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Abstract:  Successful monitoring underpins effective wildlife management insofar as monitoring serves to track
the respense of wildlife resources to management and to identify whether management should be continued
or changed. Here we provide both general guidelines and specific examples for the design and implementation
of effective monitoring programs for adaptive wildlife management based, in part, on lessons we have learned
in the Galdpagos Islands, where development of a comprehensive monitoring program for its wildlife is un-
derway. To be effective, wildlife monitoring programs should (1) be framed by well-articulated objectives that
are closely linked to management goals; (2) measure a subset of informative indicators with sampling methods
that permit unbiased and statistically powerful results while minimizing costs and logistical problems; (3) ensure
program continuity despite the vagaries of change in personnel, technology, and program objectives; and (4)
quickly make accessible appropriately analyzed information to a wide audience, particularly policymakers. Only
through such an integrated process can the adaptive “loop” in wildlife management be closed and management
practices and policies evolve in a manner ultimately beneficial to wildlife, both in Galipagos and elsewhere.
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Successful monitoring underpins effective
wildlife management. Monitoring permits eval-
uation of management efficiency for harvested,
endangered, or indicator species, documenta-
tion of compliance with regulatory require-
ments, and detection of incipient change in
wildlife populations and habitats. Although
many managers consider monitoring simply as
the measurement of temporal changes in wild-
life indicators {Goldsmith 1991), monitoring is
most useful if explicitly linked to the objectives
of resource management. In particular, defining
monitoring as the collection and analysis of re-
peated observations or measurements to evalu-
ate changes in condition and progress toward
meeting a management objective (Elzinga et al.
1998) promotes a problem-oriented approach to
monitoring and greatly enhances its rigor, effec-
tiveness, and utility. Such a definition also rec-
ognizes the key role of monitoring in the “adap-
tive management” process (Holling 1978, Rin-
gold et al. 1996), in which monitoring serves to
track the response of a resource to management
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and to direct future management activities as
well as changes to objectives.

Despite the intuitive appeal of the adaptive
management concept, there are startlingly few
examples in wildlife management in which the
adaptive management “loop™ has been com-
pleted. Monitoring is a complex and quantita-
tive undertaking that often fails to guide man-
agement efforts for several reasons. Sampling
may be inadequate to generate reliable, precise,
and defensible estimates of changes in resourc-
es upon which management decisions can be
confidently based. Baseline conditions also may
be unknown, and indicators often are moni-
tored that do not directly address management
issues at hand. Objectives are typically not ex-
plicitly formulated in a manner that promotes
measuring their success; therefore, altering ac-
tivities and future objectives in response to the
“success” of past management action can be dif-
ficult (Ringold et al. 19986). Monitoring also in-
volves much more than the simple collection of
data. Monitoring information is wasted if it is
not analyzed correctly, archived well, reported
timely, or communicated appropriately to poli-
cymakers.
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Here we describe an ongoing attempt to in-
tegrate monitoring and wildlife management in
a region where the stakes are extremely high:
the Galapagos Islands (Galdpagos) of Ecuador.
This archipelago is unique among oceanic is-
lands of the 20th century. Unlike other inhab-
ited groups of islands that have experienced
many extirpations, at least 96% of the original
species diversity of the Galdpagos remains in-
tact. The Galépagos have escaped from the usu-
al pattern of extirpations seen on, for example,
Hawaii, New Zealand, and the Caribbean Is-
lands, primarily because the history of human

activity has been relatively short and the num--

bers of inhabitants small. Unfortunately, that
situation is changing rapidly. Human population
growth is approximately 6% annually (Anony-
mous 1999a). New alien species are introduced
every year, and many populations of Galdpagos
organisms comumon 20 years ago are now rare,
While problems caused by past human activity
remain, it is obvious that new threats to the bi-
ological diversity of the Galdpagos will appear.
Meeting these threats effectively depends upon
quick and decisive management responses
prompted by a reliable monitoring system.

Owr purpose here is to provide both general
guidelines and specific examples for the design
and implementation of effective monitoring
programs for adaptive wildlife management
based, in part, on lessons we have leamed in
the Galdpagos, where development of a com-
prehensive monitoring program for its wildlife
is underway. Our target audience is practicing
wildlife managers, who perform the bulk of
wildlife monitoring activities around the world.
We propose that some of the lessons learned so
far in Galdpagos can be usefully applied to bet-
ter manage and conserve wildlife resources
there and elsewhere.

WHY MONITOR?

The goal of monitoring is generally to devel-
op a scientifically defensible estimation of the
status and trends in wildlife resources and to
determine whether management practices are
sustaining those resources or should be
changed. In the Galipagos, the first step in
meeting threats to its wildlife is recognizing
them. While this step sounds simple, it is not.
There are 127 islands in the Galapagos, which
support 24 species of introduced vertebrates,
nearly 500 species of introduced plants, and a
currently unknown number of introduced in-
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vertebrates (Snell et al. 1996). Approximately
60,000 tourists visit each year, and there are
some 16,000 to 20,000 local inhabitants. More
than 1,100 airline Rights provide over 180,000
roundtrip fares, while 5 cargo ships bring some
55,000 tons of materials to the islands each year.
Within the archipelago, 100 vessels move be-
tween 5 ports, 50 visitor sites, and uncounted
fishing areas, covering nearly 3 million nautical
miles a year (Anonymous 18994). Obviously,
this is a tremendous amount of human activity
that can potentially affect the 115 indigenous
terrestrial vertebrates. Tracking all of these spe-
cies on all of the islands is impossible. Hence,
successfully identifying new threats and new oc-
currences of old threats, as well as evaluation of
whether efforts to mitigate these threats are
successful, will depend upon a system of mon-
itoring that is effective, economical, and sus-
tainable over the foresseable future.

