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ABSTRACT 

I evaluated different approaches for monitoring of amphibians, reptiles, and 

mammals in national parks based on data from Tonto National Mommient, Arizona, 

and 3 criteria: statistical power, cost, and ability to meet monitoring goals. Detecting 

a declining trend in abundance (18% over 10 years) with 80% power would require 

approximately 65 person-days of annual sampling for the 2 most common rodents, 

and 110 person-days for the 2 most common lizards. Detecting this trend in species 

richness of terrestrial vertebrates (reptiles, amphibians, and manmials) would require 

only 30 person-days annually. 

Monitoring abundances of vertebrates is often recommended for parks, but my 

study suggests that this approach is too expensive for most parks, and results may be 

inadequate for achieving agency goals of monitoring biological diversity. I advocate 

use of species richness in monitoring, and provide field and analytical methods for 

estimating this parameter. 
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INTRODUCTION 

A. Explanation of the problem and its context 

Since 1916, the responsibility of the US National Park Service (NPS) has been 

to provide for public enjoyment of America's greatest natural and cultural resources 

while simultaneously conserving these resources for future generations (NPS 1988). 

Maintaining a balance between these 2 different and sometimes conflicting objectives 

is difficult. Many parks have suffered environmental degradation in recent years, 

both directly as a result of management decisions inside the Parks (National Research 

Council 1992), and indirectly due to land use changes outside park boundaries. 

In the early 1990's, responding to criticism that it lacked basic knowledge of 

park ecosystems, NPS initiated its Inventory and Monitoring Program. The purpose 

of this program is to increase scientific research in national parks and detect long-

term changes in biological resources (NPS 1992). Envirorunental monitoring 

programs, many of which address vertebrate animals, have been proposed or 

implemented in a number of park areas (e.g., Davis and Halvorson 1988, Ravlin et al. 

1990, Seigal and Simons 1995). 

As in any scientific study, monitoring programs require clear objectives and 

appropriate methods. Ideally, a monitoring program to assess long-term changes in 

wildlife populations in a national park should include knowledge of the population 

size, distribution, activity, and health for all species present. Unfortunately, there is 

never sufficient time, money, equipment or expertise to discern even a fiiaction of this 
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information (Roberts 1991). Most methods of sampling vertebrate populations are 

labor-intensive, and many are species-specific. As a result, difficult choices must be 

made as to which species and parameters should be measured and how (Morrison and 

Marcot 1995, Schmoldt et al. 1994). 

In addition, identifying objectives for monitoring programs in national parks 

is not straightforward. Monitoring is often required for short-term studies to 

determine the extent of a specific impact, such as how an endangered species such as 

the spotted owl (Strix occidentalis) responds to the reintroduction of fire in a forest. 

But for parks, monitoring also refers to gathering of data on a wide array of 

parameters for many general objectives, such as the need to preserve biological 

diversity and natural processes. 

Despite recent NPS initiatives, there are no standard methodologies for 

monitoring wildlife in US National Parks. Although monitoring programs have been 

recently established in a few parks, methods appropriate for these areas cannot always 

be easily transferred to smaller parks even in the same bioregion. More importantly, 

many of the monitoring programs proposed in parks require intensive sampling by a 

large scientific staff. In most parks, despite a great need for monitoring, such efforts 

are simply not feasible due to limited funds. 

The purpose of my thesis is to evaluate several different approaches to long-

term monitoring of amphibians, reptiles, and terrestrial mammals at Tonto National 

Monument and other small U.S. national park areas. Using data collected during a 

pilot study at Tonto during 1993-1995,1 evaluate the statistical power, costs, and 
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benefits of 3 approaches to monitoring that have been recommended in national 

paiics: monitoring of single "indicator" species; monitoring of groups of related 

species; and monitoring species richness, or the total number of vertebrate species 

present. 

My analysis is based on what I consider to be the major requirements of a 

monitoring program. First, monitoring must meet the agency's goals, which include 

detecting trends in both general and specific ecosystem components. Second, the 

program must be scientifically valid, with rigorous standards for data collection as 

well as an appropriate sampling design. Third, the program must be realistic to 

implement in the context of limited and fluctuating staff, financial resources, and 

management priorities. The objective of my study is to develop a program that 

addresses these requirements but can be sustained through time by management, 

which is the ultimate test of any long-term study. 

B. Review of the Literature 

Designing a long-term monitoring program requires a thorough and specific 

understanding of the biological and management constraints to monitoring, as well as 

a recognition of the trade-offs among them. In this section I review the literature on 

the subject of monitoring, including definitions, scientific and management issues, 

and the monitoring goals of the Park Service. In addition, I present examples of long-

term monitoring programs both within and outside NPS that cover a broad range of 

taxa, parameters, and geographic and temporal scales. 
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DEFINITIONS AND PROGRAM GOALS 

Definitions. In studies of wildlife species, inventory usually refers to the 

identification of species that are present in a park; because it is difficult to monitor 

animal species until their presence is confirmed, inventory is generally considered a 

necessary first step to monitoring. Monitoring is essentially the repeated inventory of 

a parameter to determine its trend and status (Morrison and Marcot 1995). Although 

some wildlife biologists use the term monitoring only in reference to measuring 

population size of selected species, monitoring actually refers to regular 

measvurements of any parameter, including measures of broad parameters such as 

species richness, composition, and distribution; population parameters such as 

population size and sex ratios; and individual parameters such as daily movements, 

reproductive output, parasite load, recruitment, and survival. 

Additionally, the term monitoring is sometimes confusing because it can be 

used both within and outside the context of a scientific study that tests an hypothesis. 

For example, we may monitor rodents in a controlled study that tests the hypothesis 

that prescribed fire increases diversity and biomass of rodents. However, the term is 

sometimes used specifically to mean long-term data gathering where no particular 

scientific hypothesis is being tested (e.g., Taylor 1989). For example, rodent 

populations may be monitored over many years to provide a dataset similar to a long-

term record of rainfall in an area. 
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The latter type of monitoring is often advocated in parks for its value in 

describing long-terms changes in biological diversity and ecological processes in 

parks (Ravlin et al. 1990). Its function is generally accepted to be the detection of 

trends, not to provide evidence of causality. Monitoring, research, and management 

are described as existing in a feedback loop where monitoring provides information 

that can be used in research studies to understand the cause of these changes, which 

may then lead to appropriate management actions. 

Distinctions between monitoring as simple data gathering and "research" are 

often drawn and hotly debated. Many scientists dismiss monitoring as "blind data 

gathering" (Noss 1990) and contrast it with the scientific method. Others cite 

examples where long-term datasets gathered with no purpose in mind have provided 

valuable scientific information (Taylor 1989). Obviously there is value in any type of 

long-term data gathering. At the same time, researchers establishing monitoring 

programs often ignore opportunities to create long-term experiments by failing to use 

scientific methodology, including random sampling and spatial controls (Noss 1990, 

Morrison and Marcot 1995). 

NPS monitoring policies. Although MPS has long recognized the value of 

long-term monitoring (e.g., Robbins et al. 1963), only a few long-term data sets exist 

for any national park. In the early 1990*s, in response to criticism that most parks do 

not even know what species they have, let alone how park ecosystems may be 

changing over time (National Research Council 1992), NPS initiated a service-wide 

Inventory and Monitoring (I&M) Program (NPS 1992). The purpose of this program. 
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which builds upon monitoring programs implemented at Channel Island National 

Park and several other parks during the 1980's, is to increase scientific research in 

national parks and detect long-term changes in biological resources (NPS 1992). 

The NPS management policy for natural resources reflects a number of legal 

mandates, and ultimately directs that management of parks be based on knowledge of 

resources and their conditions. NPS is obligated to "manage the natural resources of 

the national park system to maintain and perpetuate their inherent integrity" (NPS 

1988, Chapter 4:4). The policy states that parks will "assemble baseline inventory 

data describing the natural resources under its stewardship and will monitor these 

resources ... to detect or predict changes. The resulting information will be analyzed 

to detect changes that may require intervention and to provide reference points for 

comparison with other, more altered environments." In addition, this policy 

explicitly recognizes that national parks are reservoirs of wild genetic materials and 

biological diversity (NPS 1988). 

Delineation of monitoring policy in the Park Service is important both 

because it differs from policies of other agencies, and because it lies somewhat 

outside the paradigm of wildlife biology. The major purpose of NPS monitoring 

policy is to monitor (and manage) biological diversity—in other words, to document 

trends in the "inherent integrity" of the entire natural community, not just single 

species (NPS 1992). Although the level of preservation required in parks —e.g., 

explicit protection of even the smallest scrap of petrified wood or living flower—has 
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some negative implications for monitoring programs (for example, in the collection of 

voucher specimens), it also provides a conceptual firameworic for monitoring. 

NPS policy related to biological diversity contrasts at least in spirit with 

traditional wildlife management of single species. The field of wildlife biology 

evolved out of game management (Leopold 1933), where monitoring is essential for 

determining how many individuals in a population can be harvested each year while 

still maintaining population abundance at sustainable levels. An equally important 

concern for contemporary wildlife biologists is the conservation management of 

threatened and endangered species, which focuses even more sharply on population 

dynamics, habitat use, and individual life histories of single species (Ratti and Garton 

1994). Although the Park Service is interested in endangered species because they 

present immediate management issues, such interests are in the context of 

maintaining long-term biological diversity. 

Importantly, failure to monitor biological diversity provides the backdrop for 

monitoring in the Park Service. NPS and other park agencies have been criticized 

often for their failure to prevent, and even recognize, the loss of species from parks. 

These failures are explicit in studies that report high extinction rates of mammals 

(Newmark 1995), amphibians (Drost and Fellers 1996) and plants (Drayton and 

Primack 1996, Turner et al. 1995) in parks, and are implicit in inventories and studies 

of park biodiversity (e.g.. Cox and Franklin 1989, Debinski and Brussard 1994, 

Stohlgren et al. 1995). The need for inventory and monitoring programs is thus 

grounded in public expectations that NPS will be proactive in recognizing and 
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preventing damage to all natural resources under the agency's care, including all 

species of plants and animals. 

EXAMPLES OF VERTEBRATE MONITORING PROGRAMS 

Monitoring programs for wildlife can be classified in various ways (Table 1), 

including number and type of species monitored (single species or multiple species); 

different spatial (large or small) and temporal (short-term or long-term) scales; study 

design; and type of parameters measured. In this section I provide examples of some 

of these different types of monitoring programs, both inside and outside parks, that 

are most applicable to national parks. 

Monitoring single species. Monitoring studies of single species focus on a 

particular population and measure individually-based parameters such as survival, 

reproduction, health, and behavior. For example, John Coulson (Coulson and 

Thomas 1985, Taylor 1989) studied a single nesting colony of a seabird, the kittiwake 

(Rissa tridactyla), on the English coast for over 40 years. This study provided 

insights not only into how kittiwake movements, reproduction and survival change 

over long periods of time, but also of the effects of organochlorines and over-fishing 

both on kittiwakes and on fish, their primary food source (Taylor 1989). Similarly, 

Raymond Turner's long-term demographic study of saguaros {Camegiea gigantea) 

Saguaro National Park (Tumer 1991) has provided information on longevity, 

recruitment of new plants, and mortality of adults. By comparing Saguaro National 

Park plots with other long-term study sites, Tumer demonstrated that declines in the 
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Table 1. Examples of faunal monitoring programs at different scales. 

Study Spatial 
Scale 

Taxonomic 
scale 

Parameters studied Temporal 
scale 

Coulsen and 
Thomas (1985), 
coastal England 

1 cliff-nesting 
colony 

Single species 
(kittiwake) 

Population size, 
age, breeding 
success, pair 
bonds, etc. 

Sampled 
every 
summer 
since 1950 

Holmes et al. 
(1986), New 
Hampshire 

10-ha 
forested site 

All species of 
songbirds 

Population size, 
food availability 

Sampled 
every 
sxunmer 
since 1969 

Harding (1991), 
Great Britain 

England All species of 
butterflies in 
England 

Distribution 
of each species 
based on volunteer 
sightings and 
collections 

Sampled 
every 
summer 
since 1960s 
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park are most likely the result of local land-use changes such as grazing, not large-

scale climatic change. Long-term studies of single species are often initiated and 

sustained by 1-2 dedicated researchers, usually associated with a university. 

Monitoring groups of related species. Long-nmning studies of vertebrate 

conunimities include songbirds in Hubbard Brook Experimental Forest, New 

Hampshire (Holmes et al. 1986), Chihuahuan Desert rodents in Arizona (Brown and 

Heske 1990), freshwater turtles at the E.S. George Reserve in Michigan (Congdon et 

al. 1993), amphibians and turtles at the Savannah River Ecology Lab in Georgia 

(Gibbons 1990, Semlich et al. 1996), and a niunber of others (see Cody and 

Sraallwood 1996). These studies document the huge natural fluctuations in 

populations that characterize many populations of short-lived species, and the 

corresponding changes in habitat use that characterize long-lived species. They also 

provide insight into how commuiuties respond to widescale environmental changes 

caused by humans. For example, Congdon et al. (1993) use life history tables 

developed from their long-term study to demonstrate how even a small increase in 

adult mortality due to roadkills or over-harvest can lead to local extinction of 

freshwater turtles. 

Taxa chosen for multiple species studies are usually those that can be sampled 

using a single method, such as variable point counts for songbirds or trapping of 

mammals and turtles. Monitoring of multiple species is well-suited to larger 

geographic scales, such as the US and British breeding bird atlas (Robbins et al. 

1989). Because of time limitations, most multiple species smdies tend to measure 



24 

fewer parameters than intensive studies of single species. Usually the focus is on 

changes in population size, but if individuals are captured and marked, other 

information is also gathered. Like single-species studies, long-term commimity 

studies are often characterized by the dedication of individual researchers, who must 

dedicate financial resources to sampling every season, yet may not see rewards from 

their work for many years. 

Monitoring species diversity. A number of parameters related to how many 

species are present in an area are used in monitoring programs. Species richness 

refers to the number of species in an area, while species diversity refers to measures 

combining both species richness and relative abundance of species (eveness). 

Because indices of species diversity have fallen out of favor in recent ecological 

literature (Hurlbert 1971), some authors (e.g., Rosenzweig 1995) now prefer to use 

the term species diversity as synonymous with species richness. Monitoring studies 

of diversity are common in the plant and insect literature, and some studies have been 

conducted in national parks (Debinski and Brussard 1994). Repeated, systematic 

surveys of other vertebrate species are rare. However, diversity information is often 

gathered simultaneously with other information in multiple-species monitoring. 

Non-systematic "repeat" surveys of diversity in an geographic area between 

widely separated time periods do appear in the conservation biology literature, and 

are used to document changes in species composition over time. In fact, much of our 

knowledge about extinct and declining species in park areas, including plants 

(Drayton and Primack 1996, Turner et al. 1995), manunals (Morrison et al. 1994; 
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Newmark 1995), reptiles and amphibians (Drost and Fellers 1996; Morrison et al. 

1994), and butterflies (Debinski and Brussard 1994) comes from repeat surveys. In a 

typical example, Charles Drost and Gary Fellers resurveyed amphibians in wetlands 

in Sequoia and King's Canyon National Paries that had been visited by biologists in 

1915 and 1919 (Drost and Fellers 1996). Through careful reconstruction of the field 

notes of the survey participants, Drost and Fellers recorded and tabulated information 

on distribution, abundance, seasonal activity, habitat use, and reproduction, then (in 

1992) repeated the original surveys. Biologically meaningful changes had taken 

place: 5 of 7 species had experienced serious declines, with 1 species disappearing 

entirely and another reduced to only a few small remnant populations. Similarly, 

Drayton and Primack (1996) documented the loss of 155 of422 original native plant 

species in an urban woodland park in Massachusetts during 1894 and 1993, and their 

replacement by a large number on non-native plants. 

The major shortcoming of most repeat surveys is that they provide poor 

information on the rate and nature of change due to the large gaps in time between 

surveys, and because the methods and sampling effort used during the initial survey 

are often poorly docimiented. During the past decade, the Park Service has initiated 

surveys of many natural resources, including vertebrate animals (Stohlgren et al. 

1995). These surveys have great potential in monitoring, but many lack validation 

with voucher specimens or else fail to provide detailed information on sampling 

techniques. 
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Continental-scale monitoring efforts. In recent years, a number of monitoring 

programs have been implemented to detect trends in groups of taxa, particularly birds, 

across very large geographic scales. The most successfiil of these are international 

breeding bird surve5rs such as the North American Breeding Bird Survey (Robbins et 

al. 1989, Sauer et al. 1996), that track changes in populations of individual species as 

well as to parameters such as species richness (Boulinier et al. 1998). These large-

scale programs use presence-absence or count data and rely on volunteer efforts and 

well-defined sampling methodologies. 

NPS monitoring programs. Prior to the inventory and monitoring initiatives in 

the early 1990*s, few monitoring programs existed in U.S. national parks. Notable 

exceptions include the long-term study of wolves {Caniis lupus) and their prey at Isle 

Royale NP (Allen 1979), monitoring of black bears {Ursus americanus) in the 

Smokey Moimtains (Pelton and van Manen 1996), and a few other studies, usually of 

single species, carried on by individual researchers. In the 1980's, pilot monitoring 

studies were initiated at several national parks as part of the NPS Inventory and 

Monitoring Program, as at Channel Islands, and also independently, as at Organ Pipe 

Cactus. As of 1995, prototype monitoring programs had been established in 

representative parks in 10 representative biogeographic areas of the U.S. (NTS 1995). 

In the Channel Islands, Denali, Shenandoah, Smokey Moimtains and several other 

park areas, large monitoring programs have grown and are currently well-supported 

(Williams 1997). In many other park areas, monitoring programs are in initial stages. 
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with monitoring protocols being developed concurrently with species inventories 

(Stohlgren et al. 1995). 

Wildlife initiatives for these current programs usually include both an initial 

species survey, followed by more intensive monitoring of special status species. 

Other species are either monitored through regular population monitoring, or not at 

all. For mammals at Channel Islands National Park, for example, researchers monitor 

population size of deer mice (Peromyscus maniculatus) as a dominant ecosystem 

component, and population and health of island foxes {Urocyon littoralis littoralis) as 

an endemic species listed as threatened in California (Davis and Halvorson 1988). At 

Organ Pipe Cactus National Monument, demographic data are collected regularly on 

individuals of several special status species, including the Quitoboquito mud turtle 

{Kinostemon sonoriense longifemorale) (Rosen and Lowe 1996) and acuna cactus 

(Echinomastus erectocentrus var. acunensis) (Ruffiier 1995). For some groups of 

common species, such as nocturnal rodents (Petryszyn and Russ 1995) and diumal 

lizards (Rosen and Lowe 1995), population data are collected regularly using methods 

(trapping and line transects) that sample multiple species. For other species such as 

amphibians and large mammals, an initial inventory was conducted, but no formal 

monitoring efforts are on-going or proposed. 

Monitoring in most U.S. national parks is still in the developmental stage. 

Stohlgren et al. (1995) reported that >80% of paric areas had not completed natural 

resource inventories, considered an important first step in monitoring, and that 

complete, systematic inventories for any major plant or animal group were rare. How 
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successful pilot monitoring programs will be in providing useful information to park 

managers, and in sustaining themselves, remains to be seen. Also not clear is how 

monitoring will proceed at small park areas, where staff and money for resource 

management is usually very limited. Although results of past monitoring programs 

that have failed are rarely reported, anecdotal evidence suggests that many such 

failures have occurred (Roberts 1991). Often, data gathered are inadequate for some 

reason; other times, programs that are initiated with great enthusiasm do not receive 

support in the next funding cycle. 

FIELD TECHNIQUES AND STUDY DESIGN 

Because monitoring of wildlife resources is important for many applications 

(including pest management and hunting), a large body of scientific literature exists 

on how it should be done. The major questions addressed in this literature include: 

Which species should be monitored? Which parameters should be measured and 

how? How will we be able to detect a change or trend if one occurs? If so, how can 

we detemiine the cause? Addressing all of these questions requires a thorough 

understanding of both the goals and the scientific requirements of the study. 

