be very effective for some situations. Another approach is to use estimates of
abundance such as "rare," "occasional," "common," and "abundant," or to map the areal extent of
the population. Objectives may also be written so they can be monitored by complete counts.
Complex objectives may require more intensive monitoring involving quantitative sampling or
demographic techniques.

The following examples are arranged in order approximating increasing intensity and include
desired condition and red flag types. More examples are provided in Appendix 3.
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1. Examples of Target/Threshold Objectives

® Maintain the presence of Penstemon lemhiensis in the 12 photoplots located in the Agency

Creek drainage over the 10-year time span of the Agency Creek Allotment Management
Plan (1998-2008).

¢ Maintain the current knapweed-free condition of the Penstemon lemhiensis population in
the Iron Creek drainage from 1998 to 2008.

® Increase the number of population areas of Penstemon lemhiensis within the Kenney Creek

Watershed from 8 in 1998 to 15 by 2010.

® Maintain a population of Thelypodium repandum containing individuals in all stage classes
(seedling, rosette, reproductive) at the Lime Creek site from 1998 to 2008.

Allow no more than 2 of the 25 presence/absence photoplots at the Lake Creek popu-

lation of Physaria didymocarpa var. lyrata to show a loss of the presence of the species
between 1998 and 2002.

® Increase the Basin Creek population of Physaria didymocarpa var. lyrata to 120 individuals

by 2005.

® Maintain at least 100 individuals of Penstemon lemhiensis at the Iron Creek site over the
life of the Iron Creek Allotment Management Plan (1998 to 2010).

Increase the number of individuals of Penstemon lemhiensis in the Iron Creek population
to 4500 individuals by the year 2000.

® Maintain at least 2000 individuals of Thelypodium repandum at the Malm Gulch site over

the 10-year period (1998-2008) of the special use permit (current estimated population
size: 3000).

2. Examples of Change Objectives

® Increase the ranked abundance of Penstemon lemhiensis in each of the 10 permanently

marked macroplots at the Grizzly Ridge population by one rank class by 2005.

® Double the population area occupied by Penstemon lemhiensis at the Williams Creek site
by 2010.

® Allow a decrease in the ranked abundance of Penstemon lemhiensis in each of the 10

permanently marked macroplots at the Grizzly Ridge population of no more than one
rank class between 1998 and 2005.

® Decrease the frequency of Bromus tectorum by 30% at the Iron Creek population of
Penstemon lemhiensis between 1997 and 2005.

® Increase the mean density of Penstemon lemhiensis at the Warm Springs population by 20%

between 1997 and 2000.
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® Increase the population size of Penstemon lemhiensis at the Iron Creek site by 50% by
2005.

® Allow a decrease of no more than 20% from the 1998 cover of Astragalus diversifolius at
the Texas Creek site by 2005.

® Allow a decrease of no more than 30% in the population size of Primula alcalina in the
first 5 years after cattle are reintroduced to the Birch Creek site.

D. Resources and Tools for Setting Objectives

1. Existing plans

General goals for a particular plant species may be described in other planning documents
such as land use plans, forest plans, or activity plans. Linking a monitoring project to these
higher level planning documents may increase management support and funding for the pro-
ject. The goals in these plans may also serve as a useful starting point for developing more
complete and specific objectives.

2. Ecological models

Ecological models are simply conceptual visual or narrative summaries that describe impor-
tant ecological components and their relationships. Constructing a model stimulates thinking
about the ecology and biology of the target species. You don't have to be mathematically
inclined to develop and use a model; the type of model described here rarely involves
complicated formulas or difficult mathematics.

Ecological models have three important benefits. First, they provide a summary of your
knowledge of the species, enabling you to see the complete picture of the ecology of the
species. For example, because livestock grazing affects a species negatively by direct her-
bivory, you may consider that relationship first. Grazing may, however, also affect the species
positively through indirect effects on community composition by reducing competition.
Trampling by livestock may positively affect the population by exhuming seeds from the
seed bank and increasing germination. During the development of an ecological model, you
will have to think about these indirect and sometimes hidden relationships. The model will
often identify several factors that can cause the change you hope to detect by monitoring,
and perhaps help isolate the most important and interesting mechanism.

Second, ecological models identify the gaps in your knowledge and understanding of the
species. Your model may suggest that these gaps are not important, in which case you may
choose to ignore these unknowns. Conversely, the model may suggest an unknown relation-
ship is extremely important for understanding the total ecological and management scenario.
You may need additional studies before effective monitoring can begin.

Third, ecological models help identify mechanisms and potential management options. If the eco-
logical model suggests, for example, that seedling establishment appears rare, that successional
processes of canopy closure may be occurring, and that litter buildup on the ground provides
few germination sites, you may be inclined to think about prescribed fire, or some other
management strategy that induces germination or reverses succession. Lacking an ecological
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model, you may have focused on only a single attribute, such as the lack of seedling
establishment, which can result from a multitude of causes.

An ecological model can be as simple or complex as you wish. You can focus on a single
management activity, as shown in Figure 4.2, or you can attempt to summarize all the
interactions, as shown in Figure 4.3.

LIVESTOCK EFFECTS ON
PRIMULA ALCALINA

+ seedling density appears
highest in areas with
trampling and reduced
competition

- reproductive output reduced - potential for grazing to cause
by up to 90% in heavily grazed * alteration in hydrology through
areas drying (hummocks) or channel

+ pollination may be better in \ downcutting
grazed areas because of better - increased potential for weed
exposure of flowers invasion

seedling

reproductive

- trampling observed to occasionally cause mortality
+ photosynthetic material limited to basal rosette;
grazing may reduce competition for light

FIGURE 4.2. An ecological model showing positive and negative effects of grazing on an Idaho endemic species,
Primula alcalina.

3. Reference sites

The goal in rare plant management is to ensure species are viable over the long-term. For
most rare plant managers, this translates into maintaining several to many viable populations
within the range of their administrative boundaries. Defining and measuring a "viable" popu-
lation, however, is difficult (Chapter 12 describes some techniques). This creates a problem
in identifying quantities in objectives: How big should the population be? What vigor condi-
tion equals "healthy" plants? What percentage of the population should be reproductive?
Defining the desired condition of the habitat can be equally difficult.

Reference sites can serve as comparison areas to help set quantitative targets in objectives.
These are areas with minimal human impact, such as Research Natural Areas (RNAs).
Reference sites may also be an undesignated area with populations that appear thriving and

healthy.

Reference sites can be valuable, but use them with caution. Simply because a population is
located in a protected area does not ensure that it is viable or healthy. Lack of management
activities within protected areas may be allowing successional processes to occur that are
detrimental to the plant. In addition, populations that appear "healthy and thriving" to casual
observation may actually be declining.
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ECOLOGY OF
PENSTEMON LEMHIENSIS
* Populations appear to be declining * Seedbank longevity unknown, but likely long.
most rapidly in communities with * Seeds fairly large; predation may be common.
successional changes causing * Mechanical disturbance and fire appear to
closed canopy (ponderosa pine). increase germination; may be related to
* Mortality in all stage classes is reduction in competition.
highest during drought years, and * Germination appears episodic
can be up to 75% of the class. (related to spring moisture).
* Mortality is highest in stable * No obvious mechanism
habitats, lowest in disturbed for dispersal; most seeds were
sites such as roadcuts. observed to fall just below

the parent plant. May be short
distance dispersal from insects or
rodents. Earth moving activities
such as road building and logging
have dispersed seeds.

* Mortality during
drought years
very high.

reproductive

* Reversals to
non-reproductive

. common in

. !_IVEStOCk use of.flowerheads drought years. * Plants can remain
in some populations appears in the rosette stage for
preferential, and can be as at least several years.
high as 30%; deer use can be even higher. * Populations in disturbed

* Aborted flowers common in drought habitats have a higher percentage
years. Potential causes include pollinator of reproductive individuals, while
limitation or moisture stress. rosettes are more abundant on

* Ants often abundant on inflorescences; may be pollinators. stable sites.

* Most common pollinator is a native wasp.

FIGURE 4.3. An ecological model of all known or suspected interactions for a rare Penstemon species.

Related or similar species

Comparisons with more "successful” related species or with species that appear ecologically
similar may help set objective quantities that are biologically reasonable (Pavlik 1993). For
example, Pavlik (1988) compared nutlet production in an endangered borage, Amsinckia grandi-
flora, with a weedy Amsinckia. In another series of studies, the demography of the rare Plantago
cordata, which grows in freshwater tidal wetlands along the East Coast and along non-tidal
streams in Indiana and Illinois, was compared to the widespread P. major (Meagher et al. 1978).
This approach has obvious limitations. Rare species are often rare because they do not have the
reproductive capacity, dispersal potential, or growth potential of more common species.

Experts

Experts can provide additional information and opinions on the assumptions within the
ecological model. In-house experts include both regional and State ecologists and botanists,
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as well as specialists in other disciplines such as forestry, range management, wildlife ecology,
and riparian management. External specialists include academic, professional, and amateur
ecologists and botanists who may know about the species of interest, or a closely related one,
or may be knowledgeable about the ecological system in which the species resides. These
people can help set realistic, achievable objectives.

6. Historical records and photos

Historical conditions at a site may have been captured in old aerial photos or in historical
photos or other historical records housed in museums or maintained by local historical soci-
eties. Human disturbances such as roads, trails, and buildings may be visible. Woody species
density and/or cover may also be visible. Early survey records by the General Land Office
often contained descriptions of general vegetation and habitat characteristics during the mid
to late 1800s. Long-term elderly residents can be a fascinating source of information on
historical conditions.

E. Developing Box 4.1 CHALLENGES TO DEVELOPING GOOD MANAGEMENT
Management OBJECTIVES FOR PLANT SPECIES

. . 1. The ecology of many plants, especially rare ones, is poorly understood.
Ob'eCtlves - An Predicting the response of the plant to management strategies, selecting

Example the attribute or expression of the plant (e.g., cover, density, etc.) most
sensitive to management and likely to change, and estimating the expected

Developing management
ping & rate of change in a plant attribute is often difficult.

objectives is a challenging task
(Box 4.1). The following is an Ecological models and comparisons to similar species can help set

example illustrating the types of realistic objectives.

assumptions and decisions that
accompany each component.

2.There is a human tendency, especially when little is known about the plant,
to try to measure many attributes.

Developing objectives requires choosing a single attribute or a limited
suite of attributes to represent overall improvement in the condition
of the plant population or habitat. Ecological models may help
identify the critical habitat factors and the most sensitive life stages
of the species. If you have extensive monitoring resources and/or a

in 12 discrete locations complex situation you may need to identify more than one objective.
(occurrences) along a 7-mile

stretch of the North Fork of

the Salmon River. Occurrences , o

You may need to admit that some species simply cannot be
occupy stable Slopes 9f blocky measured directly. For these, a more effective approach focuses on
talus. Plants grow in soil pockets a related habitat factor or a significant threat.
among the talus. Size of each

occurrence ranges from 0.5 to
3 acres, each with 50 to 500+
pockets of plants. The number

Collomia debilis var. campo-
rum is a long-lived, mat-
forming perennial that occurs

3.Some species with high annual variability, such as annuals, or small plants
that are difficult to even see, present monitoring challenges.

4.Management goals such as increasing the number of livestock grazing a
meadow and increasing the density of a plant species may be in conflict.

These conflicts must be resolved before specific objectives can be

i developed. You may need to assemble a team and develop a set of
of plants cannot be determined complementary objectives for a particular site together.

because mats grow into each

5.Goals in land use plans and activity plans for rare plant species may not
other and are difficult to P Y P P P 4

exist or may be too general to provide direction for specific management

separate into individuals. A objectives. Other specialists or managers may offer little direction or assis-
two-lane state highway runs tance because of their lack of experience with setting objectives for rare
along the base of the slope for | plant species.

the entire 7 miles. Any expan- Outside experts can provide important insight and suggestions, but
sion of the highway (wider a team of agency specialists representing different disciplines may be
shoulders or more lanes) required to develop a common vision for a site and plant population.

would severely impact all
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Collomia occurrences. Cheatgrass (Bromus tectorum) and knapweed (Centaurea repens) occur
along the highway right-of-way. Some Collomia occurrences have sparse knapweed and cheat-
grass; the effects of weeds on the rare species is not known.

1. Review upper-level direction

We first evaluate goals and objectives pertinent to Collomia in upper-level plans. The existing
Land Use Plan (LUP) does not even recognize the occurrence of Collomia on BLM lands
because the populations were discovered after the LUP was finalized. The only direction
provided by the LUP is a standard operating procedure that states the effects of all projects
on sensitive plant species will be evaluated through a field examination. An Allotment
Management Plan (AMP) is in place for the area containing Collomia. It contains no references
to sensitive plants. It is scheduled for evaluation and revision in 2005.

2. ldentify the species or habitat factor

An objective could focus on some aspect of Collomia or on the most immediate threat, weed
infestation. You select the species itself for the following reasons:

® Although weeds are a concern, they currently are not very extensive at the site, nor do

you know how they affect Collomia. Weeds would, therefore, not serve as a reliable
indicator for population health.

You have no data on trends or current condition of the Collomia occurrences except estimates
of areal extent and number of clumps of plants for each of the 12 occurrences. Although
plants appear to be long-lived (many mat-forming species are), you noted in your field surveys
that there seemed to be many dead individuals and no seedlings. Because of the lack of
information on trend or health of the occurrences you prefer to monitor the species directly.

You may also wish to monitor the weed infestation. If so, it is better to develop a separate
objective for that issue, rather than trying to combine the species and the indicator into a

single complex objective.

Draft objective: Collomia debilis var. camporum

3. Specify the location

You decide to address all 12 occurrences because of the following reasons:
® All of the occurrences are administered by BLM.

® All 12 occurrences are important to the viability of the Collomia because this variety is so
rare, and limited to such a small total area.

® This species is your top priority for monitoring, and will receive about half of your
monitoring resources.

Draft objective: all 12 occurrences of Collomia debilis var. camporum along the North Fork.
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4. Describe the attribute

Because of the high conservation priority of Collomia, you plan to quantitatively monitor this
species at each occurrence. You select cover as an appropriate attribute for mat-forming
perennials that cannot be separated into individuals (Chapter 8; Appendix 11).

Draft objective: Cover of all 12 occurrences Collomia debilis var. camporum along the North
Fork.

5. Specify action
Because you know so little about the species, you are unable to design management actions
that would increase any aspect of this species. The current habitat exhibits no obvious
impacts from humans (except for sparse weeds); thus, you assume that current levels are
"natural." You decide that maintaining the current population would be acceptable.

Draft objective: Maintain cover of all 12 occurrences Collomia debilis var. camporum along
the North Fork.

6. Specify quantity

You want to maintain the current cover of Collomia, but you expect some natural fluctuation
around a mean cover value even if Collomia populations are healthy and stable. You must spec-
ify the level of change that you will allow before you implement alternative management. You
have no data suggesting an acceptable level of fluctuation. Because the species is so rare, you
don't want to specify a level that masks real and worrisome change, but you also don't want
your allowable limits of fluctuation so narrow that you are implementing new management
unnecessarily. You decide to allow a decrease of 20% from current cover before you will imple-
ment alternative management. You base this value on your knowledge of natural fluctuations in
unrelated perennial mat-forming species measured in a nearby range monitoring study.

Draft objective: At each of the 12 occurrences along the North Fork, limit any decrease in
cover of Collomia debilis var. camporum to no more than 20%.

7. Specify time frame

Your objective is still unclear. As currently written, it suggests that an annual decrease of 15%
from the previous year would be acceptable. You must identify the starting point from which
you will measure the threshold decline of 20%. You also need to specify the time period for
which your objective is effective. Most objectives should include a final date that triggers a
complete evaluation and final report.

You decide you want to measure the population for several years before writing a final
report. You select the year 2004 because the AMP is scheduled for re-evaluation in 2005.
You also decide that the baseline cover value will be the 1998 measured cover, and that a
decrease of more than 20% from that level would be unacceptable.

Final objective: At each of the 12 occurrences along the North Fork, limit any decrease from
current (1998) cover of Collomia debilis var. camporum to no more than 20% between 1998

and 2004.
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F. Difficult Situations

Three types of plants pose special difficulties for developing objectives and monitoring: annuals,
long-lived perennials, and species that act as metapopulations.

1. Annuals with a long-lived seed bank

One of the most difficult situations for monitoring is an annual species that only appears
above ground once every few years, or even once every few decades. Measuring above-
ground expression, such as density, may provide some insight on the weather patterns that
create a "good" year, but little information on long-term trends of the population. Most of
the population is out of sight, below ground, expressing itself only occasionally.

The study of seed banks is a fairly new discipline (Leck et al. 1989). The biggest problem with
studying seed banks is that their distribution underground is usually quite clustered, and the
small soil cores used to sample the seed bank result in a large number of cores with none of
the target species, and a few cores with many. This creates a serious problem for determining
seed bank density with any reasonable precision (Benoit et al. 1989). A second problem with
studying seed banks is the labor expense. Extracting cores is time consuming, but estimating
the number of seeds in each core is even more so. Two methods are generally used: (1) grow-
ing out the cores in a greenhouse and counting the number of germinants, and (2) extracting
seeds from the soil core by flotation and physically counting the seeds extracted (Gross 1990).
Both are obviously labor-intensive. Both are also fraught with problems. The grow-out method
is sometimes unsuccessful because dormancy-breaking and germination requirements are not
met. The flotation method may extract dead seeds as well as live ones (Gross 1990).

An alternative that may be more successful than monitoring the species itself is to focus on the
habitat. Habitat features such as level of human activity, invasion of exotics, and changes in
community composition caused by succession may identify problems for an annual species.
Note that for many annuals, some level of disturbance is necessary for exposure of the seed
bank and germination; thus, change in disturbance level may be a sensitive attribute to monitor.

2. Extremely long-lived plants

Long-lived species pose the opposite problem as annuals: variability is so slight over time
that there is no sensitive measure of change. For some of these species, habitat parameters
can change significantly before mortality occurs. Reproduction and/or seedling establishment
may be an extremely rare event, although for some long-lived species, the seedling class is
the most dynamic and the most sensitive to adverse changes. Monitoring changes in habitat
condition or the condition of individual plants may be a more appropriate measurement
attribute for these long-lived species than measuring the plants themselves.

3. Plants that act as metapopulations

Species that exhibit metapopulation behavior occur on the landscape with both temporal
and spatial variability. These plants may be viable as a metapopulation over the entire land-
scape, but individual populations may be short-lived. Dispersal of seeds or propagules and
available colonization sites are the two most important factors in the success of a metapopu-
lation. A good example of a plant metapopulation is the Furbish's lousewort, found along a
major river system in Maine. Populations of the species are eliminated by ice scouring and
spring flooding, but new populations appear on suitable sites left bare by receding floods
(Menges 1986, 1990). Because the plant has no seed bank, colonization is dependent on the
dispersal of the fall seed crop to new sites. Metapopulation dynamics depend on a dispersal
mechanism so that available habitat can be colonized as existing populations become extinct.
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Many in the conservation community contend that consideration of metapopulation dynam-
ics is crucial to any conservation strategy (Hanski 1989), while others argue that the impor-
tance of metapopulations has been overstated (Doak and Mills 1994). While a few empirical
studies have shown the importance of metapopulation dynamics for some invertebrate and
animal species, plant studies are much rarer. A review of the literature found only nine plant
studies in which a parameter important to the theory of metapopulation dynamics—migration,
extinction, or colonization—was actually measured (Husband and Barrett 1996).

While there are exceptions, most plant species disperse propagules locally (Harper 1977;
Silvertown and Lovett-Doust 1993). In the absence of an obvious long-distance dispersal
mechanism (such as the river in the Furbish's lousewort example), it is difficult to hypothe-
size how a species could function as a metapopulation, and how to design management to
allow that function to occur. It is also questionable whether the dispersal mechanisms
important to metapopulation dynamics that may have operated in the past can still operate
in today's fractured and fragmented landscape.

In the absence of obvious potential for metapopulation dynamics, the most conservative
strategy is to maintain both existing populations and some potential habitat areas. The latter
can then provide opportunities for both natural colonization and deliberate re-introductions.

G. Management Implications

Management implications of monitoring must be identified before monitoring begins. If there are
no management implications or options, monitoring resources are better spent on another
species or population. Usually, however, there are options, but some of them may be expensive,
or politically difficult to implement. There is a tendency in resource management agencies to
continue monitoring, even when objectives are not met, rather than make the difficult decisions
associated with changes in management. Because of this hesitancy, we recommend that manage-
ment implications be an integral part of pre-monitoring planning. Management implications of
monitoring are more likely to be applied if they are identified before the monitoring begins, and
if all parties agree to the objectives, monitoring methods, and response to monitoring data (see
more on this in Chapter 13).

Identifying management implications is difficult, because in some rare plant monitoring situations,
the needed management changes are unknown. At a minimum, a management commitment can
be made before monitoring begins that additional, more intensive investigation into the manage-
ment needs of the species will begin if objectives are not achieved. For examples of management
objectives paired with management implications, see Appendix 3.
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MEASURING AND MONITORING PLANT POPULATIONS

CHAPTER 5. Basic Principles of
Sampling

A. Introduction

What is sampling? A review of several dictionary definitions led to the following composite
definition:

The act or process of selecting a part of something with the intent of showing the quality,
style, or nature of the whole.

Monitoring does not always involve sampling techniques. Sometimes you can count or measure all
individuals within a population of interest. Other times you may select qualitative techniques that
are not intended to show the quality, style, or nature of the whole population (e.g., subjectively
positioned photoplots).

What about those situations where you have an interest in learning something about the entire
population, but where counting or measuring all individuals is not practical? This situation calls
for sampling. The role of sampling is to provide information about the population in such a way
that inferences about the total population can be made. This inference is the process of general-
izing to the population from the sample, usually with the inclusion of some measure of the
"goodness" of the generalization (McCall 1982).

Sampling will not only reduce the amount of work and cost associated with characterizing a
population, but sampling can also increase the accuracy of the data gathered. Some kinds of
errors are inherent in all data collection procedures, and by focusing on a smaller fraction of the
population, more attention can be directed toward improving the accuracy of the data collected.

This chapter includes information on basic principles of sampling. Commonly used sampling
terminology is defined and the principal concepts of sampling are described and illustrated. Even
though the examples used in this chapter are based on counts of plants in quadrats (density
measurements), most of the concepts apply to all kinds of sampling.

B. Populations and Samples

The term "population" has both a biological definition and a statistical definition. In this chapter
and in Chapter 7, we will be using the term "population" to refer to the statistical population or
the "sampling universe" in which monitoring takes place. The statistical population will some-
times include the entire biological population, and other times, some portion of the biological
population. The population consists of the complete set of individual objects about which you
want to make inferences. We will refer to these individual objects as sampling units. The sampling
units can be individual plants or they may be quadrats (plots), points, or transects. The sample is
simply part of the population, a subset of the total possible number of sampling units. These
terms can be clarified in reference to an artificial plant population shown in Figure 5.1. There
are a total of 400 plants in this population, distributed in 20 patches of 20 plants each. All the
plants are contained within the boundaries of a 20m x 20m "macroplot." The collection of plants
in this macroplot population will be referred to as the "400-plant population." A random
arrangement of ten 2m x 2m quadrats positioned within the 400-plant population is shown in
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Figure 5.1. Counts of plants within the individual quadrats are directed at the objective of
estimating the total number of plants in the 20m x 20m macroplot. The sampling unit in this
case is the 2m x 2m quadrat. The sample shown in Figure 5.1 is a set of 10 randomly selected
quadrats. The population in this case is the total collection of all possible 2m x 2m quadrats
that could be placed in the macroplot (N=100).

Sample information Population parameters 20—+ +—+—+—+—+——————F——————
Coordinates # of Total population size: 1 I : i
X Y plants | 400 plants 18 i i ...':,_ . = i ';'a,r o
2 2 4 Mean # plants/quadrat: 1 r 2:_'.;~ }_ ; i E T
6 4 O M=4 16_- .:.. ....I .-.... h,. I_.--
16 4 3 Standard deviation: 1 et ot ]
0 7 ) o= 5005 14 S Gl ; : i R NPT [
M | 6 | 5 BT s 1
8 182 1(? Sample statistics (n = 10) 12 1 L R J“ J
# : - :
5 5 < )_I‘:Iia;'o plants/quadrat 104 - e G v oo e i ¢
+ i o i Doty i
14 12 0 Standard deviation: P I . ¢, i el AN L
2 | M0 [s-614 ] P | I
6=+ ...'.L}_.'.'. da, —— -
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Estimated population 4+ =t L LSS S —
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95% confidence 24 iy ':,: o ; .r{ |
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meters

FIGURE 5.1. Population of 400 plants distributed in 20 clumps of 20 plants. This figure shows a simple random sample of

ten 2m x 2m quadrats, along with sample statistics and true population parameters.

C. Population Parameters vs. Sample Statistics

Population parameters are descriptive measures which characterize the population and are
assumed to be fixed but unknown quantities that change only if the population changes. Greek
letters such as p and G are often used to denote parameters. If we count all the plants in all the
quadrats that make up the 400-plant population shown in Figure 5.1 (400 plants), and divide by
the total number of possible 2m x 2m quadrat locations in the macroplot (100 quadrats), we
obtain the true average number of plants per quadrat (4 plants/quadrat). This, assuming we have
made no errors, is the true population mean (u). If we know how much each individual quadrat
differs from the true population mean, we can calculate another important population parame-
ter, the true population standard deviation (o). The standard deviation is a measure of how similar
each individual observation is to the overall mean and is the most common measure of variability
used in statistics. Populations with a large amount of variation among possible sampling units
will have a larger standard deviation than populations with sampling units that are more similar
to one another.

Sample statistics are descriptive measures derived from a sample (e.g., 10 of the possible 100 2m
x 2m quadrats). Sample statistics provide estimates of population parameters. Sample statistics
will vary from sample to sample in addition to changing whenever the underlying population
changes. Roman letters such as X and s are usually used for sample statistics. Consider the
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following simple example where a sample of three sampling units yields values of 9, 10, and 14
plants/quadrat:

The sample mean (X) = (9+10+14)/3 = 11 plants/quadrat

We could also calculate from this sample a sample standard deviation (s). The sample standard
deviation describes how similar each individual observation is to the sample mean. The derivation
of a standard deviation (in case you want to calculate one by hand) is provided in Appendix 8.

n_n

The standard deviation is easily calculated with a simple hand calculator using the "s" or "6,_.1" key.

The standard deviation (s) for the simple example above is 2.65 plants/quadrat.
Consider another simple example with sampling unit values of 2, 10, and 21 plants/quadrat.

The mean (X) = (2+10+21)/3 = 11 plants/quadrat

The standard deviation (s) for this example is 9.54 plants/quadrat.

Thus, both examples have a sample mean of 11 plants/quadrat, but the second one has a higher
standard deviation (9.54 plants/quadrat) than the first (2.65 plants/quadrat), because the
individual quadrat values differ more from one another in the second example.

In the example shown in Figure 5.1, the true population mean is 4.00 plants/quadrat, whereas
the sample mean is 5.00 plants/quadrat. The true population standard deviation is 5.005
plants/quadrat, whereas the sample standard deviation is 6.146 plants/quadrat.

D. Accuracy vs. Precision

Accuracy is the closeness of a measured or computed value to its true value. Precision is the
closeness of repeated measurements of the same quantity. A simple example will help illustrate
the difference between these two terms. Two quartz clocks, equally capable of tracking time, are
sitting side-by-side on a table. Someone comes by and advances one of the clocks by 1 hour.
Both clocks will be equally "precise" at tracking time, but one of them will not be "accurate."

Efficient sampling designs try to achieve high precision. When we sample to estimate some popula-
tion parameter, our sample standard deviation gives us a measure of the repeatability, or preci-
sion of our sample; it does not allow us to assess the accuracy of our sample. If counts of plants
within different quadrats of a sample are similar to one another (e.g., the example above with a
mean of 11 and a standard deviation = 2.65) then it is likely that different independent samples
from the same population will yield similar sample means and give us high precision. When
quadrat counts within a sample are highly variable (e.g., the example above with a mean of 11
and a standard deviation of 9.54), individual sample means from separate independent samples
may be very different from one another giving us low precision. In either case, if the counting
process is biased (perhaps certain color morphs or growth forms of individuals are overlooked),
results may be inaccurate.

CHAPTER 5. Basic Principles of Sampling P>,



MEASURING AND MONITORING PLANT POPULATIONS

E. Sampling vs. Nonsampling errors

In any monitoring study errors should be minimized. Two categories of errors are described next.

1. Sampling errors

Sampling errors result from chance; they occur when sample information does not reflect the
true population information. These errors are introduced by measuring only a subset of all
the sampling units in a population.

Sampling errors are illustrated in Figure 5.2, in which two separate, completely random sam-
ples (2A and 2B) are taken from the 400-plant population shown in Figure 5.1. In each case,
ten 2m x 2m quadrats are sampled and an estimate is made of the total number of plants
within the population. The sample shown in Figure 5.2A produces a population estimate of
only 80 plants, whereas the sample shown in Figure 5.2B yields an estimate of 960 plants.
Both estimates are poor because of sampling error (chance placement of the quadrats
resulted in severe under- or overestimates of the true population total).

You can imagine the problems that can arise if you monitor the same population two years
in a row and get sample information that indicates that the population shifted from 960
plants to 80 plants when it really didn't change at all. Sampling errors can lead to two kinds
of mistakes: (1) missing real changes (missed-change errors), and (2) detecting apparent
changes that don't really exist (false-change errors).

Sampling errors can be estimated from the sampling data. Some of the basic sampling design
tools covered in Chapter 7, enable you to evaluate the effectiveness of your monitoring study
by taking a closer look at the sampling data. This can be especially helpful when setting up
new projects; an evaluation of pilot sampling data can point out potential sampling error
problems, enabling an investigator to fix them at an early stage of the project. Good sampling
designs can reduce sampling errors without increasing the cost of sampling.

2. Nonsampling errors

Nonsampling errors are errors associated with human, rather than chance, mistakes.
Examples of nonsampling errors include:

® Using biased selection rules, such as selecting "representative samples" by subjectively
locating sampling units, or by substituting sampling units that are "easier" to measure.

® Using vegetation measurement or counting techniques within sampling units in which
attributes cannot be accurately counted or measured. For example, counts of grass stems
within a quadrat with counts in the hundreds may lead to numerous counting errors.

® Inconsistent field sampling effort. Nonsampling errors can be introduced if different inves-
tigators use different levels of effort (e.g., one investigator makes counts from "eye-level,"
whereas another counts by kneeling next to the quadrat).

® Transcription and recording errors. Nonsampling errors can be introduced if the data

recorder's "7's" look like "1's" to the person entering the data.

® Incorrect or inconsistent species identification. This category also includes biases introduced
by missing certain size classes or color morphs.
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FIGURE 5.2. Examples of sampling errors from sampling the 400-plant population. The population estimates of 80 plants
and 960 plants are far from the true population of 400 plants.

Because sampling designs are based on the assumption that nonsampling errors are zero, the num-

ber of nonsampling errors needs to be minimized. Ensure that your sampling unit makes sense for
the type of vegetation measurement technique you have selected. When different personnel are
used in the same monitoring study, conduct rigorous training and testing to ensure consistency in
counts or measurements. Design field data forms (Chapter 9) that are easy to use and easy for

data transcribers to interpret. Proof all data entered into computer programs to ensure that entered
numbers are correct. In contrast to sampling errors, the probability of nonsampling errors occur-
ring cannot be assessed from pilot sample data.
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F. Sampling Distributions

One way of evaluating the risk of obtaining a sample value that is vastly different than the true
value (such as population estimates of 80 or 960 plants when the true population is 400 plants)
is to sample a population repeatedly and look at the differences among the repeated population
estimates. If almost all the separate, independently derived population estimates are similar, then
you know you have a good sampling design with high precision. If many of the independent
population estimates are not similar, then you know your precision is low.

The 400-plant population can be resampled by erasing the 10 quadrats (as shown in either
Figure 5.1 or Figure 5.2) and putting 10 more down in new random positions. We can keep
repeating this procedure, each time writing down the sample mean. Plotting the results of a large
number of individual sample means in a simple histogram graph yields a sampling distribution. A
sampling distribution is a distribution of many independently gathered sample statistics (most
often a distribution of sample means). Under most circumstances, this distribution of sample
means fits a normal or bell-shaped curve.

A distribution of population size estimates from 10,000 separate random samples using ten 2m x
2m quadrats from the 400-plant population is shown in Figure 5.3A. The x-axis shows the range
of different population estimates, and the y-axis shows the relative and actual frequency of the
different population estimates. Think of this as the results of 10,000 different people sampling
the same population on the same day, each one setting out 10 randomly positioned 2m x 2m
quadrats (somehow without negatively impacting the population) and coming up with their own
independent population estimate. The highest population estimate out of the 10,000 separate
samples was 960 plants and the lowest population estimate was zero (four of the 10,000 sam-
ples yielded a population estimate of zero). The shape of this distribution indicates the magni-
tude of likely sampling errors. Wide distributions could yield population estimates that are "far"
from the true population value. A sampling design that led to the type of sampling distribution
depicted in Figure 5.3A would not be useful since few of the estimates approach the true popu-
lation size of 400 plants. One of the principal objectives in sampling design is to make the shape of
sampling distributions as narrow as possible.

