CHAPMAN & HALL/CRC

APPLIED ENVIRONMENTAL STATISTICS

Introduction to

Ecological
Sampling

Edited by
Bryan F. J. Manly
Jorge A. Navarro Alberto

CRC Press
Taylor &Francis Group

A CHAPMAN & HALL BOOK






Introduction to
Ecological Sampling



CHAPMAN & HALL/CRC

APPLIED ENVIRONMENTAL STATISTICS

Series Editors

Doug Nychka  Richard L. Smith  Lance Waller

Institute for Mathematics Department of Statistics & Department of Biostatistics
Applied to Geosciences Operations Research Rollins School of
National Center for University of North Carolina Public Health
Atmospheric Research Chapel Hill, USA Emory University
Boulder, CO, USA Atlanta, GA, USA
Published Titles

Michael E. Ginevan and Douglas E. Splitstone, Statistical Tools for
Environmental Quality

Timothy G. Gregoire and Harry T. Valentine, Sampling Strategies for
Natural Resources and the Environment

Daniel Mandallaz, Sampling Techniques for Forest Inventory

Bryan F. J. Manly, Statistics for Environmental Science and
Management, Second Edition

Bryan F. J. Manly and Jorge A. Navarro Alberto, Introduction to
Ecological Sampling

Steven R Millard and Nagaraj K. Neerchal, Environmental Statistics
with S Plus

Wayne L. Myers and Ganapati R Patil, Statistical Geoinformatics for
Human Environment Interface

Eric Parent and Etienne Rivot, Introduction to Hierarchical Bayesian
Modeling for Ecological Data

Song S. Qian, Environmental and Ecological Statistics with R

Thorsten Wiegand and Kirk A. Moloney, Handbook of Spatial Point-
Pattern Analysis in Ecology



CHAPMAN & HALL/CRC
APPLIED ENVIRONMENTAL STATISTICS

Introduction to
Ecological Sampling

Edited by
Bryan F. J. Manly

Western EcoSystem Technology, Inc.
Laramie, Wyoming, USA

Jorge A. Navarro Alberto
Universidad Autonoma de Yucatan
Mérida, Mexico

CRC Press
Taylor & Francis Group

Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group an informa business

A CHAPMAN & HALL BOOK



CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway N'W, Suite 300
Boca Raton, FL 33487-2742

© 2015 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works
Version Date: 20140603

International Standard Book Number-13: 978-1-4665-5515-0 (eBook - PDF)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts
have been made to publish reliable data and information, but the author and publisher cannot assume
responsibility for the validity of all materials or the consequences of their use. The authors and publishers
have attempted to trace the copyright holders of all material reproduced in this publication and apologize to
copyright holders if permission to publish in this form has not been obtained. If any copyright material has
not been acknowledged please write and let us know so we may rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmit-
ted, or utilized in any form by any electronic, mechanical, or other means, now known or hereafter invented,
including photocopying, microfilming, and recording, or in any information storage or retrieval system,
without written permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.
com (http://www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood
Drive, Danvers, MA 01923, 978-750-8400. CCC is a not-for-profit organization that provides licenses and
registration for a variety of users. For organizations that have been granted a photocopy license by the CCC,
a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used
only for identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com



