
CHAPTER

Introduction

Ecologyisfrequentlydefinedasthestudyofthedistributionandabundance
of plafits and animais (e.g', Andrewartha-and Birch 1954; Krebs 1972)' Con-

,"qrr"rrt ly,thepracticeof"countinganimalsinordertodrawinferencesabout
th"l. rr,r-b".s and distribution hala long tradition in animal ecology and man-

agement. In his classic book, AnimalEcologt, charles Elton (1927:173) wrote:

"?h" ,t rdy of numbers is a very 
""* 'obptt, 

and perfect methods of record-

-f 
ifr" t r*b"., and changes in the numbers of animals have yet to be

"rr"olrr"d." 
Elton then devotei6 pages to the topic of animal "census" methods'

In his equally influential classic, GameManagement'Aldo Leopold (f 933:f 39)

listed ..iensus" as the first of four steps required to initiate game management

ot uty piece of land. He then devoted a 3O-page chap-ter to- "game c-ensus" and

unott"r 25 pages to "measurement and diagnosis of productivity"' a chapter

that focused on assessing vital rates and population change'.Methods for

counting animals have inieed evolved o""t ih" last 70 years' and,animal ecol-

ogists and managers now have an impressive methodological toolbox for esti-

matingparametersassociatedwithanimalabundanceandwiththevitalrates
ttut pioa.t." changes in abund'ance (e'g', Seber 1973' 1982; Williams et al'

2002).
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Introduction

how the world, or part of it, works. For example, we would deem density-
dependent recmitment for mid-continent, North American mallards (Anas
platyrhynchos) as a hypothesis, with density-independent recruitment as an

' alternative, competing hlpothesis (Johnson et al. L997). once a hypothesis
has withstood repeated efforts to falsify it, to the extent that we have some
faith in predictions deduced from it, the hypothesis may become a theory (e.g.,
Einstein's theory of relativity). A theory can still be disproved in the future
given new data or the expansion of the part of the world to which the theory
is thought to be applicable (e.g., Newtonian physics).

very generally, we view a model as an abstraction of a real-world system,
which can be used to describe observed system behavior and predict how the
system may respond to changes or perturbations. within this broad definition
we recognize many different kinds of models (Nichols 2001), three of which
are especially useful within the context of this book. A conceptual model is a
set of ideas about how the system of interest works, and may include one or
more hypotheses or theories about the system. A verbal model is created by
translating these ideas into words. Finally, a mathematical model results from
translating a conceptual or verbal model into a set of mathematical equations,
using defined parameters to symbolize the key processes of the system. In this
book we derive mathematical expressions from our conceptual ideas about the
processes that occur when collecting occupancy field data, placing particular
attention on using the collected data to estimate the parameters of these
models.

By following the logical progression above, note that a mathematical model
is ultimately a representation of one or more hlpotheses or theories about the
system. Therefore, competing hypotheses can be formulated into competing
mathematical models. Applying each model to the same set of availabte data,
it may be possible to formally determine which model (and therefore which
hypothesis) has a greater degree of support given the data at hand. Essentially
this is an exercise in model selection. we advocate and use such an upptou.it
throughout this book.

r.2. SAMPLING ANIMAL POPULATIONS AND
COMMUNITIES: GENERAL PRINCIPLES

It is our belief that many existing programs for sampling animal populations
and communities are not as useful as they might be because investigators have
not devoted adequate thought to fundamental questions associated with estab-
lishment of such programs. These failures have greatly reduced the value of
efforts ranging from individual scientific investigations to large-scale moni-
toring programs. These latter programs are especially troubling, because they
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Introduction

quently depends upon the current population size. second, system state is fre-
quently contained in the objective functions (precise, usually mathematical,
statements of management objectives) for managing animal populations and
communities. Evaluation of the objective function is an important part of man-
agement, addressing the question "To what extent are management objectives
being met?" Finally, good management requires either a single model thought
to be predictive of system response to management actions or a set of models
with associated weights reflecting relative degrees of faith in their validity.
The process of developing faith in a single model or weights for members
of a model set involves the confrontation of model predictions with estimates
of true system response. This confrontation is the scientific component of
informed management and requires animal sampling programs that provide
reliable estimates of state variables and associated vital rates.

