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Metapopulation Risk Assessment Model for Recovery Planning

Philip S. Miller, Ph.D.
Senior Program Officer
IUCN SSC Conservation Breeding Specialist Group

In consultation with
Mexican Wolf PVA Development Team

Introduction

This document describes the demographic and genetic simulation model developed for population
viability analysis (PVA) of the Mexican wolf (Canis lupus baileyi) to assist in the recovery planning
effort for the species in the United States and Mexico. The modeling tool used in this analysis is the
stochastic individual-based software Vortex (Lacy and Pollak 2017). This most current PVA project,
initiated in December 2015, builds upon previous work led by Rich Fredrickson and Carlos Carroll in
2013-2015 (itself based on the published analysis of Carroll et al. (2014)). The previous analysis relied on
demographic information from other wolf populations, most notably the Greater Yellowstone Ecosystem,
while this analysis uses a majority of data collected through direct observation of Mexican wolves in the
wild. In addition, the earlier effort used an older version of the Vortex software platform; an important
new feature of this latest effort is the explicit addition of a captive population component to the
metapopulation model. This new capability now allows us to incorporate the pedigree of all existing wild
and captive wolves, thereby establishing an accurate portrayal of the genetic relationships among all
living wolves. Using this expanded capability, we can explore specific scenarios of wolf release from the
captive population (based on specific genetic criteria) to existing populations in the U.S. or Mexico, or to
currently unoccupied habitat patches in Mexico as defined by the ongoing habitat suitability analysis
(Martinez-Mayer et al., in prep) conducted as part of the larger recovery planning process. In addition, we
can more accurately track the changes in gene diversity (expected heterozygosity) over time across all
wild and captive populations — thereby providing more useful guidance in deriving both demographic and
genetic population recovery criteria.

Presentation of the extensive model input datasets is organized by population. Specification of wild
population input data focuses strongly on the Mexican Wolf Experimental Population Area (MWEPA)
which has been the subject of targeted research and monitoring since 1998 by biologists from the U. S.
Fish and Wildlife Service and cooperating state wildlife agencies. The separate population currently
inhabiting northern portions of Mexico’s Sierra Madre Occidental, hereafter referred to as Sierra Madre
Occidental — North or simply SMOCC-N, was established much more recently; consequently, we have
comparatively little detailed knowledge of its demographic dynamics. A second habitat patch in the
southern Sierra Madre Occidental, hereafter referred to as SMOCC-S, is currently unoccupied. Any
model of wolf population dynamics in this area must assume demographic rates based on those that define
both MWEPA and SMOCC-N populations. Input data for the captive population, hereafter referred to as
the SSP (Species Survival Plan) population, are derived from analysis of the Mexican Wolf International
Studbook (as of 31 December 2015) compiled annually by P. Siminski. Where appropriate, captive
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population input data have been checked with the recently completed demographic analysis of this
population (Mechak et al. 2016) through the assistance of Kathy Traylor-Holzer (CBSG).

Population viability analysis (PVA) can be an extremely useful tool for investigating current and future
demographic dynamics of Mexican wolf populations in the northern portion of the species’ range. The
need for and consequences of alternative management strategies can be modeled to suggest which
practices may be the most effective in managing Mexican wolf populations. Vortex, a simulation software
package written for PVA, was used here as a vehicle to study the interaction of a number of Mexican wolf
life history and population parameters, and to test the effects of selected management scenarios.

The Vortex package is a simulation of the effects of a number of different natural and human-mediated
forces — some, by definition, acting unpredictably from year to year — on the health and integrity of
wildlife populations. Vortex models population dynamics as discrete sequential events (e.g., births,
deaths, sex ratios among offspring, catastrophes, etc.) that occur according to defined probabilities. The
probabilities of events are modeled as constants or random variables that follow specified distributions.
The package simulates a population by recreating the essential series of events that describe the typical
life cycles of sexually reproducing organisms.

PV A methodologies such as the Vortex system are not intended to give absolute and accurate “answers”
for what the future will bring for a given wildlife species or population. This limitation arises simply from
two fundamental facts about the natural world: it is inherently unpredictable in its detailed behavior; and
we will never fully understand its precise mechanics. Consequently, many researchers have cautioned
against the exclusive use of absolute results from a PVA in order to promote specific management actions
for threatened populations (e.g., Ludwig 1999; Beissinger and McCullough 2002; Reed et al. 2002; Ellner
et al. 2002; Lotts et al. 2004). Instead, the true value of an analysis of this type lies in the assembly and
critical analysis of the available information on the species and its ecology, and in the ability to compare
the quantitative metrics of population performance that emerge from a suite of simulations, with each
simulation representing a specific scenario and its inherent assumptions about the available data and a
proposed method of population and/or landscape management. Interpretation of this type of output
depends strongly upon our knowledge of Mexican wolf biology, the environmental conditions affecting
the species, and possible future changes in these conditions. Under thoughtful and appropriate
interpretation, results from PV A efforts can be an invaluable aid when deriving meaningful and justifiable
endangered species recovery criteria (Doak et al. 2015).

Guidance for PVA Model Development

An important set of information that can be used to guide the development of a proper PVA model input
dataset is the recent trend in Mexican wolf population abundance in the MWEPA — the largest, oldest, and
most well-studied wild population of Mexican wolves currently in existence. The abundance trend for this
population is shown in Figure 1 from its initiation in 1998 to 2016. These data can shed light on
population growth rates across different phases of population management following the initial releases,
and can also be used to propose mechanistic hypotheses to explain differences in population growth
across these different phases of the release program. Such an analysis is critical for retrospectively
analyzing our model to determine overall realism and reliability when forecasting future abundance trends
under alternative management scenarios.

While recognizing the value of this retrospective analysis of historic demographic data as a means of
assessing PVA model realism, it is important to recognize that our projections of future Mexican wolf
abundance and genetic structure encompass a broad range of potential demographic states that may or not
be diagnostic of existing wild wolf populations. These exploratory analyses are designed to identify
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demographic conditions that are likely to lead to long-term wild population recovery, i.e., will result in an
acceptably low risk of a population’s decline to extinction or an appreciably large rate of loss of
population genetic viability (gene diversity).
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Figure 1. Population statistics for the MWEPA Mexican wolf population, 1998-2016. Data
include minimum abundance, annual adult mortality rate, number of animals released from
the SSP ex situ population, and the number of pups “recruited” (defined here as surviving to
31 December of their year of birth). Primary data sources: Annual USFWS Population
Reports.

Input Data for PVA Simulations: Wild Populations
Initial Population Specification

All models for this analysis are based on the status of the wild and captive populations as of 31
December, 2015. This specification allows us to construct a full pedigree of all populations up to the date
we choose to begin the population projection. This pedigree, uploaded to the software as a simple text
file, includes the age and gender of all animals produced since the initiation of the captive management
program between 1961 and 1980 (Hedrick et al. 1997). Additionally, the pedigree flags those adults that
are paired at the time of initiation of the simulation, thereby providing a starting point for the population
breeding structure. Based on information collated by the US Fish and Wildlife Service and Mexico’s
Protected Areas Commission (CONANP), we set the population abundance for MWEPA at 97
individuals and for SMOCC-N at 17 individuals.

Reproductive Parameters

Breeding system: Wolves display a long-term monogamous breeding system. In the context of Vortex
model development, adult breeding pairs are assumed to remain intact until either individual in the pair
dies.
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Age of first reproduction: We assume that both females and males are capable of producing pups when
they are two years of age.

Maximum breeding age / longevity: In our demographic specification of wolf breeding biology, wolves
remain capable of producing pups throughout their adult lifespan, i.e., reproductive senescence is not a
feature of our models. We assume that wild Mexican wolves will not live beyond eleven years of age,
based in part on the very low frequency of observing a wolf of this age or greater in the MWEPA.

Litters per year: Wolves will produce one litter of pups per year.

Maximum number of pups per litter: For our modeling purposes, we are defining pup production at the
mean time of first observation at or near the den. We recognize, therefore, that this does not account for in
utero mortality or the unobserved death of pups before they are first seen after emergence from the den.
With this as our definition, data from the MWEPA population document a litter of 7 pups. We will use
this as our maximum litter size, recognizing that this will be a rare occurrence. Note that the specification
of litter size for each successfully breeding female in a given year is determined by a complex function
involving a number of independent variables (see “Distribution of litters per year” below).

Sex ratio of observed pups: This ratio will be set at 50:50 for wild populations, with the understanding
that the actual ratio within any one litter may deviate from this expected value through random variability.

Percentage of adult females “breeding” in a given year: For our specific Mexican wolf model, this input
parameter is more accurately defined as the percentage of adult females that pair up with an adult male in
a given year. This parameter is calculated through the complex function FPOOL derived by R.
Fredrickson in the earlier 2013 PVA modeling effort. FPOOL determines which adult females pair within
any one year, as a function of whether they were paired last year, the availability of breeding-age males in
the population, and adult female age. We have retained this function for our current model.

The long-term annual mean expected proportion of paired adult females was set at 0.78. In other words,
we expect approximately 78% of the wild adult females in a given year to be paired with an adult male.
This value was informed by two sets of data analyzed by J. Oakleaf and M. Dwire, USFWS: (1) direct
observations of collared animals age 2+ that were seen to be paired, and (2) estimate the number of
females (1+ years old) in the entire population at time t-1 compared to the number of observed pairs at
time t. Each of these two methods have inherent biases that serve to either underestimate or overestimate
this parameter; consequently, the group decided to use the mean parameter value obtained by these two
methods as model input. See Appendix A for more information on the process used to derive this
parameter value.

Male mate availability is controlled by another related parameter, MPOOL, also derived by R.
Fredrickson as part of the previous PVA modeling effort. This function identifies male mates on the basis
of their current paired status and adult male age. We also assume that wolves will avoid pairing with their
siblings or their parents in an attempt to avoid excessive levels of inbreeding.

Probability of litter production among paired females: Once the identification of pairs is complete using
FPOOL and MPOOL above, we must specify the proportion of those paired adult females that fail to
produce pups. Detailed analysis by J. Oakleaf and M. Dwire (USFWS) of the probability of live birth
among wild adult females, using data on both denning behavior and litter production, indicates that
probability of litter production is a function of both the age of the dam and the kinship (KIN) of that
female with her mate (equal to the inbreeding coefficient of the resulting litter). The functional
relationship was obtained through logistic regression; therefore, the direct expression for probability of
litter production takes the form
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Pr(pair produces a litter) = , With

(1+e%)

x = 1.266+1.819-(8.255*KIN) for females age 2-3;

X = 1.266+2.2645-(8.255*KIN) for females age 4 — 8; and
x = 1.266-(8.255*KIN) for females age 9+.

Among prime-aged breeding females age 4-8, approximately 95% of paired females are expected to
produce a litter with a kinship coefficient with her mate of 0.1. The probability drops to approximately
80% when the kinship coefficient of the pair increases to 0.3. The reduction in probability of litter
production among paired females is greater among younger (age 2-3) and older (age 8+) paired females.
See Appendix B for more information on the derivation of this function.

Calculation of litter size: Once the litters have been assigned to each successful adult female breeder, the
size of each litter for each breeding female must be determined. Extensive analysis of the available
breeding data appears to indicate only a very weak relationship between litter size and inbreeding
coefficient of either the dam or the pups. This differs from the conclusion previously reported by
Fredrickson et al. (2007), suggesting that the larger dataset now available, perhaps featuring more
effective genetic management of both wild and captive populations, no longer demonstrates the
deleterious impacts of inbreeding affecting litter size. [Note that some inbreeding depression is now
captured in the calculation of litter production as described above.] In contrast, the presence of
supplemental (diversionary) feeding, which started in earnest in 2009 in response to significant rates of
wolf removal following an increase in cattle depredation rates, does appear to influence litter size.
Detailed statistical analysis of the available data by M. Clement (AZ Game and Fish Dept.) and M. Cline
(NM Dept. of Game and Fish), ultimately led to the group to conclude that the presence of diversionary
feeding was a causal factor influencing mean litter size, along with the age of the dam producing the litter.

The Poisson regression yields a result that is transformed through exponentiation to generate the final
form of the functional relationship:

Litter size = e*, with
x = 1.0937+(0.49408*Fed)+(0.09685*((FAge-5.292)/2.217))+(-0.12114*((FAge-5.292)/2.217)?)
where

FAge = female age;
Fed = categorical variable describing if a female is fed (1 if fed, O if not fed).

Note that FAge is z-transformed to accommodate the structure of the Poisson regression. Among 6-year-
old adult females, the analysis shows that reproducing dams receiving diversionary feeding produced
litters of 5 pups on average, while those that were not fed produced litters of 3 pups on average. Each
female that is determined to produce a litter in a given year is evaluated as to whether or not she receives
diversionary feeding, according to a random number draw against a specified probability (see “Dynamic
Diversionary Feeding” below for more information on this parameter). The size of her litter is then
determined based on her age and the presence of feeding. See Appendix C for more information on the
derivation of this function.