Fortunately, you do not have to repeatedly sample your population and see how wide your sam-
pling distribution is to determine if you need to change anything. There are some simple statisti-
cal tools that provide a convenient shortcut for evaluating the precision of your sampling effort
from a single sample. These tools involve calculating standard errors and confidence intervals to
estimate sampling precision levels.

1. Standard error

A standard error is the standard deviation of a large number
. . . Formula for standard error:
of independent sample means. It is a measure of precision
. . s
that you derive from a single sample. The formula for SE = 7
calculating a standard error is as follows:

Where: SE Standard error
s = Standard deviation
n = Sample size

To paraphrase the earlier statement regarding an important
objective of sampling design, one of the principal objectives in
sampling design is to reduce the size of the standard error.

This formula demonstrates that there are only two ways of minimizing standard errors,
either: (1) increase sample size (n), or (2) decrease the standard deviation (s).
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FIGURE 5.3. Sampling distributions from three separate sampling designs used on the 400-plant
population. All distributions were created by sampling the population 10,000 separate
times. The smooth lines show a normal bell-shaped curve fit to the data. Figure 3A
shows a sampling distribution where ten 2m x 2m quadrats were used. Figure 3B
shows a sampling distribution where twenty 2m x 2m quadrats were used. Figure 3C
shows a sampling distribution where twenty 0.4m x 10m quadrats were used.

® Increase sample size. A new sampling distribution of 10,000 separate random samples
drawn from our example population is shown in Figure 5.3B. This distribution came from
randomly drawing samples of fwenty 2m x 2m quadrats instead of the ten quadrats used to
create the sampling distribution in Figure 5.3A. This increase in sample size from 10 to 20
provides a 29.3% improvement in precision (as measured by the reduced size of the
standard error).

Decrease sample standard deviation. Another sampling distribution of 10,000 separate

random samples drawn from our 400-plant population is shown in Figure 5.3C. The
sampling design used to create this distribution of population estimates is similar to
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the one used to create the sampling distribution in Figure 5.3B. The only difference
between the two designs is in quadrat shape. The sampling distribution shown in Figure
5.3B came from using twenty 2m x 2m quadrats; the sampling distribution shown in
Figure 5.3C came from using twenty 0.4m x 10m quadrats. This change in quadrat shape
reduced the true population standard deviation from 5.005 plants to 3.551 plants. This
change in quadrat shape led to a 29.0% improvement in precision over the 2m x 2m
design shown in Figure 5.3B (as measured by the reduced size of the standard error). This
29.0% improvement in precision came without changing the sampling unit size (4m?) or
the number of quadrats sampled (n=20); only the quadrat shape (from square to rectan-
gular) changed. When compared to the original sampling design of ten 2m x 2m quadrats,
the twenty 0.4m x 10m quadrat design led to a 49.8% improvement in precision. Details
of this method and other methods of reducing sample standard deviation are covered in
Chapter 7.

How is the standard error most often used to report the precision level of sampling data?
Sometimes the standard error is reported directly. You may see tables with standard errors
reported or graphs that include error bars that show + 1 standard error. Often, however, the
standard error is multiplied by a coefficient that converts the number into something called a
confidence interval.

2. Confidence intervals

A confidence interval provides an estimate of precision around a sample mean, a sample pro-
portion, or an estimate of total population size that specifies the likelihood that the interval
includes the true value. The vertical lines marked with the "95%" in Figure 5.4 indicate that
95% of all the samples (9,500 out of the 10,000) fit between these two lines. Five percent of
the samples (2.5% in each tail of the distribution) fall outside the vertical lines. These lines
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FIGURE 5.4. Distribution from sampling the 400-plant population 10,000 times using ten samples
of 2m x 2m quadrats. The 95%, 80%, and 50% confidence intervals around the true
population of 400 plants are shown. The smooth line shows a normal, bell-shape
curve fit to the data.
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are positioned equally from the center of the sampling distribution, approximately 320
plants away from the center of 400 plants. Thus, 95% of all samples are within + 320 plants
of the true population size.

A confidence interval includes two 861(|)fferent confidence levels for the ten 2m x 2m quadrat design

components: (1) the confidence inter- A
val width (e.g., £ 320 plants); and (2) 700
the confidence level (e.g., 90%, 95%).

The confidence level indicates the 600

probability that the interval includes | £ 500

the true value. Confidence interval &

width decreases as the confidence ; 400

level decreases. This relationship is E 300 —— I 4
shown in Figure 5.4 where three dif- | 2

ferent confidence levels are graphed 200 [—— —
on the sampling distribution obtained
by sampling the 400-plant population
with ten 2m x 2m quadrats. These 0
same three confidence intervals are
shown again in Figure 5.5A, where

100 [—

95% 80% 50%
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95% confidence levels for 3 different sampling designs

they are graphed in a format com- 800
monly used to report confidence B _
intervals. There is no gain in precision 700
associated with the narrowing of con- €00
fidence interval width as you go from |
left to right in Figure 5.5A (i.e., from | § 500 I
95% confidence, to 80% confidence, %

. 400 —
to 50% confidence); only the proba- g
bility that the confidence interval E 300 [——
includes the true value is altered. =
Another set of three confidence inter- 200 —— .
vals is shown in Figure 5.5B. Like 100 ——
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right in the graph, but this time the
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using different sampling designs.
There is a gain in precision associated
with the narrowing of confidence
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FIGURE 5.5. Comparison of confidence intervals and confidence
levels for different sampling designs from the 400-
plant population. Figure 5A shows three different
confidence levels (95%, 80%, and 50%) for the
same data set based upon sampling ten 2m x 2m

interval width as you go from left to quadrats. Figure 5B shows 95% confidence intervals
right in Figure 5.5B (i.e., from the ten for three different sampling designs that differ in
2m x 2m design to the twenty 2m x the level of precision of the population estimates.

2m design to the twenty 0.4m x 10m
design) because we have reduced the uncertainty of our population estimate by tightening
the confidence interval width at the same confidence level.

In order to calculate confidence intervals for sample means, we need two values: (1) the standard
error calculated according to the above formula (SE = s/n), and (2) the corresponding value
from a table of critical values of the t distribution (see Appendix 8 for instructions on calculating
confidence intervals around proportions). The confidence interval half-width, extending an
equal distance on both sides of the mean, is the standard error x the critical t value (except
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when sampling from finite populations, see below). The appropriate critical value of t
depends on the level of confidence desired and the number of sampling units (n) in the sam-
ple. A table of critical values for the t distribution (Zar 1996) is found in Appendix 5. To use
this table, you must first select the appropriate confidence level column. If you want to be
95% confident that your confidence interval includes the true mean, use the column headed
0(2) = 0.05. For 90% confidence, use the column headed a(2) = 0.10. You use o(2) because
you are interested in a confidence interval on both sides of the mean. You then use the row
indicating the number of degrees of freedom (v), which is the number of sampling units
minus one (n-1).

For example, if we sample 20 quadrats and come up with a mean of 4.0 plants and a stan-
dard deviation of 5.005, here are the steps for calculating a 95% confidence interval around
our sample mean:

The standard error (SE = s/\n) = %85 =5.005/4.472 = 1.119.

The appropriate t value from Appendix 5 for 19 degrees of freedom (v) is 2.093.
One-half of our confidence interval width is then SE X t-value = 1.119 x 2.093 = 2.342.

Our 95% confidence interval can then be reported as 4.0 + 2.34 plants/quadrat or we can
report the entire confidence interval width from 1.66 to 6.34 plants/quadrat. This indicates a
95% chance that our interval from 1.66 plants/quadrat to 6.34 plants/quadrat includes the
true value.

Another way to think of 95% confidence intervals calculated from sampling data is that the
interval specifies a range that should include the true value 95% of the time. If you are calculat-
ing 95% confidence intervals and independently randomly sample a population 100 different
times, you should see that approximately 95 of the intervals will include the true mean and 5
will miss it. This relationship is shown in Figure 5.6 where 100 independent population estimates
are graphed with 95% confidence intervals from the 400-plant populations using samples of
twenty 0.4m x 10m quadrats. You will notice that the solid dots, used to show each of the 100
population estimates, fluctuate around the true population value of 400 plants. You will also
notice that 96 out of 100 confidence intervals shown in Figure 5.6 include the true value. If
the confidence level had been set at 80%, then approximately 20 of the intervals would have
failed to include the true value. A 99% confidence level would have led to approximately
only one interval out of the 100 that did not include the true population size (in order to
capture the true value more often, the individual confidence interval widths for a 99%
confidence level are wider than the confidence interval widths for a 95% confidence level).

G. Finite vs. Infinite Populations

If we are sampling with quadrats, there is a finite number of quadrats that can be placed in the
area to be sampled, assuming that no two quadrats overlap (this is called sampling without
replacement). If the sampled area is large, then the number of quadrats placed in the area may
be very large as well, but nonetheless finite. On the other hand, an infinite number of points or
lines could be placed in the area to be sampled. This is because points, at least theoretically, are
dimensionless, and lines are dimensionless in one direction. This means, at least for all practical
purposes, that a population of points or of lines is infinite.
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FIGURE 5.6. Population estimates from 100 separate random samples from the 400-plant population.
Each sample represents the population estimate from sampling twenty 0.4m x 10m
quadrats. The horizontal line through the graph indicates the true population of 400
plants. Vertical bars represent 95% confidence intervals. Four of the intervals miss the
true population size.

If the area to be sampled is large relative to the area that is actually sampled, the distinction between
finite and infinite is of only theoretical interest. When, however, the area sampled makes up a signifi-
cant portion of the area to be sampled, we
can apply the finite population correction factor,
which reduces the size of the standard error. FPC = / N-n

The most commonly used finite population N

correction factor is shown to the right: Where: N = total number of potential quadrat positions
n = number of quadrats sampled

Formula for the finite population correction:

When n is small relative to N, the equation

is close to 1, whereas when n is large relative to N, the value approaches zero. The standard error
(s/Nn) is multiplied by the finite population correction factor to yield a corrected standard error
for the finite population.

Consider the following example. The density of plant species X is estimated within a 20m x 50m
macroplot (total area = 1000m?). This estimate is obtained by collecting data from randomly
selected Im x 10m quadrats (10m?). Sampling without replacement, there are 100 possible

quadrat positions. _total area_ 1000m?
quadrat area ~ 10m?

Thus, our population, N, is 100. Let’s say we take a random sample, n, of 30 of these quadrats and
calculate a mean of eight plants per quadrat and a standard deviation of four plants per quadrat.
Our standard error is thus: s/Yn = 4/730 = 0.73. Although our sample mean is an unbiased estimator
of the true population mean and needs no correction, the standard error should be corrected by the
finite population correction factor shown on the top of page 72:
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Since the standard error is one of
the factors used to calculate con-
fidence intervals (the other is the
appropriate value of t from a ¢
table), correcting the standard
error with the finite population
correction factor makes the
resulting confidence interval
narrower. It does this, however, only if n is sufficiently large relative to N. A rule of thumb is that
unless the ratio n/N is greater than .05 (i.e., you are sampling more than 5% of the population
area), there is little to be gained by applying the finite population correction factor to your
standard error.

Example of applying the finite population correction factor:

SE' = (SE) / N SE'=(0.73) 100 30 = 0.61

Where: SE' corrected standard error
SE = uncorrected standard error
N = total number of potential quadrat positions
n = number of quadrats sampled

The finite population correction factor is also important in sample size determination (Chapter 7)
and in adjusting test statistics (Chapter 11). The finite population correction factor works, how-
ever, only with finite populations, which we will have when using quadrats, but will not have
when using points or lines.

H. False-Change Errors and Statistical Power Considerations

These terms relate to situations where two or more sample means or proportions are being com-
pared with some statistical test. This comparison may be between two or more places or the
same place between two or more time periods. These terms are pertinent to both planning and
interpretation stages of a monitoring
study. Consider a simple example
where you have sampled a popula-

monitoring for change — possible errors

there has been

tion in two different years and now
you want to determine whether a
change took place between the two

years. You usually start with the monitoring false-change error no error
tion, called the null hypoth syster detects 2 (Type l) o (Power) 1-B
assumption, called the null hypothe- change
sis, that no change has taken place. —
There are two types of decisions that monitoring no error missed-change error
. . system detects no
you can make when interpreting the change (1-9) (Type 1) B

results of a monitoring study: (1) you
can decide that a change took place,
or (2) you can decide that no change
took place. In either case, you can

no change has
taken place

a real change

FIGURE 5.7. Four possible outcomes for a statistical test of some null

hypothesis, depending on the true state of nature.

either be right, or you can be wrong (Figure 5.7).

1. The change decision and false-change errors

The conclusion that a change took place may lead to some kind of action. For example, if a
population of a rare plant is thought to have declined, a change in management may be
needed. If a change did not actually occur, this constitutes a false-change error, a sort of false
alarm. Controlling this type of error is important because taking action unnecessarily can be
expensive (e.g., a range permittee is not going to want to change the grazing intensity if a
decline in a rare plant population really didn't take place). There will be a certain probability
of concluding that a change took place even if no difference actually occurred. The probability
of this occurring is usually labeled the P-value, and it is one of the types of information that
comes out of a statistical analysis of the data. The P-value reports the likelihood that the
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observed difference was due to chance alone. For example, if a statistical test comparing two
sample means yields a P-value of 0.24 this indicates that there is a 24% chance of obtaining
the observed result even if there is no true difference between the two sample means.

Some threshold value for this false-change error rate should be set in advance so that the
P-value from a statistical test can be evaluated relative to the threshold. P-values from a
statistical test that are smaller than or equal to the threshold are considered statistically
"significant," whereas P-values that are larger than the threshold are considered statistically
"nonsignificant.” Statistically significant differences may or may not be ecologically significant
depending upon the magnitude of difference between the two values. The most commonly
cited threshold for false-change errors is the 0.05 level; however, there is no reason to arbi-
trarily adopt the 0.05 level as the appropriate threshold. The decision of what false-change
error threshold to set depends upon the relative costs of making this type of mistake and the
impact of this error level on the other type of mistake, a missed-change error (see below).

2. The no-change decision, missed-change errors, and statistical power

The conclusion that no change took place usually does not lead to changes in management
practices. Failing to detect a true change constitutes a missed-change error. Controlling this
type of error is important because failing to take action when a true change actually occurred
may lead to the serious decline of a rare plant population.

Statistical power is the complement of the missed-change error rate (e.g., a missed-change
error rate of 0.25 gives you a power of 0.75; a missed-change error rate of 0.05 gives you a
power of 0.95). High power (a value close to 1), is desirable and corresponds to a low risk of
a missed-change error. Low power (a value close to 0) is not desirable because it corresponds
to a high risk of a missed-change error.

Since power levels are directly related to missed-change error levels, either level can be
reported and the other level can be easily calculated. Power levels are often reported instead
of missed-change error levels, because it seems easier to convey this concept in terms of the
certainty of detecting real changes. For example, the statement "I want to be at least 90%
certain of detecting a real change of five plants/quadrat" (power is 0.90) is simpler to under-
stand than the statement "I want the probability of missing a real change of five plants/quadrat
to be 10% or less" (missed-change error rate is 0.10).

An assessment of statistical power or missed-change errors has been virtually ignored in the
field of environmental monitoring. A survey of over 400 papers in fisheries and aquatic sci-
ences found that 98% of the articles that reported nonsignificant results failed to report any
power results (Peterman 1990). A separate survey, reviewing toxicology literature, found high
power in only 19 out of 668 reports that failed to reject the null hypothesis (Hayes 1987).
Similar surveys in other fields such as psychology or education have turned up "depressingly
low" levels of power (Brewer 1972; Cohen 1988).

3. Minimum detectable change

Another sampling design concept that is directly related to statistical power and false-change
error rates is the size of the change that you want to be able to detect. This will be referred
to as the minimum detectable change or MDC. The MDC greatly influences power levels. A
particular sampling design will be more likely to detect a true large change (i.e., with high
power) than to detect a true small change (i.e., with low power).
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Setting the MDC requires the consideration of ecological information for the species being
monitored. How large of a change should be considered biologically meaningful? With a
large enough sample size, statistically significant changes can be detected for changes that
have no biological significance. For example, if an intensive monitoring design leads to the
conclusion that the mean density of a plant population increased from 10.0 plants/m® to
10.1 plants/m?, does this represent some biologically meaningful change in population
density? Probably not.

Setting a reasonable MDC can be difficult when little is known about the natural history of a
particular plant species. Should a 30% change in the mean density of a rare plant population
be cause for alarm? What about a 20% change or a 10% change? The MDC considerations
are likely to vary when assessing vegetation attributes other than density, such as cover or
frequency (Chapter 8). The initial MDC, set during the design of a new monitoring study,
can be modified once monitoring information demonstrates the size and rate of population
fluctuations.

4. How to achieve high statistical power

Statistical power is related to four separate sampling design components by the following
function equation:

Power = a function of (s, n, MDC, and «)

where: s = standard deviation
n = number of sampling units
MDC = minimum detectable change

oo = false-change error rate
Power can be increased in the following four ways:

1. Reducing standard deviation. This means altering the sampling design to reduce the
amount of variation among sampling units (see Chapter 7).

2. Increasing the number of sampling units sampled. This method of increasing power is
straightforward, but keep in mind that increasing n has less of an effect than decreasing s
since the square root of sample size is used in the standard error equation (SE = s/\n).

3. Increasing the acceptable level of false-change errors (o).
4. Increasing the MDC.

Note that the first two ways of increasing power are related to making changes in the
sampling design, whereas the other two ways are related to making changes in the sampling
objective (see Chapter 6).

5. Graphical comparisons

As stated, power is driven by four different factors: standard deviation, sample size, mini-
mum detectable change size, and false-change error rate. In this section we take a graphical
look at how altering these factors changes power. The comparisons in this section are based
upon sampling a fictitious plant population where we are interested in assessing plant density
relative to an established threshold value of 25 plants/m?. Any true population densities less
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than 25 plants/m? will trigger management action. We are only concerned with the question
of whether the density is lower than 25 plants/m’ and not whether the density is higher. In
this example, our null hypothesis (H,) is that the population density equals 25 plants/m* and
our alternative hypothesis is that density is less than 25 plants/m®. The density value of 25
plants/m” is the most critical single density value since it defines the lower limit of acceptable
plant density.

The figures in this section are all based upon sampling distributions where we happen to
know the true plant density. Recall that a sampling distribution is a bell-shaped curve that
depicts the distribution of a large number of independently gathered sample statistics. A
sampling distribution defines the range and relative probability of any possible sample mean.
You are more likely to obtain sample means near the middle of the distribution than you are
to obtain sample means near either tail of the distribution.

A sampling distribution based on sampling our fictitious population with a true mean densi-
ty of 25 plants/m’ is shown in Figure 5.8A. This distribution is based on a sampling design
using thirty Im x 1m quadrats where the true standard deviation is + 20 plants/quadrat. If
1,000 different people randomly sample and calculate a sample mean based upon their 30
quadrat values, approximately half the individually drawn sample means will be less than 25
plants/m* and half will be greater than 25 plants/m’. Approximately 40% of the samples will
yield sample means less than or equal to 24 plants/m*. A few of our 1,000 individuals will
obtain estimates of the mean density that deviate from the true value by a large margin. One
of the individuals will likely stand up and say, "my estimate of the mean density is 13
plants/m?", even though the true density is actually 25 plants/m®. As interpreters of the
monitoring information, we would conclude that since 999 of the 1,000 people obtained
estimates of the density that were greater than 13, the true density is probably not 13. Our
best estimate of the true mean density will be the average of the 1,000 separate estimates
(this average is likely to be extremely close to the actual true value).

Now that we have the benefit of 1,000 independent estimates of the true mean density, we
can return to the population at a later time, take a single random sample of thirty Im x Im
quadrats, calculate the sample mean, and then ask the question, "what is the probability of
obtaining our sample mean value if the true population is still 25 plants/m??" If our sample
mean density turns out to be 24 plants/m?, would this lead to the conclusion that the popu-
lation has crossed our threshold value? Seeing that our sample mean is lower than our target
value might raise some concerns, but we have no objective basis to conclude that the true
population is not, in fact, still actually 25 plants/m*. We learned in the previous paragraph
that a full 40% of possible samples are likely to yield mean densities of 24 plants/m? or less if
the true mean is 25 plants/m’. Thus, the probability of obtaining a single sample mean of 24
plants/m? or less when the true density is actually 25 plants/m? is approximately 0.40.
Obtaining a sample mean of 24 plants/m’ is consistent with the hypothesis that the true
population density is actually 25 plants/m®.

How small a sample mean do we need to obtain to feel confident that the population has
indeed dropped below 25 plants/m*? What will our interpretation be if we obtained a sam-
ple mean of 22 plants/m?? Based upon our sampling distribution from the 1,000 people, the
probability of obtaining an estimate of 22 plants/m” or less is around 20%, which represents
a 1-in-5 chance that the true mean is still actually 25 plants/m®. Based upon the sampling
distribution from our 1,000 separate samplers, we can look at the likelihood of obtaining
other different sample means. The probability of obtaining a sample of 20 plants/m?® is 8.5%,
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FIGURE 5.8. Example of sampling distributions for mean plant density in samples of 30 permanent
quadrats where the among-quadrat standard deviation is 20 plants/ma2. Part A is the
sampling distribution for the case in which the null hypothesis, Ho, is true and the true
population mean density is 25 plants/m?2. The shaded area in part A is the critical
region for a.= 0.05 and the vertical dashed line is at the critical sample mean value, 18.8.
Part B is the sampling distribution for the case in which the Hy is false and the true mean
is 20 plants/m?2. In both distributions, a sample mean to the left of the vertical dashed
line would reject Hy, and to the right of it, would not reject Ho. Power and f values in
part B, in which Hy is false and the true mean = 20, are the proportion of sample
means that would occur in the region in which Hq was rejected or not rejected,
respectively (adapted from Peterman 1990).

and the probability of obtaining a sample of 18 plants/m? is 2.9% if the true mean density is
25 plants/m”.

Since in most circumstances we will only have the results from a single sample (and not the
benefit of 1,000 independently gathered sample means), another technique must be used to
determine whether the population density has dropped below 25 plants/m?’. One method is
to run a statistical test that compares our sample mean to our density threshold value (25
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plants/m?). The statistical test will yield a P-value that defines the probability of obtaining
our sample mean if the true population density is actually 25 plants/m’. As interpreters of
our monitoring information, we will need to set some probability threshold P-value to guide
our interpretation of the results from the statistical test. This P-value threshold defines our
acceptable false-change error rate. If we run a statistical test that compares our sample mean
to our density threshold value (25 plants/m?) and the P-value from the test is lower than our
threshold value, then we conclude that the population density has, in fact, declined below 25
plants/m?. Thus, if we set our P-value threshold to 0.05 and the statistical test yields a P-
value of 0.40, then we fail to reject the null hypothesis that the true population density is 25
plants/m?. If, however, the statistical test yields a P-value of 0.022, this is lower than our
threshold P-value of 0.05, and we would reject the null hypothesis that the population is 25
plants/m? in favor of our alternative hypothesis that the density is lower than 25 plants/m’.

The relationship between the P-value threshold of 0.05 and our sampling distribution based
upon sampling thirty 1m x 1m quadrats is shown in Figure 5.8A. The threshold density value
corresponding to our P-value threshold of 0.05 is 18.8 plants/m?, which is indicated on the
sampling distribution by the dashed vertical line. Thus, if we obtain a mean density of 18
plants/m?, which is to the left of the vertical line, we reject the null hypothesis that the
population density is 25 plants/m? in favor of an alternative hypothesis that density is lower
than 25 plants/m’. If we obtain a mean density of 21 plants/m?, which is to the right of the
vertical line, then we fail to reject the null hypothesis that the population density is really 25
plants/m®.

So far we have been discussing the situation where the true population density is right at the
threshold density of 25 plants/m®. Let's look now at a situation where we know the true
density has declined to 20 plants/m?. What is the likelihood of our detecting this true density
difference of 5 plants/m?? Figure 5.8B shows a new sampling distribution based upon the
true density of 20 plants/m’ (standard deviation is still + 20 plants/m?). We know from our
previous discussion that sample means to the right of the vertical line in Figure 5.8A lead to
the conclusion that we can't reject the null hypothesis that our density is 25 plants/m®. If our
new sample mean turns out to exactly match the new true population mean (i.e., 20
plants/m?), will we reject the idea that the sample actually came from a population with a
true mean of 25 plants/m?? No, at least not at our stated P-value (false-change error) thresh-
old of 0.05. A sample mean value of 20 plants/m? falls to the right of our dashed threshold
line in the "do not reject H," portion of the graph and we would have failed to detect the
true difference that actually occurred. Thus, we would have committed a missed-change error.

What is the probability of missing the true difference of five plants/m? show in Figure 5.8B?
This probability represents the missed-change error rate (B) and it is defined by the nonshaded
area under the sampling distribution in Figure 5.8B, which represents 62% of the possible
sample mean values. Recall that the area under the whole curve defines the entire range of
possible values that you could obtain by sampling the population with the true mean = 20
plants/m®. If we bring back our 1,000 sampling people and have each of them sample thirty
Im x 1m quadrats in our new population, we will find that approximately 620 of them will
obtain estimates of the mean density that are greater than the 18.8 plants/m? threshold value
that is shown by the vertical dashed line. What about the other 380 people? They will obtain
population estimates fewer than the critical threshold of 18.8 plants/m” and they will reject
the null hypothesis that the population equals 25 plants per quadrat. This proportion of 0.38
(380 people out of 1,000 people sampling) represents the statistical power of our sampling
design and it is represented by the shaded area under the curve in Figure 5.8B. If the true
population mean is indeed 20 plants/m” instead of 25 plants/m? then we can be 38%
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(power = 0.38) sure that we will detect this true difference of five plants/m’. With this par-
ticular sampling design (thirty Im x Im quadrats) and a false-change error rate of 0=0.05,
we run a 62% chance (=0.62) that we will commit a missed-change error (i.e., fail to detect
the true difference of five plants/m?). If the difference of five plants/m’ is biologically impor-
tant, a power of only 0.38 would not be satisfactory.

We can improve the low-power situation in four different ways: (1) increase the acceptable
false-change error rate; (2) increase the acceptable MDC; (3) increase sample size; or (4)
decrease the standard deviation. New paired sampling distributions illustrate the influence of
making each of these changes.

a. Increasing the acceptable false-change error rate

In Figure 5.8B, a false-change error rate of a=0.05 resulted in a missed-change error rate of
B=0.62 to detect a difference of five plants/m’. Given these error rates, we are more than 12
times more likely to commit a missed-change error than we are to commit a false-change
error. What happens to our missed-change error rate if we specify a new, higher false-change
error rate? Shifting our false-change error rate from 0=0.05 to 0=0.10 is illustrated in Figure 5.9
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FIGURE 5.9. The critical region for the false-change error in the sampling distributions from Figure
5.8 has been increased from a= 0.05 to a.= 0.10. Part B, in which the Hy is false and
the true mean = 20, shows that power is larger for a = 0.10 than for Figure 5.8 where
a = 0.05 (adapted from Peterman 1990).
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for the same sampling distributions shown in Figure 5.8. Our critical density threshold at the
P=0.10 level is now 20.21 plants/m?, and our missed-change error rate has dropped from
B=0.62 down to B=0.47 (i.e., the power to detect a true five plant/m’ difference went from
0.38 to 0.53). A sample mean of 20 plants/m’ will now lead to the correct conclusion that a
difference of five plants/m’ between the populations does exist. Of course, the penalty we
pay for increasing our false-change error rate is that we are now twice as likely to conclude
that a difference exists in situations when there is no true difference and our population
mean is actually 25 plants/m’. Changing the false-change error rate even more, to a=0.20,
(Figure 5.10) reduces the probability of making a missed-change error down to $=0.29 (i.e.,
giving us a power of 0.71 to detect a true difference of five plants/m?).
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FIGURE 5.10. The critical region for the false-change error in the sampling distributions from
Figure 5.8 has been increased from a = 0.05 to a = 0.20. Part B, in which the
Hois false and the true mean = 20, shows that power is larger for a.= 0.20 than
for Figure 5.8 where a.= 0.05 or Figure 5.9 where o= 0.10. Again, a sample
mean to the left of the vertical dashed line would reject Ho, while one to the
right of it would not reject Ho (adapted from Peterman 1990).

b. Increasing the acceptable MDC

Any sampling design is more likely to detect a true large difference than a true small differ-
ence. As the magnitude of the difference increases, we will see an increase in the power to
detect the difference. This relationship is shown in Figure 5.11B, where we see a sampling
distribution with a true mean density of 15 plants/m?, which is 10 plants/m’ below our
threshold density of 25 plants/m®. The false-change error rate is set at a=0.05 in this example.
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This figure shows that the statistical power to detect this larger difference of 10 plants/m?
(25 plants/m?® to 15 plants/m?) is 0.85 compared with the original power value of 0.38 to
detect the difference of five plants/m’® (25 plants/m?® to 20 plants/m?). Thus, with a false-
change error rate of 0.05, we can be 85% certain of detecting a difference from our 25
plants/m? threshold of 10 plants/m’ or greater. If we raised our false-change error from
0=0.05 to a=0.10 (not shown in Figure 5.11), our power value would rise to 0.92, which
creates a sampling situation where our two error rates are nearly equal (0=0.10, =0.08).
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FIGURE 5.11. Part A is the same as Figure 5.8; in part B, the true population mean is 15 plants/m?
instead of the 20 plants/m2 shown in Figure 5.8. Note that power increases
(and B decreases) when the new true population mean gets further from the original
true mean of 25 plants/m2. Again, a sample mean to the left of the vertical dashed
line would reject Hy, while one to the right of it would not reject Hy (adapted from
Peterman 1990).

c. Increasing the sample size

The sampling distributions shown in Figures 5.8 to 5.11 were all created by sampling the
populations with n=30 1m x 1m quadrats. Any increase in sample size will lead to a subse-
quent increase in power to detect some specified minimum detectable difference. This
increase in power results from the sampling distributions becoming narrower. Sampling dis-
tributions based on samples of n=50 are shown in Figure 5.12 where the true difference
between the two populations is once again five plants/m* with a false-change error rate
threshold of 0=0.05. The increase in sample size led to an increase in power from
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power=0.38 with n=30 to power=0.54 with n=50. Note that the critical threshold density
associated with an o = 0.05 is now 20.3 plants/m’ as compared to the 18.8 plants/m’

threshold when n = 30.

d. Decreasing the standard deviation

The sampling distributions shown in Figures 5.8 to 5.12 all are based on sampling distributions
with a standard deviation of #20 plants/m?®. The quadrat size used in the sampling was a
square 1m x Im quadrat. If individuals in the plant population are clumped in distribution,
then it is likely that a rectangular shaped quadrat will result in a lower standard deviation
(See Chapter 7 for a detailed description of the relationship between standard deviation and
sampling unit size and shape). Figure 5.13 shows sampling distributions where the standard
deviation was reduced from +20 plants/m?® to +10 plants/m®. Note that the critical threshold
density associated with an o = 0.05 is now 21.9 plants/m?® as compared to the 18.8 plants/m’
threshold when the standard deviation was + 20 plants/m®”. This reduction in the true stan-
dard deviation came from a change in quadrat shape from the Im x 1m square shape to a
0.2m x 5m rectangular shape. Note that quadrat area (1m?) stayed the same so that the
mean densities are consistent with the previous sampling distributions shown in Figures 5.8

With n = 50 instead of n = 30
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FIGURE 5.12. The sample size was increased to n = 50 quadrats from the n = 30 quadrats shown in
Figure 5.8. Note that power increases (and 3 decreases) at larger sample sizes. Again,
a sample mean to the left of the vertical dashed line would reject Hy, while one to the
right of it would not reject Ho (adapted from Peterman 1990).
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With s = 10 instead of s = 20
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FIGURE 5.13. The standard deviation (s) of 20 plants/m2 shown in Figure 5.8 is reduced to ten
plants/m2. Note that power increases (and [ decreases), as the standard deviation
decreases. Again, a sample mean to the left of the vertical dashed line would reject
Ho, while one to the right of it would not reject Ho (adapted from Peterman 1990).

through 5.12. This reduction in standard deviation led to a dramatic improvement in power,
from 0.38 (with sd = 20 plants/m?) to 0.85 (with sd = 10 plants/m?). Reducing the standard
deviation has a more direct impact on increasing power than increasing sample size, becaus_e
the sample size is reduced by taking its square root in the standard error equation (SE = s/V n).
Recall that the standard error provides an estimate of sampling precision from a single sample
without having to enlist the support of 1,000 people who gather 1,000 independent sample
means.

e. Power curves

The relationship between power and the different sampling design components that influence
power can also be displayed in power curve graphs. These graphs typically show power values
on the y-axis and either sample size, MDC, or standard deviation values on the x-axis. Figure
5.14A shows statistical power graphed against different magnitudes of change for the same

hypothetical data set described above and shown in Figures 5.8 to 5.11. Four different power
curve lines are shown, one for each of the following four different false-change () error rates:
0.01, 0.05, 0.10, and 0.20. The power curves are based on sampling with a sample size of 30
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quadrats and a standard deviation of 20 plants/m®. For any particular false-change error rate,
power increases as the magnitude of the minimum detectable change increases. When o=0.05,
the power to detect small changes is very low (Figure 5.14A). For example, we have only a
13% chance of detecting a difference of 2 plants/m’ (i.e., a density of 23 plants/m* which is 2
plants/m?* below our threshold value of 25 plants/m?). In contrast, we can be 90% sure of
detecting a minimum difference of 11 plants/m’. We can also attain higher power by increasing
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FIGURE 5.14. Power curves showing power values for various magnitudes of minimum detectable change
and false-change error rates when the standard deviation is 20. Part A shows power curves
with a sample size of 30. Part B shows power curves with a sample size of 50.
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the false-change error rate. The power to detect a change of eight plants/m? is only 0.41
when 0=0.01, but it increases to 0.69 at =0.05, to 0.81 at =0.10, and to 0.91 at a=0.20.