Choosing species to monitor. Choosing which species to monitor, a simple 

task in studies of harvested and endangered species, is complicated in park studies 

because of the need for information on all species and processes (Ravlin et al. 1990, 

Seigal et al. 1995). Obviously, there is an inherent trade-off between the number of 

species monitored and the amount of information gathered for each. In many 
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programs researchers and managers choose several individual species that reflect a 

combination of immediate management needs and ecological representativeness. 

Species chosen for management needs are often species, such as endangered species, 

that parks must study for specific management reasons (Williams 1997). 

Representative species are usually "indicator species" with characteristics that are 

thought to represent other species in the ecosystem. 

Many types of indicators have been proposed and used in monitoring (see 

Noss 1990, Truett et al. 1994). Ecological or guild indicator species are usually 

members of an ecological community or guild of closely-related species thought to 

respond to environmental impacts in similar ways (Severinghaus 1981, Landres et al. 

1988). Other types of indicators include "keystone species" such as sea otters 

{Enhydra lutris), upon which the survival of other species is thought to be dependent 

(Noss 1990, Seigal and Simons 1995); "umbrella species" such as grizzly bears 

(Ursus arctos) that require large areas of habitat which in turn support many other 

species (Murphy and Wilcox 1986, Williams and Gaston 1994); "charismatic species" 

such as manatees {Trichechus manatus), that involve the public in efforts to preser\'e 

biodiversity (Noss 1990); and common species such as deer mice, that reflect 

ecological processes and occur in large enough numbers for strong statistical 

inference (Douglass 1989). 

Despite the intuitive appeal of the indicator species concept, many ecologists 

have criticized use of specific indicators, and the concept in general, because of 

empirical evidence that different species respond differently to environmental impacts 
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for different reasons (Mannan et al. 1984, Landres et al. 1988, Morrison and Marcot 

1995). For example, individual species of even closely-related songbirds vary greatly 

in their response to forest practices (Mannan et al. 1984). In response to these 

criticisms, some conservation biologists (Noss 1990, Lambeck 1997) now advocate 

using multiple indicators, or species that represent the broad spectrum of organisms 

that occur in an area. This general approach has been implemented at Channel 

Islands National Park (Davis and Halvorson 1988). However, monitoring larger 

numbers of species creates higher costs and defeats the idea of using indicator 

species. Although indicator species obviously have value in monitoring programs, 

caution should be used in relying on them too completely. 

The primary alternative to using indicator species in monitoring is to monitor 

entire groups that can be sampled with a single method (Steele et al. 1984). 

Advantages of this approach are that many species of certain groups may be 

monitored simultaneously, and that information on community dynamics and 

individual or population parameters may be gathered. Disadvantages are that less 

information is usually gathered on particular species, and that a large effort is still 

required to achieve adequate sample sizes for statistical inference. Also, not all 

groups (e.g, fossorial snakes, desert anurans) lend themselves to being monitored 

simultaneously by similar methods. For such taxa, simply establishing presence 

requires methods that may be very specific, such as searching in particular 

microhabitats or during brief, unpredictable weather events. 
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Choosing monitoring parameters. Parameters measured in monitoring 

programs can be very specific, such as characteristics of blood, or very broad, such as 

simple presence and absence. Much research in wildlife has focused on which 

parameters to measure and how to determine if a change has occurred. 

In wildlife monitoring, the most commonly studied parameter is population 

size (abundance). Because the actual number of individual animals in an area can 

rarely be known, population size is usually estimated using statistical methods. In 

recent years, powerful computer programs such as CAPTURE (Otis et al. 1978) and 

DISTANCE (Bumham et al. 1980) have been developed to simplify calculations 

necessary to generate robust estimates of population size and associated measures of 

variance, if sample sizes are adequate and the geographic area is adequately sampled. 

However, these conditions may be difficult to meet in areas where density of 

vertebrate species is low (Lancia et al. 1994). Using estimates of population size as a 

monitoring gauge may be misleading in some cases, because animals move both 

seasonally and in response to natural environmental change, and large numbers of 

individuals may temporarily occupy areas of poor habitat (Van Horn 1983). 

Monitoring parameters such as growth, recruitment, and survival can provide insight 

into patterns of habitat use and other important information, but is expensive to do 

well. 

For some species (such as bighom sheep {Ovis canadensis, Bleich et al. 1989) 

and leopard frogs {Rana spp., Sredl and Rowland, 1995)), isolated populations (or 

metapopulations) that depend upon immigration from other colonies, may disappear 
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if dispersal is restricted by barriers such as highways and agriculture. Where 

endangerment may be due to sudden loss of populations in space, rather than gradual 

loss of individuals in populations, monitoring changes in species distribution may be 

the most effective approach to monitoring. Monitoring presence and absence in an 

area is usually relatively inexpensive, and provides the major data used in repeat 

studies (Drost and Fellers 1996). Simply monitoring presence and absence, however, 

has the disadvantage of providing little information on population size and health. 

Also, failure to detect a species does not mean that it is absent, only that it was missed 

in that particular survey. Although estimates of species richness have been seldom 

used in vertebrate monitoring programs, a number of methods are available, and 

several recent papers have addressed this topic (Boulinier et al. 1998, Nichols et al. 

1998). 

Studv design. The 2 most important questions in monitoring—whether 

changes are indeed occurring, and the importance of these changes—can only be 

addressed with appropriate study designs. Determining whether changes are 

occurring or not is ultimately a statistical question that requires adequate statistical 

power (next section). However, if changes are indeed occurring, determining whether 

they are a local effect or part of a larger pattern is also important. The ability of 

researchers to draw inferences from the results of monitoring programs beyond a 

small local area is limited by the area sampled, if comparative control groups are not 

available outside the area. For example, monitoring programs for neotropical 

songbirds detected declining trends in some species during the 1970's and 1980's. 
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Although some researchers suggested that songbirds were declining on a continental 

scale (Robbins et al. 1989), others (e.g., Askins et al. 1990) disagreed. Many of the 

monitoring sites where declines were observed were in suburban areas where forest 

cover had been reduced as a result of residential development, and few undisturbed 

sites were available for comparison. 

The obvious problem with monitoring of single sites is the lack of a 

geographic context in which to understand changes that may occur (Usher 1991, 

Morrison 1994). Underwood (1994) has developed statistical techniques for 

comparison of an "impact area," such as a paiic facing an extemal threat, with control 

sites selected to reliably detect the existence and extent of envirormiental impacts. He 

recommends a monitoring design called "Before-After-Control-Impact" (BACI), 

where replicate sites are established some distance from the potential impact site. If 

changes occur at the impact site they can be reliably detected in the context of 

variability associated with the control sites. 

It is important to reiterate that monitoring activities can only indicate that a 

change has occurred, and are inadequate to clearly establish cause and effect. 

Evidence that leopard frogs have disappeared in an area will not indicate if the culprit 

is air pollution from a copper smelter or a 10-year old with a slingshot. If we can 

reliably detect the change and know its geographic scale, however, we will be better 

able to develop experiments that can establish cause and effect. 

Statistical power. Finally, in designing a monitoring program for a national 

park or natural area, it is important to know how much sampling is necessary to 
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determine if a decline or increase in a population or other parameter is actually 

occurring. Statistical power is an important component of statistical hypothesis 

testing. All monitoring programs are experiments that test the statistical hypothesis 

that a change is occurring (or has occurred), with the null hypothesis of no change. A 

null hypothesis can never be "true" or "false"; it can be only rejected with a certain 

probability. Alpha is the probability of a Type I error, which occi^s when a null 

hypothesis that is actually true is rejected. Beta is the probability of a type II error, 

which occurs when a null hypothesis that is false is not rejected. Statistical power is 

equal to 1 - beta. 

Power analysis is most often used in monitoring the direct response of animals 

to a known environmental impact; for example, to assess the response of nesting birds 

to different management practices (Steidl et al. 1997). In long-term monitoring 

programs in national parks, we often have no idea what the impact might be, when it 

will occur, or even if one will occur. Nevertheless, power analysis provides insight 

into how effective a monitoring program will be in detecting any type of change. 

Power analysis has become increasingly important in recent wildlife studies 

(Gerrodette 1987, Beier and Cuimingham 1996, Steidl et al. 1997, Gibbs et al. 1998). 

Software programs such as MONITOR (Gibbs 1995) enable researchers to use data 

from a pilot program to estimate the number of plots and sampling occasions 

necessary to detect a particular degree of change (e.g., a 10% annual decline) with 

varying amounts of statistical power (e.g., 80%, 90%, etc.). 
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MANAGEMENT ISSUES 

From a management point of view, the great challenge in long-tenn 

monitoring is in weighing the costs and benefits of different approaches to 

monitoring, and in how to ensure funding for a long-temi scientific effort when most 

programs are budgeted for the short-term. Due to the long-term and cyclical nature of 

environmental change, and because none of us can predict the future, it may be many 

years before monitoring results are known — yet monitoring for only a short period is 

equivalent to terminating an experiment before the results are actually known. 

In practice, the larger issues related to monitoring are reduced to difficuh 

decisions that must be faced every fiscal year: How important is monitoring relative 

to other needs? How much monitoring can we afford? Who should do it? How 

often? Although there are no definitive answers to these questions, some lessons 

learned from existing programs are valuable. According to Pelton and van Manen 

(1996), ingredients for successful monitoring efforts include: a long-term fimding 

commitment; a relatively undisturbed research site; minimal turnover of personnel; 

regular, on-going communication between researchers and management; and regular, 

careful maintenance of electronic and printed databases. Other researchers emphasize 

the need for clear objectives (Goldsnuth 1991, Morrison and Marcot 1995) and the 

importance of careful, specific data collection that is not open to later reinterpretation. 

Ultimately, managers must make decisions in light of political and social 

realities, the few existing models (e.g., Schmoldt et al. 1994), as well as their own 
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knowledge and experience. Although it is not my purpose to provide specific 

answers to these questions or to recommend funding mechanisms for long-term 

monitoring, it is worth reiterating that few successfiil long-term monitoring studies 

exist within MPS or anywhere. Excluding programs initiated diuing the past decade, 

most of the successful examples have been funded through universities by the 

National Science Foundation, and many are associated with a single scientist or a 

small research group. Monitoring activities by govemmeni agencies that traditionally 

have been successful (monitoring of meteorological data, for example) are usually 

conducted as regular efforts by assigned staff. While NPS has apparently made a 

commitment to supporting long-term monitoring in a few large parks (Williams 

1997), current fimding does not allow similar commitments in most of the parks in 

the system. 

SUMMARY 

Initiating and sustaining successful monitoring programs in parks, particularly 

in small parks, requires overcoming a number of serious constraints. Scientific issues 

include the requirement that data be gathered in a rigorous way with a valid smdy 

design. Management issues include that monitoring be practical to not only to 

implement but to sustain with existing and future financial resources. From all points 

of view, the monitoring effort must be sufficient to achieve the goals established for 

it. Establishing monitoring is particularly complex because all of these issues are 

interrelated. 
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In reviewing the existing literature on monitoring in the context of MPS goals, 

several issues stand out. First, national parks have a strong need for information on 

the current and future status of their wildlife resources. Losing grizzly bears in 

Yellowstone or desert night lizards (Xantusia vigilis) at Tonto National Monument 

represent a failure of natural resource management if these losses are due to human 

causes. A successful monitoring program will provide on-going data on all species; if 

changes occur, they will be documented, investigated further, and hopefully resolved 

through management action. 

Second, while many of the existing programs are creating strong data sets for 

selected species, few parks appear to be systematically gathering data on biological 

diversity. Park areas that monitor communities of animals, such as Organ Pipe 

Cactus National Monument, are probably best able to document losses of native 

species and invasions of non-natives. However, I am not aware of any parks that 

actively monitor diversity of mammals, reptiles, and amphibians; for many parks, 

even basic inventories are lacking. 

Third, monitoring programs in parks and other natural areas are sometimes 

criticized by scientists (e.g., Morrison and Marcot 1995) because study designs are 

inadequate. As a scientific endeavor, monitoring requires that data be collected 

carefully and that the study design is appropriate to meet objectives. Failure to do so 

may limit the value of long-term data that will be gathered with significant financial 

cost. 
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Fourth, with the exception of selected monitoring parks, few U.S. national 

parks currently have the financial resources to sustain monitoring programs that 

require large yearly expenditures or employment of large number of scientific staff. 

Tonto National Monument is probably typical of many small paiics in that only 1 staff 

member is responsible for natural resources; this person is also responsible for 

cultural resources. Gathering adequate samples to make inferences on wildlife 

populations is very limited with so little staff, unless there is extreme personal 

dedication and skilled use of volunteers. 

Fifth, because of issues inherent to public agencies, including fluctuating 

budgets, lags in hiring and training new staff, and changing management priorities, 

maintaining existing monitoring programs once they are started can be difficult. For 

monitoring programs, the loss of continuity, and corresponding potential loss of years 

of data, is a serious issue that should not be underestimated. 

Although all of these issues can be overcome, they suggest that researchers 

and managers interested in establishing monitoring programs in parks should proceed 

with caution. With these issues in mind, in the following chapters I will use data 

gathered during a pilot study at Tonto National Monument to evaluate different 

approaches to monitoring. My ultimate goal is to propose a monitoring program that 

considers the scientific and policy issues involved, yet is practical for a small park to 

implement. 
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C. Explanation of Thesis Format 

My thesis is presented in this introductory section, as well as in 4 appendices 

written as manuscripts suitable for publication. Appendix A, "A Power Analysis for 

Monitoring Abimdance of Nocturnal Rodents and Lizards at Tonto National 

Monument," is based on population monitoring data gathered during a pilot study at 

Tonto during 1993-94. This chapter presents the results of 3 seasons of live-trapping 

of small mammals on grids established in 4 different vegetation commimities, as well 

as the results of 4 seasons of sampling along 2 transects for diurnal lizards. Using 

these data, I evaluate how much sampling effort (number of grids or transects and 

number of sampling days) would be necessary to detect different annuaJ trends of 

decreasing population size with 80% statistical power. 

Appendix B, "A Power Analysis for Species Richness of Amphibians, 

Reptiles, and Terrestrial Mammals at Tonto National Monimfient," is based on species 

richness data gathered at Tonto during 1993-94. Using daily counts of the number of 

species of terrestrial vertebrates observed or captured, as well as estimates based on 

those coimts, I determine how much sampling effort (number of sampling days) 

would be necessary to detect different annual trends of decreasing species richness 

with 80% power. 

Appendix C, "Use of Capture-Recapture Methods to Estimate Species 

Richness of Amphibians, Reptiles, and Terrestrial Mammals for Monitoring 

Programs in U.S. National Parks" is also based on species richness data gathered at 
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Tonto in 1993-94. In this paper I use the raw count data to develop species estimates 

with different models for estimation of closed populations. I evaluate the effect of 

different sampling designs on accuracy and precision of estimates, compare results of 

different models, and determine the amount of sampling necessary to use these 

methods in species richness studies. 

Appendix D, "Costs and Benefits of Different Approaches to Long-term 

Monitoring of Vertebrates in Small National Parks and Other Natiu-al Areas," is a 

summary article based on Appendices A-C. In this paper I compare the statistical 

power, dollar cost, and benefits of the 3 common approaches to monitoring in 

national parks. In addition to Appendices A-C, I make recommendations for long-

term monitoring of vertebrates at Tonto National Monument and similar natural areas. 
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PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the papers 

appended to this thesis, written for publication but not yet submitted to scientific 

journals. The following is a summary of the most important findings in these papers. 

Appendix A: A Power Analysis for Monitoring Abundance of Nocturnal 

Rodents and Lizards at Tonto National Monument. In this paper I present the results 

of a study conducted to evaluate the effectiveness of monitoring abundance of 

nocturnal rodents and diurnal lizards at Tonto National Monument. Following 

protocols established at Organ Pipe Cactus National Monimient, rodents were trapped 

in live-traps, and diurnal lizards observed on transects. Using these pilot data, I 

evaluated the statistical power of different amounts of sampling effort to detect trends 

in abundance over different study durations. 

My results indicate that power to detect trends in abundance was generally 

low relative to the amounts of sampling effort used in my pilot study. Power to detect 

a declining trend in abundance of 5% annually over 10 years was insufficient (<80%) 

for all but the most common species. I evaluated different methods for improving 

power and found that although power could be improved somewhat by reducing 

variability through more efficient sampling power generally remained low. 

My study suggests that the amount of sampling effort required for monitoring 

multiple species of common, short-lived animals, an approach that is often 

recommended for monitoring programs, may not be feasible for many small national 

parks and natural areas. 



Appendix B. A Power Analysis for Monitoring Species Richness of 

Amphibians. Reptiles, and Terrestrial Mammals at Tonto National Monument. 

Arizona. In this paper I present the results of a study conducted to evaluate the 

effectiveness of monitoring species richness of reptiles, amphibians, and terrestrial 

mammals at Tonto National Monument. Species counts were made by summing ail 

species observed or captured during 130 field days. Using these data, I evaluated the 

statistical power of different amounts of sampling effort to detect trends in species 

richness over different study durations. 

For sampling periods of >90 days and sampling frequency of every 2 years, I 

foimd that power to detect declining trends in species richness of 2% annually 

exceeded 80% for both mammals and combined reptiles and amphibians, if study 

durations were sufficiently long (> 10 years). If all terrestrial vertebrates were 

combined, power to detect the same trend exceeded 80% if vertebrates were sampled 

for 60 days every 2 years. 

I conclude that although species richness is seldom proposed as a parameter in 

multiple-species monitoring programs for vertebrates, it has high power compared to 

detecting changes using other methods. 

Appendix C: Use of Mark-Recapmre Methods to Monitor Species Richness of 

Terrestrial Vertebrates in National Parks and Namral Areas. In this paper, I estimate 

the number of species of reptiles and amphibians combined and terrestrial mammals 

present at Tonto National Monxunent, based on species richness data collected as in 

Appendix B. To estimate species richness from count data, I used capture-recapture 
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methodology. To my knowledge this method has not been used previously to 

estimate species richness of herpetofauna, and has been used to estimate mammal 

species richness in only limited applications (Nichols and Conroy 1996). To 

determine the study length and most effective length of sampling occasions, I 

estimated species richness using different combinations of sampling periods based on 

count data for 120 sampling days. 

My results indicate that estimates of species richness for all terrestrial 

vertebrates combined could be estimated with reasonable precision for study 

durations greater than 40 days. Study durations of >50 days were required for reptiles 

and amphibians, and >80 days for terrestrial mammals. Models based on species 

heterogeneity were most often selected by model selection procedures for estimations 

except for terrestrial mammals, where models based on combined heterogeneity and 

time were chosen. This was possibly due to inconsistent sampling methodology. I 

conclude that estimates of species richness can be made with reasonable precision and 

accuracy if sampling is sufScient and standard methods are used. 

Appendix D. Costs and Benefits of Different Approaches to Long-term 

Monitoring of Vertebrates in Small National Parks and Other Natural Areas. In this 

paper, I estimate the cost of 2 approaches to monitoring of vertebrates in national 

parks: monitoring abundance of multiple species and monitoring species richness. I 

then compare costs and benefits of these approaches to a third approach, monitoring 

selected indicator species. To detect a declining trend in abundance (18% over 10 

years) of the 2 most common species of rodents and lizards with 80% power would 
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require approximately 65 person-days of sampling per season for the 2 most common 

species of rodents, and 110 person-days for the 2 most conunon lizards. Detecting 

the same trend in species richness of combined terrestrial vertebrates (reptiles, 

amphibians, and mammals sampled simultaneously) with similar power would 

require 30 person-days of sampling per year, and sampling could be less frequently 

with higher power. 