DEFINING OBJECTIVES

Monitoring provides the information for
making appropriate management decisions. To
be successful, monitoring must be done to sat-
isfy particular, well-articulated objectives {Rin-
gold et al. 1996 The objectives specifically de-
seribe some desired state of an appropriate in-
dicator that management is intended to meet,
and these objectives then drive what ought to
be measured and where and how often mea-
surement should occur. Nevertheless, many
management programs initiate monitoring ac-
tivities without first defining what they hope to
accomplish by doing so.

In the Caldpagos, the general goal estab-
lished to guide its wildlife monitoring program
is the preservation. of biological diversity of the
archipelago in its natural state. Two secondary
and supporting goals have been subsequently
defined: (1) changes in wildlife resources must
be evaluated, and (2) management must re-
spond appropriately to those changes. Evaluat-
ing alterations in wildlife resources involves de-
tection of changes and identification of the
causes of those changes. Responses to detected
changes may be of 4 types that depend upon
their cause as well as temporal nature. Purely
natural changes are part of a natural state and
are only observed. Anthropogenic changes,
those influenced directly or indirectly by human
achvity, initiate active responses. Past anthro-
pogenic changes require restoration, current
anthropogenic changes require mitigation, and
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Goals of Ecological Monitoring in Galapagos
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Preserve Biological Diversity in Natural State
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Fig. 1. Relation among goals for conservation aclivities for the Galdpagos Islands. Sclid lines and arrows indicate primary
interactions, and dotted lines are secondary. The monitoring program is primarily an evaluation activity, and the subsequent

management aclivities are responsive.

potential anthropogenic changes require pre-
vention. The interaction between these goals
and actions via monitoring is depicted in Fig-
ure 1.

Before the monitoring program can evaluate

change in Galdpagos, baseline conditions of the
wildlife resources must be established. Effec-
tively, the baseline is the biological condition of
the Galdpagos prior to discovery by Europeans
in 1535. Four factors contribute to efficiently
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establishing the baseline for vertebrate wildlife.
First, vertebrates include some of the most con-
spicuous organisms of the Galdpagos. Second,
remains of at least 65-70% of the vertebrate
species occur in the nonmineralized fossil de-
posits commonly found in lava tubes, making
them the most effective indicators of prehistoric
patterns (e.g., Steadman 1981). Third, much of
the early research activity within the Galdpagos
dealt with vertebrates, and the historic record
of their early distribution is substantial. Fourth,
a broad literature also exists covering the island
biogeography of vertebrates in general, which
supports hypotheses about distributions in the
few cases where data are lacking.

The current situation can be described as de-
viations from the baseline. While not a simple
task, it is possible to measure the complete spe-
cies richness of all vertebrates on all islands
within the Galdpagos. The maximum number of
vertebrate taxa known to inhabit an island with-
in the Galdpagos is 62, while the average for
the 10 larger islands is 41. The vast majority of
these taxa are diurnally active, and only a few
of those are secretive. These same characteris-
tics of Galdpagos vertebrates also facilitate mon-
itoring for future change. While information
used to establish the baseline and current situ-
ation for vertebrates will be drawn from the
complete archipelago, formal monitoring can
address a subset of the islands.

However, simply detecting change is inade-
quate. To devise appropriate management re-
sponses it is necessary to evaluate the causes of
observed alterations as frequently as possible.
The vast ecological literature about vertebrates
can provide a basis for hypotheses about causes
of changes observed within the Galépagos fau-
na. Confirming or rejecting specific hypotheses
can be the result of informative research in-
volving manipulative experiments in the most
significant cases, and correlative analyses of
monitoring data in others. Declines in the abun-
dance of dark-rumped petrels (Pterodroma
phacopygia) within Galapagos provide an ex-
ample. Controlled experiments on 2 islands
identified introduced black rats (Rattus rattus)
as the cause of reproductive failure (Cruz and
Cruz 1987}, On other islands, correlations of re-
productive failure and the presence of black rats
suggest a similar cause. However, conclusions
based upon correlations can be misleading. Re-
cent assumptions about the causes of slow re-
covery from population declines by Galapagos
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penguins (Spheniscus mendiculus) were based
on correlations with the presence of black rats,
but ongoing research suggests the situation is
far more complicated (Boersma 1998).

QUANTIFYING TARGETS

To ultimately be successful, wildlife manage-
ment and monitoring have to be coupled closely
enough to permit articulation of specific objec-
tives for evaluation at the site- or regional-level.
To be most useful, objectives should be realistic
and measurable and include these components
(Elzinga et al. 1998): (1) what will be moni-
tored, (2) the geographical area where it will be
monitored, (3) the specific metric of the indi-
cator that will be measured, {4) the expected
response of the indicators to management {to
increase, decrease, or remain stable), (5) the
magnitude of change expected, and (6) the time
frame during which the response to manage-
ment is expected to be manifested. An example
of an acceptable objective is as follows: decrease
the mean density of species A at site B before
2001 to n/ha. This is an example of a target or
threshold objective (Elzinga et al. 1998), Alter-
natively, monitoring objectives may be more ap-
propriately framed in terms of changes or
trends (e.g., decrease the frequency of occur-
rence of species A at site B by 50% from 1999
to 2001).

