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often coupled with modeling- is essential
to determine the most cost-effective ap-
proach. ~s, monitoring is essential to re-
sponsible, effective, and efficient resource
management, and monitoring is increasingly
a required component of water pollution
control programs (e.g., 5, 6)

Nevertheless, remarkably little attention
has been given to the expl,icit and iterative
process necessary for the efficient design
and execution of monitoring projects. Boyn-
ton (2) developed a stepwise process of
preparing water quality surveillance plans
based on his experience with the U.S. Forest
Service in California. Similar but more exten-
sive guides to developing water quality
monitoring plans have been developed for
the U.S. Forest Service (15, 16) and the U.S.
National Park Service (11). Although these
guides were specific to agency needs, each
emphasized the importance of a conscious,
rigorous procedure for developing and exe-

v onitoring means "to watch or check

on" (9). In resource management,

Imonitoring is an essential step from
both a resource and a legal perspective (5,
6; 7; 10). In particular, monitoring is essen-
tial to evaluate management effects on a
given resource; justify the expenditure of
funds for pollution control, alternative re-
source management practices, and restoring
degraded resources; optimize the allocation
of funds among management alternatives;
increase our understanding of the systems
being monitored, particularly their temporal
and spatial variability; and document com-
pliance with regulatory requirements.

If our primary concern is water quality ,
for example, monitoring is used to evaluate
compliance with water quality standards and
the effects of management activities on
water quality (J, 4, 5). If water quality is not
satisfactory, a strategy must be developed to
reduce incoming pollutants, and monitoring-

Photo above:
Students measuring
discharge and channel
characteri5tics in the Little
South Fork of the Poudre
River, Colorado.
Measurements by
successive classes can
yield monitoring data if
data collection techniques
are consistent over time.
Replicated measurements
and other procedures are
necessary to assess
variability and provide
quality assurance/ quality
control.
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but the high level of interest in this publica-
tion suggested that the basic principles were
more broadly applicable.

In the last two years, the author has led
workshops on monitoring in 11ine Western
states, participated in several other work-
shops and conferences on monitoring (e.g.,
12), and prepared a guidance document on
the inventory and monitoring of water re-
sources for the National Park Service. These
workshops and discussions have verified the
validity and broader applicability of the
basic procedure outlined in MacDonald,
Smart, and Wissmar (13), while suggesting
some additional points and refinements. The
recently published evaluation of the Experi-
mental Rural Clean Water Program ( 7) pro-
vides independent support for many of the
concepts which led to the development of
this paper.

The purpose of this article is to present a
revised and more generally applicable pro-
cedure for designing and implementing
monitoring projects. By defmition a monitor-
ing project consists of measuring selected
variables in time and space in order to diag-
nose change. Cause-and-effect generally
cannot be proven due to a lack of random-
ly-allocated treatments and controls, but may
be inferred by linking changes in water
quality to changes is land treatment (19).
The complexities of natural systems causes
monitoring to be a difficult compromise be-
tween what is feasible and what is desirable.
Hence, a conscious, explicit process is need-
ed to formulate monitoring projects which
minimize costs while still having a relatively
high likelihood of providing the desired in-
formation (3, 17; 21).

All too often, monitoring projects are initi-
ated with a minimum of forethought, and re-
sult in a collection of poorly-documented
data which are never analysed, provide little
or any feedback to resource managers, and
contribute little or nothing to our under-
standing of the systems being monitored.
This wastes time and resources, and implies
that we'll keep making the same mistakes.

It is important to note that the procedure
discussed here is most applicable to more
quantitative and rigorous monitoring pro-
jects. Qualitative, "walk-in-the-rain" monitor-
ing can be very effective in terms of identi-
fying key processes and problem areas (12),
but a more rigorous and quantitative ap-
proach will typically be required for regula-
tory compliance and to justify substantial
changes in management practices. Probably
the most effective approach is to use qualita-
tive observations to help design and check
on the applicability of quantitative observa-
tions (12). Bauer suggests a reconnaissance
to assess condition and define issues prior to
initiating a monitoring project (1).

Figure 1. Flow
char1 for

cuting monitoring projects.
A workshop at the East-West Center in

1986 developed guidelines for surveying and
monitoring watersheds. The primary focus
was on the acquisition of statistically-sound
information in a cost-effective manner (14).
Statistical aspects of designing monitoring
networks are discussed in more detail in
Sanders et al. (17) and Ward, Loftis, and
McBride (21). Brooks et al. 0) discussed the
role of monitoring and evaluation within the
context of watershed management projects.
Stednick (20) also briefly discussed the de-
sign of water quality monitoring projects in a
recent manual on wildland water quality
sampling and analysis.

