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Abstract

The TernCOLONY simulation model is an individual-based model of Least
Tern reproduction that was developed to better understand how reservoir
operations (and other management activities) affect Least Tern breeding
populations on large rivers. This report documents the process of model
development, including defining the model’s purpose, its structure, its
various submodels, and major inputs. This document supplements the
TernCOLONY model description (Lott et al. 2012a), which provides the
complete formulation of the model with enough detail to make the model
reproducible. This document summarizes the pattern-oriented approach
taken in developing the model’s major behavioral traits and submodels
(adult tern colony and nest site selection, site abandonment, re-nesting, and
various mortality submodels). The report also documents the extensive
process of independent verification of the model’s code that was undertaken
prior to a whole model sensitivity analysis and parameter calibration (also
reported here). The tests reported in this document provide the basis for the
final submodels, behavioral traits, and parameter values that are reported in
the model description and represented in the model’ s code (Lott et al.
2012a). The web version of the model, available at http://www.leastter.org, iS
introduced. The web version provides the graphical interface through which
most users will explore TernCOLONY. Finally, future directions in the
implementation of TernCOLONY on different river reaches are summarized
to address a variety of different management applications and discuss the
potential for adapting the model to other contexts (e.g., other habitats or
species).

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Preface

The TernCOLONY simulation model is an individual-based model of Least
Tern reproduction that was developed to better understand how reservoir
operations (and other management activities) affect Least Tern breeding
populations on large rivers.

The model was collaboratively developed by American Bird Conservancy
(ABC) and Lang, Railsback, and Associates (LRA). Dr. Richard Fischer of
the U.S. Army Engineer Research and Development Center (ERDC),
Environmental Laboratory (EL), provided feedback throughout model
development.

This effort was jointly supported by funding from the U.S. Army Corps of
Engineers Dredging Operations and Technical Support (DOTS), and
Dredging Operations and Environmental Research (DOER) Programs. The
Program Managers for DOTS and DOER, respectively, are Cynthia Banks
and Dr. Todd Bridges. Dr. Bridges is the US Army’s Senior Research
Scientist for Environmental Science.

This document is the second in a series of three documents related to the
TernCOLONY model. The first document in the above-mentioned series is
the TernCOLONY model description (Lott et al. 2012a). The TernCOLONY
model description follows the “ODD” (Objectives, Design Concepts, and
Details) protocol of Grimm et al. (2006) as updated by Grimm et al. (2010)
for describing individual-based models. This protocol starts with general
and conceptual characteristics; followed by the detail needed to make the
model reproducible. TernCOLONY is the first complex individual-based
model that is completely accessible via the web at http://www.leasttern.org. Lott
et al. (2012b) provide a guide for preparing model inputs for those seeking
to implement the TernCOLONY model in new locations. Additional
documentation of the model’s software and code is also available at
http://www.leasttern.org.

The habitat and flow inputs underlying the first regional application of
TernCOLONY (on the Arkansas River below Keystone Dam) were
documented previously in Lott and Wiley (2012), which described research
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on Least Tern nesting habitat measurements funded by the U.S. Army
Engineer District, Tulsa.

The authors would like to thank Merrie Morrison, Danny Cunningham,
and David Pashley of American Bird Conservancy for administrative
support during this project. Technical review of the manuscript for ERDC
was provided by Dr. Richard A. Fischer and Mr. Jonathon J. Valente, EL.

The primary contact for TernCOLONY is Casey Lott of American Bird
Conservancy at clott@abcbirds.org. The ERDC points of contact are
Dr. Richard A. Fischer (502-315-6707; Richard.A.Fischer@usace.army.mil) or the
focus area manager of the Dredging Operations and Environmental
Research Program, Dr. Todd Swannack (601-634-2068;

Todd.M.Swannack@erdc.usace.army.mil ).

Commander of ERDC was COL Kevin J. Wilson. Director of ERDC was
Dr. Jeffery P. Holland.
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1 Introduction

What is TernCOLONY?

TernCOLONY is an individual-based model of LeastTern reproduction.
The model was designed to simulate Least Tern breeding seasons across a
wide range of user-specified conditions. Simulations occur at the spatial
scale of regional breeding populations (e.g. the population of ~450 terns
nesting on ~64 miles of the Arkansas River below Keystone Dam).

The first version of this model, TernCOLONY 1.0, was designed to
simulate breeding seasons on rivers, where the federally listed interior
population of the Least Tern nests primarily on riverine sandbars (U.S.
Fish and Wildlife Service (USFWS) 1990, Lott 2006). Consequently, the
model represents habitat as a network of potential nesting sandbars that
are affected by dam releases and downstream flows. Since dam releases
vary daily due to operations for hydropower production, flood control, and
other purposes (Lott and Wiley 2012), TernCOLONY simulates Least Tern
breeding seasons in daily time-steps, where flows change each day,
exposing and/or inundating different portions of nesting sandbars.

During model simulations, as in real tern populations, individual adult
Least Terns arrive from spring migration in breeding areas and make
decisions about where they will join breeding colonies and where they will
place their individual nests. Then, adult terns, nests, and chicks (if nests
hatch) are subjected to a variety of potential mortality sources (e.g., flooding
from high dam releases, predators, or human disturbance). If an adult’s nest
survives the incubation period and its chicks survive the chick rearing
period, fledglings (young birds that can fly) are produced. If not, adults may
re-nest, repeating colony and nest-site selection, unless it is too late in the
breeding season, at which point both adult terns and the current year’s
fledglings depart for fall migration.

As a simulation model, TernCOLONY was designed to encourage rapid
learning about Least Tern population and management dynamics through
repetitive simulation of different sets of scenarios. Users can set up simula-
tion experiments where they can easily simulate hundreds of breeding
seasons, comparing one (or more) set(s) of initial conditions with others.
For example, users may wish to understand how terns might respond to one
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habitat restoration scenario versus another (e.g., “would there be a
difference in Least Tern reproductive success if we built three restoration
sandbars or if we built 10?”). A web-based graphical user interface (GUI) at
http://www.leasttern.org allows users to set up different scenarios, run these as
simulations, and view (and save) their results.

What is an individual-based model?

An individual-based model (IBM) is a population model in which the
actions of each individual in the population are represented explicitly
(Grimm and Railsback 2005). IBMs are also simulation models. The
behaviors of each individual in a population (in this case, adult Least
Terns) are simulated within a representation of the physical environment
(in this case, sandbars on large rivers with variable flows). Each of the
individuals in the model makes decisions about how it will act in different
environmental contexts based on key behavioral submodels, called “traits”
in the IBM literature. The key behavioral models in TernCOLONY relate to
the processes of colony and nest site selection, and site abandonment
under extreme mortality pressure.

Behavioral models were designed following a protocol called the “pattern-
oriented theory development cycle” (Grimm and Railsback 2005). For
example, using this protocol to develop the colony site selection trait in
TernCOLONY (Appendix A) required the following steps:

1. From the literature and field observations, develop a set of seven
characteristic patterns of site use at the population level.

2. Also based on literature review, pose a large number of traits (behavioral
models that individuals use to make decisions) for colony site selection to
be tested, as hypotheses, in simulations.

3. Simulate the conditions under which the characteristic population-level
patterns are expected to emerge in TernCOLONY.

4. Reject as false the hypothesized traits (models for individual behavior) that
did not reproduce the population-level patterns during simulations.

5. Initerations throughout this cycle, revise promising traits and identify
additional patterns for additional testing.

The premise behind this approach to modeling is that characteristics of
populations emerge from the interactions of fitness-seeking individuals
(Grimm and Railsback 2005). If population-level patterns can be reliably
reproduced by simulating the behavior of individuals (interacting with
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each other and their environment) across a wide range of environmental
contexts, IBMs can then be applied to novel situations where population
response may be predicted. This requires confidence that the key
behaviors of individuals are represented by traits that will faithfully
predict the emergent properties of populations (e.g., distribution of
individuals across sites, reproductive success) in simulations.

What is this document?

Since IBMs are typically more mechanistic (and thus complex) than other
types of models, it is often a challenge to communicate their formulation
and testing in ways that are both completely transparent and reproducible
(Bart 1995, Grimm et al. 2006). The principal documentation for any IBM
is the “Model Description” (Lott et al. 2012a). IBM model descriptions
employ a standard format for communicating the details of an IBM
thoroughly enough so that the model may be reproduced in other software
(Grimm et al. 2006, 2010).

This document describes, in detail, the process of developing and testing
Version 1 of the TernCOLONY model. Four of the major TernCOLONY
submodels were complex enough to merit extensive testing on their own.
Therefore, this document references four appendices that describe the
pattern-oriented development of these submodels: colony site selection
(Appendix A), nest site selection (Appendix B), site abandonment
(Appendix C), and the various mortality submodels (Appendix D). Two
additional appendices describe the two major whole-model tests that
occurred after the first formulation of the full model: a parameter
sensitivity analysis (Appendix E) and the calibration of several model
parameters related to colony site selection and mortality (Appendix F).
Appendix G documents the extensive verification of TernCOLONY’s
software implementation in Repast Simphony. Lott et al. (2012b) provides
instructions for preparing model inputs for other regional applications of
TernCOLONY.