Annual environmental variability in reproduction: Expected mean reproductive rates will vary from year
to year in response to variability in external environmental fluctuations. This process is simulated by
specifying a standard deviation around the mean rate. The mean and variance for parameters defining
reproductive success follow binomial distributions. We set the environmental variation (standard
deviation) for the probability of pairing at 0.105 based on the extent of observed annual variation in
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pairing rates. Additionally, the standard deviation for mean litter size was set at 1.8 in accordance with the
dispersion of data on litter size observed among wild reproducing females. Explicit estimation of natural
variability in reproductive success from MWEPA data is tenuous at best, given the ongoing intensive
management of this population since its inception.

Density-dependent reproduction: Wolves are likely to exhibit lower rates of pup production as population
density increases towards the habitat’s ecological carrying capacity. However, because of the mechanics
of wolf management expected to take place on the landscape (see below), it is considered highly unlikely
to see wolf densities approach a level where this effect would be observed. Consequently, we have not
implemented a density-dependent mechanism for reproduction in our model.

Mortality Parameters

Data from the most recent phase of Mexican wolf population management in MWEPA (2009 — 2015),
corresponding to a period of relatively robust population growth due to high pup survival rates and few
individual removals after conflict with local human populations, were used to develop baseline age-
specific mortality estimates. These baseline estimates were then used as a guide to inform model
scenarios exploring threshold mortality rates consistent with wolf population recovery. We assume no
difference in mortality between males and females. For more information on data collection related to
age-specific wolf mortality in MWEPA, and the analytical methods used to estimate these mortalities,
refer to Appendix D.

Pup (0-1) mortality: 28.2 £ 10%. The mortality estimate consists of two phases: an early phase from first
observation of pups after emergence from the den (before 30 June) to the time of collaring (approx. mid-
September), and a second phase from time of collaring to the next breeding season. The survival rates for
these two phases are estimated as 0.83 and 0.865, respectively. Therefore, the total pup mortality rate
from first observation to the next breeding cycle is 1 — [(0.83)*(0.865)] = 0.282.

Subadult (1-2) mortality: 32.7 + 6.5%.

Adult (2+) mortality: 18.9 £ 6%. The recent period of population growth is at least in part characterized
by a strong rate of adult survival. Specifically, radio-collar data indicates a mean annual adult mortality
rate of 18.9%. This rate is likely to be on the low end of rates observed in other wolf populations
exhibiting positive growth, such as the Greater Yellowstone Area population described by Smith et al.
(2010) with an average adult rate of 22.9%. Therefore, for the purposes of using the PVA tool to explore
demographic conditions that can lead to population recovery, we developed a set of scenarios featuring
alternative estimates of mean annual adult mortality rates in addition to the aforementioned baseline
value: 21.9%, 24.9%, 27.9%, and 30.9%. We focus on adult mortality and its impact on population
performance because this parameter is a major factor driving population dynamics in wolves and other
species with a similar life history (e.g., Carroll et al. 2014).

We have retained the density-dependent function for adult mortality that was included in the most recent
PV A modeling effort (Carroll et al. 2014). This functional relationship is loosely based on observations of
wolf dynamics in the Greater Yellowstone Area (Smith et al. 2010), although these same authors note the
difficulty in detecting and interpreting this mode of density dependence across different wolf populations.
We also must recognize that Mexican wolves in both the MWEPA and the Sierra Madre Occidental will
likely persist at relatively low population densities, and therefore may not be significantly influenced by
density-dependent processes.
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“Catastrophic” Event

The most recent PV A effort (Carroll et al. 2014) identified an “episodic threat” to wolf populations in the
form of a disease outbreak, with the primary impact targeting pup survival. They used data on canine
distemper outbreaks in the Greater Yellowstone wolf population (Almberg et al. 2010) to specify the
characteristics of this event. Participants in the current PVA effort broadened this definition of
catastrophe to include any kind of event that would lead to major pup loss, with some associated
increased mortality among adults.

The Yellowstone data suggest that three such outbreaks occurred there over a 20-year period, yielding an
annual probability of occurrence of approximately 0.15. In the absence of data specific to Mexican
wolves, we assumed the same frequency for a similar type of event occurring in the future in either the
MWEPA or SMOCC populations. If such an event were to occur, the Yellowstone wolf population data
cited above were used to estimate the impact to survival of both pups and adults in the year of the event.
We assume that pup survival is reduced by 65% during the event, while adult mortality is reduced by 5%.
As the primary impact of the simulated event is targeting pup survival, we do not incorporate an
additional impact in the form of reduced reproductive output of adults.

Carrying Capacity

Estimates of the ecological carrying capacity (K) for all habitat areas to be considered in the recovery
planning process are specified in the model. In the typical Vortex modeling framework, a population is
allowed to increase in abundance under favorable demographic conditions until K is reached, after which
time individuals are randomly removed from the population to bring the population back down to the
value of K, thereby simulating a ceiling-type density dependence. Estimates of K for each population in
this analysis are based on the habitat suitability analysis of Martinez-Meyer et al. (2017). Based on this
analysis, we estimate K for the MWEPA, SMOCC-N and SMOCC-S populations to be 1000, 300, and
350 individuals, respectively. Note that this parameter is different from the management target parameter
used to manage wolf populations at a specified abundance (see below). Because the population-specific
management targets described below are less than the estimates for carrying capacity, the simulated
populations will not increase in abundance beyond the targets and approach K. Nevertheless, the carrying
capacity is specified for purposes of model completeness.

Management Target

In contrast to the ecological carrying capacity parameter described above, a critical feature of the current
demographic model is the specification of a management target abundance. This target represents the
wolf population abundance deemed both biologically viable (according to identified recovery criteria) and
socially acceptable in light of the expected ongoing issues around livestock depredation and other forms
of wolf-human conflict.

Within the mechanics of the PVA model, the management target works much like the ecological carrying
capacity parameter, except that population regulation in response to the management target is
implemented through a type of “harvest” within the Vortex model framework. If a given population
exceeds its management target abundance in a given year, both adults and pups are “harvested” from the
population in equal numbers until the target abundance is reached. For example, if the population
abundance at the beginning of the removal step is 320 and the management target is 300, Vortex would be
expected to remove, on average, ten adults and 10 pups at random from the population, with some
variability around that mean resulting from random sampling of individuals for removal. This “harvest”
occurs only if the population abundance exceeds the specified management target after the year’s cycles
of pup production and age-specific mortality have occurred.
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An important goal of this PVA was to identify those population-specific management targets that would
generate long-term population dynamics that are consistent with recovery. Therefore, we chose a range of
reasonable management targets for analysis: 300, 340, and 379 for MWEPA; and 150, 200, and 250 for
both SMOCC-N and SMOCC-S. The upper bound for MWEPA is based on previous analyses within the
scope of this project, and is partly informed by existing management regulations for the Mexican wolf
population in the United States.

Dynamic Diversionary Feeding

As described earlier in the explanation of litter size calculations for wild adult females, the presence of
diversionary feeding influences the size of that female’s litter. Management authorities in the United
States and Mexico estimate that about 70% of pairs are currently receiving diversionary feeding in each
country. As the populations grow, the extent of feeding will decline due to logistical complexities and
other sociological factors. The rate at which feeding declines will be a function of the rate of population
growth to the management target; populations that are growing at a faster rate will experience a more
rapid decline in the rate at which they are fed.

This dynamic diversionary feeding process was incorporated into all our population simulations. We
assumed that feeding will begin to decline five years into the simulation, with the subsequent rate of
decline from 70% feeding determined by the extent of growth toward that population’s management
target. Authorities assume that the long-term feeding rate will not drop to zero but will likely be
maintained at approximately 15% to allow for management of occasional livestock depredations.

Metapopulation Dynamics

Our PVA model features a metapopulation structure in which wolves may naturally disperse from one
population to another according to defined probabilities. We assume that only younger (1 to 4 years old),
unpaired individuals are capable of dispersal, with males and females displaying equal tendencies to
disperse. Furthermore, we assume a form of “stepping stone” model, where both the northernmost
MWEPA population and the southernmost SMOCC-S populations are linked by dispersal to the central
SMOCC-N population. In this linear spatial configuration, we assume that this is no functional
connectivity between MWEPA and SMOCC-S (See Martinez-Meyer 2017 for more information on the
geography of these populations).

Rates of dispersal among candidate individuals are based loosely on wolf behavioral dynamics, the
distances between populations and the nature of the intervening terrain. We assume that the distance from
MWEPA to SMOCC-N, along with the presence of an international border subject to intense scrutiny,
will severely limit the extent of demographic connectivity. In contrast, while the intervening terrain
between the two Sierra Madre Occidental populations is more rugged than that across the international
border, the closer proximity between these two Mexico habitat units likely increase the probability of
successful dispersal among them. Therefore, in the absence of specific dispersal data for Mexican wolves
across this recovery landscape, we set the individual dispersal probability between MWEPA and
SMOCC-N at 0.175% and between Mexican SMOCC populations 0.875%. These rates are within the
range of plausible values suggested by wolf population biologists participating in the current PVA effort.
In addition, we assume that wolves pay a high cost to attempt cross-country dispersal. We use the
estimate of 37.5% dispersal survival from the most recent PVA effort based on the published analysis of
Carroll et al. (2014).

10
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Input Data for PVA Simulations: SSP Population
Initial Population Specification

All models for this analysis are based on the status of the wild and captive populations as of 31
December, 2015. This specification allows us to construct a full pedigree of all populations up to the date
we choose to begin the population projection. This pedigree, uploaded to the software as a simple text
file, includes the age and gender of all animals produced since the initiation of the captive management
program between 1961 and 1980 (Hedrick et al. 1997). Additionally, the pedigree file includes the
following information: age, sex, ID of the parents, reproductive status (number of offspring previously
produced), ID of the current mate (if paired), and the SSP status (in the managed population or a non-
breeder that is excluded from the genetic analysis). Based on information collated by the Mexican wolf
SSP, we set the initial abundance for the captive population at 214 individuals, with the appropriate age-
sex structure.

Reproductive Parameters

Breeding system: Wolves display a long-term monogamous breeding system. In the context of Vortex
model development, adult breeding pairs are assumed to remain intact until either individual in the pair
dies.

Age of first reproduction: We assume that both females and males are capable of producing pups when
they are two years of age.

Maximum breeding age / longevity: Studbook data indicate that captive female wolves can reproduce
through 12 years of age (14 for males), and can live in a post-reproductive state until about 17 years of
age.

Litters per year: Wolves will produce one litter of pups per year.

Maximum number of pups per litter: Pup production in captivity is defined slightly differently from that
in the wild, as litters are often observed at an earlier age in an intensively managed setting. Studbook
analysis reveals a maximum litter size of 10-11 pups in rare occurrences. Note that the specification of
litter size for each successfully breeding female in a given year is determined by a complex function
involving a number of independent variables (see “Distribution of litters per year” below).

Sex ratio of observed pups: This ratio will be set at 50:50 for captive-born litters, with the understanding
that the actual ratio within any one litter may deviate from this expected value through random variability.
Percentage of adult females “breeding” in a given year: As in the specification of this parameter for wild
populations, we define this parameter as the proportion of adult females that are paired across years.
Initial pairs for the onset of the simulation are specified in the studbook file, and all adults of suitable
breeding age are considered a part of the “managed SSP population” and therefore capable of producing a
litter in a given year.

Probability of litter production among paired females: The probability of a paired female successfully
producing a litter is a complex function of a number of variables: dam age, sire age, age difference
between dam and sire, and the past reproductive success of each adult (a categorical variable set to 1 if the
individual has produced pups in the past and set to 0 otherwise). Data from the studbook are analyzed
using logistic regression (J. Sahrmann, St. Louis Zoo, unpubl.); therefore, the functional form of the
relationship is the inverse logit of the regression results:

Pr(pair produces a litter) = with

1
(14+e—x)’

11
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x = -1.489+(0.479*MAge)-(0.048*MAge?)+(0.415*MPar)-(0.062*FAge)+(1.092*FPar)+(0.11803*dAge)
where

MAge = male age;

FAge = female age;

MPar = male parity (reproductive success);

FPar = female parity (reproductive success); and

dAge = absolute value of difference in male and female age.

This gives a different probability of success for each pair. For example, a pair of 5-year-old proven
breeders have a 71% chance of producing a litter, while a pair of 11-year-old wolves, neither of which
have previously bred, has a 6% chance of success.

Calculation of litter size: Analysis of the studbook reveals that the size of a given litter among captive
Mexican wolves is best predicted by a functional expression that includes the inbreeding coefficient of the
dam, her age, and her past reproductive success (parity) as before. The Poisson regression yields a result
that is transformed through exponentiation to generate the final form of the functional relationship:

Litter size = e*, with
x = 1.64-(2.70*FDam)-(0.274*FPar)+(0.0823*FAge)-(0.0000866*(FAge?)
where

FDam = inbreeding coefficient of the dam;
FPar = female parity (reproductive success); and
FAge = female age.

Using the above expression, we estimate that a middle-aged adult female with an inbreeding coefficient of
0.13 (mean F in the captive population as of 31 December 2015) would be expected to produce a litter of
4 — 5 pups, depending on whether or not she had produced a litter in the past. This is consistent with the
mean litter size of just over 4 pups estimated from studbook analysis (Mechak et al. 2016). Variability in
litter size (standard deviation around the mean) as analyzed from the studbook was 2.5 pups.