Use of the framework of Elzinga et al. (1998)
to articulate objectives has the further benefit
of permitting monitoring results to be evaluated
on a statistical basis. This approach permits
managers to gauge the relative certainty sur-
rounding conclusions about the effectiveness of
management actions and provides managers a
sense of how confident they can be in defending
management prescriptions to skeptical groups
{Murphy and Noon 1991). To do so, however,
requires that managers be familiar with the con-
cept of statistical errors and to further specify
more components to monitoring objectives, that
is, levels of & and B.

Owing to the vagaries of sampling, when tests
of trends or differences in monitoring data are
made, 2 types of errors can be made. First, one
can conclude falsely that a difference or trend
occurred when it in fact did not, which is a Type
1 error, or a. Alternatively, one may falsely con-
clude that a difference or trend did not ocecur
when it in fact did, which is a Type II error, or
B. A related concept is statistical power, which
is the probability of detecting a difference if a
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difference exists. This concept is critical in a
monitoring context because the key problem
managers face in detecting trends or changes is
that sources of “noise” in the indicator mea-
sured can obscure the “signal” associated with
ongoing changes in it. The probability that a
monitoring program will detect a change in the
indicator when the change is occurring, despite
the “noise” in the data, represents its statistical
power.

Standard wildlife literature generally sets the
a-level to 0.05 and the B level at 0.2. However,
it may be more appropriate in a monitoring
context to relax the a-level requirement to 0.1
or even 0.2 if a manager is willing to have a
monitoring program that at times “cries wolf,”
claiming that a change has occurred when it re-
ally has not (Kendall et al. 1992, Gibbs et al.
1998). The likelihood of tumning in a few false
claims of changes is a reasonable tradeoff for
missing important changes. Because a primary
function of many monitoring programs is to
warn of impending changes in wildlife resourc-
es, it is generally preferable to spend extra ef-
fort investigating a few false reports of change
than to have waited for definitive results of
change, at which point a resource has collapsed
or exploded and one has fewer management op-
tions, Ultimately, those making quantitative
evaluation of monitoring data in Galdpagos and
elsewhere must become comfortable making ra-
tional decisions about appropriate levels of sta-
tistical errors to tolerate for a given monitoring
context. Alternatively, trend objectives de-
scribed in terms of confidence intervals for
measured attributes rather than as hypotheses
to be tested may sometimes be more useful be-
cause biological significance and statistical sig-
nificance are not always equivalent (Dixon et al.
1998, Johnson 1999).

WHAT TO MONITOR

Given the natural complexity of wildlife pop-
ulations and the habitats they inhabit as well as
the severe constraints on resources available for
monitoring, a key challenge in designing a mon-
itoring program is to successfully perform triage
on all possible indicators to select those for
measurement that best reflect the status and dy-
namics of the system under management. This
step is among the most difficult in developing a
monitoring program {Noss et al. 1997:191). It is
notable that despite vast amounts of research
there is still little consensus on which classes of
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indicators are best to measure {Karr 1987, Vora
1997).

A useful indicator to monitor is some attri-
bute reflective of environmental conditions that
extends beyond its own measurement (Noss et
al. 1997). From a scientific perspective, such in-
dicators should have known statistical proper-
ties and should provide early warning of change
{as opposed to a lagged response), Valuable in-
dicators are also those that directly indicate a
cause of change rather than simply the exis-
tence of change (e.g., measuring fecundity and
survival rather than simple measurement of to-
tal numbers; DeSante 1991). Similarly, indica-
tors should provide continuous assessment over
a wide range of stress (that is, not “bottom out”
or “level off” at certain thresholds and thereby
lose their ability to indicate change). Last, in-
dicators that represent broad changes in the re-
sources of concern are useful. Good candidates
are umbrella species (those species whose hab-

- jtat hosts many other, associated species) or key-

stone species (those species whose strong inter-
active effects with other species generate effects
that are large relative to the keystone species’
abundance). Another possibility includes syn-
thetic indices, such as Karr's (1987) indicators
of biotic integrity, which are aggregated from a
set of individual metrics and therefore may re-
flect the emergent properties of a population or
habitat.

Other, more practical considerations also dic-
tate which indicators are most useful (Noss et
al. 1997:192). Indicators must be cost-effective
to measure and be accurately and precisely es-
timated by all personnel involved in the moni-
toring. Indicators that can be easily interpreted
and explained and require low impact to mea-
sure (that is, can be nondestructively sampled)
also are useful. Politically appealing indicators
(e.g., may be endemic, alien, harvested, or have
protected status) also are expedient because
they can help to sustain external interest and
support for monitoring although they may not
be the most scientifically relevant. Finally, the
indicator measured also must be logically linked
to the original monitoring goals. It is surprising-
ly common for indicators to be monitored that
cannot logically address program objectives.