My study suggests that although intensive population-level sampling is almost 

always recommended for monitoring vertebrate animals in national parks, the cost of 

adequate monitoring of multiple species is prohibitive for Tonto National Monument, 

and probably for other parks as well. In an evaluation of the goals and benefits of 

monitoring, I conclude that current monitoring programs that generally focus on 

abundance of selected single or multiple species also fail to meet NFS monitoring 

goals. I advocate a greater use of monitoring species richness in nationals parks as a 

more cost-efifective approach that provides important information necessary for long-

term preservation of wildlife. 
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APPENDIX A: A POWER ANALYSIS FOR MONITORING 

ABUNDANCE OF NOCTURNAL RODENTS AND LIZARDS 

AT TONTO NATIONAL MONUMENT 

D.E. Swann, R.C. Averill-Murray, C.R. Schwalbe, and W.W. Shaw 

ABSTRACT 

For a proposed vertebrate monitoring program at Tonto National Monimient, 

we used power analysis to evaluate sampling effort needed to detect trends in 

populations of the 3 most common species of rodents and lizards. Using data based 

on a pilot study conducted in 1993-1995, we determined that for the most common 

species of rodent. Bailey's pocket mouse {Chaetodipus baileyi), 5 grids of 49 traps 

sampled aimually would be needed to detect an annual declining trend of 5% over 10 

years with 80% power. To detect the same trend in less common species, cactus 

mouse (Peromyscus eremicus) and white-throated woodrat (Neotoma albigula\ 11 

and 6 grids, respectively, would be needed. For the most common lizard species, 

sideblotch lizard (Uta stansburiana), 14 transects sampled once aimually would be 

needed; for combined whiptail species {Cnemidophorus spp.) and greater earless 

lizard {Cophosaurus texanns), 12 and >20 transects, respectively, would be needed. 

Due to high temporal and spatial variability, count data of most nocturnal rodent and 

lizard species at Tonto provide low power to detect trends for all but the most 

common species, given the resources presently available for monitoring in this small 



paik area. We suggest that managers evaluate the projected costs and benefits of 

sampling multiple species before initiating long-term monitoring programs. 
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INTRODUCTION 

In designing a monitoring program for a national park or other natural area, it 

is useful to know the costs of different monitoring scenarios in order to create a 

program that will provide scientifically-defensible data, yet fall within the budgets of 

park managers. Power analysis provides a framework by which to assess how many 

samples in a monitoring program are needed to detect a specific trend, should one 

occur (Gerrodette 1987). For example, to determine the sampling effort needed to 

detect a decline in a population of birds, power analysis enables researchers to use 

data from a pilot program to estimate the number of plots and sampling occasions 

necessary to detect a particular trend in the population (e.g., a 10% annual decline) 

with varying amounts of statistical power (e.g., 80%, 90%, etc.). 

In scientific investigations, statistical power is an important component of 

hypothesis testing. A null hypothesis can never be "true" or "false"; it can only be 

rejected with a certain probability. Alpha is the probability of a Type I error, which 

occurs when a null hypothesis that is actually true is rejected. Beta is the probability 

of a type II error, which occurs when a null hypothesis that is false is not rejected. 

Statistical power is equal to 1 - beta (Zar 1996). Applied to a conservation study 

where there is concem about a threatened or endangered species, power analysis 
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provides a measiire of how likely the study will be able to detect a population decline 

or increase if one is actually occurring (Gibbs 1995). 

Power analysis is often used in monitoring the direct response of animals to a 

known environmental impact; for example, to assess the response of nesting birds to 

different management practices (e.g., Steidl et al. 1997). In long-term monitoring 

programs in national paries, we often have no idea what impact might be, when it will 

occur, or even if it will occur. Nevertheless, power analysis can provide insight into 

how effective a proposed monitoring program will be in detecting any type of change. 

Use of power analysis has greatly increased in ecological studies in recent years due 

to the development of software programs that enable researchers to determine power 

to detect trends while manipulating different study parameters, as well as increased 

awareness of the ecological consequences of Type II errors. 

The objective of this study was to estimate the amount of sampling effort 

(number of plots and sampling frequency) needed to monitor population size and 

relative abundance of selected species at Tonto National Monument, a small park in 

central Arizona. Because an often-stated goal of monitoring in national parks is to 

monitor not just single species but entire commimities (e.g., NPS 1992, Rosen and 

Lowe 1995), simulations were based on data for the 3 most common nocturnal 

rodents detected on trapping grids and the 3 most common diumal lizards observed 

on transects. 

In addition, using data from long-term studies, we compared the effects of 

different types of temporal variability on power. Variability is an important 



48 

component in power analysis, because power increases when variability is decreased. 

Standard deviations used in power analysis simulations are often determined by short-

term studies (Gibbs 1995). However, for short-lived organisms such as rodents and 

lizards, population size fluctuations among years may be much larger than those 

within years. Thus, imderstanding the relative importance of these 2 sources of 

variability is critical to determining the most appropriate interval at which sampling 

should occur. 

METHODS 

Field methods. Raw data used in initial simulations were collected at Tonto 

National Monument, Arizona, in 1994-1995. To obtain count data for nocturnal 

rodents, we established 4 grids in 4 different vegetation communities (Jenkins et al. 

1995): Arizona Upland desertscrub with foothill paloverde {Cercidium 

microphyllum) dominant, Arizona Upland desertscrub with jojoba {Simmondsia 

chinensis) dominant, riparian woodland, and semidesert grassland. Each grid was 

trapped 3 times, once each in spring and summer of 1994 and once in spring of 1995. 

Forty-nine traps were used, and grids were trapped for 2 nights during warm dry 

nights in the dark phase of the moon (Petryszyn 1995). Count data consisted of the 

number of animals captured during each 2-mght sampling period (captures minus 

recaptures). Means and standard deviations used in initial power analysis were for 

combined data from all 3 trapping seasons for each grid and species; for comparative 

purposes we also conducted simulations based on data from the 2 spring seasons only. 
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To obtain count data for diurnal lizards, we initially established 500-m 

transects (Rosen and Lowe 1995) at the location of each mammal grid. However, the 

number of lizards observed were extremely low, rarely exceeding 1 individual per 

species on any transect. As an alternative, we placed transects along the Upper Cliff 

Dwelling trail, which receives limited use during the sampling season. A 500-m 

transect was established in desert riparian scrub, and a 1000-m transect was 

established in semidesert grassland. Transects were walked repeatedly during 

morning hours, with at least a 10-minute break between runs. Measured values were 

the largest number of individuals for each species seen during a run on a sampling 

day ("peak value"; Rosen and Lowe 1995). Each transect was sampled 2-6 times 

daily on 5-9 sampling days during each of 4 seasons: siramier 1993, spring and 

summer 1994, and spring 1995. As with rodents, we ran initial simulations based on 

all seasons combined but compared these results with simulations based on seasonal 

data. 

Power analysis. To determine the relative armual effort involved in sampling 

adequately to detect a significant change in population size (abundance), we 

conducted a power analysis using the computer program MONITOR (Gibbs 1995). 

Initial simulations based on the Tonto data determined the number of plots (grids or 

transects) and number of sampUng periods required to detect an annual population 

size increase or decrease of 5% and 10% over 10 years. We set statistical power at 

0.8 and alpha at 0.1. We chose 80% power because it is often used as a target for 

wildlife surveys (e.g. Beier and Cunningham 1996, Averill-Murray in press). We 
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chose an alpha of 0.1 rather than the traditional 0.05 becaiise of the NPS goal of 

preserving populations, which implies that the consequences of a type I error 

(incorrectly concluding that a population has declined) are less serious than the 

consequences of a type n error (failure to detect a decline should one occur) (Steidl et 

al. 1997). We conducted 2-tailed simulations to evaluate power to detect both 

population decreases and increases; for selected data sets, we compared these results 

to results of one-tailed simulations. In our results, for reasons of simplicity, we report 

power to detect decreasing trends only, although power to detect increases was 

always slightly greater than power to detect decreases. For each power analysis, we 

conducted 500 simulations. To evaluate the contributions of different monitoring 

parameters to statistical power and sampling effort required, we conducted additional 

simulations while manipulating different parameters including mean count per plot, 

standard deviation per plot, survey frequency, and other parameters. 

Finally, to evaluate the effect of short- and long-term variability on power of 

different sampling schemes, we conducted simulations using means and standard 

deviations derived from long-term studies of desert mammals and reptiles. For 

rodents, count data were obtained from a 6-year study at Organ Pipe Cactus National 

Monument (ORPI; Petterson 1998, Petryszyn 1995) that used similar methods to 

ours, and from an 11-year study in Portal (Cochise County), Arizona (Brown and 

Heske 1990), where animals were live-trapped 1 night and released. For lizards, 

count data on 100-300-m lizard lines were from an 8-year study at ORPI (Petterson 

1998, Rosen and Lowe 1995). We felt justified in comparing our data with these data 
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sets because researchers used the same methods we did (ORPI data), or because our 

mean number of captures were equivalent (Brown and Heske 1990). 

We used values from within-season data only, selecting the season where the 

largest nimiber of individuals per species were trapped or observed, and excluded 

plots where >20% of sampling periods failed to detect a species. Because the ORPI 

datasets contained data from 14 mammal grids and 17 lizard transects (more plots 

than were necessary for most simulations) means and standard deviations used in 

analysis were based on smaller samples of randomly selected plots. Due to zero 

values on many plots, we did not evaluate power for cactus mouse or greater earless 

lizard at ORPI. 

RESULTS 

Raw data. Five species of rodents were captured on monitoring grids during 

the 3 sample seasons. The 3 species most commonly trapped were Bailey's pocket 

mouse, cactus mouse, and white-throated woodrat. For these species, coimts varied 

within years, among years, and among vegetation communities (Table 1). The 

highest values were for Bailey's pocket mouse on a single grid (x=14, SD=5.29), 

whereas 6 trapping sessions yielded 0 individuals of cactus mouse (twice) or woodrat 

(4 times). Coefficients of variation (CV; standard deviation/mean) were 0.25 for 

Bailey's pocket mouse, 0.39 for cactus mouse, and 0.22 for white-throated woodrat. 

Seven species of lizards were detected on lizard transects. Only 5 species 

were detected more than 5 times: western whiptail {Cnemidophoms tigris), Sonoran 
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Table A-1. Rodent data from Tonto National Monument used in power analysis. 
Grid 1 is in Arizona Upland desertscrub with foothill paloverde dominant; Grid 2 is in 
semidesert grassland; Grid 3 is in riparian woodland; and Grid 4 is in Arizona Upland 
desertscrub with jojoba dominant. SD = standard deviation, CV = coefficient of 
variation. Based on 49 traps, 2 nights per season. 

Species Grid I Grid 2 Grid 3 Grid 4 

Bailey's pocket mouse 
Spring 1994 11 1 1 10 
Summer 1994 7 I 1 20 
Spring 1995 9 2 2 12 
Mean/SD 9.0/2 1.3 /0.58 1.3/0.58 14.0 /5.29 
CV 0.22 0.45 0.45 0.37 

Cactus mouse 
Spring 1994 7 2 1 5 
Summer 1994 0 0 5 2 
Spring 1995 1 2 3 6 
Mean/S D 2.7/3.79 1.3/1.15 3.0/2.0 4.3 /2.08 
CV 1.40 0.88 0.67 0.48 

White-throated woodrat 
Spring 1994 6 3 0 2 
Summer 1994 7 0 0 0 
Spring 1995 6 1 I 1 
Mean/SD 6.3 /0.57 1.3 /1.53 0.3/0.58 1.0/1.0 
CV 0.09 1.18 1.93 1 
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spotted whiptail (C. sonorae), Gila spotted whiptail (C. Jlagellicaudus), sideblotch 

lizard, and greater earless lizard. Due to the difficulty of distinguishing among the 

young of all whiptail species in the field, and between adults of the 2 species of 

spotted whiptails, all 3 species were combined for power analysis. As with rodents, 

coimts varied within and among seasons (Table 2). Sample sizes were generally low 

and variability high. Coefficients of variation (CVs) for the 500-m xeroriparian 

transect were 1.11 for sideblotch lizard, 1.18 for combined whiptails, and 2.25 for 

greater earless lizard. For the 1000-m grassland transect, CVs were 0.71, 1.67, and 

2.75, respectively. 

Power analvsis: mammals. To detect a 5% annual decrease over 10 years 

(approximately 40% overall) with 80% power for Bailey's pocket mouse would 

require five 49-trap grids trapped for 2 nights each year (Figure 1). To detect a 

similar decrease for cactus mouse and white-throated woodrat, 11 and 6 grids would 

be required, respectively. As expected, monitoring efficiency improves if the number 

of sampling periods per year is increased, and declines if sampling is conducted less 

firequently. Sampling on multiple occasions each year decreased the number of grids 

required for Bailey's pocket mouse firom 5 for I occasion to 4 for 2 occasions and 3 

for 4 occasions (Figure 2). Sampling efficiency declined if samples are taken every 2 

years (7 grids required) or every 5 years (8 grids required). For longer study 

durations, as small annual changes accumulate into large population effects, the effect 

of less-firequent sampling becomes less important. 

Similarly, the degree of annual change specified also influences the power to 



54 

Table A-2. Summary of lizard data from Tonto National Monument used in power 
analysis. Transect 1 is in xeroriparian scrub. Transect 2 is in semidesert grassland. 
Each transect was sampled 2-4 times daily, and a "peak value" recorded; that is, the 
highest observed value for each species during a run on that day. Transects were 
sampled 5-9 days per season. Tabulated means and standard deviations (SD) 
represent mean and SD of peak values for the season; "days" represent number of 
sampling days. 

Transect 1 Transect 2 
Days Mean (SD) Days Mean (SD) 

Sideblotch lizard 
Summer 1993 7 1.0(1.5) 7 2.6(1.3) 
Spring 1994 5 1.8 (0.8) 5 1.2 (0.5) 
Sununer 1994 9 0.7 (0.7) 9 1.4(1.2) 
Spring 1995 5 0.6 (0.9) 4 1.5 (0.6) 
Summer only 16 0.8(1.1) 16 1.9(1.4) 
Spring only 10 1.2 (1.0) 9 1.3 (0.5) 
All combined 26 1.0(1.1) 25 1.7(1.2) 

Combined whiptails 
Summer 1993 7 0.7(1.0) 7 0.4 (0.8) 
Spring 1994 5 2.2(1.1) 5 1.4 (0.9) 
Summer 1994 9 0.2 (0.4) 9 0.1 (0.4) 
Spring 1995 5 1.2(1.1) 4 0.3 (0.5) 
Summer only 16 0.4 (0.7) 16 0.3 (0.6) 
Spring only 10 1.7(1.2) 9 0.9 (0.9) 
All combined 26 0.9(1.1) 25 0.5 (0.8) 

Greater earless lizard 
Siramier 1993 7 0.7(1.3) 7 0.3 (0.5) 
Spring 1994 5 0.6 (0.9) 5 0.0 (0.0) 
Summer 1994 9 0.1 (0.3) 9 0.0 (0.0) 
Spring 1995 5 0.0 (0.0) 4 0.3 (0.5) 
Summer only 16 0.4 (0.9) 16 0.1 (0.3) 
Spring only 10 0.3 (0.7) 9 0.1 (0.3) 
All combined 26 0.3 (0.8) 25 0.1 (0.3) 
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Figure A-1. Number of nocturnal rodent grids (49 traps each) required to detect a 5% 
annual decrease in abundance with 80% power for 3 species of rodents at Tonto 
National Monument over different study durations. Sampling conducted 2 nights, 
once/year. CHBA=Bailey's pocket mouse, NEAL=white-throated woodrat, 
PEER=cactus mouse. 
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Figure A-2. Number of grids required to detect a 5% annual decrease in abundance 
with 80% power for Bailey's pocket mouse, at different sampling frequencies. 
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detect such changes (Figure 3). To detect an annual decrease of 10% over 10 years 

(65% overall) for Bailey's pocket mouse would require only 3 grids; but to detect a 

2% aimual decrease (18% overall) would require 20 grids. Again, these differences 

in power decrease as study duration increases. 

The general relationship between power to detect different trends and 

sampling intensity for Bailey's pocket mouse and cactus mouse is summarized in 

Figure 4. For a 2% decrease, power is generally low (<80%) to detect trends for 

study durations of less than 10 years unless sampled >2 times per year, or >8 grids are 

used. For longer study duration durations, power is higher to detect lower aimual 

declines with fewer grids and less frequent sampling. 

Simulations based on data from within vegetation communities only indicates 

that sampling efficiency can be improved for some species if sampling is stratified by 

habitat. For example, detecting a 5% decrease on Grid I (Arizona Upland 

desertscrub, with foothill paloverde dominant) would require only 4 grids instead of 5 

for pocket mouse and 3 grids instead of 6 for woodrat (Table 3). However, detecting 

a similar trend for cactus mouse in this community would require >20 grids instead of 

11 grids. In contrast, fewer grids (8 instead of 11) would be required for cactus 

mouse on Grid 4 (Arizona Upland, with jojoba dominant), but the trend for Bailey's 

pocket mouse would not be affected, and woodrat would require more than 18 grids. 

Pooling data by season would improve efficiency by 0.09 to 33% for the 3 

different species. Simulations based on spring data only would require (to detect a 

5% annual decrease) 4 grids for Bailey's pocket mouse, 5 grids for white-throated 
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Figure A-3. Number of grids required to detect decreases in abundance of 2%, 5%, 
and 10% annually with 80% power for Bailey's pocket mouse at Tonto National 
Monument. Note comparison of 1-tailed and 2-tailed tests. Sampling once/year. 
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Figure A-4. Relationship between power and sampling frequency for Bailey's pocket 
mouse and cactus mouse at Tonto National Monument. Power to detect a 2% annual 
decrease for 8 plots sampled 2 times/year, 1 time/year, once every 2 years, and once 
every 5 years. CHBA=Bailey's pocket mouse, PEER=cactus mouse. 
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Table A-3. Number of plots needed to detect a 5% decrease in abundance with 80% 
power, based on count data from Tonto National Monument. For all simulations, 
alpha = 0.1, exponential model, tails = 2, simulations = 500. Simulations based on 1 
count/yr for mammals, and 4 coimt/yr for lizards, with 10 years sampling duration. 
All = simulations based on data from all plots, spring and summer data. Plot 1 = 
simulations based on grid 1 (mammals) or transect 1 (lizards) only; Plot 2 = 
simulations based on grid 4 (mammals) or transect 2 (lizards) only. For spring and 
summer, simulations based on all plots. 

Species All Plot I Plot! Spring Summer 

Bailey's pocket mouse 5 4 6 4 
White-throated woodrat 6 3 >18 5 — 

Cactus mouse 11 >20 8 10 — 

Transect 1 Transect 2 

Sideblotch lizard 5 6 4 4 5 
Whiptail species 7 7 8 5 11 
Greater earless lizard 18 16 24 15 13 
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woodrat, and 10 grids for cactus mouse (Table 3). Use of 1-tailed tests rather than 2-

tailed tests would also result in slight improvements in sampling efficiency (Figure 

3). 

Power analysis: lizards. For sideblotch lizard, the species detected most often 

at Tonto, a minimum 13 transects sampled annually would be needed to detect a 

decrease of 5% over 10 years with 80% power (Figure 5). For combined whiptails, 

>20 transects would be required to detect a similar decrease, although the number of 

transects required for greater earless lizard would be >50. 

As with rodents, monitoring efficiency improves with more frequent 

sampling. For sideblotch lizard, 9 transects sampled 2 times/year would be required 

to detect a 5% decrease, but only 6 would be required if sampled 4 times/year. For 

whiptails, 9 transects would be sufficient if sampled 2 times/year, and 8 if sampled 4 

times/year (data not shown). 

Pooling data by transect did not greatly increase efficiency on either transect 

for any species, and decreased efficiency in some cases. Pooling transects data by 

season (spring) would improve efficiency to detect trends by 16-28%, if samples were 

taken 4 times/year (Table 3). For example, 4 transects instead of 5 would detect a 5% 

decrease in sideblotch lizard with 80% power. As with mammals, efficiency could be 

slightly increased by using a 1-tailed test. 