Mortality Parameters

Based on studbook data, we were able to generate the following age-specific mortality schedule (Table 1)
that closely resembles that of Mechak et al. (2016):

Table 1. Age/sex-specific annual mortality
rates for the Mexican wolf SSP population.

Rate g(x)
Age Male Female
0-1 39.0 36.0
1-2 2.0 2.0
2-5 2.0 2.0
6-9 6.0 6.0
10-1 15 10.0
13 25 15
14 36 35
15 42 40
16 71 67

12
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There is little to environmental stochasticity in the relatively highly controlled captive environment;
therefore, we do not specify a standard deviation for these mean mortality rates and allow variability
across years to result purely from demographic stochasticity.

Carrying Capacity

The concept of carrying capacity for a captive population is different than that for a wild population. In
the captive setting, K is functionally defined by the number of spaces (enclosures) available across all the
zoological institutions currently holding the species of interest. Additionally, the institutions may choose
to manage the breeding among adult pairs so as to maintain the population at a level slightly below the
space allotment, thereby minimizing the risk of producing more animals than the available space can
support. In our models, we define K for the SSP at 255 individuals, representing an abundance slightly
below the maximum number of spaces to allow for some flexibility in long-term population management.
If the population increases above K in a given year, Vortex will apply a small additional mortality risk to
each wolf to try to bring the population back to 255 animals. Reproduction will also be slowed to allow
just enough breeding to keep the population around K and not produce excess pups (see below). This is all
simulated stochastically, so the population will show small fluctuations around K.

Simulating the SSP Masterplanning Process

Each year Vortex calculates the number of litters that are required to maintain the population at or near the
maximum abundance (K), based on available space and the current population abundance and age
structure (to estimate the expected number of deaths). The model algorithm then uses the demographic
input data for the captive population, couple with an average breeding success rate of 42% (based on
studbook analysis) to determine the number of breeding recommendations to create in that year. Vortex
will initiate the pairing process at the top of the list of genetically important animals (ranked by the metric
mean Kinship, MK) and will assign a breeding recommendation to those high-priority females needed to
produce the desired number of litters, taking into account the probability of breeding success (e.g.,
assuming a 25% success rate, a target of three 3 litters means the identification of sufficient breeding
recommendations given to the top-ranked females to result in 12 pairings). The further the population is
below available capacity, the more recommendations that would be made. If a recommended female does
not have a mate, she is paired with the next highest ranked available male. As in the wild population
component of the model, Vortex will not put together full siblings or parent-offspring pairs for mating.

Breeding pairs are split up, with the animals available to receive a new mate, under the following
conditions:
o One of the wolves dies or becomes post-reproductive (i.e., turns 13 years old if a female, 15 years
old if a male)
e One of the wolves has a mean kinship value that has dropped below the average MK value for the
entire population.
e The pair has been together for two years but has not produced any offspring.

Input Data for PVA Simulations: Transfer (Release and Translocation) Dynamics

In order to enhance the viability of wild Mexican wolf populations, management authorities in the United
States and Mexico want to use the PVA modeling effort to evaluate the potential benefits of (1) continued
releases of wolves from the SSP to the existing MWEPA and SMOCC-N populations; (2) starting
releases of wolves from the SSP to a new SMOCC-S population; and (3) proposed translocations of
wolves from the larger MWEPA population to one or both SMOCC populations. These management
alternatives can be simulated using the “Harvest” and “Supplement” modules of Vortex. Specifically, we
can instruct the software to conduct an explicit transfer of individual wolves from one population to

13
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another, thereby retaining their individual demographic and genetic identities for the potential benefit of
the recipient (and sometimes source) population.

A consistent feature of both releases and translocations is the transfer of an adult pair and their associated
offspring (assuming that pair produced offspring in the year of their transfer). Unfortunately, while the
software is sufficiently flexible to incorporate this mechanic, the current Mexican wolf model structure
does not allow us to precisely identify a mated pair, along with the exact offspring they produced in that
year, for transfer. Instead, we more simply choose an adult female and adult male, and three Age-0
individuals, to be designated for transfer. This simplification to our model mechanics will likely
overestimate the genetic impact of a given release, since a set of two adults and three pups selected for
release will not represent a true family unit but will be made up of animals that are likely to be unrelated
(given the stochastic nature of animal selection in the model algorithm). The magnitude of this
overestimate is unknown at present. The release of one pair with pups therefore constitutes the transfer of
a total of five animals, while releasing two or four pairs means the transfer of 10 or 20 animals,
respectively. Our choice of the number of pups to be released is based on the assumption of some level of
pup mortality between birth and the time of release. Where appropriate, the gender of the pups is assigned
randomly by Vortex through probabilistic rounding.

Releases from the SSP: The choice of specific animals to release from the SSP is to a large degree
informed by genetic criteria. Specifically, animals are chosen for release whose individual mean kinship
(MK) is greater than the average MK of the full captive population. With this criterion in place, we are
choosing individuals for release into the wild that are genetically over-represented in captivity. The
strategy is meant to preserve the genetic integrity of the captive population, while also not compromising
the genetic status of the wild population. Moreover, we are choosing younger adults, less than five years
old, for release in order to increase their reproductive value to the wild population.

First, we included the actual release of wolves from the SSP to SMOCC-N that took place in 2016. Given
that our simulations were initialized as of 1 January 2016, we wanted to include these releases to Mexico
in order to more accurately portray the early dynamics of this population following the substantial
demographic and genetic augmentation received from the SSP. While a total of 18 wolves were released
in two separate events during the second half of the year, it is estimated that only 12 of those animals
survived to the next breeding season: nine pups (seven females, two males) and three subadults (all male).
This release takes place in all simulations in model year 1 (calendar year 2016).

Second, the current Mexican Wolf EIS states that releases from the SSP to MWEPA will be conducted
according to the following generic schedule:

e Release of two pairs with pups in model years 2 and 6;
e Release of one pair with pups in model years 10, 14 and 18.

This strategy, referred to hereafter as the “EIS” strategy, was included in all of the release scenarios
discussed below. The interval between releases was to roughly correspond to the duration of one average
wolf generation.

Third, in addition to the EIS releases into MWEPA, we evaluated releases from the SSP into the
SMOCC-N and SMOCC-S populations. Either two or four pairs with pups were released every year into
the Mexico populations over a total period of five years. Releases into SMOCC-N would begin in
simulation year 2 (corresponding to calendar year 2017, given the initiation of our models on 1 January
2016), while releases into SMOCC-S would not begin until simulation year 7 (calendar year 2022).

Translocations from MWEPA: In addition to the releases of captive-bred wolves, we evaluated the utility
of translocating wild-born wolves from MWEPA to either or both of the SMOCC populations. Either two

14
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or four pairs with pups were harvested from MWEPA and delivered to the SMOCC-N and SMOCC-S
populations, with translocation events into each recipient population occurring every other year. A total of
five events were scheduled for each population. We assumed that translocations into SMOCC-N would
begin early in the simulation (model year 2), while translocations into SMOCC-S would require more
time for organization and local approval, thereby beginning in model year 7.

Taken together, our analyses focused on four alternative wolf transfer strategies (Table 2):

e “000_00": No releases or translocations taking place throughout the duration of the simulation,
thereby evaluating the potential to generate at least two viable wild Mexican wolf populations in
the absence of additional transfer events beyond calendar year 2016.

e “EIS20 20: EIS releases into MWEPA; releases of two pairs with pups into SMOCC-N every
year for five years (in addition to 2016 releases); no releases into SMOCC-S; translocations from
MWEPA to SMOCC-N of two pairs with pups every other year in model years 2-10; no
translocations from MWEPA to SMOCC-S.

o “EIS40 40”: EIS releases into MWEPA; releases of four pairs with pups into SMOCC-N every
year for five years (in addition to 2016 releases); no releases into SMOCC-S; translocations from
MWEPA to SMOCC-N of four pairs with pups every other year in model years 2-10; no
translocations from MWEPA to SMOCC-S.

o “EIS22 22”: EIS releases into MWEPA; releases of two pairs with pups into SMOCC-N every
year for five years (in addition to 2016 releases); releases of two pairs with pups into SMOCC-S
every year for five years; translocations from MWEPA to SMOCC-N (two pairs with pups every
other year in model years 2-10); translocations from MWEPA to SMOCC-S (two pairs with pups
every other year in model years 7-15).

Note that, in practice, a translocation event could involve a wild-born wolf being brought into captivity
for some length of time and then being returned to the wild in another location. The Vortex model used
for this PVA does not keep track of the long-term location history of individuals to this level of detail,
consequently, we simulate translocations only as direct wild-wild transfers.

The numbers in Table 2 actually refer to the number of wolves that are removed from the source
population (either SSP or MWEPA) — not the final number of animals that survive after release. Detailed
analysis of release data from MWEPA by J. Oakleaf indicate that a substantial fraction of those wolves
released from the SSP die within the first year following release from captivity or after translocation from
another wild population. The results of this analysis are presented in Table 3. Translocation data include
those events that involve an intermediate stop in a captive facility as described in the previous paragraph.
These survival rates (mean only) were incorporated directly into the Vortex supplementation module,
thereby specifying an “effective” number of released or translocated individuals that are assumed to
survive to the next breeding season. For example, if we were to release two pairs with pups from the SSP
to MWEPA, we would harvest four adults from the SSP but would only successfully release [4*0.284] =
1.136 adults into the MWEPA population. Those individuals that do not “survive” (are not selected for
release) would be permanently removed from the simulation. In using this mechanic, we assume that all
mortality takes place relatively quickly after the transfer event — thereby preventing those animals from
reproducing before they die. This is consistent with recent observations of wolf transfers into and among
wild populations. For more information on how these post-transfer mortalities were derived, refer to
Appendix D.
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635 Table 2. Release / translocation schedules for three of the four alternative transfer strategies included in the Mexican wolf PVA. The “EIS” label refers to the proposed
636 schedule of wolf releases from the SSP to MWEPA currently described in the Mexican Wolf EIS. The first pair of two numbers after the “EIS” label refers to the
637 scheduled number of adult pairs to be released from the SSP to the SMOCC-N and/or SMOCC-S population, respectively. The second pair of numbers refers to the
638 scheduled number of adult pairs to be translocated from the MWEPA population to the SMOCC-N and/or SMOCC-S population, respectively. The information
639 presented within each table cell describing a scheduled transfer is of the format [#pairs x (#adults,#pups)]. See accompanying text for more information on the
640  strategies and their simulation in the PVA model.

EI1S20_20 EI1S40_40 EI1S22 22
Model | Calendar SSP - SSP - SSP - MWEPA — | MWEPA — SSP - SSP - SSP - MWEPA — | MWEPA — SSP— SSP— SSP— MWEPA — | MWEPA —
Year Year MWEPA | sMocc-N | smocc-s | smocc-N | smocc-s | MWEPA | SMOCC-N | smMocc-s | smocc-N | smocc-s | MwepA | smocc-N | smocc-s | SMOCC-N | smocc-s
1 2016
2 2017 2X(2.3) 2X(23) 2x(2,3) 2X(2,3) 4x(2,3) 4x(2,3) 2x(2.3) 2x(2.3) 2Xx(2,3)
3 2018 2x(2,3) 4x(2,3) 2x(2.3)
4 2019 2x(2,3) 2x(2,3) 4x(2.3) 4x(2.3) 2x(2,3) 2X (2.3)
5 2020 2x(2,3) 4x(2,3) 2x(2,3)
6 2021 2X(2,3) 2x(2,3) 2X(2,3) 2X(2.3) 4x(2,3) 4x(2.3) 2X(2.3) 2x(2,3) 2X (2.3)
7 2022 2X(2.3) 2X(2,3)
8 2023 2X(2,3) 4x(2.3) 2x(2,3) 2X(2,3)
9 2024 2x(2,3) 2X(2.3)
10 2025 1x(2.3) 2x(2,3) 1X(2.3) 4x(2.3) 1X(2.3) 2Xx(2,3) 2X(2,3)
11 2026 2x(2,3) 2X(2.3)
12 2027
13 2028 2X(2,3)
14 2029 1x(2.3) 1X(2.3) 1X(2.3)
15 2030 2X(2,3)
16 2031
17 2032
18 2033 1x(2.3) 1X(2.3) 1X(2.3)
19 2034
20 2035
641
642
643
644 Table 3. Estimated survival rates (mean + 95% Cl) of pups and
645 adults within one year of their transfer to another population as
646 simulated in the Mexican wolf PVA. A release involves the transfer
647 of captive individuals in the SSP population to the wild, while a
648 translocation involves the transfer of wolves in the MWEPA
649 population to one or both of the proposed habitat areas in Mexico’s
650 Sierra Madre Occidental.
Age Class Release Translocation
Pup 0.496 (0.268, 0.917) 0.555 (0.246, 1.000)
Adult 0.284 (0.173, 0.465) 0.527 (0.406, 0.685)
651
652
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PVA Simulation Structure

As described in the previous section, a select set of simulation input parameters — wild population
management target, annual adult mortality rate, and transfer (release / translocation) schedule — span a
range of alternative values for the purposes of evaluating the required conditions for wild population
viability. Our simulations must therefore test multiple combinations of those parameter values to identify
the parameter space that predicts the demographic and genetic conditions that meet the appropriate
recovery criteria. In the context of our PVA modeling effort, this means that we construct an array of
model scenarios that are defined by combinations of those parameter values.

