USGS

science for a changing world




Cover. Northern pintail (Anas acuta) standing in water. Photo from the U.S. Fish and Wildlife Service, National Digital Library.



Decision-Support Framework for Linking
Regional-Scale Management Actions

to Continental-Scale Conservation of
Wide-Ranging Species

By Erik E. Osnas, G. Scott Boomer, James H. Devries, and Michael C. Runge

Prepared in cooperation with the U.S. Fish and Wildlife Service

Open-File Report 20201084

U.S. Department of the Interior
U.S. Geological Survey



U.S. Geological Survey, Reston, Virginia: 2021

For more information on the USGS—the Federal source for science about the Earth, its natural and living
resources, natural hazards, and the environment—visit https://www.usgs.gov or call 1-888—ASK-USGS.

For an overview of USGS information products, including maps, imagery, and publications,
visit https://store.usgs.gov.

Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the
U.S. Government.

Although this information product, for the most part, is in the public domain, it also may contain copyrighted materials
as noted in the text. Permission to reproduce copyrighted items must be secured from the copyright owner.

Suggested citation:

Osnas, E.E., Boomer, G.S., Devries, J.H., and Runge, M.C., 2021, Decision-support framework for linking regional-scale
management actions to continental-scale conservation of wide-ranging species: U.S. Geological Survey Open-File
Report 2020-1084, 31 p., https://doi.org/10.3133/0fr20201084.

Associated data for this publication:

Osnas, E.E., Boomer, G.S., Devries, J.H., and Runge, M.C., 2021, Data release—Decision-support framework for
linking regional-scale management actions to continental-scale conservation of wide-ranging species: U.S. Geological
Survey data release, https://doi.org/10.5066/P93YTR3X.

ISSN 2331-1258 (online)


http://www.usgs.gov
http://store.usgs.gov
https://www.usgs.gov/about/organization/science-support/survey-manual/11006-use-copyrighted-material-usgs-information
https://doi.org/10.3133/ofr20201084
https://doi.org/10.5066/P93YTR3X

Acknowledgments

This work benefitted greatly from discussion with Paul Padding, Pat Devers, Ken Richkus, Pam
Garrettson, and Greg Yarris of the U.S. Fish and Wildlife Service (USFWS); Leslie New, Richard
Chandler, Sabrina Servanty, Matt Clement, Andy Royle, Bill Link, Jim Nichols, and Joe Fleskes of
the U.S. Geological Survey (USGS); Bob Clark of Environment and Climate Change Canada; John
Eadie of the University of California, Davis; Mike Brasher of Ducks Unlimited/Gulf Coast Joint
Venture; and Qing Zhao of Colorado State University. Funding for this work was provided by
USFWS through the Gulf Coast Prairie Landscape Conservation Cooperative; USGS; Environment
and Climate Change Canada; and Ducks Unlimited Canada. Cynthia Edwards (USFWS), Benjamin
Kahler (USFWS), and Ruth Larkins (USGS) provided comments that improved this report. Finally,
many people collected or provided data for this effort, including banders from Federal, State,
provincial, and non-governmental organizations (especially, California Waterfowl Association);
Federal, State, and provincial pilot-biologists and aerial observers; wing bee biologists; and
hunters that reported bird bands and returned Parts Collection Survey envelopes.



Contents
ACKNOWIBAGMENTS ..ottt ettt st iii
A 0 - U 1
INEFOAUCTION. ettt ettt b s s s s s s e b s en s s et s st en e s s b s 1
ODJBCTIVES. covurertreeeseeeest ettt ettt ettt b bbbttt 2
L= 40 0o 3OO 4
DALA SOUMCES ..ottt bbb bbb bbb a bbb st 4
POPUIALION IMIOTEL.. ..ottt st
Productivity Submodel
SUNVIVAl SUBMOAEI ...t bbb
Addition of SPatial STTUCTUIE ...ttt s s 9
Climate Change and Habitat Management SCENATIOS .......c.ccecceeererreeeireee et 10
Prairie Parkland SUBMOME! ..ottt 1
Decision-Support Framework RESUILS ..ottt sssssssnens 13
POPUIAtION IMIOAEL......eeececteeeece ettt bbbt 13
Spatial Patterns in Survival and ReprodUuction..........ccccuvcucieieecreeiseeece et 20
Climate Change and Habitat Management SCENarios ... 23
Prairie Parkland Region SUBMOMEN ...t 24
DS CUSSION ...ttt s et s e s st A s s bbbt 25
GENEIAL INSIGNLS ovuvieecectcteeee ettt ettt st 25
SPECITIC INSIGNES ..ttt b bbb bbb 26
SUNVIVAl QNG HAIVEST ...ttt bbbt naen 26
PrOTUCTIVITY ..ottt ettt ennen 28
Prairie Parkland Region SUBMOMEl ... 28
SUMMATY ..ottt bbb s b e bbb s bbb s s bbb s bt es st b st nas 28

RETEIENCES CIEB. ...ttt ettt eer st e s s s et e se et se s s e eeseseen s s s eseneseeneneneees 29



Figures

1.

Tables

1.

Map showing Landscape Conservation Cooperative areas supporting core

breeding and core nonbreeding populations of Anas acuta (Northern pintail)

INNOMN AMBIICA ..ottt ettt bbb bbb st s b s b snans 3
Graph showing the observed Northern pintail population estimate from the Waterfowl
Breeding Population and Habitat Survey of the U.S. Fish and Wildlife Service and

estimated population size from an integrated population model, 1960-2014................... 13
Graph showing annual survival estimates from bird-band recoveries of Northern

pintail in North America, 1960—2013 .........ccoierieirerierrieees e nees 14
Graph showing harvest probability estimates from bird-band recoveries of

Northern pintail in North America, 1960—2013........c.ccooreeeceecee e 15
Graph showing estimated productivity (age ratio) of Northern pintail measured as

the ratio of juvenile females to adult females in the fall flight, 1961-2014.............cccc...... 16
Graph showing the age ratio in relation to the estimated breeding population size

of Northern pintail in North America, 1961-2014...........cooeeeeeeeeee e 17

Graphs showing prior and posterior probability densities for the estimated

regression parameters relating the natural logarithm of Northern pintail age ratio

in North America to A, post-hunting population size, B, mean latitude of the

observed breeding population, C, cumulative rainfall on the California wintering

area, and D, the interaction between post-hunting population size and cumulative
FAINTAIL T960—20T4..... oottt e s st s s st se st ses b e s snanas 18
Graphs showing prior and posterior probability densities for the estimated

regression parameters relating the log odds ratio of Northern pintail winter survival

to A, post-hunting population size, B, cumulative rainfall, and C, the interaction
between post-hunting population size and cumulative rainfall, 1960-2014..................... 19

Graphs showing the combined effect of Northern pintail population size and California
wintering-ground cumulative rainfall on A, age ratio and B, winter survival, demon-

strating a reduction in density dependence with increased rainfall in California........... 20
Graph showing Northern pintail age ratio in the Pacific Flyway and the combined
Central and Mississippi Flyways in North America, 1961-2014..........oooeeeereeeereeecereereenee 21

Graphs showing posterior probability density for the estimated regression

parameters relating the natural logarithm of Northern pintail age ratio in two flyways
to A, post-hunting population size, B, mean latitude of the observed breeding
population, C, cumulative rainfall on wintering areas, and D, the interaction between
post-hunting population size and cumulative rainfall, 1960-2014 ...........cccooeveeevevcrreennne 22

Graph showing posterior distributions of equilibrium harvest as a function of
equilibrium breeding population size (the “yield curve”) of Northern pintail under
Three ClIMATe SCENATIOS ..ottt 23

Graph showing the Prairie Parkland Region age ratio of Northern pintail estimated
from the Prairie Parkland Region model in relation to the continental age ratio
estimated from Parts Collection Survey data, 1965—2009..........ccccoeververrmrerernererreriesensennes 24

Metrics summarizing the change in equilibrium harvest and population size with
increased or decreased wintering-ground rainfall compared to the yield curve esti-
mated under long-term average CONAItIONS. ......oeecereereerereereeree et seesenes 23



vi



Decision-Support Framework for Linking Regional-Scale
Management Actions to Continental-Scale Conservation

of Wide-Ranging Species

By Erik E. Osnas’, G. Scott Boomer', James H. Devries?, and Michael C. Runge®

Abstract

Anas acuta (Northern pintail; hereafter pintail) was
selected as a model species on which to base a decision-sup-
port framework linking regional actions to continental-scale
population and harvest objectives. This framework was then
used to engage stakeholders, such as Landscape Conservation
Cooperatives’ (LCCs’) habitat management partners within
areas of importance to pintails, while maximizing cross-taxa
effects from the framework. The mathematical framework
for the model had been previously developed for pintails. A
key assumption incorporated into the model is that density
dependence in survival occurs during the post-hunting (winter)
period, where resources are hypothesized to be limiting.
Because few data are available to directly inform this process,
the approach used was to build a hierarchical Bayesian inte-
grated population model (IPM) that simultaneously uses data
from bird-band recoveries, breeding population counts, and
harvest surveys to estimate values of parameters of an annual
population projection model, including population size, sur-
vival rate, reproductive rate, and process and observation error
variances, that are logically consistent with each other, given
the mathematical structure imposed through the IPM.

The main accomplishments of this study are (1) develop-
ment of an IPM for pintail to guide harvest and habitat man-
agement, (2) development of a Prairie Parkland Region breed-
ing submodel to predict pintail productivity, (3) development
of statistical methodology to estimate pintail productivity (as
measured by the ratio of juvenile to adults in hunter-collected
wing samples) and winter survival and to relate these esti-
mates to covariates, and (4) illustration of how to use a model
and estimated parameter values to predict pintail population
size and sustainable harvest as a function of habitat.

Estimation of pintail survival from bird-banding data
shows that there has been relatively little variation in survival
over the period 1960-2013. A productivity model showed

'U.S. Fish and Wildlife Service.
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strong effects of breeding ground conditions, wintering-ground
precipitation, and density dependence on pintail productivity.
Thus, most temporal variation in pintail demographic rates has
been due to effects on reproduction and not survival, including
effects of breeding or wintering-ground habitat. These results
indicate that habitat conservation efforts may be most effec-
tive if they focus on maintaining or increasing breeding and
wintering-ground habitat to increase pintail productivity rather
than pintail survival. Environmental perturbations in excess of
historical experience, such as what could occur under climate
change, might have meaningful effects on survival but cannot
be estimated with current data. Direct effects of climate, land
use, or management are likely to be greater on productivity
than survival, but substantial uncertainty remains about predic-
tions of equilibrium population size and sustainable yield.