Power analysis: long-term datasets. Long-term datasets used in power 

analysis also showed high variability of count data for both mammals and lizards 

(Table 4). Although sample sizes at ORPI were greater than at Tonto, variability was 
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Figure A-5. Effect of sampling frequency on power to detect a 5% annual decrease in 
abundance of 3 lizard species at Tonto National Monument with 80% power. 
Sampling conducted once/year. UTST=sideblotch lizard, CNSP=combined whiptail 
species, COTE=greater earless lizard. 
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Table A-4. Results of power analysis based on long-term data sets from other desert 
Southwest locations for species that also occur at Tonto National Monument. Where 
data were available from more than 1 season per year, we used data from seasons 
where values are highest. Reported means and standard deviations (SD) are for all 
seasons and all plots (grids and transects) combined; plots were excluded if >20% of 
samples were zero. For all simulations, power = 0.8%, alpha = 0.1, exponential 
model, tails = 2, simulations = 500. Simulations based on 1 count/yr, 10 years 
sampling duration, and power to detect a decrease of 40% (5% annually). Years = 
number of years study was conducted. #Plots Required = Number of grids or 
transects required. 

Species Years Mean SD CV #Plots Source 
Required 

White-throated woodrat 11 5.3 3.3 0.62 11 Brown and Heske 
(1990) 

White-throated woodrat 6 3.3 1.0 0.30 9 Petterson (1998) 

Bailey's pocket mouse 11 4.1 1.8 0.44 8 Brown and Heske 
(1990) 

Bailey's pocket mouse 11 18.3 9.2 0.50 11 Petterson (1998) 

Cactus mouse 6 5.5 6.9 1.25 17 Brown and Heske 
(1990) 

Sideblotch lizard 7 1.6 1.0 0.65 13 Petterson (1998) 

Westem whiptail 7 2.0 0.9 0.45 10 Petterson (1998) 
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was also higher for Bailey's pocket mouse (CV=0.50) and white-throated woodrat 

(CV=0.30). For both species, variability was high not only for pooled results, but for 

within-grid CVs as well. High variability also characterized long-term data firom 

Portal for Bailey's pocket mouse (CV=0.44), cactus mouse (CV=1.25), and white-

throated woodrat (CV=0.62). However, among-year variability of lizard line data at 

ORPI was lower than ours for western whiptails (CV=0.45) and sideblotch lizard 

(CV=0.65). Rosen and Lowe (1995) did not report within-season variability on lizard 

lines. 

Simulations using count data from long-term studies indicate that power to 

detect trends is similar to our study (Table 4). For Bailey's pocket mouse, the number 

of plots required to detect a 5% aimual decrease with 80% power is 11 plots at ORPI 

and 8 at Portal. For cactus mouse, the number of plots required is 17 at Portal; for 

white-throated woodrat, 9 plots would be required at ORPI and 11 at Portal. For 

lizards sampled annually at ORPI, detecting a 5% decrease would require 10 transects 

for western whiptails and 13 for sideblotch lizard. 

DISCUSSION 

Power analysis using data from our pilot study indicates that power to detect 

trends varies between taxa and vegetation community. In general, however, power 

was low relative to the sampling effort used in our pilot study. This low power is 

largely due to variability associated with species, vegetation communities, seasons, 

and years. 



Power to detect change in a monitoring program is based on sample size, beta, 

alpha, and effect size, where effect size is defined as the absolute difference between 

populations of interest (e.g., the "before" and "after" data in a monitoring program), 

scaled by the within-population standard deviation (Steidl et al. 1997). Effect size is 

thus a measure of both the effect in a monitoring program (whether an increase or 

decrease has occurred) and variability associated with both natural fluctuations and 

sampling error, hnproving statistical power to detect an increase or decrease in 

population can be accomplished by manipulating alpha and beta or by increasing 

effect size. In the field, researchers can improve power by increasing sample size by 

adding plots or sampling more fi*equently, by decreasing sampling variability through 

careful field techniques and longer sampling periods, or by sampling in such a way 

that minimises natural variability, for example by placing replicate plots in stratified 

habitats or sampling only in certain seasons. 

For monitoring at Tonto National Monument, some of these methods are more 

feasible than others. Decreasing beta below 0.2 is difficult to justify, given the 

significance of failure to detect a decreasing trend in a species or group of species. 

Indeed, a more ^propriate conservation approach would be to set beta and alpha 

equal to each other at 0.1, as has been recommended in some other studies in 

conservation biology (e.g., USDI Fish and Wildlife Service 1995). Increasing the 

level of detectable change above 5% over 10 years is probably not desirable for either 

mammals or lizards. Over a 10-year period, a 2% aimual trend would equal an 18% 

total decline, and a 5% annual decline would equal 40%. For a declining population. 
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a 40% decrease over 10 years would seem to be very significant; indeed, an 18% 

decline would be important for many species, and managers may prefer a 

conservative target. Obviously, an inverse relationship exists between power and 

study diu^tion; power to detect smaller and smaller annual changes increases with 

time, but the cumulative effect of these changes on a population also increases. 

Reducing variability between vegetation communities by stratifying by habitat 

(placing replicates in selected communities) can greatly benefit power to detect 

change and is feasible for many studies of single species. However, this approach is 

less feasible for multiple species due to habitat differences. At Tonto, although 

power to detect trends for Bailey's pocket mouse and white-throated woodrat would 

be improved by placing replicates in the Arizona Upland (foothill paloverde 

dominant) desertscrub community, power would be reduced for cactus mouse. Power 

to detect trends in lizards would only be slightly affected by using only 1 transect. 

Reducing temporal variability is probably a better alternative for increasing 

power in monitoring at Tonto. One approach would be to confine sampling to only I 

season, or to treat data collected during spring and summer season separately in 

analyses. In simulations based on our data, this approach would improve sampling 

efficiency up to 33% for Bailey's pocket mouse, and power would be increased at 

least slightly for all species by sampling only during the spring season. 

A second approach is to reduce sampling error resulting fi-om variable weather 

and other factors. We believe that field methodology in our pilot study was generally 

sound. Although we initially lacked experience in both mammal trapping and lizard 
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line transects, we were guided by detailed monitoring handbooks (Lowe and Rosen 

1991, Petryszyn 1991). All sampling was conducted imder what seemed to be 

optimal conditions of weather and moon phases. Although we did not examine 

within-season variability on mammal grids, we were surprised by the amount of 

within-season variability on lizard lines. Rosen and Lowe (1995) did not report 

within-season variability for Organ Pipe, so we do not know if ours were 

exceptionally high. Using the same method. Bounds (1996, and pers. comm.) also 

reported high within-season variability in lizard line data from Buenos Aires National 

Wildlife Refuge. 

Another approach for reducing temporal variability in monitoring programs is 

to use estimates of absolute abundance instead of count data, where estimates are 

based on a mark-recapture study with individual animals marked. Because count data 

are seldom calibrated with known population size or robust estimates of population 

size, estimates are probably far more robust than counts to changes in animal activity 

or capturability. The disadvantage of maric-recapture studies compared to simply 

counting the number of animals captured, however, is the expense involved in 

gathering a sufficient amount of data for models to generate estimates. Mark-

recapture studies of lizards can be particularly expensive, or unfeasible for other 

reasons; for example, arrays of pitfall traps would probably be the most effective 

method for capturing whiptails at Tonto, but are not feasible because of the extensive 

archeological resources present. 
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Because we sampled for only 2-3 years in our pilot study, it is not possible to 

determine if the mean nimiber of animals we observed and captured were particularly 

low due to poor enviromnental conditions. However, large population fluctuations, 

which are assimied to be based on rainfall patterns, appear to be characteristic of 

rodents and lizards in arid lands. Most studies that have examined these fluctuations 

(e.g.. Brown and Heske 1990) rely on count data, and it is possible that variability in 

the counts themselves also contribute to these fluctuations. Nevertheless, there is 

little question that populations of short-lived organisms respond quickly to change. 

This rapid ecological response is often used as a justification for monitoring 

communities of rodents and lizards (e.g., Douglass 1989, Rosen and Lowe 1995). 

However, our simulations based on longer data sets suggest that low power to detect 

trends is also characteristic of monitoring programs for these short-lived vertebrates. 

Data from many published studies indicate that power to detect even small changes in 

populations of long-lived species (e.g., elephants and turtles) is far greater than power 

to detect changes to short-lived species (Gibbs et al. 1998). 

The most direct and obvious way to increase the power of our monitoring 

program would be to increase sampling effort, including increasing the number of 

plots and frequency of sampling. Many studies, and nearly all studies of single 

species, involve significantly more effort than we used. Our sampling effort was 

constrained by limited human resources, and the fact that we attempted to monitor a 

large number of species simultaneously. We were guided by both the stated goals of 

NPS monitoring programs (which require monitoring of multiple species) and by the 
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amount of effort that would realistically available for a small park with a small staff. 

Unfortimately, due to staff constraints, significantly increasing (or even matching) our 

sampling effort is not feasible for Tonto National Monument at the present time. 

An important point for small parks is that statistical power is in large part 

unrelated to practical considerations such as the area of the park and the number of 

resource management staff. A comparison of our analysis with a similar power 

analysis for Organ Pipe Cactus National Monument indicate that the number of plots 

needed to sample rodents and lizards is roughly equivalent in both parks. High power 

for the lizard monitoring program at ORPI (Petterson 1998) is based primarily on the 

high number (17) of transects at that site as compared to our study. Although the area 

of ORPI is more than 290 times greater than that of Tonto, variability among lizard 

transect results is comparable for the 2 park areas. However, the budget and number 

of resource management staff at ORPI are several times greater than that of Tonto. 

These practical considerations have important implications for the design of 

monitoring programs in small park areas. In an accompanying paper (Appendix D), 

we frame power analysis in a cost/benefit context to assist managers in evaluating the 

value of these different monitoring approaches. 
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APPENDIX B: A POWER ANALYSIS FOR MONITORING SPECIES RICHNESS 

OF AMPHIBIANS, REPTILES, AND TERRESTRIAL MAMMALS AT TONTO 

NATIONAL MONUMENT, ARIZONA 

D.E. Swarm, CJR.. Schwalbe, R.C. Averill-Murray, and W.W. Shaw 

ABSTRACT 

For a proposed monitoring program at Tonto National Monument we used 

power analysis to evaluate sampling effort needed to detect trends in species richness 

of amphibians, reptiles, and terrestrial mammals. Simulations were based on both 

species counts and estimates of species richness obtained from a pilot study where 

multiple sampling techniques were used. For sampling periods of >90 days every 2 

years, power to detect declining trends in species richness of 2% annually exceeded 

80% for both manunals and combined reptiles and amphibians, if study durations 

were sufficiently long (at least 10 years). If sampling were combined for all 

terrestrial vertebrates, power was >80% to detect similar trends with <60 days 

sampled every 2 years. Power to detect trends based on estimates were variable, but 

were generally greater than power to detect trends based on counts. Although species 

richness is seldom proposed as a parameter in multiple-species monitoring programs 

for vertebrates, the power to detect trends in species richness may be higher than for 

population parameters due to lower temporal variability. We recommend that 



73 

managers consider use of species richness in multiple species monitoring programs as 

an addition or altemative to traditional approaches of monitoring populations. 

INTRODUCTION 

In designing monitoring programs for a national park or other natural area, it 

is useful to know the costs of different monitoring scenarios so that monitoring will 

provide scientifically-defensible data yet fall within the budgets of park managers. 

Power analysis provides an opportunity to assess how many samples in a monitoring 

program are needed in order to detect a trend should one occur (Beier and 

Cunningham1996, Gerrodette 1987, Gibbs et al. 1998, Steidl et al. 1997). In many 

ecological studies, power analysis is used to determine the direct response of a 

species to a known environmental impacts, such as different forestry practices (e.g., 

Steidl et al. 1997). In long-term monitoring programs in national parks, we often 

have no idea what the impact might be, when it will occur, or even if one will occur. 

Nevertheless, power analysis can provide insight into how effective monitoring will 

be in detecting any type of change. 

Power analysis is often associated with determining trends in population size 

of single species (e.g., Gibbs et al. 1998), but can be applied to any parameter of 

interest, including individual parameters such as reproductive output, behavior, and 

growth rate as well as conununity and environmental parameters such as 

evapotranspiration rates and species richness. Indeed, parameters that show less 
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natural variability are always more powerful for detecting trends (Steidl et al. 1997) 

and may be more appropriate in studies that assess environmental effects. 

The objective of this paper is to estimate the sampling effort needed to detect 

trends in species richness of native amphibians, reptiles, and terrestrial mammals at 

Tonto National Monument, a small park area in central Arizona. Species richness, or 

the number of species present in an area, is seldom proposed as a parameter in 

monitoring programs because of variable rates of species detection, problems with 

species identification, and quantification of sampling effort (see Stohlgren et al. 1995, 

Droege et al. 1998, Boulinier et al. 1998). However, if these problems can be 

overcome, species richness has potential value in monitoring programs. In park areas 

as well as developed areas, significant declines in the number of native plant and 

animal species present have been associated with habitat loss, insularization, invasion 

by non-native species, pollution, and other known environmental impacts (e.g., 

Morrison et al. 1994, Drayton and Primack 1995, Drost and Fellers 1996). 

Data used in this paper were collected during a pilot study conducted at Tonto 

National Monument during 1993-1994 (Appendix C). During each field day, we 

recorded the number of species captured or observed using a variety of techniques 

specific to amphibians, reptiles, and terrestrial mammals, including trapping, time-

area-constrained search, observations along transects, and infrared-triggered 

photography. To evaluate the effects of sampling effort on power to detect trends, we 

conducted simulations on these data while varying parameters such as length of 
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sampling periods, amount of sampling effort per year, sampling frequency among 

years, degree of change desired, and study duration. 

In addition to conducting power analysis simulations based on raw count data, 

for comparative purposes we also evaluated power to detect trends based on estimates 

of species richness derived from mark-recapture methodology. In population studies, 

count data represent both population size and error associated with sampling (such as 

factors that effect capturability, including temporal effects, response to initial capture 

and individual heterogeneity), whereas robust estimates of absolute abundance based 

on capture-recapture models represent population size only and are thus less variable 

(Averill-Murray 1998, Gibbs et al. 1998). By analogy, estimates of species richness 

may be less variable than species counts and exhibit higher power to detect trends. 

Finally, we compared effects of different types of temporal variability on 

power. Standard deviations used in power analysis simulations are usually 

determined by short-term studies (Gibbs 1995). However, because capture success 

and population size may vary greatly among years, patterns of variability in long-term 

studies may be differ than those observed in short-term studies. Understanding the 

relative importance of both types of variability may help determine the most 

appropriate interval at which sampling should be conducted. 

METHODS 

Field methods. Raw data used in initial simulations were collected at Tonto 

National Monument, Arizona, in 1993-1995. Counts were based on a continuous 
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inventory of all amphibians, reptiles, and mammal species, using a variety of different 

techniques appropriate to the species that might occur in the area based on published 

range maps for mammals (Hoffineister 1986) and reptiles and amphibians (Stebbins 

1986). Techniques for sampling reptiles and amphibians included line transects, road 

transects, and pitfall traps. We also conducted visual encounter surveys (Crump and 

Scott 1994) using a variety of standard techniques (e.g., cover-tuming, scanning with 

binoculars, searching rock cracks, etc.) during daytime and evening periods. Methods 

for sampling mammals included these techniques plus live-trapping and infrared-

triggered photography. In addition, we relied on monument staff to collect animals 

killed on roads, and for unambiguous sightings of large mammals (badgers, bobcats, 

coatis, and lions) that could not be easily misidentified. For additional details on 

sampling methodology, see Swann et al. (1996) and Appendix C. 

Except for mammals during a brief period in 1993, we recorded every 

individual amphibian, reptile, and terrestrial mammal observed by any method, noting 

the species, location, time, and date. We assumed that during each 10-day sampling 

period a complete coverage of the monument was conducted, with equivalent efforts 

for trapping, searching, and infrared-triggered photography in all geographic areas 

and habitats. Although we made an effort to survey regularly in all geographic areas, 

the assimiption of complete coverage was undoubtedly violated in part for all 

sampling periods; in particular, infrared-triggered cameras were not used consistently 

throughout the study (see Appendix C). In addition, although sampling periods were 

equivalent in terms of sampling days, not all days were equal in number of hours 
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searched. However, the assmnption of equivalent effort should be fairly robust if 

sampling periods are long enough, and use of different-size sampling intervals 

enabled us to at least partly assess the effect of temporal variability of sampling 

effort. 

Calculating species richness. Species richness was calculated for 3 groups: 

combined reptiles and amphibians, terrestrial mammals, and combined terrestrial 

vertebrates. Amphibians and reptiles were combined for analysis because of the 

small nimaber of amphibian species observed (5 species). Some data were gathered 

during all months of the year, but for analysis we included data collected only during 

months when reptiles were active (April-September). Species were included in coimts 

only if they could be identified unambiguously. Only native species were included in 

analysis; 1 non-native species, feral cat {Felis catus), was observed. 

Raw species counts were based on the number of species observed per day, 

including any species observed, captured, collected dead, or photographed by 

infrared-triggered cameras. To develop a count of species for each sampling period, 

raw daily species coimts were summed. Sampling periods consisted of 10 sequential 

field days. Because field trips were usually 4-6 days, all sampling periods contained 

both consecutive and non-consecutive days. A total of 130 field days (13 sample 

periods) were included in the analysis: 30 in 1993, 70 in 1994, and 30 in 1995. 

For comparison with count data in power analysis, estimates of species 

richness were calculated based on the same data (Appendix C). Estimates for each 

taxon were based on maric-recapture (Cormack-Jolly-Seber) methodology for closed 
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populations (White et al. 1982). For each species encountered during our study, we 

recorded whether it was observed (1) or not observed (0) during each 10-day 

sampling period. Using Program CAPTURE (White et al. 1982; version 16 May 

1994), we estimated the number of native species present at the monument for the 

entire study, and for different combinations of shorter periods (e.g., by year, by 30-

day period, etc.). 

Power analysis. To determine the sampling effort required to detect a 

significant change in population size, we estimated power of different sampling 

scenarios to detect trends using the software program MONITOR (Gibbs 1995). We 

set statistical power (1 - probability of Type 11 error) at 0.8 and alpha (probability of 

type I error) at 0.1. We chose 80% power as a target because it is often used as a 

target for wildlife surveys (e.g., Beier and Cuimingham 1996). We chose an alpha of 

0.1 rather than the traditional 0.05 because of the NPS goal of preserving populations, 

which implies that the consequences of a type I error (incorrectly concluding that a 

population has declined) are less serious than the consequences of a type 11 error 

(failure to detect a decrease should one occur) (Steidl et al. 1997). We used 2-tailed 

tests to evaluate power to detect both population decreases and increases; for selected 

data sets, we compared these results to 1-tailed tests. In our results, for reasons of 

simplicity, we report power to detect a decreasing aimual trend of 2% (18% over 10 

yr) unless otherwise stated. For each power analysis, we conducted 500 simulations. 

For all simulations, 1 sampling plot was used, the 253 ha area of Tonto National 
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Monument. Simulations were conducted for combined terrestrial vertebrates, 

terrestrial manmials only, and combined reptiles and amphibians. 

This basic power analysis was conducted in several steps. First, to evaluate 

the effect of sampling-period length on power to detect trends, we based simulations 

on means and standard deviations derived from assigning results from the first 120 

field days into shorter sampling periods (10, 20, 30,40 and 60 days each). Second, to 

evaluate directly the effect of sampling frequency within year, we based simulations 

on different number of sampling periods per year (3, 6, and 9 ten-day sampling 

periods). Third, to evaluate the effect of sampling frequency among years, we based 

simulations on sampling annually, every 2 years and every 5 years. We also 

evaluated the effect of other variables on power, including annual level of change 

required and study duration. 