Despite the importance of being explicit about why a program for sampling
animal populations or communities is needed, we believe that many studies
suffer from a failure to clearly articulate specific study objectives. This is espe-
cially evident in many large-scale monitoring programs (yoccoz et al.200r).
For example, the following objectives statements from a report on ecological
monitoring programs in the united states (LaRoe et al. L995:3, 4) are fairly
typical: "The goal of inventory and monitoring is to determine the status and
trends of selected species or ecosystems"; "Inventory and monitoring programs
can provide measures of status and trends to determine levels of ecological
success or stress." The second statement implies an interest in management
and conservation, but without specification of available management actions
and hypotheses about system response to those actions, the statement provides
little basis for monitoring program design. Thus, we advocate clear specifica-
tion of monitoring program objectives.

objective specification is facilitated by the recognition that monitoring of
animal populations and communities is not a stand-alone activity of great
inherent utility, but is more usefully viewed as a component of the processes
of science and/ot management. This recognition leads naturally to detailed
consideration of exactly how the monitoring program results are to be used in
the conduct of science or management or both. such considerations lead
directly to decisions about monitoring program design, whereas vague objec-
tives that fail to specify use of program data and estimates provide little
guidance for program design and can lead to endless debate about design
issues.

WHAT?

The selection of what state variable(s) and associated vital rates to estimate
will depend largely on the answer to the initial question of "Why?" The selec-
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Introduction

pancy dynamics may be described using the rate of change in occupancy over
time, and the vital rates responsible for such change are patch-level probabil-
ities of extinction and colonization. Historical, current, and proposed uses of
patch occupancy as a state variable for science and management will be dis-
cussed in more detail in Chapter 2.

When scientific or conservation attention shifts to the community level of
organization, many possible state variables exist. The basic multivariate state
variable of community ecology is the species abundance distribution, specify-
ing the number of individuals in each species in the community. Many derived
state variables are obtained by attributing different values or weights to indi-
viduals of different species (Yoccoz et aI.200I). Several common diversity
indices are computed by providing a weight of I to every individual of each
species (e.g., Pielou 1975;Patll and Taillie L979), but it is also possible to give
additional weight to individuals of species thought to be of special imporrance
(e.g., endemic species or species of economic value) (Yoccoz et al. 2001). A
state variable that is used commonly in community studies is simply species
richness, the number of species within the taxonomic group of interest that is
present in the community at any point in time or space. This state variable is
used in scientific investigations (e.g., Boulinier et al. 1998b,200L; Cam et al.
2002) arad programs for management and conservation (e.g., Scott et al. 1993;
Keddy and Drummond 1996; Wiens et al. L996). The vital rates responsible
for changes in species richness over time are rates of local species extinction
and colonization.

In this book we focus largely on the state variable of occupancy, but note
how these methods can also be applied where species richness-type metrics
may be of interest (Chapter 9).

How?

Proper estimation of state variables and inferences about their variation over
time and space require attention to two critical aspects of sampling animal
populations: spatial variarion and detectability (Fig. 1.1) (Lancia et al. 1994,
Thompson et al. 1998; Williams et al. 2002). Spatial variation in animal abun-
dance is important because in large studies and most monitoring programs
investigators cannot directly survey the entire area of interest. Instead, inves-
tigators must select a saniple of locations to which survey methods are applied,
and this selection must be done in such a way as to accomplish two things.
First, selection of study locations should be based on study objectives. In the
case of scientific ob.jectives, study locations should be selected to provide the
best opportunity to discriminate among the competing hlpotheses of interest
(see Section I.3 for further discussion). For example, in the case of an obser-
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Introduction

Detectability refers to the reality that, even in locations that are surveyed by
investigators, it is very common for animals and even entire species to be
missed and go undetected. Most animal survey methods yield some sort of
count statistic. For example, when abundance is the quantity of interest, the
count statistic might be the number of animals caught, seen, heard, or har-
vested. Let N,, be the true number of animals associated with an area or sample
unit of interest, i, at time t, and denote as c,, the associated count statistic. This
statistic can be viewed as a random variable whose expectation (basically the
average value of the count if we could somehow conduct the count under the
exact same conditions many times; see Chapter 3) is the product of the quan-
tity of interest, abundance at the surveyed location, and the detection proba-
bility associated with the count statistic:

E(Ct,) = N,,p1,, (1.1)

where pu is the detection probability (probability that a member of N,, appears
in the count statistic, c,,). Estimation of \, thus requires estimation offu:

N,,=Cuf iu, (1.2)

where the "hats" in this expression denote estimators (see Chapter 3). Expres-
sion (1.2) is very general and widely applicable. In fact, virrually all of the
abundance estimation methods summarized and reviewed by seber (1973,
1982), Lancia et al. (1994,2005), Thompson et al. (L998), Williams er al.
(2002), and Borchers et al. (2003) involve different approaches to rhe estima,
tion of detection probability followed by (or integrated with) application of
expression (1.2).

Frequently, interest will not be in abundance itself but in relative abun-
dance, the ratio of abundances at two locations (1,j, = N,,/Nj,, where i and j
denote locations and t still denotes time), or in rate of population change, the
ratio of abundances in the same location at two times (1,i, = N,*r/Ni,). So-._
times count statistics are treated as indices, and their ratio is used to estimate
the true ratio of abundances. For example, consider the estimator in = C,r*r/Cr.
The expectation of this estimator can be approximated using expression
(1.1) as:

(1.3)

As can be seen from (I.3), the ratio of counts estimates the product of the
quantity of interest, ln,, and the ratio of detection probabilities. If the detec-
tion probabilities are very similar for the two sample times, then the estima-
tor will not be badly biased, but when detection probabilities differ, then the
index-based esrimator will be biased. If detection probability itself is viewed

E(i,,)=*f: =^,(T)



feur saroads auos ler{t pazruSocar sr 1r 'su8rsap qtoq uI '(ZOOZ'12 12 SUTBIIIIAA

19661 doruo3 puu slor{JIN ''3'a) tsaralulJo EarB a18urs e uo (sdup ''3'a) saunt

aldrrlnur lB patJnpuor slunor asn su8rsap ral{to seataqm flddu ot sI aJueraJur

qJH^{ olvary a8rel auros ulqll^\ suoltrlol aldrrlnru ls patJnpuor aru slunoJ aql

su8rsap auos rapufl 'sanads ruaraJJlp Jo raqunu aqt Jo stunor aAIo.{uI dlunsn

ssaur{JrJ sanads ;o suortv8usa^ul 'llal\ sE salqelru^ alels laqlo ol spuatxa

&qlquqord uoltJatap lnoqe uorteluroJur Sururetqo ;o aouelrodu4 aI{J
'rc007'lp 12 SUTBIIIIA\ l7gg7 llupuax puP alzuaxf,ulN

:+66I 'lD p e:oue;1 aas oslp) &Uqeqord uoltJatap tnoqu uolluturo;ur salnb

-ar aJuEpunqu a^rlslar puB alnlosqE qloq Jo uorlEtullsa lslp apnlruol a A
'suurSord Suuolruoru poo8 ur asn palrurl Antt v aABr{ saJrpur leql alaqaq

a.tr'anlt aq or d1a41un arB suortdurnsse asar[ sy da.uns qrea Suunp pa]unor

aJE slururuu IIB luql uorldunssp aql arrnbar saJrpul Jo sasn auro5 da,uns qcea

palunoJ sr uorlelndod arp Jo uollJp{ tuetsuoJ e teqt uortdurnsse aqt snld acuep

-unqp atEurtsa ot pasn suortdurnsse aqt IIp salnbar dllurrddr azrs uorlelndod

anrl Jo lotpJrpul atuos sE xapul up.;o uorlelarfualul 'IJEJ uI 'acuepunqu IetuIuE
ot palplar aq ot $ xapur aqt I apuur aq ot suolldtunsse tllldrur Jo raqunu

a8rq e aru araqt 'ra.tano11 '(ZOOZ '1, 12 surerlll16 17961 raqa5 "3'a) aruupunqe

alErurtsa dlentou ol p?sn spoqlaru aql a{qun 'aar; uorldurnsse dla,ulelar

aru daqt teqt sr sef,rpul Jo asn aql Sunroddns uIPIJ uotutuor laqlouv
'Jaqlra salurrulor se palean aq louuel &ItqBqord

uoqratap tJaJJB llrts lnq d;Fuapl lou op a,/v\ lBtll srolJPJ 'aslnoJ;g 'atuudorddu