A more detailed pf.Qcedure for designing
and executing monitoring projects was de-
veloped by MacDonald, Smart, and Wissmar
(13). Ostensibly this was specific to monitor-
ing the effects of forestry activities on
streams in the Pacific Northwest and Alaska,



Design of a monitoring project Figure 2. The

monitoring feedback

loop.

cialists so that the former ~re fully aware of
the resource managemerit issues and the
role of monitoring in facilitating effective
and responsible resource management (2).

There are several reasons why a manager
should tak~ the lead in defining the general
objectives of a monitoring project. First, by
helping to defme the project the manager is
effectively buying into the project, and the
manager is then more likely to provide con-
tinuing financial support ( 7). Second, if the
manager plays the lead role in defming the
objectives, the project is more likely to pro-
vide useful information to guide management
actions rather than focussing on the particular
interests of the technical specialist (J .Rector,
USFS, pers. comm., 1992). Finally, the manag-
er will be aware of the project and expect
some results; this will help ensure that the
feedback to managers actually takes place
(i.e., data are analysed, reports are prepared,
and recommendations are made and passed
on to management) (Figure 2).

Define personnel and budgetary con-
straints. Once the general objectives have
been identified, the next step is to define the
approximate personnel and budgetary con-
straints. This step is necessary to ensure that
the subsequent monitoring plan is realistic.
Again managers should play the lead role, as
they must allocate the resources for execut-
ing a monitoring project. In simple terms,
are you planning a five-year, multimillion
dollar project, or is there only a part-time
technician available for the summer field
season? These basic resource allocation deci-
sions must be made by managers rather than
technical specialists.

Evaluate existing information and
data. At this point the technical specialist
takes over the lead role in formulating the
monitoring project. The first task is to evalu-
ate existing knowledge about the resource
and to collect existing data. If past data are
available, changes over time can be assessed
if the same measurement techniques and
sampling locations are employed. If past
data are unavailable, there is greater flexibil-

The key steps in the design and execution
of a monitoring project can be summarized
as follows:

(1) propose general objectives;
(2) define approximate budget and per-

sonnel constraints;
(3) review existing data;
(4) defme specific ojectives and hypotheses;
(5) determine variables to be monitored,

sampling locations, sampling procedures,
and analytic techniques;

(6) evaluate hypothetical or a comparable
set of real data;

(7) reassess the specific objectives and
compatibility with available resources;

(8) initiate monitoring on a pilot basis;
(9) analyze and evaluate data from the

pilot project;
(10) reassess monitoring objectives and

compatibility with existing resources, and
modify the monitoring project as appropriate;

(11) continue monitoring;
(12) prepare regular reports and recom-

mendations.
This process is shown schematically in

Figure 1. The figure is schematic in nature
because it shows only a few of the most im-
portant feedback loops, and it indicates the
process is linear and stepwise. In practice,
the key steps are often not nearly as distinct
and sequential. Decisions made at one step
often have repercussions for other compo-
nents of the monitoring project, and these
repercussions may in turn force a reassess-
ment of previous steps.

It also is not necessary that every step be
done in exactly the order indicated. The ac-
tual process will vary among agencies and
the broader context of the monitoring pro-
ject, i.e., is the project part of a court-man-
dated evaluation of an entire river basin or
an internal review of a particular manage-
ment activity? The key point is that each step
must be explicitly addressed. Failure to do
so almost )nevitably causes difficulties later
on, as the project doesn't meet the objec-
tives of a key user group or has basic flaws
in its design. It is my hope that this paper
will lead to improved monitoring by setting
out the key steps to developing and imple-
menting a successful monitoring project.

The following sections provide the ratio-
nale for, and a description of, each step in
the monitoring process.

Propose general objectives. The first
step is to identify the general objectives.
This is best done by managers in consulta-
tion with technical staff. Managers should
play the lead role as they are Tesponsible for
setting priorities and achieving resource
management objectives. However, the man-
agers must consult with the technical spe-~
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Figure 4. Usefulness of
general vs. specific
objectives in terms of

defining a monitoring

plan.

it can be extremely helpful in terms of refin-
ing field procedures and predicting whether
the objectives are attainable. If one is con-
cerned about the effects of forestry on the
amount of large woody debris (LWD) in
stream channels, for example, one might
compare the amount of LWD in similar
stream types in harvested and unharvested
areas. This sounds relatively straightforward,
but as soon as one is in the field a series of
questions arise. Should one measure LWD in
terms of the number of pieces or volume? If
one is counting the number of pieces per
unit stream length" what is the minimum
size? Does one count pieces lying on the
banks, and if so, where is the upper bound-
ary? How should one count accumulations
of LWD such as beaver dams or debris jams?
Should a distinction be made between
branches, boles, and root wads, or between
coniferous and deciduous species? This step
forces one to define the experimental unit
and population of interest, and thereby en-
sure that the data collected will be relevant
to the problem at hand (8).