Users who wish to begin using TernCOLONY without reading this
documentation are encouraged to access the documentation and tutorials
on the web-based version of TernCOLONY at http://www.leasttern.org. However,
all users are encouraged to review the complete documentation to better
understand why some of the behaviors that they observe during model
simulations may occur and to help frame inferences that they may draw
during model exploration.
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Additional documentation of the model’s software and code, the relational
database that stores model inputs and outputs, and a python script that
was developed to prepare model inputs are available at http://www.leasttern.org.
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2 Objectives and Project Structure

Project objectives

This report documents the process of developing and testing TernCOLONY.
The project’s overall goal is to develop technology to better understand how
reservoir operations and other management actions affect reproductive
success of federally listed Least Tern (Sternula antillarum) populations that
nest on large river sandbars, collectively referred to as the Interior Least
Tern (ILT) population.

The project’s main product is TernCOLONY, a web-available simulation
model that addresses this goal. However, development and application of
the model required several major project components conducted by
several groups; these components are assembled and integrated in this
report.

TernCOLONY is envisioned as a practical tool that can be actively explored
to inform the development of species-focused management strategies at
regional scales that are frequently addressed during Section 7 consultations
under the Endangered Species Act (ESA). The model is designed to evaluate
the potential effectiveness of multiple alternative management strategies to
increase Least Tern reproductive success on a variety of different regulated
river systems.

For example, simulation experiments can be developed to compare how two
different predator management strategies or two different water control
plans might affect Least Tern reproductive success. Simulations can be
repeated with a range of different initial conditions (e.g., drought scenarios
versus heavy rainfall scenarios, outstanding initial habitat conditions versus
degraded initial habitat conditions) to assess how the outcomes of manage-
ment strategies might vary in different environmental contexts.

Model exploration occurs through an intuitive and user-friendly web-based
interface at http://www.leasttern.org. The goal of this interface is to translate a
rather complex model into a learning environment that makes the model
accessible to a wide range of users, maximizing the use of the model to
increase understanding of Least Tern river management systems,
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particularly the mechanisms that lead to increases or decreases in
reproductive success.

Project organization and overview

Understanding how ILT reproductive success is affected by reservoir flow
releases and other management actions requires understanding processes
ranging in scale from very broad (river flows throughout a reach; tern
migration) to very fine (nest locations and peak water elevations on
sandbars). Consequently, the TernCOLONY model requires input that is
both detailed and extensive. Also, because of its scale, TernCOLONY is
particularly challenging to observe: to understand and test its results, one
needs to observe what happens over relatively short distances on each of
many sandbars throughout a long river reach. To deal with these challenges,
a strategy was used that separated the methods and software for (1)
preparing input, (2) simulating the system), and (3) observing the simula-
tion results. The link among these three components is a relational database
that holds model inputs and outputs (http://www.leasttern.org).

One objective of this report is to document these project components.
Chapter 3 describes the development of major model inputs for habitat,
flows, and birds (see also Lott and Wiley 2012). Chapter 4 describes the
TernCOLONY model itself, including the relational database (see also Lott
et al. 2012a). Chapter 5 describes the web-based graphical interface for
observing model results at http://www.leasttern.org.

Participants

The development of TernCOLONY was a collaborative effort among three
major partners with funding from the U.S. Army Corps of Engineers
(USACE). Casey Lott of American Bird Conservancy (ABC) conceptualized
the project and was the project manager, working with partners to design
both the model and the user interface with the river management
community in mind as end-users. Casey Lott also prepared both flow and
habitat inputs for the first application of TernCOLONY on the Arkansas
River (Lott and Wiley 2012). Steve Railsback of Lang, Railsback, and
Associates (LRA) was the primary modeler who worked with Casey Lott to
formulate the model (Lott et al. 2012a) and then developed and tested each
of the model’s major submodels. Colin Sheppard, an associate of LRA,
programmed the model in the Repast Simphony platform and designed the
relational database to store model inputs and outputs. Colin Sheppard and
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Michael Koohafkan, also an associate of LRA, performed many model tests
and verifications under the supervision of Steve Railsback. Steve Crawford
of Penn State University’s Center for Environmental Informatics (PSU-CEI)
developed the majority of the GUI tools in Flex, and Blake Ketchum
designed the website that surrounds the GUI at hitp://www.leasttern.org . Doug
Miller, Brian Bills, John Miley, and Mike Stryker participated throughout
the project on elements of the GUI, web-site, or data infrastructure to allow
the model to be run remotely from the server at PSU-CEI. Rich Fischer was
the primary point of contact for TernCOLONY’s development within the
USACE’s Engineer Research and Development Center’s Environmental
Laboratory (ERDC-EL). Jonathon Valente of ERDC-EL and Matt Rubino,
an independent consultant, worked on aspects of how to prepare model
inputs so that TernCOLONY can easily be applied to other rivers.
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3 Model Structure and Major Inputs

TernCOLONY model structure

TernCOLONY simulates Least Tern breeding seasons in daily time-steps.
Model adult terns arrive at breeding areas after spring migration and
select colony and nest sites given variable habitat conditions. Nests and
chicks survive or suffer mortality due to predators, flooding, ORVs, or
other causes. Adults may re-nest after failed breeding attempts. The
TernCOLONY model structure is illustrated in Figure 1.

Adult terns Peak daily flows
v "
Arrival  |=-m-mmmmmmmes > | Nesting sandbars
l 4*”’—
Colony site selection |<--------------------| Re-nesting
| p
Nest site selection
! Flooding
Nests |—--mommmmmemeeee- >
- Predators
. Mortality
Chicksy| -----------—------------- > ORVs
!
Fledglings Abandonment
Model objects || Model Inputs || Tern submodel || Mortality agent submaodel

Figure 1. TernCOLONY model structure illustrating the model major inputs, objects, and
submodels.

Through the web-based interface, users design simulation experiments to
test how various initial conditions (or management treatments) affect Least
Tern reproductive output. A variety of graphical displays encourage explora-
tion of underlying mechanisms that drive reproductive success or failure.
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Primary model inputs

TernCOLONY represents potential sandbar nesting habitat as discrete
sites. Habitat quality varies both among and within sites according to
physical habitat covariates that are measured at the resolution of 36-ft2
habitat cells. The exposure and quality of nesting habitat are affected by
variation in daily flows, so the model updates habitat conditions at each
daily time-step. Chapters 3 and 6 of the model description (Lott et al.
2012a) detail the properties of habitat input data.

Because dam releases and river flows exert strong effects on tern habitat
availability and reproductive success, TernCOLONY requires time-series
inputs of peak daily flows. Chapter 7 of the model description (Lott et al.
2012a) details the properties of flow input data. Peak daily flows (rather
than mean daily flows, which are more widely available) are required as
model inputs, since one of the primary objectives of the model is to assess
flooding mortality of Least Tern nests and chicks. Mean daily flows
consistently under-estimate flooding risk on regulated rivers with extreme
sub-daily flow variation, which often includes many low-flow hours (Lott
and Wiley 2012).

The critical behavioral trait of TernCOLONY is the submodel for Least
Tern site selection (the location at which terns choose to form a colony and
create nests). Site selection in any one year is affected by the distribution
of nesting effort in the previous year through the behavior of site fidelity
(Thompson et al. 1997). Therefore, the model also requires inputs on the
prior distribution of nesting birds. Properties of these inputs are detailed
in Chapter 8 of the model description.

While the model description details the characteristics of major input data,
and how these inputs are used by the model, the section below overviews
the field and/or analytical methods that were employed to prepare these
inputs and illustrates the types of habitat, flow, and bird inputs that have
been created for the first management area where this model has been
applied: the Arkansas River below Keystone Dam. This section is intended
to describe the process of preparing habitat inputs to meet the specific
objectives of one regional application of TernCOLONY. Detailed methods
for preparing model inputs for the Arkansas River management area are
presented in Lott and Wiley (2012) and general considerations and tools
for preparing model inputs for subsequent regional applications of
TernCOLONY are presented in Lott et al. (2012b).
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Habitat input methods

Inputs for site-based variation in habitat quality on the Arkansas River
below Keystone Dam were provided in one of two ways:

e From field measurements of sandbar nesting habitat.
e By creating simulated habitat datasets in ArcGIS.

Lott and Wiley (2012) describe field habitat data collection methods, GIS
methods for post-processing field habitat data, methods for constructing
site-specific relationships between flow and water surface elevations, and
GIS methods for creating simulated habitat datasets.

These methods result in spatial data files representing habitat variation
(e.g., shape files or digital elevation models) that can only be displayed in
ArcGIS. Therefore, a script was developed using the programming language
Python, to take spatial data inputs describing variation in habitat quality
among sites and convert these into standard text file outputs that are then
used to import habitat data into the Postgres database that stores
TernCOLONY model inputs and outputs (http://www.leasttern.org).

This script has been found to be a tremendous time-saver and and it
should be considered for use in preparing future habitat inputs for
TernCOLONY. However, this is not required, as the model is designed to
accept habitat inputs as text files that fit the standard formatting of the
project’s database tables, regardless of their derivation. Lott et al. (2012b)
is a step-by-step user’s manual for preparing all required tabular inputs to
set up any new regional application of TernCOLONY.

The documents referenced above will be helpful in developing inputs for
model applications in new management areas; however, it is expected that
details of model input preparation will vary among applications, depending
on the nature of the topographic and spatial data that are available (or need
to be collected) for new management areas. Consequently, new applications
should be preceded by area-specific implementation plans.

Habitat input results

For the Arkansas River below Keystone Dam, three different sets of site-
based habitat inputs reflecting different conditions/time periods were
created. Each of these sets of site-based inputs is referred to as a “habitat



ERDC/EL CR-13-2 11

input set.” The preparation of these three discrete habitat input sets had
two major objectives:

e To assess how variation in initial habitat conditions affects
reproductive success (from the excellent habitat conditions that follow
major habitat-forming flows to the degraded habitat conditions that
occur due to plant succession and erosion several years after major
habitat-forming flows).

e To explore how different strategies of mechanical habitat creation
might increase Least Tern reproductive success.