Contents

Preface. ..o ix
About the EAItOTs ..o xi
CONETIDULOTS ... xiii
T INtroduction ..o 1
Bryan Manly and Jorge Navarro
1.1  Why a Book on Ecological Sampling and Analysis? ....................... 1
1.2 The Scope and Contents of the Book............cccocociiiiiiiiiiiinnne. 2
2 Standard Sampling Methods and Analyses ...........cccccceveuiccnnnrecnennnen 7
Bryan Manly
2.1 INErOdUCHION ... 7
2.2 Simple Random Sampling ..........cccccoeevviieiininicniniicceecceeen 7
2.3  Estimation of Mean Values.............ccccccoeiiiiiiiiiiiiiicccenns 11
2.4 Estimation of Totals ... 13
2.5  Sample Sizes for Estimation of Means...........ccccocoevvvrniiiiininnnnnes 14
2.6 Errorsin Sample SUIVeys..........cccooviiiieeiiinicneeccee e 16
2.7  Estimation of Population Proportions ...........cccceceeeeviiiiiiineneinnes 17
2.8  Determining Sample Sizes for the Estimation of Proportions..... 18
2.9  Stratified Random Sampling ..., 19
2.10 Systematic SaMPLNG.......cccovvrviiviiiiiiicee 25
2.11 Some Other Design Strategies...........cccccoeeuiiiiiciiiiicecicneenenns 28
2.12 Unequal Probability Sampling............cccccoeeeiiiininiiiicniiiceeienes 31
3 Adaptive Sampling Methods .............ccccccociiiiiiiiiiiiicccces 33
Jennifer Brown
3.1 INtroduction .......cccoiiiiiiiiiiiiicecccc e 33
3.2 Adaptive Cluster Sampling ...........cccooceeeiiiiiiciieccceeeeenenas 34
3.3 Other Adaptive Sampling Designs........cc.cccocovruiriivicneiiiiccenennes 40
34 DISCUSSION ...ovviiiiiiiiiicicicc s 44
4 Line Transect SAMPLling.........ccococeceoinviiiinniiiiiinecneeeeree e 47
Jorge Navarro and Raiil Diaz-Gamboa
41 INtroducCtion ..o 47
42  Basic Procedures in Line Transect Sampling............ccccccccceuiiennes 48
4.3  The Detection FUNCHON.........ccccoeiiiiiiiiiiiiiiiiccccccccccees 49
44  Estimation from Sighting Distances and Angles..............ccccc......... 54
4.5 Estimation of Standard Errors in Line Transect Sampling........... 54
4.6  Size-Biased Line Transect SUIVEYS........ccccccoeiuiiiiiiiiiiiciciciiicennns 56
4.7  Probability of Detection on the Line of Less than One.................. 56



vi

Contents

4.8  Point Transect SAMPING ......cccovoiiriiiiiiciec 60
49  Software for Line and Point Transect Sampling and Estimation....60
Removal and Change-in-Ratio Methods..............ccccccoeiiiiniinn, 63
Lyman McDonald and Bryan Manly
51  INtroduction ..o 63
52  Removal Method.......ccoooiiiiiiiiiiiis 63
5.3  The Change-in-Ratio Method...........ccccccccoeiiiiiiiiiis 69
5.4  Relationship between Change-in-Ratio and Mark-Recapture

MethOods......cuoiiiiiiiiiiic e 72
Plotless SAmMPLing ...........ccccceuiiiiiiiiiiiiiiiiccccce e 75
Jorge Navarro
6.1  Introduction.........cccceeiiiiiiiiiiiiiiiiii e 75
6.2 T-Square SAmMPliNG........ccccceueueiiiiuiueieiiicicieieieeeeeeie e 76
6.3  Performance of T-Square Sampling...........ccccoovvvriniiiininiinniicnnes 81
6.4 APPLCAtIONS ...cocvviiiiiiiicii e 81
6.5 The Wandering-Quarter Method ...........ccccccciiiiiiiiiiiiienns 82
6.6  Further Extensions and Recent Developments in Plotless

Sampling Methods..........ccccceiiiiiiiiicccccccces 84
6.7  Computational Tools for Density Estimation in Plotless

SAMPLING...vviii 86
Introduction to Mark-Recapture Sampling and Closed-
Population Models ... 87
Jorge Navarro, Bryan Manly, and Roberto Barrientos-Medina
7.1 INtroduction ... 87
7.2 Terminology and Assumptions...........cccooeeieiiiinieiniiiiciecn, 88
7.3 Closed-Population Methods............ccccooiiiiiii, 89
74  Recent Advances for Closed-Population Models ........................... 99
Open-Population Mark-Recapture Models................ccccccoeniiinnee. 101
Bryan Manly, Jorge Navarro, and Trent McDonald
8.1  INtroduCtion ... 101
8.2 The Jolly-Seber Model............cccooiiiiiiiiiiiiic 101
8.3  The Manly-Parr Method............ccccccceiiiiiiiiiiiiiccccs 107
8.4  Recoveries of Dead Animals .......c.cccccovviiiiiiiiiiiiicns 108
8.5  Estimation Using Radio-Tagged Individuals...........c.c.cccccoeeinii 112
8.6  Flexible Modeling Procedures...........cccccccoeuiuiuiiiiiiiiiiiiciiccnnas 113
8.7  Tests of Goodness Of Fit.........cccocovuiiviiiiiiiiiiiiiiiiicinns 119
8.8  An Example of Mark-Recapture Modeling ............cccccccoeoeennne. 119
8.9  Recent Advances with Open-Population Models ........................ 121