Figure 2 maps out the scenario structure for this analysis. Each set of population management targets is
tested against each combination of annual adult mortality rate and transfer schedule, yielding 100 separate
scenarios for analysis ((5 management targets) x (5 mortality rates) x (4 transfer schedules)). A smaller
set of additional scenarios were constructed to address more detailed questions that will be discussed in
the Results section.

Manadement 300 340 379 379 379
Tagr’ gt 150 150 150 200 250
9 150 150 150 200 250
) | | | | |
% Adult 18.9 21.9 249 27.9 30.9
Mortality ‘
Transfer 000_00 EIS20_20 EIS40_40 EIS22_22
Schedule - - - -

Figure 2. Diagrammatic sketch of Mexican wolf PVA scenario structure. The three values for population
management target are listed as MWEPA (top), SMOCC-N (middle) and SMOCC-S (bottom). Adult mortality
rates are listed as annual mean rates, and the transfer schedule nomenclature is defined in Table 2.

All scenarios projected wild and captive wolf population dynamics over a period of 100 years, starting
approximately from the initiation of the first breeding cycle in the spring of 2016. Each scenario was
repeated 1,000 times in order to assess the impact of stochastic variation in demographic and genetic
processes as described in the previous section. Scenario output was reported in a manner intended to best
inform the derivation of demographic and genetic recovery criteria. Specifically, the following output
metrics are reported for each wild population in each scenario:

Probability of population extinction within the 100-year timeframe of the simulation;

Mean long-term population abundance (where appropriate);

Mean final gene diversity (expected heterozygosity) at the end of the 100-year simulation;
Proportional retention of final gene diversity relative to the starting value for that population; and
Proportional retention of final gene diversity relative to the final value for the SSP population.

This final output metric is intended to assess the genetic integrity of the wild populations relative to the
source of animals used to initiate those populations: the SSP population maintained among numerous
zoological institutions across North America. As the SSP population represents the origin of all wolves
following the taxon’s extirpation in the wild, it is the source of all genetic variation that can be transferred
to wild populations. Stated another way, it is reasonable to assume that, at least in the broad statistical
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sense, the amount of gene diversity in any one wild population is itself a proportion of the gene diversity
currently retained in the SSP. Consequently, it may be instructive for the purposes of recovery planning to
consider the proportion of that genetic variation remaining in the source population that is present in each
of the wild populations.

Results of Simulation Modeling
Confirmation of Selected Model Performance Elements

Before discussing the detailed results of specific scenarios, it is instructive to briefly review the broad
demographic performance of simulated Mexican wolf populations in a representative scenario. In
particular, it is important to confirm the reproductive performance of the simulated populations, as this is
the most complex component of the model. A summary of the relevant demographic parameters is
presented below for a typical MWEPA wolf population.

e Mean annual proportion of adult females paired: 0.77. This is consistent with expectations
defined through the specification of the FPOOL pairing function.

o Mean annual proportion of paired females producing a litter: 0.72 (maximum) to 0.64 (end).
These values are consistent with the values predicted from the relationship discussed in Appendix
B (Figure B-1) across all adult ages and as inbreeding levels increase broadly from about 0.2 at
the beginning of any given scenario to about 0.3 in the absence of significant genetic input from
the SSP population.

e Mean litter size across reproducing females: 3.5 (early) to 2.95 (late). This is consistent with
expectations defined through the specification of mean litter size in Appendix C (Figure C-1).
Given that mean litter size among middle-aged females is predicted to be approximately five pups
and the extent of diversionary feeding present at the start of the simulations is 0.7, we would
expect approximately 3.5 pups per litter in the early years. Similarly, in the later stages of the
simulation when the extent of diversionary feeding declines to about 0.15, a mean litter size of
approximately three pups fits with the litter size predicted in the absence of diversionary feeding.

The simulated populations in Mexico demonstrate this same degree of consistency in population
demographic performance. Therefore, we believe our prospective models can be viewed as internally
consistent and generating demographic dynamics that agree with baseline expectations of Mexican wolf
reproductive characteristics.

Analysis of the Status Quo

Before evaluating the full set of prospective analyses making up this PVA, a preliminary scenario was
designed where the population-specific management targets for MWEPA and SMOCC-N were set to a
small increase above the 31 December 2015 abundances. This is meant to explore the viability of these
two populations at approximately their current abundance. The management target for MWEPA was set
at 135 wolves, while that for SMOCC-N was set at 40 wolves. Neither population receives releases or
translocations beyond the 2016 release to SMOCC-N from the SSP.

Under these conditions, the MWEPA population has a probability of persisting for the next 100 years of
0.539, while the probability for SMOCC-N is just 0.001. Even if the MWEPA population persists for this
period of time, the mean expected population size is likely to decline to less than 50 animals after an
initial increase to about 120 wolves over 10-20 years. Gene diversity for the MWEPA population declines
to 0.541, significantly below its original value and far below the final value for the SSP. The
accumulation of inbreeding and a reduction in the extent of diversionary feeding, with the resultant
decrease in pup production, is the likely cause of this steady decline that begins about 20 years into the
simulation.
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Scenario Set 1: No Additional Transfers to and among Wild Populations

The first set of scenarios explores the capacity for each of the three population units to achieve viability
on their own, with no further introgression of wolves from SSP releases or from wild-wild translocations.
Under these conditions, the SMOCC-N population may receive individuals through occasional dispersal
from MWEPA, while the SMOCC-S unit — which starts the simulation with no wolves — can only receive
wolves through occasional dispersal from SMOCC-N.

MWEPA population: Under the condition of no additional transfers, extinction risks for the simulated
MWEPA populations remain below 10% as long as the mean adult mortality rate is below 24.9% (Figure
3). Above this rate, extinction probabilities increase more rapidly to nearly 0.7 when the management
target is 300 wolves. At the lower mortality rates (< 25%), extinction risk is negligible and there is very
little influence of management target on the extinction risk. While the risk of extinction is low at
intermediate mortality rates, the long-term abundance typically reaches a maximum of 80 to 90% of the
management target approximately 40 years into the simulation and then begins to decline thereafter. The
decline is likely due to a combination of higher adult mortality in the face of reduced litter production as
inbreeding increases and reduced litter size as the extent of diversionary feeding drops from 70% of
reproducing females to 15% over the first 15 — 25 years of the simulation.

10 T T T T T
|| —e—— 300

c — O — 340
% 08| ——-4——— 379 i
r= Figure 3. Extinction probabilities
a0 (proportion  of  simulations  that
5 become extinct) for the MWEPA
S 06} . . .
IS population of Mexican wolves at the
2 end of 100-year projections as a
S function of mean annual adult
s 04 41 mortality rate and for different
2> population  management targets
% under transfer scheme “000_00".
8 o2} i
[2

0.0 &

18.9 21.9 24.9 27.9 30.9
Mean Annual Adult Mortality Rate (%)

At low to intermediate adult mortality rates, simulated MWEPA populations retain approximately 88% to
91% of the initial gene diversity present in that population at the beginning of the simulation (Table 4).
As expected, larger management targets result in larger GD retention, although the gains are modest.
Despite reasonable GD retention relative to the initial starting conditions, the final GD value for MWEPA
is just 83% to 86% that of the SSP population at the end of the simulation. This reduced relative retention
reflects the greater capacity for genetic diversity maintenance in the SSP through more intensive breeding
management, as well as the improved genetic starting conditions for the SSP relative to MWEPA.
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Table 4. Mean gene diversity (GD, or expected heterozygosity) at the end of the 100-year simulations for
the MWEPA population of Mexican wolves, under the range of tested annual adult mortality rates and
population management targets and with the “000_00" wolf transfer scheme. The first value in each cell
gives the final gene diversity value for that simulation at year 100. The first value in parentheses gives the
proportional GD retention at year 100 relative to the starting value for MWEPA for all simulations (GD =
0.741), while the second value in parentheses gives the proportional GD retention at year 100 relative to
the ending value for the SSP population (GD = 0.785). The last row of the table gives the GD and extent of
retention for the SSP population as a reference.

Ma_r:_zgr;ggzent Annual Adult Mortality Rate (%)

18.9 21.9 24.9 27.9 30.9

300 0.677 0.668 0.651 0.624 0.595
(0.913; 0.862) | (0.902;0.852) | (0.878;0.829) | (0.842;0.795) | (0.803;0.758)

340 0.682 0.675 0.659 0.633 0.604
(0.920; 0.869) | (0.910;0.860) | (0.889;0.840) | (0.854;0.807) | (0.815;0.770)

379 0.687 0.679 0.665 0.644 0.615
(0.927; 0.875) | (0.916;0.865) | (0.897;0.847) | (0.869;0.821) | (0.830; 0.784)

sSSP 0.785 0.785 0.785 0.785 0.785

(0.942) (0.942) (0.942) (0.942) (0.942)

SMOCC-N population: The SMOCC-N population demonstrates a low risk of extinction at the lowest
adult mortality rate, but the risk begins to increase at higher mortality rates (Figure 4). The rate of
increase in extinction probability is greater when the management target is set to its lowest level (150
wolves), rising to greater than 0.3 at the intermediate mortality rate of 24.9%. This is a result of the higher
rates of inbreeding and associated genetic impacts acting on this smaller population, as well as the
negative impacts of occasional stochastic events reducing survival and/or reproduction from one year to
the next. Note that the extinction probability is not markedly impacted by the size of the MWEPA
management target. This is because the level of demographic connectivity between these two populations
is very small, meaning that the SMOCC-N population is effectively isolated under the conditions
described in this set of scenarios. Separate analysis of PVA model output not reported in detail here
indicates that the level of dispersal featured in the model results in an annual rate of immigration from
MWEPA into SMOCC-N of just 0.05 — 0.1 wolves.

Gene diversity retention rates for the SMOCC-N population, relative to the value at the start of the
simulation, are actually higher than that for the MWEPA population at lower adult mortality rates (Table
5). This is due to the 2016 SSP releases into SMOCC-N which result in a significant infusion of genes
from the SSP into the wild. However, the smaller size of this population means that it will lose gene
diversity more rapidly over time so that the final GD relative to the final value for the SSP is lower for
SMOCC-N than for MWEPA. Again, the effective isolation of these populations means that both
demographic and particularly genetic stability may be compromised over the longer-term as stochastic
events reduce demographic rates and inbreeding genetic drift lead to reduced genetic variability in these
smaller populations.
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Figure 4. Extinction probabilities
(proportion of simulations that
become extinct) for the SMOCC-N
population of Mexican wolves at the
end of 100-year projections as a
function of mean annual adult
mortality rate and for different
population  management targets
under transfer scheme “000_00". The
first value in the plot legend gives the
management target for the MWEPA
population, while the second value is
that SMOCC-N target.

Table 5. Mean gene diversity (GD, or expected heterozygosity) at the end of the 100-year simulations for the
SMOCC-N population of Mexican wolves, under the range of tested annual adult mortality rates and
population management targets, and with the “000_00" wolf transfer scheme. The first value in each cell
gives the final gene diversity value for that simulation at year 100. The first value in parentheses gives the
proportional GD retention at year 100 relative to the starting value for SMOCC-N for all simulations (GD =
0.691), while the second value in parentheses gives the proportional GD retention at year 100 relative to the
ending value for the SSP population (GD = 0.785). The last row of the table gives the GD and extent of
retention for the SSP population as a reference.