The point is that for any given variable
there usually is considerable scope for vary-
ing the frequency and location of measure-
ments as well as the measurement proce-
dure. Such issues are best addressed when
formulating the monitoring project rather
than trying to deal with them on an ad hoc
basis during data collection or data analysis.
Sampling protocols can greatly affect the ac-
curacy and precision of the data, and hence
the level of change which can be detected
with a specified level of significance. In my
opinion,('the best way to identify and ad-
dress these questions is to take a set of real
or imaginary data and determine whether
those data meet the project objectives.

As indicated in Figure 1, such questions
may lead to a reformulation of the objec-
tives, a change in the variables to be mea-
sured, or a change in sampling design.
Hence this step is a necessary prelude to as-
signing responsibility for each component of
the monitoring project.

Data entry, storage, and analysis. An-
other issue which is commonly ignored in
the planning stage is the procedure for data
entry, data storage, and data analysis. Moni-
toring just seven variables (e.g., discharge,
pH, conductivity, nitrates, phosphates, and
total alkalinity) at four locations (e.g., two
control and two treated sites) on a weekly
basis yields nearly 1,500 data points per
year. In most cases, several years of pre- and
post-project data are necessary to detect
trends (18). Hence one must plan for the
entry, error-checking, storage, and analyis of
data ( 7), as the raw data generally yield little
information or guidance.

Inexpensive personal computers and soft-
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ware programs greatly facilitate data storage
and analysis, but these issues still must be
addressed in the design stage. Often the
need for protocols to input, check, and
archive the data is not recognized until the
data begin to accumulate, and this greatly
increases the risk that the data will simply
be filed and never properly analysed or
stored. If the person who collected the data
is then removed from the project, the data
probably will never be analysed or used. In
such situations it becomes very difficult to
justify the collection of those data, and such
experiences will hinder the development of
future monitoring projects.

Determine the costs of the proposed
project. If the specific objectives are deter-
mined to be feasible, the next step is to oD-
tain a final cost estimate in terms of staff time,
equipment, and outside expenditures. Delay-
ing the final cost estimates until this stage
may seem peculiar, but the advantages are,
flfSt, that managers have already bought into
the project by helping to define it, making it
easier to obtain the necessary support, and,
second, the monitoring objectives playa
more prominent role in guiding the design of
the monitoring plan, rather than the monitor-
ing plan being primarily a function of avail-
able staff and expertise (2, 16). At this point
the relative trade-offs between cost and addi-
tional data should be evident, and this helps
the manager to make an informed choice be-
tween costs and data. Clearly the balancing of
monitoring needs and objectives is an itera-
tive process, and this is the reason for the
feedback loops shown in Figure 1.

If the proposed monitoring plan substan-



tially exceeds the available resources, the
monitoring objectives may need to be re-
vised. Alternatively, some cost reductions
can be achieved by reducing'-the number of
sampling sites, reducing the number of vari-
abies to be measured, or reducing the fre-
quency of sampling (13). The danger in ad-
justing sampling intensity rather than the
objectives is that expectations will remain
unchanged while the capability or sensitivity
of the monitoring project is reduced. If man-
agers participate in the planning process,
they are aware of how reductions in the
monitoring budget are likely to alter the
breadth and reliability of the anticipated re-
suits. Realistic expectations are essential to
the credibility of any monitoring project.

Peer review. At this point the proposed
monitoring project can be written up as a
monitoring plan. In theory the monitortfig
activities could then be initiated on a pilot
basis, but experience has shown that moni-
toring plans should be circulated for peer re-
view. Often this step is avoided because,
first, it further delays data collection and,
second, people are reluctant to have their
work critiqued. In. reality, peer review helps
ensure that the proposed project is realistic
and appropriate. The peer review process
also is an excellent educational tool, as it
leads to an exchange of ideas and a broad-
ening of one's perspective.