The following three habitat input sets are available as inputs to the
TernCOLONY model for the Arkansas River below Keystone Dam.

e Keystone 2008. This habitat input set, based on field habitat measure-
ments, includes 32 sandbars that formed during the high dam releases
of 2007 and 2008. These sandbars are relatively high in elevation and
mostly free of vegetation. They represent the kind of “excellent” habitat
conditions below Keystone Dam that have probably only existed three or
four times in the 34 years since both Kaw and Keystone Dams have been
in place, due to the low frequency of sustained high dam releases like
those from 2007 and 2008 that tend to occur under normal dam
operations.

e Keystone 2006. This simulated habitat input set represents the 25 sites
that were present before the high flows of 2007. In general, these sites
were lower and smaller than the 2008 sandbars. In many cases, they
had quite a bit of vegetation on them. In some cases, really low sites
that were regularly inundated were completely bare (but subject to
extreme flooding risk). This habitat input set represents the “degraded”
conditions that tend to occur on this river when high, habitat-forming
flows do not occur for several years and both vegetation succession and
erosion degrade existing sandbars. These conditions have been
common during the post-dam era.

e Keystone Created. This simulated habitat input set includes 17 sites
that users may add to the model as potential habitat restoration sites
(e.g., representing mechanically constructed sandbars in new locations
or efforts to completely remove vegetation and increase bare sandbar
elevations by depositing new sand in areas where degraded sandbars
currently occur).
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Flow input methods

Inputs for sandbar-specific time series of peak daily flows were created by
the following process, which is presented in much greater detail in Lott
and Wiley (2012):

e Hourly Keystone Dam release data were obtained directly from the U.S.
Army Engineer District, Tulsa, Water Control Branch, and hourly flow
data from downstream gauges at Tulsa and Haskell Dams were down-
loaded from the instantaneous data archive at: http://ida.water.usgs.gov/ida
covering the time period from 1990-2008. 1990 was the earliest year
that hourly data were available from both sources.

o After extensive data proofing, peak daily flow values were queried from
hourly flow datasets.

e Mean daily flows for U.S. Geological Survey (USGS) gauges at Tulsa
and Haskell Dams were downloaded for the entire post-dam time
period covering 1977-2008 from http://waterdata.usgs.gov/nwis .

e For the 19 years between 1990 and 2008, where peak daily flows (from
the hourly flow dataset) and mean daily flows were available, highly
predictive regression models were created to predict peak daily flows
from mean daily flows for both the Tulsa and Haskell Dam gauges (Lott
and Wiley 2012).

e These models were then applied to the 13 years from 1977-1989 for
which only mean daily flows were available. This extended the time
series of peak daily flow inputs to the 32 years between 1977 and 2008
(Lott and Wiley 2012).

e Straight line interpolation by distance was used to generate sandbar-
specific time series of peak daily flows at sites that were variable
distances from gauges (Lott and Wiley 2012).

e Peak daily flow time series of sandbar-specific flows were imported to
the database for all potential habitat input sites, spanning the dates
from April 1- September 30. This range of dates conservatively brackets
early and late dates for observations of Interior Least Terns in breeding
areas from Montana through Texas (Thompson et al. 1997).

e Exploratory cluster analysis was used to classify each of the annual
flow inputs into one of three different breeding season water year types
using peak daily flow data from the Tulsa gauge, which most closely
reflected the operations of Keystone Dam (Lott and Wiley 2012).

More detail on the steps that were taken to prepare flow inputs for the
Arkansas River below the Keystone Dam management area can be found in
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Lott and Wiley (2012). This document can help to guide the preparation of
flow inputs for other applications of the TernCOLONY model in different
areas. However, similar to habitat inputs, the model is designed to accept
text files with peak daily flow inputs that fit the standard formatting of the
project’s database tables, regardless of their derivation. Therefore, other
methods of preparing peak daily flow time series are possible, as long as
data are formatted properly for import into the TernCOLONY database.
Lott et al. (2012b) includes instructions on how to prepare all required
tabular inputs to set up any new regional application of TernCOLONY.

Flow input results

A single flow input set was created for the Arkansas River below the
Keystone Dam management area (Lott and Wiley 2012). This set includes
32 annual flow inputs (from 1977-2008) of sandbar-specific peak daily
flows for each of the potential nesting site input locations in the model.
This flow input set reflects the post-dam era on the Lower Arkansas River.
1977 was chosen as the cut-off for this period to reflect completion dates
(and reservoir fill times) for both Kaw and Keystone Dams.

Although they have not as yet been prepared, additional flow input sets
could be created based on:

e Empirical flow data or models of daily flow conditions prior to dam
construction (e.g., the pre-dam era).

e Models of peak daily flows that might occur under different water
control strategies (e.g., flow management alternatives).

The 32 years of annual flow input data for the post-dam era flow input set
were classified into three different water year types:

e Low-water years (50% of all years): breeding seasons where peak daily
flows are consistently near or below peak hydropower releases of
~13,000 cfs through the majority of the breeding season, presenting
little flooding risk for nests or chicks. If higher flows occurred, they were
usually less than 20,000 cfs and happened early in the breeding season.

e Years with early low water, with mid- to late-season flooding (28% of
all years): breeding seasons where flows were low early in the season,
during colony site selection and nest initiation, but where moderate
flooding (e.g., flows between 20,000-50,000 cfs) occurred during the
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second half of the breeding season. These years have the potential for
large amounts of nest or chick mortality.

e High-water years (22% of all years): Sustained high flows (>40,000 cfs)
covering a large part of the breeding season may have precluded nesting
entirely (due to the inundation of all sandbars) or caused extensive
mortality to nests or chicks (if flooding occurred after nest initiation).

Water year types reflect common annual flow patterns during the Least
Tern breeding season. These will vary by river system due to differences in
reservoir operations and regional differences in precipitation and runoff in
contributing areas below dams. The analysis used to classify water years to
water year types specific to the Arkansas River below Keystone Dam are
presented in Lott and Wiley (2012). Similar analyses could define different
“water year types,” and classify individual years to types for other river
systems.

Prior bird distribution inputs

TernCOLONY’s arrival submodel (see Chapter 8 of the model description
report) requires a tabular input detailing a prior distribution of tern nesting.
This distribution can be unique to a particular flow input set. Lott et al.
(2012b) illustrate the format these tabular inputs must take.

Two prior bird distribution inputs were created for the Arkansas River
below Keystone Dam:

e The first prior bird distribution input is based on 2005 bird surveys by
the Tulsa District. This is used as the prior bird distribution input for
the Keystone 2006 habitat input set. In 2005, a brief flood in June
wiped out all nesting, but flows were appropriate for successful re-
nesting throughout the study area late in the season. The nest counts
used were obtained on 28 July from Tulsa to Muskogee (the majority of
all nesting sites) and on 2 August for the two sites upstream of Zink
Island. Since no reliable nest counts were available for Zink Island
during this time period, a value of 15 nests was input for Zink Island,
reflecting peak nesting totals for this site in 2004 (and an adult count
of 25 birds in mid-June of 2005).

e The second prior bird distribution input is based on 2008 bird surveys
by the Tulsa District. This is used as the prior bird distribution input
for the Keystone 2008 habitat input set. Nesting was delayed in 2008
due to high flows early in the season, which inundated sandbars.
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Counts obtained on 23 July from Zink Island to Muskogee were used.
Upstream areas were not surveyed in 2008. However, one site in this
area was used in 2009. A nest count of 5 (from a survey of this site in
2009) was added.

A bird distribution input set specific to the Keystone-created habitat input
set was not developed. Sites in this category will be added to the model
after either the Keystone 2006 or Keystone 2008 habitat input sets (and
their associated bird distribution inputs) have been selected. A simulation
using this input set will examine how creating four restoration sandbars
might improve reproductive success given the degraded habitat conditions
that prevailed in 2006.
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4 Model Details

TernCOLONY is the individual-based simulation model developed under
this project as a tool for predicting and understanding effects of manage-
ment actions on ILT reproductive success. Developing TernCOLONY was
not just a process of inventing a model formulation (its assumptions,
equations, and parameter values) and programming it. Instead, model
development included thorough review of literature and field studies to
identify an efficient model structure—the kinds of entities, processes, and
variables needed to meet the model’s objectives without unnecessary detail;
thorough analyses of the submodels that represent important processes;
and analysis and calibration of the full model. These steps are documented
here.

Model description

The formulation, or model description, of TernCOLONY 1.0 is fully
documented in Lott et al. (2012a). This document is designed solely to
describe the model itself, not its application to any particular site. The
model description attempts to describe the model in enough detail so that it
could, in principle, be exactly re-implemented in new software. While a few
exceptions are likely, the authors strived to ensure that all assumptions and
methods used in the model’s software are documented in its written
description.

The model description also documents the basis for the model’s assump-
tions and parameter values. Parts of the model were based on literature or
even just judgment based on field experience. However, its most important
processes were based on extensive “theory development” analyses (Grimm
and Railsback 2005): posing alternative theories for how terns make key
decisions and then testing them by how well they reproduce observed
patterns.

This report contains three appendices that document the detailed analysis
used to develop one of TernCOLONY’s three key processes: colony site
selection (Appendix A), nest site selection (Appendix B), and site
abandonment (Appendix C).
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Model analyses

After TernCOLONY was designed and implemented in software, it was
analyzed extensively to understand its behavior and calibrate it. Three
analyses are documented in this report.