A different set of power curves are shown in Figure 5.14B where the sample size is n=50 instead
of the n=30 shown in Figure 5.14A. This larger smaller sample size shifts all of the power curves
to the left, making it more likely that smaller changes will be detected. For example, with a false-
change error rate of 0=0.10, the power to detect a seven plant/m? difference is 0.88 with a
sample size of n=50 quadrats compared to the power of 0.73 with a sample size of n=30
quadrats.

Power curves that show the effect of reducing the standard deviation are shown in Figure
5.15. Figure 5.15A is the same as Figure 5.14A where the standard deviation is 20 plants/m®.
Figure 5.15B shows the same power curves except they are based on a standard deviation of
10 plants/m?*. The smaller standard deviation shifts all of the power curves to the left and
results in much steeper slopes. The smaller standard deviation leads to substantially higher
power levels for any particular MDC value. For example, the power to detect a change of
five plants/m” with a false change error rate of ¢=0.10 is only 0.53 in Figure 5.15A as
compared to the power of 0.92 in Figure 5.15B.

6. Setting false-change and missed-change error rates

Both false-change and missed-change error rates can be reduced by sampling design changes
that increase sample size or decrease sample standard deviations. Missed-change and false-
change error rates are inversely related, which means that reducing one will increase the
other (but not proportionately) if no other changes are made. The decision of which type of
error is more important should be based on the nature of the changes you are trying to
determine, and the consequences of making either kind of mistake.

Because false-change and missed-change error rates are inversely related to each other, and
because these errors have different consequences to different interest groups, there are differ-
ent opinions as to what the "acceptable" error rates should be. The following examples
demonstrate the conflict between false-change and missed-change errors.

® Testing for a lethal disease. When screening a patient for some disease that is lethal with-
out treatment, a physician is less concerned about making a false diagnosis error (analogous
to a false-change error) of concluding that the person has the disease when they do not
than failing to detect the disease (analogous to a missed-change error) and concluding that
the person does not have the disease when in fact they do.

® Testing for guilt in our judicial system. In the United States, the null hypothesis is that
the accused person is innocent. Different standards for making judgement errors are used
depending upon whether the case is a criminal or a civil case. In criminal cases, proof must
be "beyond a reasonable doubt." In these situations it is less likely that an innocent person
will be convicted (analogous to a false-change error), but it is more likely that a guilty per-
son will go free (analogous to a missed-change error). In civil cases, proof only needs to be
"on the balance of probabilities." In these situations, there is a greater likelihood of making
a false conviction (analogous to a false-change error), but a lower likelihood of making a
missed conviction (analogous to a missed-change) error.

Testing for pollution problems. In pollution monitoring situations, the industry has an
interest in minimizing false-change errors and may desire a very low false-change error
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FIGURE 5.15. Power curves showing power values for various magnitudes of minimum detectable change
and false-change error rates when the sample size = 30. Part A shows power curves
with a standard deviation of 20 plants/m?2. Part B shows power curves with a standard
deviation of 10 plants/ma2.

rate (e.g., o = 0.01 or 0.001). Companies do not want to be shut down or implement
expensive pollution control procedures if a real impact has not occurred. In contrast, an
organization concerned with the environmental impacts of some pollution activity will
likely want to have high power (low missed-change error rate) so that they do not miss
any real changes that take place. They may not be as concerned about occasional false-
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change errors (which would result in additional pollution control efforts even though real
changes did not take place).

Missed-change errors may be as costly or more costly than false-change errors in environ-
mental monitoring studies (Toft and Shea 1983; Peterman 1990; Fairweather 1991). A false-
change error may lead to the commitment of more time, energy, and people, but probably
only for the short period of time until the mistake is discovered (Simberloff 1990). In con-
trast, a missed-change error, as a result of a poor study design, may lead to a false sense of
security until the extent of the damages are so extreme that they show up in spite of a poor
study design (Fairweather 1991). In this case, rectifying the situation and returning the
system to its preimpact condition could be costly. For this reason, you may want to set equal
false-change and missed-change error rates or even consider setting the missed-change error
rate lower than the false-change error rate (Peterman 1990; Fairweather 1991).

There are many historical examples of costly missed-change errors in environmental moni-
toring. For example, many fish population monitoring studies have had low power to detect
biologically meaningful declines so that declines were not detected until it was too late and
entire populations crashed (Peterman 1990). Some authors advocate the use of something
they call the "precautionary principle” (Peterman and M'Gonigle 1992). They argue that, in
situations where there is low power to detect biologically meaningful declines in some envi-
ronmental parameter, management actions should be prescribed as if the parameter had actu-
ally declined. Similarly, some authors prefer to shift the burden of proof in situations where
there might be an environmental impact from environmental protection interests to indus-
try/development interests (Peterman 1990; Fairweather 1991). They argue that a conservative
management strategy of "assume the worst until proven otherwise" should be adopted. Under
this strategy, developments that may negatively impact the environment should not proceed
until the proponents can demonstrate, with high power, a lack of impact on the environment.

7. Why has statistical power been ignored for so long?

It is not clear why missed-change errors, power, and minimum detectable change size have
traditionally been ignored. Perhaps researchers have not been sufficiently exposed to the idea
of missed-change errors. Most introductory texts and statistics courses deal with the material
only briefly. Computer packages for power analysis have only recently become available.
Perhaps people have not realized the potentially high costs associated with making missed-
change errors. Perhaps researchers have not understood how understanding power can
improve their work.

The issue of power and missed-change errors has gained a lot of attention in recent years. A
literature review in the 1980’s would not have turned up many articles dealing with statistical
power issues. A literature review today would turn up dozens of articles in many disciplines
from journals all over the world (see Peterman 1990 and Fairweather 1991 for good review
papers on statistical power). Journal editors may soon start requiring that power analysis
information be reported for all nonsignificant results (Peterman 1990). There may also be
some departure from the strict adherence to the 0.05 significance level (Peterman 1990;
Fairweather 1991).

8. Use of prior power analysis during study design

Power analysis can be useful during both the design of monitoring studies and in the inter-
pretation of monitoring results. The former is sometimes called "prior power analysis,"
whereas the latter is sometimes called "post-hoc power analysis" (Fairweather 1991). Post-hoc
power analysis is covered in Chapter 11.
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The use of power analysis during the design and planning of monitoring studies provides
valuable information that can help avoid monitoring failures. Once some preliminary or pilot
data have been gathered, or if some previous years' monitoring data are available, power
analysis can be used to evaluate the adequacy of the sampling design. Prior power analysis can
be done in several different ways. All are based upon the power function described earlier:

Power = a function of (s, n, MDC, and o)

The power of a particular sampling design can be evaluated by plugging sample standard
deviation, sample size, the desired MDC, and an acceptable false-change error rate, into
equations or computer programs (Appendix 16) and solving for power. If the power to detect
a biologically important change turns out to be quite low (high probability of a missed-
change error), then the sampling design can be modified to try to achieve higher power.

Alternatively, a desired power level can be specified and the terms in the power function can
be rearranged to solve for sample size. This will give you assurance that your study design
will succeed in being able to detect a certain magnitude of change at the specified power and
false-change error rate. This is the format for the sample size equations that are discussed in
Chapter 7 and presented in Appendix 7.

Still another way to do prior power analysis is to specify a desired power level and a particu-
lar sample size and then rearrange the terms in the power function to solve for the MDC
(Rotenberry and Wiens 1985; Cohen 1988). If the MDC is unacceptably large, then attempts
should be made to improve the sampling design. If these efforts fail, then the decision must
be made to either live with the large MDC or to reject the sampling design and perhaps
consider an alternative monitoring approach.

The main advantage of prior power analysis is that it allows the adequacy of the sampling
design to be evaluated at an early stage in the monitoring process. It is much better to learn
that a particular design has a low power at a time when modifications can easily be made
than it is to learn of low power after many years of data have already been gathered. The
importance of specifying acceptable levels of false-change and missed-change errors along
with the magnitude of change that you want to be able to detect is covered in Chapter 6 the
next chapter, which introduces sampling objectives.
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CHAPTER 6. Sampling Objectives

A. Introduction

Sampling objectives should be written as companion objectives to management objectives
(Chapter 4) whenever monitoring includes sampling procedures. As described in Chapter 5,
sampling involves assessing a portion of a population with the intent of making inferences to the
population as a whole. Sampling objectives specify information such as target levels of precision,
power, acceptable false-change error rate, and the magnitude of change you are hoping to detect.
Unlike a management objective, which sets a specific goal for attaining some ecological condition
or change value, a sampling objective sets a specific goal for the measurement of that value. For
example, considering the following examples of management objectives, with corresponding
sampling objectives:

¢ Management objective: We want to maintain a population of Lomatium bradshawii at the
Willow Creek Preserve with at least 2,000 individuals from 1998 to 2008.

® Sampling objective: We want to be 95% confident that estimates are within + 25% of the
estimated true value.

® Management objective: We want to see a 20% increase in the average density of Lomatium
bradshawii at the Willow Creek Preserve between 1997 and 1999.

¢ Sampling objective: We want to be 90% sure of detecting a 20% change in the density and we
are willing to accept a 1 in 10 chance that we'll say a change took place when it really didn't.

The principal reason to add sampling objectives to management objectives is to ensure that you
end up with useful monitoring information. If this additional information is not specified, you
risk ending up with an inadequate sampling design that makes it difficult or almost impossible to
assess whether you've achieved your management objective. For example, without setting sam-
pling targets, you may end up with an estimate of population size with confidence intervals nearly
as wide as the estimate itself (e.g., 1000 plants + 950 plants) or you may find that you have low
power to detect some biologically meaningful change (e.g., only a 15% chance of detecting the
change you were hoping to achieve). The information specified in a sampling objective is also
necessary to determine adequate sample sizes using the procedures described in Chapter 7.

For monitoring that does not involve sampling, your ability to assess success at meeting your
management objective should be obvious from the management objective itself without the
need to specify additional information. Consider the following management objectives that
involve monitoring without sampling:

® Maintain the current knapweed-free condition of the Penstemon lemhiensis population in the
Iron Creek drainage for the next 10 years.

® Maintain at least 100 individuals of Penstemon lemhiensis at the Iron Creek site over the life of
the Iron Creek Allotment Management Plan.
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To determine success at meeting the first objective, you simply need to visit the site at some
specified interval and search for the presence of knapweed. To assess success for the second
objective, you will likely be able to count all the plants in the population (or at least the first
100 that you find). Thus, the management objectives for these non-sampling types of monitoring
do not require the additional components that are discussed in this chapter.

Developing sampling objectives is being covered following Chapter 5, because these objectives
include terms and concepts related to sampling procedures. If some of the terms included in this
chapter are not familiar to you, refer to Chapter 5 for more information.

There are two categories of sampling objectives that correspond to the two major categories of
management objectives: (1) target/threshold management objectives; and (2) change/trend
management objectives.

B. Target/Threshold Management Objectives

The sampling objective in this case is to estimate some parameter in the population (e.g., mean
density per unit area, mean percent cover, or mean plant height), to estimate a proportion (e.g.,
the frequency of a particular species within a set of quadrats placed within a sampled area), or to
estimate total population size (total number of plants within a sampled area). These estimates
are then compared to the target/threshold value to determine if the management objective is
met. Sampling objectives for this type of management objective need to include two components
related to the precision of the estimate:

® The confidence level. How confident do you want to be that your confidence interval will

include the true value? Is 80% confidence high enough or do you want 90%, 95%, or even
99% confidence?

® The confidence interval width. How wide a range are you willing to accept around your

estimated value? Is £ 20% of the estimated mean or total value adequate or do you want to
be within + 10%?

Following is an example of a target/threshold management objective with a corresponding
sampling objective:

¢ Management objective: Increase the number of individuals of Penstemon lemhiensis in the Iron
Creek Population to 1,000 individuals by the year 2000.

® Sampling objective: We want to be 95% confident that population estimates are within 20%
of the estimated true value.

This sampling objective specifies a relative confidence interval width (= 20% of the estimated
true value) so the targeted confidence interval width in absolute units will depend upon the esti-
mated population size. For example, if the first year of monitoring yields a population estimate
of 500 plants, the targeted confidence interval width is 500 plants x 20% = + 100 plants.
Information from pilot sampling can be used to determine how many sampling units need to be
sampled to achieve a confidence interval width of + 100 plants. See Appendix 3 for additional
examples of sampling objectives paired with target/threshold management objectives.
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C. Change/Trend Management Objectives

The sampling objective in this case is to determine whether there has been a change in some
population parameter such as a mean value (e.g., mean density per unit area of a particular
species, mean percent cover, mean plant height), a proportion (e.g., the frequency of a particular
species within a set of quadrats placed within the sampled area), or the total population (total
number of plants within a sampled area) between two or more time periods. This category of
sampling objective must include the following three components:

® The acceptable level of power (or the acceptable level of the missed-change error [Type II error]
rate). How certain do you want to be that, if a particular change does occur, you will be able to
detect it? If you want to be 90% certain of detecting a particular magnitude of change, then
you are specifying a desired power of "90%" (power and missed-change error rates are comple-
mentary, so in this example, the missed-change error rate is 0.10).

® The acceptable false-change error (Type I error) rate. What is the acceptable threshold value
for determining whether an observed difference actually occurred or if the observed difference
resulted from a chance event? This represents the chance of concluding that a change took
place when it really did not. The o = 0.05 level is frequently used, but you should carefully
consider the impact of this decision on the probability of making missed-change errors.

® The desired MDC (minimum detectable change). The MDC specifies the smallest change that
you are hoping to detect with your sampling effort. The MDC should represent a biologically
meaningful quantity given the likely degree of natural variation in the attribute being measured.

Following is an example of a change/trend type of management objective with a corresponding
sampling objective:

® Management objective: I want to see a 20% increase in the density of Lomatium cookii at the
Agate Desert Preserve between 1998 and 2000

® Sampling objective: I want to be 90% certain of detecting a 20% increase in density between
1998 and 2000 and I am willing to accept a 10% chance that I will make a false-change error.

This sampling objective specifies a power of 90%, a false-change error rate of 10%, and an MDC
of 20%. The MDC is specified in relative terms, so the targeted MDC in absolute units will
depend upon the estimated density in 1994. For example, if the mean density in 1994 is 10
plants/quadrat, the desired MDC is an increase of 2 plants/quadrat.

Why bother specifying false-change error rates, power, and some desired MDC when you are
writing a sampling objective designed to detect change over time? The main advantage is that it
helps you avoid designing low power monitoring studies. The sample size determination proce-
dures discussed in Chapter 7 require the specification of false-change error rate, power, and the
size of the change you are interested in detecting before you can determine how many sampling
units to sample. If your pilot data indicate that you have low power to detect a biologically
important change (high probability of a missed-change error), you can then correct your sampling
design before you have gathered many years of monitoring data. See Appendix 3 for additional
examples of sampling objectives paired with change/trend management objectives.
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D. Setting Realistic Sampling Objectives

Sampling objectives should be written during the planning phase of a monitoring study. Targeted
levels of precision, power, false—change error, and MDC should be based on existing knowledge
of the species being monitored or information from similar species. It is a good idea to confer
with managers or other stakeholders interested in the monitoring results to ensure they are
comfortable with the targeted levels of precision, power, etc., specified in the sampling objec-
tives. Chapter 5 describes the interplay between false-change error rates, power, and MDC (e.g.,
Figure 5.14)

The sampling objectives serve as a critical aid during the preliminary or pilot field sampling
phase. Once pilot sampling data are available, information on the variability of the data can be
plugged into sample size equations (Chapter 7) along with the information specified in the sam-
pling objectives to determine how many sampling units should be sampled. If you are faced with
a monitoring situation where there is a lot of variability between sampling units (despite all of
your sampling design efforts to lower this variability) and the components of your sampling
objective lead to a recommended sample size of more sampling units than you can afford to
sample, then you need to reassess the monitoring study. Is it reasonable to make changes to some
components of the sampling objective? For target/threshold types of management objectives, this
may mean lowering the level of confidence or decreasing the precision of the estimate (i.e.,
increasing the confidence interval width) or both. For objectives directed towards tracking
change over time, this may mean increasing the acceptable false-change error rate, decreasing
the targeted power level, or settling on a larger specified MDC. Will these changes be acceptable
to managers and other stakeholders? If you feel that making these modifications to the sampling
objective is unreasonable, then you should take an alternative monitoring approach rather than
proceed knowing that your monitoring project is unlikely to meet the stated objectives.
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CHAPTER 7. Sampling Design

A. Introduction

Design is critical to any sample-based monitoring study. The consequences of poor study design
are many: lost time and money, reduced credibility, incorrect (or no) management decisions, and
unnecessary resource deterioration, to name just a few. Take your time during this stage to design
a study that will meet your management and sampling objectives in the most efficient manner.
Based on the pilot study you perform (the need for pilot sampling is discussed below), you may
find that you cannot meet your objectives within the constraints of the time and money avail-
able. One solution to this dilemma is to change from sample-based monitoring to monitoring
based on a qualitative technique or a complete census. Others could include choosing a different
attribute to measure or changing your management and sampling objectives to reflect a less
precise estimate (in the case of a target/threshold objective) or detection of a larger change (in
the case of a change/trend objective).

Six basic decisions, which are discussed in detail in this chapter, must be made in designing a
monitoring study based on sampling:

. What is the population of interest?

. What is an appropriate sampling unit?

. What is an appropriate sampling unit size and shape?
. How should sampling units be positioned?

. Should sampling units be permanent or temporary?

. How many sampling units should be sampled?

YU A WN —

These decisions must be made based on site-specific information and objectives. There is no
“right” quadrat size and shape, just as there is no “right” number of sampling units. In most situa-
tions these decisions can be made only through on-site assessment by pilot sampling.

B. What is the Population of Interest?

As we learned in Chapter 5, the population consists of the complete set of units about which we
want to make inferences. We are using “population” in the statistical, rather than the biological,
sense, although these populations may sometimes be the same, such as all of the plants of a par-
ticular species found on a certain mountain. The two populations, however, are often different.
For example, the statistical population often consists of the complete set of quadrats we could
place in a particular geographic area.

1. Target vs. sampled population

In sampling, the differences between the population you would like to make inferences
about (the target population) and the population you actually sample (the sampled population)
need to be understood. When monitoring a rare plant species, there is usually some target
population with real physical boundaries that we would like to track. For example, if some-
thing like plant height or the number of flowers per plant is the subject of interest, our tar-
get population might be all the plants of a particular plant species on a preserve that has
been set aside for that species’ protection. Or, our target population might be the complete
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set of quadrats we could place in a particular wet meadow if the number of plants per
quadrat is the subject of interest.

When biological populations are small and distributed in some uniform area, such as all
plants within a fenced pasture, then we may be able to position sampling units throughout
the entire target population of interest. However, two factors usually lead to defining a new
sampled population: (1) irregular target population boundaries, and (2) target populations
that cover a very large geographic area.

a. Small populations with irregular boundaries

When the target population is small, but has irregular boundaries, then we might fit some
regular-shaped polygon, such as a square or rectangle, over the bulk of the population (as
illustrated in Figure 7.1A). This newly defined area, often referred to as a macroplot,
becomes our sampled population. The macroplot is usually permanently marked. The use of
a macroplot facilitates the positioning of sampling units (see Section E) and ensures the same
area is sampled each year.

We can make statistical
inferences only to the
boundaries of the sampled
populations (i.e., to the area
within the macroplot), not
to the entire target popula-
tion. This approach works
well for small populations; a
large population, however,
would necessitate a very
large macroplot, resulting in
long distances between

A/\/_w\
sampling units. The time B
necessary to travel to each
sampling unit would make
the design inefficient.

b. Very large populations

If the target population
covers a very large geographic
area, constraints of time and
money, coupled with the

tremendous variability FIGURE 7.1. Positioning of macroplots (rectangles and squares) within
usually encountered when irregularly shaped target populations (thin lines). The thick,
sampling a very large popula- irregular line denotes a river. A. A single macroplot is placed
tion, often lead us to define over the bulk of the target population. Inferences can be made
some smaller geographic only to the area within the macroplot (i.e., the macroplot is the

sampled population). B. Three macroplots are randomly placed
within the target population. Inferences can be made to the
entire target population (i.e., the sampled population is the
same as the target population).

area(s) to sample. There are
several ways this can be
accomplished:
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¢ One or more macroplots can be
randomly positioned within the target
population. If several macroplots are
randomly positioned in the target
population, and sampling takes place
within each macroplot, then we have
something called a two-stage sampling
design (Section E.6). Statistical infer-
ences can be made to the entire popu-
lation, and the sampled population
and the target population are the same
(see Figure 7.1B). If only a single
macroplot is randomly positioned
within the target population (Figure
7.2A), no inferences to the target pop-
ulation are possible because there is no
way of determining how “representa-
tive” this macroplot is of the target
population.

® One or more macroplots can be
subjectively positioned within the
target population. If macroplots are
subjectively positioned in the target
population, inferences can be made
only to the area encompassed by the
macroplots (Figure 7.2B). In other
words, the sampled population is the
area within the macroplots. This

eff

method may be preferable to randomly FIGURE 7.2. A single square macroplot placed in the target

positioning macroplots if resource
limitations prohibit the use of more
than one or two macroplots.

The suitability of this approach depends
on the level of knowledge you have for
the area of interest and the information

population. In all cases, inferences can be made
only to the area within the macroplot (i.e., the
macroplot is the sampled population). A.
Random placement. B. Subjective placement.
C. Random placement within a "representative
area (dotted line).

needs for a particular project. Answers to the following questions will help guide you in this

decision:

How comfortable will you be in making management decisions for the entire target

population based on the information gathered within the subjectively positioned macroplots?

If the macroplot is positioned towards the middle of the population, will you miss

changes that occur near the edge of the target population?

® One or more macroplots can be randomly positioned within a selected region deemed to

be “representative” of the target population. This approach involves selecting an area con-
sidered to be representative of the target population (see section on key areas, below).
Once this representative area is selected, we determine the macroplot position through a
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random compass bearing and random distance. This process, illustrated in Figure 7.2C,
reduces the observer bias toward exact positioning of the macroplot. If a single macroplot
is positioned in this way, statistical inferences can be made only about the area within the
macroplot.

c. Macroplots vs. quadrats

Macroplots are relatively large areas, with sampling units, such as quadrats, lines, or points,
randomly located within them. Quadrats are a type of sampling unit, within which the
actual data are gathered.

d. Key areas

The key area concept is widely used, particularly in rangeland monitoring. Using this
approach, key areas are selected (subjectively) that we hope reflect what is happening on a
larger area. These may be areas we feel are representative of a larger area (such as a pasture)
or critical areas (such as sites where endangered species occur). Monitoring studies are then
located in these key areas.

Although we would like to make inferences from our sampling of key areas to the larger
areas they are chosen to represent, this cannot be done statistically because the key areas
were chosen subjectively. We could, of course, choose to sample the larger areas, but the
constraints of time and money coupled with the tremendous variability usually encountered
when sampling very large areas often makes this impractical. The key area concept represents
a compromise.

The key area can be the target population, the sampled population, or both. The key area
may be larger than the area that can be sampled given constraints of time and money. We
would then end up with a situation like that depicted in Figure 7.2C, where we randomly
locate a macroplot within a larger key area. In this case our target population is the key area,
while our sampled population is the area within the macroplot. Since we will be making
decisions based on what happens within this macroplot, we may wish to redefine our key
area to be only that area within the macroplot. If we do this, then the target population (the
new key area) and the sampled population will be the same, which is perfectly acceptable, as
long as we clearly state this both in the study design and in the management objective.

Because statistical inferences can be made only to the key areas that are actually sampled, it
is important to develop objectives that are specific to these key areas. It is equally important
to make it clear that actions will be taken based on what happens in the key area, even when
it can't be demonstrated statistically that what is happening in the key area is happening in
the area it was chosen to represent. It is also important to base objectives and management
actions on each key area separately. Values from different key areas should never be averaged,
because this gives the impression that we have sampled a much larger area than is really the
case and because this practice results in a “mean” value for which we can have no measure of
precision.

Whether you choose to use the key area concept when monitoring plant populations
depends on your objectives and the distribution of the target plant species. If a plant popula-
tion you wish to monitor occupies a relatively small area, then you may be able to sample
the entire area. You could then make inferences about that entire population without
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resorting to the key area concept. If, on the other hand, the plant population is diffusely
spread throughout a large area, you may have to use the key area concept, depending on the
amount of time and effort you wish to put into your sampling. Another possibility is to use a
two-stage sampling design, shown in Figure 7.1B, and discussed in detail in Section E.6.

2. Finite vs. infinite populations

Before we leave the topic of populations, we need to address one more important feature of
populations: whether they are finite or infinite (see Chapter 5, Section G). The distinction
between finite and infinite populations can be important when determining how many units
to sample, as discussed in Section G of this chapter.

C. What Is an Appropriate Sampling Unit?

The type of sampling unit you select depends on the vegetation attribute you are measuring,
which should be detailed in a specific management objective. Density, cover, frequency, and bio-
mass are the vegetation attributes most commonly monitored. Attributes related to individual
plants (e.g., height, number of flowers per plant) are also often of interest.

1. Types of sampling units

Following are the types of sampling units that are relevant to the monitoring of plant
populations.

Individual plants. Plants are the sampling units for attributes such as plant height, number of
flowers per plant, or cover if the cover measurements are made on individual plants (e.g.,
tree stem diameters, bunchgrass basal area measurements).

Plant parts. Fruits might be the sampling units if the attribute is the number of seeds per
fruit or the percentage of fruits containing some seed herbivore. Or, you may be interested
in estimating the number of flowers per inflorescence, in which case the inflorescence is the
sampling unit.

Quadrats (plots). Most estimates of density, frequency, or biomass require the use of
quadrats, which represent the sampling units. Quadrats can also be the sampling units for
cover measurements if visual estimates of cover are made within quadrats.

Lines (transects). When cover is measured using the line-intercept method, the line is the
sampling unit. Lines can also serve as sampling units when points (for cover) or quadrats (for
cover, density, or frequency) are positioned along lines and the points or quadrats are not far
enough apart to be themselves considered the sampling units (because they are not indepen-
dent of one another).

Points. When cover is measured with the point-intercept method and the points are randomly
positioned, then the points are the sampling units.

Point frames or point quadrats. When cover is measured using point frames or point
quadrats and these frames or quadrats are randomly positioned, then the point frames or
point quadrats are the sampling units. Point frames are not recommended because they are
inefficient for measuring cover in most vegetation types (see Chapter 8).
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Distance (plotless) methods. There is a class of techniques to estimate density that are
referred to as distance or plotless techniques. The sampling unit with these techniques is
usually the individual distance between a randomly selected point and the nearest plant or
between a randomly selected plant and its nearest neighbor. Distance measures are inaccurate
for most plant populations (see Chapter 8).

2. Choosing the sampling unit

In many cases, simply determining the attribute you're going to measure determines the sam-
pling unit. If you're going to measure density, frequency, or biomass, the sampling unit will
be a quadrat. For cover, however, you have several choices. The sampling unit can be a line, a
point, or a quadrat. (Chapter 8 gives information to help you decide which of these to choose.)
If you are measuring something on individual plants, the sampling unit is the individual
plant (although, as we will see later, you will often incorporate quadrats into your sampling
design for this purpose as well).

3. Sampling units in multistage sampling designs
Certain sampling designs incorporate sampling at more than one level. These are called
multistage sampling designs (Krebs 1989). The two-stage sampling design, discussed in
Section E below, is one example. A random sample of primary sampling units is selected.
Then, a subsample is taken from each of the primary sampling units. This subsample is made
up of secondary sampling units (these are often called elements to differentiate between the
two types of units).

D. What Is an Appropriate Sampling Unit Size and Shape?

The most efficient sampling unit size and shape depends on the type of vegetation attribute
being measured and the growth form and spatial distribution of the sampling target. The most
efficient design is usually the one that yields the highest statistical precision (smallest standard
error and narrowest confidence interval around the mean) for either a given area sampled or a
given total amount of time or money.

Sampling unit size and shape considerations are discussed separately for the following categories:
(1) quadrats for density estimation; (2) quadrats for frequency estimation; (3) quadrats for cover
estimation; (4) quadrats for biomass estimation; and (5) lines and points for cover estimation.

1. Quadrats for measuring density

Density is measured by counting some entity (e.g., individuals, ramets, stems) within
quadrats. The efficiency of various quadrat sizes depends upon the following factors:

a. Quadrat size and shape

Objective of study: parameter estimation vs. pattern detection. For monitoring plant popula-
tions we are concerned with estimating true population parameters such as the true mean
density or the true total population size. Differences in these true population parameters are
what we are trying to track with this type of monitoring.

Detecting the intensity and scale of spatial pattern is a completely different objective that can
lead to dramatically different sampling designs than those you use for tracking changes in
population parameters. (Consult Greig-Smith (1983) for more information on detecting spatial
pattern; this type of sampling will not be discussed further in this technical reference.)
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Travel and setup time vs. searching and counting time. Which is more important: minimizing
the number of quadrats or the total area (or proportion) of the population sampled? This
depends on how large an area you are sampling (is it 1/2 mile between each quadrat location?)
or how difficult it is to get from one quadrat position to another (are you sampling on a cliff
face?). It also depends on how hard it is to search and count individuals. For large or con-
spicuous plants, such as shrubs, trees, or large herbaceous plants that occur at low densities,
having a large sample area is not much of a problem because you can see all of the individuals,
even from a distance. For small, obscure plants that may be hidden under the canopy of the
other vegetation, you might have to search every square centimeter of habitat; in this case
minimizing the total sample area may be critical.

Spatial distribution of individuals in the population. Very few plant populations are randomly
distributed in the area they occupy. If they were, different shapes of the same quadrat size
would perform similarly. Most plant populations, however, are aggregated or clumped in
their distribution. In this situation rectangular quadrats will yield more precise estimates than
square or circular quadrats of the same size. This is because rectangular quadrats are more
apt to include some of the clumps of plants inside of them, thereby reducing the number of
zero counts and reducing the number of very high counts. This decreases the variation
among the quadrats and increases the precision of estimates. It is best if the quadrat length
(i.e., the length of the long side of the quadrat) is longer than the mean distance between
clumps.

As an example, consider the species Primula wilcoxii, which grows on the shaded side of
terraces on a terraced slope in the foothills near Boise, Idaho. The terraces are approximately
1.5 meters apart. In this case, Im x 1m quadrats would be a very poor choice, because many
of these would fall between terraces, resulting in many zero values. Some of the Im x Im
quadrats, however, would fall right on the terraces, and very high counts would be obtained
for these quadrats. For this species at this terraced site, quadrats of 0.5m x 2.5m perform well.

Depending on the nature of your population, orientation of quadrats can be very important.
You want to orient rectangular quadrats to capture the variability within the quadrats rather
than between the quadrats. Thus, if there is some gradient such as elevation or moisture to
which the plant population responds differently, you want to make sure your rectangular
quadrats follow that gradient in order to incorporate the variability within the quadrats. Let’s
assume the plant population occurs on a north-facing slope. There are clumps of plants up
and down the slope, but more clumps are near the bottom of the slope than near the top.
You want to orient your quadrats with the long side going up the slope, rather than placing
them along contour lines. This results in lower among-quadrat variance and higher precision.
Similarly, you want to orient quadrats perpendicular to a stream rather than parallel to it.

Edge effects. The edge of a quadrat is its outer boundary. The more edge a quadrat has, the
greater the difficulty in determining whether plants near the edge are in or out of the
quadrat. Rectangular quadrats have more edge per unit area than squares or circles. Although
this is an important issue, you can choose between two simple conventions that help to min-
imize the nonsampling error associated with plants landing right on the edge. You can either:
(1) count every other plant that lands right on the edge as “in” and every other one as “out,”
or (2) specify that any plant that lands on the edge of two adjoining sides of the quadrat is
considered “in” while any plant landing on the other two adjoining sides is “out.” Of course,
you need to be consistent in applying whichever convention you choose and to make sure,
through training and documentation, that others involved in the monitoring during the first
and all subsequent years use the same convention (especially with permanent quadrats).
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Density of target population. If the density of whatever is being sampled (e.g., individuals,
stems, or ramets) is relatively high, you will want to use smaller quadrats because you don’t
want to be counting hundreds to thousands of plants in many quadrats. On the other hand, if
the density is relatively low, you will want to use larger quadrats to avoid sampling many
quadrats with no plants in them.