In the Galdpagos, monitoring activities con-
centrate on a subset of species and localities.
These subsets are chosen based on several cri-
teria. First, species chosen are representative of
their communities in that they interact with a
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variety of species and respond to a variety of
environmental components (abiotic and biotic
factors), including some that reflect and some
that resist abiotic or biotic fluctuations, some
with great and some with low susceptbility to
anthropogenic alterations, some with long life-
spans and some with short life-spans, which
provides different response times to environ-
mental change. For example, adult Galdpagos
tortoises (Geochelone nigra) are extremely re-
sistant to short-term environmental fluctuations,
while lava lizards (Tropidurus spp.) can quickly
respond in detectable ways to the presence of
introduced predators (Stone et al. 1994). Sec-
ond, species chosen are easin monitored, mean-
ing they are easily detected in the environment
with minimal sampling effort, they are abun-
dant encugh to obtain adequate samples, they
are easily captured or measured if individual
measurements are required, and they are harm-
less when being handled and measured by re-
searchers. In many instances, for example, up
to 100 tortoises or lava lizards can be captured
and sampled in a single day. Third, preference
is given to those species with baseline data
available, either from Galdpagos or other island
systems. This approach requires collaboration
with a varety of current and past projects of
basic research to capitalize on information span-
ning as much as 20 or more years; for example,
finches (Grant and Grant 1995), iguanas (Snell
et al. 1984, Wikelski et al. 1997), seabirds {An-
derson and Hodum 1993), and Galdpagos tor-
toises (Fritts 1984). Fourth, they contribute
greatly to Galdpagos’ unique component of
global biological diversity, {i.e., most significant
are endemic species that inhabit only a single
island, whereas least significant are nonendemic
native species that inhabit all islands). In this
case the native Galdpagos rodents are a good
example (Patton and Hafner 1983). Last, in the
case of exotic species, good candidates are spe-
cies that exhibit significant threats to indigenous
organisms or have large potential for dispersal
are targeted. Within the vertebrates these in-
clude goats, pigs, cats, and rats. Another useful
description of the process of identifying moni-
toring indicators is described by Davis (1989).

SAMPLING INTENSITY

Surveys to detect changes in wildlife resoure-
es must have adequate effort to obtain precise
enough population or density estimates to have
a reasonable chance to detect an important
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change (Thompson et al. 1998). Surveys with
less effort waste time and money because they
have little chance of providing useful informa-
tion. In some circumstances, it is possible to
oversample such that monitoring effort is ex-
pended in excess of what is needed. Whatever
the case, the most effective way to change sta-
tistical power is to change the number and fre-
queney at which the chosen indicator is sam-
pled (Steele et al. 1984, Fairweather 1991, Ken-
dall et al. 1992).

Some increases in power can also be obtained
by reducing the variability among sampling
units through changes in methodology, although
the opportunity to do so often is limited by the
requirement to use standardized methods that
increase comparability across monitoring stud-
ies. Other less obvious but often equally impor-
tant factors to be considered include a levels
and desired effect sizes (magnitudes and direc-
tion of change sought for detection}, which are
set by researchers (Kendall et al. 1992, Hayes
and Steidl 1997, Thomas 1997). Increasing o
and effect size tends to increase power. Under-
standing how these factors interact with the in-
herent sampling variation of abundance indices
can provide insights into the design of statisti-
cally powerful vet labor-efficient monitoring
programs (e.g., Gerrodette 1987, Peterman and
Bradford 1987, Fairweather 1991, Taylor and
Gerrodette 1993, Steidl et al. 1997).

Although statistical power is central to every
monitoring effort, it is rarely assessed (Gibbs et
al. 1998). This has occurred, in part, because
until recently there have been few tools avail-
able to animal ecologists that permit assessment
of statistical power for trends or changes
(Thomas 1997). Recently, a conceptually
straightforward, Monte Carlo approach based
on linear regression analysis has been devised
(Gibbs et al. 1998) that permits evaluating the
tradeoffs between sampling effort, logistical
constraints, and power to detect changes. The
simulation software (“monitor.exe™) has been
adapted for general use on DOS-based micro-
computers and is available via the internet at
“http:/fwww.im.nbs.gov.”

Power to detect changes is inversely related
to the magnitude of indicator variability, and
monitoring programs must be designed around
the component of index variability that canuot
be controlled {Gerrodette 1987, Link et al.
1994). Without pilot studies, however, research-
ers often have no notion of indicator variability.
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Lacking estimates of this critical parameter hin-
ders design of statistically powerful monitoring
programs. Wildlife managers typically measure
numbers of individuals in populations as a mon-
itoring indicator, and a ready source of data on
the variability of population indices can be
found in published time series of population
counts.

A recent survey of 512 published count series
of local animal populations analyzed for 24 sep-
arate taxonomic and ecological groups (Gibbs et
al. 1998) indicated that only a few groups had
low variability indices (coefficient of variation
ICV] <25%) and included large mammals,
grasses and sedges, and herbs. A larger number
had intermediate variability indices (CVs = 25—
50%) and included turtles, terrestrial salaman-
ders, large birds, lizards, salmonid fishes, and
caddisflies. Most groups had indices with CVs
between 50-100% and included snakes, drag-
onflies, small-bodied birds, beetles, small mam-
mals, spiders, medium-sized manmals, non-sal-
monid fishes, pond-breeding salamanders,
moths, frogs and toads, and bats. Only buiter-
flies and flies had average indices with CVs
=100%.