Introduction

Conserving migratory or wide-ranging species presents
considerable challenges because these populations move
across disparate jurisdictions, often crossing international
borders during crucial stages of their annual cycle (Crooks and
Sanjayan, 2006). Within North America, Migratory Bird Joint
Ventures (JVs) have established successful partnerships to
coordinate the planning and delivery of conservation actions
within key regions to benefit migratory bird populations
(NAWMP Assessment Steering Committee, 2007). However,
the extent to which local conservation actions affect regional
demographics and in turn affect continental population
dynamics remains poorly understood. Maximizing efficient
use of limited resources to conserve habitats for wide-ranging
species has motivated a critical need to develop mathematical
modeling frameworks to evaluate effects of local-scale
conservation decisions on population demographics in the
face of stressors such as climate and landscape change (Martin
and others, 2007). This is especially relevant to the network
of Landscape Conservation Cooperatives (LCCs) in North
America with its focus on cross-taxa conservation among
multiple LCCs.
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Migratory waterfowl species are excellent subjects for
a mathematical model with which to develop this framework
because they are not only highly valued by the public, but
annual datasets on population demographics throughout their
ranges are available (Nichols and others, 1995; U.S. Fish and
Wildlife Service [USFWS], 2013a, b). Mattsson and others
(2012) developed a mathematical modeling framework to
link the consequences of regional-scale changes in habitat or
harvest to continental demographics of Anas acuta (Northern
pintail; hereafter pintail) across core nonbreeding and breeding
regions that span nine LCCs (fig. 1). This model incorporates
density-dependent relations but lacks an empirical estima-
tion of density and habitat effects on demographic processes.
Values of model parameters, like survival and reproductive
rates, that are estimated from available data are necessary to
predict the effect of alternative conservation actions or cli-
matic scenarios on demographic rates. Therefore, we devel-
oped a framework consisting of a continental model similar to
that of Mattsson and others (2012) but with parameter values
directly estimated from data. We also developed frameworks
for mechanistic models of wintering and breeding grounds to
provide information on conservation of species that depend
upon multiple and potentially geographically distinct land-
scapes. Our models use pintail as a surrogate for wide-ranging
species. With appropriate modification, however, the models
could be used for other species and management decisions
similar to those in this study.

In total, there are nine LCCs that support core popula-
tions of pintails in North America as defined by Mattsson and
others (2012) (fig. 1). Three LCCs in Alaska and Canada (Arc-
tic, Northwest Boreal, Western Alaska) and one that spans the
central United States and Canada (Plains and Prairie Potholes)
support core breeding populations. Five LCCs in the United
States and Mexico (California, Great Basin, Great Plains, Gulf
Coast Prairie, and Gulf Coastal Plains and Ozarks) support
core nonbreeding populations. Many studies on pintails and
pintail habitat have been published for each of these LCCs (for
example, radio telemetry, nest and duckling survival, bioener-
getics), and many surveys span multiple LCCs (for example,
May flyover surveys, annual mark-recovery, satellite telem-
etry, and the harvest surveys administered by the USFWS to
estimate species and age composition in hunter bags). This
study used a combination of available data and input from
experts to build the models and submodels described in Matts-
son and others (2012).

This study was conducted by the U.S. Geological Survey
(USGS), in cooperation with the Gulf Coast Prairie Landscape
Conservation Cooperative, Ducks Unlimited Canada, Envi-
ronment and Climate Change Canada, and the USFWS. The
purpose of this study was to develop mathematical models to
support decisions for harvest and habitat management of pin-
tail, a highly migratory species. To do so, we first developed
an integrated population model (IPM) of the annual life cycle
that uses multiple datasets to simultaneously estimate popula-
tion size, survival, per capita reproductive rates (recruitment

or productivity, defined here as the ratio of juvenile to adult
ducks after the breeding season), and other demographic
parameters. We refined the spatial resolution of the model to
allow flyway-specific decision support. A mechanistic model
was constructed to predict per capita reproductive rates from
small-scale landscape data in the Prairie Parkland Region
(PPR, roughly equivalent to the Plains and Prairie Potholes
LCC, fig. 1), with the hope that these local-scale predictions
could improve estimates of PPR-scale reproductive rates in

a spatial life cycle model. This report presents the structure

of the IPM; the methods used to estimate the parameters; the
methods used to investigate spatial structure in the dynamics
of pintails; the resulting estimates of survival rate, harvest rate,
reproductive rate, and population size over time; inferences
about environmental drivers of pintail dynamics; and a discus-
sion of the implication of these results for other projects that
attempt to link regional management approaches to continental
dynamics of a migratory bird.

Objectives

There were three objectives for this study.

* Objective 1—Develop a decision-support framework
linking regional-scale management actions to con-
tinental-scale conservation of wide-ranging species.
Regional-scale actions may include harvest manage-
ment decisions (harvest rate or season and bag limits)
or habitat manipulations through climate, agricultural
policy, or direct habitat management. The desired con-
servation outcomes include pintail population size and
harvest. As part of this objective, a range of possible
future scenarios involving alternative management
strategies, policies, and climate effects (for example,
Matchett and Fleskes, 2017) was developed to evaluate
how these drivers affect sustainable pintail harvest and
population size at the continental level. The math-
ematical model that was developed for this study can
be used with cost estimates of alternate management
strategies to identify actions that achieve the greatest
pintail population and sustained harvest for the least
conservation investment. The model also can be used
to predict the effect of climate change on pintail sus-
tainable harvest and population size. Finally, the model
can be used to estimate the value of new information
about parameter values to improve specific manage-
ment decisions; the value of information can then be
used to guide research funding decisions or research
priorities.

* Objective 2—Engage stakeholders involved in habitat
management within areas of importance to pintails.

* Objective 3—Maximize cross-taxa relevance of the
decision-support framework.
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Methods

We developed a pintail annual cycle model as an IPM
(Besbeas and others, 2002; Kéry and Schaub, 2012). This
approach simultaneously uses data from bird-band recoveries
to estimate survival, hunter-collected wings to estimate repro-
ductive rates, and annual population counts to estimate rates of
population change and observation error. Because the model
simultaneously estimates survival and productivity and pre-
dicts population size through the annual cycle, these estimates
are jointly consistent with all the datasets and can sometimes
make an inference that is not possible from any one dataset.
Thus, information on one parameter can potentially inform
the values of other parameters. For example, with information
on population size and survival, productivity can be predicted
even when data are not available for a particular year. The
original motivation for using an IPM approach for pintail was
that information on directly observed processes like survival,
productivity, and population size might help inform processes
that are not directly observed, such as density dependence
during the winter period. Because of the shared dependence
between different data sources, correct specification of the
submodels is especially important. Therefore, we spent signifi-
cant time developing the survival and productivity submodels.
It was necessary to develop these submodels so that environ-
mental covariates could be added (Objective 1).

Development of the pintail annual cycle model began
with the building of a simple model with no explicit spatial
structure, a model similar to that used in pintail Adaptive
Harvest Management (USFWS, 2010). During this process, it
became evident that development of survival and productivity
submodels was necessary. These became stand-alone products
that could be easily inserted into the annual cycle model once
developed. During this process, we explored region-specific
patterns in survival and productivity that could be inserted
into the annual cycle model, similar to the model of Mattsson
and others (2012). Adding spatial structure to the model was
partially successful, although we could not get the exact model
as specified in Mattsson and others (2012) to work.

In all efforts, a Bayesian approach was taken. This
approach was chosen because the long history of waterfowl
research gives substantial prior information on processes, such
as annual survival, movements, and reproductive performance.
The Bayesian approach also was used because it makes
the estimation of parameters in complex models relatively
straightforward. The Bayesian approach provides a major
advantage when the model is being used as a decision-support
tool because it allows for a full accounting of parametric
uncertainty (that is, sampling error); this approach also pro-
vides estimates of true process variation in demographic rates
or population counts (that is, environmental stochasticity),
given the model structure. The sampling error can be reduced
by increased data collection, but environmental stochastic-
ity is not directly under control. Both types of uncertainty
can become important for conservation decisions. Thus, the

Bayesian approach allows the use of estimates in a decision
process governed by these two major sources of uncertainty.

As part of the development of the population model, sub-
models for productivity and survival were created (these are
described in the section “Population Model”). The submodels
include environmental (winter habitat) covariates so that the
effect of winter habitat could be estimated. For productivity,
the effect of winter habitat is a “cross-seasonal effect,” but
for survival, it is a direct effect. Because there were no direct
historical data on winter habitat quantity, National Oceanic
and Atmospheric Administration (NOAA) precipitation data
(https://www.ncde.noaa.gov/cdo-web/) were used; precipita-
tion data were important for predicting waterfowl productiv-
ity in previous studies (Heitmeyer and Fredrickson, 1981;
Kaminski and Gluesing, 1987; Raveling and Heitmeyer, 1989;
Osnas and others, 2016). For productivity, there is no single
breeding habitat covariate available, but the mean latitude of
the observed population in spring served as a direct proxy for
prairie habitat conditions because this has long been known
to correlate strongly with pintail productivity (Sheaffer and
others, 1999; USFWS, 2010). Finally, we constructed a more
mechanistic model of pintail productivity across the PPR that
used fine-scale habitat data and models developed by Ducks
Unlimited Canada (as described in Devries, 2014) to predict
nest site selection and nest success. From these spatially
explicit predictions, we predicted the total productivity across
the entire PPR and compared this to continental measures of
productivity (female wing age ratios).

Data Sources

We used four data sources in the IPM to estimate demo-
graphic parameters: (1) population survey estimates from the
Waterfowl Breeding Population and Habitat Survey (WBPHS)
database for 1960-2013 from the traditional strata 1-18,
20-50, and 75-77 (Division of Migratory Bird Management,
USFWS); (2) banding and recovery data for 1961-2014 from
the USGS Bird Banding Lab, Patuxent Wildlife Research
Center; (3) age, sex, and harvest data for pintails from the
USFWS Harvest Surveys branch, Parts Collection Survey
(PCS) and migratory bird harvest survey (mail questionnaire
or harvest information program; Raftovich and others, 2012);
and (4) monthly total precipitation data from October 1960
through February 2013 from the U.S. Department of Com-
merce, National Climate Data Center (https://www.ncdc.noaa.
gov/cdo-web/).

A full description of datasets and processing is given
in Osnas and others (2016), and the code used to manipulate
data is available from the lead author. For banding data, we
selected records of normal, wild-caught pintails that were
banded during preseason banding operations (June 1-Septem-
ber 30 with Bird Banding Lab status code 3). Records from
all banding locations in the United States and Canada were
used. Recoveries were restricted to birds found dead or shot
by hunters and reported to the Bird Banding Lab in fall and
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winter immediately following banding (that is, direct recover-
ies). The PCS is conducted annually (since 1961) and is based
on duck wings that are submitted by hunters. Trained biolo-
gists identify species, sex, and age of the wings, and these data
can be used to determine the species, age, and sex composi-
tion of the waterfowl harvest each year. A separate survey of
migratory bird harvest is conducted each year (that is, mail
questionnaire survey, 1959-2001, and harvest information pro-
gram, 1999-2014) that provides an estimate of the total water-
fowl harvest. Because both the PCS and the harvest surveys
acquire spatially referenced data, the harvest surveys are used
to assign weights to each duck wing collected in a particular
location to reflect the relative contribution of the area to total
harvest. We restricted all analyses to female wings only.

Data used to predict PPR pintail production came from
agricultural census data in the United States and Canada,
small scale landscape data on wetlands, and Ducks Unlimited
Canada pintail nesting studies (as described in Devries, 2014).