aq lou plno^/\ satBrrB^oc se sasdluuu olur luaql Suuurodrocul dq lraJ;a lPlIqEq
ro; ,,3ur11or1uof,,, 'smIJ 'JIastI af,uepunqe IPruIuP osp lnq &lpquqord uorlsalap

dluo tou aJuanl;ur ot patcadxa aq plno.t tutrqeq sB 'cutup terlqeq qtr.a,r qceorddu

rulrrrrrs B asn ol asl^\ aq lou plno^\ 1r'rarrazrl.o11 '(2002 './66l ranEs puE

yurl) urup lunoc turod uErAB Jo sasdleuu olur paturodtof,ul uauo are sralrasqo

Suouru sauqrquqord uoltralap ur saJuareJJlp 'aldurexa roJ 'JIa$r aJuepunqe

IEruruB tou puu dtqlqeqord uoltf,atap rca;;u dpo plnor tzqt srotrBJ qryv' Suquap

uaqa alquuosuar sr qceorddu srql 'slllsllels lunoc 1o sasdleue olul saIBIJPAoJ sB

uraqt aturodrorur pue &qrquqord uoltratap af,uanllul plnoJ teqt srolJBJ alqel

-lortuof,un dlpuapr ot ayqrssod sr 1r sarunatuos '(966I sloqlrN puu doruo3)

sartqlqeqord uouJalap af,uanuur lpr{t srotrpJ alqelloruorun pue paguuaplun

aq ol d1a4q sdumle are araqt asnur?q 'sapqrquqord uoltlalap lenba acnpord

o1 dla4qun sr qcuordde srqt teqt a^allaq am'uapr poo8 u dlensn sI spoqlatu

darrrns Jo uourzlprBpuets alq1A '1da,uns 3o dep Jo arull puu uoseas 'r1uq 'adfi

dBl 'lroJa ''3'a) roruBnsalur aqt Jo lorluoJ aqt rapun aru luql srol)BJ saAIoAuI

uorluzrprepuels 'sapllrqeqord uorlcalap rBIIruIs arnsul ot Surdrr ;o sueatu

auo sB spoqtaru dazrrns Jo uoltuzlprepuels puaruruooar dlecrddt aruupunqe

aAIlBIar Suouurrlsa roJ saJrpul sE sJllslluls lunoJ Jo asn aql;o sluauodor4
'Jol€rurlsa alqBuossar P aq ol qunof, Jo

ortEr u roJ rapro ul (r*ttd)E = (td)E alnbar ilps a,ry\ uaql'alqelrE^ luopuBr E sB

Surlapoq pue uorleurrls:I d:ruudncog OI



Introduction

go undetected, and the replication (geographic or temporal) is used to esti-
mate a species level detection probability, the probability thar at least one indi-
vidual of a species will be detected given that the species inhabits the area of
interest. Efforts to estimate species richness from samples of animal commu-
nities are not new (Fisher et al. L943; Preston 1948; Burnham and Overton
1979). Nevertheless, community ecologists have tended to ignore the issue of
detection probabilities less than l, and only recently has adequate attention
been devoted to this estimation problem (e.g., Chao and Lee 1992; Bunge and
Fitzpatrick 1993; Colwell and Coddington 1994; Walther et al. 1995; Chao
et al. 1996; Nichols and Conroy 1996; Boulinier et al. 1998a; Cam et aI. 2000;
Williams et al. 20021, Dorazio and Royle 2005).

Detection probability is also very relevant to the estimation of occupancy.
Define occupancy, ry, as the probability that a randomly selected site or sam-
pling unit in an area of interest is occupied by a species (i.e., the site contains
at least one individual of the species). Ifx and s represent the number of occu-
pied and lotal sites, respectively, then we can est-imate occupancy as rir = 1r5.
However, x is not typically known. lnstead, we will have a count of sites where
the species has been detected, but this count will likely be smaller rhan x,
because species will not always be detected in occupied sites (i.e., due to "false
absences"). Thus, we must develop methods (e.g., based on multiple surveys
of sites) to estimate detection probability and thus to esrimate x. For example,
we can use an analog of expression (1.2), where the count is the number of
sites at which the species is detected, and the detecrion probability is the prob-
ability that the species is detected during sampling of an occupied site. Occu-
pancy can then be estimated as:

( r .4)

We have actually developed more direct ways to estimate occupancy (e.g.,
MacKenzie et al.20A2; Royle and Nichols 2003; Chapters 4, 5), but the basic
rationale underlying these approaches is the same as outlined here.