Estimates of index variability were incorpo-
rated into a power analysis (Gibbs et al. 1998)
to generate sampling recommendations for
wildlife managers for designing effective pro-
grams for monitoring local populations. Assum-
ing levels of o = 0.1 and power > 0.8, a general
power analysis predicted that infrequent moni-
toring {e.g., once or twice per year) on a rela-
tively small number of sites or plots (=10)
would reliably detect strong population trends
(that is, a 50% change over 10 yr) in most ani-
mal groups. Even for highly variable groups,
frequent monitoring (3-5 times/yr) of a rela-
tively small number of plots (=30) would per-
mit detection of a trend of this magnitude.
More intensive monitoring is needed, however,
to detect slighter trends of 25% and 10%, but
nevertheless is still at a logistically feasible level
(=100 plots) for wildlife managers to undertake
for most groups. Sampling recommendations
using other combinations of «, B, effect size,
and time frame have been developed and are
available over the Internet at “htip//www.im.
nbs.gov/powcase/powcase. html.”

These recommendations can be useful in the
initial stages of planning a monitoring program.
Once underway, however, local monitoring data
should be analyzed to measure indicator vari-
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ability and re-estimate required sampling inten-
sity to detect the threshold changes identified.
Detailed case studies of the application of pow-
er analysis to improve wildlife monitoring are
available in Steele et al. (1984) for birds and
small mammals, Kendall et al. (1992) for bears,
Taylor and Gerrodette (1893) for owls and ma-
rine mammals, Gibbs and Melvin (1997) for wa-
terbirds, Beier and Cunningham (1996) for
large cats, Zielinkski and Stauffer (1996) for
mustelids, Van Strien et al. {1997} for butter-
flies, and Mac Nally {1997} {or forest songbirds.

OBTAINING REPRESENTATIVE
SAMPLES

Balancing sampling needs and logistical con-
straints in the design of monitoring programs
can be extremely problematic, in part because
conventional random sampling schemes rec-
ommended for acquiring representative sam-
ples of wildlife indicators are often unworkable
in practice (Gillison and Brewer 1985). For ex-
ample, sites near roadsides, trails, or landings,
and those on public lands, are generally easier
to access by survey personnel than are randormly
selected sites. Also, monitoring sites that occur
in clusters minimize unpreductive time travel-
ing among survey sites. Time is generally at a
premium in monitoring efforts not only because
of the costs of supporting survey personnel but
also because the survey “window” each day or
season for many wildlife species is brief (e.g.,
Gibbs and Melvin 1997).

Purely random sampling schemes often also
produce unacceptably low encounter rates with
the organisms being monitored, which may in
turn constrain power to detect trends in their
populations. This could be overcome by strati-
fying sampling according to habitat types fre-
quented by the species being monitored {e.g.,
Rutherford and Hayes 1976). However, infor-
mation on habitat distributions in an area from
which a random sampling scheme might be de-
veloped may not be available to researchers.
Furthermore, a prior knowledge of habitat as-
saciations of most species often is not available
as a basis for stratifying a random sampling
scheme. Adaptive cluster sampling (e.g.,
Thompson et al. 1992, Smith et al. 1995) does
provide the opportunity to accurately estimate
parameters for rare species with clumped dis-
tributions without having the prior knowledge
of their spatial distribution needed to stratify a
random sample, but this approach has not been
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widely used. Whatever sampling method is
used, however, managers must recognize that
many monitoring programs simultaneously
track multiple species; hence, a single, optimal
sampling strategy simply may not be identifi-
able.

These difficulties in implementing random
sampling schemes would imply that nonrandom
site selection schemes are the only practical way
to organize monitoring programs. However,
samples obtained haphazardly, by convenience,
or by best judgement can be severely flawed
and seriously mislead managers (Thompson et
al. 1998). For example, managers initiating a
survey program are often drawn to sites with
abundant populations where counts are initiat-
ed under the rationale that visiting low density
or unoccupied sites will be unproductive, If the
populations or habitats under study undergo
natural cycles, however, then initial counts may
be made at cycle peaks. As time progresses,
populations at the sites selected will then tend,
on average, to decline. Hence, the resulting pat-
tern of decline observed in counts is an artifact
of site selection procedures and does not reflect
any population trend.

Despite these complexities, some general-
izations about sampling can be made. Owing
to environmental heterogeneity, indicators of-
ten vary more among monitoring sites than
within monitoring sites over time. For this rea-
son, permanent plots {as opposed to plots that
shift annually) are a valuable way to control for
among-site variability and strengthen the sta-
tistical power of a monitoring program. Gain-
ing detailed knowledge of the habitat associa-
tions of the species being monitored, as well
as the distribution of those habitats in a region,
also can provide useful guidance on how to lay
out a representative system of sampling sites
that is also logistically feasible to monitor. Spe-
cifically, managers would do well to identify
species—habitat associations and generate hab-
itat maps prior to initiating surveys so that the
explicit tradeoffs between alternative sampling
schemes, logistical costs, and sampling bias can
be evaluated. If bias can be estimated during
a pilot study by comparing randomly versus
purposely selected sites, then correction fac-
tors can potentially be applied later and cor-
rect for the bias {Anganuzzi and Buckland
1993). A coarse-filter approach to habitat mon-
itoring {cf. Noss et al. 1997) also can provide
a first approximation to changes in wildlife
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populations where intensive, large-scale pop-
ulation surveys are not feasible.