Population Model

A mathematical model incorporating the sex of pintails
was used as the basis for the expected population dynamics.
The model is essentially that used by the USFWS to set an-
nual hunting regulations (USFWS, 2010). In matrix form, the
number of pintails on May 1 in calendar year #+1 is found as

I+1 AtN + 8 or
{Nm} S,,+RS,, 0 |:Nf,t:|+|:gf,t:| (1)
Nm,H—] Rsz,t Sm,r Nm,t gm,t
where
N is the number of adult pintails of each sex

sex,t

(f = female, m = male) on May 1 of year ¢,
is the annual survival of adult pintails from
May 1 of year ¢ to May 1 of year ¢+1,

R, is one-half the number of young per adult
female at the end of the breeding season
(the beginning of the fall migration
season), and

is a compound parameter that is the product of
female adult survival through the breeding
season of year ¢ (S” ), sex-specific
juvenile hunting- season survival in year
t(s” ), and ]uvemle winter survival in

Juv,sex,t

year t+1 (§”

Juv,sex,t+1

sex, t

sex,t

Thus, age structure for survival is implicit in the S’ term.
Finally, ¢, and ¢, are random effects from environmental
stochast1c1ty (“ process > variation) that are not accounted for
in the temporal random effects in the survival (S, , S, ) and

reproduction parameters (R ). The random effects ¢, and ¢, ,
are distributed as

Methods 5

&

sex,t

~ Normal (O,Gspefffm) . (2)

Demographic stochasticity was modeled such that
survival components of equation 1, S N, arose from a
binomial random variable, and the reproduction components
of equation 1, R,Sm /N,..,» came from a Poisson random vari-
able. We used the normal approximations to the binomial and
Poisson distributions because the population size was large
(N> 10%). The total variation from demographic stochasticity
is the sum of the variance of the survival component and the
reproduction component under the assumption of no covari-
ance between these demographic parameters. Therefore, we
added another term that scales the variance to population size
(¢ ) and allows for departures from the binomial-Poisson
expectation of the variance that might be due to extra-binomi-
nal or -Poisson variance, environmental stochasticity, or other
effects that might reduce the variance (covariance). Thus, the
deviation owing to all sources of process stochasticity for
females is

s \/(sf,,(1—Sf,,)+R,s'f,,)(1+¢1)N/.J 3)

and for males is

agjfcm=\/sm,,(1—sm‘,)(1+¢1)zv RS, (1+4)N,, . 4

In equations 3 and 4, it was assumed that process variation (c)
scales with population size at the same rate for both reproduc-
tion and survival. Note that at the population sizes modeled
here, the proportional contribution of these terms to the vari-
ance in population size is small.

Population observations, Y, are made only on a propor-
tion of the total population

Yt:E[yt]+ Y, =y,N, +7, Q)

where F [ yt] is the expected number of observed pintails,
which is the product of the proportion of the population
observed during surveys, v, , and the total population size,
N, = N ,+N,,,. The proportion of the population surveyed
was modeled as a function of mean latitude of the observed
pintail population (M.C. Runge, U.S. Geological Survey,
and G.S. Boomer, U.S. Fish and Wildlife Service, writ-

ten commun., 2005 U.S. Fish and Wildlife Service, 2010),

=exp [ B (1 } Thus,

IOg(E[Yt])ZIOg( )+ﬂlat( 69) (©)

is a regression parameter,

[ is the mean latitude of the observed
population in year ¢, and

/ is the mean latitude of the population in 1969.
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Finally, the observation error was distributed as
Y, ~ Normal(O,G”bS ) , where

t

O_lohs _ \/(Gldexign )2 + ¢2E[Yl] ) (7

The observation standard deviation consists of two parts. The
first part is the standard deviation from the stratified random
survey design, ¢ ™", and is calculated each year on the basis
of methods in Smith (1995). The second part, ¢,E[Y, ], allows
for additional observation variance that increases or decreases
with the expected number of observed pintails where ¢, is

a parameter that is estimated. The distribution in equation 7
together with equations 5 and 6 defines the likelihood of an

observation in year ¢.

Productivity Submodel

The estimates for productivity, as measured by the ratio
of juvenile to adult wings in the sample of hunter bags, R,,
are described below. We modified the methods of Zimmerman
and others (2010) to allow for environmental covariates (see
Osnas and others, 2016, for a full description of the methods).
This method uses samples of hunter-shot wings to estimate
age ratios of pintail taken by hunters and uses pre-season
band recoveries to correct for age- and sex-related harvest
bias. Habitat covariates and temporal random effects are
then added to a linear predictor just as in a generalized linear
mixed model (Osnas and others, 2016). Hunter-shot wing
samples probably provide good estimates of productivity for
pintails because pintails are common in hunter bags and are
early migrants. For rarer species of ducks, sample size in the
PCS would be small, leading to imprecise estimates of age
ratio. For later migrant species, PCS samples might be biased
because some hunters run out of sample envelopes; thus, later
samples might not be included in the survey. The extent of
this problem is not known. Therefore, using hunter-collected
samples in our model might reduce the usefulness of our mod-
eling approach. However, our approach can easily accommo-
date other data and, in fact, does not require productivity data
because productivity data can be inferred as a latent variable
in the integrated population model.

Direct recovery rates for adults and juveniles from band-
ing samples are estimated by defining the likelihood function
using the binomial distribution

m,, ~ Binomial ( pu’,,Ba,,) ®)
where
m,, is the number of direct recoveries of age a in
year t,
2% is the probability of a recovery, and
B, is the total number of females that were

banded.

The probability of recovery was modeled as

logit(p,, )=, +7,, ©)

with intercept «, , and ¥, , ~ Normal (0,0, ) is a temporal
random effect with an age-specific standard deviation, o .
The relative vulnerability of juveniles is then defined as

v, =p,,/ p,, with a=1 for juveniles and a = 2 for adults.
Second, we modeled the linear predictor for true (fall flight)
age ratio as

log(Rt) =B+ BN, + Bl + Bsx, + Bx, N, +¢, (10)

where
B, are regression parameters,
X is a habitat covariate (here cumulative rainfall
in wintering areas of California [see Osnas
and others, 2016, for a full description]),

t

N, is the total pintail population in year ¢ as
described above in section “Population
Model,” and

c is a temporal random effect with standard

deviation 1, &, ~ Normal (0,1’) .

Cumulative winter rainfall was centered at its average, but
mean latitude and population size where not centered. Finally,
the likelihood of the observed number of juvenile wings is
w, ~ Binomial (q,,W,) (11)
where
w, is the number of juvenile wings collected in
year ,
g,  is the probability of sampling a juvenile
female wing, and
w, is the total number of female wings collected.

The observed proportion of juvenile wings is calculated from
the true age ratio and the vulnerability as
Rfvl
=t (12)
& 1+Ry,

See Zimmerman and others (2010) for justification of the
above model and Osnas and others (2016) for a complete
description.

In order to improve convergence, we used informative
prior distributions for the regression parameters f3; and for
the direct recovery probabilities p, , . For regression param-
eters, we used priors that included only negative effects of
population size and mean latitude and a positive effect for the
interaction between population size and rainfall, and allowed
the effect for rainfall to take both positive and negative values.
Details are given in the model code in a companion data
release (Osnas and others, 2021).



Survival Submodel

The estimates for survival, S, , (equation 1), are
described here. We used a band recdvery model to estimate
sex-, age-, and year-specific components of annual survival
and harvest probabilities from two-season banding operations
(before and after the hunting season). Our method was based
on model “H.” of Brownie and others (1985). This method
allows annual survival to be partitioned into two compo-
nents of semi-annual survival corresponding to the hunting
and non-hunting seasons, where the information to estimate
season-specific values comes from the difference in recover-
ies between pre-hunting and post-hunting season banded
samples. If all else is equal, post-season banded samples will
have lower recovery probabilities due to the additional period
of the year that post-season banded individuals need to sur-
vive before the first hunting season after banding. Under the
original model of Brownie and others (1985), this difference
in recovery probability is modeled by including an additional
parameter for non-hunting season survival for individuals
banded post-season, and all other parameters are shared (that
is, identical) between pre- and post-hunting season banded
samples, thus implying that these samples come from the same
population. Importantly, we found that recovery rate estimates
were nearly identical, on average, between pre- and post-hunt-
ing season banded samples but that the variance across years
could be quite large. This indicated that either (1) no mortality
occurred after hunting and the harvest rates for the two banded
samples were similar or (2) that the fall survival rates or har-
vest rates were different between pre- and post-hunting season
banded birds and post-hunting season survival was less than
1.0. We found that on average across years, survival estimates
for males banded pre-hunting season were slightly higher than
for males banded post-hunting season. Therefore, the assump-
tion that these two banding samples represent identical popula-
tions is violated, and we modified the model to incorporate a
population difference in survival and harvest rate parameters.
Our inference about the partition of “semi-annual” sur-
vival depends on the difference between parameter estimates
of pre- and post-hunting samples. First, if we assume a model
where no parameters are shared, then we are left with two
independent estimates of each parameter, and there is no infor-
mation, other than our prior belief, to partition annual survival
into hunting and non-hunting season components. Next, there
is a whole range of models where parameters are increasingly
constrained until we reach model “H.” of Brownie and others
(1985). These models might include fixing survival across
years and banding samples but not recovery rates, fixing
recovery but not survival across banding samples or years,
and other approaches. One possible solution is to fit a range of
models that share an increasing number of parameters between
pre- and post-season samples, up to and including model “H.”
of Brownie and others (1985) and then compare or average
parameter estimates across models based on an information
criterion. We used this approach in the context of a Bayesian
hierarchical model and “continuous model expansion” where
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different models are represented by the values of continuous-
valued “random effect” parameters.

Bayesian random effect models can be thought of as a
form of model selection, where the random effect variance
parameter determines the degree of “shrinkage” or model
complexity (Efron and Morris, 1977; Gelman and others,
2013; Kéry and Schaub, 2012). Under this perspective, a
model with random effect variance equal to zero is equivalent
to a model specifying a grand (constant) mean effect across
all years, and a model with infinite random effect variance is
equivalent to a model specifying a different, independent, esti-
mate for each year (a “fixed effect”). A Bayesian hierarchical
formulation allows for continuous variation between these two
extremes, and inspection of the posterior distribution of the
random effect variance determines the dimensionality of the
model. Under this formulation, individual year effect estimates
are also improved (that is, more likely to be closer to truth and
with lower variance) compared to independent “fixed effect”
estimates (Efron and Morris, 1977). In this context, the ran-
dom effect parameterization allows for a continuous model set
between “H.” of Brownie and others (1985) and a minimally
constrained model where only non-hunting season survival is
shared between banding samples.

A random effects parameterization was used for hunting
and non-hunting season survival; recovery (parameterized as
harvest); and solicitation probability, a nuisance parameter
describing the probability that the band was actively solicited
for reporting to the USGS Bird Banding Laboratory. For each
probability parameter except solicitation and non-hunting sea-
son survival, we used a log-odds scale parameter describing
the grand mean across all years for each age and sex cohort
(hereafter, cohort) and a year-, cohort-, and banding sample-
specific random effect. Importantly, each cohort received a
cohort-specific effect for the average temporal effect and for
adults a sex- and time-specific effect for the banding sample
effect (pre- or post-season). All individuals were considered
adult in post-season bandings. Variance parameters for the
effects were cohort specific. Solicitation probability was
defined as a temporal random effect but was not cohort or
banding sample specific. Non-hunting season survival was
defined as a cohort-specific temporal random effect. How-
ever, for this parameter, there were only adult cohorts, and the
parameter is not banding sample specific. Thus, we assumed
that banding samples fully share winter through summer sur-
vival estimates and that all variation across banding samples
was due to fall survival and recovery (harvest). If non-hunting
survival is allowed to vary across banding samples, the semi-
annual survival parameters become non-identifiable. We also
explored a spatial model that included the above structure and
analogous spatial random effects.