Ma_r;z;g;g:ent Annual Adult Mortality Rate (%)
18.9 21.9 24.9 27.9 30.9
300 150 0.649 0.630 0.598 0.571 0.540
- (0.939; 0.827) | (0.912;0.803) | (0.865;0.762) | (0.826;0.728) | (0.781; 0.688)
340 150 0.651 0.635 0.607 0.561 0.526
- (0.942; 0.830) | (0.919;0.809) | (0.878;0.773) | (0.812;0.715) | (0.761; 0.670)
379 150 0.652 0.636 0.609 0.577 0.528
- (0.944; 0.831) | (0.920;0.811) | (0.881;0.776) | (0.835;0.735) | (0.764; 0.673)
379 200 0.672 0.660 0.637 0.602 0.563
- (0.973; 0.856) | (0.955;0.841) | (0.922;0.812) | (0.871;0.767) | (0.815;0.717)
379 250 0.684 0.672 0.650 0.625 0.584
- (0.990; 0.871) | (0.973;0.856) | (0.941;0.828) | (0.904; 0.796) | (0.845; 0.744)
sSp 0.785 0.785 0.785 0.785 0.785
(0.942) (0.942) (0.942) (0.942) (0.942)
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SMOCC-S population: The initially vacant SMOCC-S population unit can potentially be colonized with
wolves under the conditions explored in this set of scenarios, via occasional successful dispersal of
wolves from the SMOCC-N population to the north. When the management target is just 150 wolves for
both Sierra Madre populations, the probability of failing to establish a population in SMOCC-S is
significant at all mean adult mortality rates, and regardless of the MWEPA management target (Figure 5).
This is expected since the MWEPA population is again effectively isolated from its counterparts in
Mexico, so establishing a population in SMOCC-S is solely dependent on successful dispersal from
SMOCC-N followed by successful reproduction once they have arrived. Interestingly, the probability of
failing to establish a SMOCC-S population drops to just 0.143 when the SMOCC management targets are
each expanded to 250 wolves and under the most optimistic adult mortality rate. Under the intermediate
mortality rate, that probability of failure increases to 0.53. If a population were to become established
there under conditions of intermediate adult mortality, the mean expected wolf abundance estimate from
the model is 64, 106 or 163 wolves for management targets of 150, 200 or 250, respectively.
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5 Figure 5. Extinction probabilities
= 08 E , ) :
e (proportion  of simulations that
g become extinct) for the SMOCC-S
L . .
= population of Mexican wolves at the
S o6F . end of 100-year projections as a
3 function of mean annual adult
2 mortality rate and for different
g | i population  management targets
- o under transfer scheme “000_00". The
% S —e—— 300_150 | | first value in the plot legend gives the
ks _ Ve - ‘_E_— g‘;g-gg management target for the MWEPA
o 02f Tt - 1 population, while the second value is
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0.0 1 'l 1 1 L

18.9 21.9 24.9 27.9 30.9

Mean Annual Adult Mortality Rate (%)

The extent of gene diversity retained in the SMOCC-S population, as a proportion of that which is present
in the SSP population, ranges from approximately 64% to 76% depending on the size of the SMOCC-S
management target and the underlying mean adult mortality rate (Table 6). Actual GD values among
extant populations are quite low, on the order of just 0.46 to 0.59. This is due to the small size of any wolf
population that may persist in the SMOCC-S population unit for any extended period of time, with the
resulting rapid loss of genetic variants through random genetic drift and inbreeding.
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Table 6. Mean gene diversity (GD, or expected heterozygosity) at the end of the 100-year simulations for
the SMOCC-S population of Mexican wolves, under the range of tested annual adult mortality rates and
with the “000_00" wolf transfer scheme. The first value in each cell gives the final gene diversity value for
that simulation at year 100. The value in parentheses gives the proportional GD retention in SMOCC-S at
year 100 relative to the ending value for the SSP population (GD = 0.785). The last row of the table gives

the GD and extent of retention for the SSP population as a reference.

Maq_zgsg:ent Annual Adult Mortality Rate (%)

18.9 219 24.9 27.9 30.9

300 150 0.542 0.526 0.513 0.484 0.462
- (0.691) (0.670) (0.654) (0.617) (0.587)
340 150 0.538 0.519 0.501 0.499 0.449
- (0.686) (0.661) (0.638) (0.636) (0.572)
379 150 0.540 0.530 0.504 0.514 0.457
- (0.688) (0.675) (0.642) (0.655) (0.582)
379 200 0.567 0.558 0.534 0.514 0.496
= (0.722) (0.711) (0.680) (0.655) (0.632)
379 250 0.594 0.575 0.557 0.531 0.492
= (0.757) (0.733) (0.710) (0.677) (0.627)
sSSP 0.785 0.785 0.785 0.785 0.785
(0.942) (0.942) (0.942) (0.942) (0.942)

The trajectories of average gene diversity through time among populations from a representative scenario
in the “000_00” transfer scheme are shown in Figure 6. Note the attenuated rate of loss in gene diversity
in the SSP population, especially in the first 10 years of the simulation as genetically over-represented
wolves are selected for the 2016 release to the SMOCC-N population. Of particular interest is the
significant gain in gene diversity in the SMOCC-N population after the 2016 release from the SSP, where
GD increases from its initial value of 0.691 to 0.781 —a 13% proportional increase immediately after the
release. At the same time, also note the more rapid rate of GD loss in this population as its smaller size
leads to more rapid accumulation of inbreeding and greater rates of random genetic drift in the absence of
significant dispersal of wolves from MWEPA. The erratic nature of the trajectory for the SMOCC-S
population reflects the smaller number of extant populations used to estimate the average gene diversity
value at each timestep, as well as the very small population abundances after wolves disperse there from

the neighboring SMOCC-N population
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Figure 6. Average gene diversity over time for Mexican wolf populations subject to 24.9%
mean annual adult mortality and under the “000_00" transfer scheme. Management
targets are set at 379 for MWEPA and 200 for SMOCC-N and SMOCC-S.

Scenario Set 2: Releases to MWEPA; Releases and Translocations to SMOCC-N

We will now explore scenarios that feature releases to the MWEPA and SMOCC-N populations from the
SSP as well as translocations from the MWEPA population to the SMOCC-N population. The goal with
these scenarios is to determine if the proposed release strategies assist in generating a viable population of
wolves in the northern Sierra Madre, with perhaps the associated creation of a linked population of
wolves to the south. Related to this is the question of the degree to which removing pairs from MWEPA
for translocation may negatively impact its long-term demographic and/or genetic stability.

MWEPA receives wolves according to the release strategy outlined in the Mexican wolf EIS across all
scenarios in this scenario set. In addition, the first set of scenarios (the “EIS20 20" strategy) features the
release of two pairs of wolves with pups to SMOCC-N at each of five release events, as well as the
translocation of two pairs with pups from MWEPA to SMOCC-N at each of five translocation events. No
wolves are explicitly transferred to the SMOCC-S population unit. See Table 2 for more information on
the nature of these transfer strategies.

EIS20_20 — MWEPA population: Under the EIS_20_20 strategy, the extinction risk for MWEPA remains
low over the low and intermediate adult mortality rates, and again increases rapidly at higher mortality
rates (Figure 7). Comparison with the “000_00” strategy featuring no releases or translocation reveals that
the risk of extinction in MWEPA increases slightly with the inclusion of translocations out of MWEPA to
SMOCC-N. For example, at the intermediate mortality rate of 24.9%, the risk of extinction increases from
0.095 to 0.114. This is indeed a rather minor increase, but it highlights the additional demographic burden
that a source population may incur when animals are moved out for translocation. It is important to
recognize that the input of wolves to MWEPA through the release strategy does not balance the removal
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of wolves for translocation to SMOCC-N. The “EIS20 20 means that ten pairs with pups will be
removed from MWEPA over five years, and is slated to receive seven pairs with pups from the SSP over
about 16 years. However, the high rate of post-release mortality included in the models means that just
less than two pairs (7*0.284) are expected to survive to the next breeding cycle. This rather large net loss
of wolves over the early years of the simulation is likely the cause of any increased extinction risk. In
particular iterations, stochastic processes in early years may lead to significant reductions in MWEPA
population size that are exacerbated by removals for translocation. This is could begin a cycle of
continued demographic and genetic instability that, infrequently, could lead to the extinction of that
population.
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Among extant populations, the mean population abundance reaches a maximum at approximately 80% of
the management target (240 to 300 at management targets of 300 to 379) at the intermediate adult
mortality rate (24.9%), but then begins to decline slowly at the smallest management target as pup
production declines, likely due to inbreeding and reduced diversionary feeding. Lower mortality rates
lead to more stable populations at 85% to 95% of the management target.

Gene diversity in the MWEPA population increases slightly in this set of scenarios compared to the
“000_00” transfer strategy as some new genetic variation is added through the EIS releases strategy.
Retention of GD in MWEPA is 90% to 94% of the initial value for that population over the low to
intermediate mortality rates tested, and across the three proposed management targets (Table 7).
However, the population retains only about 85% to 89% of the gene diversity present in the SSP. Higher
mortality rates result in only 84% to 90% retention relative to MWEPA original values, and 79% to 85%
GD retention relative to the SSP.
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Table 7. Mean gene diversity (GD, or expected heterozygosity) at the end of the 100-year simulations for
the MWEPA population of Mexican wolves, under the range of tested annual adult mortality rates and
population management targets and with the “EIS20_20" wolf transfer scheme. See legend for Table 4 for
additional information on the meaning of the listed values.

Maq_zgsg:ent Annual Adult Mortality Rate (%)

18.9 219 24.9 27.9 30.9

300 0.690 0.683 0.670 0.650 0.619
(0.931; 0.879) | (0.921;0.870) | (0.904;0.853) | (0.877;0.828) | (0.835;0.788)

340 0.696 0.691 0.678 0.660 0.633
(0.939; 0.886) | (0.932;0.880) | (0.914;0.864) | (0.890;0.841) | (0.854; 0.806)

379 0.700 0.694 0.683 0.664 0.647
(0.944; 0.892) | (0.936;0.884) | (0.921;0.870) | (0.896;0.846) | (0.873;0.824)

sSp 0.785 0.785 0.785 0.785 0.785

(0.942) (0.942) (0.942) (0.942) (0.942)

EIS20 20 — SMOCC-N population: The addition of wolves to the SMOCC-N population through both
releases from the SSP and translocations from MWEPA lead to low extinction probabilities at low and
intermediate adult mortality rates (Figure 8). In fact, the risk drops below 0.10 at larger management
targets when the annual adult mortality rate increases to 27.9%. Even with the high post-transfer mortality
rates included in the model, the transfer of an initial total of 20 pairs with pups over the first ten years of
the simulation acts to significantly increase population demographic stability. The value of the MWEPA
management target has little impact on SMOCC-N demographic performance.

Among extant populations, the long-term population abundance reaches a maximum around year 40 at
approximately 80% to 90% of the management target at low to intermediate adult mortality rates, but
begins to decline after that, with more rapid declines to about 60% of the management target at the
intermediate mortality rate.
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Figure 8. Extinction probabilities
(proportion  of simulations that
become extinct) for the SMOCC-N
population of Mexican wolves at the
end of 100-year projections as a
function of mean annual adult
mortality rate and for different
population  management targets
under transfer scheme “EIS20_20".
The first value in the plot legend gives
the management target for the
MWEPA population, while the second
value is that SMOCC-N target.
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The “EIS20 207 transfer schedule also leads to significant increases in gene diversity in the SMOCC-N
population (Table 8). Once again, the impact of the 2016 releases to SMOCC-N is dramatic; the final GD
value is 96% to 106% relative to the initial value before the releases at low to intermediate mortality rates.
The retention relative to the SSP under these same mortality rates is 84% to 94%. When the SMOCC-N
management target increases to 200-250, GD retention approaches and exceeds 90% relative to the SSP.

Table 8. Mean gene diversity (GD, or expected heterozygosity) at the end of the 100-year simulations for
the SMOCC-N population of Mexican wolves, under the range of tested annual adult mortality rates and
population management targets, and with the “EIS20_20" wolf transfer scheme. See legend for Table 5 for

additional information on the meaning of the listed values.

Maq_zgsg:ent Annual Adult Mortality Rate (%)
18.9 219 24.9 27.9 30.9
300 150 0.691 0.681 0.660 0.622 0.583
- (1.000; 0.880) | (0.986;0.868) | (0.955;0.841) | (0.900;0.792) | (0.844;0.743)
340 150 0.692 0.682 0.660 0.625 0.584
- (1.001; 0.882) | (0.987;0.869) | (0.955;0.841) | (0.904;0.796) | (0.845; 0.744)
379 150 0.693 0.683 0.664 0.624 0.585
- (1.003; 0.883) | (0.988;0.870) | (0.961;0.846) | (0.903;0.795) | (0.847;0.745)
379 200 0.718 0.711 0.699 0.668 0.624
= (1.040; 0.915) | (1.029;0.906) | (1.012;0.890) | (0.967;0.876) | (0.903; 0.795)
379 250 0.734 0.728 0.718 0.696 0.659
= (1.062; 0.935) | (1.054;0.927) | (1.039;0.915) | (1.007;0.887) | (0.954; 0.839)
sSp 0.785 0.785 0.785 0.785 0.785
(0.942) (0.942) (0.942) (0.942) (0.942)

EIS20_20 — SMOCC-S population: The increased demographic stability of the SMOCC-N population
under the “EIS20 20” release strategy leads to an increased opportunity for population establishment in
SMOCC-S, even when transfers are not explicitly included in Mexican wolf management as simulated in
this set of scenarios. When the management target is 200 or 250, the probability of failing to establish a
population in SMOCC-S drop to 5% to 40% at low to intermediate adult mortality rates (Figure 9). The
probability of establishing a population remains low at a management target of 150. If a population were
to become established in SMOCC-S, the abundance at year 100 would range from about 60 to 90 wolves
at intermediate mortality rates and at a management target of 200 or 250.
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Figure 9. Extinction probabilities
(proportion of simulations that
become extinct) for the SMOCC-S
population of Mexican wolves at the
end of 100-year projections as a
function of mean annual adult
mortality rate and for different
population management targets
under transfer scheme “EIS20_20".
The first value in the plot legend gives
the management target for the
MWEPA population, while the second
value is that SMOCC-S target.
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Despite some level of demographic stability that may be observed in an established SMOCC-S population
under the conditions or our simulations, the extent of gene diversity retention in the population remains
low (Table 9). Under the smallest management target of 150 wolves and at low to intermediate adult
mortality rates, the extent of GD retained relative to the final value for the SSP ranges from 70% to 74%.
Increasing the management target to 200 or 250 increases final GD retention in SMOCC-S to 75% to 82%
of the final SSP value.

Table 9. Mean gene diversity (GD, or expected heterozygosity) at the end of the 100-year simulations for
the SMOCC-S population of Mexican wolves, under the range of tested annual adult mortality rates and
with the “EIS20_20" wolf transfer scheme. See legend for Table 6 for additional information on the meaning
of the listed values.