In the Galdpagos, information for monitoring
current patterns comes from a combination of
systematic and opportunistic sampling activity,
Systematic mounitoring activity involves repeat-
ed sampling at determined intervals within
specified areas. Opportunistic monitoring activ-
ity is designed to take advantage of other activ-
ities within the archipelago that can provide sig-
nificant information about current patterns of
wildlife diversity. The Galdpagos covers thou-
sands of square kilometers, and restricting the
monitoring program to systematic activity would
either make the program incredibly costly or in-
adequate. The main factor to be established for
opportunistic sampling is the quality of the data.
Examples of specific sampling include point
counts to quantify avian diversity, transects for
most species of reptiles, and capture per unit
effort to assess population- and individual-level
parameters for specific species of terrestrial
birds, reptiles, and mammals. These activities
are carried out by resident scientists and park
personnel. Opportunistic sampling is carried
out in collaboration with visiting researchers,
tour companies, and other local agencies. Vari-
ables sampled in this manner are less precise
and often focus on simple presence or absenee
of particular organisms or phenonema. Such op-
portunistic sampling has proven particularly
useful in estimating the phenology of breeding
in, for example, colonies of seabirds and distri-
butional shifts in marine mammals and reptiles
(see also Davis 1989).

DATA MANAGEMENT, QUALITY
CONTROL, AND REPORTING

Successful monitoring involves much more
than simple data collection (Stafford 1993).
Even modest monitoring efforts can generate
substantial amounts of information to proof,
digitize, analyze, and interpret (Elzinga et al.
1998). In reality, time and resources devoted to
data entry, management, and analysis typically
equals or exceeds that involved in field collec-
tion of data, Therefore, remote as they may
seer, issues of data management are best dealt
with early in the planning of a monitoring pro-
gram. Streamlining and troubleshooting data
coliection are therefore 2 key themes to focus
upon early in developing a monitoring program.

Even after a dataset is compiled, issues of
reporting, sharing, and archiving data also are
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critical. Unlike many areas of wildlife science in
which data are rarely examined following pub-
lication, the value of monitoring data increases
substantially as it ages. Consider if we all had
decades-old, comprehensive baseline surveys
against which we could compare current con-
ditions. While few have this luxury, properly or-
ganizing and archiving today’s monitoring data
can permit that opportunity for future wildlife
biologists.

Generally speaking, .integration of diverse
monitoring program components, successful
data management, and timely report generation
are facilitated by designating a single person as
responsible for overseeing a monitoring pro-
gram {MacDonald 1994). That said, personnel
turnover is a frequent obstacle to monitoring,
whether it occurs among data collectors or data
managers. For this reason, explicit documenta-
tion of sampling protocols must be made so that
new personnel can repeat measurements exact-
ly. Proven and standardized methods should be
implemented that are not susceptible to the va-
garies of technology change or changing ob-
server ability (Ringold et al. 1996). Use of such
protocols also increases the comparability of
monitoring data among different sites and pro-
grams and thereby generates a valuable spatial
cormponent as well as true replication on a large
scale. .

+ Timely reporting of monitoring data to a wide
audience increases interest for a program and
creates a constituency in support of the pro-
gram. This is most easily accomplished through
production of well-crafted annual reports {Mac-
Donald 1994, Elzinga et al. 1998). Widely avail-
able computer databases now have reached suf-
ficient sophistication to permit direct genera-
tion of annual summaries of monitoring data
with minimal analysis. Periodic review by ex-
perts from both within and outside a program
greatly enhances the program’s credibility. It
also is important to recognize from the start that
priorities and goals for a monitoring system will
change as data are accumulated and new per-
spectives emerge; thus, periodic revision of
monitoring design should be encouraged (Rin-
gold et al. 1996). _

These issues are particularly relevant in the
Galdpagos, where the complexity of the wildlife
resource and of conservation politics is great.
Simply accounting for presence or absence of
species ameng the islands would require cata-
loging >3,500 species across 127 islands:

MONITORING AND WILDLIFE MANAGEMENT * Gibbs et al.

1063

441,000 possible interactions. Hence, to draw
quick and useful conclusions from the data, it
must be extremely well organized and verified.
To this end, there are 3 components within the
primary activity of information management: (1)
establish adaptable Geographical Information
System (GIS), database, and museum collection
interactions; (2) train and equip collaborators
for spatial and temporal data recording; and (3)
establish an interactive system to verify data.
The backbone of the program’s information
management is an interacting GIS and database
system. To ensure that these systems maintain
their value into the future, they are designed
for effective export and exchange of data so that
they will not be dependent upon any single soft-
ware package. Data management in Galépagos
also attempts to circumvent inefficiencies tra-
ditionally associated with recording tremendous
numbers of cbservations to paper and moving
the data to an electronic format for analysis with
computers, This program integrates the use of
small, inexpensive Global Positioning System
receivers as data loggers to avoid the delays as-
sociated with manually recorded data.

The final component of the monitoring pro-
gram for the Galdpagos is communication. The
conservation. of the biological diversity of the
archipelago is mandated by a special law for the
Galdpagos (Anonymous 1999b). This legislation
combines a series of amendments to the Con-
stitution of Ecuador that provide a broad frame-
work for immigration control, quarantine, the
control and eradication of alien species, and the
sustainable use of natural resources within the
Galdpagos. The special law also identifies nu-
merous agencies with various responsibilities
for the conservation of natural resources and
provides for considerable input from the public
via participatory processes. An effective com-
munication strategy is necessary to ensure that
the results of the monitoring program reach the
broadest number of individuals involved in
management processes.