The mortality analysis examined and calibrated the mortality submodel; it
is documented in Appendix D. TernCOLONY represents mortality risks as
“agents,” each of which represents a general kind of predator or other cause
of mortality. The model version documented here includes four kinds of
mortality agents: nest predators (animals such as coyotes that eat tern
eggs), chick predators (animals such as owls that kill chicks), adult preda-
tors (such as falcons), and off-road vehicles (ORVs) that can destroy nests
and result in the death of chicks. The analysis used simulation experiments
to find parameter values that produce realistic levels of mortality due to
these agents.

The sensitivity analysis, documented in Appendix E, systematically
analyzes how strongly each of the model’s parameters affects several key
model results. This kind of parameter sensitivity analysis is considered a
standard, important part of model development. Its sensitivity to each
parameter is one way the model indicates how important each of its
processes is to reproductive success. Sensitivity analysis is also important
in identifying the best parameters for calibrating the model.

The final analysis is calibration, a process of adjusting the values of key
parameters to make the model reproduce observed patterns or more
closely resemble empirical data on reproductive performance. The
calibration is documented in Appendix F.
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5 Software

TernCOLONY was programmed using the Repast Simphony platform
(http://repast.sourceforge.net). Repast was used as a library of Java code supporting
individual-based modeling inside the Eclipse software development
environment. Repast’s graphical display capabilities were not easily adapted
to TernCOLONY with its simultaneous representation of many different
sandbars.Therefore, the model was programmed to write output for subse-
quent display in the web-based interface (Chapter 6) instead of having its

own graphical displays.

The extensive input needed by TernCOLONY, and the extensive output it
produces for display in the web interface, are stored in a relational database.
The database is implemented in PostgreSQL software (www.postgresal.org).
Database contents can also be accessed and analyzed via the popular
statistical platform R. The entire flow of information through the modeling

process is illustrated in Figure 5.

Model
inputs in
PostgreSQL
database

Input
prepar-
ation

Field Field data in
studies GIS

eGraphical
display in
interface

o Statistical
analysis

Results

analysis

Figure 5. Information flow used by TernCOLONY. Circles represent analysis tasks, and text in the arrows

describes the information produced. Field studies produce data that are interpreted and prepared as model

input using geographic information system (GIS) software. From GIS, the input is entered into the PostgreSQL

database. The TernCOLONY model software reads its input from, and writes output to, the database. Results
can then be viewed and analyzed from the database via the web interface or by using statistical software.

It is anticipated that most users of TernCOLONY will set up and execute
model runs through its web interface at http://www.leasttern.org instead of
installing the Repast software locally and running it directly. However,

several kinds of software documentation are still important.
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First, guidance for installing the model software is provided to support
users who want a local copy of the software and also to support updates on
the web interface server. This guidance is available at http://www.leasttern.org.

Second, the PostgreSQL database is described to facilitate its use in
statistical analyses and its future maintenance and modification. The
database is quite complex, with contents including all the inputs to the
model, results of model runs, and metadata to identify and document
model runs and multi-run simulation experiments. This guidance is
available at http://www.leasttern.org.

Finally, software testing is extremely important for a model as complex as
TernCOLONY. An extensive series of tests was conducted to verify that the
code implements the model’s written description accurately. Documenta-
tion of these tests provides users with assurance that the software was
tested extensively, and supports future re-testing as the model and software
are updated. This documentation includes a number of extremely large
computer files that are archived, and available upon request, with a
summary description in Appendix G.
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6 Web Interface

TernCOLONY is unique among complex individual-based models in that it
is fully web-accessible, allowing users that are unfamiliar with development
or analysis environments (e.g., Repast Simphony, R) to fully configure and
explore simulation experiments. While this report includes seven appen-
dices and references several other reports that provide the full documenta-
tion for TernCOLONY, additional documentation is available with the web-
based version of the model at http://www.leasttem.org. At a bare minimum, this
document, plus the context-specific tutorials available online, should
provide enough instruction for users who are unfamiliar with the full model
documentation to use the online version of the model. These users should
then be able to learn about least tern populations and alternative manage-
ment scenarios to increase reproductive success; they should also be able to
interpret and share their findings with others.

Leasttern.org

TernCOLONY is docked within a website, http://www.leasttern.org, with two
main content blocks. Two of the main website channels, just below the
masthead, link to background information about Least Tern biology and
management issues that TernCOLONY users should find useful to
generate ideas for simulation experiments. For additional context on Least
Tern biology, a large, searchable bibliography (with >800 references) is
available through the Bibliography channel. A second content element of
the http://www.leasttern.org site is the “features” link that frames many pages.
Features provide additional context, highlighting topical publications,
tutorials, or sample applications of TernCOLONY. The primary functional
elements of TernCOLONY are reached from the four prominent buttons
on the http://www.leasttern.org home page, which are described below.

While the site is open to all participants, registration is required to obtain
a user name and password. This allows users to call up only the results of
their own simulation experiments (plus publically available experiments
that are used in tutorials) from the database. Without this feature, drop-
down lists to “select previous experiments” would quickly become lengthy
or confusing if each user was viewing stored data from all users.
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Creating and running simulation experiments

The “Create your own experiment” button at http://www.leasttern.org links to a
series of nine screens that guide users through the process of creating their
own simulation experiments. By following instructions on these screens,
users specify model inputs for habitat, flows, predators, human disturbance,
and tern population size. Using these screens, users may also specify
factorial designs for their simulation experiments (e.g., comparing tern
reproductive performance among different combinations of habitat and
predator inputs). The “Create your own experiment” screen can also be used
to quickly view complete metadata for previous simulation experiments.

Exploring simulation results

Two of the main TernCOLONY buttons are related to exploring the results
of previous simulation experiments. The “Explore previous experiments”
button links to a powerful graph creation tool that allows users to explore
data from simulation experiments (e.g., batches of multiple model runs) for
a large number of metrics (e.g., reproductive success, number of breeding
attempts/female, causes of mortality) by various data groupings (e.g., by
levels of each experimental factor, water year type, or year). This tool also
presents a number of standard data summaries for users who would like to
begin with this information and then modify standard charts to suit their
individual needs. All graphs created by this tool can be exported as .png or
.pdf images to be imported into reports and presentations. Users may also
download raw simulation data as text files if they prefer to explore or
analyze it in other platforms.

The “Observe a single breeding season” button allows users to observe any
of the single breeding seasons from any of their saved simulation experi-
ments, in daily time-steps. Panels of maps and graphs illustrate daily
changes in habitat conditions, the bird population, and causes of mortality.
While the “Explore previous experiments” button is very useful for
summarizing the results of many breeding seasons, the “Observe a single
breeding season” button allows users to watch more closely for mechanisms
that may be driving model outputs.

Online documentation and tutorials

The “Learn how to use the model” button directs users to the model’s full
documentation (this report, with all appendices, plus the Lott and Wiley
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[2012] publication that provides many details about model inputs). It also
references several tutorials that will help to get users started with online
model exploration and answer questions about how to perform specific

tasks.
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7 Future Directions

This document reflects the development of the first release of
TernCOLONY, release 1.0, which was made publically available on

30 September 2011. This version has been applied to only a single manage-
ment area: the Arkansas River below Keystone Dam in Oklahoma.
American Bird Conservancy has plans to implement an application of the
model to the Red River below Denison Dam, using existing habitat data
from habitat measurements conducted in 2008. The USACE ERDC-EL has
plans to implement two applications of the model on the Missouri River,
one below Garrison Dam and the other below Gavins Point Dam, using both
historic habitat measurements as well as new habitat measurements that
were collected when water receded from the unprecedented floods of 2011.
The website at http://www.leasttern.org was designed to make these applications
available upon completion.

While the web version of TernCOLONY 1.0 is more thoroughly tested by
users, the development team from ABC, PSU, and LRA will pursue
publication of the model (and model applications) via peer-reviewed
outlets. These publications will expand upon some of the analyses
documented in this report and appendices, as well as tackling specific
management issues on the Arkansas River, and other new subject areas.
All new publications will be made available at http://www.leasttern.org.

While TernCOLONY 1.0 was designed for Least Tern populations nesting
on large rivers, it could potentially be adapted for other river nesting
species (e.g., piping plovers, various sandbar-nesting turtles), for ground-
nesting birds in other habitat types (e.g., coastal Least Terns or black
skimmers), and potentially for other species of colonial nesting birds in
other systems (e.g., herons, gulls, other seabirds). To discuss potential
applications of TernCOLONY to other species or contexts, please contact
Casey Lott of American Bird Conservancy, clott@abcbirds.org.
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Appendix A: Colony Site Selection Submodel
Development

Introduction

The objective of the research documented here is to develop an individual-
based trait for colony site selection in Interior Least Terns (ILT). An
individual-based trait is a model of individual behavior that has been tested
and shown, in an individual-based model, to reproduce observed patterns
that characterize the population level (Grimm and Railsback 2005).

Colony site selection and nest site selection are treated as two different (and
hierarchical) behaviors that result in the actual location of nests. In this
document, the word “colony” refers to a group of ILT that have individually
selected a site where they will later place nests. Colony site selection thus
refers to the actual behavior of adult terns choosing a site (in this study, a
river sandbar) to form (or join) a colony. This decision occurs prior to the
behavior of “nest site selection,” which has been developed as a separate
behavioral model that results in the placement of a nest in an exact location
(from all available locations) on a sandbar where a colony has formed
(Appendix B).