Management ; 0

Target Annual Adult Mortality Rate (%)
18.9 21.9 24.9 27.9 30.9
300 150 0.582 0.564 0.550 0.531 0.498
- (0.741) (0.718) (0.701) (0.676) (0.634)
340 150 0.583 0.566 0.556 0.520 0.523
- (0.743) (0.721) (0.708) (0.662) (0.666)
379 150 0.580 0.570 0.557 0.520 0.518
- (0.739) (0.726) (0.710) (0.662) (0.660)
379 200 0.619 0.603 0.588 0.562 0.539
- (0.789) (0.768) (0.749) (0.716) (0.687)
379 250 0.643 0.632 0.617 0.597 0.582
- (0.819) (0.805) (0.786) (0.761) (0.741)
sSp 0.785 0.785 0.785 0.785 0.785
(0.942) (0.942) (0.942) (0.942) (0.942)
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The trajectories of average gene diversity through time among populations from a representative scenario
in the “EIS20 20” transfer scheme are shown in Figure 10. The general nature of the trajectories is
similar to that shown in Figure 6 for the “000_ 00 transfer scheme, with the notable exception of the
SMOCC-N trajectory. When SMOCC-N receives releases from the SSP and translocations from
MWEPA, the initial jump in GD following the 2016 releases is now sustained to a much greater degree
compared to the scenario featuring only the 2016 releases (Figure 6). In fact, the final gene diversity value
for SMOCC-N is higher than that for the MWEPA population. Notice the small gains in gene diversity in
the MWEPA population in the first 20 years of the simulation, resulting from the EIS release schedule.
However, the smaller size of those releases, particularly in light of the larger recipient population, yields
relatively little gain to MWEPA.
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Figure 10. Average gene diversity over time for Mexican wolf populations subject to
24.9% mean annual adult mortality and under the “EIS20_20" transfer scheme.
Management targets are set at 379 for MWEPA and 200 for SMOCC-N and SMOCC-S.

The second group of scenarios in the set feature the “EIS40 40 strategy. Once again, MWEPA receives
wolves according to the release strategy outlined in the Mexican wolf EIS across all scenarios in this
group. In addition, the extent of releases and translocations to SMOCC-N is now doubled so that four
pairs of wolves with pups are now released to SMOCC-N from the SSP at each release event, and four
pairs with pups are now translocated from MWEPA to SMOCC-N at each translocation event. No wolves
are explicitly transferred to the SMOCC-S population unit. See Table 2 for more information on the
nature of these transfer strategies.
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EIS40_40 — MWEPA population: Despite the infusion of SSP wolves into the population through the EIS
release strategy, the removal of 20 pairs of wolves with pups in the first ten years of the simulation leads
to a further reduction in viability of the MWEPA population (Figure 11). Extinction risk is low (<0.10)
only at the lowest adult mortality level (18.9%) and increases to 0.36 at the intermediate mortality rate of
24.9%. As before, the risk of MWEPA population extinction is not impacted by the size of the
management target, suggesting that the removals for translocation in the early years of the simulation can
set in motion a process of demographic and genetic destabilization that leads to ultimate extinction.

Extant populations reach a long-term population abundance of about 220 to 280 wolves when the
management target is set to 300 to 379, respectively. The approach to this long-term abundance is slower
as the larger set of removals limits growth; the abundance levels reported above are not attained until
about 60 — 70 years into the simulation.
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Gene diversity in the MWEPA population does not improve relative to the less intense release strategy
previously described. Retention of GD in MWEPA is 90% to 94% of the initial value for that population
over the low to intermediate mortality rates tested, and across the three proposed management targets
(Table 10). However, the population retains only about 85% to 88% of the gene diversity present in the
SSP. Higher mortality rates result in only 85% to 88% retention relative to MWEPA original values, and
80% to 84% GD retention relative to the SSP.
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1033 Table 10. Mean gene diversity (GD, or expected heterozygosity) at the end of the 100-year simulations for
1034 the MWEPA population of Mexican wolves, under the range of tested annual adult mortality rates and
1035 population management targets and with the “EIS40_40" wolf transfer scheme. See legend for Table 4 for
1036 additional information on the meaning of the listed values.
Management . 0
Target Annual Adult Mortality Rate (%)
18.9 21.9 24.9 27.9 30.9
300 0.686 0.677 0.665 0.642 0.628
(0.926; 0.874) | (0.914;0.862) | (0.897;0.847) | (0.866;0.818) | (0.848; 0.800)
340 0.692 0.682 0.669 0.654 0.637
(0.934; 0.882) | (0.920;0.869) | (0.903;0.852) | (0.883;0.833) | (0.860; 0.811)
379 0.694 0.685 0.673 0.658 0.639
(0.937;0.884) | (0.924;0.873) | (0.908; 0.857) | (0.888;0.838) | (0.862; 0.814)
SSP 0.785 0.785 0.785 0.785 0.785
(0.942) (0.942) (0.942) (0.942) (0.942)
1037
1038

1039  EIS40_40 - SMOCC-N population: Viability in the SMOCC-N population continues to improve relative
1040  to the “EIS 20 20~ strategy as more wolves are transferred into the population, although the gains are
1041  relatively slight given the appreciable post-transfer mortality included in the models. Once again,

1042  extinction risk drops below 0.10 at larger management targets when the annual adult mortality rate

1043  increases to 27.9% (Figure 12). As before, the value of the MWEPA management target has little impact
1044  on SMOCC-N demographic performance. The population increases rapidly to a maximum mean

1045  abundance of about 180 wolves at a management target of 200 and at intermediate adult mortality levels
1046  (24.9%, but this growth is followed by the now-familiar decline over time to about 160 wolves at the end
1047  of the simulation.

1048
1,0 L ;] L} L 1
|| ——e—— 300_150
— O+ —  340_150 . -
é aiall ____E___ 379_150 | Figure 12. Extinction probabilities
2 ——O—— 379_200 (proportion of simulations that
2 || — = —  379_250 | become extinct) for the SMOCC-N
Lg population of Mexican wolves at the
LS 06 4 end of 100-year projections as a
g function of mean annual adult
o mortality rate and for different
= o4 | | population  management targets
B under transfer scheme “EIS40_40".
= The first value in the plot legend gives
® the management target for the
S o2t {1 MWEPA population, while the second
o value is that SMOCC-N target.
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At low to intermediate adult mortality rates, final gene diversity retention ranges from 97% to 107%
relative to the initial value for SMOCC-N, and from 85% to 95% relative to the final SSP value (Table
11). When the management target is at least 200 wolves, final GD relative to the final SSP value is at or
above 90% for all low and intermediate adult mortality levels. The maximum GD retention relative to the
final SSP value that is observed under the smallest SMOCC-N management target (150) is 89%, at the
lowest adult mortality rate tested (18.9%).

Table 11. Mean gene diversity (GD, or expected heterozygosity) at the end of the 100-year simulations for
the SMOCC-N population of Mexican wolves, under the range of tested annual adult mortality rates and
population management targets, and with the “EIS40_40" wolf transfer scheme. See legend for Table 5 for

additional information on the meaning of the listed values.

ngﬁggem Annual Adult Mortality Rate (%)
18.9 21.9 24.9 27.9 30.9
300 150 0.697 0.687 0.669 0.627 0.591
= (1.009; 0.888) | (0.994;0.875) | (0.968;0.852) | (0.907;0.799) | (0.855;0.753)
340 150 0.698 0.688 0.667 0.630 0.585
= (1.010; 0.882) | (0.996;0.876) | (0.965; 0.850) | (0.911;0.803) | (0.847;0.745)
379 150 0.699 0.688 0.666 0.634 0.588
= (1.011; 0.890) | (0.996;0.876) | (0.964;0.848) | (0.918;0.808) | (0.851;0.749)
379 200 0.726 0.719 0.706 0.681 0.641
- (1.051; 0.925) | (1.041;0.906) | (1.022;0.899) | (0.986;0.868) | (0.928;0.817)
379 250 0.742 0.737 0.729 0.708 0.667
- (1.074; 0.945) | (1.067;0.939) | (1.055;0.929) | (1.025;0.902) | (0.965; 0.850)
sSSP 0.785 0.785 0.785 0.785 0.785
(0.942) (0.942) (0.942) (0.942) (0.942)

EIS40_40 — SMOCC-S population: The extinction/establishment dynamics for the SMOCC-S population
are for the most part unchanged from the results of the “EIS20_20” models, with the exception of slightly
reduced extinction risks at the larger population management targets of 200 and 250 (Figure 13). With a
population management target of 250, low adult mortality rates (18.9% - 21.9%) result in extinction risk
(failure to establish a population) of 0.041 to 0.113. At the intermediate adult mortality rate of 24.9%, this
risk increases to 0.193 — 0.443 at a management target of 250 to 200, respectively. If a population
becomes established here, the population abundance at the end of the simulation ranges from 65 wolves at
a management target of 150 to 160 wolves at a management target of 250.
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Figure 13. Extinction probabilities
(proportion of simulations that
become extinct) for the SMOCC-S
population of Mexican wolves at the
end of 100-year projections as a
function of mean annual adult
mortality rate and for different
population  management targets
under transfer scheme “EIS40_40".
The first value in the plot legend gives
the management target for the
MWEPA population, while the second
value is that SMOCC-S target.
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Increasing the extent of transfers to the SMOCC-N population in the “EIS40 40" strategy brings only
modest improvements to gene diversity retention in the SMOCC-S population (Table 12). Under the
smallest management target of 150 wolves and at low to intermediate adult mortality rates, the extent of
GD retained relative to the final value for the SSP ranges from 71% to 75%. Increasing the management
target to 200 or 250 increases final GD retention in SMOCC-S to 76% to 83% of the final SSP value.

Table 12. Mean gene diversity (GD, or expected heterozygosity) at the end of the 100-year simulations for
the SMOCC-S population of Mexican wolves, under the range of tested annual adult mortality rates and
with the “EIS40_40" wolf transfer scheme. See legend for Table 6 for additional information on the meaning
of the listed values.

Management ; 0

Target Annual Adult Mortality Rate (%)
18.9 21.9 24.9 27.9 30.9
300 150 0.585 0.574 0.560 0.549 0.541
- (0.745) (0.731) (0.713) (0.699) (0.689)
340 150 0.584 0.577 0.559 0.545 0.530
- (0.744) (0.735) (0.712) (0.694) (0.675)
379 150 0.590 0.576 0.558 0.545 0.522
- (0.752) (0.738) (0.711) (0.694) (0.665)
379 200 0.623 0.617 0.598 0.579 0.554
= (0.794) (0.786) (0.762) (0.738) (0.706)
379 250 0.651 0.641 0.625 0.609 0.588
- (0.829) (0.817) (0.796) (0.776) (0.749)
sSSP 0.785 0.785 0.785 0.785 0.785
(0.942) (0.942) (0.942) (0.942) (0.942)
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Scenario Set 3: Releases to MWEPA; Releases and Translocations to SMOCC-N and SMOCC-S

The final set of models evaluated in this report feature an “EIS22 22" transfer strategy. This strategy is
built upon the “EIS20 207 strategy, but with the important inclusion of the release of two additional pairs
with pups from the SSP and the translocation of two additional pairs with pups from MWEPA to the
SMOCC-S population unit. These models are designed to explore the ability of direct transfers to the
SMOCC-S unit to augment natural dispersal from SMOCC-N in order to generate a demographically and
genetically viable wolf population in that habitat.

EIS22_22 — MWEPA population: As with the “EIS40 40 transfer strategy, the relatively high rate of
wolf off-take for translocations to the Sierra Madre populations results in an increased risk of extinction
in the MWEPA population, compared to models where such off-take is absent (Figure 14). The seemingly
counter-intuitive result of higher risk of the largest management target at the lowest mortality rate occurs
simply because of stochastic variation around low-probability events. At intermediate adult mortality
rates (24.9%), the risk exceeds 0.2 for all population management targets and increases substantially
under higher mortality rates. Following the pattern discussed earlier, the risk of MWEPA population
extinction is not impacted by the size of the management target, suggesting that removals in the early
years of the simulation are an important factor influencing later extinction risk. Long-term abundance
among extant populations ranges from approximately 230 wolves under a management target of 300 to
approximately 300 wolves under a management target of 379.
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Gene diversity retention in the MWEPA population closely follows that for the “EIS40 40 transfer
strategy. Retention of GD in MWEPA is 90% to 94% of the initial value for that population over the low
to intermediate mortality rates tested, and across the three proposed management targets (Table 13).
However, the population retains only about 85% to 89% of the gene diversity present in the SSP. Higher
mortality rates result in only 85% to 89% retention relative to MWEPA original values, and 80% to 85%
GD retention relative to the SSP.
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Table 13. Mean gene diversity (GD, or expected heterozygosity) at the end of the 100-year simulations for
the MWEPA population of Mexican wolves, under the range of tested annual adult mortality rates and
population management targets and with the “EIS22_22" wolf transfer scheme. See legend for Table 4 for
additional information on the meaning of the listed values.