Inferences about occupancy may be misleading when detection probability
is not incorporated into the methods of data analysis. Not only will naive
approaches underestimate occupancy (as above), but indices intended to
reflect relative occupancy also could be biased (MacKenzie 2006) and the effect
of casual factors or variables may be underestimated (Tyre et al. 2003) or
misidentified, particularly if detection probability covaries with the facrors or
variables thought to affect occupancy (Gu and Swihart 2004; MacKenzie
2006). Inferences about the dynamic processes that drive changes in occu-
pancy may also be inaccurate (Moilenan 2002; MacKenzie et al. 2003) .Indeed,
an important theme of this book is that robust inference about occupancy and
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lntroduction

Strength of
Inference

Manipulative Experiments

Constrained Design Studies

Observational Studies
- aprlorihypotheses
- a posteriori hypotheses

FIGURE 1.2 Strength of inference of different sampling designs that could be used to generate

'r'stem 
dlmamics.

-,he predictions of competing models. Multiple approaches are used to gener-
ate system dynamics in population and community ecology, and we classify
rhese approaches broadly as true manipulative experiments, constrained
designs or quasi-experiments, and observational studies (Romesburg 1981;
Skalski and Robson L99Z;Manly 1992;Williams et aI.2002). These approaches
merit brief discussion here, as they provide different strengths of inference
Fig.  1.2).

Inferences are strongest when system d;.'namics are generated via the
.Lrnduct of true manipulative experiments (see Fisher 1947; Hurlbert 1984;
Skalski and Robson 1992;Manly 1995). Such experiments are characterized
bv replication, randomization in the assignment of different treatments (appli-
.atlon of different hypothesized causal factors) to experimental units, and the
use of a control or standard treatment group. In the context of population and
iommunity ecology, experimental units may be populations or communities
r-ccurring naturally or created as part of the experimental design. Replication
refers to the application of treatments to multiple experimental units as a
means of estimating the experimental error or error variance. The error vari-
ance reflects the variance among experimental units to be expected in the
:bsence of fteatment differences (i.e., the variance associated with all factors
e\cept the different treatments). Randomizatio;n refers to random assignment
..i treatments to experimental units. Randomization protects against system-
:uc differences among experimental units receiving different treatments and
:ipresents an effort to insure that any systematic post-treatment differences
irnLrng experimental units treated differently can be attributed to the treat-
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lntroduction

reasonable explanations for any observed time series (Nichols I99Ia).Indeed,
we tend to agree with Pirsig's (1974:107) assertion that The number of rational
hypotheses that can explain any given phenomenon is infinite.

The potential for being misled by retrospective analysis of data exists for all
kinds of observations (Platt 1964; Romesburg 1981) but is probably especially
large for time series of estimates of population size and related variables. One
reason for this is that population size is not observed but is estimated, often
with large sampling variances and sometimes with bias. Temporal variation in
point estimates of population size is thus not equivalent to temporal variation
in the underlying population (Link and Nichols 1994). Another difficulty in
drawing inferences from retrospective analyses of population trajectory data
involves the stochastic nature of population processes. Death, for example, is
typically viewed as a simple stochastic process. If a population has 100 animals
at time t and if each of these animals has a probability of 0.2 of dying during
the interval (f, t + 1), then we do not expect exactly 80 animals to be alive at
time t + 1. Instead, the number of survivors will be a binomial random vari-
able with expected value 80, but with likely realized values of 78, 83, 75, etc.
Reproductive processes and movement are also stochastic in nature, leading
to the view of a population trajectory as a single realization of a (likely com-
plicated) stochastic process. There is little reason for us to expect to be able
to infer much about the nature of an unknown stochastic process based on a
single realization of that process (Nichols 199la). This is analogous to being
handed a loaded coin, being permitted to flip it once, and then being asked to
specify the probability of obtaining heads.