Ease in sampling. The considerations here are the difficulties in searching the entire quadrat
area and keeping track of what portions of a quadrat have already been searched. With larger
quadrats, long, narrow rectangles are easier to search because you can start at one end and
keep track of counts at intervals along the quadrat. With large, square quadrats, you will
probably have to subdivide the quadrat area to ensure you don’t double count.

Disturbance effects. If the quadrat size/shape is so large that you have to stand in the
quadrat to search through it, you risk impacting the population through your sampling. This
is particularly important when sampling permanent quadrats, because the changes you
observe over time may simply be the result of your impacts to the quadrats and not reflect
the true situation in the sampled population as a whole. It is also a problem when using
temporary quadrats, however, especially if you impact areas of the quadrat before you have
searched them.

Mathematical equations for determining optimal quadrat size. Krebs (1989) gives
mathematical equations for determining optimal quadrat size using either the Wiegert’s or
Hendricks’ methods. These equations incorporate the following components: (1) the variation
among quadrats, (2) the cost of measuring one quadrat, and (3) the cost of locating one
additional quadrat.

b. Computer-simulated sampling investigation

As stated, rectangular quadrats perform better than square or circular quadrats when sam-
pling clumped populations. But there are still two unanswered questions: (1) What are the
actual tradeoffs of changing quadrat size and shape on the number of quadrats to sample or
on the total area sampled? (2) As you make quadrats larger, you will presumably have to
sample fewer of them—but how many fewer? You can investigate this in the field, but you're
somewhat limited in the number of different sizes and shapes you can try, and there are
potential negative impacts from repeated sampling across the entire area.

One of the authors, Dan Salzer (in prep.), has investigated some of these sampling design
decisions using computer-simulated sampling. On the computer he generated two populations,
each with 4,000 plants. Plants in both populations exhibit a clumped distribution pattern,
though they differ in the degree of clumping. One of the populations has plants that are dis-
tributed along a gradient. Salzer then used the computer to draw random samples from each
population, using quadrats of different sizes and shapes. The results are summarized below.

The clumped-gradient population. We’'ll consider first the population of 4,000 plants depict-
ed in Figure 7.3. This population is termed the “clumped-gradient population” because the
plants are both clumped and distributed along a gradient (note that this gradient follows the
x-axis: there are more clumps near the left side of the macroplot than there are near the
right side). This population was subjected to 30 different sampling designs that differed in
the width and length of the quadrats. The following quadrat widths were used: 0.25m, 0.5m,
1.0m, 2.0m, and 4.0m. The following quadrat lengths were used: 1m, 2m, 5m, 25m, and
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50m. Every combination CLUMPED-GRADIENT POPULATION
of quadrat width and
quadrat length was used 100-'”'1'”_'|' S o M)
to sample the population 1 -
(e.g,, 0.25m x 1m, 0.25m % n
x 2m...4m x 25m, 4m x . -
50m). Sampling was con- 90 C
ducted so that the long A -
side of the quadrat was 8 _: o
oriented along the gradi- ] -
ent (i.e., the long side was 80 d_ i3
oriented parallel to the ] -
x-axis of the population as £ B -
depicted in Figure 7.3). ] §
70 Ly
For each of the 30 sam- ] -
pling designs, the entire 65 E -
population was sampled 1 :
(i.e., all the quadrats that 50 i 5
fit in the population, 2 ) -
without overlapping) so e 35 4 ¥ 3
that true, parametric values 'ﬂg ] C
for the mean density and 50 7 -
standard deviation could ] :
be calculated for every 47 -
design. This is desirable ] -
for comparing various 40 E % -
sampling designs, but is ] :
nearly impossible to 35 -
achieve in a field setting. ] -
The true parametric val- 30 E -
ues were plugged into a ] -
sample size formula to 25 B -
determine how many ] -
quadrats would need to 20 g -
be sampled to attain the ] -
desired precision. The pre- £ B : o
cision level selected was . -
an estimated mean density 10 E .. F
with a 95% confidence 1 -
interval that was no longer 5 Lar -
than +30% of the mean p Ei el C
value. This brought per- O e R R L P A L EARES SERT: SRS ERE
formance of each sampling 0 5 10 15 20 25 30 35 40 45 50
design into a common FIGURE 7.3. The "clumped-gradient population." A population of 4,000 plants
currency, the number of aggregated into clumps and responding to a gradient that runs
quadrats to sample, so from left to right (along the x-axis). Note the much greater
that they could be com- number of clumps near the left side of the population.

pared with one another.
By knowing the size and number of quadrats being used, you can also calculate the
proportion of the population sampled.

CHAPTER 7. Sampling Design PPios



MEASURING AND MONITORING PLANT POPULATIONS

VOV VTV VYV V77V VVVVVVVVVVYVY

Table 7.1 shows the

results for three
designs that differ

quadrat width

quadrat length

# of quadrats

proportion of the
population sampled

dramatically in the 0.25m Tm 416 2.1%
number of quadrats m 10m 99 19.8%
that need to be 4m 50m 10 40%

sampled and the
proportion of the
population sampled.
The design that
minimized sample
size (ten 4m x 50m
quadrats) required sampling 40% of the population. The design that minimized the
proportion of the population sampled (only 2.1% of the population using 0.25m x Im
quadrats) required sampling 416 separate quadrats.

TABLE 7.1. Results of three designs used to sample the clumped-gradient population
shown in Figure 7.3. The long sides of the gradients were oriented along
the gradient (the x-axis). All designs achieved the same level of precision
but differed greatly in the number of quadrats required and the
proportion of the population sampled.

Figure 7.4 displays the same four categories of information as Table 7.1: quadrat width,

quadrat length, number of quadrats, and proportion of the population sampled. The results
are summarized by width category below:

1m width. Six different sampling designs used a 1m wide quadrat. On the x-axis shown on
Figure 7.4 is quadrat length, starting with 1m on the left and going all the way to 50m on
the right. Recall that six different quadrat lengths were tested. The numbers you see next
to the data points are the number of quadrats that need to be sampled to meet the desired
level of precision. To get this precise an estimate of the mean density with a Im x Im
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4.0 m width

proportion of population sampled (%)

40 /98 0
81 —=
N 34
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130 13
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50 16
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FIGURE 7.4. Comparison of 30 sampling designs for the clumped-gradient population in Figure 7.3. All
designs achieve the same level of precision. Quadrats are oriented along the gradient
(i.e., along the x-axis of the population). Numbers next to data points are the number
of quadrats that must be sampled using that particular quadrat size and shape.

My CHAPTER 7. Sampling Design




MEASURING AND MONITORING PLANT POPULATIONS
VOV VTV VYV V77V VVVVVVVVVVYVY

quadrat requires sampling 240 quadrats of this size. This same level of precision could be
attained with only sixteen Im x 50m quadrats.

2m width. By doubling the quadrat width to 2m, at each of the quadrat lengths the sample
size numbers go down, but the proportion of the population sampled goes up. For exam-
ple, instead of sampling 16% of the population with a Im x 50m quadrat, you must sample
26% of the population with a 2m x 50m quadrat size.

4m width. By doubling the width again, to 4m, the proportion of the population sampled
keeps going up. If we choose the 4m x 50m quadrat size, you now have to sample 40% of
the population to achieve the desired level of precision.

0.5m width. Now look what happens if you reduce the width of the original 1m wide
quadrat by one half. Even though sample sizes are a little bit higher with the 0.5m wide
quadrat size than with the Im wide quadrat, the proportion of the population that must
be sampled is considerably less.

0.25m width. The same trend continues, with sample sizes a little bit higher than for the
0.5m width, but with a reduction in the proportion of the population sampled.

Choosing the best design for your situation. A comparison of these different designs shows
that they vary considerably in both the number of quadrats to sample and the proportion of
the population that is sampled. Some of these designs offer smaller sample sizes and smaller
proportions of the population. For example, compare these two designs: sample twenty-five
4m x 25m quadrats (50% of the entire population), in which case you must count about
2,000 plants, or sample twenty-two 0.25m x 50m quadrats (5.5% of the population), in
which case you must count only about 220 plants. Which of the 30 designs is best? It
depends on the growth form of the individual plants and the habitat. How conspicuous are
individual plants? Can they be spotted at eye-level or does it take careful searching of every
square centimeter of sample area? How big a problem is edge effect? Are plants single-
stemmed with small diameter stems clearly arising from a rooted point (edge effect not a
problem)? Or are the target plants bunch grasses with a wide basal area and amorphous
shapes (edge effect a problem)?

If plants are small and inconspicuous, with distinct single rooted stems, look for a design that
has both a small sample size number and samples a small proportion of the population. The

22 0.25m x 50m quadrats would be a good choice in this case. Realize, however, that even if
minimizing the sample area is critical, you will not want to sample 416 0.25m x 1m quadrats.

If plants are large and easily visible from eye level, you might choose a wider quadrat size, leading
to a smaller sample size. The larger proportion of the population sampled might not carry much
of a penalty (cost) if the portions of the quadrats between clumps can be searched rapidly.

Results for the same clumped-gradient population with quadrat orientation reversed. Figure
7.5 shows the results of sampling the same clumped-gradient population, but this time with
the quadrats oriented in the opposite direction (i.e., with the long side parallel to the y-axis).
Rather than looking at the individual sample sizes, concentrate on just the relative propor-
tion of the population that must be sampled. Because we’ve positioned the long sides of our
quadrat perpendicular to the gradient, quadrats located near the left of the macroplot will
have high numbers of plants, while quadrats located near the right of the macroplot will
have low numbers. This pattern of high and low quadrat counts is undesirable, producing a
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FIGURE 7.5. Comparison of 30 sampling designs for the clumped-gradient population of Figure 7.3.
All designs achieve the same level of precision. Quadrats are oriented against the gradient
(i.e., along the y-axis of the population). Numbers next to data points are the number
of quadrats that must be sampled using that particular quadrat size and shape.

high standard deviation and wide confidence intervals. With the 4m x 50m quadrat, you
need to sample over 70% of the population. You would be better off counting all of the
plants in the macroplot (conducting a complete census) than using this quadrat size.
Clearly it is better to use a narrower quadrat that is oriented in the opposite direction.

The dense-clumped population. Figure 7.6 shows a different population of 4,000 plants,
where the clump centers themselves are randomly distributed. We call this the “dense-
clumped population.” Figure 7.7 shows the same comparison of 30 different sampling designs
that was performed on the clumped-gradient population. Because of the tighter clumping of
plants in the dense-clumped population, sample sizes are even greater for small square or
short and wide quadrats than they were for the clumped-gradient population. This is because
quadrats with plants tend to have higher counts and there are more quadrats with zero
plants, a situation that drives up the standard deviation. It would take, for example, 578 1m
x 0.25m quadrats to achieve the desired level of precision in the dense-clumped population
as compared to 416 in the clumped-gradient population.

The pattern of narrower quadrats reducing the proportion of the population to sample
continues as you make your quadrats narrower and narrower. Figure 7.8 shows a comparison
of different quadrats from the dense-clumped population that are all the same size (all 1m?
in area), but of different shapes. The graph on the left shows comparisons for the dense-
clumped population. As you go from a square to a long, skinny quadrat, the number of
quadrats that must be sampled declines from nearly 400 to less than 100. The graph on the
right of Figure 7.8 shows the same quadrat comparisons, but for a 4,000 plant population
where all the plants are randomly located (i.e., there is no clumping). If plants are randomly
distributed, quadrat shape has no influence on the number of quadrats to sample. This, how-
ever, is seldom the case in nature.
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Even though the narrower
quadrat sizes perform
better statistically, there
are practical limitations
that must be considered.
For example, the 2cm
wide quadrat performs
best (see Figure 7.8),
but this would be a
ridiculous size to try to
use in the field, because
of the tremendous
amount of “noise”
introduced by edge effect.

Determining
quadrat size and
shape in real
populations

C.

The best way to deter-
mine the appropriate
quadrat size and shape
is to approach every
new sampling situation
without a preconceived
idea of the quadrat size
and shape you will use.
Quadrat size and shape
should be determined
during pilot sampling.
Wander around the
population area and
study the spatial distrib-
ution of the plant you
will be sampling (use
pin flags or flagging to
improve the visibility of
clumps). Attempt to
answer the following
questions: (1) At what
scale(s) can you detect
clumping? (2) How
large are the clumps and
what are the distances
between clumps? (3)
How long will quadrats
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FIGURE 7.6. The "dense-clumped" population. A population of 4,000 plants

aggregated into dense clumps.

need to be to avoid having many quadrats with zero plants in them? (4) How narrow will
quadrats need to be to avoid counting hundreds or thousands of plants whenever the
quadrat intersects a dense clump? (5) How wide an area can be efficiently searched from

one edge of a quadrat?
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FIGURE 7.7. Comparison of 30 sampling designs for the dense-clumped population of Figure 7.6. All
designs achieve the same level of precision. Quadrats are oriented along the x-axis of the
population (although, since there is no gradient in this population, results would have been
similar had the quadrats been oriented along the y-axis). Numbers next to data points are
the number of quadrats that must be sampled using that particular quadrat size and shape.

(6) How big a problem will edge effect be? Appendix 17 gives a procedure for comparing
the efficiency of different quadrat sizes and shapes through pilot sampling.

In many rare plant monitoring situations, a 0.25m or 0.5m quadrat width works well. Either
is a convenient width to search in. A 1m or 2m wide quadrat is difficult to search because it
is hard to see plants near the far edge (unless all the plants are fairly large and there is
minimal associated vegetation to obscure your line of sight). The quadrat length should be
determined by the size of the area that you are working in and the spatial distribution of the
plants you are counting. You want to avoid getting many zeros so you want your quadrats to
be long enough to hit several clumps. You also don’t want your quadrats so long that you
have to count thousands of plants—the time involved and the potential measurement error
associated with counting that many plants would be too great.

2. Quadrats for estimating frequency

Frequency is most typically measured in square quadrats. With frequency sampling you are
only concerned with whether the species of interest is present or absent within each
quadrat-you make no counts. Because only presence or absence is measured, square quadrats
are fine for this purpose (unlike the situation with density, you want at least 30% of your
quadrats to have no plants in them; the reason for this is discussed below and in Chapter 8).
With frequency sampling you are estimating the proportion of all possible quadrats in the
population that have the species (or other attribute of interest) in them. Figure 7.9 shows
the clumped-gradient population overlaid by a 2m x 2m grid. Of the total number of 1250
grid cells in this population, 540 cells have one or more plants in them. Thus, the true fre-
quency is 43.2%. When you sample this population you will randomly select some subset
of these 1250 quadrats. Let’s say you sample 100 quadrats. If 45 of the 100 quadrats
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contain the plant, then 400 o
your estimate of the true .
percent frequency would 350
be 45%.

300 r
Quadrat size has a strong .

influence on the resulting
percent frequency values. If
you make the quadrat large

number of quadrats
N
S
S

enough, you will have some M
individuals in every quadrat, 150
giving you a frequency of .
100%. This would not 100 *
enable you to track any * 60 00 4 0
upward changes in frequency. 50
On the other hand, if your
quadrat is very small, you R S T 55 L2

. . x x x x T o = x x x x T o4 ®
will end up with very low 284 & X ox o =9 og e XXX
frequency values that will S s 3 S S S 2 3
not be sensitive to declines dense-clumped population random population
in frequency. FIGURE 7.8. Comparison of sample sizes needed to achieve 95% confidence

intervals within 30% of the mean using quadrats of the same size

Good sensitivity to change (area) but different shapes. Quadrat area is Tm2. The graph on

the left shows the necessary sample sizes for the dense-clumped
population shown in Figure 7.6. The graph on the right shows
necessary sample sizes for a population with individual plants
distributed randomly.

is obtained for frequency
values between 30% and
70%. Because frequency
values are measured
separately for each species, what is an optimum size quadrat for one species may be less than
optimum or even inappropriate for another. If you are measuring the frequency of more than
one species, this problem is partially resolved by the use of a quadrat frame that includes
nested quadrats of different sizes. For further discussion see Chapter 8.

3. Quadrats for estimating cover

Cover is sometimes measured by visually estimating canopy cover in quadrats. From the
perspective of statistical precision, the same types of considerations as those given for density
apply: long, thin quadrats will likely be better than circular, square, or shorter, wider rectan-
gular quadrats. From a practical perspective, however, estimating cover accurately in long,
thin quadrats is difficult. The amount of area in the quadrat is also a concern: the larger the
area, the more difficult it is to accurately estimate cover.

For clumped populations the best approach is usually to randomly position transects in the
population to be sampled, and to systematically (with a random start) place square or small
rectangular quadrats of a size that facilitates accurate cover estimation along each transect.
The transects, not the quadrats, are treated as the sampling units. Because the transects will
intersect several clumps of the population, this ensures much of the variation will be
incorporated within each sampling unit. If individual quadrats are treated as the sampling
units, most of the variation will be between sampling units. This design is really a two-stage
sampling design, with the transects serving as the primary sampling units, and the quadrats
serving as the secondary sampling units. We treat this in more detail below.
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4. Quadrats for CLUMPED-GRADIENT POPULATION WITH 2m X 2m QUADRAT DESIGN
eStimatingbiomass 100 Jrovebov v lvowrbowro gy booneloraolonralogrglorygs
For the same reason as . st e E
given for density, long, 95 ; -
thin quadrats are likely - -
to be better than circu- 90 - : : —
lar, square, or shorter, 1 p
wider rectangular 85 _‘_';: -
quadrats (Krebs 1989). 4 -
Edge effect can result in 80 - nd
significant measurement = -
bias if the quadrats are 75 3 =
too small (Wiegert 1 -
1962). Since above- 70 3 o
ground vegetation must _:E ;
be clipped in some 65 — =
quadrats, circular ] ) -
quadrats should be €0 k= i r
avoided because of the 3 : F
difficulty in cutting 55 ] = E
around the perimeter of | £ I : E
the circle with hand- E 50 E
shears, and the nonsam- ] E
pling errors that will 45 e R E
likely result. It is ] i C
impractical in the field 40 B : -
to estimate and clip s E
biomass in long, narrow 25 -
quadrats. For this reason, ] C
we recommend you use 20 - -
square quadrats. Like . B
the case with estimating 55 E =
cover in quadrats, the 5 C
quadrats for estimating 0 E E
and clipping biomass - ! =
can be arranged along n =
transects, with the E B -
transects treated as the ] 4 -
sampling units. 10 & &
5.Lines and points for > Jo g _ el
eStima’ting cover 0 _I. I.fl|lllIirI'I..:“::'Ir:1r||r|1.r{'1“r'1'T]"1'"r'1|||:|||||||||||_
Line interception and 0 5 10 5 20 25 30 35 40 45 50
point interception are FIGURE 7.9. The clumped-gradient population with a grid of 2m x 2m quadrats
two techniques often overlaid on it. There are 1,250 possible quadrat locations for this
used to estimate cover. size and shape of quadrat. Note that the quadrats do not overlap,
From a theoretical yet cover the entire sampled population (the macroplot).

standpoint both lines
and points are plots: the
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line is a quadrat with one dimension reduced to a line, and the point is a quadrat with both
dimensions reduced to a point (Bonham 1989). These techniques are well-established in veg-
etation sampling. The major statistical considerations of these methods have to do with the
width of the lines and the size of the points and with the placement of the lines and points
in the area to be sampled.

a. Width of lines and size of points

The theoretical basis of line interception depends on reducing the width of the lines to zero
(Lucas and Seber 1977; DeVries 1979; Floyd and Anderson 1987). Similarly, the size of
points must also be as close as possible to being dimensionless (Goodall 1952). Making
points as close to dimensionless as possible is important for obtaining good estimates of the
true cover; it is less important if you are only interested in tracking change over time and you
use the same size points each time. For line interception, read only along one edge of a
measuring tape and ensure the tape is not inadvertently moved to include or exclude certain
plants.

For points, the investigator should attempt to make the point as small as possible and to
avoid selection bias. Because they effectively reduce the point to zero, crosshair sighting
devices are preferable to metal rods to obtain reliable estimates of the true cover. These
devices also eliminate the possibility of bias that can result in the placement of metal rods
when frames are not used. A disadvantage of crosshair sighting devices is that only the
vegetation stratum nearest to the sighting device can be sampled. If the plant species in
which you are interested is under the canopy of shrubs or taller herbaceous plants, you will
not be able to use a sighting device for this purpose (unless a second person is employed to
move the upper story out of the way; this is acceptable as long as the movement doesn’t
change the probability of the understory plant being intercepted). Pins, even though they are
not dimensionless, might be the better choice in this case, because you can move them down
through all layers of vegetation and record “hits” in as many strata as you desire. You should,
however, make the ends of these pins as sharp as possible. You must also ensure that pins are
in some type of frame that eliminates the bias that results from attempting to manually place
a pin vertically through vegetation (a tripod frame can be constructed that holds only a
single pin).

b. Length of lines

Because each line is a single sampling unit, the precision of cover estimates will depend on
the variation among lines. Lines should be long enough to cross most of the variability in the
vegetation being sampled (for the same reasons discussed relative to quadrat size and shape
for density sampling). Just as for quadrats, the optimum line length should be determined
from pilot sampling.

E. How Should Sampling Units Be Positioned in the Population?

There are two requirements that must be met by a monitoring study with respect to positioning
sampling units in the population to be sampled: (1) some type of random sampling method
must be employed, and (2) the sampling units must be positioned to achieve good interspersion
of sampling units throughout the population. Before discussing different methods of random
sampling, let’s discuss these two characteristics in more detail.
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Random sampling. Critical to a valid monitoring study design is that the sample has been
drawn randomly from the population of interest. Several methods of random sampling can
be used, many of which are discussed below. The important point is this: all the statistical
analysis techniques available to us are based on knowing the probability of selecting a partic-
ular sampling unit. If some type of random selection of sampling units is not incorporated
into your study design, you cannot determine the probability of selection, and you cannot
make statistical inferences about your population. Preferential sampling, the practice of
subjectively selecting sampling units, should be avoided at all costs.

Interspersion. One of the most important considerations in sampling is good interspersion of
sampling units throughout the area to be sampled (the target population). Although
Hurlbert (1984) uses the term “interspersion” to apply to the distribution of experimental
units in manipulative experiments, the term can also be applied to sampling units in observa-
tional studies. The basic goal is to have sampling units well interspersed throughout the area
of the target population. The practice of placing all the sampling units, whether they be
quadrats or points, along a single or even a few transects should be avoided. Arranging sam-
pling units in this manner results in poor interspersion of sampling units and the sample will
not adequately represent the target population. This is true even if the single transect or few
transects are randomly located.

Eight types of random sampling are discussed below and summarized in a table at the end of
this section.

1. Simple random sampling

A simple random sample is one that meets the following two criteria: (1) each combination
of a specified number of sampling units has the same probability of being selected; and (2)
the selection of any one sampling unit is in no way tied to the selection of any other
(McCall 1982). Two methods of simple random sampling are described below.

a. Simple random
coordinate method

Y-axis —

reject this
point
As shown in Figure 7.10, iy
random coordinates are
selected for each of two . .

. . i random
axes. The point at which '_Y-coordinate | point
these intersect specifies the | ittt ¢---
location of a sampling unit. I_ random :

. distances —p1
Coordinates that fall out '
of the target population
boundaries are rejected.

This method will work for *\'I\

square sampling units, such | origin

as those used to measure

X-coordinate

N

FIGURE 7.10. Locating points using the simple random coordinate method
(adapted from Chambers and Brown 1983). Although this
method will work to position points or square quadrats, the
grid-cell method is much better for locating long, narrow
quadrats or lines.
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frequency,' but it will not perform well when the sampling units are lines or long rectangles.
In the latter case, we have to decide in what direction from the randomly selected point we
will orient the lines or rectangles. One way of doing this is to select a random compass bear-

ing. There are three problems with this approach:

1. There is no unbiased way to deal with compass bearings that send a portion of a line or
rectangular quadrat outside the target population. You can either reject such bearings,
with the result that your sample will be biased toward the center of the population (i.e.,
you will be less likely to sample the edges of the population), or you can “reflect” the line
or quadrat from the population edge back into the population, in which case you bias
your sampling toward the edges of the population.

2. This technique introduces the probability of overlapping sampling units. If the sampling
units are lines, this is not a great problem, since lines represent an infinite population
regardless of their orientation. For quadrats, however, such overlap is highly undesirable,
because we will not be able to use the finite population correction factor discussed later
in this chapter.

3. You want transects and long, narrow quadrats to be oriented along any gradient such as
elevation or moisture to which the target plant population responds differently. This
incorporates most of the variability within the sampling units and minimizes the variabil-
ity between them. If we orient these sampling units using random compass bearings we
will end up with some sampling units oriented along the gradient, some oriented
perpendicular to the gradient, and some oriented in intermediate positions. This does
not make for an efficient design.

b. The grid-cell method

The grid-cell method eliminates the problems associated with the random coordinate
method and is one of the most efficient and convenient methods of randomly positioning
quadrats. The population area is overlaid with a conceptual grid (there is no need to actually
lay out tapes and strings to achieve this), where the grid cell size is equivalent to the size of
each sampling unit.

Consider the clumped-gradient population example introduced earlier. We've overlaid a grid
of 4m x 10m quadrats on this population (Figure 7.11).?If we want to sample ten 4m x 10m
quadrats from this population, we would first divide the population into 125 different 4m x
10m cells, as shown on Figure 7.11. Since we are sampling without replacement, 125 possible
quadrat positions (5 along the x-axis times 25 along the y-axis) are possible, none of which
overlap. Once one is sampled it will not be sampled again (at least not during the same
sampling period).

! Although such a random selection procedure is justified for frequency sampling, the time required to position 100
to 200 or more frequency quadrats makes this procedure impractical. Instead, some type of systematic approach is
usually used.

2The 4m quadrat width was chosen because it shows up well in diagrams. For most real-life sampling situations, 4m
is too wide (because it is too difficult to search for plants without disturbing the inside of the quadrat, and in other

respects this is often an inefficient width).
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One way to draw a CLUMPED—GRADIENT POPULATION WITH A 4m X 10m QUADRAT DESIGN
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beginning points for | s qeigrrmmbritit e e e p
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points for each 4m x R s e A O S ol
10m quadrat (at points g . -
0, 10, 20, 30, and 40). Mrssmnsnesesmen e o
Number each of these Az B F
points O to 4 according- . ‘ o
ly (in whole numbers). E prosesniseenes e -
Along the y axis there ks : : o
are 25 possible starting 3 S "
points for each quadrat 20 . ; r ................ ................ .
(at points O, 4, 8...96). = ey ' - . -
Number each of these T e pemssnasnnsen 1 —-E , S .. MR
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5 ' ol : ' ns
Now, using a random = e i SR e ¢
number table or a 0 3 R L R : ' C
random number genera_ LI I LI I TTTET | TTTT | TTTT i TTTT | LB I rTrd I Tt | TTTI
tor on a computer or 0 5 10 15 20 25 30 35 40 45 50
handheld calculator, FIGURE 7.11. The clumped-gradient population with a grid of 4m x 10m quadrats

overlaid on it. There are 125 possible quadrat locations for this size
and shape of quadrat.

choose at random 10
numbers from O to 4
for the x axis and 10
numbers from O to 24 for the y axis. (Directions on the use of random numbers tables and

random number generators are given in Appendix 4). At the end of this process we will have
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Ilfoaﬁalrsa‘i’rfg;’ggifé?tes' CLUMPED—GRADIENT POPULATION WITH A 4m X 25m QUADRAT DESIGN
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represent the O position FIGURE 7.12. The clumped-gradient population with a grid of 4m x 25m quadrats
and 5-9 the 25 position. overlaid on it. There are 50 possible quadrat locations for this size

Or, you could flip a and shape of quadrat.
coin, with heads
representing the 0 position and tails representing the 25 position.
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Now consider one last
example (Figure 7.13).
This time we decide to
sample using 2m x 50m

CLUMPED—GRADIENT POPULATION WITH A 2m X 50m QUADRAT DESIGN

100 oo g Doy o aBovnaBonauBonaalosnslocnslospslogpnyloresy

quadrats. In this case 25
drawing a random sam- E
ple is simplified because 907
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random locations along 85—
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simple random .
sampling 03
As its name suggests, 6 ]
simple random sampling 3
is the simplest kind of 60_:.
random sampling, and 3
the formulas used to o > +
calculate means and g 1
standard errors are easier | € ° 3
than with many of the ]
more complex types of 47
designs discussed below. .
Unless you are planning 4073
to use permanent 3 E :
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traveling between 0 5 10 15 20 25 30 35 40 45 50

locations can be consid- FIGURE 7.13. The clumped-gradient population with a grid of 2m x 50m quadrats

erable. Also, simply by overlaid on it. There are 50 possible quadrat locations for this size
Chance, some areas may and shape of quadr‘at,

be left unsampled. Figure
7.14 shows a simple random sample of 100 Im x 1m quadrats positioned within a 50m x 100m
macroplot. By chance, some large portions of the macroplot did not receive any sampling units.
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FIGURE 7.14. A simple random sample of 100 1m x 1m quadrats positioned within a 50m x 100m macroplot.
Simply by chance, some large portions of the macroplot did not receive any sampling units.

A recent study using computer-simulated sampling (Salzer, in prep.) found that both restrict-
ed random sampling and systematic sampling designs (these are described below) result in
more precise estimates than simple random sampling when sampling clumped distributions
(the most common situation in plant and vegetation sampling).

2. Stratified random sampling

Stratified random sampling involves dividing the population into two or more subgroups
(strata) prior to sampling. Strata are generally delineated in such a manner that the sampling
units within the same stratum are very similar, while the units between strata are very
different. Simple random samples are taken within each stratum.

a. Defining strata

Strata should be defined based on the response of the attribute you are estimating to habitat
characteristics that are unlikely to change over time. Examples of characteristics that might
be used to delineate strata are soil type, aspect, major vegetation type (e.g., forest or grass-
land), and soil moisture. You should avoid defining strata based on characteristics related to
the attribute you are estimating, since this is likely to change with time, leaving you stuck
with strata that are no longer meaningful. For example, if you are interested in estimating the
density of species X and you note that the east half of the target population is much more
densely populated than the west half, avoid basing your strata on this fact alone. If there is an
obvious habitat feature responsible for this difference, such as aspect, then base your strata
on this habitat feature. If there is no obvious reason for the difference you're probably better
off using a simple random sampling procedure, because you might find that your manage-
ment will result in more recruitment of species X into the west half of the target population,
leaving you with a stratified random sampling procedure that is less efficient than simple
random sampling.

Figure 7.15 shows a nature reserve with a valley running through it. A certain species of rare
plant will be counted in 15 quadrats. The top figure (A) shows a simple random sample,
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where, by chance, 10 of the
quadrats landed on the right A
plateau, three landed in the valley,
and only two on the left plateau.
The bottom figure (B) shows a
stratified random design where an
equal number of sampling units is
allocated to each of the three strata. n
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| |

g KSSNUN77938 777
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e
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b. Sampling within strata B

Sampling units do not have to be o
allocated in equal numbers to each o

stratum. In fact, one of the benefits left valley |
of stratified random sampling is e \
that—when the attribute of interest
responds differently to different
habitat features—you can increase
the efficiency of sampling over
simple random sampling by allo-

-

[
| O right

FIGURE 7.15. A diagram of a nature preserve with a valley running
through it, on which a plant species is to be monitored.
Fifteen quadrats are placed in the preserve. A. A
simple random sampling design is used. Simply by
chance the right plateau receives 10 quadrats, while the

cating different numbers of left plateau and valley receive only 2 and 3 quadrats,
sampling units to each stratum. respectively. B. The preserve is divided into three strata,
Sampling units can be allocated: and 5 quadrats are randomly located within each

pling q Y
(1) equally to each stratum; (2) in stratum. This is a stratified random sample. Adapted
proportion to the size of each from Usher (1991) with permission of Chapman and

stratum: (3) in proportion to the Hall, 115 Fifth Avenue, New York, NY.

number of target r
plants in each stratum;
or (4) in proportion
to the amount of
variability in each
stratum.