The communication strategy for the Galdpa-
gos monitoring program consists of 3 levels. Di-
rect networking of computers, regular meetings,
and joint development of annual operating
plans comprise the first level and ensure fre-
quent communication between the Charles
Darwin Research Station and the Galdpagos
National Park Service, the 2 agencies most di-
rectly involved with wildlife management. The
second level is carried out by the departments
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of environmental education of the Park Service
and the Research Station. Those programs com-
bine information centers within the local com-

munities with regular reports via local news me- _

dia (television, radio, printed media) to reach
the broadest array of individuals and agencies.
The third level is more formal and consists of
the roles played by the Charles Darwin Re-
search Station and the Galdpagos National Park
Service in the long-term planning processes for
the Galdpagos. Both agencies are represented
in the various commissions and working groups
that formulate and evaluate comservation and
development policy and activities within the ar-

chipelago.
ACKNOWLEDGMENTS

Financial support was provided via grants
from the World Heritage Center of UNESCO
and Fundacién Natura to the Charles Darwin
Research Station, Among the many individuals
who have contributed ideas and suggestions
about monitoring for the conservation of wild-
life we'd like to specifically thank A. Tyve, H.
Vargas, C. Marquez, S. Droege, and N. Dexter.
G. A. Baldassarre kindly invited us to make this
contribution.

LITERATURE CITED

ANDERSON, D, AND F. ]. HODUM, 1993. Predator be-
havior favors clumped nesting in an oceanic sea-
bird. Ecology 74:2462-2464.

ANGANUZZ1, A. A., AND S. T. BUCKLAND. 1993. Post-
stratification ‘as a bias reduction technique. Jour-
nal of Wildlife Management 57:827-834.

ANONYMOUS. 19994, El control migratorio y la mig-
racién en Galdpagos. Pages 23-29 in P Ospina,
editor. Informe Galdpagos 1998-99. Fundacién
Natura, Quito, Ecuador. (In Spanish,).

. 1999b, Cambios institucionales en Galdpagos
1998, Pages 17-22 in P Ospina, editor. Informe
Galépagos 1998-99. Fundacién Natura, Quito,
Ecuador. (In Spanish).

BEIER, P, AND 8. C. CUNNINGHAM, 1996. Power of
track surveys to detect changes in cougar popu-
lations, Wildlife Society Bulletin 24:540-546.

DBoERsMa, P. D, 1998. Population trends of the Gal-
apagos penguin: impacts of El Nino and La Nina.
Condor 100:245-253,

CRrUZ, . B., aND F. CRUZ. 1987. Conservation of the
dark-rumped petrel Pterodroma phacopygia in
the Galdpagos Islands, Ecuador. Biological Con-
servation 42:303-312, )

Dawvis, G. E. 1989. Design of a long-term ecological
monitoring program for Channe! Islands National
Park, California. Natural Areas Journal 9:80-89.

DESANTE, D. F. 1991, Monitoring avian productivity
and survivorship (MAPS): a sharp, rather than
blunt, tool for monjtoring and assessing landbird

MONITORING AND WILDLIFE MANAGEMENT » Gibbs et al.

J. Wildl. Manage. 63(4):1959

populations, Pages 511-521 in D. K. McCullough
and R. H. Barrett, editors. Wildlife 2001: popu-
lations. Elsiveier Applied Science, New York,
New York, USA.

Dmxon, F M., A. R. O150N, AND B. M. KaHN. 1998.
Measuring trends in biological resources. Ecolog-
ical Applications §:225-297,

ELZINGA, C, L., D. W. SALZER, AND J. W. WiLLoUGH-
BY. 1998. Measuring and monitoring plant pop-
ulations. Bureau of Land Management Technical
Reference 1730-1.

FAIRWEATHER, P. G. 1991. Statistical power and de-
sign requirements for environmental monitoring.
42:555-567.

FrITTS, T. H. 1984, Evolutionary divergence of giant
tortoises in Galapagos. Biological Journal of the
Linnean Society 21:165-176,

GERRODETTE, T, 1957. A power analysis for detecting
trends. Ecclogy 68:1364-1372.

GIBBS, J. P, S. DROEGE, AND P. EAGLE. 1998, Mon-
itoring populations of plants and animals. Bio-
Science 48:935-940.

. AND 8. M. MELVIN. 1997. Power to detect
trends in waterbird abundance with call-response
surveys. Journal of Wildlife Management 61:
1262-1267.

GILLISON, A. N, aND K. R. W. BREWER. 1985. The
use of gradient directed transects or gradsects in
natural resource surveys. Journal of Environmen-
tal Management 20:103-127,

GoLpsMITH, F. B. 1991. Monitoring for conservation
and ecology. Chapman & Hall, London, United
Kingdom.

CRANT, I R, AND B. R. GRANT. 1995. Predicting mi-
croevolutionary responses to directional selection
on heritable variation. Evolution 49:241-251.

HAYES, J. B, AND R. J. STEIDL. 1997, Statistical power
analysis and amphibian population trends. Con-
servation Biology 11.273-275.

HoLLng, C. §., editor, 1978. Adaptive environmental
assessment and management. John Wiley & Sons,
New York, New York, USA.

JouxsoNn, D. H. 1999, The insignificance of statistical

" significance testing. Journal of Wildlife Manage-
ment 63:763-774.
KARR, |. R. 1987. Biological monitoring and environ-
" mental assessment: a conceptual framework. En-
vironmental Management 11:249-956.