8.10 General Computer Programs for Capture-Recapture
ANALYSES ... 122



Contents vii

9 Occupancy Models ...........ccccciiiiiiiiiiiie 123

Darryl MacKenzie
9.1  INtroduction .......ccccccuiiiiiiiiiiiiiiiiic e 123
9.2 General OVErVIEW .......ccccccuiiiiiiiiiiiiciiicccc e 124
9.3  Single-Season Models..........ccccoooiiiiiiiiiiiii 125
9.4 Multiseason Models..........ccccceuiuiiiiiiiiiiiiiiiiiiiiiccce 128
9.5 Including Covariates .........cccccooeoiiiiiiiiiiiieiccce 131
9.6 Study Design.......ccccouiiiiiiiiiiiiiiiiiiicii e 134
9.7 DISCUSSION ...uviiiiiiiictctccetcc e 142

10 Sampling Designs for Environmental Monitoring............c.c.ccc........ 145
Trent McDonald
10.1  Introduction ... 145
10.2  Design Characteristics.........cocoeeurieiiieieiiiccieieccceece e, 147
10.3 Monitoring versus Research...........cccoooiiiiiii, 149
10.4  Spatial Designs .......cccoeiueiiiiiiiieicee 151
10.5  SUMMATY oot 164

11 Models for Trend Analysis..........cccccooviiiiiiininiiiiice, 167
Timothy Robinson and Jennifer Brown
11,1 Introduction ... 167
11.2  Basic Methods for Trend Analysis.........ccccooooiiiiiiiiiiii, 168
11.3  Unit Analyses of Trends........cccccoooeiiiiiiiiiiiniiccce, 171
11.4 Pooled Analysis of Trends ...........cccooeueiiiiiiiniiiiicce, 175
11.5 Checking for Model Adequacy ..........cccooeeueiniiiccieiciccciecce, 182
11,6 SUMMATY ..ottt 185

REECICIICES ..ottt et e et e e e et e e st e e s eaneeeennees 187






Preface

The origins of this book go back about 20 years when Lyman McDonald
and Bryan Manly started giving courses for biologists on environmental
and ecological sampling. For this purpose, they wrote notes about the differ-
ent topics for use by the students in the courses and gave lectures based on
the contents of the notes. These notes were subsequently used in 2006 when
Bryan Manly and Jorge Navarro organized a workshop at the University of
Yucatan, Mexico, directed to a biologically inclined audience. Then, in 2007
Bryan Manly was asked to set up an Internet course on environmental and
ecological sampling for the Institute for Statistics Education (http://www.
statistics.com). These experiences helped us realize that the range of meth-
ods covered were reachable to biologists seeking a compendium of sampling
procedures for ecological and environmental studies, and their correspond-
ing analyses, with only the necessary mathematical derivations for their
comprehension. During all those years, the notes were updated, and essen-
tially a draft version of a book was produced. This draft book was used for
the Internet course until 2012, but at that stage the decision was made to pub-
lish a book not only covering standard sampling methods but also including
chapters on the many recent developments in environmental and ecological
sampling methods. This then required the involvement of more people in
the production of what would become an edited book.