Figure 7.16 shows a
stratified random
sampling scheme used
in the National
Wetlands Inventory. A
sample of many plots,
each 4 mi*, was allo-
cated to three strata in
the state of North
Carolina. Notice how

the coastal stratum,
because it has more FIGURE 7.16. A stratified random sampling scheme. This example, from the
habitat variability and National Wetlands Inventory (Dahl and Johnson 1991), shows how a
sample of many plots, each 4 mi2, was allocated to three strata in the
State of North Carolina.

greater suspected
wetland density, is
sampled more intensively. This differential sampling intensity, with greater effort allocated to
strata with higher density and/or greater variability, is a common feature of stratified random
sampling.
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Refer to Appendix 9, reprinted from Platts et al. (1987), for the formulas necessary to calcu-
late statistics and sample sizes when using stratified random sampling. Other good references
include Cochran (1977), Krebs (1989), and Thompson (1992).

c. Advantages and disadvantages of stratified random sampling

The major advantage of stratified random sampling is an increase in the efficiency of popula-
tion estimation over simple random sampling when the attribute of interest responds very
differently to some clearly defined habitat features that can be treated as strata. The principal
disadvantage is the more complicated formulas
that must be used both to determine sample size
allocation to each stratum and to estimate means
and standard errors. Since we are taking a simple 10
random sample within each stratum, the i
possibility exists that, simply by chance, areas 45
within one or more strata may be left unsampled. ]
Additionally, each stratum should be somewhat .
homogeneous and cover a relatively small 404
geographical area; otherwise the method will be ]
less efficient than systematic and restricted i

random sampling. 35

50 1

3. Systematic sampling 1d
Systematic sampling is commonly used in sam- 30
pling vegetation. The regular placement of
quadrats along a transect is an example of sys- 10
tematic sampling. The starting point for the regu- .
lar placement is selected randomly. To illustrate,
let's say we decide to place ten 1m? quadrats at 17
S5m intervals along a 50m transect. We randomly
select a number between 0 and 4 to represent the 20
starting point for the first quadrat along the ]
transect and place the remaining nine quadrats at .
Sm intervals from this starting point. Thus, if we 15 -
randomly select the 2m mark for the first .
quadrat, the remaining quadrats will be placed at 1O
the 7,12,17,22,27,32,37,42, and 47m points .
along the transect. This is illustrated in Figure
7.17. The selection of the starting point for
systematic sampling must be random.

Systematic sampling is commonly used to facilitate
the positioning of quadrats for frequency sampling
and of points for cover estimation. Using this 04
approach, a baseline is laid across the population FGURE 7.17. A systematic sample of ten Tm x 1m
to be sampled, either through its center or along quadrats along a 50m transect. The
one side of it. Transects are run perpendicular to 2m mark is randomly selected to be
the baseline beginning at randomly selected the beginning point within the first
points along the baseline (if the baseline runs 5m segment. The remaining quadrats

through the middle of the population, transects are then placed at Sm intervals after
that (at 7m, 12m...47m).
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are run in either of two directions; the direction for each one can be randomly determined
by tossing a coin). Quadrats or points are then systematically positioned along each transect.
The starting point for the first quadrat or point along each transect is selected randomly.

Figure 7.18 shows a 50m x 100m macroplot sampled by 100 1m?’ frequency quadrats, with a
100m baseline along the southern edge. The quadrats are aligned along transects. In this
example both the transects and the quadrats were systematically positioned with a random
start. In the case of the transects, a random number between 0 and 9 was selected. That
number was 1. The first transect therefore began at the 1m mark along the baseline, with
subsequent transects beginning at 11m, 21m, up to 91m. In the case of the quadrats, a ran-
dom number between 0 and 4 was chosen for each transect, the first quadrat positioned at
that point, and subsequent quadrats placed at increments of 5m from the first quadrat. Thus,
for transect number 1 the first quadrat was located at the 3m mark, with subsequent
quadrats located at the 8m, 13m...48m marks. This design ensures good interspersion of
sampling units throughout the sampled population.

50
45
40
35
30
25
20
15

10
5
0

00 oo oo o oo o
1 0 oo ooo o oo
OO0 Ooooooaoaoao
00 oooooaoaoao
00 0OO0DODOOOTOOTQ ogao

u

O0o oo ooooao o
0o ooooooaoao
O0o oo ooooao o
N 0 oo ooo oo o

O O OO0 OO o o o o

0

N
o
)
o
w
o
N
o
[
o
o
o
~
o
')
o
0
o

100

FIGURE 7.18. A 50m x 100m macroplot, sampled by 100 1m x 1m frequency quadrats. The quadrats are
aligned along transects. Both the transects and the quadrats are systematically positioned with a
random start. A random starting point is selected for the transects along the baseline, while
separate random starting points are selected for the quadrats along each transect.

a. Analysis considerations

There are two different ways you can analyze the data from a design like that shown in
Figure 7.18. You can treat the sample as if the quadrats had been selected as a simple ran-
dom sample or you can calculate separate percent frequency values for each transect and
then treat the transect as the sampling unit. Let’s consider the implications of each of these
types of analyses.

(1) Quadrats or points as the sampling units

Strictly speaking, systematic sampling is analogous to simple random sampling only when
the population being sampled is in random order (see, for example, Williams 1978). Many
natural populations of both plants and animals exhibit a clumped spatial distribution pat-
tern. This means that nearby units tend to be similar to (correlated with) each other. If, in a
systematic sample, the sampling units are spaced far enough apart to reduce this correla-
tion, the systematic sample will tend to furnish a better mean and smaller standard error
than is the case with a random sample, because with a random sample one is more likely to
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end up with at least some sampling units close together (see Milne 1959; discussion of
sampling an ordered population in Schaeffer et al. 1979).

Milne (1959) analyzed data taken I I I I
from random and systematic samples I : I : I : I
of 50 totally enumerated biological [:] I:||:I [:] [:]
populations and found there was no : I : I : I
error introduced by assuming that a | ! Il ;
centric systematic sample is a simple I : : I :

random sample and using all the m m |'{| m

|

appropriate formulas from random : : :
Samphng theory (Krebs 1989228) ........ N T | S S Joeeenens

Milne's (1959) conclusion was that ' : : ' : '
"with proper caution, one will not go |_{| m |_{| |}_|
very far wrong, if wrong at all, in treat- I ' ' I : I
ing the centric systematic area-sample ' ' '
as if it were random." Note, however, | : | [ ;
that Milne compared random samples I.J|] LJI]

| |

| |

to centric systematic samples, illustrated
in Figure 7.19. The units of a centric
systematic sample lie on equidistant I i
parallel lines (these can be thought of | : |
as transects) arranged in a manner such [F : [:]
[ : [
L L

that, in effect, the area is divided into
equal squares (see dotted lines) and a
sampling unit taken from each square. FIGURE 7.19. A centric systematic sample (adapted from

Thus, the sampling units are spaced a Milne 1959). Small squares are sampling units,

considerable distance apart. dashed lines are transects, and dotted lines
show how the sampling units fall in the center

of each subunit of area.

This spacing of sampling units (e.g.,
quadrats) is needed if one is to treat a systematic sample as if it were random. Indeed, the
contiguous placement of quadrats along a transect or the separation of such quadrats by
small distances (e.g., one "pace"), practically ensures that adjacent sampling units will be
correlated. This will result in an underestimation of the standard error and questionable
results. Certainly Milne's conclusion cannot be applied in this instance. The issue of how
far apart to systematically place sampling units is discussed in detail in Section b, below.

(2) Transects of points or quadrats as the sampling units

For frequency or point cover data, you often want to treat the quadrats or points as the
sampling units rather than the transects along which these quadrats or points are located.
Estimates will be more precise and significance tests more powerful because of the larger
sample sizes realized by using quadrats or points rather than transects as the sampling
units. There are at least two situations, however, in which you might want to treat the
transects as the sampling units. The first of these is when the quadrats or points are not far
enough apart to be considered independent. This is more likely to be a problem in already
established studies, where quadrats were placed contiguously or a very short distance
apart. Hopefully, you will design new studies in such a manner that the quadrats are spaced
far enough apart to achieve independence (how far is “far enough” is discussed in Section b,

below).
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The second situation in which you might want to treat the transects as the sampling units
when systematically sampling frequency quadrats or cover points is when the transects are
permanent. If you take care to permanently mark, not just the ends of the transect, but
intermediate points as well, and to stretch the tape to approximately the same tension at
each time of measurement (steel tapes with tensioners can be used to ensure this), you can
still treat the quadrats or points as the sampling units (Chapter 8 discusses this in more
detail). If, however, you have reason to believe that the average values per transect are more
correlated between years then are the quadrat or point values, you may choose to analyze
the transects rather than the quadrats or points as the sampling units.

b. Spacing of sampling units along a transect

When arranging sampling units (quadrats or points) along transects, a key question is how far
apart they need to be in order to be considered independent. If the quadrats or points are far
enough apart that they can be considered independent, we have the benefit of increasing our
sample size dramatically (because the point or plot is the sampling unit instead of the

transect) while keeping the field efficiency of locating sampling units rapidly along a transect.

Independence means that the sampling units are not correlated. For example, if quadrats are
not correlated, high mortality in Quadrat A does not necessarily mean there will be high
mortality in Quadrat B, at least not because of its proximity to Quadrat A. However, when-
ever quadrats are located fairly close together they will often respond similarly. For example,
if Quadrats A and B are close enough together that they are both in a canopy gap caused by
a fallen tree, they will likely change similarly. If your design has quadrats located closely
along a transect, each plot is in close proximity to two others, and changes in each plot will
probably be correlated with two others (or more). In simple random sampling, there will
always be some quadrats located close together simply by chance. The difference is that this
correlation only affects some of the quadrats, and the degree of correlation fluctuates
randomly with the spatial location of the randomly placed plots.

Determining how far apart to place sampling units along a transect in order for them to be
considered independent can be difficult. It is easier to define what is not far enough apart.
Clearly, quadrats that are positioned contiguous to one another along a transect are not far
enough apart to be considered independent. The same can be said of quadrats or points that
are spaced so close together they may fall on the same individual plant. But what should the
minimum spacing be? Some factors to consider are the average size of gaps (especially in
forests), the average size of individual plants, the size of areas of clones, and the size and
distribution of microsites. In general, sampling units should be far enough apart that they do
not fall into the same microsite, gap, or clone. This, however, is scale dependent. If you are
sampling an area that only covers a typical gap, your plots by necessity will all fall within
that gap.

Probably the best way to determine spacing of sampling units along transects is to consider
the degree of interspersion of your design. The concept of interspersion was introduced at
the beginning of Section E of this chapter. The goal is to have sampling units as well inter-
spersed throughout the area of the target population as possible. Once you have delineated
the area you intend to sample, strive for a design in which the spacing between transects is
about the same as the spacing between sampling units. If you do this, it is likely that the
issue of independence will take care of itself.
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c. Systematic sampling of biomass and cover when ocularly estimated in quadrats

An important use of systematic sampling is to estimate biomass and cover when cover is
visually estimated in quadrats. We've already noted that from the standpoint of statistical
precision we are better off with long, narrow quadrats when estimating density, biomass, or
cover. We've also noted the impracticality of using long, narrow quadrats for anything but
density. A good compromise for biomass and cover is to place square (or small rectangular)
quadrats systematically (with a random start) along transects and to treat the transects as the
sampling units. Thus, we are able to clip plots or estimate cover efficiently in the quadrats,
while at the same time crossing the variability in the population, making for more precise
estimates of means. For analysis, we would take the mean of the quadrat values for each
transect and use this set of transect means as our sample.

d. Relationship of systematic sampling to two-stage sampling

When we use transects as the sampling units, whether for frequency quadrats, cover points,
biomass quadrats, or cover quadrats, we are really conducting two-stage sampling. The tran-
sects are the primary sampling units, and the quadrats or points are the secondary sampling
units. There are standard deviations associated with both the primary sample of transects and
the secondary sample of quadrats or points. Two-stage designs take into account both sets of
standard deviations. The result is a much more complex set of equations that standard statis-
tical programs will not calculate. Although we could subject these data to the more complex
formulas of two-stage sampling, there is no need to do so. Cochran (1977:279) points out
that we can ignore the standard deviation of the secondary sample as long as we do not use
the finite population correction factor in our analysis. We can simply use the mean of each
transect’s collection of quadrats as our unbiased estimate of the transect value. We then treat
the collection of transect values as a simple random sample. This allows us to use standard
statistical computer programs to perform our analysis.

e. Advantages and disadvantages of systematic sampling

One of the principal advantages of systematic sampling is the fact that it enables the investi-
gator to sample evenly across a whole area. This results in good interspersion of sampling
units throughout the area containing the target population. Systematic sampling is more
efficient than simple random sampling, particularly if the area being sampled is large,
because of decreased setup and travel time.

Systematic sampling is undesirable if the pattern of the sampling units intersects some
pattern in the environment (e.g., dune ridges and slacks; Goldsmith et al. 1986). If some
periodic pattern does exist, the data analysis will not reveal this, and your estimates, particularly
of standard errors, will be wrong. Although this type of periodic pattern is rare in nature, it is
a possibility you should be alert to.

Another advantage of systematic sampling is that it enables us to use square quadrats to
accurately estimate cover and biomass, while taking advantage of the benefits of lines in
crossing the variability inherent in the population. By treating the transects as the sampling
units we get the best of both worlds.

For density estimation, Salzer (in prep.) has shown through Monte Carlo simulations that
systematic designs outperform simple random sampling in terms of precision when sampling
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clumped populations. Be aware, however, that systematic sampling for density estimation can
lead to questionable results if the sampling design creates a situation where there are only a
small number of potential samples. For example, consider the macroplot shown in Figure
7.20. Ten 1m x 50m quadrats are systematically positioned in the macroplot with a random
starting point at the 2m position on the x-axis, and the quadrats spaced at 10m intervals after
that. In this case, since the position of all quadrats is fixed once the first quadrat is positioned,
there are only 10 possible samples to draw from, depending on which of the 10 possible
starting points is randomly selected in the first 10m segment of the population (0, 1, 2, 3, 4,
5,6,7,8, or 9). The sampling distribution (distribution of all possible sample mean values)
for this sampling design might resemble a uniform (flat) distribution instead of the smooth,
bell-shaped curve of the normal distribution, because there are only 10 different sample
means possible. This can lead to inaccurate measurements. The next type of sampling design,
restricted random sampling, solves this problem. Except for this somewhat uncommon
situation, however, systematic sampling is preferred over restricted random sampling.’
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FIGURE 7.20. A systematic sample of 10 Tm x 50m quadrats in a 50m x 100m macroplot. Note that there
are only 10 possible samples, corresponding to which of the 10 possible starting points in the first
10m segment of the baseline (x-axis). In this case, the sample started at the 2m mark.

4. Restricted random sampling

a. Description

In restricted random sampling, you determine the number of sampling units, n, you will need
to meet your monitoring objective (sample size determination is discussed in Section G,
below), then divide your population into n equal-sized segments. Within each of these
segments, a single sampling unit is randomly positioned. The sample of n sampling units is
then analyzed as if it were a simple random sample.

Figure 7.21 is an example of a restricted random sampling procedure. This is the same 50m x
100m macroplot as we used in our discussion of systematic sampling. In this case, however,
we divide the x-axis into ten 10m segments. Within each of these segments we randomly
select a single quadrat location. This gives us 10 possible random locations within every 10m

*If there are 25-30 or more possible samples, there is no problem in using systematic sampling.
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FIGURE 7.21. A restricted random sample of 10 1m x 50m quadrats in a 50m x 100m macroplot. One
quadrat is randomly positioned within each 10m segment of the baseline (x-axis).

segment of the x-axis. Every quadrat location in the macroplot still has an equal probability
of selection. The same technique can also be applied to the y-axis if there is more than one
possible quadrat position along that axis.

The restricted random sampling procedure can also be used when the sampling unit is a line
instead of a quadrat. Divide the population into equal-sized segments and allocate a single
line to each segment.

If percent cover is being measured using the point-intercept sampling method in which
points are arranged along lines, then you may want to use a combination of the restricted
and systematic designs. If, for example, you decide to run 10 transects, each with 50 points,
perpendicular in one direction from a baseline, you could divide the baseline into 10 equal
segments, randomly locate beginning points for each transect within each of these 10 seg-
ments, and then systematically space the points along each transect (like Figure 7.21, except
with points systematically positioned along one edge of each quadrat).

Restricted random sampling is similar to both stratified random and systematic sampling. It is
similar to stratified random sampling in that we have effectively stratified our macroplot into
10 strata. But, unlike stratified random sampling, the strata are arbitrary and we take only
one sampling unit in each stratum. Like systematic sampling, we divide our population into
equal sized segments. With systematic sampling, however, only the first sampling unit is
randomly determined; all the others are spaced at equal intervals from the first.

b. Advantages and disadvantages of restricted random sampling

Like systematic sampling, restricted random sampling results in very good interspersion of
sampling units throughout the target population. Furthermore, Salzer (in prep.) has shown
through simulation studies that restricted random sampling results in more precise estimates
of density than simple random sampling. He has also demonstrated the procedure to be more
robust than systematic sampling when the number of possible systematic samples are few,
because with restricted random sampling designs you don’t constrain the number of poten-
tial samples you can draw from. The principal disadvantage of restricted random sampling is
that you can, purely by chance, end up with sampling units positioned side-by-side. This can
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leave larger portions of the sample area unsampled than is the case with a systematic design.
When the number of potential systematic samples is large enough (more than 25-30), you
are probably better off choosing a systematic sample. Otherwise, use the restricted random
design.

5. Cluster sampling

a. Description

Cluster sampling should not be confused with cluster analysis, a technique used in classifica-
tion and taxonomy. Cluster sampling is a method of selecting a sample when it is difficult or
impossible to take a random sample of the individual elements of interest. With cluster sam-
pling, we identify groups or clusters of elements and take a random sample of these clusters.
We then measure every element within each of the randomly selected clusters.

In rare plant monitoring cluster sampling is most often used when the objective is to estimate
something about individual plants, such as the mean height of each plant or the mean
number of flowers per plant. For example, you may want to track the average height of plant
X in population Y. There are too many plants in the population to make measuring all of
them feasible. Five quadrats are randomly placed in the population and the heights of all
plants within these quadrats are measured (Figure 7.22).

b. Advantages and disadvantages of cluster sampling

The advantage of cluster sampling is that it is often less costly to sample a collection of ele-
ments in a cluster than to sample an equal number of elements selected at random from the
population (Thompson 1992). It is most efficient when different clusters are similar to each
other and incorporate much variability within. Because plants near each other tend to be
similar, this condition will not be realized with square clusters (Thompson 1992). Therefore,
just as with simple random sampling for density estimation, cluster sampling using long, nar-
row quadrats to delineate clusters will be more efficient than using square quadrats. Cluster
sampling and two-stage sampling are the only two efficient designs that can be used to
sample individual plant characteristics. A disadvantage is that all elements within each cluster
must be measured. If the clusters contain large numbers of the element of interest, two-stage
sampling, described below, will be more efficient. Another disadvantage is that it is difficult
to figure out how many clusters should be sampled versus how large each cluster should be.
Additional disadvantages are the more complex calculations required and the fact that statis-
tical software packages do not include these calculations. See Platts et al. (1987), reprinted in
Appendix 9, for the formulas needed to analyze cluster sampling data.

6. Two-stage sampling

Two-stage sampling is similar to cluster sampling in that we identify groups of elements
about which we wish to make inferences. We then take a random sample of these groups.
However, instead of measuring every element in each group as we would if doing cluster
sampling, we take a second sample of elements within each group. The groups sampled are
called primary sampling units while the elements sampled are called secondary sampling units.
The secondary sampling units can be either a simple random sample of elements or a
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FIGURE 7.22. An example of cluster sampling to estimate the mean height of plants in a
population. Five quadrats are randomly placed in the population and the
heights of all plants within these quadrats are measured.

systematic sample of elements. Figure 7.23 shows a two-stage sampling design. Like cluster
sampling, the main use of two-stage sampling is to estimate some value associated with
individual plants.

a. Examples

For example, to estimate the number of flowers per plant produced by species X, we might
randomly locate a sample of quadrats in the target population. Within each quadrat we then
take a random sample of plants and count the number of flowers on each plant selected. The
quadrats are the primary sampling units and the plants are the secondary sampling units.

Another example of two-stage sampling involves macroplots and quadrats. You are interested
in the mean density of plants/quadrat, and you want to be able to make statistical inferences
to a large area. The area is relatively homogeneous, with no logical basis of stratification.
Seven 50m x 100m macroplots (primary sampling units) are randomly distributed through-
out the population, and fifteen 0.20m x 25m quadrats (secondary sampling units) are
randomly sampled within each macroplot.
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Both these examples involve
simple random sampling at
both stages. Either or both
of the stages may involve
different types of sampling.
A common type of two-
stage sampling involves
simple random sampling at
the primary stage and sys-
tematic sampling at the sec-
ond stage. We have already
seen examples of this: when
quadrats or points (secondary
sampling units) are system-
atically located (with a
random start) along transects,
and the transects (primary
sampling units) are run
from randomly selected
points along a baseline. Of
course, the transects could
be positioned using another
type of design such as
restricted random sampling N L N
or systematic sampling. The 40 3 '&‘"\ ’ \'.'.;..
point is that the two stages o
can involve different
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covered in more detail - -
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(discussed above). In this
situation we usually treat
the data as if they came
from a one-stage sampling
design. We simply use the
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treat the collection of
transect values as a simple
random sample. This allows
us to use standard statistical

FIGURE 7.23. Two-stage sampling to estimate the number of flowers per plant
on a particular species of plant. Five 4m x 50m quadrats (primary
sampling units) are randomly located in the sampled population

computer programs to and three Tm x 25m quadrats (secondary sampling units) are

perform our analysis. randomly located within each of the five larger quadrats. The
number of flowers per plant is counted within all of the selected

Tm x 25m quadrats.
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b. Advantages and disadvantages of two-stage sampling

The practical advantage of two-stage sampling, compared to a simple random sample of the
same number of secondary units, is that is often easier or less expensive to observe many sec-
ondary units in a group than to observe the same number of secondary units randomly
spread over the population (Thompson 1992). Travel costs are therefore reduced with two-
stage sampling. Two-stage and cluster sampling designs are the only two efficient designs that
can be used to sample individual plant characteristics.

Because sampling occurs at both stages, there are standard deviations associated with esti-
mates of the values at both stages (unlike cluster sampling which has no standard deviation
associated with the values measured at the second stage). This results in more complicated
formulas in arriving at estimates of values and standard errors (although the standard devia-
tion of the secondary sample can be ignored as long as the finite population correction is not
applied to the standard error of the primary sample—see Cochran 1977). Refer to Platts et
al. (1987), reprinted in Appendix 9, for formulas for calculating means and standard errors
from two-stage sampling. More detailed discussions can be found in Cochran (1977:279),
Krebs (1989), and Thompson (1992).

7. Double sampling

Double sampling, sometimes called two-phase sampling, involves the estimation of two vari-
ables. Because one of these variables, the variable of interest, is difficult and expensive to
measure, it is measured in only a relatively small number of sampling units. In order to
improve the rather poor precision of the estimate that normally results from a small sample,
an auxiliary variable that is much easier to measure is estimated in a much larger number of
sampling units. Often, but not always, the variable of interest is measured in a subsample of
the sample of units in which the auxiliary variable is measured.

a. Examples

The idea of double sampling will become clearer with examples. The technique is often used
in estimating aboveground biomass in rangelands. Because it is slow and expensive to clip,
dry, and weigh biomass in many sampling units, observers train themselves to visually estimate
biomass. Once trained, the observers randomly locate quadrats within a target population
and visually estimate the biomass in all the quadrats. For example, 100 quadrats are so esti-
mated. Then, in a subsample of these quadrats, say 10, the visual estimates are made as in
the other quadrats, but after these estimates are recorded, the aboveground biomass is
clipped, dried, and weighed. Thus, for these 10 quadrats we have two estimates of biomass,
one from the visual estimate, the other from the actual weighing of the clipped biomass.

In forest surveys to estimate the volume of trees in a stand, visual estimates of volume by
trained observers can rather easily be obtained from a large sample of standing trees, while
accurate volume measurements that require felling are limited to a small subsample of trees
(Thompson 1992).

In both these cases, the subsample on which the variable of interest is actually measured is
more accurate. But the precision of the estimate can be greatly improved by considering the
measurements on the auxiliary variable. The improvement in precision depends upon how
well the auxiliary variable correlates with the variable of interest. In the two examples given
above, this relates to how well the trained observers actually estimate biomass or tree volume.
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b. Advantages and disadvantages of double sampling

If the auxiliary variable is relatively quick to be measured and is highly correlated with the
variable of interest, double sampling is much more efficient in estimating variables that are
difficult to measure than directly measuring the variable. A disadvantage is that the formulas
for data analysis and sample size determination are much more complicated than formulas
for simple random sampling. Refer to Cochran (1977) or Thompson (1992) for the formulas
needed to analyze double-sampling data.

8. Taking a simple random sample of individual plants

Let’s say we want to estimate something about a population of individual plants, such as
their mean height or the mean number of flowers per plant, and the population is too large
to measure this variable on every single plant in the population. Easy, you say; let’s just take a
simple random sample of plants, measure the variable on the sample, and calculate the mean
and standard error for the sample. We can then construct a confidence interval around the
estimate at whatever confidence level we choose (e.g., a 95% confidence interval). Although
it might seem logical to take a simple random sample of plants, for most plant populations
this is not feasible.

a. Sampling the nearest plant to a random point—an incorrect method

One way that is often—and incorrectly—used is to select a random sample of points in the
population and to take the nearest plant to each of these points. Unfortunately, this works
only if the population of plants is randomly distributed, a condition rarely met by plant pop-
ulations. If, as is typically the case, the population of plants occurs in clumps, this technique
most decidedly will not result in a simple random

sample of plants. Consider Figure 7.24, which ° 00 000 00 0 0
shows the distribution of individuals of a hypo- —————T—T—T—T—T—
thetical plant species along a 10m transect. Note 012345678910

that 9 of the 10 individuals are clumped in the meters

last 3 meters of the transect, while a single FIGURE 7.24. Distribution of individuals of plant
individual occurs at the 3m mark. A randomly species X along a 10-meter transect.

A randomly positioned point on the
transect will be far more likely to be
closest to the individual at the 3m
mark than to any of the other plants.

positioned point along this transect would have
about a 50% probability of being closest to this
isolated individual and about a 20% chance of
being closest to the individual at the 7m mark.
The probability of the point lying closest to any of the other eight individuals is much less.
Thus, in a clumped population of plants, a “random” sample of individuals chosen by taking
the individuals closest to randomly located points will be biased toward those individuals that
are isolated from the majority of the population. These individuals may either be much larger
than the majority of plants in the population because of reduced intraspecific competition or
much smaller because they occupy suboptimal habitat. Let’s say we're interested in estimat-
ing the mean height of such a population. By biasing our estimate toward the isolated plants
in the population we may greatly under- or overestimate the mean height of the population.
The same is true for any other attribute associated with individual plants that we may wish
to estimate. Number of fruits per plant is one of many examples. Obviously, for populations
of plants that follow a clumped distribution—which is by far the majority of populations—
such a sample of plants cannot be used to adequately characterize the population.
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b. Complete enumeration method

How, then, can you take a random sample of individual plants? One way is to completely
enumerate every plant in the population by, for example, mapping every plant and number-
ing each one from 1 to n. A simple random sample could then be taken by drawing random
numbers between 1 and n. This, of course, would be extremely time-consuming except for
small populations, in which case you might be able to measure the attribute on every plant in
less time and not have to sample at all. For example, if you are interested in mean height of
plants, you could simply measure the height of every plant in the population. If, however,
you need to estimate the mean number of flowers per plant and each plant has several hun-
dred flowers, this method might make some sense, although for most practical purposes it is
far too time-consuming.

c. Systematic random sample method

Another possibility is to take a systematic random sample of plants. With this method you
gather information from every nth plant in the population. This method will work if you are
planning to conduct a complete census of the population, but you are also interested in esti-
mating some attribute from a subset of the plants (e.g., number of flowers/plant). Before you
start you need an estimate of the following two types of information: (1) the approximate
size of the population, and (2) the approximate number of individual plants you will need to
sample (calculated as a proportion of the total population size). Based on your estimate of
total population size and your sample size calculations from pilot sampling, you decide to
count the number of flowers on every 10th plant encountered. You choose a random number
between 1 and 10. Say the number is 4. Then, starting at one edge of your population you
systematically count the plants. You place a pin flag next to plant number 4, another next to
plant number 14, and so on until you've counted all the plants. You can then come back and
count the flowers on the flagged plants. This sample can properly be analyzed as a simple
random sample.

d. Probability proportional to area method

Neither complete enumeration or systematic random sampling is practical in most plant pop-
ulation sampling situations if the objective is to take a random sample of individual plants.
One additional possibility will be mentioned for the sake of completeness; it, too, is largely
impractical in most situations. This method involves taking a sample of plants by including in
the sample those plants closest to randomly positioned points. Instead of (incorrectly) treat-
ing this as a simple random sample, however, we take into account the fact that the probabil-
ity of selecting these plants is unequal. Figure 7.25, from Stehman and Overton (1994),
shows the spatial distribution of a population (triangles). Around the triangles are polygons
of different size and shape. The polygons are called Thiessen polygons. A random point
placed in one of these polygons is closer to the triangle within the polygon than to any other
triangle. A procedure that selects the closest object to a random point will select objects with
probability proportional to the area of the object’s Thiessen polygon (Stehman and Overton
1994). Formulas are available to calculate means and standard errors when conducting this
kind of sampling, which is called probability proportional to size sampling (see, for example,
Thompson 1992). Unfortunately, this requires more information regarding the distribution of
the plant population than we are likely to have without completely enumerating the popula-
tion. Because of this, and because of the rather complicated formulas necessary for calculating
statistics, the method is not discussed further here. It may, however, be suitable for sampling
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large, mature plants such as trees and
shrubs, where aerial photography is
available to construct Thiessen
polygons around individual plants.

e. The most practical approach
to estimating attributes of
individual plants

Because of the difficulties involved in
selecting a random sample of plants,
cluster sampling or two-stage sampling
designs are usually employed instead.
As we have seen, these designs

involve using quadrats as primary FIGURE 7.25. Thiessen polygon for selecting the nearest object to
sampling units, with individual plants a random point (from Stehman and Overton 1994).
as elements (in cluster sampling) or The Thiessen polygon encloses the region
secondary sampling units (in two surrounding an object (triangle symbol) in which

any point is closer to that object than to any other
object. A sampling procedure selecting the closest

. object to a random point will select objects with
9. Summary of the different probability proportional to the area of the object's

types of random sam plmg Thiessen polygon. Reprinted from G.P. Patil and

. C.R. Rao, Envi tal Statistics, 269, 1994,
Table 7.2 reviews the uses of the ran- (T 1180, EVITonMENtal Statistics, page
with kind permission from Elsevier Science - NL,

dom sampling designs discussed above Sara Burgerhartstraat 25, 1055 KV Amsterdam,
and summarizes the advantages and The Netherlands.
disadvantages of each design.

stage sampling).

Table 7.2. Summary of random sampling types.

Sampling Recommended Uses Advantages Disadvantages

Type

Simple Useful in relatively small The formulas necessary to By chance, some areas within the target

Random geographic areas with analyze data are the population may be left unsampled. The

Sampling homogeneous habitat, simplest of all sampling travel time is considerable when the
when the number of types. sampling area and/or sample size is
sampling units is not likely large. Restricted random sampling and
to be large. systematic random sampling outperform

simple random sampling when
populations have a clumped distribution.

Stratified Useful when the attribute of interest Results in more efficient The mathematical formulas required for

Random responds very differently to some population estimates than analysis are more complex than those

Sampling clearly defined habitat features. simple random sampling used for simple random sampling. When
Since it involves taking a simple random  when the attribute the geographic area within any stratum
sample within each stratum, each measured varies with is large and /or the number of sampling
stratum should consist of a relatively clearly defined habitat units is likely to be large, then one of
small geographic area with features. the other types of sampling listed below
homogenous habitat, and the number will be more efficient. By chance, some
of sampling units in each stratum areas within each stratum may be left
should not be too large. unsampled.