The likelihood function was constructed by formatting
recoveries for each age, sex, and banding season cohort (pre-
or post-hunting) into an “m-array” matrix, where each row
is a banding cohort, the columns are the number of recover-
ies during subsequent years from each banding cohort, and
the last column is the number of bands never recovered. We
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distinguished between unsolicited recoveries, where the band
was reported by the person that first encountered it (typically a
hunter), and solicited recoveries that were reported by another
person (typically a government employee). Solicited recov-
eries were determined by USGS Bird Banding Laboratory
encounter codes (“why” =2 and “who” = 22-29). We assumed
that the reporting rate was 1.0 for solicited bands but less than
1.0 for unsolicited bands. Therefore, solicited and unsolicited
bands had different recovery probabilities, and the m-array
was organized to allow this difference. Ignoring sex and age
cohort for now, the m-array is a three-dimensional array with
cells M with indexes i for banding year, j for banding season
(pre-hunting season or post-hunting season), and & for the
“m-array” column (here the combination of recovery year and
solicitation type plus one column for unrecovered bands). If
there are n recovery years (hunting seasons), then & goes from
1 to 2n + [ to index solicited (k = /...n) recoveries, followed
by unsolicited (k = n+1... 2n) recoveries during the hunting
season, and finally those bands never recovered (k = 2n + 1).
If we let ¢ index calendar year of recovery (¢ = /...n), then the
row vectors m, are modeled as realizations of a multinomial
process

|:mij1’""mij”mij'(t+l)""’mij'(2n+1):|~ (13)
Multinomial ( P,.B, )

with parameters P = [P, g e PW WM] being the
probability vector, "and B is the number of birds banded in
banding season j of calendar year i. P, is then parameterized
in terms of cohort- and banding season specific survival from
the mid-point of pre-season banding (approximately August)
in year t to year t+1 (S,,, .. ;. )» cohort- and banding season
specific harvest during the hunting (that is, recovery) season
that begins in year ¢ (hage,sex,j, ), and year-specific probabilities
of solicitation (s,) and reporting (r,). We define the vector
P, = [pl,j b pijn] with elements

p. =0fort<i,

ijt

p[j/ = hage,xexzj,/ fOr t = l’
-1
pijt = hadult,sex,j,t | |Sadult,sex,j,k

k=i

for individuals banded as adults and i < ¢t <n+1,

adult,sex,j,HlSjuv,sex,j,i

Dijin~=
for individuals banded as juveniles in i and recovered in i+/,
and

t-1

= hadult,sex,j,rSjuv,sex,j,i | I Sadult,sex,j,k
k=i+1

Pij

for individuals banded as juveniles in i and recovered after
i+1.Lets=[s, ..s Jand r=[r, ..., r ], then for pre-hunting
season banded birds (j = 7)

=[s*p, (1_s)*r*pi’ Pi,], et

where * indicates element-by—element multiplication and

1 1,2n+1 1 Z ilk -

To be recovered, birds banded post-season in calendar
year i must survive the post-hunting period (winter, spring
migration, and summer) to the pre-season banding period
in year i. We designated this additional survival as S|, ; for
the non-hunting period. There is no age structure to this term
because all individuals cannot be reliably aged after their first
hunting season. Traditionally, these birds are considered to be
adult even though they are a mixture of individuals in their
first year of life and older individuals. The probability vec-
tor for post-season banded recoveries thenis P ,= S;, ; P, .
The total likelihood function for the dataset is the product of
the above multinomial likelihood across all banding years,
seasons, and cohorts.

Survival was modeled by breaking annual sur-
vival into “semi-annual” components of fall or hunting
season survival (S age.sex.i )» WINtET to summer survival
(hereafter, winter surv1val S gex.r+1 ) and summer (breed-
ing-season) survival (S” ). Annual survival is then
S gesex i = S:ge ser,j S sex Hle’ex’Hl . Thus, we have assumed that
all variation in annual survival across age classes within a year
is due to differences in fall survival.

The model for hunting season survival is

sex,t+1

(14)

_ nh post
loglt( age,sex,t, j ) - ﬂage,.vex + ﬂvev ) + aage sex,t, j

where B2 estimates the average effect of banding season on
survival for post-hunting season banding samples relative to

pre-season samples as an 1ntercept (that is, P"S’ =0 for pre-
season bandings), and a/_, _ isarandom effect defined as
a’ Normal(O e ) (15)
age,sex,t,j age,sex

Thus, aage sers,; 18 cohort, time, and banding-sample specific.
Note that the time-specific banding-season effect comes from
the same distribution across all times and banding samples;
thus, the variance of this effect includes temporal variance
and the variance owing to the difference between samples.
Because these sources of variance (temporal and banding
sample) come from the same distribution, there is some depen-
dency among them.

For winter survival, the model is

lOgll( Sexl) ﬂOscx+ﬁ1N+ﬁ2x+ﬂ3XN+aSeXl
(16)

a Normal(O ol )

sex,t



with regression parameters f3;" common across sexes except
for the intercept, the covariates as defined in the “Productiv-
ity Submodel” section, and a sex-specific random year effect,
a . For breeding-season survival, the model is

sex,t *

. b b b
logll(Ssex t ) ﬁsex +asex,l

a7
al  ~ Normal(O o’ )
sex,t sex
Harvest probability was modeled as
. harvest harvest, t harvest
loglt (hage,sex,t,j ) = ﬁage,xeic + ﬁage,ajr,;’os + aag;’:'ejx,t,j (1 8)

where B :”;V;;’ /p”" estimates the average effect on harvest for

post- huntlng season banding samples, and the random effect is
defined as

harvest
age,sex,t

~ Normal (0 harvest ) )

agc sex

(19)

Note that in equations 15, 16, 17, and 19, the random effect
variance is cohort specific. Thus, the degree of shrinkage
across years is cohort specific. For solicitation probability, the
model is

logit(s, ) =p"+a )
20

o ~ Normal(O,G‘).

We used informative priors on all survival and harvest
parameters. Band reporting rates were derived from reward-
band studies in Anas platyrhynchos (mallard) (table 5 in
Boomer and others, 2013) because no reward band studies
have been done for pintail and there is no evidence that band
reporting rates vary significantly by species or sex (Garrettson
and others, 2014). For the years 1960—80, we used the mean
estimates from Henny and Burnham (1976; as corrected by
Nichols and others, 1991). Standard deviation of the estimate
during 1960-80 was not reported, but we assumed it to be
0.06. For the years 1981-88, we used the mean and stan-
dard error estimates given in Nichols and others (1991). For
the years 1989-91, we used the average reporting rate and
standard error in reporting rate across flyways and latitude as
given by Nichols and others (1995). For the years 1992-97,
we used linear interpolation of the mean and variance in
reporting rates based on the estimated values for 1991 and
1998. For 1998-2001 we used estimates reported in Royle
and Garrettson (2005), and for 2002 to 2013, we used the
estimates reported in Boomer and others (2013). We used the
reported mean estimates and their variance (the standard error
of the mean) to derive a method-of-moments estimate of the
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parameters of the Beta distribution. Then these year-specific
Beta distributions were used as priors for reporting rates.

For the intercepts of harvest probability on the log-odds
scale (B :;e’”;;’ ), we used a Normal(-3, 0.5) prior. For the
parameter that controls the mean difference between pre- and
post-season banded samples ( ﬂ:”e’g’ jp‘”’ ), we used an Expo-
nential(1) prior to allow only positive values (post-season
banded samples have higher harvest rates than pre-season
banded samples). For the standard deviation of the harvest
random effects, we used a Uniform(0, 1) prior.

For the intercepts of hunting season survival (S;’ge y
on the log odds scale, ﬂ:’ge!se

)

we used informative Uni-
form(0.5, 2) priors for each age and sex. This gave a range

of mean survival during the hunting season of 0.62—0.92. For
solicitation, a Normal(—2, 1) prior was used for the log-odds
scale intercept parameter. For all the standard deviations of
the random effects, we used a Uniform(0, 1) prior, which is
relatively informative on the variance scale in the sense that
very high random-effect variance is less likely than a variance
nearer to zero. In terms of model selection, this represents a
penalty for very high-dimensional models, founded on a belief
that such models are unlikely.

For winter survival, we used informative priors based on
the values currently in use for pintail adaptive harvest manage-
ment (USFWS, 2010). For the log-odds scale intercept param-
eter of winter survival, B, we used a Uniform(1, 3) prior
that gave a range of mean survival of 0.73—0.95. For covariate
effects on winter survival, we used a half-Normal(0, 1) prior
restricted to negative real values for the population effect; a
standard normal, Normal(0, 1), for the cumulative rainfall
effect; and half-Normal(0, 1) restricted to positive real values
for the interaction between cumulative rainfall and population
size. The restriction to positive real values was necessary for
biological realism because cumulative rainfall was centered to
a mean of zero. For other details of priors, see the model code
(Osnas and others, 2021).

Addition of Spatial Structure

In order to progress toward the model of Mattsson and
others (2012), spatial structure was added to productivity
and then to survival. For productivity, we partitioned direct
bird-band recoveries and PCS results by flyway. The two
spatial areas were the Pacific Flyway (the States of Alaska,
California, Oregon, Washington, Idaho, Utah, Nevada, and
Arizona), and the combined Central (Montana, Wyoming,
Colorado, New Mexico, Texas, Oklahoma, Kansas, Nebraska,
South Dakota, and North Dakota) and Mississippi (Alabama,
Arkansas, Indiana, Illinois, lowa, Kentucky, Louisiana,
Michigan, Minnesota, Mississippi, Missouri, Ohio, Tennessee,
and Wisconsin) Flyways (hereafter, Mid-Continent Flyway).
Pintail samples from other locations (Atlantic Flyway, Canada,
Alaska, and all other areas) were ignored. For direct recover-
ies, the recovery probability was partitioned into a migration
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parameter and year-specific harvest recovery parameters. The
migration parameter defines the proportion of pintails that
migrate to the Pacific Flyway, and the recovery parameters
define the probability of a banded pintail being recovered,
given that it migrated to the flyway region. We then were able
to estimate separate age ratios and regression parameters for
each flyway region (Pacific or Mid-Continent Flyway). We
also attempted to model age ratios from each breeding source
population, as originally modeled in Mattsson and others
(2012), but we were not able to run this model successfully
owing to a coding error, a directed cycle in the model graph,
or incompatible initial values. In any case, the model specified
by Mattsson and others (2012) is not identifiable with respect
to spatial structure in age ratio; therefore, any spatial partition
will be determined solely by prior specification without addi-
tional data sources. We attempted to address this by creating a
separate model to predict age ratio from the PPR (see section,
“Prairie Parkland Submodel”). Spatial models of survival were
developed but could not be compiled without error or would
not converge even after a very long run time. See model code
in a companion data release by Osnas and others (2021).

Climate Change and Habitat Management
Scenarios

The regression parameters estimated by the statistical
models described in the section “Population Model” are not
in units directly meaningful to managers of waterfowl habitat
or populations; the units for the regression parameters for
productivity are the changes in the log of fall flight age ratio
per unit change in covariate. Measures more meaningful to
managers and for the integration of harvest and habitat man-
agement decisions (Runge and others, 2006; Osnas and others,
2014, 2016) are the expected increase in population or sustain-
able harvest (both in units of numbers of individuals) owing
to a unit change in covariate. Such a change in covariate
might come from management intervention, such as increased
flooding of crop lands in fall or late winter that mimics large
rainfall events, or from climate change that might increase or
decrease average rainfall (for example, Matchett and Fleskes,
2017; Neelin and others, 2013).