First, Jorge Navarro became a second editor for the book because of his
experience in the application of statistics to many biological problems.
It was then decided that the book required chapters on some specialized
topics written by leading researchers on those topics. The book in its final
form therefore covers standard sampling methods and analyses followed
by chapters on adaptive sampling methods by Jennifer Brown, line transect
sampling by Jorge Navarro and Ratl Diaz-Gamboa; removal and change-
in-ratio methods by Lyman McDonald and Bryan Manly; plotless sampling
by Jorge Navarro; mark-recapture sampling of closed populations by Jorge
Navarro, Bryan Manly, and Roberto Barrientos; mark-recapture sampling
on open populations by Bryan Manly, Jorge Navarro, and Trent McDonald;
occupancy models by Darryl MacKenzie; sampling designs for environmen-
tal modeling by Trent McDonald; and trend analysis by Timothy Robinson
and Jennifer Brown.

This book could not have been produced without the assistance of the
seven authors who produced all or part of chapters. We are therefore grateful
for their help. Finally, the contribution of Jorge Navarro as a coeditor would
not have been possible without the support and resources provided by West
Incorporated and the University of Wyoming during a sabbatical stay in
Laramie, for which he is very grateful.
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Some chapters have supplementary material that can be found at the Google
site  https://sites.google.com/a/west-inc.com/introduction-to-ecological-
sampling-supplementary-materials/home.

Bryan Manly
Western EcoSystems Technology Inc.
Laramie, Wyoming, USA

Jorge A. Navarro Alberto
Universidad Autonoma de Yucatin
Meérida, Yucatin, México
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1

Introduction

Bryan Manly and Jorge Navarro

1.1 Why a Book on Ecological Sampling and Analysis?

Some biological sciences, like agronomy, physiology, and the like, share con-
cepts and research methods with the science of ecology, but there are obvi-
ous differences regarding the way data are gathered. In the former subjects,
designed experiments with the sampling processes carried out under con-
trolled conditions are more often performed. Although the use of experi-
ments in ecology has always been suggested in order to gain a better idea
of cause-and-effect relationships (Underwood, 1997), this is often difficult
or impossible, and ecologists are compelled to use observational methods
of sampling. Moreover, there are multidisciplinary areas combining the eco-
logical component and socioeconomic approaches (e.g., ethnobiology, natu-
ral resource management) in which the only sampling strategy available is a
nonexperimental, observational approach.

Many ideas behind sampling in ecology have their roots in methods pro-
vided by a classic discipline in statistics, namely, survey sampling of finite
populations. Simple random sampling, stratified sampling, and systematic
sampling are all firsthand tools applicable to ecological studies. However,
there are often particular problems faced by ecologists for sampling real ani-
mal or plant populations that have made both ecologists and statisticians
develop special sampling methods that take into account the peculiarities
of the situation of interest. There are numerous examples of such methods,
including mark-recapture sampling, adaptive sampling, removal sampling,
and so on. Our purpose in presenting this book is to cover both the classic
approaches and the methods needed by working ecologists.

Although the sampling procedures covered in this book are diverse, they
are unified by the widespread interest in ecological studies of estimating
biological (e.g., population size and density) and environmental (e.g, the
concentration of chemical elements) parameters. Thus, this book emphasizes

1



2 Introduction to Ecological Sampling

how particular ecological sampling methods in different settings are com-
bined with estimation procedures that are justified by statistical theory.

1.2 The Scope and Contents of the Book

This book introduces ecological sampling methods and the analysis of the
data obtained with the assumption that readers start with basic knowledge
of standard statistical methods based on one or two introductory courses but
know little about how these methods are applied with ecological data and
know nothing about the more specialized methods that have been devel-
oped specifically for ecological data. The book is only an introduction, so
that use of many of the methods described in the chapters may require read-
ing a text that is more specialized or in some cases even attending a course
on the use of a special statistical computer package.

There are ten chapters in the rest of the book. The remainder of this chap-
ter briefly describes what is in these chapters and the reason why each chap-
ter was included in the book.