Maq_zgsg:ent Annual Adult Mortality Rate (%)

18.9 219 24.9 27.9 30.9

300 0.688 0.682 0.669 0.646 0.630
(0.928; 0.876) | (0.920;0.869) | (0.903;0.852) | (0.872;0.823) | (0.850; 0.803)

340 0.695 0.686 0.677 0.660 0.637
(0.938; 0.885) | (0.926;0.874) | (0.914;0.862) | (0.891;0.841) | (0.860; 0.811)

379 0.696 0.691 0.682 0.668 0.652
(0.939; 0.887) | (0.933;0.880) | (0.920; 0.869) | (0.901;0.851) | (0.880; 0.831)

sSp 0.785 0.785 0.785 0.785 0.785

(0.942) (0.942) (0.942) (0.942) (0.942)

EIS22_22 — SMOCC-N population: When the SMOCC-S population is targeted for releases and
translocations, the SMOCC-N population appears to show a slightly lower risk of population extinction
compared to the “EIS40 40” strategy described earlier (Figure 15). For example, with a SMOCC-N
management target of 200 and with the largest MWEPA management target of 379, the risk of extinction
to the SMOCC-N population under the “EIS22 22" population declines to 0.016 compared to 0.035 in the
“EIS40 40 strategy. While this specific difference may result from stochastic variation across the set of
iterations that make us this analysis, this qualitative difference is consistent across the majority of
scenarios that were tested across these two transfer strategies. The slight improvement in demographic
stability of the SMOCC-N population may result from occasional dispersal events of wolves from
SMOCC-S into SMOCC-N throughout the duration of the simulation, acting to bolster SMOCC-N
populations through time. Extant populations reach a long-term abundance of approximately 140 to 220
wolves with a population management target of 150 to 250, respectively. Under the 250 management
target, the populations is able to maintain at that level but smaller management targets tend to lead to slow
rates of decline in abundance to 160 or 100 wolves for management targets of 200 and 150, respectively.
As discussed previously, factors playing a role in reducing reproductive output in these populations over
time can lead to gradual erosion of demographic and genetic viability.

Retention of gene diversity in the SMOCC-N population under the “EIS22 22” transfer strategy follows
the results of the “EIS40 40~ analyses, with perhaps a slightly higher level of GD retention in these
scenarios in the presence of occasional connectivity with SMOCC-S as it becomes established. At low to
intermediate adult mortality rates, final gene diversity retention ranges from 99% to 107% relative to the
initial value for SMOCC-N, and from 87% to 95% relative to the final SSP value (Table 14). When the
management target is at least 200 wolves, final GD relative to the final SSP value is at or above 90% for
all low and intermediate adult mortality levels. The maximum GD retention relative to the final SSP value
that is observed under the smallest SMOCC-N management target (150) is 90%, at the lowest adult
mortality rate tested (18.9%).
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Figure 15. Extinction probabilities
(proportion  of  simulations  that
become extinct) for the SMOCC-N
population of Mexican wolves at the
end of 100-year projections as a
function of mean annual adult
mortality rate and for different
population  management targets
under transfer scheme “EIS22_22".
The first value in the plot legend gives
the management target for the
MWEPA population, while the second

value is that SMOCC-N target.

Table 14. Mean gene diversity (GD, or expected heterozygosity) at the end of the 100-year simulations for
the SMOCC-N population of Mexican wolves, under the range of tested annual adult mortality rates and
population management targets, and with the “EIS22_22" wolf transfer scheme. See legend for Table 5 for
additional information on the meaning of the listed values.

Maq_zgggg:ent Annual Adult Mortality Rate (%)
18.9 21.9 24.9 27.9 30.9
300 150 0.706 0.699 0.682 0.649 0.606
= (1.022; 0.899) | (1.012;0.890) | (0.987;0.869) | (0.939;0.827) | (0.877;0.772)
340 150 0.707 0.698 0.683 0.646 0.598
= (1.023;0.901) | (1.010;0.889) | (0.988;0.870) | (0.935;0.823) | (0.865;0.762)
379 150 0.707 0.700 0.684 0.651 0.603
= (1.023; 0.901) | (1.013;0.892) | (0.990;0.871) | (0.942;0.829) | (0.873;0.768)
379 200 0.729 0.725 0.715 0.690 0.648
= (1.055; 0.929) | (1.049;0.924) | (1.035;0.911) | (0.999;0.879) | (0.938; 0.825)
379 250 0.743 0.739 0.731 0.712 0.678
= (1.075; 0.946) | (1.069;0.941) | (1.058;0.931) | (1.030;0.907) | (0.981; 0.864)
sSSP 0.785 0.785 0.785 0.785 0.785
(0.942) (0.942) (0.942) (0.942) (0.942)

EIS22_22 — SMOCC-S population: When releases and translocations are implemented in the SMOCC-S
population unit, the dynamics of this southernmost unit of the Mexican wolf metapopulation model begin
to mirror those of the SMOCC-N population. The risks of population extinction (in the case of SMOC-S,
the risk of establishment failure) for the two populations is nearly identical for the low and intermediate
adult mortality rates tested here (Figure 16). At an adult mortality rate of 24.9%, SMOCC-S extinction
risk is no more than 0.04 across the range of population management targets explored in this analysis.
Perhaps more importantly, if the SMOCC-S population becomes established, the long-term abundance
trajectories are very similar to those of the SMOCC-N population. Although the population growth rate
may be slightly lower, leading to a longer time period required to reach the maximum long-term
population abundance, the mean abundance for SMOCC-S is essentially identical to that for SMOCC-N.
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1180  Extending transfers to the SMOCC-S population in the “EIS22 22 strategy brings significant
1181  improvements to gene diversity retention (Table 15). While the extent of GD retained relative to the final
1182  value for the SSP ranged from 71% to 83% across the three population management targets under
1183  conditions of low to intermediate adult mortality rates in the absence of direct releases and translocations
1184  (Table 12), GD retention under the “EIS22 22 strategy in the SMOCC-S population increases across
1185  that same set of scenarios to a range of 85% to 93% (Table 15). Even under the highest rates of annual
1186  adult mortality tested here, GD retention relative to the final SSP value remained above 85% when the
1187  population management target was set at 250.
1188
1189
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1190
1191
1192 Table 15. Mean gene diversity (GD, or expected heterozygosity) at the end of the 100-year simulations for
1193 the SMOCC-S population of Mexican wolves, under the range of tested annual adult mortality rates and with
1194 the “EIS22_22” wolf transfer scheme. See legend for Table 6 for additional information on the meaning of the
1195 listed values.
Management ; 0
Target Annual Adult Mortality Rate (%)
18.9 21.9 24.9 27.9 30.9
300 150 0.692 0.684 0.668 0.633 0.589
- (0.882) (0.871) (0.851) (0.806) (0.750)
340 150 0.693 0.685 0.666 0.635 0.580
- (0.883) (0.873) (0.848) (0.809) (0.739)
379 150 0.693 0.685 0.667 0.630 0.587
- (0.883) (0.873) (0.850) (0.803) (0.748)
379 200 0.715 0.710 0.700 0.675 0.632
- (0.911) (0.904) (0.892) (0.860) (0.805)
379 250 0.728 0.725 0.717 0.702 0.668
- (0.927) (0.924) (0.913) (0.894) (0.851)
sSp 0.785 0.785 0.785 0.785 0.785
(0.942) (0.942) (0.942) (0.942) (0.942)
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The trajectories of average gene diversity through time among populations from a representative scenario
in the “EIS22 22” transfer scheme are shown in Figure 17. As in Figure 10 under the “EIS20 20~
transfer scheme, the increased gene diversity in SMOCC-N is plainly evident under the “EIS22 227
transfer scheme. In addition, the dramatic gain in gene diversity in the SMOCC-S population is plainly
evident. This transfer scheme feature direct releases and translocations to both Sierra Madre Occidental
populations, thereby providing significant boosts to local gene diversity. The MWEPA population,
receiving only the EIS-scheduled releases, does not see a similar genetic benefit; in fact, the sustained off-
take of wolves from this population leads to a slightly lower level of final gene diversity compared to the
“EIS20 20 transfer scheme, and results in the lowest level of gene diversity among the three wild wolf
populations.
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Figure 17. Average gene diversity over time for Mexican wolf populations subject to

24.9% mean annual adult mortality and under the “EIS22_22" transfer scheme.
Management targets are set at 379 for MWEPA and 200 for SMOCC-N and SMOCC-S.
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Conclusions and Discussion

The population simulation model described in detail in this report, constructed using the Vortex modeling
software framework, provides a flexible platform to explore the demographic and genetic conditions —
abundance, adult mortality, population genetic structure — that could result in a viable metapopulation of
Mexican wolves in the southwestern United States and northern Mexico. This model explicitly includes
the captive wolf population and its full pedigree, thereby allowing us to evaluate a suite of
metapopulation management alternatives designed the demographic and genetic characteristics of wild
wolf populations. Explicit simulation of captive population dynamics is made possible by recent
improvements to the Vortex software that were not available at the time of the most recent published PVA
effort for Mexican wolves (Carroll et al. 2014).

Figure 18 presents a summary of extinction risk for each of the three wild wolf populations and across the
four simulated transfer schemes, assuming an intermediate mean annual adult mortality rate of 24.9%.
Under the conditions simulation in this analysis, the increased risk to the MWEPA population as a
consequence of transferring animals to Mexico is evident. The risk is greatest under the “EIS40 40~
transfer scheme, as a relatively large number of wolves — 20 pairs with pups — are removed from the
population over a period of only five years. Note that while the “EIS22 22” scheme results in the same
total number of wolves being removed from MWEPA, the number of pairs removed in any one year is
smaller and the total removal schedule is spread out over a longer period of time, thereby putting less
demographic stress on the source population.
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Figure 18. Extinction risk at 100 years for wild populations of Mexican wolves among selected PVA
scenarios across each of the four transfer scheme and featuring 24.9% mean annual adult mortality.
Population designations: M, MWEPA; S-N, SMOCC-N; S-S, SMOCC-S. Population-specific
management targets are designated Small (MWEPA, 300; SMOCC-N/SMOCC-S, 150), Medium
(MWEPA, 340; SMOCC-N/SMOCC-S, 200), or Large (MWEPA, 379; SMOCC-N/SMOCC-S, 250).
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Also clearly evident from examination of Figure 18 is the reduced extinction risk in the Sierra Madre
Occidental populations in those scenarios featuring explicit transfer to those populations. The risk
virtually disappears for the SMOCC-N population under all simulated transfer schemes, although
population stability is more difficult to achieve in the presence of smaller management targets. Similarly,
the direct addition of wolves to SMOCC-S through releases and translocations results in a dramatic
reduction in risk to that population. As with its northern Mexico counterpart, long-term demographic
stability in the SMOCC-S population would likely require larger population management targets, i.e., on
the order of at least 200 wolves.

The summary observations for genetic diversity retention are much the same as those for demographic
stability (Figure 19). More intensive transfer schemes such as the “EIS40_40” strategy put increased
genetic strain on the source MWEPA population, without providing significant added genetic benefit to
the recipient SMOCC-N population. In contrast, the “EIS22 22” scheme leads to reduced cost to
MWEPA and marked benefits to the Sierra Madre Occidental populations — particular SMOCC-S.
Overall, the extent of proportional gene diversity retention for a given population is greater when
comparing the population’s final value to the initial value for that same population, compared to
comparisons with the final value for the intensively-managed SSP population. Although these higher
retention values relative to a population’s initial GD value may seem appealing, the low absolute values
for this metric across all wild populations do not generate the same appeal. Retaining a larger proportion
of a small amount of starting material does not necessarily indicate a large measure of success. This is
why it may be more appropriate to consider the retention of GD relative to that value present in the
captive population, which is the source of all genetic variants among wild Mexican wolves and currently
shows the highest expected gene diversity values across all populations.

Across all simulations presented here, the SSP population can be easily maintained at the specified
“carrying capacity” of about 255 wolves, defined in the context of captive population management by the
number of available spaces across zoological institutions housing Mexican wolves. Although the
demographic stability of the captive population is not in question on the basis of this analysis, the genetic
viability of that population could perhaps be improved by either improving reproductive success among
selected breeding pairs or by increasing the number of available spaces for more adult pairs. This general
management recommendation is also discussed in more detail by Mechak et al. (2016).