We used a population dynamic model to explore the
effects of habitat management actions or climate change on
equilibrium population size and sustainable harvest. We sim-
plified the population model in equation (1) to include only the
female population,

Ny =N[S,+SR ] 20
where M, is the size of the female population at the start of

the breeding season; R, is the age ratio in the fall flight; and

S,' is the product of adult female survival during the breeding
season, juvenile female survival during the hunting season,
and adult survival during the post-hunting (winter) season,

as defined above for equation (1). Age ratio (R ) and winter

survival (") were modeled as functions described in the
“Productivity Submodel” and “Survival Submodel” sections,
respectively. For this equilibrium analysis, a 1:1 sex ratio was
assumed; therefore, the female population was multiplied by
two to predict a total breeding population.

With the addition of stochastic effects on all param-
eters, equation 21 describes changes in the female population
through time, and using constant mean values for the param-
eters, the model will describe a stationary distribution of N,.
Therefore, we worked with expected values through time
(geometric means) for the parameters above and solved the
model for positive equilibria of N defined by the solution of
N,,, — N, =0.All parameters were set at their geometric mean
through time, and the covariates for precipitation and mean
latitude were set to the arithmetic mean without management
intervention. The precipitation covariate was modified from
zero to reflect a management action or long-term change in
precipitation (climate change). For a range of harvest rates
h =10, h, }, we found the equilibrium population size N
numerically.

We first set the winter precipitation covariate to the long-
term average (x = 0) and found the set of equilibrium N over
the range of / at each sample of the joint posterior distribution
of the parameters. We sampled only values of the posterior
distribution that gave negative density dependence for all
covariate values that were used ( 3, + f8,x <0). This additional
constraint on the posterior distribution assures that there is a
finite population in the absence of harvest. From the resulting
yield curve, we found the maximum sustained harvest and
equilibrium population size at this maximum sustained harvest
for each sample of the posterior distribution. The precipita-
tion covariate was increased or decreased, and we again found
the equilibrium N over the range of / for the same sample
of the posterior distribution. Then for each individual poste-
rior sample, the following were calculated: (1) the change in
maximum sustained yield (AMSY) as the difference in maxi-
mum sustained harvest between the mean covariate value for
precipitation (that is, no management intervention, x = 0) and
intervention/precipitation increase (x = 1) or climate change/
precipitation loss (x =—1), (2) AN at MSY as the difference in
equilibrium population size obtained at maximum sustained
yield (MSY) found in step 1, (3) AN as the change in popu-
lation size with a change in covariate value but where total
harvest remains as in the reference condition (x = 0), and (4)
AH as the change in harvest that would be necessary to main-
tain the population size found at the MSY of the reference
condition (x = 0). AN reflects a policy decision to fix harvest
at the historical MSY level. Thus, a positive value achieves
the maximum gain in population size with a change in habitat,
and a negative value reflects a decline in population, including
population extinction if the harvest is greater than can be sus-
tained. AH reflects a policy decision to change harvest so that
population size remains constant under a change in habitat. We
then summarized the posterior of the yield curves by finding
the median and 95-percent Bayesian credible interval (BCI)
harvest at each level of population size. For precipitation gain,



the posterior median yield curve was extremely variable owing
to simulation variance; therefore, a polynomial regression of
the posterior median harvest as a function of population size
was used to smooth the posterior yield curve. For details, see
the model code in the data release by Osnas and others (2021).

Prairie Parkland Submodel

We focused on modeling the spatial and temporal varia-
tion of breeding productivity in the PPR. For this study, breed-
ing productivity was defined as the expected number of female
offspring alive at the end of the breeding season per female at
the end of the breeding season (R ). However, the focus was
on the fall flight age ratio from the PPR. In order to calculate
the expected number, we needed to integrate several prob-
ability distributions that determine the distribution of hatching
times: hen survival, nest initiation, clutch size, incubation, nest
failure time, re-nesting interval, and nest habitat distribution.
Once the distribution of hatching times was found, we inte-
grated hatching time to find the expected number of ducklings
alive at the end of the breeding season. Letting the subscripts
¢ and s represent year and spatial location of hatching, respec-
tively, and defining the continuous variable ¢ = a as the start
of the breeding season (approximately April 1) and # = b as
the end of the breeding season (approximately September 1),
the expected number of young alive at the end of the breeding
season produced from a female alive at the beginning of the
breeding season is

R, :fsz(z)C(t)S”’ (,b)dt (22)
where
the prime indicates that this is in reference to the
number of females at the start of the
breeding season (in contrast to the fall age
ratio at the end of the breeding season),
f=12 is the fraction of ducklings that are female,
H(t) is the hatching time distribution,
C(t) is the expected clutch size for nests that hatch
., attand
s (t, b) _ e_J o ") g the survival of ducklings from

hatching at ¢ to the end of the season at
b and where m(%,v) is the time and age-
specific duckling mortality hazard.

Equal primary sex ratio and survivorship across the sexes
for ducklings were assumed. Note that the probability that a
hen hatches a nest at any time between a and b (“hen success™)
is
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and the average time of hatching is
— b
£ =t (t)/ Ha .

Next, we focused on the model of the hatching distribu-
tion, H(?). Instead of explicitly modeling this complex process
as a system of partial differential equations or as a stochastic
simulation, a discrete approximation of H as proposed by
Cowardin and Johnson (1979) and Hoekman and others (2002)
was used, but nest success was allowed to vary with attempt,
time within the nesting season, and habitat. If 7 is an index
of nesting attempt (i = /, ..., M); n, an index of the period in
the nesting season (n = {1,2,3} with 1 = early, 2 =mid, 3 =
late); u, an index of habitat type (u = 1, ..., U); ¢, an index of
year; and s, an index of areal political unit within a subregion
of the species range (counties in the United States and rural
municipalities in Canada), then the proportion of hens that
hatch a nest during the nesting season in year ¢ in area s is
approximately

M J
Ht,s = pt,s,l |:ht,s,1 + Z(ht,s,j]i[ (1 - ht,s,i—l )pt,s,i ]:| (23)

j=2 i=2

~

where
Disi is the probability of nesting during attempt 7,
and
h,.; is the average probability of a nest

successfully hatching in year ¢ in area s
during nest attempt i, where the average
is taken over the distribution of nests
across habitats (indexed by u) and seasons
(indexed by n),

hl,s,i = zzrn,uqi,nhl,s,n,u,i .
nou

24

The probability of hatching a nest (nest success), /, , , , .»
was estimated using standard methods and field data (Devries,
2014), and the probability of nesting in habitat « during nest-
ing season n (7, ) was estimated from a resource utilization
model and regidnal distribution model described in Devries
(2014). Finally, ¢,  is the proportion of hens that initiate a nest
in season n given that this is their ith attempt. This quantity
was unknown for pintail, so values estimated for mallard were
used (Devries and others, 2008; Devries, 2014).
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The predicted breeding productivity for year ¢ in area s,
based on equations 22, 23, and 24, becomes
\ N\ od =
Rt,s = th,sCt,s (t )St,s (t ’b) (25)
where the bar indicates the mean over the hatching time dis-
tribution. This approximation introduces some bias owing to
evaluating the convex functions C and S“ at the mean hatch-
ing time; however, results of the simulations have shown that
duckling mortality or clutch size decline needs to be extreme
for this bias to be large enough for concern. In what follows, it

was assumed that clutch size was constant across locations and
time but that duckling survival was only constant across time,

C,(t)=C,

(r)=8 and

S’ (t,s)=8(7,b)=S.

To find the ratio of young to adult females at the end of
the breeding season, we divided by the expected survival of
adult females through the breeding season, S,

R

R[P:’R — 1,5 )
S Sb
t,s

(26)

To translate the location-specific age ratio to the fall age
ratio for an entire region, a weighted sum across all locations
was calculated, with the weights determined by the contribu-
tion of a local area to the regional fall flight

R =>"w, R, 27)

with

NS (1+R,,)

t,s=t,s

o = > NS (1+R,J) '

1,81,

(28)

Year- and location-specific breeding season survival
(S?.) could potentially come from a statistical model, as does
poﬁulation size or hen success, but these data are not avail-
able other than for one location studied over 3 years (Richkus

and others, 2005). Thus, there are no data to estimate spatial
variation in breeding survival; therefore, we assumed breeding
survival to be a function of landscape wetness.

Models for age ratio with spatially constant duckling sur-
vival, adult survival, and breeding propensity severely under-
predicted the fall age ratio. Therefore, we forced these param-
eters to covary with an index of local wetland conditions.
This was largely an exercise in expert judgement because few
data are available to inform these parameters or their spatial
covariance. Simulations showed that the spatial covariance
was especially important for determining the region-wide fall
age ratio (E.E. Osnas, U.S. Geological Survey, written com-
mun., 2014). Working with PPR waterfowl experts Robert G.
Clark (Environment and Climate Change Canada) and James
H. Devries (Ducks Unlimited Canada), we developed func-
tions that allowed local wetland conditions to affect duckling
survival, adult breeding propensity, and adult survival,

logit(D,) = b, + bw, (29)
where
D, is the demographic parameter (duckling
survival, breeding propensity, or adult
survival),
b,and b, are parameter-specific regression coefficients,

and w_ is the location-specific wetland
condition index.

Data layers, a hatching success model, and a habitat
selection model were obtained from Devries (2014). Briefly,
the hatching success model estimates daily nest loss as a func-
tion of land cover at the nest-site scale and larger scales, initia-
tion date, pintail density, and wetland conditions. The habitat
selection model predicts the proportion of pintail settling into
each habitat as a function of local habitat type, region-level
habitat, and pintail density. An important property of this
model is that pintail settle into habitats with lower nest success
in years of high pintail density (Devries, 2014).

We studied the performance of the model by compar-
ing predictions of the PPR age ratio, R, to age ratios, R,
estimated directly from PCS (USFWS) data as described in the
section “Population Model,” subsection “Productivity Sub-
model,” For details, see the model code in Osnas and others
(2021).



Decision-Support Framework Results

Population Model

The estimated population size followed very closely the
observed survey counts with generally high populations in the
1960s and 1970s, followed by a decrease (fig. 2). The pro-
portion of the population observed during surveys decreased
as mean latitude of the observed population increased
( ﬂlat =-0.09; —0.12, —0.07, all quantities are reported as
95-percent BCI in the format: parameter = posterior median;
posterior 2.5-percent quantile, 97.5-percent quantile). The
posterior distribution of the observation standard error indi-
cates that there was very little additional observation error
over that expected from the stratified random sampling design
(¢2 =0.009; —0.007, 0.027). The posterior distribution for
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the excess process error indicates less process variance than
expected from the binomial-Poisson expectation (¢1 =-0.75;
—0.85, —0.58), perhaps owing to negative covariance between
demographic parameters.

Annual survival was relatively constant across years
but differed among ages and sexes (fig. 3). On average, adult
males had the highest annual survival (BCI for mean across
years = (0.75; 0.74, 0.75) followed by adult females (0.65;
0.63, 0.67), juvenile males (0.65; 0.65, 0.66), and juvenile
females (0.58; 0.56, 0.61; fig. 3). There appears to be some
trend in juvenile survival where both sexes experienced
increasing survival through the 1960s and 1970s. In contrast,
estimated harvest rates (using mallard reporting rates from
Boomer and others, 2013) varied substantially across years
with relatively high harvest rates in the 1960s, 1970s, and
since the mid-2000s, and relatively lower harvest rates from
the late-1980s through the mid-1990s (fig. 4).

10 | | |
o EXPLANATION

B 95-percent Bayesian credible interval N
6 Estimated population

Population size, in millions

0 | | | | |
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1960 1965 1970 1975 1980 1985

1990 1995 2000 2005 2010 2015

Year

Figure 2. The observed Northern pintail population estimate from the Waterfowl Breeding Population and Habitat
Survey of the U.S. Fish and Wildlife Service and estimated population size from an integrated population model,

1960-2014.