Finally, we based simulations on means and standard deviations of both 

species counts and estimates of species richness from the same raw data set. We 

compared counts and estimates for 90 sampling days (three 30-day periods) and 80 

sampling days (two 40-day periods) only, because at least 3 sampling periods are 

necessary to estimate species richness in Program CAPTURE, and because our study 

was not long enough to derive reasonable means and standard deviations based on 

sampling periods of >40 days. 

In addition, to evaluate the effect of short- and long-term variability on power 

of different sampling schemes, we performed power analysis using means and 

standard deviations from other long-term studies. These simulations were based on 
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published species richness data from a study of Australian lizards where samples 

were taken infrequently (3 times in 23 years) (Pianka 1997) and a 16-year study of 

temperate breeding birds where samples were taken annually (Hobnes et al. 1986). 

For power analysis we used means and standard deviations from these data to 

detennine power to detect a 2% annual change with annual sampling on 1 plot. 

RESULTS 

Species richness. During the 2.5 yr study we observed 33 native species of 

reptiles, 6 species of amphibians, and 26 species of native terrestrial mammals (Table 

1). At least 1 species of reptile and 3 species of mammals are known to occur at the 

monument but were not observed during our study (Swann et al. 1996). We did not 

include Sonoran mud turtle {Kinostemum sonoriense) in our analysis because of the 

possibility that the shell we collected was transported by humans, or 2 mammals that 

were not detected during months when reptiles were active. We combined for 

analysis 2 species of whiptail lizards (Gila spotted and Sonoran spotted 

(Cnemidophorus flagellicaudus and C. sonorae)) and 2 species of cottontails ((eastern 

and desert {Sylvilagus floridanus and S. audubonii)), that we could not distinguish 

without capture, although all 4 species were confirmed. Therefore, the total number 

of species represented in count data was 30 reptiles, 6 amphibians, and 23 mammals. 

Variability of mean counts were generally low (coefficients of variation (CV) 

<0.21) for all lengths of sampling periods >10 days (Table 1). However, because 

cumulative species richness increased with study duration, sampling period length 
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Table B-1. Species richness count data and estimates used in power analysis, from 
pilot study at Tonto National Monument, 1993-1995. #SP=number of sampling 
periods; SPlength =" length of sampling periods; MeanCt=mean species count; 
MeanEst= mean species richness estimate. "Actual yr" refers to number of species 
observed in each year of study; sampling effort varied among years. Based on 120 
days total sampling effort. 

#SPs Splength MeanCt SD (CV) MeanEst SD (CV) 

Reptiles and amphibians 

12 10 days 18.3 
6 20 days 25.0 
4 30 days 27.0 
3 40 days 30.0 
2 60 days 31.0 

3 actual yr 28.7 

Terrestrial mammals 

12 10 days 11.5 
6 20 days 14.0 
4 30 days 16.0 
3 40 days 17.0 
2 60 days 18.5 

3 actual yr 16.3 

Terrestrial vertebrates combined 

12 10 days 29.8 3.67(0.13) 
6 20 days 39.0 3.10(0.08) 
4 30 days 43.0 0.82 (0.02) 51.8 6.95(0.13) 
3 40 days 47.0 4.58 (0.10) 61.7 3.05 (0.05) 
2 60 days 49.5 0.71 (0.14) 57.5 3.54 (0.06) 

3 actual yr 44.3 6.66 (0.15) 55.0 1.73 (0.03) 

3.39 (0.19) 
3.35 (0.14) 
1.41 (0.05) 
2.65 (0.09) 
1.41 (0.05) 

27.3 
39.3 
35.0 

1.71 (0.04) 
1.53 (0.03) 
4.24(0.12) 

4.51 (0.16) 32.0 6.08 (0.19) 

1.45 (0.12) 
2.00 (0.14) 
2.00 (0.13) 
2.64 (0.16 
0.71 (0.04) 

18.5 
20.3 
20.0 

2.89 (0.15) 
0.58 (0.03) 
1.41 (0.07) 

3.05 (0.19) 18.6 3.51 (0.19) 
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directly affected the mean number of species observed. For sampling periods of 10 

days length, mean species richness was 17.7 for reptiles and amphibians and 11.5 for 

mammals, but for 20-day periods mean richness was 23.8 and 14, respectively, and 

for 60-day periods richness was 31 and 18.5, respectively. Estimates of species 

richness based on these data were less dependent upon length of sample period than 

coimt data (Table 1) and were consistently higher than counts. 

Power analysis. For reptiles and amphibians, power to detect a declining 

trend of 18% over 10 yr (2% annually) ranged from 82-100% for 10-day, 20-day, 30-

day, and 40-day sampling periods (Figure 1), using count data based on sampling 

every 2 years. Power to detect trends in terrestrial mammals was >80%, based on 10-

and 20-day sampling periods. For both taxa, power was generally (but not always) 

higher than when simulations were based on shorter sampling periods. However, 

power was low for mammals for simulations based on sampling periods of 40 days. 

Power to detect trends was progressively lower with fewer sampling occasions 

(Figure 2). For nine 10-day samples of reptiles and amphibians every 2 years (90 

days total), a 2% annual decrease could be detected with >80% power in 10 years. 

However, for three 10-day sampling periods (30 days total), the same trend could be 

detected with <42% power. To detect a 2% trend over 10 years for reptiles and 

amphibians, 60 days of sampling every 2 years were insufBcient (power=68%). For 

terrestrial mammals, power to detect a similar trend in was 65% for three 10-day 

sampling periods, and 89% for 6 sampling periods. 
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Figure B-1. Effect of sampling period length on power to detect a 2% annual 
declining trend in species richness based on the same set of raw data (120 field) days. 
RA=reptiles and amphibians, MA=mammals. 10=sampling periods (SPs) of 10 days 
each (12 total SPs), 20=SPs of 20 days (6 total), 30= SPs of 30 days (4), 40=SPs of 40 
days (3). Simulations based on sampling every 2 years. Alpha =0.10, 2-tailed test, 
500 simulations. 
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Figure B-2. Effect of sampling effort (number of occasions) on power to detect a 2% 
annual decrease in species richness. RA=reptiles and amphibians, MA==manimals. 
30=30 sampling days total (three 10-day periods/yr). 60=60 sampling days (six 10-
day periods/yr), 90=90 sampling days (nine 10-day periods/yr). Simulations based on 
sampling every 2 years. Alpha =0.10,2-tailed test, 500 simulations. 
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Power to detect trends was affected by frequency of sampling among years 

(Figure 3). Based on a 90 day total effort (three 30 day periods), power to detect a 

2% declining trend in terrestrial mammals was >80% if monitoring occurred annually 

or every 2 years, but declined to 65% if monitoring occurred every 5 years. However, 

power was >80% after 10 years for reptiies and amphibians even if sampling occurred 

every 5 years. The effect of sampling frequency became less important over longer 

study durations (>15 years), as annual declines accumulated into more significant 

long-term declines. 

Power to detect trends based on species richness estimates compared to count 

data varied by taxa and by sampling period length. For both mammals and reptiles 

and amphibians, counts and estimates based on three 30 day sampling periods over 2 

years were very similar. However, power to detect trends were much greater for 

estimates than for counts based on 40-day sampling periods (Figure 4, 5). 

When all terrestrial vertebrates (mammals, reptiles, and amphibians) were 

combined for analysis (e.g., based on data collected simultaneously on all terrestrial 

vertebrates, as occurred during our pilot study), power to detect a 2% annual trend 

was high even with relatively short sampling periods (Figure 6). As with simulations 

for reptiles and amphibians and terrestrial mammals, power varied between different 

sampling period lengths and with different frequencies. Power was lower for 

estimates than count data if estimates were based on sampling periods of 30 days, but 

higher than coimts if estimates were based on periods of 40 days (data not shown). 



86 

0.8 

0) 
o Q. 

0.6 

0.4 

0.2 

RAI/yr 

-o- RA1/2yr 

o RA1/5yr 

Ml/yr 

-m~ M1/2y 

• M1/5yr 

10 15 20 

Study Duration (Yr) 

25 30 

Figure B-3. Effect of sampling frequency on power to detect a 2% decrease in species 
richness at Tonto National Monument. RA=reptiIes and amphibians, M=mammals. 
For all simulations, sampling consisted of three 30-day sampling intervals (90 days 
total). For all simulations, alpha =0.10,2-tailed test, 500 simulations. 
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Figure B-4. Comparison of count data vs. estimates on power to detect a 2% annual 
decrease in species richness of reptiles and amphibians at Tonto National Monument. 
Count=count data, Est=estimates based on maric-recapture methodolology (see text). 
Simulations based on three 30-day sampling intervals (90 days total) or two 40-day 
sampling intervals (80 days total). For all simulations, alpha =0.10,2-tailed test, 500 
simulations. 
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Figure B-5. Comparison of coimt data vs. estimates on power to detect a 2% annual 
decrease in species richness of mammals at Tonto National Monument. Count=coimt 
data, Est=estimates based on mark-recapture methodolology (see text). Sampling 
consisted of three 30-day sampling intervals (90 days total) or two 40-day sampling 
intervals (80 days total). For all simulations, alpha =0.10,2-tailed test, 500 
simulations. 
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Figure B-6. Effect of sampling effort on power to detect a 2% change in species 
richness for all terrestrial vertebrates at Tonto National Monument, based on count 
data from pilot study of reptiles, amphibians, and mammals, 1993-1995. TV=all 
terrestrial vertebrates. 30=30 sampling days total (three 10-day periods)/yr), 60=60 
days sampling (six 10-day periods), 90=90 days total. Simulations based on 
sampling ev«y 2 yr. Alpha=0.10,2-tailed test, 500 simulations. 
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Power to detect trends in species richness count data was similar to ours for 

other, longer-term data sets. For temperate birds (Holmes et al. 1986), detection of a 

2% trend with 80% power could occur over study durations of 10 years. For desert 

lizards (Pianka 1997), the same trend could be detected for a study duration of 12 

years. For both data sets variability was low relative to the number of species 

detected, which appears to be consistent with species richness data collected in other 

studies of vertebrate animals (e.g.. Brown and Heske 1990). 

DISCUSSION 

Power to detect change is based on sample size, beta, alpha, and effect size, 

where effect size is defined as the absolute difference between populations of interest 

(e.g., the "before" and "after" data in a monitoring program), scaled by the within-

population standard deviation (Steidl et al. 1997). Effect size is thus a measure of 

both the effect in a monitoring program (whether an increase or decrease has 

occurred) and variability associated with both natural fluctuations and sampling error. 

In our study, because variability was relatively low (and effect size high) for sampling 

efforts >60 days every 2 years, power to detect trends was generally high for all taxa. 

For a monitoring program based on our pilot data, power could be most 

realistically improved by increasing sampling effort Figure 2 suggests that for 80% 

power to be achieved sampling effort should be at least 90 days every 2 years for 

reptiles and amphibians, and at least 60 days for mammals. However, simulations in 

Figure 2 were based on sampling frequencies of every 2 years. Figure 3 suggests that 
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less frequent sampling would not greatly reduce power, and that it might even be 

possible to sample once every 5 years, particularly for surveys that combine all 

terrestrial vertebrates. 

Because longer sampling periods results in higher numbers of species in count 

data (Table 1), it was surprising that power to detect trends was not consistently 

greater for longer sampling periods than for shorter ones (Figure 1). We suspect that 

this inconsistency was due to high variability associated with low number of samples 

of longer sampling periods, and that additional data would confirm that longer 

sampling periods (30-40 field days) are probably most appropriate for sampling 

species richness. 

Power to detect trends based on estimates of species richness was generally 

higher than for count data. For 40-day sampling periods, estimates of species 

richness were less variable and had higher power to detect trends than counts. 

Because estimates of species richness based on mark-recapture methodology 

represent the actual number of species present, while count data may reflect both the 

number of species present and pattems in their activity, estimates should be more 

stable (less variable) than counts. High variability in both counts and estimates of 

mammals may have been the result of problems in sampling methodology 

(specifically, inconsistent use of infrared-triggered cameras; Appendix C). Because 

of heterogeneity in species detectability, consistent sampling methodology is 

particularly important in estimating species richness so that interactions associated 

with temporal factors are minimized. 
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Although power varied among taxa and was somewhat dependent on the 

number of sampling periods/year, in general it was high in our study, largely due to 

the low variability associated with sampling species richness. Although mean counts 

and estimates were higher for longer sampling periods in our study, variability was 

low evai with relatively short (10-days) sample periods. This contrasts with 

variability associated with populations of many taxa used in monitoring programs, 

which is generally very high for short-lived organisms (Gibbs et al. 1998). High 

variability characterized populations of all of the common small nocturnal rodents 

and lizards sampled during our short-term pilot monitoring study at Tonto (Appendix 

A), and is also observed in long-term studies of these taxa. 

Although the difference in variability associated with population sizes of 

short-lived species and that associated with species richness is not surprising, its 

effect on power to detect trends has obvious impacts on the efficiency of long-term 

environmental monitoring. An often-overlooked method for increasing power in 

fields studies is to choose monitoring parameters that exhibit less natural variability, 

yet are responsive to the environmental effect being studied (Steidl et al. 1997). 

Results firom our study suggest that measiu'es of species richness may exhibit less 

variability than population parameters. 

Species richness is seldom proposed for use in vertebrate monitoring studies, 

in part because vertebrate ecologists tend to focus on single species or small groups of 

species. In addition, it is widely believed that changes in abundance of species are 

more indicative of environmental health than changes in species richness. In an 
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accompanying paper (Appendix D) we compare results of power analysis for species 

richness and popiilation data, and explore the costs and benefits of monitoring in 

more detail. 
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APPENDIX C: USE OF MARK-RECAPTURE METHODS TO ESTIMATE 

SPECIES RICHNESS FOR VERTEBRATE MONITORING PROGRAMS IN 

PARKS AND NATURAL AREAS 

D.E. Swann, C.R. Schwalbe, and W.W. Shaw 

ABSTRACT 

Species richness, or the number of species present in an area, has potential for 

use in long-term vertebrate monitoring programs in national parks and natural areas, 

but accurate estimation of species richness is difficult due to sampling error, temporal 

variability in activity, and rarity or detectability of some species. One approach for 

estimating species richness and its variability is capture-recapture methodology, 

where presence and absence of individual species are recorded over a series of 

sampling occasions. Using data from a 2.5-year pilot study of amphibians, reptiles, 

and mammals at Tonto National Monument, we evaluated sample period length, 

study duration, and temporal variability on estimates of species richness. For reptiles 

and amphibians and combined terrestrial vertebrates, estimates of species richness 

were relatively stable and precise if based on more than four 10-day sampling 

periods. Estimates for terrestrial mammals were less precise, and required a larger 

sampling effort (>9 sampling periods) for accurate estimates. Models based on 

heterogeneity were most often selected for estimating species richness except for 

terrestrial mammals, but models including time and behavioral effects were also 

chosen for mammals, possibly due to inconsistent sampling methodology. We 
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evaluate use of species richness estimates in monitoring long-term trends of 

terrestrial vertebrates in national paries and other natural areas. 

INTRODUCTION 

Species richness, or the mmiber of species (usually native species) present in 

an area, has been documented to decline in parks and other protected natural areas in 

response to external factors such as urbanization (Morrison et al. 1994), invasion by 

non-native species (Drayton and Primack 1996, Drost and Fellers 1996), agricultural 

practices, and other environmental impacts. For this reason, repeated measiires of 

native species richness may be useful in monitoring long-term environmental change 

in national parks and other natural areas. Species richness is sometimes used as a 

monitoring parameter in studies of plants and birds, but rarely used in studies of 

terrestrial vertebrates, in part because of the difGculty of detecting uncommon or 

elusive species. Biologists are well aware that failure to detect a species does not 

mean that it is not present, particularly in species-rich areas such as tropical 

rainforests, and for difBcult-to-detect taxa such as invertebrates and herpetofauna (see 

Rosenzweig 1995). 

A number of methods exist for estimating species richness in an area (Palmer 

1990, Rosenzweig 1995). A common approach is through extrapolation based on 

repeated samples (Preston 1948, Clench 1979, Soberon and Llorente 1993). As the 

number of samples (for example, the number of trap-nights) increases, the number of 

species detected for the first time decreases, and an estimate of the total number 
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present is made by extending the slope of the line to where it intersects the y-axis. 

Other methods use extrapolation of species-area curves that are based on the 

relationship between species richness and total area surveyed, and nonparametric 

estimators based on resampling methods (Palmer 1990). 

A promising method for estimating species richness is use of probabilistic 

capture-recapture models (Nichols and Pollock 1983, Boulinier et al. 1998), where 

species (rather than individual animals) are the units sampled. Appropriate models 

exist for both open and closed populations, but for species richness of vertebrate 

animals at appropriate scales closure can often be assumed (Boulinier et al. 1998). 

An advantage of mark-recapture methods is the availability of a number of models 

developed for the different factors that cause probability of capture or detection to 

vary, such as temporal responses to capture due to envirormiental conditions, 

behavioral responses, and individual heterogeneity. The computer software program 

CAPTURE (Otis et al. 1978) evaluates the relative importance of these factors and 

then selects an appropriate model and associated estimator. Program CAPTURE also 

generates measures of variance and 95% confidence intervals for estimates. Capture-

recapture methods were originally developed for estimating abundance of vertebrate 

animals in an area, but they have also been used by paleontologists to estimate the 

number of species in a geological strata (Rosenzweig and Duek 1979, Rosenzweig 

and Taylor 1980, Nichols and Pollock 1983). Recently, they have been used to 

estimate species richness of songbirds (Boulinier et al. 1998) and suggested for use 

in estimating mammal diversity (Nichols and Conroy 1996). 
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As part of recent initiatives by the National Park Service to inventory its park 

areas and develop long-term monitoring programs for various taxa, we conducted a 

2.5-year survey of the terrestrial mammals, reptiles, and amphibians of Tonto 

National Monument, a small (253 ha) cultural and natural monimient in central 

Arizona. Due to the small size of this park and increasing development in the area it 

seems likely that changes in vertebrate populations may occur in the iuture. 

However, adequate monitoring of abundance of species likely to be affected is not 

feasible for economic reasons (Appendix A). Because of higher statistical power 

associated with lower variability, monitoring of species richness may be a more cost-

effective alternative (Appendix B). However, counts based on species lists and 

inventories may not accurately reflect the true number of species present at the 

monument because of difficulties detecting some species. 

The purpose of this paper is to evaluate the use of mark-recapture models to 

estimate species richness of terrestrial vertebrates at Tonto National Monument. Two 

important practical concerns were to determine the appropriate sampling units for 

measuring species richness, as well as the overall sampling effort required for 

accurate and precise estimates. Based on data from our pilot study, we evaluate the 

effects of sampling period length, total sampling effort, seasonal variation, taxa 

sampled, and sampling methodology on estimates of species richness. Finally, we 

discuss the potential use of mark-recapture models for estimating species richness in 

monitoring studies. 
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METHODS 

Field methods. Raw data used in initial simulations were collected at Tonto 

National Monument, Arizona, during 1993-1995. Species counts were based on a 

continuous inventory of all amphibians, reptiles, and terrestrial mammal species, 

using techniques appropriate to species expected to occur in the area based on 

previous checklists for the monument (Anonymous 1980, Johnson 1962, Welles 

1955) and published range maps for mammals (Hof&neister 1986) and reptiles and 

amphibians (Stebbins 1986). Except for mammals during a short part of the 1993 

season, we recorded each individual amphibian, reptile, and mammal observed by any 

method, noting the species, location, time, and date. Species were not considered 

verified imless a voucher specimen or voucher quality photograph was also obtained. 

For additional details on sampling methodology, see Swann et al. (1996). 