Chapter 2, “Standard Sampling Methods and Analyses,” covers the tradi-
tional methods that have been employed with ecological and other data for
more than 50 years, plus some newer developments in this area. These meth-
ods all assume that there is a specific population of interest, and that the pop-
ulation consists of many items of interest. For example, the population could
be all of the plants of a certain species in a national park, and the interest is
in the number of plants per square meter for the entire park. In these types of
situations, it is usually the case that obtaining information for the whole pop-
ulation is not possible because this would be far too expensive. Therefore, it
is necessary to sample the population and estimate variables of interest using
the sample results. With the plant population, this could be done by sampling
meter-square plots at random throughout the national park and estimating
the density for the whole park using the observed density on the sampled
plots, with a measure of how large the difference between the observed den-
sity and the true density is likely to be. Chapter 2 discusses estimation using
random sampling methods like this and a number of variations on this that
are intended to improve the estimation, such as stratified sampling, by which
different parts of the population are sampled separately.

Chapter 3, “Adaptive Sampling Methods,” covers the methods that have
been proposed for which there is an initial sampling of a population and the
results from this are used to decide where to sample after that, with the idea
that this should lead to more efficient sampling. Adaptive cluster sampling,
which is covered in more detail than other adaptive sampling methods,
involves dividing an area of interest into quadrats, taking a random sample
of those quadrats, and then taking more samples adjacent to the quadrats
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where the items of interest are either present or the number exceeds some
threshold. Similarly, two-phase adaptive sampling involves taking samples
from different geographical parts of a population (strata) and then deciding
where to do more sampling based on what is found in the initial sampling.
The idea is then that the second round of sampling can be in those parts
of the population where more sampling will be most beneficial. These and
the other methods considered in Chapter 3 are generally concerned with
estimating either the total abundance or density per unit area of animals or
plants in a region.

Chapter 4, “Line Transect Sampling,” is mainly concerned with the situ-
ation when one or more observers travel along a line in a region of interest
and record the number of objects of interest seen (again animals or plants)
and the distance of these objects from the line. Typically, this may involve
following a line on the ground, flying in an aircraft and observing objects
on the ground, or moving along a path in a boat over a sea or lake and
recording the objects seen. It is generally assumed that the probability of
detecting an object depends on its distance from the line, with a low prob-
ability of detection for objects far away. The data are then used to estimate
a detection function and then estimate the total number of objects within
a certain distance from the line and the density of objects per unit area
around the line. This method of sampling is usually used when alternative
methods such as randomly sampling quadrats in the region of interest are
not practical for some reason.

Chapter 5, “Removal and Change-in-Ratio Methods,” discusses two meth-
ods for estimating the size of animal populations. With the removal method,
an animal population is sampled a number of times, and the animals caught
are removed or possibly marked so that if they are caught again it will be
known that they were seen before so that they are effectively “removed.”
Assuming a closed population (i.e, a population in which animals are not
entering and leaving between samples), the number of animals left in the
population will decrease every time a sample is taken, so that the number
of animals available for removal will decrease with time and will be zero
if enough samples are taken. At that time, the population size will consist
of the total number of animals removed in the earlier samples. However,
it is not necessary to remove all of the animals to obtain an estimate of the
total population size; Chapter 5 describes how the results from several sam-
ples can be used to estimate the total number of animals in a population
even though some of these animals have not been seen. The change in ratio
method is similar but involves a population in which there are two or more
recognizable types of animal in a population, such as males and females or
juveniles and adults. Then, a sample is taken, and a fixed number of one of
the animal types is removed or possibly marked so that a marked animal is
considered removed. If a second sample is taken, then it becomes possible to
estimate the population sizes at the time of the first sample and at the time
of the second sample (which is just the first sample size minus the number of
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animals removed). Both the removal method and the change in ratio method
are closely related to the mark-recapture methods described in Chapter 7.