Development of the full TernCOLONY model required the early develop-
ment of both the arrival and colony site selection submodels. Consequently,
the colony site selection submodel was developed using an early version of
the code that lacked submodels for site abandonment or re-nesting after
mortality. Early versions of the code also did not include the mating
submodel, which may affect how synchronized nest initiation dates may be
within a colony (Lott et al. 2012). Similarly, the tests reported on herein
used an early version of model habitat inputs that included only a subset of
the 32 sandbars that existed after the 2007 floods below Keystone Dam
(main report, Chapter 3).

Colony site selection is likely to be affected by both the processes listed
above and by initial habitat conditions. Consequently, tests will be re-run
with the full version of the TernCOLONY 1.0 model in the near future. This
document will be updated accordingly and the model description will be
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updated, if necessary, if future tests result in any changes to the colony site
selection trait.

Methods

The pattern-oriented theory development cycle of Grimm et al. (2005) and
Grimm and Railsback (2005) was followed in designing the colony site
selection trait in TernCOLONY.

General approach

Literature and field observations were used to develop a set of seven
characteristic patterns of site use at the population level. A literature
review was also used to develop a number of traits (behavioral models that
individuals use to make decisions) for colony site selection. These traits
will be tested, as hypotheses, in simulations. The conditions under which
the characteristic population-level patterns of site use are expected to
emerge in TernCOLONY were then simulated. The hypothesized traits
(models for individual behavior) that did not reproduce the population-
level patterns during simulations were rejected as false. In iterations
throughout this cycle, promising traits were revised and patterns
appropriate for additional testing were identified.

The patterns used to develop and test the colony site selection trait are
relevant to the purpose of the model. The primary purposes of this IBM are
to understand and predict how reproductive success is affected by (a) river
flows during the breeding season, and (b) the number, location, and habitat
characteristics of sandbars. To meet this purpose, the model needs to
represent how the number of terns selecting a site is affected by the spatial
arrangement of sites, flow variation, and the site’s habitat characteristics.
Hence, the patterns characterize the relations among colony site selection,
site characteristics, and flow.

Patterns of ILT site use

The characteristic patterns of site use that were used to test alternative
colony site selection traits were identified from several sources. Some
patterns were identified from literature. Others were identified from
unpublished field observations, particularly data on nest locations and
timing collected from 1999-2006 on the Missouri River (partially reported
in U.S. Army Corps of Engineers (USACE) 2011) and from 2005-2009 on
the Keystone Reach of the Arkansas River.
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The authors agree with Jones (2001) that “habitat selection is a process, not
a pattern.” Specifically, habitat selection is a behavioral process, which
always occurs within a specific environmental context, where individuals
choose among all available alternatives (e.g., one site is chosen from a range
of potential sites). Habitat use patterns are simply the end result of the
habitat-selection process. Various behaviors, interacting with environ-
mental contexts, may be responsible for observed patterns of habitat use.
The challenge in IBM trait development is creating a model that represents
how individuals make decisions, across a range of contexts, and that
reproduces patterns of site use in simulations that occur across a wide range
of contexts.

Patterns in ILT site use emerge—in the IBM as well as in reality—from
decisions made by individual birds that are affected by the habitat
conditions that are present when each bird selects a colony site. Therefore,
patterns of site use in the same river reach can change from year to year as
patterns in the timing, magnitude, or duration of flows or in the habitat
characteristics of sandbars also change.

The first three patterns defined below are very basic and used to screen out
any traits that would not reproduce the most basic elements of colony site
selection behavior from further analysis. This document does not include
detailed analysis of any alternative traits that did not reproduce these
three basic patterns in simulations.

It should be noted here that ILT colony site selection on rivers occurred for
many years during a time period when flows typically declined rapidly
during nest initiation (Figure A1). However, the patterns of site use docu-
mented here, and used for model development, have been observed after
dam placement has caused major alteration to both hydrographs and
sandbar characteristics.

It is possible that, prior to river alteration, colony site selection may have
been more strongly influenced by falling hydrographs than it is today.
Consequently, a trait was designed that forced terns to base their colony
selection decision on which site was most recently exposed. However, this
trait failed to reproduce several of the test patterns described below and was
thus rejected from future consideration.
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Figure A1. Annual hydrographs for a number of rivers within the ILT breeding range. These hydrographs
represent pre-alteration conditions on currently managed rivers or locations where minimal alteration to
the hydrograph has occurred after alteration.

Basic test patterns for screening out implausible traits’
Pattern 1: Terns select multiple sites

This pattern simply assumes that ILT in a river reach nest on many
different sandbars. This pattern is met if the population of terns always
nests on more than a single sandbar. An example trait that would not
reproduce this pattern is for all terns to select the one site in the reach with
highest-quality habitat.

Pattern 2: Colony abundance varies over time

This pattern assumes that the number of ILT at a site increases over time as
adults arrive from migration, instead of all the colony’s terns selecting the
site simultaneously. The pattern is met if, for all colonies, the time between
first and last selection of the site is more than three days. The pattern is
supported by the Missouri and Arkansas River field observations. Traits

Another pattern that may be added to this list in future simulations is the following: when suitable
habitat is abundantly available within a region, not all sites have tern nests in each year.
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that assume colony site selection is highly synchronized across the
population (because all terns arrive in breeding areas at the same time) or
across sites (e.g., because all of a colony’s terns migrate together) would not
reproduce this pattern.

Pattern 3: Use of new high-quality sites

New potential colony sites can be created artificially as a management
technique, or by flooding that creates new, bare bars. Terns have been
observed to occupy such new sites as soon as these sites are available
(USACE 2011). This pattern is met if ILT select sites that did not exist the
previous year. Traits that assume terns always return to the sites they used
the previous year would not reproduce this pattern if new sites are
spatially isolated.

Note: this pattern was not addressed during initial development of the
colony site selection trait. However, it was confirmed during calibration
experiments (Appendix F) that this pattern was met using the final colony
site selection trait described in Lott et al. (2012).

More detailed patterns for trait evaluation

The remaining patterns are evaluated explicitly in Section 3 of this
appendix, “Results.”

Pattern 4: Largest colonies by the end of the season are not always occupied
first

The Missouri and Arkansas River data show that the largest colonies are not
necessarily at the sites that were occupied first. This pattern is met if the
largest colony is not always the first occupied, across simulations with
different annual flow inputs, including replicate simulations (large colonies
could be occupied first by chance or unusual circumstances such as
extremely high flows). Traits that assume terns all select the “best” site until
some site capacity limit is met are not expected to reproduce this pattern.
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Pattern 5: Many sites are selected over a relatively narrow range of dates.”

Field observations of when nests are formed imply that the range of dates
over which terns select individual sites is often smaller than the entire range
of arrival dates for all sites. In particular, the Missouri River data set
includes an estimate of the date on which nests were initiated at 123 sites.
These data allow comparison of the range of dates over which nests were
initiated at each site (the last date of nest initiation minus the first date of
nest initiation, plus one) and the total range over which nests were initiated
in the whole river reach, for each year. The ratio of site to total range of
nesting dates varied widely among sites (Figure A2), but approximately 70%
of sites had a ratio less than 0.5, and about 90% of sites had a ratio less than
0.7. Applying these nest initiation observations to colony site selection
requires assuming that the time between colony site selection and nesting is
relatively constant, whereas behaviors such as mating could further
synchronize nest initiation. Therefore, this pattern is defined as being met
if, for the dates on which terns select sites, the ratio of site date range to
river-total date range is 0.7 or less at 50% or more of sites.

80 4

60 -

Frequency
I
i

20

Vg,
049

0.0 0.1 0.2 0.3 0.4 05 0g 07 08 1.0

Ratio of site / reach date ranges

Figure A2. Histogram of the ratio of site/river-wide arrival date ranges in the Missouri
River data set. Separate values were determined for each occupied site in each year.
The ratio had a mean of 0.35 and median of 0.32.

! Initial tests were based on the dates by which adult terns selected sites. Future tests, to be more
consistent with the source data that were used to define the patterns, will be based on nest
initiation dates.
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Pattern 6: Habitat quality has a limited effect on colony site

Sandbar nesting sites vary in habitat quality as evaluated by factors such
as freeboard (the difference in elevation between the highest part of the
sandbar and the water surface) and distance from vegetation and forest
(see Lott et al. 2012). When high-quality sites are relatively abundant
compared to the ILT population size, the relationship between site habitat
quality and colony size is typically positive, but weak. Specifically, this
pattern is defined by three criteria:

1. Some (one or more) high-quality sites have few terns, defined here as
being selected by fewer than four adult terns. “High-quality sites” are
defined as those with habitat quality index values (as defined in the model
description) in the upper third of all sites (including sites not selected by
any terns).

2. Some low-quality sites are used for nesting, defined here as selected for
nesting by at least four terns. “Low-quality sites” are defined as those with
habitat quality values in the lower third of all sites.

3. Across all sites, there is a weak but positive relationship between site
habitat quality and colony size; colonies on high-quality sites tend to be
larger than those on low-quality sites but there is a high degree of variation
in the relation. Specifically, this pattern is defined as being met if a
regression of colony size versus habitat quality index has a slope that is
positive and significant at p=0.1 but with R2less than 0.5.

Although habitat quality varies with flow, the values used for this analysis
included the maximum habitat quality cell at each site with a standard
flow of 13,000 cfs as an index to site habitat quality.