Over time" peer review becomes less
stressful as people recognize their own limi-
tations and the educational benefits of peer
review. Even more importantly, peer review
greatly decreases the likelihood of serious
problems, and helps maximize the efficiency
and relevance of the proposed monitoring
project. These potential benefits far out-
weigh any delays, and this is why peer!e-
view should be regarded as an essential step
in designing monitoring projects.

Pilot project. The next step is to begin
collecting data, but the first phase of data
collection should be explicitly designated as
a pilot project for four reasons. First, pilot
projects, by definition, have the flexibility to
adjust sampling procedures and locations to
the variability and conditions found in the
field. Inevitably there are unforeseen factors
which force some modifications to the pro-
ject. Second, designation as a pilot project
helps ensure that the data are analysed in a
timely manner. Rapid data analyis is needed
to indicate whether the project is feasible as
planned. Third, the recognized flexibility of
a pilot project makes it much easier to modi-
fy the project without offending the original
designer(s). Finally, pilot projects force more
extensive consultations among managers,
technical specialists, and technicians, and
this helps build a team approach which in
turn should make the monitoring project

more relevant, realistic, and efficient.
All too often a monitoring plan, once de-

veloped, is considered final. In such cases
there is less incentive to analyze the data in
a timely manner. Data then accumulate, and
it may be several years before somebody re-
alizes that the efficiency and quality of data
collection could have been improved, or
that the original monitoring objectives could
not be achieved. Such projects reflect badly
on those responsible, and make managers
skeptical of monitoring.

Figure 1 indicates the pilot phase can lead
to a revision of the monitoring project or to
continued monitoring. In most cases a pilot
project, if properly formulated, will result in
some modifications but will not force basic
changes in the project design or objectives.
Even if basic changes are required, it clearly
is better to make these as early in the pro-
ject as possible.

Continued monitoring and data analysis.
Conclusion of the pilot phase permits the
monitoring project to move into the regular
data collection phase. During this phase
changes in data collection procedures or
sampling locations are to be avoided, as this
will preclude statistical comparisons and the
detection of change. Timely data entry,
error-checking, and annotation of the data
are essential because memories are short
and personnel change. Unusual or inconsis-
tent data must be quickly identified, as i~
may be possible to either repeat the mea-
surement or identify the cause. Any informa-
tion not written down must be considered
lost, and for this reason data collection ef-
forts should be documented through the use
of field books and written protocols.

Reports and recommendations. The
final step in Figure 1 is the preparation of
reports and recommendations. This is the
proverbial bottom line, as in this step moni-
toring results are transformed into useful
guidance (Figure 2). Report content and
frequency will depend on the objectives
and type of monitoring project. Since these
reports will be the primary legacy of the
monitoring project, they must clearly spell
out the objectives, methodology, results,
and conclusions.

Although it may not be possible to define
a universal format, the standard scientific
format of introduction, methods, results, dis-
cussion, and conclusions is an excellent
start. A good monitoring report is complete
in itself, comprehensible without prior
knowledge of the project, and clear and
readable. As much as possible the raw data
should be presented in graphical form and
not simply described with summary statis-
tics. A brief paper on the suggested content
and format of monitoring reports is available
from the author.
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A peer review process also should be uti-
Uzed in this phase. Peer reviews helps en-
sure that the conclusions and recommenda-
tions are consistent with the data and
communal understanding of the resource(s)
being monitored. A qualified statistician also
should be included in the review process if
the project includes quantitative data analy-
ses or statistical inferences. Again an addi-
tional benefit of the peer review process is
that it helps improve one's own skills and
knowledge, and thiS ultimately is beneficial
to the individual as well as the resources of
concern.

Conclusions

Designing a monitoring project requires
considerable effort and thought. Often there
is a reluctance to invest much time in the
design and pilot phases because of the per-
ceived need to immediately begin collecting
data. In such cases the data typically are the
wrong data, incomplete, or from the wrong
locations. Having~ learned from their mis-
takes, people then go back and design a
more efficient and effective monitoring pro-
ject. In view of the limited staff and re-
soUrces available for monitoring, it is uncon-
scionable that time and funds be spent on
poorly-designed monitoring projects which
will not faciliate management (}bjectives or
increase our understanding of the
resource(s) being monitored.

The development and execution of a
monitoring plan must be viewed as an ex-
plicit, complex, and iterative process. Moni-
toring is a remarkable difficult task, and this
stems in part from the complexity and inher-
ent variability of most natural resources.
Defining the specific objectives is the most
important step in monitoring; if this is done
properly, the chances of success are greatly
enhanced.
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