14

Framework for Linking Regional-Scale Actions to Continental-Scale Conservation of Wide-Ranging Species

1.0
09 ]
08 — | [} —
C B u naly SagE "
Hy il u BrEefgH,
C n® ga HO® ® o @ _Bao =i
o O O O
mE [} = [} Oo.m o
07 — = = = Ho e—@®@ UO o oo O —
® o0 88°7 e a_ Ceo_  o" %o o
0%0® 08° o B0e8a°°8e° Se® 88g 0830 % ’OSD
O (o) o) o
06 o) o 0% omo ? o) o ofle 7]
z o 0o 880 loo 0| |9 © 00 0 o @ o
= 0 ] 0 0 B|oo 0 o ©
S ° To |19 ? 0
S 05 gl ° % —
g o?
3
4 — —
0 EXPLANATION
Median probability—Whiskers denote upper and
lower 95-percent Bayesian credible intervals
03 — for adult male and juvenile female, respectively ]
BE  Adult male
02 — @ Adultfemale —
O  Juvenile male
01 — O  Juvenile female ]
0 | | | | | | | | | | |
1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
Year

2015

Figure 3. Annual survival estimates from bird-band recoveries of Northern pintail in North America, 1960-2013. Median with
95-percent Bayesian credible interval (BCI) is presented. Only the upper and lower BCls are given for adult males and juvenile

females, respectively, to reduce clutter.



Decision-Support Framework Results 15

0.22 I I
EXPLANATION
020 — Median probability—Whiskers denote upper and N
L lower 95-percent Bayesian credible intervals i
for juvenile male and adult female, respectively
018 — —
O  Juvenile male
B O  Juvenile female T
016 |— B  Adultmale ]
- @ Adultfemale b
014 — —
= L |
S o2 —
a - o Og 0O 0o
g 010 — o 080 o o o o o o 0 —
s O O o O DD [m] (= g o O oo
T (@) O
B (@) 0o o ] (|:|)|:| [m] o O (] |
008 — © o000 © ° of 4 o o -
o O o ° o o) Oo o)
i 0-0 o © 0 oo oo 00 00 i
o o o O 00
00 o
(@] OO (m] (@]
0.06 — (1] (] (@] (@) @) ]
(] ] o O
= (] Up_m =] (e} o
B n®_ Og - = E Bg BEm 5] o 0 " -
m_E%g mly (]| m =]
(o) ® ® @ = Hg pEE
0.04 — ° 00 ¢° oo ® = = (m]=]5] (=
° 0009 ¢ 000 um gumEy
L o) .. ® =] Y [5]5] ° ... _
002 |- ®e 000 00,%0% 0 o
- 009 79 ®
0 | | | | | | | | | | |
1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
Year

Figure 4. Harvest probability estimates from bird-band recoveries of Northern pintail in North America, 1960-2013.
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Estimated fall flight age ratios in pintail are shown in
figure 5. Age ratio fluctuated from 0.5 to approximately 2.0,
or potentially higher (fig. 5). Pintail age ratio is related to the
estimated population size from the population model (fig. 6).
Posterior distributions for covariate effects on age ratio
show large differences from the specified prior distributions
(fig. 7). Age ratio decreased with population size (8, = —0.06;
—0.14, —0.01; fig. 7A) and decreased with mean latitude of
the breeding population ($, = —0.08; —0.10, —0.05; fig. 7B).
Cumulative rainfall interacted with population size (8, = 0.01;
0.001, 0.02) so that higher winter-season rainfall reduced
the negative effects of population size (fig. 7D). The average

effect of cumulative rainfall was not clear (8,= —0.04; —0.10,
0.01), but much of the posterior density was negative (fig. 7C).
Given that this result seems biologically implausible, a more
informative prior restricted to positive values might be used
in future implementations. The magnitude of estimated effects
indicates that mean latitude, a surrogate for prairie wetland
conditions, and population size (density-dependence) are the
most important drivers of pintail age ratio (figs. 7A, B).
Estimated covariate effects on winter (post-hunting)
survival are shown in figure 8. Posterior distributions were
centered more strongly toward zero compared to the prior
distributions (fig. 8). The population size effect shows the
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Figure 5. Estimated productivity (age ratio) of Northern pintail measured as the ratio of juvenile females to adult females in

the fall flight, 1961-2014. Median with 95-percent Bayesian credible interval is presented.



potential for moderate density dependence (5, = —0.09; —0.25,
—0.01; fig. 8A), and the interaction between population size
and rainfall shows that cumulative rainfall on the wintering
grounds might ameliorate the effect of density on the breeding
grounds (8, = 0.02; 0.001, 0.057; fig. 8C). The posterior den-
sity for the average rainfall effect was mostly negative, which
seems implausible, but overlapped zero (£, = —0.13; —0.35,
0.001; fig. 8B).

The posterior distributions of age ratio and winter
survival as a function of population size and cumulative
rainfall are shown in figure 9. At mean rainfall, age ratio and
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survival decreased with population size (fig. 9). When rainfall
decreased, the effect of population size became more negative;
in contrast, with an increase in rainfall, the effect of population
size became less negative (fig. 9). Note that these estimated
effects (figs. 8 and 9) include prior and posterior distributions
that gave large negative effects for rainfall and a large positive
interaction between rainfall and populations size for both age
ratio and survival; therefore, compared with a model that only
allowed for positive rainfall effects, the magnitude of the total
rainfall effect may be overestimated.
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Figure 6. The age ratio in relation to the estimated breeding population size of Northern pintail in North
America, 1961-2014. The gray crosses show the 95-percent Bayesian credible intervals along both dimensions.
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Spatial Patterns in Survival and Reproduction

The model that allowed for a spatial age ratio (Pacific
and Mid-Continent Flyways [Mid-Continent is Central and
Mississippi Flyways combined]) did not converge (R-hat > 1.5
for all parameters); however, we summarized results because
posterior distributions gave reasonable estimates and were
similar to posterior distributions fit in other exploratory mod-
els that did converge, including spatial models of age ratio fit
outside of the IPM context. The main results from the spatial
model are differences in the temporal patterns of age ratio
across regions (fig. 10) and in the covariate effects on age ratio
(fig. 11). Age ratio in each region appeared to fluctuate around
a similar mean from the 1960s until the mid-1980s and was
often similar across regions (fig. 10). In the mid-1980s, the
average age ratio in the Mid-Continent Flyway increased and
became more variable, whereas in the Pacific Flyway, the age
ratio became less variable and fluctuated around a lower mean
slightly greater than 0.5 (fig. 10).

The estimated covariate effects also differed across
regions (fig. 11). The posterior distribution for the

post-hunting population size parameter (8,) was much closer
to zero for the Pacific Flyway than for the Mid-Continent
Flyway (fig. 11A). To explore this pattern, we relaxed the
prior distribution (made it less informative) to allow for
positive parameter estimates and re-fit the model (data not
shown). This gave largely positive estimates for the popu-
lation size parameter in the Pacific Flyway, but the values
for the Mid-Continent Flyway parameter were largely
unchanged. Thus, when the North American breeding popu-
lation was large, productivity in the Pacific Flyway was high.
Similar patterns were found when age ratio was estimated
using only banding and PCS data outside of the IPM; this
pattern needs further investigation as it might be an artifact
of long-term shifts in pintail demographics, spatial band-

ing patterns, or other processes. Latitude and rainfall effects
were similar between regions (figs. 11B and C), although the
latitude effect did not fully converge in the results presented
here (this parameter converged in previous model runs

not presented). The large and negative effects of rainfall
(figs. 11C and D) need to be examined and more appropriate
priors applied.
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Figure 10. Northern pintail age ratio in the Pacific Flyway and the combined Central and Mississippi Flyways in North
America, 1961-2014. Median with 95-percent Bayesian credible interval is presented.



22 Framework for Linking Regional-Scale Actions to Continental-Scale Conservation of Wide-Ranging Species
40 35
A B
30 — ] —
0 7] 2 |- [ ' —
%
Z Z 0= ’ I
3 90 |- - s ’
(3] [}
S S 15 — ’ - —
4975
10 geey —
¢
10 ¢ ’
N ge9e |
g 5299%%
| e AR A | 59622%
0 0
-1.75 -1.50 -1.25 -1.00 -0.75 -0.50 -0.25 0 -0.15 -0.10 -0.05 0
Population size effect Mean latitude effect
c D
8- N 30 —
7 — M
25 — —
61— ] u
Z 5 — — z 20 .
o 4 ¢ . o 15 u —
¢
o 7 - o
] ’ valP% /_ ]
2= 975 m 959580%9%
1 955 . ST ) 7
0 | 557 | R
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0 0.05 0.10 0.15 0.20 0.25
Cumulative rainfall effect Population-size and cumulative-rainfall interaction
EXPLANATION
Posterior distribution
[1 Pacific Flyway
[~ Central and Mississippi Flyways
Figure 11. Posterior probability density for the estimated regression parameters relating the natural logarithm of Northern pintail

age ratio in two flyways to A, post-hunting population size, B, mean latitude of the observed breeding population, C, cumulative
rainfall on wintering areas, and D, the interaction between post-hunting population size and cumulative rainfall, 1960—-2014.



Climate Change and Habitat Management
Scenarios

Changes in the yield curve resulting from rainfall gain
or loss due to climate change or habitat management are
illustrated in figure 12. Rainfall gain shows a large expan-
sion of the yield curve (increased equilibrium harvest for a
given equilibrium breeding population size) compared to the
yield curve at the long-term average condition (fig. 12). In
contrast, a decrease in precipitation gave a small decline in
maximum sustained harvest but a relatively large decline in
population size under no harvest (that is, carrying capacity),
as shown at the non-zero population size where harvest is also
zero (fig. 12). Metrics describing the posterior change in yield
curve are shown in table 1. Note that under reduced precipita-
tion (—1 standard deviation in fig. 12), the posterior median
yield curve is larger (more harvest) compared to average con-
ditions as population and harvest approach zero; this implies
that the intrinsic growth rate of the population under reduced
rainfall was greater than under average rainfall conditions.
This pattern is a consequence of the estimated posterior rain-
fall effects on age ratio (figs. 7C and D) and survival (figs. 8B
and C). To the extent that this pattern is implausible, the prior
might be adjusted to prevent implausible estimates and give
more realistic yield curves in response to habitat change.
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Table 1. Metrics summarizing the change in equilibrium
harvest and population size with increased or decreased
wintering-ground rainfall compared to the yield curve estimated
under long-term average conditions.