KENDALL, K. C., L. H. METZGAR, D. A. PATTERSON,
AND B. M. STEELE. 1992, Power of sign surveys
to monitor population trends. Ecological Appli-
cations 2:422--430,

LINK, W. A, R J- BARKER, J. R. SAUER, AND §.
DROEGE. 1994. Within-site variability in surve
of wildlife populations. Feology 75:1097-1108.

MacDoNaLD, L. H. 1994. Developing a monitoring
project. Journal of Soil and Water Conservation
49:221-227.

MacC NaLry, R. 1997. Monitoring forest bird com-
munities for impact assessment: the influence of
sampling intensity and spatial scale, Biological
Conservation §2:355-367.

MURPHY, D. D., AND B. ID. NOON. 1991. Coping with
uncertainty in wildlife biology. Journal of Wildlife
Management 55:773-782,

Noss, R, F, M. A, (*CONNELL, AND ID. 1D, MURPHY.,




J- Wildl. Manage. 63(4):1999

1697. The science of conservation planning: hab-
itat conservation under the Endangered Species
Act. Island Press, Washington, D.C., USA.

PATTON, J. L., AND M. 5. HAFNER, 1083. Biosyste-
matics of the native rodents of the Galdpagos ar-
chipelago. Pages 539-568 in R. 1. Bowman and
A. E. Leviton, editors. Patterns of evolution in
Galdpagos organisms. American Association for
the Advancement of Science, Pacific Division,
San Francisco, California, USA.

PETERMAN, R. M., AND M. ]J. BRADFORD. 1987. Sta-
tistical power of trends in fish abundance. Cana-
dian Journal of Fisheries and Aquatic Sciences
44:1879-1889. )

RINGOLD, P. L., J. ALEGRIA, R. L. CZAPLEWSKI, B. §.
MuLDER, T. TOLLE, AND K. BURNETT. 1996.
Adaptive monitoring design for ecosystem man-
agement. Ecological Applications 6:745-747.

RUTHERFORD, W. H., AND C. R. HAYES. 1976. Strat-
ification as a means to mproving waterfowl sur-

" veys. Wildlife Society Bulletin 4:74-78.

SMrTH, D. R., M. J. CONROY, AND D. . BRAKHAGE.
1995, Efficiency of adaptive cluster sampling for
estimating density of wintering waterfowl. Bio-
metrics 51:777-788.

SNELL, H. L., H. M. SNFLL, AND C. R. TRACY. 1984.
Variation among populations of Galapagos land
iguanas (Conolophus): contrasts of phylogeny and
ecology. Biclogical Journal of the Linnean Society
21:185-207.

SNELL, H. M., P. A. STONE, AND . L. SNELL. 1996.
A summary of geographic characteristics of the
Galdpagos Islands. Journal of Biogeography 23:
619-624.

STAFFORD, S. G. 1993. Data, data everywhere but not
a byte to read: managing monitoring information.
Environmental Menitoring and Assessment 26:
125-141.

STEADMAN, D, W, 1981, Vertebrate fossils in lava
tubes in the Galdpagos Islands. Proceedings of

MONITORING AND WILDLIFE MANAGEMENT * Gibbs ¢t al.

1065

the Internaticnal Congress of Speleclogy 8:5349-
550.

STEELE, B. B., R. L. BAYN, AND C. V. GRANT. 1984,
Environmental monitoring using populations of -
birds and small mammals: analysis of sampling
effort. Biological Conservation 30:157-172.

STEIDL, R. T, J. P. HAYES, AND E. SCHAUBER. 1997
Statistical power analysis in wildlife research.
Journal of Wildlife Management 61:270-279.

STONE, P. A, H. L. SNELL, aAND H. M. SNELL. 1994.
Behavioral diversity as biological diversity: intro-
duced cats and lava lizard wariness. Conservation
Biology 8:569-573.

TAYLOR, B, L., AND T. GERRODETTE, 1993. The uses
of statistical power in conservation biology: the
vaquita and northern spotted owl. Conservation
Biology 7:489-500.

THOMAS, L. 1997. Retrospective power analysis. Con-
servation Biology 11:276-280.

TaoMprsoN, S. K., F. L. RAMSEY, AND G. A. F. SEBER.
1892. An adaptive procedure for sampling animal
populations. Biometrics 48:1195-1199.

THOMPSON, W. 1., G. C. WHITE, AND . GOWAN.
1998. Monitoring vertebrate o ulations. Aca-
demic Press, New York, New York, USA.

VaN STRIEN, A. J., R. VaN DE Pavert, D. Moss, T,
J. Yates, C. A. M. VaN Swaay, AND P. Voss.
1897. The statistical power of two butterfly mon-
itoring schemes to detect trends. Joumnal of Ap-
plied Ecology 34:817-828.

Vora, R. §. 1897, Developing programs to monitor
ecosystem health and effectiveness of manage-
ment practices on Lake States National Forests,
USA. Biclogical Conservation 80:286--302.

WIKELSKI, M., V. CARRILLO, AND F. TRILLMICH.
1997. Energy limits to body size in a grazing rep-
tile, the Galapagos marine ignana. Ecology 78:
22042217,

ZIELINSKE, W, ., AND -H. B. STAUFFER. 1996, Moni-
toring Martes populations in California: survey
design and power analysis. Ecological Applica-
tions 6:1254-1267,