Systematic Useful for any sampling situation, When the conditions given in the cell In the uncommon event that the

Sampling as long as the first sampling unit is to the left are met, this is the best type ~ number of possible samples is limited
selected randomly and the sampling of sampling design to use. There is better to fewer than about 25-30 (see text),
units are far enough apart to be interspersion of sampling units than systematic sampling may lead to
considered independent. Can also with simple random sampling. The questionable results; in this situation
be used as part of cluster and two-stage  data can be gathered much more you should use restricted random
sampling designs. efficiently than with simple random sampling.

sampling and still be analyzed using the
formulas for simple random sampling.
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Sampling Recommended Uses Advantages Disadvantages
Type
Restricted Although more useful than simple Like systematic sampling, restricted This design is not as efficient as
Random random sampling in most situations, random sampling results in better systematic sampling when the number
Sampling restricted random sampling should be interspersion of sampling units than of potential samples is greater than
used only when the number of with simple random sampling. If the 25-30.
potential samples is fewer than number of potential samples is less
25-30. Otherwise, systematic than 25-30, restricted random
sampling is the better choice. sampling is better than systematic
sampling. The data can be analyzed
using the formulas for simple random
sampling.
Cluster Cluster sampling is used to select a It is often less costly to All the elements within each cluster
Sampling sample when it is difficult or sample a collection of elements must be measured. If the clusters
impossible to take a random sample in a cluster than to sample an contain large numbers of the element of
of the individual elements of interest. equal number of elements interest, two-stage sampling is more
A cluster of elements is identified selected at random from efficient. Other disadvantages include
and a random sample (usually using the population. Except in rare the difficulty in determining how many
systematic sampling) is taken of the situations, it is not practical to clusters should be sampled versus how
clusters. Every element within each take a random sample of large each cluster should be, the more
cluster is then measured. In plant individual plants. Instead, the complex calculations required for
population monitoring, cluster sampling  attribute of interest is analysis, and the fact that most statistical
is most often used to estimate measured on every plant software packages do not include
something about individual plants (e.g., in a sample of quadrats these calculations.
mean height, number of flowers/ (which function as the clusters).
plant). In this situation, quadrats
are the clusters.
Two-stage Similar to cluster sampling in Same advantages as There are standard deviations
Sampling identifying groups of elements cluster sampling. The associated with both stages of
(such as plants) and taking a two types are the only sampling (unlike cluster sampling
random sample (usually using efficient means of which has no standard deviation
systematic sampling) of these estimating some attribute associated with the values
groups. In two-stage sampling, associated with individual measured at the second stage).
however, a second sample of plants. When the number This results in more complicated
elements is taken within each of plants in each group formulas in arriving at estimates
group. Like cluster sampling, the (quadrat) is large, two- of values and standard errors
main use of two-stage sampling stage sampling is more (although the standard deviation
is to estimate some value efficient than cluster of the secondary sample can be
associated with individual plants. sampling. ignored as long as the finite
population correction factor is not
applied to the standard error of
the primary sample).
Double Useful when the variable of If the auxiliary variable is The formulas for data
sampling interest (e.g., actual measurements relatively quick to be analysis and sample size
of biomass) is difficult to measure, measured and is highly determination are much
but is correlated with an auxiliary correlated with the more complicated than for
variable (e.g., ocular estimates of variable of interest, simple random sampling,
biomass) which is more easily double sampling is much and most statistical software
measurable. The second variable more efficient in programs do not include the
is measured in a large number of estimating a variable that necessary calculations.
sampling units, while the first is difficult to measure
variable is measured in only a than directly measuring
subset of the sampling units. The the variable.
samples are often taken using
systematic sampling.
Taking a This can only be accomplished in In those few situations where it It is not practical to take a
random rare situations. When the objective is possible to take a random simple random sample of
sample of is to measure something on sample of individual plants, the individual plants in most
individual individual plants, it is best to use calculations necessary for analysis monitoring situations.
plants either cluster or two-stage sampling. are simpler than those for either

See text for further information.

cluster or two-stage sampling.
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F. Should Sampling Units Be Permanent or Temporary?

A critical decision in sampling is whether to make your sampling units temporary or permanent.
When sampling units are temporary, the random sampling procedure is carried out independently
at each sampling period. For example, your sampling objective involves detecting change in den-
sity over time of a plant species in a 50m x 100m macroplot. In the first year of sampling you
place twenty-five 0.5m x 25m quadrats within the macroplot by randomly selecting 25 unique
sets of coordinates and counting the number of plants in each quadrat. In the second year of
sampling, you place another twenty-five 0.5m x 25m quadrats by randomly selecting a new set
of coordinates and counting the number of plants in each quadrat. The sampling units (quadrats)
in this example are temporary and the two samples are independent of each other.

Using the same sampling objective, you could decide to use permanent quadrats. In the first year
of sampling you randomly place the 25 quadrats as described above and count the number of
plants in each quadrat. This time, however, you permanently mark the locations of the 25
quadrats. In the second year of sampling, you count the number of plants in the same quadrats.
In this example the sampling units are permanent and the two samples are dependent.

1. For many sampling situations permanent sampling units far outperform
temporary sampling units
The principal advantage of using permanent instead of temporary sampling units is that for
many plant species the statistical tests for detecting change from one time period to the next
in permanent sampling units are much more powerful than the tests used on temporary sam-

pling units. This advantage translates into a reduction in the number of sampling units that
need to be sampled to detect a certain magnitude of change.

a. Examples

To see why this is so, let’s consider the process used in comparing the samples between two
time periods when using permanent quadrats. If we were using temporary quadrats, we
would calculate separate means and standard errors for the two samples and compare these
using a statistical test (such as a t test) for independent samples. With permanent quadrats,
however, we calculate only one mean and one standard error. This requires some explanation.
Each quadrat at time 1 is paired with the same quadrat at time 2. The data from which we
calculate the mean and standard error consists of the set of differences between each of the
quadrats at time 1 and its corresponding quadrat at time 2. For example, we randomly
position five permanent quadrats in a population and count the number of plants in each
quadrat in 1993 and again in 1994 (Figure 7.26). Data from these permanent quadrats yield
the values in Table 7.3.

quadrat number of number of | difference between

Note that the permanent number | plants in 1993 | plantsin 1994 | 1993 and 1994
quadrats are extremely

: . 1 5 5 0
effective at detecting the n - : 5
lack of change from year to
year (because the difference 3 5 5 0
between 1993 and 1994 4 6 6 0
was zero in every quadrat, 5 3 3 0
there is no variation mean difference 0
between sampling units

g tandard 0

and the standard error is Srandare erer

TABLE 7.3 Density data taken from the permanent quadrats in Figure 7.26.
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actually 0). Had
temporary
quadrats been
used in both years
it is quite likely
that the estimates
for each year
would have been
different just
because of chance.
For this reason
more temporary
sampling units
(perhaps many
more) would have
been required to
reach the same
conclusion.

Population of 100 plants—1993 (sample total = 24)

Same population of 100 plants—1994 (sample total = 24, a 0% change)

Because we are
interested only in
the change that

*

* *
iy *
takes place within il * * o R
each permanent L *x > * RS R
: : e
sampling unit N a | . F ]
between two time LA 7 Lol N *
periods, the l * *l * *x *
difference between o a [ N |
sampling units at | * * X R
either time period *> * *

is not nearly as Ix o *
important as it is
when using tem-
porary quadrats.
Consider the
following example.
In order to detect
change in cover of FIGURE 7.26. A population of 100 plants sampled at two times using five permanent
species X between quadrats.

two time periods, 10 transects were randomly positioned in the target population in 1990.
The beginning, middle, and end points of each transect were permanently marked. Fifty
points were systematically positioned (with a random start) along each transect and “hits”
recorded on canopy cover of species X. The estimate of cover along each transect is then this
number of hits divided by the total number of possible hits, 50. Thus, a transect with 34 hits
would have a cover estimate of 68 percent or 0.68. The data from these two years are shown

in Table 7.4.

Even though the cover estimates are highly variable between transects for both 1990 and
1994 (for example the mean cover for 1990 is 0.44 with a 95% confidence interval of 0.27
to 0.62), the standard error of the mean difference is relatively small. A 95% confidence
interval around this mean difference is -0.02 to -0.12. In fact, in lieu of doing a paired
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statistical test (such as a paired

t test), you could simply look at transect | coverin cover in | difference between
the 95% confidence interval number 1990 1994 1990 and 1994
around the mean difference to 1 0.22 0.20 -0.02
see if it includes 0. If not, then 2 0.32 0.26 -0.06
you can declare the change 3 0.06 0.06 0.00
significant at (at least) a P 4 0.86 0.80 _0.06
value of 0.05. 5 0.62 0.58 0.04
If you had collected these data 6 0.54 0.50 0.04
using temporary transects (i.e., 7 0.50 0.32 -0.18
independent samples at both 8 0.28 0.24 -0.04
sampling periods), you would 9 0.36 0.18 0.18
have concluded that no change 10 0.68 0.64 0.04
took place. In fact, with the :

large degree of variability mean difference -0.07
between transects, you would standard error 0.02

have needed unreasonably large
numbers of transects to detect
the change that only 10
permanent transects were able to detect. This is displayed graphically in Figures 11.10 and
11.11 (in Chapter 11).

TABLE 7.4 Cover values taken along 10 permanent transects of 50 points
each in 1990 and 1994.

b. When to use permanent sampling units

Permanent sampling units will be the most advantageous when there is a high degree of cor-
relation between sampling unit values between two time periods. This condition often occurs
with long-lived plants (e.g., trees, shrubs, large cacti, or other long-lived perennial plants). If,
however, there is low correlation between sampling units between two time periods, then the
advantage of permanent quadrats is diminished. This could occur, for example, with annual
plants, if their occurrence in quadrats one year is not greatly dependent on their occurrence in
the previous year. Even for these plants, however, permanent quadrats may still outperform
temporary quadrats if seedling recruitment most often takes place near parent plants.

Let’s take a look at two very different situations involving permanent quadrats. Figure 7.27
compares sample sizes needed to detect different levels of change in a clumped population
of 4000 plants using permanent and temporary quadrats. All sampling was done with 0.25m
x 50m quadrats. In this example, there was no recruitment of new plants; all change between
year 1 and year 2 was due to plant mortality. This created a strong correlation between
quadrat counts between the two time periods for the low mortality changes. The x-axis
shows the percent change in mean plant density (equivalent to percent mortality in this
example). The y-axis shows the number of quadrats that needed to be sampled to detect the
true population change with false-change and missed-change error rates both set at 0.10.
When the change in mean plant density between the first and second sampling periods was
less than 50%, permanent quadrats were much more effective than temporary quadrats at
tracking the change. For example, for detecting a 5% change, 22 permanent quadrats
performed as well as 338 temporary ones!

The advantage of permanent quadrats occurs when plant counts between two time periods
correlate with one another. This is true in the situation depicted in Figure 7.27 because no
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new plants show up in new
locations. The opposite
extreme, illustrated by Figure
7.28, shows population
changes due to 100% mortality
of the original population
combined with various levels
of recruitment from plants in
completely new positions.
Permanent quadrats no longer
provide any advantage over
temporary ones, and the
disadvantages of permanent
quadrats would lead you to a
temporary quadrat design.

Most populations will show a
combination of mortality and
recruitment, as opposed to
the extreme situations shown
in Figures 7.27 and 7.28. For
most plant species, permanent
quadrats will provide greater
precision with the same num-
ber of quadrats or equivalent
precision at smaller sample
sizes, because the locations of
new plants will likely be
correlated with the location
of old plants given typical
patterns of sexual and asexual
reproduction. You must bal-
ance the magnitude of this

sample size (# of quadrats)

< temporary quadrats
m permanent quadrats

T T T T T T T T T T T 11
35 45 55 65 75 85 95

percent change in mean plant density
True mean at first sampling period = 10 plants/quadrat with 0.25m x 50m quadrats.

FIGURE 7.27. Sample sizes needed to detect different degrees of population
decline from an artificial clumped population of 4,000 plants
using temporary vs. permanent quadrats. All changes are

¢ ) - due to mortality of the original population without any

increase in precision (or recruitment of new plants. Note the much better performance

reduction in sample size) of permanent quadrats in detecting changes below 50%.

against the disadvantages of

using permanent sampling units, discussed below.

c. Permanent frequency quadrats and points

The discussion so far has centered on the use of paired quadrats for estimating density. This
type of sampling is analyzed by means of a paired ¢ test (this will be covered in Chapter 11—
Statistical Analysis). The paired t test would also be used to analyze changes in paired quadrats
used to estimate cover and to analyze changes in permanent transects, such as those used for
line intercept sampling or for point or quadrat sampling in systematic sampling designs (when
the transects, as opposed to the quadrats or points, are treated as the sampling units).

When frequency quadrats or points are treated as the sampling units, a different set of tests

is used to determine if a statistically significant change has taken place. The chi square test is
used when these types of sampling units are temporary (i.e., randomly located in each year
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of measurement), while
McNemar’s test is used when
the quadrats or points are
permanently located in the
first year of measurement.
These tests are discussed in
Chapter 11, but it’s impor-
tant here to point out that—
just as for permanent designs
that use transects or quadrats
for estimating density or
cover—it is sometimes much
more efficient to make use of
permanent frequency
quadrats or points.

Salzer (in prep.) concludes
that under certain population
change scenarios, permanent
frequency quadrats offer large
reductions in sample size
over those required for tem-
porary quadrats. In the most
extreme example, 87 perma-
nent quadrats perform as well 1
as 652 temporary quadrats in
detecting a 5.5% decline in

sample size (# of quadrats)

& temporary quadrats
m permanent quadrats

0 1 1 1 1 1 1 J 1 1 1 ) 1 1 1 1 1 1 1 1
frequency (with the false- 5 15 25 35 45 55 65 75 85 95
and missed—change error rates percent change in mean plant density
both set at 0 10) In other True mean at first sampling period = 10 plants/quadrat with 0.25m x 50m quadrats.

situations there is little or no FIGURE 7.28. Sample sizes needed to detect different degrees of population
difference between perma- decline from an artificial clumped population of 4,000 plants
using temporary vs. permanent quadrats. All changes result
from 100% mortality of the original population with various
levels of random recruitment. Temporary and permanent
quadrats perform about the same in this situation.

nent quadrat designs and
temporary quadrat designs.

The sample size differences
between temporary and permanent frequency designs depend on the particular nature of
population changes. For this reason, the determination of whether to use permanent or tem-
porary frequency quadrats must be evaluated on a case-by-case basis, taking into account the
life history of the target plant species, the sample size advantages of using the permanent
design, and the disadvantages associated with designs using permanent quadrats (discussed in
the following section). All of the above discussion applies equally to the estimation of cover
using the point intercept method, when the points are treated as the sampling units.

Appendix 18 contains more information on the use of permanent frequency designs and
should help you decide when to use one.

2. Disadvantages of permanent sampling units

There are several disadvantages associated with using permanent sampling units. One is the
time and cost required to permanently mark the units. Permanent markers (such as t-posts
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and rebar) can be expensive and awkward to pack long distances. The markers used to
permanently mark sampling units are susceptible to loss or damage from such things as van-
dalism, animal impacts, and frost-heaving. Duplication of markers and back-up methods of
relocating permanent sampling unit locations can help with this problem but can be very
time-consuming.

Even when the markers are still in place, they may be difficult to find. Metal detectors and
global positioning units can help you find the markers, but these add costs and field time. If
frequency quadrats and points are the permanent sampling units, and you are positioning
these at systematic intervals along transects, you must ensure the quadrats or points are repo-
sitioned as close as possible to the positions in the year in which the study was set up. This is
especially critical for small frequency quadrats when the rooted portion of the target species is
small and for points when the cover of the target species is likely to be sparse. Permanently
monumenting not only the transect ends but also intermediate points in between and carefully
stretching the tape at each measurement period can help to ensure the transect is in the same
location. For frequency quadrats you can also monument two corners of each quadrat using
large nails. This adds additional insurance but also results in more labor.

Impacts either from investigators or from animals may bias your results. By going back to the
same sampling unit locations each year, you might negatively impact the habitat in or near
the permanent sampling units. In addition, permanent markers may also attract wildlife,
domestic livestock, wild horses, or burros. This might lead to differential impacts to the vege-
tation in or near the sampling units. If markers are too high (for example, t-posts or other
fence posts), livestock may use the markers for scratching posts and differently impact the
sampling units. Wildlife impacts may also occur. Raptors, for example, might use the markers
as perches; this could result in fewer herbivores in the sampling units than elsewhere in the
target population, with resulting differences in the plant attribute being measured. Using
shorter markers, such as rebar no greater than 0.5m high, will at least partially resolve this
problem (but see below for safety concerns).

Permanent markers are not feasible in some situations because of the nature of the habitat or
for safety reasons. For example, sand dune systems do not lend themselves to the use of per-
manent markers because drifting sand can quickly bury the markers. You wouldn’t want to
use permanent steel posts or rebar in areas frequented by off-road vehicles because of the
risk to human life.

Another disadvantage of a design using permanent sampling units is that you usually need 2
years of data to determine adequate sample size. The only exception to this is when you
have some basis to estimate the degree of correlation (the correlation coefficient) of sam-
pling units between years when estimating means (e.g., density sampling) or a model of how
the population is likely to change when estimating proportions (e.g., frequency sampling).
We'll discuss this at more length in the next section.

G. How Many Sampling Units Should Be Sampled?

An adequate sample is vital to the success of any successful monitoring effort. Adequacy relates
to the ability of the observer to evaluate whether the management objective has been achieved.
It makes little sense, for example, to set a management objective of increasing the density of a
rare plant species by 20% when the monitoring design and sample size will not likely detect
changes in density of less than 50%.
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1. General comments on calculating sample size

Deciding on the number of sampling units to sample (which we refer to as “sample size”)
should be based on the following considerations:

a. Sample size should be driven by specific objectives

If you are targeting point-in-time estimates (parameter estimation), you need to specify how pre-
cise you want your estimates to be. If you are trying to detect changes in some average value, you
need to specify the magnitude of the change you wish to detect and the acceptable false-change
and missed-change error rates (refer to Chapter 6 for further guidance).

b. Sample size should be based on the amount of variability in actual
measurements

You should assess this variability during pilot sampling. Once you have tried various sampling
unit sizes and shapes and have decided upon a particular one, start randomly positioning the
sampling units in the population. After you have sampled some initial bunch of sampling
units, stop and do some simple number-crunching with a hand calculator to see what the
variation in the data looks like. You can plug standard deviations into sample size equations
or computer programs, and the output will inform you as to whether you have sampled
enough. If you haven’t, sample size equations (or a computer program) will calculate the
number of sampling units you need to sample in order to meet your objective. We discuss
the process of sequential sampling in detail below.

c. Assumptions of formulas and computer programs

The sample size formulas and computer programs assume that the sampling units are posi-
tioned in some random manner and that a distribution of sample means (a sampling distribu-
tion) from your population fits approximately a normal distribution. If your population is
highly skewed, this latter assumption will not be true for small sample sizes. We discuss this
issue in more detail in Chapter 11.

d. Infinite vs. finite populations

We introduced this concept in Chapter 5. Most computer programs and standard sample size
equations assume that the population you are sampling from is infinite. This will always be
the case if you are estimating cover using either points or lines, because these are considered
dimensionless. If, however, you are sampling a relatively small area, and you are making den-
sity, frequency, cover, or biomass assessments in quadrats, then you should account for the
fact that you are sampling from a finite population. This means there is some finite number
of quadrats that can be placed in the area to be sampled.

The sample size formulas provided in Appendix 7 include a correction factor called the
Finite Population Correction (FPC). If you are sampling more than 5% of a population,
applying the FPC “rewards” you by reducing the necessary sample size. In addition to
describing how to apply the FPC to sample size determination, Appendix 7 also describes
how to apply it to the results of two-sample significance tests. Appendix 16 shows how to
use the finite population correction factor when sampling to detect a difference in proportions
using permanent sampling units.
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e. Relationship of sample size to precision level

Precision increases with sample size, but not proportionately. This is illustrated in Figure
7.29. For this example, the statistical benefits of increasing sample size diminish once you
reach about n=30; any benefits to using more than 30 sampling units relate to adequately
capturing the variability in the population being sampled. This also serves to highlight the
most important aspect of good sampling design: you should seek to increase statistical preci-
sion and power not by simply increasing sample size, but by reducing the standard deviation
to as small a value as possible.

100

80

60

40
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rrrrrrrrrrrrirrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrirurid
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
sample size

FIGURE 7.29. Influence of sample size on level of precision. Sample sizes necessary to achieve
different levels of precision at a constant standard deviation of 10. Note that
there is no effective improvement in precision after about n = 30.

f. Problems with some sample size formulas

Most formulas that are designed to determine sample sizes for “point-in-time” estimates
(parameter estimation) with specified levels of precision do not account for the random
nature of sample variances. They do not include a “level of assurance” (also known as a toler-
ance probability) that you will actually achieve the conditions specified in the sampling size
equations and obtain a confidence interval of a specified width. Blackwood (1991) discusses
this topic in lay person’s terms and reports the results of a simulation that illustrates the con-
cept. Kupper and Hafner (1989) provide a correction table to use with standard sample size
equations for estimates of single population means or population totals. A modified version
of this table and instructions on how to use it are included in Appendix 7.

. Information required for calculating sample size

Appendix 7 gives equations for calculating sample sizes for the following sampling objectives:
(1) estimating means and totals; (2) detecting change between two time periods in a mean
value; (3) detecting differences between two means when using permanent sampling units;
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(4) estimating a proportion; and (5) detecting change between two time periods in a proportion
using temporary sampling units. Appendix 16 gives directions for using the computer programs
STPLAN and PC SIZE: CONSULTANT to calculate sample sizes to meet all of these objectives
(except estimating a proportion) and, in addition, gives instructions on calculating the sample
size required to detect change between two time periods in a proportion when using permanent
sampling units (these programs are discussed further in Section H). Both appendices include
completely worked-out examples. The following discussion briefly summarizes the information
required to use either the equations or computer programs to calculate sample size.

Estimating means and totals. You must specify the precision desired (confidence interval
width), the confidence level, and an estimate of the standard deviation.

Detecting change between two time periods in a mean value. You must specify the false-
change error rate, the power of the test, the magnitude of the smallest change you wish to
detect, and an estimate of the standard deviation (the population standard deviation is
usually assumed to be the same for both time periods).

Detecting change between two means using permanent sampling units. You must specify the
false-change error rate, the power of the test, the magnitude of the smallest change you wish
to detect, and an estimate of the standard deviation (this is the standard deviation of the
differences between the paired sampling units, not the standard deviation of the population
being sampled in the first year).

Estimating a proportion. You must specify the precision desired (confidence interval width),
the confidence level, and a preliminary estimate of the proportion to be estimated (if you
don’t have any idea of what proportion is to be expected you can conservatively estimate the
sample size by assuming the proportion to be 0.50).

Detecting change between two time periods in a proportion using temporary sampling units.
You must specify the false-change error rate, the power of the test, the magnitude of the
smallest change you wish to detect, and a preliminary estimate of the proportion in the first
year of measurement (using a value of 0.50 will conservatively estimate the sample size).

Detecting change between two time periods in a proportion using permanent sampling units.
You must specify the false-change error rate, the power of the test, the magnitude of the
smallest change you wish to detect, and an estimate of the sampling unit transitions that
took place between the two years.

Your management and sampling objectives already include most of the information required
to calculate sample size using either the equations of Appendix 7 or the computer programs
STPLAN and PC SIZE: CONSULTANT, following the instructions of Appendix 16. What is
missing is an estimate of the standard deviation for those situations where you wish to esti-
mate a mean value or detect change between two mean values and a preliminary estimate of
the population proportion when estimating a proportion or detecting change between two
proportions using temporary sampling units. For proportions you have the flexibility of simply
entering 0.50 as your preliminary estimate of the population proportion and calculating your
sample size based on this. Alternatively, you can use an estimate derived from pilot sampling.
When dealing with mean values, however, you must have an estimate of the standard devia-
tion. This is the subject of the next section. (Detecting change between two time periods in a
proportion using permanent sampling units is a special case that will be discussed separately
below and in Appendix 18.)
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3. Sequential sampling to obtain a stable estimate of the mean and standard
deviation

In several places in this chapter we have stressed the need for pilot sampling. The principal
purposes of pilot sampling are to assess the efficiency of a particular sampling design and,
once a particular design has been settled upon, to assist in determining the sample size
required to meet the sampling objective. Pilot sampling enables us to obtain stable estimates
of the population mean and the population standard deviation. By dividing the sample stan-
dard deviation by the sample mean we get the coefficient of variation. Comparing coeffi-
cients of variation enables us to determine which of two or more sampling designs is most
efficient (the lower the coefficient of variation, the greater the efficiency of the sampling
design). The estimate of the standard deviation derived through pilot sampling is one of the
values we use to calculate sample size, whether we use the formulas of Appendix 7 or a
computer program.

Sequential sampling is the process we use to determine whether we have taken a large
enough pilot sample to properly evaluate different sampling designs and/or to use the stan-
dard deviation from the pilot sample to calculate sample size. The process is accomplished as
follows.

Gather pilot sampling data using some arbitrarily selected sample size. The selection of this
initial sample size will depend upon the relative amount of variation in the data—if many of
the sampling units yield numbers similar to one another, then you may want to perform the
first sequential sampling procedure after n = 8 or 10. If there is a lot of variation among the
sampling units, then you may want to start with a larger number (e.g., n>15), or consider
altering the size and/or shape of your sampling unit prior to doing the first iteration of the
sequential sampling procedure.

Calculate the mean and standard deviation for the first two quadrats, calculate it again after
putting in the next quadrat value, and then repeat this procedure for all of the quadrats
sampled so far. This will generate a running mean and standard deviation. Look at the four
columns of numbers on the right of Figure 7.30 for an example of how to carry out this pro-
cedure. Most hand calculators enable you to add additional values after you've calculated the
mean and standard deviation, so you don’t have to re-key in the previous values.

Plot on graph paper (or use a computer program as discussed later) the sample size vs. the
mean and standard deviation. Look for curves smoothing out. In the example shown in
Figure 7.30, the curves smooth out after n=35.

In graphing your results beware of y-axis scaling problems. If your first few quadrats are very
deviant from each other, you may scale your y-axis with too broad a range, which will give a
false impression of the lines smoothing out. The top and bottom graphs of Figure 7.31 both
graph the same data set (only the order of the data was changed). Because the first few
quadrats in the upper graph contained large values, the scale of the y-axis was set from O to
7. The result is that there appears to be a smoothing out of the curves at around 15 quadrats.
In the bottom graph, the first few quadrats contained smaller values, so the scale of the y-
axis was set from O to 2.5. This graph gives a much clearer view of the true situation: the
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FIGURE 7.30. A sequential sampling graph. Running means and standard deviations are plotted for increasing sample sizes.
Note how the curves smooth out after n = 35.

curves have not really smoothed out even after 100 quadrats. If early quadrat values are too
extreme you may want to start plotting with n=5 rather than n=2 to avoid too great a y-axis
range. The decision to stop sampling is a subjective one. There are no hard and fast rules.

A computer is valuable for creating sequential sampling graphs. Spreadsheet programs such
as Lotus 1-2-3 and Excel enable you to enter your data in a form that can later be analyzed
and at the same time create a sequential sampling graph of the running mean and standard
deviation. This further allows you to look at several random sequences of the data you have
collected before making a decision on the number of sampling units to measure. Figures 7.32
and 7.33 both show the results of sampling the entire “400-plant population” (introduced in
Chapter 5) using a 0.4m x 10m quadrat size (the population is contained in a 20m x 20m
macroplot; there are 100 possible quadrat positions in the population with this size
quadrat). The only difference between these two graphs is the ordering of the data: the data
were randomly reordered prior to creating each graph.

Figure 7.34 shows sequential sampling graphs where the number of sampling units gathered
far exceeded the number where the curves flattened out.

*The sequential sampling graph at the bottom of Figure 7.31 illustrates a poor sampling design. Because Im x Im
quadrats were used, most of the quadrats had 0 plants in them. Sampling several consecutive quadrats with O plants
brings the running mean and standard deviation down until a quadrat is located with several plants in it. This brings
the running mean and standard deviation up sharply (see the spikes on the graph). This phenomenon by itself
should alert you to the fact that the sampling design is inadequate.
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FIGURE 7.31. Sequential sampling graphs for Astragalus applegatei at the Euwana Flat Preserve. The upper
graph shows what can happen when the y-axis is set at too large a range, because of initial
large values. This can make it appear that the running mean and standard deviation has
smoothed out when in fact they haven't. The bottom graph illustrates the real situation:
neither statistic has smoothed out even by n = 100. This is a poor sampling design. See text
for further elaboration.

If there are too many zeros in your data set, then sequential sampling graphs will not make
sense. We saw this to some extent in Figure 7.31. A more extreme example is shown in
Figure 7.35. Graphs like this should alert you to major problems with the sampling design.

Use the sequential sampling method to determine what sample size not to use (you don’t use
the sample size below the point where the running mean and standard deviation have not
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FIGURE 7.32. Sequential sampling graph of the 20m x 20m "400-plant population" introduced
in Chapter 5. The population was sampled using a 0.4m x 10m quadrat.
The entire population consists of 100 quadrats. Notice how far estimates are
from the true mean value if they are made prior to the curves smoothing out.

stabilized). Plug the final mean and standard deviation information into the appropriate
sample size equation or computer program to actually determine the necessary sample size.

4. Alternatives to sequential sampling to obtain an estimate of the standard
deviation

Pilot sampling, using the sequential sampling procedure described above, is by far the best
means of deriving an estimate of the standard deviation to plug into a sample size equation
or computer program. There are, however, two other methods that will be briefly discussed.
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FIGURE 7.33. Sequential sampling graph for the 20m x 20m "400-plant population." Sampling unit
size is the same as in Figure 7.32. The only difference between this graph and Figure
7.32 is that the data were randomly reordered. If we'd used the initial values shown in
this graph (prior to the curves leveling off), we would have seriously underestimated
the true mean value, as opposed to overestimating it as was the case in Figure 7.32.

a. Use data from similar studies to estimate the standard deviation
Although not as reliable as a pilot study, you may have conducted a study using the same
study design, measuring the same vegetation attribute, and in the same vegetation type. The

standard deviation of the sample from this study can be used as an estimate of the standard
deviation of the population that is the focus of the current study.
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FIGURE 7.34. Sequential sampling graphs of vegetation height measurements at Mt. Hebo.
These are graphs of the same data but in different orders. Note how the graphs
have flattened out long before the sampling ended.

b. By professional judgment

As pointed out by Krebs (1989) an experienced person may have some knowledge of the
amount of variability in a particular attribute. Using this information you can determine a
range of measurements to be expected (maximum value - minimum value) and can use this
to estimate the standard deviation of a measure. Table 7.5, adapted from the table in Dixon
and Massey (1983), and reproduced in Krebs (1989), gives the appropriate conversion factor
to be multiplied by the range value to come up with an estimate of the population standard
deviation.
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FIGURE 7.35. Sequential sampling graphs of bracken fern stem density at Mt. Hebo. Both
graphs plot the same data set in different order. This is an example of a poor
sampling design. Because 1m x 1m quadrats were used, most of the quadrats
had O plants in them. Sampling several consecutive quadrats with O plants brings
the running mean and standard deviation down until a quadrat is located with
several stems in it. This brings the running mean and standard deviation up
sharply and results in the spikes shown on the graphs. This pattern should alert
you to the need to change your sampling design.

To illustrate how to use this table, let’s assume we know from experience with the plant
species we're working with that we expect, in a sample of size 30, a range of O plants per
quadrat to 100 plants per quadrat (this process assumes a normal distribution so we’d better
not have too many quadrats with 0's in them). The range in this case is 100 plants - O plants
= 100 plants. The conversion factor for a sample of size 30 is 0.245. Our estimate of the
population standard deviation is, therefore, 100 plants x 0.245 or 24.5 plants per quadrat.
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Although this method can be used, it - -
should be emphasized again that data from sample |conversion | sample |conversion
a pilot study are more reliable and are Sze factor S1ze factor
preferable to this method. 2 0.886 19 0.271
3 0.591 20 0.268
5. Estimating the standard deviation 4 0.486 25 0.254
when using permanent sampling 5 0.430 30 0.245
units 6 0.395 40 0.231
Estimating the standard deviation for a / 0.370 >0 0.222
design that uses permanent sampling units 8 0.351 60 0.216
is difficult because it is the standard devia- 9 0.337 70 0.210
tion of the difference between the sampling 10 0.325 80 0.206
units between the two years that must be 1 0315 % 0.202
plugged into the sample size equation or = 5307 100 5.195
computer program, and this is a value that . :
you will not have until you have collected 3 0.300 150 0.189
data in two years. Thus, your pilot study 14 0.294 200 0.182
must span two years before you can accu- 15 0.288 300 0.174
rately estimate the sample size required to 16 0.283 500 0.165
meet your sampling objective. You would e 0.079 1000 0.154
like, however, to make a reasonable esti-
mate from the first year’s data of the stan- 18 0.275

dard deviation of the difference. This will TABLE 7.5. Estimating the standard deviation of a variable

give you a good chance of having used a from knowledge of the range for samples of
large enough sample size the first year, various sizes. Multiply the observed range
with the result that you will not have to (maximum - minimum value) by the table
add more sampling units the second year values to obtain an unbiased estimate of the
and will be able to use the first year’s data standard deviation. This procedure assumes a

normal distribution. From Dixon and Massey

in your analysis. Following are some :
(1983) and reproduced in Krebs (1989).

methods you can use for this purpose.

You can estimate the standard deviation

using the alternative methods discussed under the section above. Remember, however, that it
is the standard deviation of the difference that must be estimated, so if you use data from
previous studies they must be studies that used permanent sampling units. If you use the
expected range to estimate the standard deviation, it must be the range of the differences,
not the range of the data for any one year.

There is another way you can calculate the necessary sample size by having only the first
year’s pilot data. This method requires that you have some knowledge of the degree of corre-
lation (correlation coefficient) expected between the permanent sampling units between
years. Sample Size Equation #3 in Appendix 7 gives a formula by which you can estimate
the standard deviation of the difference between years by using the standard deviation of the
first year’s sample and the correlation coefficient. This is something you might have from
similar studies on the same plant species (although in that case you'd probably already have
an estimate of the standard deviation of the difference between years that you could use).
Based on your knowledge of the life history of the species you are dealing with, you might
make an initial estimate of correlation. For example, if you're monitoring a long-lived
perennial and you don’t anticipate a lot of seedling recruitment (or if you expect seedling
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recruitment to be very close to parent plants), you might estimate that the correlation coeffi-
cient between years is relatively high, say about 0.80 or 0.90. You then plug this coefficient
into the formula, along with your estimate of the standard deviation of the first year’s data.

Whichever method you use to estimate the standard deviation of the difference, once you've
collected the second year’s data, you will still need to plug the actual observed standard devi-
ation of the difference into Equation #3 of Appendix 7 or STPLAN. You can then modify
your initial estimate of sample size accordingly.