[Metrics are the difference in maximum sustained harvest (AMSY), the dif-
ference in equilibrium population size obtained at maximum sustained yield
(AN at MSY), the change in population size when total harvest remains as
in the reference condition (AN), and the change in harvest that would be
necessary to maintain the population size found at the MSY of the reference
condition (AH). SD, standard deviation]

(inl:nn?ltlrii(::ns) -1 SD Precipitation’ +1 SD Precipitation’
AMSY —0.05 (-0.38, 0.62) 1.33 (—2.12,4.97)
AN at MSY —1.35(=5.45,—0.05)  13.81(—10.16, 22.31)
AN —3.09 (—10.95, 2.83) 18.47 (—11.38, 22.46)
AH —0.09 (—0.47,0.31) 0.44 (—1.38,3.15)

"Values within parentheses are the upper and lower bounds of the
95-percent Bayesian credible interval.
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Figure 12. Posterior distributions of equilibrium harvest as a function of equilibrium breeding population size

(the “yield curve”) of Northern pintail under three climate scenarios.
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Prairie Parkland Region Submodel

The predicted PPR age ratio is not closely related to the

continental age ratio estimated from bird-band recoveries and
the PCS when all years are considered together (fig. 13). Dur-

ing the recent past (1985-2009), however, the PPR age ratio
increased faster than the continental age ratio. For the earlier
years (before 1985), there was good agreement between
continental and PPR age ratios when both were low, but the

estimated PPR age ratio did not capture large spikes in conti-

nental age ratio during this period (fig. 13). These predictions

do not include long-term changes in landscape cover other
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than changes in an index to PPR wetland conditions; there-
fore, the difference in pattern between early (before 1985)
and late (after 1985) periods might be due to a large-scale
shift in prairie landscapes, such as reduction in summer
fallow (for example, Podruzny and others, 2002), preda-
tor communities, climate, or other mechanisms. Alterna-
tively, better fit during the later period may be because the
mechanistic model was based on nest survival and habitat
selection data gathered during this period (Devries, 2014).
In any case, it appears that the model gives plausible
prairie age ratio (productivity) estimates for years after the
mid-1980s.
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Figure 13. The Prairie Parkland Region age ratio of Northern pintail estimated from the Prairie Parkland Region
model in relation to the continental age ratio estimated from Parts Collection Survey data, 1965-2009. Error bars

indicate 95-percent Bayesian credible intervals.



Discussion

General Insights

Four major insights for management of wide-ranging
species and integration of habitat and harvest management
emerged from work on modeling pintail population dynamics.
(1) Use of an IPM is highly valuable for building an annual
cycle model that is consistent with all available data, but an
IPM does not solve all inferential problems. (2) Essentially,
no useful habitat data are available at the same spatial and
temporal scale as the waterfowl demographic data, and given
temporal changes in pintail demographics that occurred
in the mid-1980s, the usefulness of the full time series of
demographic data for inference is compromised. If a model
is constructed to guide current management decisions, model
development might be based on data sources available after
the 1980s. (3) Little evidence is available for large variation
in survival, which has been the basis for many hypotheses of
waterfowl] harvest and habitat management; instead, age ratio
(recruitment) is variable across time and regions. This does
not mean that survival does not respond to variation in harvest
or habitat, just that the relative variation in survival is low,
especially in adult cohorts, compared to variation in harvest
and presumably, habitat. (4) The model of Mattsson and others
(2012) is probably too complex to be estimated from available
data and to make operational in a management context.

Use of an annual cycle model integrating data on popula-
tion counts, bird-band recoveries, and age ratio is highly
valuable with respect to understanding pintail population
dynamics, but the model is no panacea for relating habitat to
demographics. The main advantage of the model is estimation
of all processes (for example, latitude correction of population
estimates from the WBPHS, seasonal survival components,
productivity, and habitat effects on survival and productiv-
ity) simultaneously. This ensures that estimates are logically
consistent with each other and the underlying mathematical
model. In addition, process variance (true stochastic fluctua-
tions) and observation (sampling) variance of demographic
rates and population size can be estimated, and this allows for
a full accounting of uncertainty in a straightforward way.

A consequence of the linked structure of IPMs is that
various components of the life cycle are not independent.
Thus, assumptions imposed on one part of the life cycle can
be carried through to affect estimates in other parts of the life
cycle, especially parts for which there is little information.
This property can help identify model-formulation errors in a
component of the life cycle when the errors are large enough
to become obvious by producing unbelievable patterns in
other components. For example, the estimated harvest rates
were far too high in an initial version of the model, and this
caused winter survival estimates to be positively related to
population size (positive density dependence)—a biologically
unreasonable result. We therefore revised the harvest rate
model by incorporating solicitation of bird bands and found

Discussion 25

more reasonable harvest estimates, and the positive relation
between population size and survival disappeared. Thus, the
linked nature of IPMs serves to evaluate the consequence of
hypotheses and estimated parameters from one component of
the life cycle through all other components.

A major issue with our effort was the uncertainty in the
measure of habitat. There are essentially no relevant annual
winter or breeding habitat datasets to form the basis of relating
habitat to survival or productivity on an annual basis. Some
data on annual breeding habitat are available from annual
USFWS surveys and agricultural census efforts in the United
States and Canada, at least in the PPR. Unfortunately, sur-
veys of breeding habitat (May ponds in the WBPHS) do not
increase the ability to predict pintail productivity (Sheaffer
and others 1999; M.C. Runge, U.S. Geological Survey, and
G.S. Boomer, U.S. Fish and Wildlife Service, written com-
mun., 2005). For wintering areas, only NOAA weather data
(https://www.ncde.noaa.gov/cdo-web/) and U.S. Department
of Agriculture crop acreage data (https://www.nass.usda.gov/
Data and Statistics) are available on an annual basis for the
same time frame and spatial scale as the pintail data. These
data are rough proxies for the habitat conditions that directly
affect pintail survival; thus, only a “framework™ can be
established now. The functional relation between habitat and
demography might be determined if habitat data that reflected
the winter conditions that matter to pintail were collected
annually and made available. Similar concerns occur for
breeding ground habitat data, especially outside of the agricul-
turally important PPR. Even in this region, however, land use,
agriculture, and climate datasets were difficult to assemble,
and many variables could be produced only from exten-
sive geographic-information-system-based modeling efforts
(Devries, 2014). If information on habitat is important for
decision making, then a major effort of JVs and LCCs might
be either to directly collect, synthesize, and freely distribute
region-wide data on habitat conditions or foster others to do
so (much as is done with bird-band recovery, the WBPHS, and
PCS data). Perhaps an annual simple random sample in mid
winter to late winter within a JV or LCC would suffice, includ-
ing the use of remote sensing technology. When such informa-
tion is available, a simple substitution of covariates into our
model could take place.

Even if suitable habitat data were available, however,
there is very little evidence for variation in survival using
bird-band recovery data for 1960-2014, especially in adult
cohorts (fig. 3). Therefore, regressions between a putative
habitat covariate and survival for these years are not likely
to be highly informative. Moreover, the steady survival rates
indicate that the range of historical environmental variation
is not sufficient to produce a response in pintail survival. Our
analysis of pre-and post-season bird banding, as well as most
radio-telemetry studies, indicates that survival after the hunt-
ing season is invariably high and that mortality occurs instead
during the fall hunting season in greater rates than predicted
by estimated harvest rates. Thus, hypotheses that include
significant non-harvest mortality during the fall need to be
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considered and potentially included in pintail (and perhaps
other waterfowl species) harvest management decisions.
Hypotheses that form the basis of pintail or other species habi-
tat management need to be reconsidered.

We were not successful in fully implementing the spatial
annual cycle model as described in Mattsson and others
(2012). The original model of Mattsson and others (2012),
although highly informed by experts with extensive knowl-
edge of pintail biology, is probably too detailed to be opera-
tional with the data collected on an annual basis (WBPHS
population counts, wing samples from the PCS, and bird-band
recoveries). The main drawback is a lack of spatially explicit
annual estimates of the seasonal components of survival (fall,
post-hunting, and breeding season survival), as well as annual
estimates of breeding-area specific age ratios. To acquire such
data would probably require massive investments in effort and
new technologies, and such efforts may not be justified by an
improvement in management outcomes. To complicate mat-
ters, there appears to have been long-term monotonic system
changes that limit the utility of these time series for inferring
causation. The first limitation introduces structural uncertain-
ties in the model because processes are not well identified, and
the second limitation, at worst, causes questionable inferences
or, at best, restricts inferences to a subset of the time series,
which increases parametric uncertainty. Thus, in the absence
of new data, probably the best alternative is a simplification in
model structure that still captures the major processes of habi-
tat and harvest effects, such as is used for pintail or mallard
adaptive harvest management (USFWS, 2013b), potentially
including simple spatial structure in harvest, survival, or fall
age ratio. Given the evidence for system change that occurred
in the mid-1980s, limiting data for model development and
prediction to those data after the 1980s needs to be considered.
With any approach, considerable uncertainties will remain,
and these need to be incorporated into the decision process.
Then the effects of manipulations in an adaptive management
framework can be monitored.

Although we believe our approach is reasonable and
that the use of integrated population models and Bayesian
methods are an improvement upon previous efforts, there
are serious limitations in data sources to inform developed
models and hypotheses. If similar approaches are to be applied
to other species, especially taxa that lack the data common
in hunted species, data limitations will become more severe.
The approach used here, however, can still be applied, but the
inference will be more reliant on the prior distributions sup-
plied rather than any data. If the goal is transparency and a full
accounting of uncertainties, then this is an advantage of our
framework and likely very important to most taxa.

Specific Insights

Survival and Harvest

Remarkably, little variation in survival was found,
especially for adult female pintail, across more than 5 decades

(fig. 3), even though harvest rates changed nearly twofold
(fig. 4) and population size underwent large fluctuations
(fig. 2). This is consistent with other studies on pintail (Hest-
beck, 1993; Franklin and others, 2002; Nicolai and others,
2005; Rice and others, 2010) and other avian species, includ-
ing several waterfowl species (Gould and Nichols, 1998;
Franklin and others, 2002). Unlike these past studies, we
attempted to partition annual survival into components of
the hunting and non-hunting seasons by comparing recovery
probabilities between bird-banding samples from two periods
of the year. Because these recovery probabilities were similar
between the bird-banding samples, the results indicate that
survival through the non-hunting period (late winter to fall)
is very high. Such high survival rates challenge hypothesized
mechanisms of density dependence for survival. Instead, these
patterns indicate that survival during fall migration and the
hunting season might be the limitation. Therefore, efforts to
increase productivity might be most amenable to manipulation
and respond most quickly to environmental change.
Density-dependent mortality during the post-hunting
season has been assumed to be the underlying mechanism
of harvest compensation (Boyce and others, 1999; Mattsson
and others, 2012), including in the original articulation of the
hypothesis for waterfowl (Anderson and Burnham, 1976).
Instead we found very high survival during the post-hunting
season and nearly constant but lower survival during the fall
hunting period. Thus, fall survival seems to be largely inde-
pendent of harvest rates, especially for adult females but also
for most other cohorts in most years. High survival during the
post-hunting period is consistent with some other studies that
were based on radio telemetry in California (Miller and others,
1995; Fleskes and others, 2002, 2007), and Miller and others
(1995) indicate that, on the basis of their data, survival during
fall migration or breeding is the only component of annual
survival that could be improved. Miller and others (1995) also
report little difference in radio-marked female pintail survival
between liberal and restrictive hunting regulations, as did Rice
and others (2010) using band-recovery data from North Amer-
ica. These results are consistent with the analysis presented in
this report. Fleskes and others (2007), who report on a larger
range of study years (1987-2000) and regions within Califor-
nia than Miller and others (1995), found that fall and winter
survival of adult females before, during, and after the hunting
season had increased relative to the study years 1987-90 of
Miller and others (1995). Fleskes and others (2007) attributed
this to restrictive hunting regulations and increased habitat
area. In this study, similar trends in continental patterns of
adult survival were not seen, indicating that survival may have
decreased outside California, although neither our investiga-
tion of spatial models nor the results of Rice and others (2010)
show spatial variation in survival trends that would cancel
out when pooled continentally. Moreover, radio telemetry
estimates of winter survival in central North America (north-
ern Texas and the Louisiana Gulf Coast) also indicate high
survival after the hunting season (Cox and others, 1998; Moon
and Haukos, 2006), and no mortalities were recorded during



the spring migration for 71 radio-marked pintail in Nebraska
(Pearse and others, 2011). Taken together, our analysis of
long-term bird-banding data, as well as various studies in spe-
cific years and locations, indicates nothing other than high and
constant survival after the hunting season.