Pattern 7: Colony sizes follow a characteristic distribution within a region

Both the Missouri and Arkansas River datasets produce a regional colony
size distribution with several distinct attributes that seem to characterize
colony site selection when relatively high-quality sandbars are abundant
(Figures A3-A5). Colony size distribution refers to the shape of a graph of
colony sizes by site, with the X axis representing the site rank (in order
from largest to smallest colonies, starting at 1 for the site with the largest
colony) and the Y axis representing the cumulative proportion of all nests
at the sites. Hence, the first point on the graph (at X = 1) shows what
proportion of all nests were at the largest colony; the Y value of the second
point on the graph is the proportion of all nests in the first- and
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Figure A3. Colony size distributions for six years on the Garrison reach of the Missouri River.
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Figure A5. Colony size distribution for 2008, Keystone reach, Arkansas River.

second-largest colonies, etc. It is assumed that the number of nests in a
colony is proportional to the number of adults that selected the site.
Therefore, this pattern can be tested by examining the number of terns
selecting each site.

The distinct attribute of the colony size distributions that defines this
pattern is an uneven distribution of sizes: a few large colonies, many small
ones, and a variety of colony sizes between largest and smallest. Specific
criteria for this pattern are:

The largest colony was selected by 15-35% of all terns,

1. The highest-ranked (smallest) 25% of colonies were selected by fewer than
10% of terns, and

2. The relationship between rank and cumulative colony sizes (e.g., Figure As)
is distinctly curved between the largest site (rank = 1) and where the Y axis
reaches 1.0.

Pattern 8: Frequent return to previously used sites

ILT are widely believed to nest at, or near, the site where they nested (or
were born) the previous year (Thompson et al. 1997). The ability for a
colony site selection trait to reproduce observed degrees of such “site
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fidelity” may be important to the IBM if it is used to model multiple years
with habitat conditions changing among years: a tendency to return to the
same site could interact with habitat to determine colony site selection and
hence reproductive success.

It is important to distinguish between “site fidelity” as an observed rate of
birds returning to the same site and “site fidelity” as a behavior causing
individuals to prefer previously used sites. In some circumstances
relatively high rates of returning to the same site could occur without any
behavioral preference to do so. For example, if only four sites are available
and terns select sites randomly, one would expect 100 out of 400 terns to
return to the site they used the previous year; and 6-7 individuals to
appear “highly loyal,” returning to the same site for 4 consecutive years.

The extent to which ILT return to previous sites was observed by Renken
and Smith (1995) in a reach of the Mississippi River. Their study reach
included 201 km with 18 potential nesting sites, and colonies ranged from
2 to 468 nests.The study reach used in this report has 19 sites over 93 km,
and typically 2 to 70 nests per site. Renken and Smith banded adults and
chicks for a period of 5 years and observed them in subsequent years.
Their observations relevant to this pattern include: (1) a large minority of
adult terns selected the site where they nested the previous year; (2) very
few birds built their first nest at the same site where they were born the
previous year; (3) the tendency of birds to use the same site in subsequent
years was not related to nesting success; and (4) the median distance
between the sites a tern selected in two succeeding years was roughly
equal to the median distance between adjacent sites, indicating a tendency
to return to the same short section of river.

The IBM documented in this report does not simulate multiple years of
nesting, but initializes each adult tern returning from winter migration with
the location (as a river mile along the thalweg) where it is assumed to have
nested the previous year. These previous-year nesting locations are based
on field observations within the Arkansas River management area during
the breeding season immediately preceding the habitat measurements that
provided model inputs for sandbars. However, these previous-year nests are
located at 17 points, not all of which are exactly at one of the sandbar sites
represented in the model (12 of the 17 previous-year locations are clearly at
one of the sites: the location has one, and only one, sandbar site within 0.25
river miles of it.)
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Considering the literature on site fidelity and how the IBM represents
previous-year nesting locations, Pattern 8 is defined by three criteria. In
these criteria, nesting at the same site as in the previous year is defined to
mean that the site chosen this year is the closest site to the previous-year
location that the tern was assigned.

The percent of terns that nest at the same site as in the previous year is
between 30 and 60%."

1. The percent of terns that nest at any one site and also nested there the
previous year is not higher than 80% at any site (i.e., the overall moderate
tendency to return to the same site does not result from a few sites that
terns always return to and others that are rarely returned to).

2. The median (among terns) distance between sites selected in the previous
and current years is between 1 and 5 miles. (The median distance among
sites at the study reach documented herein is 1.85 miles or 3.0 km).

Alternative traits

To develop a colony site selection trait, a variety of plausible traits were
identified and tested. To provide a baseline for comparison of the alterna-
tives, “null” traits that assume no decision-making by the individual birds
were also tested. To identify alternative traits, the relatively sparse literature
on mechanisms that real terns use to select colony sites was reviewed, and
plausible mechanisms and simple ways to implement them in a behavior
model were considered. The mechanisms considered (some of which
conflict with each other and hence are treated as alternative hypotheses)
were:

1. ILT could migrate to breeding areas in spring by following rivers, in which
case it is reasonable to assume that they have flown over and observed
many of the sites in their management area.

2. ILT migrate more directly north-south instead of following rivers, so they
arrive at their management area at the point where their migration path
intersects the reach. In this case it is reasonable to assume terns observe
and evaluate sites over only a relatively short length of river. Observations
of migrating ILT at locations such as reservoirs, which are not along rivers

1 Few traits reproduced this pattern, given these criteria, in initial tests. After re-reading the literature on
site fidelity, which mostly reports return rates aggregated across sites within a region, the authors will
re-define the first two criteria on this list in future tests to focus on the spatial scale of the
management area rather than the scale of sites.
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with breeding populations, support the plausibility of this migration
mechanism.

3. ILT may select sites based on their distribution in previous breeding
seasons due to the behavior of site fidelity (Thompson et al. 1997).

4. ILT may be attracted to sites that already have other terns, and may be
more attracted to sites with more terns and especially more unmated
terns. This process makes sense ecologically because it makes mating
success more likely. The controlled field study on coastal least terns by
Burger (1988) indicates that terns are more likely to select sites with more
single terns.

5. Sites with higher habitat quality should be more attractive, because habitat
quality (as defined in Lott et al. (2012) has fitness benefits such as reduced
vulnerability to mortality via drowning and predation.

The trait for colony site selection can be broken into two steps, which each
tern executes upon arriving from migration. First is “site identification”; the
tern identifies the subset of sites it will evaluate and select from. Second is
“site evaluation and selection”; the tern evaluates all of the identified sites
and selects one.

The first three mechanisms in the list above relate primarily to arrival
location and site identification, whereas the last two mechanisms on this
list relate to site evaluation and selection.

Site identification traits

For the first step of identifying potential sites to select from, four alternative
traits are considered. Here, “sites” are sandbars that have at least one cell
exposed at the daily peak flow on the day the tern is selecting a site.

Site identification trait 1: Terns consider all sites within their management
area

This trait assumes that terns sense conditions at all sites within a breeding
reach.
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Site identification trait 2:" Terns consider sites within a limited distance
upstream and downstream from a random arrival location in their breeding
reach

This trait assumes that terns arrive from migration at a random location
along the river and consider potential colony sites that lie within a limited
range of this point. This assumption is implemented simply by having
adult terns, on the day they arrive, randomly pick one of the points
defining the thalweg of the breeding reach, with equal probability for all
points. The tern’s potential sites are then all the sites that are either
upstream or downstream of this location within a maximum distance (the
“site identification distance”), which is given a value of 20,000 ft. (The
study reach documented in this report is approximately 400,000 ft long,
so each adult tern will consider sites across 40,000 ft of the thalweg, which
is roughly one tenth of the reach—unless they arrive close to one end of the
reach.) If a tern needs to repeat site identification, it does not draw a new
random location but continues to search for sites in the same length of
river.

Site identification trait 3: Terns consider sites within a limited distance of the
location they nested or were born at the previous year

This trait accounts for the effects of previous site use on colony site
selection. A tern’s potential colony sites are all of those within the site
identification distance (still with a value of 20,000 ft), upstream or
downstream, of the location where it nested, or was born, the previous
year. The IBM documented in this report simulates only one breeding
season at a time, so the previous year’s nesting location was simply
assigned to adult ILT when they were initialized. Previous nesting
locations are represented as points within the river channel, rather than
linked to specific sandbar sites because (in later versions of the model with
habitat dynamics; and in the field data) the number and location of
sandbar sites can vary from year to year. Data from a July 2008 census of
nests throughout the Keystone reach were used to define previous nest
locations for model runs that use this trait. These data were collected at
the same time as the site habitat data, so they are a realistic representation
of how nesting terns were distributed in the breeding reach modeled.

1 This is site identification trait 5 in the current software.
2 This is site identification trait 4 in the current software.
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Site identification trait 4:' A small fraction of “disperser” adults use trait 2,
while the remaining adults (“returners”) use site identification trait 3

Adults that select sites near a random location are called “dispersers”
because they represent birds that used other management areas in the
previous year; hence, they have no preference for locations within the
simulated management area. The fraction of adults that are dispersers is
equal to the parameter “manareaFracDispersers,” which has a value here
of 0.1.% (One other change was made when this trait was implemented:
terns identify all sites, both upstream and downstream, within one half of
the site identification distance. The site identification distance, still
20,000 ft, is therefore the total distance over which birds identify sites.)