Chapter 6, “Plotless Sampling,” is concerned with methods for estimating
the density of objects, such as the trees in a defined area, without dividing
the area into plots of a certain size and then randomly sampling the plots
or sampling the area by one of the other methods discussed in Chapters 2
to 5. Instead, points are selected in the area of interest either randomly or
with a systematic pattern, then the distance to the nearest object is measured
for each point and possibly the distance from that object to its nearest or
kth-nearest neighbor. There are various methods that have been proposed
for that type of sampling, and Chapter 6 describes two of these in some
detail. The first is T-square sampling. In this case, once a point in the area
of interest is selected for sampling, then the distance from this point to the
nearest object is measured. A line is then set passing through the position
of the object at a right angle to the line from the initial point to the object.
The distance from the object to its nearest neighbor on the side of the line
away from the initial point is then measured. Based on the two measured
distances (from the point to the first object and the first object to its near-
est neighbor) for a number of points in the area of interest, it is possible to
estimate the density of objects in the whole area, assuming that the location
of objects is at least approximately random in the area. The second method
described in Chapter 6 is wandering quarter sampling. This starts with a
randomly selected point in the region of interest. A direction is then selected,
such as west, and the nearest object within the 90° angle from southwest to
northwest is found. The distance from this object to the next object in the
southwest-to-northwest direction is then measured. This procedure is con-
tinued until n distances have been measured and it is possible to estimate the
density of points in the sampled area based on these distances.

Chapter 7, “Introduction to Mark-Recapture Sampling and Closed-
Population Models,” covers these methods for closed populations (with no
losses or gains of animals during the sampling period). With closed popula-
tion methods, there is a first sample time when captured animals are marked
and released, and then one or more further samples are taken, with captured
animals again marked and released. Then, it is possible to estimate the pop-
ulation size subject to certain assumptions about the capture process.

Chapter 8, “Open-Population Mark-Recapture Models,” covers situations
when the population size can change between sample times because of losses
(deaths and emigration) and gains (births and immigration). With open pop-
ulations, the sampling process is similar to that for closed populations, but
there are generally more samples. It becomes possible to estimate the popu-
lation size at the sample times other than the first and last, the survival rates
between sample times except between the last two samples, and the number
of new entries to the population between the sample times except between
the last two samples. This is again subject to certain assumptions about the
capture process and the survival rates and the new entries to the population.
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Chapter 8 describes the traditional methods for analyzing data and develop-
ments that are more recent. In addition, methods for analyzing data based on
the recovery of dead animals are considered.

Chapter 9, “Occupancy Models,” covers situations where there are data on
the recorded presences and absences of species in different locations but some
of the absences might be because the species was present but not detected.
This then leads to the idea of having a model for the probability that a species
is present at a location based on its characteristics and a model for the prob-
ability of detecting a species if it is present, again based on the characteristics
of the location. These models then require more than one sample to be taken
from each location because if a location is sampled several times and the spe-
cies is seen at least once, then this provides information on the probability of
detecting a species when it is really present. Although site occupancy models
were originally just used when there were presences and absences, they have
now been extended to situations with more than two possibilities regarding
presence, such as absence, presence with breeding, and presence without
breeding. Chapter 9 therefore also considers these types of situations and
situations where the status of a location may change with time.

Chapter 10, “Sampling Designs Used for Environmental Monitoring,”
describes the various types of sampling schemes that are being used for
studies to track changes in environmental variables at local, national, and
international levels. It notes the difference between these types of studies
and research studies that are usually carried out over a shorter period of
time to examine possible changes related to an issue of concern (e.g., a study
to measure the adverse effects of an oil spill). The chapter considers the dif-
ferent types of spatial designs used with environmental monitoring and the
possible designs that allow for repeated sampling at individual locations and
changes with time of these locations.

Finally, Chapter 11, “Models for Trend Analysis,” considers in detail the
types of analyses that are appropriate when there are repeated observations
over time at a number of sampling sites and there is interest in both changes
at the individual sites and changes for the whole geographical area covered
by the sites. The chapter considers the use of various simple analyses and
graphical methods for exploring trends in the data and two approaches
for modeling. One approach involves using linear regression methods for
examining the trends at individual sampling sites and then combining these
results to examine the overall trend for all sites together. The other approach
does one analysis using the data for all of the sites together based on what
is called a mixed model, which essentially allows for individual sites to dis-
play random differences from an overall trend. This chapter uses a data set
on mercury concentrations in fish to illustrate the different methods consid-
ered, with the data collected from the yearly sampling of fish from the same
10 randomly chosen locations in a lake for 12 years.