To survey small nocturnal mammals, we established transects and grids of 10-

49 traps throughout the monument. These grids were not placed randomly, but were 

distributed to reflect as completely as possible the geographic, topographic, and 

vegetative diversity of the monument. Mammals were trapped for approximately 

5300 trap-nights fi*om March 1993 through June 1995. Captured mammals were 

identified to species, batch-mariced using a permanent ink marker, and released. 

Small mammals were also captured on monitoring grids (Appendix A) and 

occasionally in pitfall traps set for reptiles. 

To survey larger mammals, infrared-triggered cameras (Trailmaster 1500, 

Goodwin and Associates, Lenaxa, KS) were placed near a natural water source in a 
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woodland riparian area and at 5 additional sites. Sites were chosen to minimize 

potential for vandalism and damage by excessive heat, and were located near animal 

trails, xeroriparian areas, and water sources. Cameras were operational for 

approximately 500 field-nights beginning July 1994. Medium-sized mammals were 

also trapped in large collapsible Tomahawks traps for ^proximately 700 trap-nights. 

Nocturnal snakes were sampled along a road transect of approximately 3.5 km 

that included internal paved and unpaved roads managed by NFS and a section of 

Arizona Route 88 nmning through the monument. The transect was driven at low-

medium speeds (15-30 mph) approximately 1 hour prior to and after simset for a total 

of approximately 70 total hours. Reptiles and amphibians were also sampled 

throughout the smdy (usually daily) with timed visual and audio searches (\isual 

encounter siffveys. Crump and Scott 1994). A variety of both general techniques and 

techniques specific to different taxa were used, including cover turning of rocks, logs 

and other debris; inspecting rock cracks; scanning boulders and trees using 

binoculars; searching in perennial and ephemeral water sources; searching on the 

ground and in trees; and listening for calling anurans. We also observed reptiles on 

lizard line transects (Appendix A). 

Finally, we recorded specimens collected by monument staff and volunteers, 

mainly animals killed by vehicles. In rare cases (unambiguous sightings of mammals, 

such as moimtain lions {Felis concolor), that could not be easily confiised with 

similar species), we recorded species observed by staff and volimteers. 
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During each sampling period we assumed complete coverage of the 

monument, with roughly equivalent number of trap-nights, camera-nights, and 

TACS-days in all geographic areas and habitats. However, this asstmiption was 

sometimes violated. In particular, infrared-triggered cameras were not used evenly 

throughout the study. In addition, not all sampling-days were completely equal 

because person-hours expended per day varied. Also, trapping was reduced during 

full moon periods, and weather and logistical concerns sometimes affected evenness 

of effort. 

Calculating species richness. Raw species counts were based on the number 

of species observed per day, including any species observed, captured, collected dead, 

or photographed by infrared-triggered cameras. Species were included in counts only 

when identification was certain, and only native species were included in analyses. 

We estimated species richness for terrestrial mammals, and for combined reptiles and 

amphibians because of the small number (6) of amphibian species observed. 

Because data were gathered simultaneously for both terrestrial mammals and 

herpetofauna throughout the study, we also estimated species richness for all 

terrestrial vertebrates combined. 

To evaluate effects of sampling-period length, we estimated species richness 

based on 5,10, and 20-day periods. However, standard sampling periods consisted of 

10 sequential field days. Because field trips were usually 3-5 days each, sequential 

field days were not always consecutive, but length of time between field trips was 

usually 4-5 days and rarely >10 days. For each sampling period, raw daily species 
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counts were summed. Although we gathered data during all months of the year we 

used only data gathered during April-September, when activity of reptiles was 

highest During our 2.5 year study, there were thirteen 10-day sampling periods (130 

sampling days). 

To evaluate the effect of sampling duration (total amount of sampling) on 

accuracy and precision of estimates, we estimated species richness based on different 

combinations of sampling periods beginning from the start of the study (e.g., periods 

1-4, 1-5,1-6, etc.). It was also possible that species richness estimates would be 

affected by researcher behavior. For example, use of different sampling techniques to 

find rare or elusive species may have declined (or increased) after the species was 

discovered. To evaluate this effect we therefore also estimated species richness based 

on sequential sampling intervals taken from the end of the study (e.g., periods 10-13, 

9-13, 8-13, etc.). Finally, to evaluate additional temporal effects, we estimated 

species richness based on data from 1993, 1994, and 1995 only, and for other 

combinations (e.g., intervals of 30,40 and 60 days) of the original dataset. 

Species richness was estimated using the software program CAPTURE (Otis 

et al. 1978; version 16 May 1994). For each sampling period, species were assigned 

either a 1 (observed) or 0 (not observed) so that a unique capture history was assigned 

to each species. Program CAPTURE evaluates the fit of these capture histories to 

different available models for estimating population size, and then chooses an 

appropriate estimator if one is available. 
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Eight models, each with different assumptions, are available in the version of 

Program CAPTURE used in this study. The null model. Model M(o) assimies that 

variability in capturability or detectability is constant. Model M(t) permits 

detectability to vary between sampling periods. Model M(b) permits detectability to 

vary by response to capture, and Model M(h) permits detectability to vary due to 

heterogeneity among different species. Other models such as Model M(bh), M(th), 

M(tb), and M(tbh) allow different combinations of these sources of variation in 

detectability. 

For our study. Model M(b) was expected to have limited application for 

estimating species richness because species, not individual animals, were the units 

used. However, Model M(b) might be appropriate in cases where researcher behavior 

influenced repeated detection of species; e.g., if researchers failed to record conunon 

species (Boulinier et al. 1998). Model M(t) was also expected to have limited 

applicability, but we knew that some species (particularly toads and spadefoots) were 

active only under very restricted environmental conditions associated with summer 

rains. Model M(h) was expected to be most appropriate model for estimating species 

richness in most ecological situations, where some species are rare while others are 

common, and individuals of both rare and common species differ in their tendency to 

be detected by researchers. In long-term studies of breeding birds. Model M(h) was 

found to be appropriate for the majority of examples studied (Boulinier et al. 1998). 
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RESULTS 

Species counts. During the 2.5 year study at Tonto National Monument we 

detected 33 species of reptiles, 6 species of amphibians, and 26 species of native 

terrestrial manunals; 1 non-native species, feral cat {Felis catus), was also observed. 

At least 1 reptile and 3 mammal species known to occur at the monimient were not 

detected during our study, and 2 manmial species were not included in analyses 

because they were not observed during months when reptiles were active. We also 

did not include Sonoran mud turtle {Kinostemum sonoriense) in the analysis because 

of the possibility that the single shell we observed was transported by hiraians. We 

combined 2 pairs of confirmed species that we could not always distinguish without 

capture: 2 whiptail lizards (Gila spotted (Cnemidophorus Jlagellicaudus) and Sonoran 

spotted (C sonorae)) and 2 cottontails (eastem (Sylvilagus floridanus) and desert {JS. 

audubonii)). The total number of species represented in count data was thus 30 

reptiles, 6 amphibians, and 23 mammals. Because the number of new species 

observed continued to rise during the 2.5 years of our study, length of sampling 

period had a strong effect on species count data (Table 1). Based on 120 total sample 

days, mean species counts for reptiles and amphibians ranged firom 18.3 for 10-day 

sampling periods to 31 for 60-day periods. For terrestrial manunals, mean coimts 

ranged fi-om 11.5 to 18.5. 

Model selection. Models selected varied among data sets. For reptiles and 

amphibians combined, M(h) was selected for nearly all sampling durations, (e.g., the 

number of 10-day sampling periods used; Table 2). However, M(o) was selected for 
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Table C-1. Species richness counts from pilot study at Tonto National Monument, 
1993-1995. Based on 120 days total sampling effort. #SP=nimiber of sampling 
periods; SPlength = length of sampling periods; MeanCt=mean species count; 
SE=standard error. "Actual year" refers to number of species observed in each year 
of study; sampling effort varied among years. 

#SPs SPlength MeanCt SE 95%CI 

Reptiles and amphibians 

12 10 days 18.3 0.98 15.8-20.1 
6 20 days 25.0 1.37 21.5-28.5 
4 30 days 27.0 0.71 24.7-29.3 
3 40 days 30.0 1.53 23.4-36.6 
2 60 days 31.0 1.00 18.3-43.7 
3 actual year 28.7 2.60 17.5-39.9 

Terrestrial mammals 

12 10 days 11.5 0.45 10.5-12.5 
6 20 days 14.0 0.82 11.9-16.1 
4 30 days 16.0 1.00 12.8-19.2 
3 40 days 17.0 1.53 10.4-23.6 
2 60 days 18.5 0.50 12.1-24.9 
3 actual year 16.3 1.76 8.7-23.9 

estrial vertebrates combined 

12 10 days 29.8 1.06 27.4-32.1 
6 20 days 39.0 1.26 35.8-42.3 
4 30 days 43.0 0.41 41.7-44.3 
3 40 days 47.0 0.33 18.9-21.7 
2 60 days 49.5 0.50 43.1-55.9 
3 actual year 44.3 3.84 27.9-60.9 
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Table C-2. Effect of sampling duration on estimates of species richness for reptiles 
and amphibians at Tonto National Monument, 1993-1995. For sampling 
methodology, see text. #SamPer = number of 10-day sampling periods used in 
analysis; Count = cumulative coimt of species of species observed. Modi = first 
model chosen by Program CAPTURE; Mod2 = second model chosen. Estimate = 
Estimate fix)m Program CAPTURE; 95% C.I. = 95% confidence interval. Estimate is 
based on first model selected except where second model is in bold. 
Time Sampled #SamPer Count Modi Mod2 Est 95% CI 

Apr93-June95 13 36 M(h) M(tb) 42 39-48 
Apr93-May95 12 36 M(h) M(tb) 42 39-48 
Apr93-Apr95 11 36 M(h) M(tbh) 42 39-48 
Apr93-Sept94 10 35 M(h) M(tfah) 39 37-44 
Apr93-Aug94 9 35 M(h) M(tbh) 39 36-54 
Apr93-Aug94 8 35 M(h) M(tbh) 36 36-53 
Apr93-July94 7 33 M(h) M(o) 34 32-47 
Apr93-June94 6 32 M(h) M(o) 32 32-49 
Apr93-May94 5 31 M(h) M(o) 34 32-47 
Apr93-Apr94 4 30 M(h) M(o) 41 35-56 
Apr93-Sept93 3 29 M(o) M(tbh) 29 29-35 

Effect of starting sampling later: 

May93-June95 12 36 M(h) M(tbh) 38 37-58 
Sept93-June95 11 34 M(tbh) M(h) 40 36-54 
Apr94-June95 10 34 M(h) M(tbh) 40 37-47 
Apr94-June95 9 34 M(h) M(o) 40 37-46 
Jime94-June95 8 34 M(h) M(bh) 36 35-51 
July94-June95 7 33 M(h) M(o) 57 45-80 
July94-June95 6 32 M(h) M(o) 55 44-78 
Aug94-June95 5 31 M(h) M(o) 34 31-47 
Sept94-June95 4 29 M(h) M(o) 46 37-65 
Apr95-Jxme95 3 25 M(o) M(h) 28 26-37 

Selected time periods: 

SamPer 1-4 4 30 M(h) M(o) 41 35-56 
SamPer 5-8 4 32 M(o) M(h) 38 35-50 
SamPer 9-12 4 29 M(h) M(o) 39 33-55 
SamPer 1-6 6 32 M(h) M(o) 32 33-49 
SamPer 7-12 6 32 M(h) M(o) 38 34-51 
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very short durations (<30 sample days), and Model (tbh) was selected once. Models 

selected second for combined reptiles and amphibians included Models (tb) and (tbh), 

and (o). For terrestrial mammals, model M(tbh) was selected as the best model 

nearly as frequently as Model (h) (Table 3). Model (tbh) was consistently chosen for 

longer study durations, models M(h) and M(bh) were chosen for intermediate 

durations, and M(o) for short durations. Where M(tbh) was chosen by CAPTURE, 

M(h) was the usually the second most parsimonious model chosen. Model selection 

was not strongly influenced by the removal of either later or earlier sampling periods 

from the analysis. 

For combined terrestrial vertebrates. Model M(h) was chosen as the best 

model in all cases (Table 4). Model M (tbh) was usually the second model chosen, 

except Model M (o) was chosen for short diurations. 

Effects of sampling period length and study duration. Estimates of species 

richness were affected by study duration (number of 10-day sample periods). 

Estimates of species richness for combined reptiles and amphibians was 39-42 

species for longer study durations (9-13 sample periods), but 34-36 for estimates 

based on 5-9 sampling periods (Figure 1). Precision of estimates was high for 50 

days sampling or more (5 sample periods) and highest for sampling durations beyond 

90 days. For terrestrial mammals, estimates stabilized after approximately 80 study 

days (Figure 2). For shorter study durations, 95% confidence intervals were 

relatively wide compared to reptiles and amphibians, but confidence intervals 

stabilized after 90 study days. As with reptiles and amphibians, longer study 
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Table C-3. E£fect of sampling duration on estimates of species richness for terrestrial 
mammals at Tonto National Monument, 1993-1995. For sampling methodology, see 
text. #SamPer = mmiber of 10-day sampling periods used in analysis; Count = 
cimiulative count of species observed. Modi = first model chosen by Program 
CAPTURE; Mod2 = second model chosen. Estimate = Estimate fix)m Program 
CAPTURE; 95% C.I. = 95% confidence interval. Estimate is based on first model 
selected except where second model is in bold. 
Time Sampled #SamPer Count Modi Mod2 Est 95% CI 

Apr93-June95 13 23 M(tbh) M(h) 25 24-37 
Apr93-May95 12 21 M(tbh) M(h) 23 22-33 
Apr93-Apr95 11 21 M(tbh) M(h) 23 22-33 
Apr93-Sept94 10 20 M(tbh) M(h) 22 21-39 
Apr93-Aug94 9 20 M(h) M(tbh) 21 21-38 
Apr93-Aug94 8 20 M(h) M(tbh) 24 21-61 
Apr93-July94 7 20 M(bh) M(b) 18 18-18 
Apr93-June94 6 18 M(bh) M(b) 19 19-38 
Apr93-May94 5 15 M(h) M(o) 17 17-32 
Apr93-Apr94 4 14 M(o) M(h) 21 16-55 
Apr93-Sept93 3 13 M(o) M(h) 15 15-15 

Effect of starting sampling later: 

May93-June95 12 23 M(tbh) M(h) 25 24-37 
Sept93-June95 11 23 M(tbh) M(h) 25 24-37 
Apr94-June95 10 23 M(tbh) M(h) 25 23-40 
Apr94-June95 9 23 M(tbh) M(h) 25 23-40 
June94-June95 8 23 M(h) M(tbh) 23 23-40 
July94-June95 7 22 M(h) M(tbh) 38 26-106 
July94-June95 6 22 M(h) M(o) 31 26-50 
Aug94-Jime95 5 21 M(h) M(o) 36 28-56 
Sept94-June95 4 20 M(h) M(o) 27 23-40 
Apr95-June95 3 17 M(o) M(h) 22 18-41 

Selected time periods: 

SamPer 1-4 4 14 M(o) M(h) 21 16-55 
SamPer 5-8 4 19 M(o) M(h) 20 19-29 
SamPer 9-12 4 18 M(h) M(o) 20 19-34 
SamPer 1-6 6 18 M(bh) M(b) 19 19-38 
SamPer 7-12 6 19 M(h) M(o) 21 20-36 
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Table C-4. Effect of sampling duration on estimates of species richness for all 
terrestrial vertebrates at Tonto National Monnment, 1993-1995. For sampling 
methodology, see text. #SamPer = number of 10-day sampling periods used in 
analysis; Count = cimiulative count of species observed. Modi = first model chosen 
by Program CAPTURE; Mod2 = second model chosen. Estimate = Estimate from 
Program CAPTURE; 95% C.I. = 95% confidence interval. Estimate is based on first 
model selected except where second model is in bold. 
Time Sampled #SamPer Count Modi Mod2 Est 95% CI 

Apr93-June95 13 59 M(h) M(tbh) 62 60-78 
Apr93-May95 12 57 M(h) M(tbh) 59 58-75 
Apr93-Apr95 11 57 M(h) M(tbh) 59 58-75 
Apr93-Sept94 10 55 M(h) M(tbh) 56 56-73 
Apr93-Aug94 9 55 M(h) M(tbh) 57 57-74 
Apr93-Aug94 8 55 M(h) M(tbh) 60 57-74 
Apr93-July94 7 53 M(h) M(tbh) 55 52-69 
Apr93-June94 6 50 M(h) M(tbh) 55 52-69 
Apr93-May94 5 46 M(h) M(o) 54 49-69 
Apr93-Apr94 4 44 M(h) M(o) 59 51-78 
Apr93-Sept93 3 42 M(o) M(h) 43 43-48 

Effect of starting sampling later; 

May93-June95 12 59 M(h) M(tbh) 65 61-79 
Sept93-June95 11 57 M(h) M(tbh) 60 58-76 
Apr94-June95 10 57 M(h) M(tbh) 61 58-76 
Apr94-Jime95 9 57 M(h) M(tbh) 61 58-76 
Jime94-June95 8 57 M(h) M(tbh) 64 60-78 
July94-June95 7 55 M(h) M(tbh) 82 68-115 
July94-June95 6 54 M(h) M(tbh) 93 75-129 
Aug94-June95 5 52 M(h) M(o) 68 58-91 
Sept94-June95 4 49 M(h) M(o) 77 64-101 
Apr95-June95 3 42 M(h) M(o) 56 49-73 

Selected time periods: 

SamPer 1-4 4 44 M(h) M(o) 59 51-78 
SamPer 5-8 4 52 M(h) M(o) 61 56-74 
SamPer 9-12 4 47 M(h) M(o) 65 56-87 
SamPer 1-6 6 50 M(h) M(tbh) 55 52-69 
SamPer 7-12 6 51 M(h) M(tbh) 60 55-76 
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Figure C-1. Effect of study duration on counts and estimates of species richness of 
reptiles and amphibians at Tonto National Monument, 1993-1995. Error bars 
represent 95% confidence intervals. See Table 2 for additional details. 
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Figure C-2. Effect of study duration on counts and estimates of species richness of 
terrestrial mammals, Tonto National Monimient, 1993-1995. For additional details, 
see Table 3. Error bars represent 95% confidence intervals. 
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durations resulted in slightly higher estimates. For all terrestrial vertebrates 

combined, for study durations longer than 40 days, estimates of species richness 

ranged from 55-62, and estimates were reasonably precise (Figure 3). However, 

estimates of species richness also gradually increased with study duration. 

Estimates of species richness for combined reptiles and amphibians were 

similar when data were grouped into different length sampling periods for the same 

study duration (Table 5). Estimates based on sample periods of 5 and 20 days were 

similar to those of 10-day sampling periods, except that estimates could not be 

calculated for 20-day periods. 

Effect of starting date. For reptiles and amphibians, when study durations 

were sufficiently long (>80 days), estimates of species richness based on later starting 

dates of the study did not differ from estimates based on earlier ending dates (Figure 

4). For shorter study durations, however, estimates were very high and had wide 95% 

confidence intervals. For terrestrial mammals and combined terrestrial vertebrates, 

patterns were similar: estimates did not differ from previous estimates, and precision 

was high for study durations >80 days (Tables 3-4). However, precision of estimates 

of combined terrestrial vertebrates based on later study dates was very poor for 

sampling periods <80 days. 

Effects of among-year variation. 1993 included three 10-day sampling 

periods, 1994 included 7, and 1995 included 3 (Table 6). Mean estimates of species 

richness per year did not differ from coimt data for reptiles and amphibians or 
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Figure C-3. Effect of study duration on counts and estimates of species richness of all 
terrestrial vertebrates (reptiles, amphibians, and terrestrial mammals) combined, 
Tonto National Monument, 1993-1995. For additional details, see Table 4. Error 
bars represent 95% confidence intervals. 



Table C-5. Effect of sampling period length on estimates of species richness for 
combined reptiles and amphibians at Tonto National Monument, 1993-1995. 