For all four site identification traits, there is the possibility that a tern
identifies no sites. During an extreme flood that submerges all sites, no
terns will be unable to identify any sites. In this case when there are no
exposed sites in the entire reach, the tern is assumed to delay colony site
selection until the next day, at which time it repeats its entire site identifica-
tion trait. When traits 2-4 are used, it is possible that no sites are currently
exposed—or even exist—within the site identification distance. In such
cases, the tern simply selects the nearest site no matter how far or which
direction it is.?

Site evaluation and selection traits

For the second step of evaluating and selecting sites from among the
potential ones, three alternative traits are considered. The traits differ
depending on whether the primary objective of colony site selection is
habitat quality or mate availability.

Site evaluation trait 1% Select randomly

This is a “null trait” that assumes no decision-making except avoidance of
unsuitable habitat. Terns are assumed to sense only the presence of each
site and whether there is any habitat of “suitable” quality. For a definition

1 This is site identification trait 4 in the software as of version 3.2. Trait 3 can be used by setting the site
selection trait parameter to 4 and manareaFracDispersers to 0.0.

2 After calibration (Appendix G), this parameter was set to 0.15 in the model description (Appendix A).

3 This was true in the early version of the software that was used for these tests. However, in more
recent versions, different methods are used to determine what terns will do if no habitat is observed
on their first day of site selection (see Appendix A).

4 In the software this is currently trait 10.
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of “suitable” habitat (see Lott et al., 2012). Terns choose their colony site
randomly from among all potential sites that have at least one cell of
suitable quality, with all such sites having equal probability. If none of the
potential sites has any suitable habitat, the tern delays colony site selection
until the next day, when it repeats both site identification and site
evaluation. Site identification is repeated because changing flows may
make more sites available.

Site evaluation trait 2:" Select the site with highest nesting habitat quality

Habitat quality is the primary colony site selection criterion. Terns select
the site with the highest value of a continuous habitat quality index at the
time of their arrival.? See Lott et al. (2012) for a description of this habitat
quality index. Specifically, the site with highest nesting habitat quality is
the site containing the one cell with highest value of the quality measure
defined in the model description. However, if there are no sites with
habitat quality above the “suitable” threshold (also defined in the model
description), then the tern delays site evaluation for a day, and repeats
both site identification and evaluation the next day.

Site evaluation trait 3:% Select the site with the most unmated terns

Terns base colony site selection primarily on the number of other unmated
terns present. Terns select the site having the most unmated terns (of
either sex). If none of the sites has any unmated terns, the tern selects a
site using trait 2. If more than one site has the same highest number of
unmated terns, one of them is chosen randomly.

Study site

The simulation experiments to develop traits used input representing the
Keystone Reach of the Arkansas River, described in detail elsewhere in
project reports. This reach is 86 miles long and has 23 potential colony
sites with diverse habitat characteristics. The sites are much closer
together in the lower half of the reach, with only four sites in the upper
half (Figure A6).

1 In the software this is currently trait 8.
2 Other site-based indices of habitat quality will be evaluated in future tests.
3 In the software this is currently trait 9.
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Figure A6. Location (X axis; approximate river mile) and habitat quality (at normal
hydropower flows) of potential colony sites in the Keystone reach.

The flow occurring in normal hydropower operations (both turbines at
Keystone Dam operating at capacity for several hours per day) is used as a
characteristic daily maximum flow because it is by far the most common
flow in this controlled reach. At normal hydropower flow, 22 of the 23 sites
have some “suitable” nesting habitat and nine of the sites have some
“high-quality” habitat. The continuous habitat quality index at this flow is
high (> 0.5) at 14 sites (Figure A6). Three sites around river mile 480 have
habitat quality of zero at normal hydropower flows.! The distribution of
habitat quality is very bimodal, with the most common values being very
low and very high (Figure A7).

The simulations assumed that approximately 500 adult terns arrive from
migration over a period starting on Julian date 131 (May 11) and ending on
date 193 (July 12), with peak arrival at date 148 (May 28).

The colony site selection trait experiments were conducted under two
highly contrasting hydrologic year types. The first was a year (1991) with
low and stable flows throughout the nesting season (except for one pulse
around day 160), so habitat availability changed little over time. The

1 These sites have been removed as inputs to Version 1.0 of TernCOLONY, which now contains two
different habitat input sets, one representing excellent habitat conditions (with 32 sites), one
representing degraded habitat conditions (with 25 sites) (Lott et al. 2012a). Both of these habitat input
sets will be used in future tests of the colony site selection trait.
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second year type was chosen to resemble “natural” flows that are high at

the beginning of the season and decline throughout the season; 1993 was
chosen for this high flow year type. The two flow scenarios produce very

different time series of habitat availability (Figure AS8).
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Figure A7. Histogram of site habitat quality at normal hydropower flow.
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Results

This section reports the extent to which the IBM, using each alternative site
identification and evaluation trait, reproduces patterns 4 through 8. All site
identification traits and evaluation traits are examined, organized as (a) a
comparison of the site identification traits, (b) a comparison of the site
evaluation traits, (¢) an evaluation of site identification trait 3, and (d) an
evaluation of site identification trait 4. Table A6 summarizes all of the
results. This section also examines the sensitivity of results to the site
identification distance parameter.

Comparison of site identification traits

This analysis compares the three site identification traits, combined with
the “null” site evaluation trait (evaluation trait 1, random selection among
alternative sites).

Site identification trait 1

This trait assumes adult terns select among all sites that have at least one
cell exposed.

Pattern 4—This pattern was met for both the low (1991) and high (1993)
flow years. In both years, the largest colony was among the first selected
but was not selected before any other sites were (Figure A9).
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Figure A9. Relationship between the date a site is first selected and its colony size, for
(left) 1991 and (right) 1993, site identification trait 1. Each point represents one site.

Pattern 5—This pattern was met only for the low flow year, when 50% of the
sites were selected within a date range 70% or less of the full range
(Figure A10). Only 38% of sites were selected over a narrow date range in



ERDC/EL CR-13-2

46

1993. Selection of sites over a narrow date range appeared to be caused by

two different mechanisms in the two flow years. In the low-flow year, some
sites were selected only over a small range at the start of the season,
apparently because only a few terns selected those sites. In fact there was a

very strong positive relationship between the number of terns selecting a
site and the range of dates over which it was selected (Figure A11). Such a

relationship is expected when colony site selection is highly random: when
more terns select a site, it is more likely that some of them will select it very

early and some very late.
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Figure A10. Range of dates over which each site was selected, for (left) 1991 and (right)

1993, site identification trait 1.
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Figure A11. Relationship between colony size and
range of dates site was selected, 1991, site
identification trait 1. Each point represents one site.
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In 1993, the mechanism causing some sites to be selected over a narrow
range is simply that many sites were completely submerged until the end
of the arrival season. Hence, some colonies were not selected until late in
the season (Figure A9). (The sites that were selected over a broad range of
dates are those that were exposed and available for a few days at the
beginning of the season; Figure A8).

Pattern 6—This pattern was not met in 1991, the low-flow year; there was
no positive or significant correlation between site quality and colony size
(Figure A12, left panel). However, the pattern was met in 1993, with
colonies occurring at several low-quality sites, no colony at one high-quality
site, and a significant correlation between colony size and site quality. The
pattern was presumably met in 1993 because higher-quality sites were
exposed during more of the time when flows were high (Figure A12, right).
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Figure A12. Relationship between site quality and colony site, for (left) 1991 and (right) 1993,
site identification trait 1. Each point represents one site, and the linear regression is
illustrated by the dashed line and equation.

Pattern 7—The pattern of uneven colony size distribution was fully met only
in 1993, the high flow year. In 1991, two criteria for this pattern—the largest
site having 20% or more of all terns, and a curved size distribution—were
not met (Figure A13, left). With random selection among sites when most or
all sites are available, many sites were selected by 25-35 terns, a relatively
even colony size distribution. In 1993, many sites were not available for
much of the arrival season, producing an uneven distribution of colony sizes
(Figure A13, right).

Pattern 8—This pattern was not met. In both 1991 and 1993, the percent of
terns returning to their previous site was about 6%, well below the criterion
of 30%. (However, this percent was above 30 at several individual sites,
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including some small and some large colonies.) The mean distance between
previous- and current-year sites was over 16 miles in both years, well above

the criterion of 5 miles.
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Figure A13. Colony size distributions for 1991 (left) and 1993 (right), site identification
trait 1. Format is the same as in Figure A5.

Site identification trait 2

This trait assumes adult terns select only from among sites within a
limited distance of a random location along the river channel.

Pattern 4—This pattern was met for low- (1991) and high- (1993) flow
years; the largest colony was selected on the first day, but several other
sites were also selected on that first day.

Pattern 5—This pattern was met only in the high flow year. In 1991, only
41% of the sites were selected within a date range 70% or less of the full
range, but in 1993, 53% of sites were selected over a narrow date range
(Figure A14). Selection over a narrow date range in the high flow year
happened at more sites than with site identification trait 1 (Figure A1o0,
right panel). The reason appears to be that site identification trait 2 lets
fewer terns consider each site. As a result, both mechanisms that limit the
range of dates a site is selected (stochasticity when few terns select a site,
and unavailability of sites while inundated by high flow; see previous
section) acted in this scenario.

Pattern 6—This pattern was not met in 1991 or 1993. In both flow years
there were some low-quality sites with colonies and some high-quality
sites without colonies, but in neither year was there a significant positive
relationship between site quality and colony site (Figure A15).