6. Calculating the sample size necessary to detect changes between two time
periods in a proportion when using permanent sampling units

Appendix 7 gives no formulas to calculate the sample size necessary to detect changes
between two time periods in a proportion when using permanent sampling units. Appendix
16 does, however, describe how to use the program STPLAN to calculate sample size when
you have 2 years of data from these types of permanent sampling units. Appendix 18
describes a method that you can use to derive an estimate of the sampling unit transitions
that might be expected based on a single year’s data and an ecological model of the plant
species you are monitoring. You are strongly encouraged to read Appendix 18 if you are
considering using permanent frequency quadrats.

H. Computer Programs for Calculating Sample Size

Believe it or not, most of the general statistical programs do not include routines for calculating
sample size, despite their expense. Thomas and Krebs (1997) reviewed 29 computer programs
for calculating sample size. They also maintain a World Wide Web site with information on how
to order these programs. Refer to Chapter 11, Section L, for the address.

For beginner to intermediate level use, Thomas and Krebs recommend one of the following three
commercial programs: PASS, NQUERY ADVISOR, or STAT POWER. The first one on this list,
PASS, was the one most preferred by a graduate student class. Refer to their website for informa-
tion on the cost of these programs and how to order them. Thomas and Krebs also give relatively
high marks to the program GPOWER, primarily because it is free.

The documentation for GPOWER is extremely limited, and the user must have familiarity with
Cohen’s (1988) treatment of power analysis (Thomas and Krebs 1997). For these reasons we do
not recommend the program for the sample size determination and power analysis needed for
the types of monitoring treated in this technical reference. Instead, we suggest you consider the
following two programs (unless you have the money to purchase the commercial program
PASS): STPLAN and PC SIZE: CONSULTANT. STPLAN, currently in version 4.1, is free. PC
SIZE: CONSULTANT costs $15 as shareware. Both can be downloaded from the World Wide
Web. See Chapter 11, Section L, for the addresses.

STPLAN will calculate sample sizes needed for all the types of significance testing discussed in
this chapter, but will not calculate those required for estimating a single population mean, total,
or proportion. It will also calculate sample sizes for permanent frequency quadrat designs. PC
SIZE: CONSULTANT will calculate sample sizes for all of the significance tests discussed in this
chapter, as well as sample sizes required to estimate a single population mean or total. It will
not, however, calculate sample size for estimating a single population proportion. Both programs
are DOS-based and not, therefore, particularly “user friendly.” They are not difficult to learn,
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however, and documentation files are included when you download the programs. Appendix 16
gives instructions on the use of these two programs for calculating sample sizes.
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MEASURING AND MONITORING PLANT POPULATIONS

CHAPTER 8. Field Techniques for
Measuring Vegetation

The techniques described in this chapter are primarily used for herbs, graminoids, and shrubs.
Specific methods for tree species were deliberately excluded because many references are avail-
able on methods for trees of commercial importance. Several texts we recommend describing
density and basal area estimation for trees include Dilworth and Bell (1973), Husch et al.
(1982), Dilworth (1989), Schreuder et al. (1993), Avery and Burkhart (1994), and Shivers and
Borders (1996).

A. Qualitative Techniques

1. Presence/absence

Presence/absence techniques note whether the species still occurs at a site. The key advantages are
that no special skills are required (anyone who can recognize the species can do the monitoring)
and that the monitoring requires very little time. The main disadvantage is that presence/absence
observations provide no information on trend, except when the population disappears.

A presence/absence approach may be useful for large or showy plants that grow along roads
and are visible during a drive-by visit. You can enlist specialists from other disciplines to
monitor the presence or absence of the species while they are performing other work. The
technique can effectively monitor occurrences across the landscape and is especially
appropriate for species with many small populations.

You can improve the consistency and usefulness of observations with a short form to report
population visits. Fields to include are observer, date, and time spent at site. You might also add
a field for noting whether the survey was a drive-by or walk-through, a comment field for spe-
cific threats or problems, and a field for listing photographs. You can make it easier for other
specialists to do this work (and make it more likely that they will do it) by putting together a
packet of maps and data sheets for them to carry in their vehicles. Recommended is a map of
the entire resource area or district showing population areas marked in red and the outlines and
names of all overlying topographic quadrangles. This should be accompanied by a packet of
photocopies of portions of topographic maps, each clearly labeled (e.g., "lower right of Cobalt
Quad") and with the population locations shown. Make it easy to flip through (use 8.5" x
11" sheets in a binder) and easy to locate things (e.g., alphabetical tabs for the photocopied
topographic maps).

2. Estimates of population size

Estimates of population size require only a small amount of additional time and effort over
that needed for presence/absence. The advantage of estimates is that they provide a gross
index of population trend. The key disadvantage is that because of variability among observer
estimates, only large changes can be monitored with confidence.

Establishing some guidelines will improve the repeatability of estimates. You will need to decide,
for example, if all individuals will be included or only large or reproductive ones. Estimates that
include small, cryptic individuals can be especially variable among observers. Conversely, esti-
mates that include only reproductive individuals may vary year to year because of the variability
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of reproduction in response to annual weather patterns. The best choice of which types of indi-
viduals to include in a visual estimate of population size will depend on the ecology of the
species and the situation, but you must ensure the counting units are specifically identified.

If the population is very large or spread over a large area, consider using several marked
macroplots in which the number of plants is estimated. These should be small enough that
an observer can view the entire macroplot from a single vantage point.

Another option in estimating population size is to use classes rather than require the observ-
er to provide a number. In most situations where this approach is used, class boundaries are
closer at the low end (e.g., 1-3, 4-10, 11-30, 31-60, 61-100, 101-200, 201-500, 501-1000,
1001-5000, and so on). A logarithmic series (1, 2, 4, 8, 16, 32, etc.) has also been used (Muir
and Moseley 1994). An alternative logarithmic series sometimes used is 10, 100, 1000, etc.
Note that at low numbers, you could simply count plants rather than estimate.

3. Estimation of population condition

You can develop standard field observation sheets to aid observers in making consistent notes
about population condition. The types of data fields included will vary by species, habitat,
and situation. Examples of potential fields include the following:

Estimated number of individuals

Percentage of individuals in stage class: seedling, immature, mature, senescent
Percentage of individuals in flower, fruit, vegetative state

Association of stage classes with habitat features (e.g., location of seedlings)
Evidence and level of herbivory

Signs of disease

Pollinators observed

L K R JEK N JBR R N 4

Dispersal agents

4. Site condition assessment

This technique evaluates the condition of the habitat through repeated subjective observations.
Assessments can focus on a single activity, potential disturbances, or site characteristics.

Existing conditions may have to change dramatically before it is clear from verbal descrip-
tions that a change has occurred. Training of observers and the use of photographs illustrating
condition categories may reduce between-observer differences. Because of variability of visu-
al estimates among observers, site condition assessments are often more effective at capturing
the appearance of a new disturbance than estimating changes in an existing disturbance.
Observers may, however, miss new conditions for several visits until they become obvious. A
careful observer may note an exotic invasion when there are only a few plants, but many
observers will miss an infestation until it becomes quite large.

Site condition assessments are most effective when observers articulate their qualitative
assessment quantitatively. For example, requiring an observer to estimate the size or areal
extent of a weed population, even using broad size classes, provides a better measure of the
situation than general descriptive terms such as "common."

Site condition assessments should be done with a standard field sheet used every time the
study area is visited. Standard fields and questions should prompt the observer to look for

certain conditions and to assess conditions in as quantitative a manner as possible.
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The types of observations are specific to the habitat, species, and issues; thus, a specifically
tailored field sheet must be developed for each situation. Two examples of site condition
assessment forms are shown in Appendix 10. Examples of data fields include the following:

Associated vegetation (successional changes)
Exotics
Disturbances:

® Fire

® Flooding
Slope movement
Animal disturbances (burrowing, trampling)
Mining (exploration, material removal, other)
Logging
Domestic livestock grazing
Off highway vehicles

Recreation

L K IR K R JNR R R 4

Road construction or maintenance
Weed control
Condition of facilities:

L 2

® Fences
® Signing
® Road barriers

5. Boundary mapping

Boundary mapping involves measuring or monumenting the boundaries of the population
and tracking changes in spatial location or size. Highly accurate maps illustrating boundaries
and features of populations can be generated by computer-aided drawing and design programs
(CADD) and standard survey equipment, such as a theodolite or transit with an electronic
distance measurer (EDM) (see Sections N and O, this chapter). Global Positioning Systems
(GPS) may also be used, although their accuracy is variable (Section O, this chapter). A fairly
accurate, quick, and inexpensive hand-drawn map can be made with a plane table and
alidade or Reinhardt Redy-Mapper (Section N, this chapter).

For some species, mapping the locations of population areas on a low-level aerial photograph
may be adequate. For example, Primula alcalina, an eastern Idaho endemic, is found on low
terraces associated with spring-fed streams. These habitat areas are fairly small (ranging from
10-200m?), but can be easily distinguished and located on a 1:4000 scale aerial photograph.
All population areas within a 250ha meadow were mapped; the longevity of each cluster can
now be monitored by periodic remapping (Elzinga 1997).

B. Photoplots and Photopoints

Photographs should be a routine part of all monitoring projects and can be the primary method
for some. Two general photographic approaches are common. Photoplots are photographs of a
defined small area (a plot), usually the size of the photograph frame or slightly smaller, taken from
above at a specified height. Photopoints are landscape or feature photographs retaken each time
from the same spot and filling the same frame so that differences between years can be compared.
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1. Photoplots

Photoplots can be qualitative records of condition within a limited area from year to year.
Their key value is to provide a visual permanent record of the past, allowing factors and
changes to be evaluated that might not have been considered when the monitoring was
initiated. Photoplots can be used to evaluate invasion by exotic or weedy species, successional
changes, soil disturbance, and trampling.

Photoplots are usually defined on the ground with a standard-sized frame. Typical ones are
shown in Figure 8.1. A permanent monument in two corners of the frame ensures that the
same area is rephotographed every year.

Photo Plot Frame - 3- x 3-foot
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Rod stabilizers (see detail)"

3 /4 Light tubing

™.

-~
~

| Telegcoping legs
(see detail) -=--.... -

1,/8" Steel rod
(removable)

Rod stabilizer
1/4" Steel rod

| |
2"
----------- C —!—K‘-'ﬁﬂl—
DETAIL —!_ o ;"‘-_\Set screws
H 20"
| ’ DETAIL
b1

FIGURE 8.1. Examples of photoplots that have been used in rangeland studies by the Bureau of Land Management. Frame size
and shape will depend on vegetation characteristics, objectives, and camera lens size.
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If you can identify individuals within the plot on the photo, photoplots can function as a
density sampling unit. Counting individuals can be deferred to the "slow" time of year. You
can use this approach if field time is very limited, but recognize that total time (including
office) will be much longer for this approach compared to completing counts while in the
field (Bonham 1989). You should test the method on the target species before using it
extensively because serious problems often appear unexpectedly. Individuals are usually less
obvious on a photo than they are in real life (enlarging the photo or projecting it as a slide
onto a screen can sometimes help). Counts will likely also be underestimates of total density
because individuals hidden under taller plants will not be counted. Finally, if you are estimat-
ing density through a sample of photoplots, counts in square photoplots are likely to be less
efficient for estimating density than counts in rectangular quadrats (Chapter 7).

You can also use photoplots as permanent sampling units for cover. Cover can be measured
on a photo in two ways. One is to lay a grid over the photo with a known number of inter-
sections, and note the number of "hits" on the target species. The drawback of this approach
is that species with low cover may be missed completely (Foster et al. 1991; Meese and
Tomich 1992), and it may be difficult to identify small individuals (Leonard and Clark 1993).

Another method is to define canopy polygons on the photo and planimeter the area encom-
passed by the polygons. The drawback of this approach is that plants with lacy canopies are
usually overestimated. Boundaries may be difficult to delineate for some species (Winkworth
et al. 1962). If the overestimation is consistent from year to year, it will not affect the
monitoring value of the method (because trend is what is of interest), but observers will
probably draw polygons around lacy or open canopies differently.

The scale of the photograph will affect the estimate of cover. If for example, the photograph
scale was 1:100, the ground area covered on the photograph by even a small diameter pin or
crosshair would be very large, thus dramatically overestimating cover. In general, the smaller
the relative surface covered by a pin or crosshairs, the closer the measure will be to the true
cover of the vegetation (see more on this in Section H.2.c). If cover is being measured on the
projected image of a slide, the pin or crosshair bias will vary depending on the projected scale.

Your methodology must account for these biases. In general, the ratio of pin area to ground
surface area should be as small as possible, and the scale used in the photographs or projection
kept constant throughout the monitoring project.

Several photoplot methods have been published. Schwegman (1986) describes a frame made
of PVC pipe. A camera with a 28mm lens is suspended on the frame 1.4m above the
ground. The camera frame is attached to a 1m? gridded frame that rests on the ground sur-
face. Frames can also be constructed to suspend the camera over an offset plot, so that the
observer can remain a few meters away and not trample the area near the plot (Windas 1986).

Stereo pairs can be made of photoplots with a stereo adapter for the lens or by taking two
frames. Wimbush et al. (1967) used two cameras with 28mm lenses, placed 76mm apart for
a stereo pair of a 125cm x 80cm plot from a height of 120cm. Ratliff and Westfall (1973)
placed a camera with a stereo adapter about 130cm above the ground surface to photograph
a stereo pair of a square foot frame. This gave about a 1:7 scale on a standard 3.5in x 5in
photograph. Wells (1971) used two cameras, each with a 25mm wide angle lens, mounted
15cm apart, to make stereo pairs. The frame supporting the cameras was 132cm above the
ground, resulting in a stereo frame of a quadrat 1m x 1.5m. Pierce and Eddleman (1970)
created stereo pairs of a 1m’ plot by taking two frames, 18cm apart, with a camera with a
55mm lens, suspended 152cm above the ground.
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Photoplots taken with a telephoto lens may be especially effective for large plants growing
on steep erosive slopes that cannot be physically accessed by an observer. The Salmon
District BLM in Idaho, for example, used a series of photographs taken with a 400mm tele-
photo lens to make a long linear photographed plot from the bottom to the top of the slope.
Several of these permanent photographed plots were established. The target species, Physaria
didymocarpa var. lyrata, was clearly visible on the sparsely vegetated slope, especially when in
bloom. Individuals could be relocated from year to year and the total number of individuals
counted within each plot. Although a good idea in theory, and one that worked well most years
in practice, in some years poor retakes (either because of poor quality photographs or failure to
retake the exact same frames) resulted in complete loss of monitoring data for an entire year.

2. Photopoints

Use photopoints abundantly as a standard part of monitoring for documenting the following:

1. Location of study site. Consider taking photos at the parking spot and along the walking
path to the study site. At the monitoring site, photographs taken from the boundary of
the population or study site facing both toward and away from the site can help relocate
boundaries if other monuments are lost.

2. Transects and macroplots. Photographs taken at each end of a transect or at the four
corners of a macroplot can help to relocate the transect or plot and provide a visual
record of general conditions.

3. Habitat conditions. Photographs of general habitat can help you monitor changes in
plant cover, weed invasion, and disturbances.

4. Population conditions. Plant height, flowering effort, plant size, and levels of herbivory
are some of the conditions that can be illustrated with photopoints.

Todd (1982), Rogers et al. (1984), and Brewer and Berrier (1984) provide overviews and
suggestions for establishing and using photopoints. Two examples of the use of photopoints
for monitoring long-term change are Sharp et al. (1990) and Turner (1990). Hart and
Laycock (1996) provide an annotated bibliography of 175 publications that use repeat
photography, giving the number of repeat photographs, the dates, and the habitat type and
State in which the photographs were taken.

3. Hints for monitoring with photopoints and photoplots

1. A good 35mm camera is essential for quality monitoring photographs. A camera that
allows control of both shutter speed and aperture is best. Disposable cameras are
convenient, but should only be used for recording images that will not be retaken, such
as photographs of the parking area and the route to a monitoring site.

2. Lenses should be chosen with care. Generally lens sizes of 28-75mm are appropriate for
photoplots, and lenses from 50-200mm for photopoints. For photoplots, a wide lens is
best. These open up to 1.6 or 1.8 allowing you to take quality photographs in low light
conditions. The wide diameter of the glass allows maximum light to pass through the
lens and can dramatically improve the quality of the photograph and the depth of field
(see #4, below). These lenses are more expensive but may be worth the investment if
photoplot monitoring will be extensive or if quality is critical. Generally avoid fish-eye
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lenses because of the distortion. Also avoid telephoto lenses unless they are specifically
required for a given project; these generally do not give as sharp an image as smaller lens
sizes and do not function well under low light conditions.

3. Some cameras come with lenses that zoom in and out with the touch of a button, but
the actual focal length is unknown. It is difficult to retake the exact same frame with this
kind of camera. Even with a manually operated zoom lens, it can be difficult to get the
exact focal length unless you are at an end of the zoom scale. Standard lenses, rather than
zoom ones, allow for better repeatability.

4. Use the smallest aperture (the largest f-stop) possible, given the light conditions and
restrictions on shutter speed. Small apertures give the photograph increased depth of
field, meaning that a larger range of distances from the camera is in focus. This can be
especially important for monitoring photoplots.

5. Use the slowest shutter speed possible to maximize the depth of field. Shutter speed
should probably be no slower than 1/60th of a second unless the camera is supported by
a tripod and the air is very still (no moving vegetation). If even a slight breeze is blowing,
increase the shutter speed to reduce blurring caused by moving vegetation.

6. A tripod improves the quality of photographs in nearly all situations, and is especially
critical for low-light conditions (such as dark woods). A tripod can also help to maintain
a standard camera height, if this is recorded. This reduces the different camera angles
caused by varying heights of different photographers.

7. Take three or four frames of the same picture, each at a slightly different exposure.
Multiple frames are cheaper than return trips to retake photographs because the first
ones are all overexposed or underexposed.

8. Most professional photographers prefer slide film to print since both high quality prints
and slides can be made from slide film. Slower films (ASA 25-100) give better clarity
and less graininess, but faster film (ASA 200-400) may be needed for shady areas.

9. Use the first frame of a series as a record frame (a picture of a clipboard with date, time
of day, location, and subject). This will save many hours of trying to match boxes of
slides with field notes. Use chalkboard or beige paper with the information written in
heavy black marker. Avoid reflective white dry-erase board or bright white paper. These
are often unreadable in a photograph because of glare.

10. Use record frames whenever changing subjects, locations, or film. The first frame of a
film should always be a record frame.

11. If photographs won't be curated immediately, include a record board in a bottom corner
of each frame.

12. When taking general landscape photographs, include enough horizon in the picture to aid
relocation.

13. If the photopoint frame does not include any horizon (e.g., pointed to the ground) use

pairs of photographs—the first from the photopoint containing something recognizable
or the horizon, and the second of the desired frame.
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14. Map photopoint locations on an aerial photograph or a topographic map. A symbol such
as ¢ illustrates both the photopoint and the direction of the photograph.

15. Some studies have used permanent monuments such as rebar or T-posts to mark photo-
point locations. These are recommended for situations that lack visual indicators to use in
relocating photopoints. A riparian area, for example, probably contains diverse enough
habitat features to allow you to relocate photopoints by using the previous photographs.
In other types of sites such as a large meadow, a dense forest, or a sagebrush grassland
site with little topography, photopoints may be difficult to relocate from the photograph.
In these situations, a permanent monument can save much time.

16. Keep a photo log in your field notes. An example is given in Appendix 15.
17. Invest in a camera that records the date on every photograph.

18. Curate photographs immediately after developing. Write identifying information in pen-
cil on a label placed on the back of each photo. You can write directly on the slide frame.
You can also purchase special pens from photo supply companies designed for writing on
the back of photographs. Do not use pen or marker; these may bleed through the photo-
graph, or smear onto another photograph if photos are stacked. Invest in archival-quality
plastic sleeves for photographs, slides, and negatives and store them in labeled three-ring
binders. Photographs kept in boxes or envelopes are seldom looked at again.

C. Video Photography

The most common use of video photography is as a visual record of the site, similar to the use of
still cameras and photopoints. Video can provide a good visual overview of the site (and verbal,
as well, if commentary accompanies the film), providing a better sense of features and conditions
than photographs. The disadvantage is that video footage is difficult to retake, and a video cannot
easily be used in the field to compare to current conditions. This drawback can be overcome,
however, with the creation of stills from the portions of the video that best represent the features
that are being monitored. These stills can then be retaken with a regular 35mm camera equipped
with a zoom lens to match focal length of the video image.

Plant cover in quadrats or transects can be recorded by video photography. This application has
been most widely used in marine studies (Whorff and Griffing 1992; Leonard and Clark 1993),
primarily because diving costs associated with underwater sampling are expensive. Video requires
extensive laboratory time for processing and analyzing the images, but only a fraction of the
field time that most other sampling techniques require (Leonard and Clark 1993). The drawback
of using video for sampling vegetation is that the resolution of the image may make species
identification difficult, and limit the detection of small species (Leonard and Clark 1993).

D. Remote Sensing Techniques

Remote sensing encompasses a range of techniques which involve the collection of spectral data
from a platform that does not touch the object of interest. This definition is somewhat vague
because of the range of remote sensing techniques, from taking a photoplot with a camera
suspended from a hot air balloon to satellite-based imagery.
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Satellite imagery includes several types of spectral data and several platforms. In general, the res-
olution of satellite imagery does not lend itself to the site-specific plant population monitoring
situations addressed in this technical reference. Although there may be some use for satellite
imagery to identify community types known to contain the target species, gap analysis tests have
shown that the level of resolution is often inadequate to identify small habitat islands (Stine et
al. 1996). Thus the use of satellite imagery to identify or stratify habitat should proceed with
caution. For some examples of the use of satellite imagery in landscape-level monitoring, as well
as excellent overviews of applications of satellite imagery in natural resource management, see
Luque et al. (1994), Sample (1994), Lyon and McCarthy (1995), Verbyla (1995), and Wilke and
Finn (1996).

Aerial videography can be used for mapping and monitoring landscape features such as plant
communities. Most of the systems described in the literature involve the use of video cameras
associated with low-level fixed-wing flights (Bartz et al. 1993; Nowling and Tueller 1993; Redd
et al. 1993). The cameras record spectral data (not necessarily from the visual range), which are
immediately processed into digital information associated with a certain pixel size. Pixel size is
determined by flight altitude. These pixels are then classed based on their spectral signature.
Sizes range from 3m x 3m to 50cm x 50cm, with the cost increasing as the pixel size decreases.

Aerial photography captures visual spectral data (sometimes infrared), generally from a fixed-
wing aircraft or helicopter. Most agency offices have access to recent air photo coverage of their
entire administrative unit at 1:12,000 to 1:24,000 scales. Most photo series are in stereo-pairs.
With some practice, these can be viewed in 3-D through a small tool called a stereoscope (see
Section N, this chapter). Most foresters routinely use stereo-pairs in their work, and can usually
assist in locating photograph pairs in your office and lending stereoscopes.

These photographs can be extremely valuable for identifying community and population bound-
aries, for stratifying sites, and for documenting study locations. Aerial photographs can also help
identify features and disturbances that are not apparent from the ground. In some offices, older
photo series may be available to compare with newer ones. This comparison can provide a
historical perspective on changes in disturbances and human use, ground cover, and even species
composition.

Low-level aerial photography (scales of 1:500 to 1:6000) are usually commissioned for a specific
project. Although expensive, if low-level aerial photographs can be used for monitoring in place
of ground measurements, the savings in personnel time may make aerial photography competitive
with more conventional monitoring techniques. Low-level photography is especially applicable
to woody species, very large herbaceous perennials, and overall community cover and habitat
condition assessments. It obviously will not work well for small species, or for a species that is
hidden in a photograph by a taller canopy. For examples where low-level photography was
successfully used to monitor a community, see Knapp et al. (1990) and Jensen et al. (1993).

We also recommend Avery and Berlin's (1992) Fundamentals of Remote Sensing and Airphoto
Interpretation as a guide to photo interpretation. The book has over 440 black and white pho-
tographs as examples, including 160 stereo-pairs and 50 color photographs. The layout and fasci-
nating photographs make this book attractive and extremely readable. Of primary interest for
vegetation monitoring is a chapter entitled "Forestry Applications", which also addresses commu-
nity cover mapping from aerial photographs in non-forested types. The authors describe how
individual range plants and grassland types can be identified at scales of 1:500 - 1:2500, and
individual trees and large shrubs at 1:2500 - 1:10,000. Typical diagnostic features used to identify
different species are plant height, shadow, crown margin, crown shape, foliage pattern, texture,
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and color. For some forested areas, diagnostic keys to species identification have been developed;
the authors include references to these guides.

E. Complete Population Counts

Some populations can be completely counted or censused and, where possible, this is the pre-
ferred monitoring method. No statistics are required to analyze the results or the precision of
the estimate. The change or number observed is real (provided the count is accurate and plants
are not missed); there is no sampling error. The only question remaining is whether the change is
biologically significant.

To use a census approach, a counting unit has to be consistently recognizable (ramet, genet, or
some consistent arbitrary unit). For a non-clonal species, individual plants (genets) may be relatively
easy to delineate and recognize, but for a clonal species, such as a grass, it is much more difficult to
define a counting unit. For a clonal species like aspen, the count may focus on obvious units like
trunks (which, since aspen is clonal, are actually ramets), but you must still decide whether the
count excludes any size classes (such as small ramets or seedlings). If a consistent counting unit is a
problem, an alternative sampling approach (such as cover or frequency) is a better option.

In theory, any population can be censused. In practice, however, accuracy of counts can be very
poor because of missed individuals. This can occur even when the plant is large and obvious. For
example, a census of a large (up to 60cm tall) Penstemon species done with four individuals
walking a grid pattern resulted in a count of 63 plants. When approximately 20% of the area was
sampled, the sampled area alone contained 93 plants (Elzinga, unpublished data). The discrepancy
was probably due to misses of non-reproductive and small individuals.

Factors that make counts difficult include a large population area, a large population, dense
associated vegetation, the presence of similar species, small stature of the target species, and many
of the target species in cryptic stage classes (such as seedlings). Before using a census approach,
ensure that counts are accurate by using two or more observers and comparing the results.

You can improve census counts by using some type of systematic search of the population area
(e.g., 0.1 hectare macroplots or parallel lines marked by pin-flags) and by setting standards
(parallel swathes of a certain width, macroplots searched for a given amount of time each year).
Boundaries of the population or macroplot should be marked so future counts cover the same
area.

F. Density

Density is the number of counting units per unit area. To define density as the number of indi-
viduals per unit area is suitable for animals, for which an individual is a readily recognized entity.
For plants, however, the above-ground expression can be of individuals (genets) or it can be an
intermixing of a few individuals with many above-ground members (ramets). An aspen clone, for
example, is an individual, but most people would consider each stem an individual, in spite of
the fact that stems are interconnected underground and are technically ramets.

Thus, a critical question in the measure of density, just as it is in censusing, is to define the

counting unit. A counting unit has to be consistently recognized by all observers for density to
be used as a monitoring method (Appendix 11).
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1. Advantages and disadvantages

Density is most effective when the change
expected is recruitment or loss of individuals
(or of the counting unit). Estimated density
(in terms of number per unit area) is theo-
retically the same for all quadrat shapes and
sizes, although the precision of the estimate
will vary (sometimes dramatically) among
sampling units of different shapes and sizes.
The fact that density is reported as a per
area measure allows comparison between
sites even if the quadrat shape used for
sampling differs. This is in contrast to
another measure described below, frequency,
which is dependent on plot size and shape.

In practice, the density estimate may vary
with plot size because of the effects of
boundary decisions, which are most pro-
nounced in small quadrats or long narrow
ones (see more on this in Section 2, below).
Because most observers will consistently
include boundary plants, estimates of density
in small quadrats or in long, narrow ones
(high perimeter to area ratio) are usually
higher than estimates from larger or square
quadrats. A key monitoring design decision
when using density is to select a quadrat
size and shape that will efficiently estimate
density with acceptable precision (see
Chapter 7), while controlling these
boundary errors (see Section 2, below, for
ways of reducing boundary errors).

Density is most sensitive to Changes caused
by mortality or recruitment. It is less sensi-
tive to changes that are vigor-related,
especially those that are sub-lethal (e.g., a
reduction in production that is not accom-
panied by an increase in mortality or a
decrease in recruitment). Figure 8.2 shows
that a population can change dramatically
without a large change in density. In this
example, cover and the ratio of reproductive
individuals compared to non-reproductive
have declined dramatically, but simple
counts would have detected a decline of
only two individuals. Density may be an
especially poor monitoring measure when

FIGURE 8.2. Two views of the same quadrat, the top

measured in 1995 and the bottom in 1996.
Outlined polygons denote canopy cover;
letters represent individuals. Note that density
declined from 39 individuals to 37 individuals.
In 1995, there were 14 reproducing individuals
(r), 14 non-reproducing individuals (n) and 11
seedlings (s) in the plot. In 1996, there were 4
reproductive individuals, 26 non-reproducing
individuals and 7 seedlings. Note also the
dramatic decline in cover from 1995 to 1996.
The changes illustrated in this plot are not
well captured by density measures of total
individuals. Even a count of seedlings versus
adults would not have captured the dramatic
change in reproductive fraction.
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individuals are long-lived, and respond to stress with reduced biomass or cover, rather than
mortality. Density may also be a poor measure for plants that fluctuate dramatically in
numbers from year to year, such as annuals.

Observer bias is generally low if the counting units are few and easily recognized, but errors
are common when quadrats contain cryptic individuals or numerous plants. The most com-
mon non-sampling errors originate in "high speed" counts that overlook small individuals.
Establishing a minimum search time per quadrat can reduce the temptation to hurry the
measurements, although the actual time required per quadrat will vary depending on the
number of counting units occurring within it.

2. Design and field considerations: quadrats

a. Quadrat design

The density of herbaceous plants is usually counted within the boundaries of a quadrat, each
of which is a sampling unit. Quadrat design is discussed at length in Chapter 7. A few of the
points are reiterated here:

1. The size of the quadrat should not be impractical, i.e., the quadrat should not be too
large either in terms of number of individuals to be counted or search time required.

2. Size and shape of the quadrat must be tailored to the specific plant distribution observed
in the field. For most situations, the most efficient quadrat shape will be a rectangle.

3. You should attempt to include at least some "clumps" of the target species in your initial
trial quadrat sizes and shapes. The most efficient plot shape and size in terms of number
of quadrats needed will be one in which the density in each quadrat is very similar (little
variability between quadrats). Good guesses on size and shape can be made by first
observing the distribution of the plants in the field. Pin flags can be placed throughout
the population in areas of concentration to get a better picture of the distribution of the
species at the site. You want to design a plot size and shape that intersects those areas of
concentration. Appendix 17 describes a procedure to compare the efficiency of different
quadrat sizes and shapes based on pilot sampling.

b. Counting unit

Density is usually based on a count of plants rooted within a quadrat. It works best with
plants with distinct and fairly small diameter stems. As the size of the area of the plant inter-
secting the ground increases (such as trees with larger diameter trunks or bunchgrasses with
large basal areas), deciding whether a plant along the boundary is in or out of the quadrat
becomes more complicated. For some species, using a "rooted density only" rule is also prob-
lematic. For example, if the counting unit is a shoot of grass, individual tillers are sometimes
not clearly rooted, but are clearly individual shoots. For many matted plants, trying to deter-
mine the rooted zone requires lifting and pulling at the top mat, possibly causing injury to
the plant; thus, for these matted plants using the canopy outline for boundary decisions may
be better than the rooted area. (A more appropriate technique for matted plants may be
cover.) For most species, however, avoid using the outline of the canopy as the boundary to
determine whether a plant is in or out of the quadrat (Figure 8.3), because changes in canopy
(vigor) will affect the density measure and increase the complexity of the interpretation. For
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open canopy with a
small single stem

canopy mat touching,

rooted portion outside
mat-like plant

canopy mat inside,
but only barely; rooted

portion outside f g stem straddling boundary line

canopy mat inside,
rooted portion

touching line
stem touching boundary line,

remainder of stem inside plot

rooted portion in

. ) both canopy and
plot, but barely

stem touching boundary line,
remainder outside plot

canopy and rooted
portion both more than
50% within plot

solid line depicting aerial cover outline of plant
--------------- dashed line depicting basal intersection with ground

FIGURE 8.3. Boundary decisions. Which plants should be considered within the plot?
Most investigators use one of two rules: (1) all boundary plants are counted
in on two contiguous sides and out on the other two sides; or (2) every other
boundary plant is counted. Plants c-h would be considered by most observers
to be boundary plants. Plants a and b would generally not be considered
boundary plants (because only the canopy intersects the plot), although
occasionally a specific situation may require that the canopy boundary be
used rather than the basal boundary (see text for additional discussion).

most species the best counting unit is a rooted individual, but for some species other rules
may have to be developed (and documented).