Another difficulty associated with inferences from reffospective studies of
population monitoring data involves using correlation analysis to draw infer-
ences about the functional relationship between variables represented by time
series. A clear example of such problems involves the existence of trends and
monotonicity in many environmental covariates that potentially influence
animal populations. Metrics of human-related environmental variables such as
habitat fragmentation, habitat degradation, and pollutant levels will frequently
tend to show an increasing trend over time. Correlation analyses involving two
variables, each of which shows a time trend, will tend to indicate association,
although this may have nothing to do with any functional relationship between
the variables. In fact, the problem of conducting association analyses of two
time series extends well beyond the case of monotonic trends, and such analy-
ses frequently lead to inappropriate inferences (Yule 1926; Barker and Sauer
L992).

These various considerations lead us to conclude that development of apos-
teriori hpotheses based on retrospective analyses of monitoring data is an
approach that necessarily results in weak inferences. Certainly we do not claim
that such retrospective analyses are without value, as they can sometimes
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Introduction

True manipulative experiments represent a study design that permits strong
inferences about causation. constrained or quasi-experimental designs involve
manipulations, but the absence of either randomization or replication, or both
features, does not permit the strength of inference of a true experiment. Finally,
observational studies based on retrospective analyses of monitoring data
involve no manipulation as part of study design and rely on natural variation
in purported causal factors. These analyses tend to yield weaker inferences
than manipulative studies. Within observational studies using retrospective
analyses, those that test predictions of a pnori hypotheses tend to yield
stronger inferences than analyses used to generate a posteriori hypotheses.
Adaptive management represents an informed decision process incorporating
explicit efforts to learn about system responses to management actions.
Because learning is not the sole objective of adaptive management, manage-
ment manipulations tlpically follow some form of constrained design.

SrRrrcs AND PRocESS vs. PRrrrnN

Inferences about causation emerge most naturally from studies of system
dynamics. Scientists and managers estimate the state variable at time t, apply
or observe purported causal factors operating between times t and t + 1, and
then estimate the state variable againat time t + l. However, because of the
difficulties in applying manipulations to animal populations and communities
and in properly estimating relevant state variables over time, animal ecologists
have also tried to draw inferences about dynamics based on observations of
spatial pattern at a single time, t. Brown (1995:10) describes "macroecology"
as a research program in ecology with "emphasis on statistical pattern analy-
sis rather than experimental manipulation." Inferences based on such efforts
have been applied to each of the state variables described above-abundance,
species richness, and occupancy.

Ecologists frequently use spatial variation in abundance of animals to draw
inferences about habitat "quality," based on the commonsense idea that if
animals are found in higher density in one habitat than others, then that
habitat is likely of high quality For such a sratement to have meaning,
"quality" must be defined. In their influential work on habitat selection,
Fretwell and Lucas (1969; Fretwell 1972) defined habitat quality in rerms of
the fitness of organisms in that habitat. The two fundamental fitness compo-
nents, survival probability and reproductive rate, are also primary determi-
nants of population dynamics, so this definition is relevant to population
ecologists and managers as well. Observations of spatial variation in animal
density associated with habitat variation do not yield reliable inferences about
individual fitness or dynamics of populations inhabiting such areas (e.g., van
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Introduction

Clinchy et al. (2002:351) recommended that "simple patch occupancy surveys
should not be considered as substitutes for detailed experimental tests of
hlpothesized population processes."

Use of occupancy data from multiple species to draw inferences about
species interactions also has a long history in ecology Some of the first statis-
tical analyses adapted by ecologists were used to test the null hypothesis of
independence of species occurrence using occupancy data for lwo species
(Forbes 1907; Dice L945; Cole 1949). Non-independent occupancy patterns
of multiple species on islands have been interpreted as evidence of competi-
tion (e.g., MacArthur 1972; Diamond I975a). For example, the "assembly
rules" of Diamond (I975a) include specification of species combinations that
cannot exist for reasons of interspecific competition and are based on empir-
ical observations of species distributions on different islands. However, such
inferences about process based on observed patterns have been sharply criti-
cized. Critics argued that rejection of predictions of neutral models developed
from distributional null hypotheses should precede any attempt to develop
more complicated explanatory hypotheses for static species distribution pat-
terns (e.g., Connor and Simberloff 1979,1986; Simberloff and Connor 1981).
Neutral models themselves were then criticized by proponents of the original
competitive hlpotheses (Diamond and Gilpin 1982; Gilpin and Diamond
1984), neutral model proponents responded (Connor and Simberloff 1984;
1986), and the entire issue of inference based on species distribution patterns
was hotly debated (Strong et al. 1984). Such debate is not surprising, as sffong
disagreement is a natural consequence of weak inference, which brings us back
to Pirsig's (1974) assertion about the ability to develop large numbers of plau-
sible hypotheses to explain any given pattern.