ERDC/EL CR-13-2

49

Site

120 130

140 150 160 170 180 190

Julian date

Site

ARM523_4
ARM509_0
ARMS507_0
ARMA497_0
ARM492_4
ARM489_8
ARM488_8
ARM488_4
ARM486_0
ARM484_6
ARMA475_7
ARMA473_5
ARM471_0
ARM469_0
ARMA465_7

120 130

140

150 160

Julian date

170 180 190

Figure A14. Range of dates over which each site was selected, for (left) 1991 and (right)
1993, site identification trait 2.
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Figure A15. Relationship between site quality and colony site, for (left) 1991 and (right) 1993,
site identification trait 2. Each point represents one site, and the linear regression is
illustrated by the dashed line and equation.

The weaker relationship between site quality and colony size in 1993
(compare the right panels of Figure A11 and Figure A15) is due to one site
(ARM-523.4) with a quality value of 0.15 being selected by 139 terns. This
site was chosen by many terns because it is geographically isolated; any
tern arriving over a long length of river selects that site because it is the
only one available. In fact, there is a strong correlation between a site’s
isolation and its colony size, especially in 1991 when the relationship was
not confounded by high flows (Figure A16).

Pattern 7—The pattern of uneven colony size distribution was met in both
1991 and 1993 (Figure A17). Site identification trait 2 causes enough
variability among sites in the colony for this pattern to be reproduced, even
in low- and steady-flow years.
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Figure A16. Relationship between site isolation and colony site, 1991, site
identification trait 2. Isolation is evaluated as the distance between a site and the
nearest other site. More isolated sites tend to be selected by many more terns.
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Figure A17. Colony size distributions for 1991 (left) and 1993 (right), site identification trait 2.

Pattern 8—This pattern was not met in either 1991 or 1993. The percent of
terns returning to their previous site was about 8—10%, below the criterion
of 30%.

Site identification trait 3

This trait assumes adult terns select from among sites within a limited
distance of the location where they nested, or were born, the previous year.
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Results were similar to those for site identification trait 2, with the
exception of pattern 8.

Pattern 4—This pattern was met for 1991 and 1993; the largest colony was
among several selected on the first day that terns selected sites.

Pattern 5—This pattern was met only in the high-flow year, when 81% of
sites were selected over a narrow date range. In 1991, only 41% of the sites
were selected within a date range 70% or less of the full range.

Pattern 6—This pattern was not met in 1991 or 1993. There was a positive,
but not significant, relationship between site quality and colony site in
1993; in 1991 this relationship was slightly negative.

Pattern 7—The pattern of uneven colony size distribution was met in both
1991 and 1993 (Figure A18). Arrival of terns at their previous-year nesting
location introduces enough variability among sites in the colony for this
pattern to be reproduced, and (compared to site identification trait 2,
Figure 17) reduces the difference in colony size distribution between low-
and high-flow years.
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Figure A18. Colony size distributions for 1991 (left) and 1993 (right), site identification
trait 3.

Pattern 8—The three criteria for this pattern were not all met in either
1991 or 1993 (Table A1). Especially in the high-flow year, this trait
produced a higher level of return to previous sites than the pattern allows.
At several sites, including the ones with most terns, 90-100% of terns
selected the site used the previous year.
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Table Al. Pattern 8 results for site identification trait 3. Shaded cells indicate criteria that
were not met.

Criterion 1991 1993
30-60% of terns return to previous site 46% 63%
Highest percent of terns returning to any one site < 80% 100% 100%
Median distance between previous and current site is 1-5 mi 1.1 mi 0.4 mi

Comparison of site evaluation and selection traits

This section compares and evaluates the effects of the alternative traits
terns use when selecting sites to form a colony. These simulations used
site identification trait 2, which assumes terns select among sites within a
limited distance of a random location.

[When these site evaluation traits were combined with site identification
trait 1, which assumes terns consider all the sites, the results were
uninteresting. First, the combination of site identification trait 1 and site
evaluation trait 1 was already examined in a previous section of this report.
Second, when site evaluation traits 2 and 3 were simulated with terns
selecting among all sites, all the terns selected only one or (in 1993, due to
decreasing flood flows) two sites.]

Site evaluation and selection trait 1

This combination of traits was previously evaluated.

Site evaluation and selection trait 2

Under this trait, terns select the site with the highest nesting habitat
quality.

Pattern 4—This pattern was met. In both 1991 and 1993, the site with the
largest colony was one of several initially selected on the first day that
terns selected sites.

Pattern 5—Quotas for this pattern were not met in either flow year; the
percent of sites selected over a relatively narrow date range was 25% and
42% in 1991 and 1993.

Pattern 6—In both flow years there was a positive, but not significant,
relationship between site quality and colony size. Therefore, quotas for
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this pattern were not met. The relationship was not significant because
although site ARM-523.4 has relatively low habitat quality, it has the
largest colony size because it is geographically isolated.

Pattern 7—The colony size distribution pattern was met only during the
high-flow year. In 1991, half of the sites were selected by 27-49 terns each,
a relatively even distribution (Figure A19, left). While fewer sites were
selected in 1993, more were selected by few terns, producing the uneven
distribution (Figure A19, right).
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Figure A19. Colony size distribution for 1991 (left) and 1993 (right), site evaluation trait 2.

Pattern 8—Too few terns used the same sites as in previous years for this
pattern to be met (Table 2).

Table A2. Pattern 8 results for site evaluation trait 2. Shaded cells indicate criteria that were

not met.
Criterion 1991 1993
30-60% of terns return to previous site 11% 7%
Highest percent of terns returning to any one site < 80% 33% 30%
Median distance between previous and current site is 1-5 mi 23 mi 20 mi

Site evaluation and selection trait 3

This trait causes terns to select the site with the highest number of unmated
terns; if there are no unmated terns, they select the site with the highest
habitat quality.
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Pattern 4—Ceriteria for this pattern were met. In both 1991 and 1993, the
site with the largest colony was one of several initially selected on the first
day that terns selected sites.

Pattern 5—Criteria for this pattern were met in 1993 (55% of sites selected
over a relatively narrow date range) but not in 1991 (43% of sites selected
over a narrow range of dates).

Pattern 6—In both flow years there was a positive, but not significant,
relationship between site quality and colony size. Therefore, criteria for
this pattern were not met. The reason for the non-significant relationship
is the same as for site evaluation trait 2: one low-quality site was selected
by many terns because it is isolated.

Pattern 7—The colony size distribution pattern was met during both low-
and high-flow years (Figure A20).
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Figure A20. Colony size distribution for 1991 (left) and 1993 (right), site evaluation trait 3.

Pattern 8—This pattern was not met because few terns used the same sites
as in previous years (Table A3).

Table A3. Pattern 8 results for site evaluation trait 3. Shaded cells indicate criteria that were

not met.
Criterion 1991 1993
30-60% of terns return to previous site 12% 10%
Highest percent of terns returning to any one site < 80% 28% 50%
Median distance between previous and current site is 1-5 mi 21 mi 19 mi
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Effect of arrival from migration at previous year’s site

The third analysis repeats the second except for using the third site
identification trait, which assumes that terns arriving from migration
evaluate sites near where they nested, or were born, the previous year.
This analysis, in comparison to the previous one, illustrates the effect of
“site fidelity,” a tendency to return to previous nesting sites.

Site evaluation and selection trait 1

This trait combination was previously evaluated.

Site evaluation and selection trait 2

With this trait, terns select the site near where they nested previously that
has the highest habitat quality.

Pattern 4—Criteria for this pattern were met in both 1991 and 1993.

Pattern 5—In 1991, only 42% of sites were selected over a narrow date
range, so criteria for the pattern were not met. In 1993 the pattern was
met, with 64% of sites selected over a narrow range; in 1993, many sites
were submerged until near the end of the season.

Pattern 6—In both low- and high-flow years, this pattern was not met, but

only because the relationship between colony size and site quality was not

significant. The lack of significance was because one low-quality site (ARM
523.4) had the largest colony.

Pattern 7—In both 1991 and 1993, the colony size distribution met this
pattern.

Pattern 8—Criteria for this pattern were not met because too many, not
too few, terns selected the same site they used the previous year. The main
reason the pattern was not met was the anomalous site ARM 523.4, where
(in both years) all 155 terns selecting the site had used it the previous year.
In each year there were also two other small colonies in which all terns had
used the same site the previous year.
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Table A4. Pattern 8 results for site identification trait 3 and evaluation trait 2. Shaded cells
indicate criteria that were not met.

Criterion 1991 1993
30-60% of terns return to previous site 58% 55%
Highest percent of terns returning to any one site < 80% 100% 100%
Median distance between previous and current site is 1-5 mi 0.4 mi 0.4 mi

Site evaluation and selection trait 3

With this trait, terns select the site near where they nested previously that
has the most unmated terns.

Pattern 4—Criteria for this pattern were met in both 1991 and 1993.

Pattern 5—Ceriteria for this pattern were met in both 1991 (55% of sites
selected over a range of dates 70% or less of the total range of colony site
selection dates) and 1993 (70% of sites selected over a narrow date range).
During 1991, the low-flow year, sites were more often selected over narrower
date ranges (Figure A21; compared to when site evaluation traits 1 and 2 were
used) apparently because several sites were selected for a short period early
in the season, after which terns instead selected nearby sites—likely because
there were no longer any unmated terns at the first-selected sites.
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Figure A21. Ranges of dates (grey bars) over which sites were
selected, site identification trait 3 and site evaluation trait 3, 1991.
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Pattern 6—Criteria for this pattern were not met only because the relation-
ship between colony size and site quality was not significant, a result of site
ARM 523.4 having the largest colony but low habitat quality.

Pattern 7—In both 1991 and 1993, the 