Period Length 5 days 10 days 20 days 
Est (95%CI) Est (95%a) Est (95%CI) 

Study Duration 

30 days 50 (41-70) 
40 days 48 (38-74) 
60 days 35(33-51) 
80 days 41(36-101) 
100 days 37 (36-54) 

29 (29-35) 
41 (35-56) 
32 (32-49) 37 (36-50) 
36(36-53) 37(36-51) 
39(37-44) 36(36-51) 
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Figure C-4. Effect of study duration on counts and estimates of species richness of 
reptiles and amphibians, Tonto National Monument, 1993-94. Based on starting 
study later, see Table 2 for details. Error bars represent 95% confidence intervals. 
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Table C-6. Counts and estimates of species richness from pilot study at Tonto 
National Monimient, 1993-1995. #SP=number of sampling periods; SPlength = 
length of sampling periods; MeanCt=mean species coimt; Mean£st= mean species 
richness estimate. "Actual yr" refers to number of species observed in each year of 
study; sampling effort varied among years. Based on 120 days total sampling effort. 

#SPs SPlength MeanCt SE MeanEst SE t P 

Reptiles and amphibians 

4 30 days 27.0 0.71 27.3 0.85 -0.23 0.83 
3 40 days 30.0 1.53 39.3 0.88 5.29 0.01 
2 60 days 31.0 1.00 35.0 3.00 -1.27 0.33 
3 actual yr 28.7 2.60 32.0 3.50 -0.76 0.49 

Terrestrial mammals 

4 30 days 16.0 1.00 18.5 1.44 -1.42 0.20 
3 40 days 17.0 1.50 20.3 0.33 -2.13 0.10 
2 60 days 18.5 0.50 20.0 1.00 -1.34 0.31 
3 actual yr 16.3 1.76 18.6 2.03 -0.88 0.43 

Terrestrial vertebrates combined 

4 30 days 43.0 0.41 51.8 3.47 -2.50 0.05 
3 40 days 47.0 2.65 61.7 1.76 4.61 0.01 
2 60 days 49.5 0.71 57.5 2.50 -3.14 0.09 
3 actual yr 44.3 3.51 55.0 1.00 -2.74 0.05 
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teirestrial mammals, but was greater for all terrestrial vertebrates combined. 

Estimates of species richness based on other combinations of the data were 

numerically higher than count data but significant only for 30-day intervals for all 

terrestrial vertebrates and 40-day intervals for reptiles and amphibians. 

DISCUSSION 

Although species counts are sometimes used in assessing ecological trends of 

vertebrates in national parks (Newmark 1995), counts are clearly affected by 

variability in detectability of rare or elusive species, as well as by temporal effects. In 

our study new species of reptiles and amphibians were detected after 100 field-days, 

and new species of mammals were detected after 120 field days. Based on sightings 

of other taxa by monument staff, we believe that if we had continued our pilot study 

for another field season we would have encountered additional species. Estimates of 

species richness, although not a replacement for knowledge about individual species 

themselves, have an advantage over count data in assessing changes to wildlife in that 

estimates may be made in a consistent and rigorous way. A strength of Program 

CAPTURE is that it evaluates patterns in the data to determine the best-fitting model, 

and provides appropriate estimators. Although model selection should ultimately be 

based on biological criteria, the selection procedure as well as the estimate and its 

precision provide insights into the study methodology. 

In our study, in general, detection probabilities were most affected by 

heterogeneity among species, with time and behavior as secondary effects. For sets 
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of reptile and amphibian data &om Tonto National Monument, as well as for 

combined terrestrial vertebrates, model M(h) was selected most of the time. Selection 

of M(h) was consistent with patterns in our data as in other studies of species richness 

(Boulinier et al. 1998). Some species such as tree lizards {Urosaurus omatus) were 

both common and highly visible, and were observed during every sampling period, 

while others were seen very rarely. Three lizard species and 3 snake species were 

observed on <3 occasions. Detection of amphibians was also highly variable. One 

species, canyon treefrog {Hyla arenicolor), was observed in nearly all sampling 

periods, whereas 2 species of toads were observed only during summer rains in 1994. 

In contrast to reptiles and amphibians, models selected for terrestrial 

mammals included both M(h) and M(tbh). Model M (tbh) takes into account not only 

species heterogeneity in detectability, but differences based on time and behavior. 

Although temporal variability was not completely unexpected because of seasonal 

differences in activity patterns, we suspect that the "behavioral" change in 

detectability of species resulted from greater usage of infrared-triggered cameras 

during the second half of the study, which increased the detection of a number of 

mammals. It is also possible that closure may have been violated for mammals. 

Counts of mammals continued to rise during the study, and we suspect that more 

species occur at Tonto than were estimated by Program CAPTURE. Indeed, 2 

mammals were conJ&rmed outside of the time frame addressed in this study, and we 

failed to detect at least 3 species of larger mammals observed at the monument in the 

recent past. Closed population models may not be adequate for mammals with large 
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home ranges such as mountain lions, coati (Nasua narica), and black bear (Ursus 

americanus). 

Bias and precision of estimates are obviously of primary concem in a 

monitoring program. While it is difBcult to evaluate the ultimate accuracy of species 

richness estimates, inferences can be drawn based on comparison with cumulative 

count data. Figure 1 suggests that estimates for reptiles and amphibians may be 

biased low unless sampling is of sufficient duration. However, for longer study 

durations (>50 days) for reptiles and amphibians the estimates exhibited low 

variability. Comparisons with count data suggest that we failed to detect 

approximately 6 species of reptiles and amphibians at the monument, which is 

consistent with our predictions based on species observed outside this study. 

In repeat surveys of species richness based on historic data, researchers are 

often forced to work with species counts, usually based on museum collections. Such 

datasets have provided valuable insights into long-term changes in species richness, 

distribution, and composition. However, differences in detectability limit inferences 

based on these data. Similarly, many species lists in national parks are inadequate for 

use in monitoring or making inferences about changes in species richness (e.g., 

Newmark 1995) because species actually present may be missing from such lists. 

However, species estimates based on capture-recapture methodology also have 

limitations. For estimates to be accurate, sampling must be conducted in a consistent 

way; our inability to detect many species of larger animals prior to use of infrared-
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triggered photography may have biased our estimates. In addition, sampling must be 

of sufficient duration to detect a relatively large proportion of the species present. 

Although a major goal of the U.S. National Park Service and other land 

management agencies is to protect biological diversity (NPS 1992), monitoring 

species diversity is overlooked in most monitoring programs. This is at least in part 

because of the difficulty of knowing how many and which species actually occur in a 

park or natural area. Recently, knowledge of standard techniques for monitoring 

populations and species diversity has increased greatly, as has knowledge of the 

habits and habitats of uncommon and reclusive species. These advances, coupled 

with software programs for estimating parameters such as abundance and species 

richness, provide greater opportimity for resource managers to measure and evaluate 

changes in native species richness as they occur than have been available in the past. 
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APPENDIX D: COSTS AND BENEHTS OF DIFFERENT APPROACHES TO 

LONG-TERM MONITORING OF VERTEBRATES IN SMALL NATIONAL 

PARKS AND OTHER NATURAL AREAS 

D.E. Swann, C.R. Schwalbe, and W.W. Shaw 

ABSTRACT 

Establishing monitoring programs in national parks and other natural areas 

requires evaluation of the trade-off between costs and benefits of gathering different 

types of data. For a proposed monitoring program for terrestrial vertebrates (reptiles, 

amphibians, and terrestrial mammals) at Tonto National Monument, Arizona, we 

used power analysis to estimate the cost of 2 approaches to monitoring, monitoring 

abundancemultiple species and monitoring species richness. We compared the costs 

and benefits of these and a third approach, monitoring selected indicator species. 

Detecting declining trends in abundance of 18% over 10 year (2% annually) with 

80% power would require approximately 65 person-days of sampling per season for 

the 2 most common species of rodents, and 110 person-days for the 2 most common 

lizards; detecting trends for >2 species would require significantly more person-days. 

Detecting the same trend in species richness for reptiles, amphibians, and mammals 

combined with similar power would require only 30 days of sampling per year, and 

power was high to detect trends in species richness with less frequent sampling. 

Although monitoring abundances of selected species is often recommended for 
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monitoring terrestrial vertebrates, our analysis suggests that cost of adequate 

sampling is prohibitive for many management units. Data on trends in species 

richness are generally less expensive to obtain, and may provide information that is 

more appropriate for management of paries. 

INTRODUCTION 

America's national parks and other natural areas throughout the world are 

increasingly affected by environmental changes due to human impacts both within 

and outside parte boundaries. Major threats include insularization by development 

(Shaw et al. 1992), fragmentation of habitat by roadways (Kline and Swann 1997), 

invasion by exotic species (Drost and Fellers 1996), illegal collecting of natural 

resources (Wilkinson 1996), and air pollution and global climate change (NPS 1992). 

Many of these impacts effect vertebrate animals both directly and indirectly, and it is 

believed that many parks and natural areas have experienced declines in vertebrate 

species diversity (Newmark 1995). 

Faced with the difficult challenge of protecting natural resources, in recent 

years the National Park Service (NPS) has taken steps to improve its knowledge base 

and better monitor the flora and fauna of its management areas. Since 1987, NPS has 

formally adopted a policy of inventory and long-term monitoring, set general 

guidelines for collecting and storing this information (NPS 1992), and implemented 

monitoring programs in a number of park areas (e.g., Seigal and Simons 1995, Davis 

and Halvorson 1988). 
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The stated goals of Park Service inventory and monitoring programs are to 

"assemble baseline inventory data describing the natural resources under its 

stewardship and (to) monitor these resources ... to detect changes that may require 

intervention and to provide reference points for comparison with other, more altered 

environments." (NPS 1988). Unlike the goals of wildlife management agencies, 

which toid to focus on species of specific management concern (such as game 

animals and endangered species), NPS management and monitoring policies 

explicitly address the need for monitoring biological diversity as a way of ensuring 

that all important natural resources be protected and preserved for future generations. 

In practice, implementing monitoring programs to meet these broad goals is 

difficult, particularly for vertebrate species. Population sizes are not easy to measure, 

and are highly variable in time and space. Financial constraints require researchers 

and managers to make decisions about which species to monitor, which parameters to 

measure, and how often samples are taken. These decisions are not trivial, because 

they ultimately determine the ability of the monitoring program to detect potential 

environmental change and respond to it. Monitoring is useful only if changes can be 

detected as they occur, so that management actions may be undertaken to preserve 

impacted populations and their habitats. 

A number of approaches have been proposed to monitor wildlife in national 

parks and other natural areas. One is to focus on trends in population size and 

individual life history parameters of a few selected species that are assimied to be 

indicators of the health of broader groups of species (e.g., "guild indicator species". 
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Landres et al. 1988). Other species proposed for monitoring include species 

important to management such as large mammals and endangered species; keystone 

and umbrella species (see Noss 1990, Seigal and Simons 1995, Williams 1997); and 

common species for which adequate samples for statistical analysis may be obtained 

with lesser cost (Douglass 1986, Seigal and Simons 1995). 

A second common approach is to focus on trends in population sizes of 

groups of species that can be surveyed simultaneously using a single method (Steele 

et al. 1984). Methods include variable circular plots for passerine birds, rodent 

trapping plots (Petryszyn 1995), or line transects for diurnal lizards (Rosen and Lowe 

1995). Monitoring such groups of species usually provides relative abundance data, 

but may also provide information on absolute abundance. 

A third approach, more commonly used for invertebrates and plants than for 

vertebrates, is to monitor broader community parameters such as species richness, 

diversity, and composition. For example, researchers collect presence/absence data 

for all species of an order or class in an area, and then repeat these surveys over 

regular but less-frequent intervals (Debinski and Brussard 1994). Monitoring with 

repeat surveys provides inforaiation on biological diversity of an area, including the 

number of species present (species richness), their distribution, and the relative 

number of native and non-native species (Drayton and Primack 1996). 

Recent critiques of monitoring programs and environmental impact studies 

have indicated the need for clear objectives and a statistically-valid study design 

before large outlays of money are conmiitted (Morrison and Marcot 1994). Since the 
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major goal of most monitoring programs is to detect changes to species as they may 

occur, investigators and managers must determine how much sampling effort will be 

necessary in order to detect a change. In wildlife studies, use of power analysis to 

determine this effort is becoming more conomon (Steidl et al. 1997, Gibbs et al. 

1998). In application to monitoring studies, power analysis can also be used to 

determine the relative cost of different approaches to monitoring and aid managers in 

choosing which approach may be most appropriate for their particular site. 

Although there are obvious costs and benefits to monitoring on both short-

and long-term time scales, little effort has been made to quantify these values for 

managers of parks and other land management units who are interested in establishing 

monitoring programs. In addition, although the long-term values of monitoring are 

often discussed, little has been written on the long-term costs of monitoring. Finally, 

although there is a large body of literature on monitoring techniques, few papers 

address the costs and benefits of different study designs and use of different taxa in 

monitoring programs. 

The objectives of this study were to evaluate the relative costs and benefits of 

different approaches to monitoring terrestrial vertebrates (reptiles, amphibians, and 

manunals excluding bats) at Tonto National Monument, a small national park area in 

Arizona. Based on results of power analysis using data collected during a pilot study 

in 1993-1995, we estimate the cost of monitoring relative abundance of the most 

common nocturnal rodent and lizard species with 80% power to detect trends over 

relatively long (10 year) study dtirations. We also estimate the cost of monitoring 
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species richness of terrestrial mammals, reptiles, and amphibians over the same time 

frame. Finally, we compare the benefits of information gained from these 2 

^proaches, as well as that gained from monitoring selected indicator species. Our 

ultimate goal is to propose a monitoring program that is powerful enough to allow 

detection of trends in wildlife species, but practical enough to be implemented by 

managers at Tonto National Monument and other US national parks and natiutil areas 

with limited resource management budgets. 

STUDY SITE 

Tonto National Monument is a small (253 ha) national park area located on 

the northeastern edge of the Sonoran Desert near Roosevelt Lake in central Arizona. 

Although the monument was established to protect ancient cliff dwellings, it contains 

significant natural resources as well. Elevations range from 695 m on the northern 

boundary to 1230 m near the southwestern comer (Jenkins et al. 1995). The 

topography is largely characterized by steep, rocky hills divided by dry arroyos. 

Most vegetation is classified in the Arizona Upland subdivision of the Sonoran 

Desertscrub commimity (Jenkins et al. 1995), but there are smaller areas of semi-

desert grassland, oak chaparral, and riparian woodland. 

Due to the monument's small size, many of the environmental factors that 

impact the natural and cultural resources of the monument are beyond the control of 

the National Paric Service. The monument is surrounded by Tonto National Forest, 

which is managed by US Department of Agriculture National Forest Service for 
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multiple use, including grazing and intensive recreation at Roosevelt Lake. Recent 

land use decisions which may impact the monument include the reconstruction of 

Roosevelt Dam by Bureau of Reclamation, the raising of the lake level, and the 

construction of over 1,000 developed campsites, picnic areas, and boat ramps 

adjacent to the monument (L. Baiza, pers. comm.). In addition, continued mining and 

creation of new mines in the surrounding area is expected to have some impact on the 

biota of the monument. 

METHODS 

Estimates of costs of different approaches to monitoring terrestrial mammals, 

amphibians, and reptiles were based on estimates of the sampling effort (number of 

plots and field days) necessary to detect an annual declining trend of 2% and 5% with 

80% power. To determine baseline costs of monitoring abundance, we conducted 

power analyses based on pilot data collected during a 2.5-year study at Tonto 

National Monument, 1993-1995 (Appendix A). Nocturnal rodents were trapped on 

monitoring grids of 49 traps each in each of 4 major biotic communities using 

standard methods for southem Arizona national parks (Petryszyn 1995). We sampled 

for 2 nights each in spring (April-May) and simimer (July-September) 1994 and 

spring of 1995. Diurnal lizards were sampled on 500- and 1000-m transects that were 

walked repeatedly during morning hours (Rosen and Lowe 1995) at least 6 times each 

during spring 1994, simimer 1994, and spring 1995. 
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Costs of monitoring species richness were based on data from repeat surveys 

of amphibians, reptiles, and terrestrial mammals at Tonto during the same time period 

(Appendix B). We used a variety of techniques appropriate to species expected to be 

present in the area. Mammals were tr^ped in small and medium-sized live-traps, 

photogr^hed using infrared-triggered photography, and observed during all 

activities. Reptiles and amphibians were sampled on a road transect, and by general 

and taxa-specific techniques including cover turning, inspecting rock cracks, scaiming 

boulders and trees using binoculars, searching water sources, and others. In addition, 

roadkills were collected by paric staff and volunteers. Except for mammals in 1993, 

all individuals of all species of terrestrial vertebrates observed, trapped, or 

photographed, were recorded, as well as date, time, and location. Count data for 

species richness consisted of the number of species of mammals, or reptiles and 

amphibians, observed during each 10-day sampling period (Appendix B). Estimates 

of species richness were made using Program CAPTURE (Otis et al. 1978; Appendix 

C). 

Relative annual effort required to detect trends was estimated using the 

computer program MONITOR (Gibbs 1995; Appendices A, B). We simulated the 

amount of sampling effort (grids, transects, and/or survey-days) necessary to detect 

annual decreases in population size or species richness of 2% and 5% with a power of 

80% and risk of type I error (alpha) of 0.1. We chose 80% power because it is a 

conventional target for wildlife surveys (e.g. Beier and Cuimingham 1996). We 

chose an alpha of 0.1 rather than the traditional 0.05 because of the NFS goal of 
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preserving populations, which implies that the consequences of a type I error 

(incorrectly concluding that a population has declined) are less serious than the 

consequences of a type n error (failure to detect a decrease should one occur). 

Cost estimation. We used person-days as an index of each activity. For 

abundance of nocturnal rodents and lizards, 1 person-day was defined as 1 day of 

sampling on 1 transect or grid. For nocturnal rodents, 2 nights of sampling (3 days 

total) were considered 3 person-days. For species richness, a person-day was defined 

as 1 calendar day spent in the field during the study, including days where nocturnal 

rodents and lizards were also sampled. To compare the number of person-days 

required for different monitoring schemes, we used 90 field days annually as an 

approximate standard index of sampling. Specifically, we estimated the power of 

different approaches to detect annual trends of 2% and 5% based on 90 days of 

sampling each year over different study durations. For nocturnal rodents and lizards, 

90 field days allowed us to sample 8 nocturnal rodent grids 2 times per year (48 

person-days) and 10 lizard transects 4 times per year (40 field days). For species 

richness, 90 field days included 90 days sampling (3 periods of 30 days each) on 1 

plot (Tonto National Monument) for all terrestrial vertebrates. In addition, we 

calculated the number of person-days that would be required to detect a 2% annual 

declining trend with 80% power using the different approaches. 

Dollar costs were based on a standard wage ($80/day) for graduate student 

assistants, which is approximately the current salary for a seasonal biological 

technician in the NPS. We assimied that costs for traps and equipment for different 
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approaches would be relatively equal. Major equipment costs are $12-15 each for 

live traps for rodents, and approximately S600 for infrared-triggered camera units. 

RESULTS 

Power to detect trends in abundance of noctumal rodents and lizards varies 

among species (Figure 1). For 8 mammal grids sampled twice annually, detecting a 

2% aimual declining trend with 80% power would require 12 years for Bailey's 

pocket mouse (Chaetodipus baileyi) and white-throated woodrat {Neotoma albigula), 

and 18 years for cactus mouse {Peromysciis eremicus). For 10 lizard transects 

sampled 4 times per year, detecting this trend would require 14 years for sideblotch 

lizard {Uta stansburiana), 16 years for whiptails {Cnemidophorus spp.), and 24 years 

for greater earless lizard (Cophosaurus texanus). If sampling is reduced from 

annually to once every 2 years, power is reduced slightly for selected species (Figiu-e 

2). For sampling once every 5 years, detecting a 2% annual change with >80% 

power would require 20 years for Bailey's pocket mouse, and >30 years for 

sideblotch lizard. 