Each of the three quantities listed as state variables of potential interest in
population ecology and management (abundance, occupancy, and species rich-
ness) has been investigated with respect to its distribution over space at one
point in time. Identifi.cation of spatial patterns has then led to inferences about
the dlmamic processes that produced these patterns. However, these inferences
are always very weak, as many alternative hypotheses can be invoked to
explain most ecological patterns (Fig. 1.3). Our conclusions about drawing
inferences about process based on snapshots of spatial pattern are simple and
straightforward. First, inferences about system d1'namics should be based on
esrimates and observations of those dynamics, and of the vital rates that
produce them, whenever possible. Second, when ecologists do try to draw
inferences about dynamics based on observations of static pattern, we believe
rhat such inferences are much more likely to be useful if the specification of
model-based predictions from competing or single hlpotheses precedes the
investigation of pattern (e.g., see Karanth etal.2004). Brown (1995:18) stated,
-Macroecology seeks to discover, describe, and explain the patterns of varia-
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Introduction

The answer to the "how" question depends on the answers to the previous
two questions, but also requires attention to two basic issues. When the entire
area of interest cannot be surveyed, space must be sampled in a manner that
is maximally useful to study objectives and that permits inference about the
entire areas of interest. Because this problem of spatial sampling characterizes
a wide variety of applications in statistical inference, it has been addressed well
elsewhere. Spatial sampling will be touched on throughout the other chapters
but will not be emphasized in this book. The second issue involves imperfect
detection, the likelihood that surveys of animal populations and communities
will not result in complete counts of all individuals or species present in sur-
veyed locations. We present a general conceptual framework that relates the
various count statistics obtained in studies of animal populations and com-
munities to the true state variables of interest. Until very recently, uses of occu-
pancy as a state variable in animal ecology have simply not dealt with the issue
that failure to find evidence of a species at a location does not necessarily mean
that the species does not occupy the area. The suite of models, methods, and
estimators that we develop in this book is basically designed to remedy this
situation and permit inferences about occupancy that deal adequately with
detection probabilities less than l.

Because most of this book focuses on parameter estimation, we returned to
the "why" question and the manner in which estimates of state variables are
to be used in the conduct of science and management. We briefly addressed
the general question of drawing inferences about system dynamics and causal
factors responsible for these d;mamics. Approaches to the generation of system
dlmamics for the purpose of conducting science include true manipulative
experimentation, constrained design manipulative studies, and observational
studies using retrospective analyses. Strength of inference is greatest for manip-
ulative experiments and weakest for retrospective analyses of time series data
from observational studies. Within the category of observational studies, those
used to provide confrontations with predictions of a priori hypotheses are
much more likely to be useful than those used solely to develop a posterion
h;.potheses.

Finally, we noted that investigators sometimes try to draw inferences about
system dynamics based on static looks at spatial patterns of state variables at
single points in time. Such efforts to draw inferences about process based on
observation of pattern have been used with all three state variables, abundance,
occupancy, and species richness. However, such efforts suffer from the ability
to develop many process-based hlpotheses to explain the generation of any
particular pattern. Previous uses of occupancy in animal ecology have relied
heavily on inferences based on statics and pattern, and we note the short-
comings of this approach. In particular, we do not view the primary purpose
of this book to be provision of methods for obtaining better estimates of static
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L:uroduction

:-i 1rell. The other potential use in community-level investigations involves the
>-:o.nthetic treatment of Dorazio and Royle (2005) in which species richness is
*rirnated, as is the equitability component of many diversity metrics (based
:n relative occupancy). This work also provides a conceptual framework for
;onsidering species-area relationships. The concluding Chapter 10 contains
ser-eral ideas for future work, as well as discussion linking spatial occupancy

-uld abundance in a common framework that facilitates consideration of the
relarionship between range size and abundance.
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