In addition to identifying the counting unit, you should consider the value of using stage
classes such as seedling, non-reproductive, and reproductive. Doing counts by stage class
requires more time, but in many situations the additional information warrants the extra
effort. Figure 8.2 clearly shows that measuring density in stage classes can rectify the insensi-
tivity of density as a measure of some kinds of change. In this example, the number of plants
in the quadrat only declines by two—from 39 plants the first year to 37 the second—but
demographic structure displays a dramatic change, declining from 14 reproducing plants the
first year to 4 the second year. Dividing the population into seedlings and non-seedlings can
provide additional information for interpreting changes in density, although in this example
adults increased by 2 individuals and seedlings declined by 4.

c. Boundary decisions
Boundary decisions are important in density measures, since a plant must be counted in or

out (Figure 8.3). You must establish boundary rules and apply them consistently each time the
monitoring is done. Plants with a single thin stem are fairly easy to determine if they are in
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or out of a quadrat, but plants with a large basal diameter (e.g., bunchgrasses and tree), may

be half in and half out. How will these be addressed?

Some viable alternatives are as follows:

1. Plants are considered in if any part of the plant boundary is touching the plot boundary
along two adjacent sides of a rectangular plot, and considered out if any portion of the
plant boundary is touching the other two sides of the plot. This provides an accurate
estimate of density and is the recommended approach for reducing boundary bias. For
monitoring in permanent plots, you must specify which sides are interpreted in which
way (compass direction works well), and measure along those sides the same way consis-
tently. The sides must be split so an equal portion of the perimeter is treated as the “in”
sides compared with those considered the “out” sides. In other words, if the plot is
rectangular, you would consider straddler plants “in” along one long side and one short
side of the rectangle, and “out” along one long side and one short side (adjacent sides).

2. Plants are counted as in or out alternately along the boundary. This provides an unbiased
estimate of density, but in a very large or long quadrat, you may have trouble keeping
track of whether you last counted an “in” or an “out” plant.

3. Plants are considered in if more than 50% of the plant boundary (canopy or basal) is
within the plot. This is illustrated by plants e and f in Figure 8.3. While this method will
give an accurate measure of density, we do not recommend it because additional subjective
observer decisions are required. Observers may have consistent bias in their estimates of
50% (over-inclusion is the most common), introducing an unknown observer error. Plants
with irregular basal outlines are especially difficult to consistently determine if they are
to be counted “in” or “out”.

Some non-viable alternatives:

1. Count all plants that touch the line, even if most of the plant boundary is outside of the
plot. This is illustrated in Figure 8.3, plants ¢ and h. If you use this approach, you will
overestimate density (number of individuals per unit area) because the length and width
of the plot are essentially increased by the average diameter of the boundary of the plant.
This is easiest to visualize with the matted plant in Figure 8.3.

2. Include only plants that are completely within the plot, including those that just touch
the line. This is illustrated by plant g in Figure 8.3. This gives the opposite result as
approach (1), above—an underestimation of true density.

Both approaches have been used in monitoring studies, and if you have a current study
using one of these designs, it is not a fatal error. If the purpose of the study is to measure
change over time, and the boundary rule resulting in over or under estimation has been
consistently applied, you may still be able to interpret changes in terms of trend in the pop-
ulation. One problem in interpretation that may arise however, is that as plant boundaries
change due to changes in vigor, the impact of that change on density estimated using either
of these boundary rules will be much larger than if boundary decisions were made using an
unbiased approach. Thus, interpreting changes in density measured in a monitoring project
using one of these boundary rules will be partially obscured by changes in vigor. Another
problem is that both methods create difficulties in comparing density estimates at different
sites since the estimate of density is partially a function of plant diameter, which can vary
from site to site.
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3. Design and field considerations: distance measures

An alternative to estimating density in quadrats is a suite of techniques called distance mea-
sures. Several variations on the theme have been developed, but they all involve the measure
of the distance of an individual from a point or from another individual, and estimating den-
sity from the average distance measure. Figure 8.4 shows the four most commonly used
distance measures in vegetation sampling. These measures are most often used for large or
scattered individuals such as trees, for which the use of quadrats is not practical. They have,
however, occasionally been used in grasslands on common herbaceous plants (Becker and
Crockett 1973). Distance measures are based on the concept of a mean area per plant. Once

this is known, the value can be used to calculate a density per unit area.
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FIGURE 8.4. Four distance methods used for measuring density in plant populations with randomly distributed individuals:
(1) nearest neighbor; (2) point center quarter; (3) nearest individual; and (4) random pairs. None of these
methods are appropriate for species that have contagious (clumped) distributions.

These techniques, however, are only suitable for use on plants with random distributions.
Most plants do not grow randomly in space, but occur in clumps, the result of short-distance
dispersal of propagules or micro-variation in habitat. One technique, the wandering quarter
method (Figure 8.5), was designed for individuals with non-random aggregated distributions
(Catana 1963). A similar approach, the T-square method, was proposed by Diggle (1975)
and by Blyth (1982).

Field tests of the latter two methods give mixed results. Lyon (1968) found that the wander-
ing quarter method gave an accurate estimate of density in a shrub community in which all
individuals had been enumerated. To achieve a reasonably precise estimate of density,
however, actual counts were quicker than sampling with points and distance measures.
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McNeEeill et al. (1977) sampled an area in which all individuals had been marked and mapped.
They found that quadrats were superior in terms of the accuracy of the estimate and field
efficiency compared to several distance measures. Becker and Crockett (1973) concluded
that the wandering quarter method underestimated a clumped species and overestimated a
single-stalked, well-dispersed species.

In a simulation study of 24
distance-based density estimators,
Engeman et al. (1994) determined
that the approach proposed by
Diggle (1975) did not provide
unbiased estimates of the mean
when sampling clumped distribu-
tions. They also argued that the
method is relatively inefficient in
the field because of the difficulty
in defining the area of exclusion
(see Figure 8.5). They concluded
that the best estimators were
those that measured three dis-
tances per point (point to nearest
individual, nearest individual to
nearest neighbor, and nearest
neighbor to its nearest neighbor),
and estimators that measured
from the point to the third
nearest individual.

The value and performance of
distance measures depends on
the field situation. The best esti-
mators for clumped distributions
are complex, either requiring
three measures per sampling
point, or determining which indi-
vidual is the third farthest from
the sampling point. This com-
plexity dramatically reduces the
field efficiency of these methods.
Distance measures may be appro-
priate when the individuals are so
widely spaced that using quadrats
is not practical (as for some
trees), but for most monitoring
situations involving rare plants,
quadrat-based density estimates
are more efficient and free from
the potential biases of distance
methods.

next plant within a 90' angle
selected, and the distance
measured between them

angle remains defined by
original transect direction

Toriginal transect direction

FIGURE 8.5. Wandering quarter distance measure, which can be used in
plant populations with individuals contagiously distributed.
This is the only distance measure recommended for general
use since few plant populations are randomly distributed.
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G. Frequency

Frequency is usually measured in plots, and can be defined as the percentage of possible plots
within a sampled area occupied by the target species. You can visualize frequency by imagining
the sampling area overlaid with a grid of cells the same size as the frequency plot. The percent-
age of cells occupied by the species is the frequency. Occupation is defined by occurrence; the
abundance of the species within the plot does not matter, only whether it is present. Because the
target species will more likely occur in very large plots compared to small ones, frequency is a
measure dependent on plot size and shape. Frequency values from different studies are not
comparable unless the plots used were identical.

1. Uses, advantages, and disadvantages

Frequency is appropriate for any species growth form (Appendix 11). It is especially sensitive
to changes in spatial arrangement. It may be appropriate for monitoring some annuals, whose
density may vary dramatically from year to year, but whose spatial arrangement of germina-
tion remains fairly stable. Rhizomatous species, especially graminoid species growing with
similar vegetation, are often measured by frequency because there is no need to define a
counting unit as with density. Frequency is also a good measure for monitoring invasions of
undesirable species.

Another advantage of frequency methods over methods for measuring cover (Section H.,
below) is the longer time window for sampling. Once plants have germinated, frequency
measures are fairly stable throughout the growing season, compared to cover measures,
which can change dramatically from week to week as the plants grow.

The key advantage of frequency methods is that the only decision required by the observer is
whether or not the species occurs within the plot. Technicians can usually measure frequency
with minimal training on methodology and species identification. If the species is easy to
spot, frequency plots can be evaluated very quickly.

The disadvantage is that frequency is a measure affected by both the spatial distribution and
the density of a population (Grieg-Smith 1983). Because of this, changes can be difficult to
interpret biologically since we will not know if a change is due to changes in density,
distribution, or both (Figure 8.6). Unlike other vegetation attributes, like density or
cover, frequency is difficult to visually estimate for a whole site. Thus, the biological signifi-
cance of changes may also be difficult to express to managers and user groups because they
cannot easily visualize the change.

2. Design and field considerations

a. Arrangement of plots

You can locate frequency plots randomly or along transects. Plots arranged systematically
along randomly located transects are more efficiently located in the field than plots that
must be located individually at random coordinates; thus, using transects is the most common
approach. Locating plots along transects also allows for permanent monumentation of plots.
Monumenting individual frequency plots is prohibitively time-consuming, but by monu-
menting the ends of a transect, and providing periodic monuments along the transect to
ensure later accurate relocation, quadrats placed along a transect can be relocated fairly accu-
rately and can be considered permanent. This results in two major benefits. The first is that
the design is usually much more powerful for detecting change (see Chapter 11). The other
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FIGURE 8.6. This macroplot was sampled with 40 permanent frequency plots. The first year,
density in the macroplot was 198 individuals—72 seedlings (*) and 126 adults (X).
The second year, density declined to 71 individuals—23 seedlings, 48 adults.
Frequency between the two years declined from 57.6% to 50.0%.

benefit is an increase in biological understanding when you can relate changes to spatial data.
Because you know the location of the changed quadrats, you may be able to determine
causes of change (opening of the canopy, wet microsite, invasion of weeds, etc.).

The approach that has been commonly used in rangeland monitoring is to locate plots sys-
tematically along transects, usually at Im or 2m meter increments. This design is appropriate
if the sampling unit is considered the transect, but inappropriate if the plot is intended as the
sampling unit. Spacing at 1m or 2m intervals is usually inadequate to ensure that each
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quadrat is an independent observation, but the actual spacing required to provide indepen-
dence will vary by site (see Chapter 7).

b. Boundary rules

The key decision in frequency measures is whether the species occurs in the plot. While this
is relatively straightforward for single small-stemmed plants, it is more difficult for larger
plants and matted ones. You must establish counting rules and apply them consistently. Some
researchers have used the rule that if a perennating bud occurs within the plot, the plant is
counted (Bonham 1989). Under this rule, shrubs and trees with live buds that fall within the
volume of the plot (as projected upward in space) would be considered in the plot. Most
researchers, however, use rooted occurrence. Developing boundary rules similar to those
described for density is important for all plants, but especially so for plants with wide bases
such as bunchgrasses.

c. Stage classes

As with density, you must decide whether to evaluate occurrences by size or stage class (such

as seedling, non-reproductive, reproductive). Using stage classes increases the amount of time
required to evaluate each plot, but it can dramatically increase the understanding of frequency
change in many cases. At a minimum, consider separating classes by seedling and non-seedling.

d. Plot size and shape

Plot size determines the frequency value. The larger the plot, the greater the likelihood that
an individual will occur within the plot, resulting in a larger overall frequency value. If plots
are large enough, all of them will contain the target species (100% frequency). This leaves no
sensitivity to upward change. If too small, there will be little sensitivity to downward change.
Frequency values, at least the first year, should be between 30% and 70%. If you are con-
cerned about change in only one direction, or that the change may be dramatic, you may
wish to change these target percentages. For example, if you are only concerned about
declines, you may want to target your initial measure to between 50% and 80% to provide a
wide margin of sensitivity to declines.

Nested plots are often used by federal agencies in range sampling; a common frame size is
50cm x 50cm, with four smaller plot sizes nested within the 50cm x 50cm frame (5cm x
S5cm, 25cm x 25cm, and 25cm x 50cm). The Nature Conservancy uses a nested frequency
frame with square frames measuring 0.01m?, 0.1m?, and 1.0m? for plant community moni-
toring studies. While this is useful in sampling communities in which many species are
measured, when measuring a single species, it is more efficient to sample a single quadrat size
designed for the particular density and distribution of that species, rather than a standard-
sized nested quadrat. Nested quadrats designed specifically for the target species, however,
may be useful if frequencies change dramatically from year to year, such as for annuals or
short-lived perennials (Appendix 11). A nested design that gives about 20% for one plot size
and 80% for another provides a greater range for measuring large upward or downward
changes the following year compared to a single plot size that gives approximately 50% fre-
quency the first year. Nested plots may also be advantageous for measuring populations by
stage classes. If, for example, seedlings are more abundant than adult plants, a smaller plot for
seedlings nested inside a larger plot for adult plants may be very efficient. Finally, using nested
plots in a pilot study is the best approach to determine the best plot size to use.
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The advantages of long narrow plots for estimating density, cover, and biomass are clearly
shown in Chapter 7. For these types of estimates, square plots are inefficient because a few
plots will contain large values of the target species, while most plots will have none of the
target species. With frequency data, however, only two values are possible—present or absent—
and you want at least 30% of your plots to contain no plants. For this reason, use square plots
when sampling frequency, and adjust the size of the plot to reach the desired frequency range.
An exception to this rule may be sparsely distributed rare plants for which frequency plots
would have to be very large to contain plants 30% of the time. For these plants, a more rec-
tangular frequency plot may be advantageous. If you use a rectangular quadrat, you must be
sure to orient the long sides of the quadrat in the same direction in each year of measurement.

A special case is a plot size reduced to a point. These data can be considered a frequency
measure but are most often interpreted as a measure of percent cover.

aerial cover

H. Cover i "

: basal cover
: v

Cover is the vertical projection of vegetation from the
ground as viewed from above. Two types are recognized.
Basal cover is the area where the plant intersects the
ground; aerial cover is the vegetation covering the ground
surface above the ground surface (Figure 8.7). You can
visualize aerial cover by considering a bird's-eye view of
the vegetation.

1. Uses, advantages, and disadvantages

You can most easily measure the cover of matted
plants and shrub species with a well-defined canopy,
but cover measurements are applicable for nearly all
types of plants (Appendix 11). Cover measurements
often used for grasses because of the difficulty in FIGURE 8.7. Basal cover compared to aerial
counting grass plants or tillers. Cover is one of the most cover.

common measures of community composition because it equalizes the contribution of
species that are very small, but abundant, and species that are very large, but few. Of the
three measures—density, frequency, and cover—cover is the most directly related to biomass.
A key advantage of cover as a vegetation measure is that it does not require the identification
of the individual (as density does), yet it is an easily visualized and intuitive measure (unlike
frequency).

A disadvantage of cover measures (especially canopy cover) is that they can change dramati-
cally over the course of a growing season, while both frequency and density measures are
fairly stable after germination is complete. The change in cover over the course of the growing
season may make it hard to compare results from different portions of large areas where
sampling takes several weeks or a few months.

Another disadvantage is that cover measures are sensitive to both changes in number (mor-
tality and recruitment) and in vigor (annual biomass production). Because you may be
unable to determine whether measured cover changes are due to density or production
changes, cover trends can be difficult to interpret. Real trends in density may be obscured in
species with highly variable annual production. For example, increases in cover can obscure
significant mortality (Figure 8.8). For plants with less annual variability, such as shrubs and
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matted perennials, cover changes will be due pri-
marily to mortality or recruitment. Because basal
cover is generally less responsive to annual weather
events than canopy cover, annual variability for all
species will be highest with measures of canopy
cover.

. Design and field considerations

Because cover can change dramatically over the
course of a growing season, sampling must be done at
the same stage of the growing season during each
measurement event. Comparable stages will probably
not occur on similar calendar dates given variation in
annual weather. Several techniques have been devel-
oped for measuring cover. The most common tech-
niques use lines, points, or plots. All three approaches
have been used in plant ecology for over 50 years,
and many studies have compared their relative
strengths (Bonham 1989). Growth form and the
objectives of the study are the key determining fac-
tors.

a. Visual estimates in plots

Cover data collected in plots is usually based on a
visual estimate of cover class. Many cover class systems

@@ ‘@

/@

)

have been developed (Table 8.1); all are fairly similar, FIGURE 8.8.Two views of the same quadrat,

but the Daubenmire (1959) and the Braun-Blanquet
(1965) systems are probably the most commonly
used. Many later systems (e.g., Bailey and Poulton
1968; Jensen et al. 1994) split the lowest classes into
even finer units. This is because in community
studies, the most common application of plot cover
methods, many species fall into these low cover
classes. For rare plant monitoring studies, a cover class
system that is specific to the target species may be more
appropriate than

the top measured in 1995 and the
bottom in 1996. Note that the
density declined (from 39 in divid-
uals to 21), while cover actually
increased. Also note the scarcity
of seedlings in 1996, which would
not have been detected by cover
methods unless cover was measured
separately for adults and seedlings.

any presented here. | [class Braun- Daubenmire | Domin-Krajina EcoData Bailey and
Blanquet (1965) (1959) (Shimwell 1972)| (Jensen et al. 1994) | Poulton (1968)
The key problem 0-1% ()
. . . I lit 1 - 5% 0-1%
with visual estima- = STE =) 0 (9) .

. ¢ . 1 small 1-5% 0-5% seldom 6-15% 2-5%
tion of cover in 2 6-25% 6-25% very scattered 16 - 25% 6-25%
plots is the 3 26 - 50% 26 - 50% 1-4% 26 - 35% 26 - 50%
introduction of an 4 51-75% 51-75% 6-10% 36 - 45% 51-75%
unknown level of 5 >75% 76 - 95% M -25% 46 - 55% 76 - 95%
observer bias. 6 96 - 100% 26 - 3% 56 - 65% 96 - 100%

34 - 50% - 759
Kennedy and | 2 A
. - () - )
Addlsofl (1987) 9 76 - 90% 86 - 95%
determined that 0 91-100% 100%
more than 20%

TABLE 8.1. Cover estimation classes recommended by various authors.
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change in cover must be observed before the change can be attributed to factors other than
observer bias and annual variation. Greig-Smith (1983) states that observer bias can be as
high as 25% of the mean. Hope-Simpson (1940) concluded that a cover change of up to 23%
could be attributed to observer disagreements. In a comparison of estimates by two trained
observers measuring 5m x 5m plots, it was found that for 39.5% of the species there was a
difference of one class assigned by each observer, and for 3% of the species the observers
differed by two classes (Leps and Hadicova 1992). Clymo (1980) found that estimates of
cover of wetland vegetation in 25cm x 25cm plots could vary 10-fold among observers. Fine
and lacy-leaved species are more variably estimated compared to broad-leaved ones (Goebel
et al. 1958; Clymo 1980; Sykes et al. 1983). Accurate estimates are especially difficult when
the target species is intermingled with similar species, such as a rare sedge that occurs in a
meadow with dense cover of several similar grasses and sedges. Estimates are most variable
among observers at moderate levels of cover (40-60%), but are least accurate at the lowest
cover values (Hatton et al. 1986).

Using cover estimation in quadrats remains popular, however, because of the ease and speed
at which data can be collected. Cover estimation is also more effective for locating and
recording rare species (with cover values of less than 3%) than are point and line intercept
methods (Meese and Tomich 1992; Dethier et al. 1993).

Some techniques have been used to improve the reliability and repeatability of visual esti-
mates. Cover is more similarly evaluated in small quadrats than in larger ones (Sykes et al.
1983). Use of frames that include a known number of grid squares can also increase the
similarity of estimates among observers. In a study of sessile marine species, Dethier et al.
(1993) used a 50cm x 50cm frame divided into 25 10cm x 10cm squares, each of which was
considered 4% cover. Incompletely filled squares were grouped. This method resulted in
visual estimates that were more similar among observers than estimates made with 50 point
intercepts in each frame, and required only half the field time. Another approach that has
been successful in reducing the variability between observers is training with pieces of
cardboard of known cover values.

Because the level of variability among observers differs for different species, you may want to
assess the impact of observer variability during a pilot study by conducting trials using sev-
eral observers. If variability is extremely high, take steps to reduce variability, or use another
method of estimating cover.

Sampling design considerations for estimating cover in quadrats are theoretically similar to
that of density: using long, narrow, and fairly large plots will reduce the between-quadrat
variability and increase the efficiency of the sampling. This design is impractical for most
field situations because you cannot accurately and consistently estimate cover in plots with
large area, especially long narrow ones that cannot be completely viewed from one observation
point. A better approach is to use smaller quadrats that facilitate accurate cover estimates.
Place these along a transect line and treat the transect line as the primary sampling unit in a
two-stage sampling design (see Chapter 7 for more information).

In rare cases, the small plot may be a good plot design (size and shape) to use, and may be
appropriate as the primary sampling unit. If so, you may still want to arrange plots along
transects for ease in locating them in the field. If they are far enough apart to be considered
independent, and if distributing them along transects results in adequate interspersion, you
can consider each quadrat the sampling unit (see Chapter 7).
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distance of intercept b. Line Intercepts
. :

transect

V'S
A 4

; Canopy cover is measured along a line intercept
transect by noting the point along the tape
where the canopy begins and the point at which
it ends (Figure 8.9). When these intercepts are
added, and then divided by the total line length,
the result is a percent cover for that species
along the transect. Line intercept techniques are
effective for species with dense canopies, such as
some shrubs and matted plants. Line intercept is
more difficult to use for plants with lacy or nar-
row canopies, such as grasses and some forbs and
3 | shrubs, because of the large number of small
interceptions requiring evaluation.

distance a

total
transect

length distance b

Few plants form complete canopies, lacking any
gaps. Typical gaps are formed by dead centers in
bunchgrasses, fractured canopies in matted
plants, gaps between blades of grass, and gaps
between branches of shrubs. One approach for
dealing with gaps along line intercepts is to
measure small increments one at a time (such as
a lem distance along the tape). This approach
forces the observer to evaluate each centimeter
------------------ and reduces errors caused by sloppiness. It is
also very time-consuming. Alternatively, the
observer can assume a closed canopy until the
gap exceeds a predetermined width; Bonham
(1989) suggests 2cm. In practice, observers often
treat gaps differently when sampling line inter-
cepts; thus, gap rules must be clearly documented
in the description of the sampling methodology
................. . | to ensure consistency among observers.

distance d

distance ¢ | A pother problem with line intercept is the

prrzziaziiz: * | potential for observer bias because the sighting line
is not perpendicular to the tape or plumb. One
option is to suspend the tape over the vegetation
""""""""" | and use a plumb bob to locate canopy starts and
distance atbtc+d+e+f | stops. For overhead vegetation, a pole with a

total transect length level can be used. The most accurate method for
locating canopy boundaries of both low and
overhead vegetation is to use some type of optical
sighting device (described under points, below).

distance f

%cover =

FIGURE 8.9. Line intercept method of measuring cover
for a single shrub species.

A final problem with line intercept is that repeatable measures are difficult to achieve if the
wind is blowing. Not only is there the problem of trying to locate the intersection of the
tape with a moving target, there is also the problem of the tape bowing in the wind, and of
the vegetation laying at an angle and presenting a larger surface area than would be available
under still conditions.
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The sampling unit for line intercept is always the transect. During sampling design, the
length of the transect should be considered. Longer transects will cross more small-scale vari-
ability, reducing the number of transects needed for a given precision of the cover estimate.
Longer transects, however, require more time to measure, and may also be problematic in
dense vegetation.

c. Point intercepts

Cover is measured by point intercept based on the number of "hits" on the target species
out of the total number of points measured (Figure 8.10). Measuring cover by points is
considered the least biased and most objective of the three basic cover measures (Bonham
1989). Observers need only decide whether the point intercepts the target species. Canopy
gaps and cover estimations do not need to be evaluated.

miss hit miss miss

Y ¥ [9F v

% cover = number of points = 5/9 = 55.6%

transect line hit miss

FIGURE 8.10. Point intercept method of measuring cover.

Points are measured either with pins that touch the vegetation or with a cross hair optical
sighting method. Pins have the advantage of being inexpensive and easy to use. Their key
disadvantage is the error associated with the diameter of the pin, resulting in overestimation
of actual cover, especially for narrow or small-leaved species (Warren-Wilson 1963). This is
generally not a problem in most monitoring situations where change is of interest rather than
the actual cover value. It is important, however, to use the same pin diameter for successive
measurements. Pins need to be used with some type of pin frame. Few observers can lower
a pin freehand without bias.

Optical sighting devices have been developed that use a mirror system to enable the observer
to remain standing while looking at the ground. Crosshairs in the field of view identify a
point. These devices are usually mounted on a tripod, and can be set for a specific angle of
intercept. They are quick, accurate, and fairly easy to use, but are costly ($500-1000).
Another disadvantage is that a second observer needs to move canopy vegetation from the
line of sight if the target species is an understory plant.

Cheap sighting tubes with crosshairs made of fine wire, fishing line, or dental floss can be
constructed, but often require the observer to bend awkwardly to look downward and are
also difficult to maintain at a constant angle. Buell and Cantlon (1950) and Winkworth and
Goodall (1962) give complete directions for their versions. For braver do-it-yourselfers,
Morrison and Yarranton (1970) describe the construction of a high-quality optical device
from a rifle telescope, a right angle prism, and a homemade frame.

The angle of the point intercept has a dramatic effect on the cover measure. Most cover
measures are perpendicular to the ground, but species with narrow upright leaves are rarely
encountered with this angle. Other angles have been used to increase the number of "hits"
on these types of plants (Bonham 1989). The monitoring methodology should always specify
the angle used. Note that angled pins eliminate the advantage of intuitive visualization of
canopy cover as a bird's eye view.
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The fact that the angle of the pin affects the probability of intersection with vegetation
suggests a problem if wind changes the angle of the vegetation by making plants "lay over."
This can result in a dramatic increase in the percentage of points intercepting a target
species, especially fine-leaved or grass-like ones, and has clear implications for using point
intercept to measure change over time.

The cover most often measured by points is canopy cover. Cover can also be measured
within defined layers (i.e., the cover of individuals over 50cm tall and those less than 50cm
tall), or by different species. For both approaches, recording more than one interception at
each point is likely, depending on how many layers have been defined or how many species
occur at the point. You can also use points to measure multiple layers of a species by record-
ing all the interceptions with the species as a pin is lowered to the ground (Goodall 1952).
Note that this measure is no longer a measure of canopy cover since the pin may intercept
the same individual or same species more than once at each point. Most researchers have
interpreted multiple interception measures as an index of biomass, volume, or composition
(Goodall 1952; Poissonet et al. 1973).

A key disadvantage of point intercept is that species with low cover values are often not
sampled efficiently because points so rarely intersect the species of interest. This is intuitively
obvious: a species with 1% cover would likely only be intercepted once or twice (or not at
all) in a sample of 100 points. To estimate a species with 8% cover (within +£10% of the
mean with a 95% confidence), Walker (1970) calculated that about 2000 point intercepts
would be required. Dethier et al. (1993) found that when 50cm x 50cm plots were visually
sampled and with 50 point intercepts, the latter failed to detect 19% of the species found by
visual estimates; all of these species had less than 2% cover. Leonard and Clark (1993) and
Meese and Tomich (1992) also noted the difficulty of using point intercept to sample
species with low cover.

Detecting small changes, especially at low cover values, is also problematic, as it is with any
method. Brady et al. (1995) found in simulations of sampling a shortgrass prairie community
with 100 points distributed along 100m transects, that 10 transects (1000 points) would
detect a change from 12% to 10% cover only 40% of the time. A larger decline from 12% to
6% cover, however, was detected by only three transects 90% of the time in their simulation
trial. Using 20cm x 25cm plots with known cover, Dethier et al. (1993) calculated that 1118
points would be needed in a permanent plot to distinguish a change from 3% cover to 4%
cover 95% of the time, but only 92 points would be needed to distinguish a change from
40% cover to 50% cover.

These problems are most apparent in community sampling, where each point requires
recording the species intercepted. In a study that monitors the cover of a single species, such
as a rare species with low cover, many points would require no evaluation beyond the fact
that the species is not there. You can imagine that a 100m transect of 100 point intercepts
could be evaluated very quickly if it only crosses a clump of the target species once. Most
points could simply be checked visually; only those points that are close to intercepting the
target species would require a setup of the point frame or optical sighting device.

The sampling unit depends on the arrangement of points. Points can be sampled in frames
(which then form the sampling unit), as single randomly located points (each point a sampling
unit), or as points located along a transect (either points or the transect forming the sampling
unit). The original method of point interception used a linear point frame of 10 pins as the
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sampling unit (Levy and Madden 1933), with suspended pins that could be gradually low-
ered until contacting the vegetation. Point frames can also be rectangular, with a grid of
points (Floyd and Anderson 1982). The literature is replete with variations on point frame
size and shape, but, in general, frames are usually not the most efficient approach. Goodall
(1952) demonstrated that sampling point intercepts using frames was much less efficient
than sampling random points, and later studies have supported this conclusion (Evans and
Love 1957). Depending on the vegetation, time required for measuring single points as the
sampling unit can be 1/3 to 1/8 that required for point frames, since many points must be
measured in the latter to achieve the same precision as independent random points.

Rarely are point sampling units each located randomly. Sample size is usually several hundred
sampling units, a prohibitive number to locate randomly throughout an area. The better
approach is to arrange points along transects. If points are far enough apart, they can be con-
sidered independent sampling units (Chapter 7). If fairly close together, the transects can be
considered the sampling unit.

How many points should be placed along each transect? Fisser and VanDyne (1966) found
that it was best to sample with fewer points and more lines when using the transect as the
sampling unit. This design maximizes the number and interspersion of sampling units
throughout the sampled area. The number of points you place along the transect, however,
controls the resolution of the cover value if your sampling unit is the transect. For 10 points,
for example, only cover values of 0%, 10%, 20%, 30%, etc. are possible. With 50 points, cover
values can be measured in increments of two: 2%, 4%, 6%, etc. At a minimum, you want
enough points so that you will intersect at least some individuals of the species of interest
along each transect line. This may require many points (50 to 100 or more) for some species
with very low cover.

If the point is the sampling unit, using more points and fewer transects may be advantageous.
The largest field expense when points are located along transects is the location and estab-
lishment of each transect. Maximizing the number of points per transect would minimize
setup time. Transects may, however, have to be quite long in this design to have points located
far enough apart to be considered independent sampling units (Chapter 7). If the structure of
the vegetation presents challenges to establishing long transects, several short transects may
actually require less time.

d. Permanent sampling units for measuring cover

All three methods of monitoring changes in cover—plots, line intercept, and point intercept—
can be used with either permanent or temporary sampling units. Remember that the value in
permanent units is that because of the high correlation between sampling units, the difference
observed over time at each sampling unit is of interest. A key consideration with measuring
cover with permanent sampling units is whether you can actually make them permanent.
Measuring the exact same line intercept each time is much more difficult than measuring
within a permanent density plot in which all four corners of the plot are permanently monu-
mented. Changes in tape tension (sag), bowing in the wind, and slightly different placement
due to brush are examples of factors that may reduce the correlation between each
measurement. If you intend to use a permanent design, consider the following factors:

Plant morphology. Failure to intersect a particular plant on the second measurement that
was recorded during the first measurement results from (1) tape and point movement and
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a miss of the exact location; (2) decline in cover of the plant so that your sampling unit no
longer intersects it; or (3) the plant died (or is dormant). Only the first is a problem; the
second two scenarios are true changes. You can perhaps guess which scenario is most likely
based on the size and morphology of the target species. If the plant you are sampling has a
fairly large area, you will likely intersect the same individual at the second measure
because you have the area of the plant as room for "error." Thin-leaved species are more
problematic than matted species because only minor movements of a point or a line will
result in missing a plant that has not changed.

Field conditions. Exact relocation of a permanent transect in places that are difficult to
travel through, such as dense brush, is unlikely. You can be more confident of accurate tape
relocation in a short-grass prairie.

The sampling unit. If points are the sampling unit, your individual points must be correlated
from year to year. If transects or plots are the sampling unit (either as a line intercept, a
line of points, or a collection of plots), the transects or plots must be correlated. Points are
much more difficult to relocate than transects or plots.

Several field techniques can reduce placement error. You should monument transects with
permanent markers at each end and at points along the transect. The number of intermediate
markers depends on the field circumstances. In dense brush, a transect may require a marker
every few meters to ensure accurate relocation, while at a meadow site every 10 or 20
meters may be sufficient. Shorter transects are less affected than long transects by tape
stretch, bowing and sagging, or using alternative pathways around large vegetation. For cover
estimation in plots, marking one or two individual plot corners as well as the transect ends
will ensure that plots are relocated accurately. This monumentation adds to the time
required to establish a study, and these costs must be weighed against the benefits gained
from a permanent design compared to a temporary design (Chapter 7).

In general, permanent sampling units for cover, especially using points as the sampling unit,
may be difficult to achieve in field settings, although they usually do increase the efficiency
of the design for measuring change (Goodall 1952). If you intend to use a design with
permanent sampling units, test the degree of physical correlation by conducting a measure,
picking up the tape, then having a second observer re-establish the tape line and complete
the measurements. If the correlation between the two measures is not good, you should use a
sampling design with temporary sampling units.

e. Comparison of plots, points, and lines

You must choose transects, plots, or points as the sampling unit for measuring cover. The best sam-
pling unit depends on the total cover of your species, its distribution in the field, and its morphology.

Transects vs. Plots. Daubenmire (