The stationary nature of continental survival over five
decades, especially for adult pintail, indicates that survival
does not easily respond to variations in habitat, harvest, or
population size. Instead, historical fluctuations of habitat,
harvest, or population seem to have been within a zone of rela-
tive tolerance where pintail might compensate for any envi-
ronmental perturbations. In life-history theory, such invariance
of a phenotype to environmental perturbation is described
as a “flat reaction norm” or demographic buffering (Stearns,
1992; Koons and others, 2014), and it has long been hypoth-
esized that traits that contribute most to population growth
should exhibit the most demographic buffering (Stearns, 1992;
Caswell, 2001). For a life history like that of pintail, popula-
tion growth will be most sensitive to adult survival (Flint and
others, 1998; Koons and others, 2014); therefore, we expect
pintail and other similar migratory species to have evolved
life-history behavior in order to modulate environmental
fluctuations and maintain survival. When considering habitat
or harvest manipulation, such demographic buffering might be
considered in the decision process.

There are at least two important implications of survival
invariance. First, pintail survival is not expected to change
in response to perturbations in habitat, harvest, or population
size of the historical magnitude seen over the last 50 years
(1961-2014), including wetland habitat gains or losses and
changes in agricultural practices on the breeding and winter-
ing grounds. Thus, environmental changes resulting from
either management actions or climate change will need to be
larger than historical perturbations before a large response in
survival will be observed. Second, the invariance of survival
indicates that using survival to evaluate habitat management
actions is unlikely to be useful, as has been proposed recently
to assess habitat management actions (NAWMP Assessment
Steering Committee, 2007). Therefore, the results presented
here indicate future investments to improve pintail survival,
especially during the late winter through breeding season,
may be misplaced. Instead, investment to improve reproduc-
tive success might be more effective for increasing population
size or harvest yield, as well as easier to measure in order to
evaluate habitat management. This includes investments in the
wintering grounds (such as habitat that is designed to increase
body mass upon spring departure) that might increase repro-
ductive output (that is, “cross-seasonal effects”), although
the marginal benefits of these indirect effects on reproduction
seem unlikely to be more important than the direct effects of
breeding habitat improvements and likely would be very dif-
ficult to measure. Alternatively, investments might be made
with the intent to maintain current pintail survival (such as
providing sanctuary habitat). However, in this case, no change
in population size or harvest yield is expected, and this begs
the question as to whether investments for survival of pintail
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or similar organisms are the best use of limited conservation
resources. These considerations deserve greater analysis that
is beyond the scope of this study, including a multi-species
and ecosystem-wide evaluation. Results of this study are
consistent with a recent analysis of a pintail population model,
based on expert judgement (Mattsson and others, 2012), that
showed proportional improvements on breeding grounds had
a much larger population-level effect than proportional habitat
improvements on wintering habitats. Because the model of
Mattsson and others (2012) incorporated the assumption that
survival varied after the hunting season owing to negative
density dependence, the results reported here indicate that

the relative difference in realized gains between breeding and
wintering-ground improvement might be larger than that pre-
dicted by the model of Mattson and others (2012) and would
more highly favor habitat investment in breeding areas.

One exception to the constant survival rates of pintail
is the upward trend in juvenile male fall survival through the
1960s and 1970s (fig. 3). During this period, our estimates
of harvest rates were relatively constant at the historical
maximum (fig. 4). One possible explanation is that some
environmental condition was improving that affected juvenile
males disproportionately. We have difficulty imagining what
age- and sex-specific effect this might be that could account
for a 10- to 20-percent increase in survival over these two
decades, perhaps a reduction in disease occurrence. A more
likely mechanism is that the estimates of harvest rates in 1960s
and 1970s are biased low. We extrapolated the reporting rates
from Henny and Burnham (1976; also reported in Nichols and
others, 1991) backwards to 1960 because there are no direct
estimates for this period. If reporting rates were lower than
those we used, harvest estimates would be higher, and a rela-
tion between survival and harvest might be found in juvenile
males. In any case, the lack of annual reporting rate estimates
reduces the value of these historical datasets.

Many of the investigations of annual variation in survival
have used classical “fixed effect” estimates of annual survival
(in pintail see Hestbeck, 1993; Rice and others, 2010), even
though it has long been known that these lead to an “inadmis-
sible” estimator, meaning that an equal or better estimator is
known to exist (Efron and Morris, 1977). In our context, the
better estimator is one that is shrunk toward a grand mean, as
we have done in this hierarchical Bayesian analysis or others
have employed in a non-Bayesian context (Gould and Nichols,
1998; Franklin and others, 2002). An important implication of
past work that used a “fixed effect” specification in survival
models is that the annual variation in survival estimates (as
estimated by the sample variance across all year estimates) is
too high. This is not just an academic point based on theoreti-
cal statistics. At a minimum, this causes researchers and man-
agers to conclude more variation than is justified (for example
see the plots in Rice and others, 2010). In important applica-
tions, such as modeling stochastic population processes that
form the basis of harvest management decisions, this will lead
to overestimation of the true demographic process variation.
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Productivity

Unlike survival, pintail age ratio responds strongly to
habitat conditions (breeding wetland conditions as indexed
by mean latitude of the observed breeding population in the
WBPHS) and population density (fig. 7), as has been found
previously (Sheaffer and others, 1999; M.C. Runge, U.S.
Geological Survey, and G.S. Boomer, U.S. Fish and Wildlife
Service, written commun., 2005). Evidence of a direct effect
(main effect) of winter habitat conditions (cumulative rainfall)
on productivity (cross-seasonal effects) is weak and might be
negative at average conditions (fig. 7). Instead there is evi-
dence for an interaction between winter habitat conditions and
population size on age ratio so that when rainfall is increased,
the effect of density is reduced (fig. 7D).

When productivity patterns are examined spatially, the
Pacific Flyway had high and variable productivity in the 1960s
and 1970s, followed by relatively low and constant productiv-
ity through current years (1985-2013) (fig. 10). In the Mid-
Continent Flyway, however, the mean and variance of produc-
tivity increased after the mid-1980s (fig. 10). This indicates
substantial demographic differences between these flyways, as
is reflected in differences in estimates of regression parameters
(fig. 11), and may warrant different harvest or habitat manage-
ment approaches. However, simulation chains of this spatial
model did not converge on the same posterior distribution;
therefore, inferences are suspect. In any case, demographic
differences between regions deserve more investigation and if
present would affect harvest yield potential across regions.

Prairie Parkland Region Submodel

The submodel to predict PPR age ratio (breeding pro-
ductivity) of pintail showed some promise. Except for the
early decades of the 1960s and 1970s, the relation between
estimates of continental productivity and PPR age ratio was as
expected (fig. 13); as continental age ratio increased, PPR age
ratio increased at a greater rate to reflect the higher productiv-
ity of this area in good (wet) years compared to more northern
areas. However, the relation left much unexplained variation.
Much of this unexplained variation is due to the proportion
of pintail that breed in the PPR. Although this was estimated
with the IPM, it was not incorporated into the submodel. An
important source of unexplained variation is due to landscape
change not captured in our land-use dataset. Because we were
still attempting to build a land-use dataset that extended over
the history of the age ratio data, we could not fully evaluate
this option. In addition, no data on spatial covariance between
important demographic processes (hen survival, nest success,
duckling survival, and others) were available, and early simu-
lations showed these to be important in predicting a region-
wide age ratio. Therefore, we assumed that these demographic
processes covaried with local wetland conditions. Thus,
any departure from our assumptions about these processes
would have an effect on predictions. Nevertheless, there was
a positive relation between continental and PPR age ratio

for 1980-2009. The difference in dynamics during the 1960s
through 1970s remains to be explained, as it was not captured
by preliminary landscape-change data.

Summary

This study was conducted by the U.S. Geological Survey,
in cooperation with the Gulf Coast Prairie Landscape Con-
servation Cooperative, Ducks Unlimited Canada, Environ-
ment and Climate Change Canada, and the U.S. Fish and
Wildlife Service, to build a framework to integrate habitat
and harvest management of Anas acuta (Northern pintail,
hereafter pintail).

We developed an integrated population model (IPM)
of the annual life cycle of pintail using available datasets to
provide a decision support framework for habitat and harvest
management. An IPM uses multiple datasets to simultane-
ously estimate population size, survival, per capita reproduc-
tive rates, or other demographic parameters. We attempted to
expand the model to a spatially specific framework to allow
flyway-specific decision support. We also built a mechanistic
model to predict per capita reproductive rates from small-scale
landscape data in the Prairie Parkland Region, with the intent
to allow these predictions to inform prairie-parkland-specific
reproductive rates in a spatial life cycle model.

The main accomplishments of this study are (1) develop-
ment of an IPM for pintail to guide harvest and habitat man-
agement, (2) development of a Prairie Parkland Region (PPR)
breeding submodel to predict pintail productivity, (3) develop-
ment of statistical methodology to estimate pintail productivity
(as measured by the ratio of juvenile to adult ducks in hunter-
collected wing samples) and winter survival and relate these
estimates to covariates, and (4) an illustration of how to use
a model and estimated parameters to predict pintail popula-
tion size and sustainable harvest as a function of changes in
habitat. Estimation of pintail survival from bird-banding data
shows that there has been relatively little variation in sur-
vival. A productivity model showed strong effects of breed-
ing ground conditions, wintering-ground habitat cumulative
precipitation, and population size on pintail productivity. Thus,
most temporal variation in pintail demographic rates is due to
effects on reproduction and not survival, including effects of
breeding or wintering-ground habitat. These results indicate
that habitat conservation efforts may be more successful if
they focus on maintaining or increasing breeding and winter-
ing-ground habitat to protect or increase pintail productivity,
as opposed to managing habitat to change survival rates.

An IPM that allowed for different demographic pat-
terns between the Pacific Flyway and the combined Central
and Mississippi Flyways (Mid-Continent Flyway) showed
striking differences in productivity across years between these
regions. Until the mid-1980s, pintail productivity was similar
between these regions. After the mid-1980s, pintail produc-
tivity became low and stable in the Pacific Flyway, whereas
in the Mid-Continent Flyway, productivity remained high



and variable. Covariate effects on productivity also differed
between regions. There was a much larger negative effect
of population size in the Mid-Continent Flyway, indicating
optimal habitat and harvest management strategies differ
between regions.

Predictions from a mechanistic model of PPR productiv-
ity also differed across time periods. The model used contem-
porary landscape cover data, year- and location-specific data
on pintail population size, and landscape wetness to predict
local pintail breeding effort, nest site selection, nest success,
and duckling survival, which were combined and summed
across the entire region. Predictions were highly variable
across years, but patterns of variation differed between early
and later periods. For the years after the mid-1980s, model
predictions for pintail productivity in the PPR were, on aver-
age, greater than those for the continental region, and as the
continental age ratio increased, the model predictions for the
PPR increased by a greater amount, as is expected if the PPR
is highly productive for pintail compared to more northern
areas. In contrast, model predictions for productivity in the
PPR before the mid-1980s were, on average, lower than those
for the continental region and did not increase with continental
productivity. This difference in patterns indicates that funda-
mental changes in pintail productivity occurred between peri-
ods owing to landscape change not associated with wetness,
which is known to have occurred, and possible changes in the
reproductive response (hen effort, nest site selection, nest suc-
cess, or duckling survival) of pintail to landscapes.
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