To detect a 2% annual declining trend in species richness based on 90 days of 

annual sampling (3 periods of 30 days) would require 6 years of sampling for reptiles 

and amphibians and 10 years for terrestrial mammals (Figure 3). To detect the same 

trend for species richness of all terrestrial vertebrates combined would require <4 

years of annual sampling. Power would be slightly lower if simulations were based 

on means and standard deviations derived from shorter study periods (e.g., 10-day 
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Figure D-1. Relationship between power to detect a 2% declining trend and study 
duration for the 3 most common species of rodents (captured on trapping grids) and 
lizards (observed on transects) at Tonto National Monument. Based on pilot data 
gathered 1993-1995. Based on 8 rodent grids of 49 traps sampled annually for 2 
periods of 2 nights each, and 10 lizard transects sampled 4 times annually. For all 
species, alpha=0.1, weighted plots, 2-tailed test, 500 simulations. 
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Figure D-2. Relationship between power to detect a 2% declining trend and study 
duration for different sampling frequencies for Bailey's pocket mouse (CHBA) and 
sideblotch lizard (UTST) at Tonto National Monument. Based on 8 rodent grids of 
49 traps sampled for 2 periods of 2 nights each per year, and 10 lizard transects 
sampled 4 times per year. l/yr=annual sampling, l/2yr=sampling every 2 years, 
l/5yr=sampling every 5 years. Simulations based on same parameters as Figure 1. 
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Figure D-3. Relationship between power to detect a 2% declining trend and study 
duration for species richness of reptiles and amphibians (RA), terrestrial mammals 
(MA) and combined terrestrial vertebrates (TV) at Tonto National Monument. Based 
on pilot data gathered during 1993-1995. Based on 90 sampling days armually. 
Simulations based on same parameters as Figure 1. 
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sample periods; data not shown). Power to detect trends in species richness based on 

estimates was variable, but was generally higher than for count data (Appendix B). 

For species richness, if sampling frequency were reduced from annually to 

every 2 years, power to detect trends in species richness was still relatively high for 

reptiles and amphibians and combined terrestrial vertebrates (Figure 4). For 

mammals, >10 years sampling were required to detect a 2% annual trend. For 

samples taken every 5 years, power was only 51% for mammals after 10 years, but 

>80% for both reptiles and amphibians and combined terrestrial vertebrates. As with 

power to detect trends in abundance, the effect of sampling frequency decreased over 

longer study durations (>15 year), as annual declines accumulated into more 

significant long-term declines. 

Costs of estimating abundance. The number of person-days required to detect 

a 2% declining trend in abundance of noctumal rodents, based on two 2-night 

sampling occasions annually, is siunmarized in Figiu^e 5. Person-days are cumulative, 

because the cost of monitoring cactus mouse would include monitoring Bailey's 

pocket mouse, but not vice-versa. To detect an 18% annual decline over 10 years 

would require sampling >160 days sampling annually for all 3 species; 66 days for 2 

species (white-throated woodrat and Bailey's pocket mouse), and 54 days for Bailey's 

pocket mouse only. To detect a 30% decline (2% over 18 years) for all 3 species, 

however, would require only 48 annual sampling days annually. 

A similar smnmary for lizards (Figure 6) indicates that the number of person-

days required to monitor lizards is slightly higher. To detect an 18% declining trend 
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Figure D-4. Relationship between power to detect a 2% declining trend and study 
duration for different sampling frequencies for species richness of reptiles and 
amphibians (RA), terrestrial mammals (MA) and combined terrestrial vertebrates 
(TV^. Based on 90 sampling days. l/yr=annual sampling, l/2yr=sampling every 2 
years, l/5yr=sampling every 5 years. Simulations based on same parameters as 
Figure 1. 
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Figure D-5. Number of person-days required for sampling abundance of the 3 most 
common rodent species at Tonto National Monument for different study durations. 
Based on number of plots required to detect a 2% annual declining trend with 80% 
power, if sampling conducted on each plot 2 times annually. 3spp=number of plots 
required to sample 3 species; 2spp=number required to sample 2 species, 
lspp=number required to sample 1 species. 
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Figure D-6. Number of person-days required for sampling abundance of the 3 most 
common lizards at Tonto National Monument for different study durations. Based on 
number of plots required to detect a 2% annual declining trend with 80% power, if 
sampling conducted on each plot 4 times annually. 3spp=number of plots required to 
sample 3 species; 2spp=number required to sample 2 species, lspp=number required 
to sample 1 species. 
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in 3 species with sampling of each transect 4 times aimually would require >160 

person-days sampling per year. For 2 species (whiptails and sideblotch lizard) 112 

person-days would be required; for 1 species, 72 field-days. 

Detecting trends in species richness would require a smaller sampling effort 

than for abundance (Figure 7). Figure 7 is based on 1 plot only, with sampling efforts 

of30-90 days annually. To detect a declining trend of 18% in species richness of 

manmials over 10 years would require approximately 70 person-days. To detect a 

similar trend for amphibians and reptiles, as well as for all terrestrial vertebrates 

combined, would require 30 days of annual sampling. 

Estimates of the annual cost of monitoring based on approximate number of 

person-days for sampling ranged fi-om S2400 for monitoring species richness of 

combined terrestrial vertebrates to >S 12,800 for monitoring abundance of 3 most 

species of lizards and rodents (Table 1). Fixed costs for mammal traps and cameras, 

the largest equipment expenses, would be approximately SI800; traps would need to 

be completely replaced every 10 years. We estimate that additional expenses for 

transportation and equipment, would not be more than be approximately SI000 per 

year. The cost of monitoring over a ten-year period at Tonto would thus range 

between approximately $35,800 for monitoring species richness of terrestrial 

vertebrates to SI 39,800 for monitoring abundance of the most common species. 

DISCUSSION 

Direct comparison of the costs of different approaches to monitoring 
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Figure D-7. Number of person-days required for sampling species richness of 
reptiles and amphibians (RA), terrestrial mammals (MA), and combined terrestrial 
vertebrates (TV) at Tonto National Monument for different study durations. Based 
on number of sampling days required to detect a 2% armual declining trend with 80% 
power, if sampling conducted annually. 
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Table D-1. Approximate annual cost of different approaches to monitoring terrestrial 
vertebrates. Based on daily salary of $80 for graduate student or seasonal biological 
technician. 

Sampling Group Number person-days Annual cost 

Abundance 

Mammals, 3 species >160 >$12,800 
Mammals, 2 species 66 5,280 
Mammals, I species 54 4,320 

Lizards, 3 species >160 >512,800 
Lizards, 2 species 120 9,600 
Lizards, 1 species 110 8,800 

Species Richness 

All terrestrial vertebrates 
Terrestrial mammals 
Reptiles and amphibians 

30 
70 
30 

S2,400 
5,600 
2,400 
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vertebrates is complicated by the differences in objectives, study design, types of 

sampling efforts, and types of variability that are involved in the different approaches. 

Nevertheless, results of our study strongly suggest that, given a similar sampling 

effort, power to detect trends is far greater for monitoring species richness of 

vertebrates than for detecting trends in abundance of multiple species. This is 

consistent with known patterns in the variability of sampling these different 

parameters (see Gibbs et al. 1998, Rosenzweig 1995 for examples). Abimdance of 

many short-lived vertebrates is not only highly variable, but the patterns are often 

inconsistent within communities over time (Valone and Brown 1996). In studies of 

species richness, although detection of rare species is always a problem, variability 

tends to be lower given an equal sampling effort. Clearly, the differences in the 

amount of sampling required for each approach have a direct bearing on the ultimate 

cost of monitoring programs. 

A valuable benefit of performing power analysis on preliminary data is that it 

provides opportimities to improve the study design and sampling techniques. In our 

study, power could be increased in all aspects of our monitoring program in a number 

of ways: for example, by providing greater focus on timing of sampling for 

abundance of rodents and lizards (Appendix A) and by more even use of techniques 

for sampling species richness (Appendix B). Nevertheless, we do not believe that 

these improvements would greatly effect the basic results of our study. 

While costs are an important consideration in whether monitoring programs 

succeed or not, the benefits gained firom monitoring are obviously no less important. 
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Gathering data that has little long-term value is useless regardless of how inexpensive 

it is to collect. In the following sections we evaluate the costs and benefits of 

different approaches to monitoring in paries to assist managers in considering and 

establishing monitoring programs. 

Costs and benefits of monitoring single species, hitensive studies of single 

species exhibit high power to detect trends in population size, particularly for long-

lived species (Gibbs et al. 1998). In addition, in single species studies, data are 

usually gathered on other life history traits such as reproduction, recruitment, and 

survival. Understanding these parameters and how they change in response to 

environmental stress provides great insight into the long-term viability of these 

species (e.g., Congdon et al. 1994, Taylor 1989). Power to detect trends based on life 

history parameters such as nesting behavior may be very high if carefiil study designs 

are used (Steidl et al. 1997). 

Because we did not monitor single species in our study, we did not attempt to 

estimate costs of such studies in our analysis. Generally, costs for these studies are 

high because of the time spent in capturing, marking, and observing individual 

animals. However, it is possible to reduce these costs for some species (for example, 

desert anurans) by focusing effort in a particular window of time and space (Gibbs 

1995). Most species of vertebrates, however, are generally difficult to capture in 

large numbers with limited time. Based on single species smdies that have been 

conducted in national parks (e.g., wolves {Canis lupus), Allen 1979; black bears 
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(Urst4s americanus) Pelton and van Manen 1996), it is probably unrealistic that more 

than 2-3 species could be monitored within 90 annual person days. 

For park monitoring programs, the major problem of using selected species is 

how to select a few species fipom all that are present. To fiilfill the important goal of 

monitoring the inherent integrity of park ecosystems (NFS 1992), the res[)onse of 

selected species to environmental change should somehow indicate how other species 

in the ecosystem would respond. In practice, there are no guidelines for choosing 

such "indicator" species for monitoring, and there is significant controversy about 

how representative any particular species might be. A number of types of indicator 

species have been monitored or proposed for monitoring in national parks and other 

natural areas (see Noss 1990 for review, and Williams 1997 for examples in MPS 

areas). Guild indicators are species chosen from a group of related species that are 

believed to respond similarly to ecological change (Severinghaus 1981, Landres et al. 

1988). Keystone indicators are species such as sea otters {Enhydra lutris), upon 

which the survival of other species is thought to be dependent (Noss 1990, Seigal and 

Simons 1995). Umbrella species include tortoises, bears and other species that 

require large geographic areas which may support many other species (Noss 1990, 

Murphy and Willcox 1986, Williams and Gaston 1994). dlharistmatic species are 

those that attract public support in efforts to preserve biodiversity (Davis 1989). 

Other species proposed for monitoring include managed or harvested species (Davis 

1989, Williams 1997), common species such as rodents that reflect ecological 

processes and occur in large enough numbers for strong statistical inference 
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(Douglass 1989, Seigal and Simons 1990), and species that are already being 

monitored for other reasons (for example, endangered species being monitored to 

assess specific impacts). Species could also be selected randomly from all species 

present, but we are not aware of any monitoring program where this has been done. 

Despite the intuitive appeal of using different types of indicators to track the 

status of all organisms, empirical evidence that single species represent other, even 

closely-related species, is limited (see Landres et al. 1988, Noss 1990, Morrison and 

Marcot 1995). For example, individual species of closely-related songbirds may 

respond very differently to different forest practices (Mannan et al. 1984). 

Conservation biologists (e.g., Noss 1990, Lambeck 1997) increasingly advocate using 

multiple indicators to represent as broad a spectrum of organisms as possible. The 

ultimate drawback of using individual species in monitoring programs, however, is 

that none can represent fiilly all of the other species present, yet disappearance of any 

species is the standard by which parks are often judged. For example, loss of 

individual species of amphibians from parks is considered unacceptable to most 

conservation biologists and managers. Yet at Tonto National Monument, given the 

diverse habitat needs of amphibians, it is difficult to conceive of any species that 

would effectively represent all of the others. 

There is no doubt that monitoring of single species in US national parks is 

tremendously important and has contributed greatly to park management and 

interpretation. As natural areas managed in perpetuity for biological diversity, parks 

are ideal areas for long-term studies that caimot be accomplished on unprotected 
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lands. However, monitoring programs that rely solely on single species may fail to 

recognize important changes to other species not being monitored. 

Costs and benefits of monitoring multiple species. Sampling of a group of 

related species using 1 method is often proposed in monitoring programs as a solution 

to the indicator species problem (Steele et al. 1984). This solution is by definition 

only partial, because in every vertebrate class there are species that simply cannot be 

detected by standard methods. However, monitoring of multiple species using 

methods such as live-trapping and bird counts does enable researchers to make 

inferences about community composition and the response of individual species in 

the community to environmental change. These general approaches are often less 

expensive than monitoring of single species, and when species are captured, as in 

rodent trapping, important data can be also collected on parameters of individual 

animals. 

How realistic is monitoring of multiple species for general park monitoring 

programs? At Organ Pipe Cactus National Monument, multiple species monitoring 

of rodents and lizards has allowed these park areas to evaluate annual and among-

year trends in a large number of species. Within these programs, statistical power is 

high to detect population trends for the most common species (Petterson 1998). Our 

study indicates that a similar effort at Tonto National Monument would also have 

high power to detect trends for very common species. However, to be effective at 

determining trends for less common species, sampling must be conducted frequently 

on a large number of plots. Accomplishing this within the current resource 
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management budget for Tonto and other small paries does not appear to be practical at 

the present time, and seems unlikely to be practical in the future. 

Costs and benefits of monitoring species richness. Species richness and 

similar parameters (species diversity, composition, and distribution) are rarely 

proposed for use in monitoring programs for vertebrate animals (but see Nichols and 

Conroy 1996 and Boulinier at al. 1998). In monitoring species richness, animals are 

generally not captured and little information is available on parameters such as 

population size, survival, reproduction, and health. In addition, species richness per 

se may be a misleading parameter in several ways. The number of species observed 

gives the same weight to both common and rare or even migrating species, and it is 

possible that individuals of long-lived organisms may persist many years after they 

have ceased to successfiilly reproduce. 

Most importantly, species richness is a difficult parameter to measure because 

it is highly dependent upon the temporal and geographic scale of monitoring. The 

nmnber of species increases with area size (the species-area curve; see McArthur and 

Wilson 1963) and with the amount of sampling effort (Preston 1948, Rosenzweig 

1995). Species richness also depends upon observer skill and sampling techniques 

used. Species not actually present may be recorded as such if they are incon-ectly 

identified, or species actually present may be misidentified or not detected. Results 

of species richness studies based on count data alone (e.g., based on species lists; 

Newmark 1986) are misleading because counts are almost always biased low 

(Boulinier et al. 1998). As with monitoring abimdance, these problems can be 
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overcome by appropriate study designs. Species may be estimated using capture-

recapture methodologies, and scale of sampling may be explicitly identified. 

The advantage of using species richness as a parameter is that, although 

careful study designs generally require greater sampling effort than is used in many 

standard inventories, cost is relatively low compared to monitoring abimdance. For 

repeated samples conducted at appropriate time scales in our study, variability of 

species richness during 10-day sample periods was relatively low; variability was 

lowest for longer sampling periods and estimates based on sampling periods 40 days 

or greater. The resulting high power makes it possible for sampling to be conducted 

far less frequently than for monitoring abundance of rodents and lizards. 

A great benefit of using species richness in park monitoring programs is that 

species richness provides a direct measure of biological diversity. Despite the high 

profile of a few species such as bears and deer, the loss of vertebrates firom many 

parks and protected natural areas oflen goes without notice. Monitoring of species 

richness enables managers to observe declining or increasing trends as they occur, 

and to compare the relative abundance of native and non-native species. In addition, 

as in studies that monitor multiple species, species richness siuveys provide 

opportunities to gather other data. In addition. Geographic Positioning Systems 

(GPS) technologies can be used to integrate species observations with habitat 

variables that can be easily mapped, such as vegetation, soils, elevation and others 

(Swann et al. 1998). GPS also allows mapping of habitat for species of special 

concern, which enables more focused resampling for these species. 
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Management implications. For long-tenn monitoring programs in national 

parks and other natural areas to meet their stated objectives, 2 criteria are important. 

First, the programs must provide data that are biologically meaningful. Second, they 

must be practical enough to implement. We are aware of several proposed 

monitoring programs for national parks that have never been implemented, and 

implemented programs that have languished, and we suspect that many more 

examples exist throughout the country. Resource management staff often state that 

monitoring programs are simply too expensive to be implemented, particularly when 

decisions must be made between funding long-term monitoring, with its more general 

goals, and funding short-term projects such as evaluating the impact of road 

construction on an endangered species. 

Our analysis suggests that monitoring programs based on standard methods 

for monitoring vertebrates are indeed expensive, at least for most small parks. The 

cost of sampling a sufficient number of grids to detect a change in all but the most 

common species of mammals at Tonto National Monument would exceed the cost of 

all other current monitoring activities at the monument. Although short-term grants 

are often available for important resource management priorities in U.S. national 

parks, few funds are available for long-term studies. Base-funding for monitoring 

natural resources in all parks is a long-term MPS goal, but little money is currently 

available for most parks. Indeed, it seems imlikely that funding will track the 

significant enviroiunental changes that are occurring inside and immediately outside 

the boundaries of many parks. 
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The dilemma for managers is that, if monitoring programs that have been 

proposed for wildlife are not feasible, what type of monitoring should be conducted? 

The least expensive alternative is to not conduct monitoring—probably the most 

frequently-used alternative, but unsatisfactory for adhering to NPS mandates to 

maintain biodiversity. Monitoring of single species is often possible even when 

funding does not exist in a park, because creative managers can often encourage 

university researchers to work in the park on projects that are mutually beneficial. 

Although these studies will not address many monitoring needs, they are valuable 

sources information on resource management issues. Monitoring abundances of 

multiple species, particularly monitoring of birds, may be practical if large numbers 

of qualified volunteers are available. However, because finding volunteers with the 

proper skills to monitor nocturnal rodents, reptiles and amphibians is more difficult, 

monitoring abundances of these taxa is probably not practical for small parks. 

For monitoring vertebrate species richness, several approaches may be 

practical. If initial inventories are conducted using a carefiil study design and 

standardized field techniques, it may be possible to monitor species richness by 

repeating inventories at regular intervals. Sampling once every 5 years or even less 

frequently, but extending sampling for 1-2 consecutive field seasons, may provide 

sufficient power to detect changes in species richness as they occur. Monitoring less 

frequently might allow for flmding possibilities from rotating seasonal funds from 

within park budgets, or even from national inventory and monitoring budgets. 

Sampling could be done by a regional team of biologists rotating between parks, or 
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through cooperative agreements with universities in conjunction with other research 

projects. 

Alternatively, monitoring species richness could be accompUshed by a 

combination ofparic staff and volunteers, if qualified biologists are available on site. 

As with any monitoring programs, monitoring of species richness requires a careful 

study design and rigorous standards for data gathering and analysis. However, 

standard methods for surveying species richness are increasingly available for both 

field techniques and data analysis (Heyer et al. 1994, Williams et al. 1996). 

It is important to recognize that monitoring programs in national parks cannot 

prescribe management solutions to environmental problems, or even identify the 

causes of changes that may be occurring in the environment. The main function of 

monitoring is to alert biologists and managers to changes as they occur, so that more 

focused studies can be initiated to determine causality and suggest solutions. In 

developing monitoring programs for parks, managers will always want to know as 

much as possible about everything, and biologists are tempted to propose ambitious 

programs. But in the real world sustaining monitoring programs is hard work. 

National parks and similar lands are intended to be maintained as natural areas not 

just for 15 or 50 years, but forever. Monitoring programs should reflect this. As long 

as money for monitoring remains limited, programs should be designed to focus on 

parameters that will provide the best information at the smallest long-term cost. 
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