Under the complex set of conditions portrayed in this modeling effort, the MWEPA wolf population in
the United States can grow in abundance to designated management target levels as long as annual adult
mortality rates are below 25%. If further wolf releases from the SSP are discontinued, resulting in
effective isolation of this population into the future, demographic and genetic processes can work together
to destabilize the population and inhibit its continued growth. This destabilizing force can also be
strengthened if wolves are removed from MWEPA in the near future — before the population is able to
grow to some designated management target — and translocated to the exiting SMOCC-N population or
the new SMOCC-S population unit. Of course, the value of using these wolves to augment existing
populations or help to create new populations cannot be argued. However, the intensity and (perhaps
more importantly) the timing of these removals from MWEPA for translocation need to be considered so
that the viability of this valuable source population is retained.
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Figure 19. Proportional gene diversity retention for wild populations of Mexican wolves among selected
PVA scenarios across each of the four transfer scheme and featuring 24.9% mean annual adult mortality.
Lines within each plot refer to alternative population management targets: Small (solid line), Medium
(dashed line) or Large (dotted line) (See Figure 18 legend for management target definitions). Panels on
the left show final (year 100) gene diversity retention proportional to the starting value for that population
at year 1, while panels on the right show final retention relative to the final GD value for the SSP.
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Both demographic and genetic viability of the MWEPA population is improved through releases of
wolves into this population from the SSP. The results of the PVA reported here indicate that it is difficult
to retain relatively high levels (e.g., at least 90%) of population-level gene diversity in MWEPA relative
to the SSP, even if the risk of the MWEPA population declining to extinction is very low. This suggests
that the current release schedule laid out in the Mexican Wolf EIS may be insufficient to adequately
bolster the genetic integrity of the MWEPA. Under the conditions simulated in this analysis, the transfer
schedule laid out in the EIS specifies a total of seven pairs and associated pups. Our modeling effort
therefore removed 14 adults and 21 pups from the SSP population. However, because of the documented
levels of post-release mortality discussed in this report (see Table 3 page 16), only four adults and 10.4
pups survive after release to the next breeding cycle. The pups will have another round of mortality before
they are recruited into the adult stage; hence, a total of seven pups survive after release to adulthood,
meaning that a grand total of eleven adults are added to the MWEPA population from 35 wolves released
from the SSP. If this effective number of adults added to MWEPA through releases were, for example,
doubled to 22 wolves, the genetic benefit may be substantial. Preliminary analysis of this scenario (not
reported in detail here) suggest just such an outcome. Interpretation of these types of results is critically
dependent on the threshold by which genetic integrity will be judged, but the general concept remains
highly relevant. An alternative to increasing the number of wolves released from the SSP is to increase
the survival of the same number of animals immediately following release, so that a specified target of
effective releases can be achieved. Careful consideration must be given to the relative costs and benefits
of each alternative before changes to management activities are recommended.

Long-term management of the MWEPA population, as well as those in Mexico, involves removing
wolves from the landscape when the population is at or near the designed management target. Simulation
of this management activity in the current PVA may not be as flexible or as nuanced as what may be
undertaken in reality, as decisions may be made in the presence of a broader range of information than
what is being considered here. Nevertheless, it may be instructive to briefly explore the extent of
removals required to maintain a population at a designated management target. Assuming a mean annual
adult mortality rate of 24.9% in MWEPA, and under the “EIS20 20" transfer scheme, our model suggests
that an average of no more than approximately 24 to 36 wolves would need to be removed in a given year
to keep the wolf population at the management target of 379 to 300, respectively. The larger number of
wolves removed at the smaller management target is a by-product of that population reaching that target
earlier in the 100-year projection (on the order of 20 years) compared to those simulations with a larger
management target (approximately 40 years). As time progresses through the simulation and longer-term
population growth rates are expected to decline through processes discussed earlier, the rate of removal
declines.

The wolf population currently occupying the northern portions of the Sierra Madre Occidental is likely to
benefit significantly from the recent 2016 releases of wolves from the SSP. The extent of genetic
variation now in this population is predicted to be higher than that currently within the MWEPA
population; however, that diversity is likely to erode more quickly as inbreeding and genetic drift act to
eliminate genetic variation in the smaller SMOCC-N population. Given our depiction of metapopulation
connectivity, the northern Sierra Madre wolf population receives individuals only very occasionally from
MWEPA — almost certainly less frequently than the desired rate of at least 1-2 effective (breeding)
migrants per generation discussed by Carroll et al. (2014) that would ameliorate many genetic problems
associated with small populations. Therefore, it is likely that the SMOCC-N population’s future viability
will depend at least in the near term on continued releases from the SSP and, if considered appropriate, on
translocations from MWEPA. Once the SMOCC-N population begins to grow to a more stable
abundance, it can serve as a more reliable source of dispersers to the SMOCC-S population unit. The
actual capacity for wolves to successfully disperse southward is still up for debate, but members of the
PVA Development Team with expertise in this area are confident that the probability of successful
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dispersal between the two Sierra Madre Occidental population units is markedly greater than that across
the US — Mexico border.

In the absence of explicit releases from the SSP or translocations from MWEPA, the SMOCC-S
population unit has a very low probability of supporting a wolf population at reasonable levels of adult
mortality. Even if wolves colonize the area in our simulations, the number of individuals is not consistent
with typically acceptable levels of demographic or genetic viability. This is true even when the SMOCC-
N population is augmented through releases and translocations, although the prospects for population
establishment begin to increase as a larger northern Sierra Madre Occidental population produces more
dispersing individuals through time. On the other hand, the prospects for population establishment
increase greatly when releases and translocations become an active component of management for this
southern population. Under more favorable conditions — a larger management target and reasonable levels
of adult mortality — the SMOCC-C population can demonstrate similar growth dynamics to its northern
Mexico counterpart. Wolf abundance can approach the designated management target, and retention of
gene diversity (measured as a proportion of that measured in the SSP) is at a level comparable to that
expected for the SMOCC-N population. This outcome can have major implications for the long-term
conservation and recovery of Mexican wolves in the wild. To reiterate, however, it is important to
consider the full suite of costs and benefits to one or more complementary components of the Mexican
wolf wild and captive metapopulation before implementing transfers to both wolf populations in Mexico.
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Appendix A.

Estimation of the Mean Pairing Rate among Wild Mexican Wolves?
Prepared By: John Oakleaf, U.S. Fish and Wildlife Service.

Date: 19 October, 2016 and 25 January, 2017

Methods

Method 1: Direct observation

Direct observations of paired status were made on radio-collared females only, which likely biases the
data towards a higher proportion of females reproducing because the Interagency field Team tries to
capture and maintain collars on breeding adults but not necessarily on one- or two-year-old animals with a
pack. Data from 1998 — 2000 were censored due to sample size constraints. Only animals that made it to
two years of age in a given year were considered. This may also result in an upward bias because those
1.5-year-old individuals that could pair up in the winter but died prior to reaching 1 April in a given year.
Finally, all wolves that were released during the previous four months before observation were not
included in the analysis. The data considered for analysis are summarized in Table A-1.

Table A-1. Paired status of adult (age-2+) female Mexican wolves in the MWEPA
population, 2001 — 2015.

Year Adult Females Number Paired Proportion Paired
2001 8 5 0.63
2002 9 6 0.67
2003 9 9 1.00
2004 10 8 0.80
2005 9 7 0.78
2006 9 8 0.89
2007 8 8 1.00
2008 8 6 0.75
2009 13 10 0.77
2010 10 10 1.00
2011 11 9 0.82
2012 10 10 1.00
2013 7 7 1.00
2014 5 5 1.00
2015 5 5 1.00
Total 131 113 0.863

The mean proportion of adult females Mexican wolves in a paired status over the period of observation
was estimated across the total dataset to be 0.863. This estimate may be biased high because of the
following issues:

! Sections of the larger report relevant to model input reproduced here for clarity.
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1. Collared animals only were utilized, which should bias the data towards higher proportion of
females reproducing because the Interagency Field Team attempted to capture and maintain
collars on breeding adults but not necessarily one or two year old animals with a pack.

2. Only females that made it to 2 years old in a given year were utilized, which may bias the data
slightly higher because we are not considering all of the short two year old's (1.5 year old) that
could pair up in the winter but died prior to reaching 4/1 of a given year.

3. Animals were censured that were released during the previous four months to remove potential
bias associated with released animals and adaptation to the wild.

Method 2: Indirect estimation

As an alternative approach to using only radio-collared females and whether individuals female where
paired at the start of breeding season (recognized as biased high), we attempted to estimate the number of
females (1+ years old) in the entire population at time t compared to the number of pairs at time t+1 over
the period 2007 — 2016. We accomplished this by:

(1) Using the number of animals in collared packs that were not pups (1+ years old) at the time
of the end of year count (Nov-Jan) and applying a 50:50 (m:f) sex ratio to estimate the
number of females available to breed in the population at time t-1.

(2) Dividing the number of pairs present at the start of time t plus any pairs that formed prior to
breading season by the estimated number of adult females from 1 above (Table 2).

The data obtained through this method are summarized in Table A-2.

Table A-2. Paired status of adult (age-2+) female Mexican wolves in the MWEPA
population, 2007 — 2016.

Year Adult Females Number Paired Proportion Paired
2007 13.5 10 0.741
2008 15.5 12 0.774
2009 16 9 0.563
2010 12 10 0.833
2011 12 8 0.667
2012 16 13 0.813
2013 19.5 14 0.718
2014 25.5 16 0.628
2015 27.5 18 0.655
2016 315 20 0.635
Total 189 130 0.688

These data yield a 10-year average pairing rate of 0.688.

Similar to the radio collar data, these data come with potential biases:

1. Uncollared packs that were documented in the count data were excluded from both the
number of pairs and the number of females because an appropriate breakdown of the number
of animals 1+ year old was not available. This should not have a net impact, or at the most a
negligible downward bias of pairing rates.

2. Single uncollared animals were included as >1 both on and off Reservations for 2016 and
2015 where data was available. The number of single uncollared animals on the reservations
for other years was pooled with uncollared groups on the reservations and thus all single
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1476 uncollared animals on the reservation were excluded for 2014 to 2007. Slight upward bias of
1477 pairing rates.

1478 3. The assumption is that females and males are produced and survive at the same rate. This is
1479 the same assumption by Vortex. However, it appears that there is an overabundance of males
1480 and fewer females in the Mexican wolf population based on dispersal and pairing patterns of
1481 collared animals (females generally disperse shorter distances and for shorter time periods in
1482 dispersal status). This would result in a downward bias of pairing rates, but depending on
1483 Vortex assumptions this could be consistent with the model parameterization.

1484

1485  Asaway to utilize both of these datasets, the decision was made by the Mexican Wolf PVA Development
1486  Team to use the average result from the two methods discussed above. This yields a mean pairing rate of
1487  0.78.

1488

1489

47



1490
1491
1492
1493
1494

1495
1496
1497
1498
1499
1500
1501

1502

1503
1504
1505
1506
1507
1508
1509
1510
1511
1512
1513
1514
1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525
1526
1527
1528
1529
1530
1531
1532
1533
1534
1535

Mexican Wolf PVA Draft Report 1 May, 2017

Appendix B.

Analysis of Independent Variables Impacts on the Probability of Live Birth and Detection
in Wild Mexican Wolves in Arizona and New Mexico?

Prepared By: John Oakleaf and Maggie Dwire, U.S. Fish and Wildlife Service.

Date: 16 September, 2016

Methods
Population Monitoring and Pup Counts

The Mexican Wolf Interagency Field Team (IFT) implemented varied methods of population monitoring
and pup counts during the duration of our study. Initially (1998-2004), the IFT determined population
estimates and pup counts using non-invasive methods such as howling surveys, tracks and scats, and
visual observations during aerial (fixed wing) and ground radiotelemetry. Visual observations were
collected opportunistically through the least intrusive methods possible and we avoided any disturbance
of den areas. Pups were born from early April to late May and were counted post-emergence from the
den (> 6 weeks of age) whenever opportunity allowed. During the initial time period, the Mexican wolf
population was generally below 50 animals and consistent field efforts allowed for pack composition to
be monitored.

In more recent years (2005-2014), the IFT incorporated helicopter counts in January or early February to
verify and collect additional population information. In addition, the IFT implemented more aggressive
methods to document reproduction earlier in the year due to concerns about reproduction and recruitment.
Ultimately, the IFT incorporated the increased use of remote cameras, earlier observations in and at den
sites, and trapping for younger pups (2009-2014). Because of the variability in methods used from 1998-
2014, we incorporated a structural dummy variable for early (1998-2004), middle (2005- 2008), and late
(2009-2014) count methodology to evaluate and control for these evolving methodologies, if necessary.
Regardless of the count methodologies, each year the IFT conducted a year-end population survey which
resulted in a minimum population count for that year. The minimum population count incorporated the
total number of collared wolves, uncollared wolves, and pups, documented as close to December 31 of
the given year as possible.

We assessed if a pair of wolves that were together during the breeding season produced detectable pups
(probability of detection of live pups). We assessed this based on whether pups were ever documented
during the year. Although some pairs may have produced pups that died prior to detection, the IFT was
successful in documenting pups in the majority of pairs that had the potential to produce pups (78%, n =
104 out of 134 pairs). Thus, documenting pups was utilized as a dependent variable in an analysis
(probability of detecting live pups). However, we conducted a different analysis (probability of live birth)
that recognized live birth for wolves that had restrictive movements indicative of a den site, but pups were
not counted. This analysis had fewer instances where live birth was not documented and the probability
to produce pups was higher (90%, n = 121 out of 134 pairs).

2 Sections of the larger report relevant to model input reproduced here for clarity.
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Statistical Methodology

We used general linear mixed models with a binomial distribution for the dependent variables of
probability of live birth and probability of detecting live pups. The random effect was individual female
producing litters. We developed a complete set of candidate models from the independent variables
(Table B-1). Thus, the number of models was equivalent (balanced) between independent variables, with
the exception of models that were removed from consideration because of uninformative variables
(Arnold 2010). We did not simultaneously model independent variables that were correlated (e.g.,
Pearson’s r < 0.7) and removed models with uninformative variables (Burnam and Anderson 2002,
Arnold 2010) from the set of candidate models. Uninformative variables were considered as any variable
that when added to the model did not reduce AIC values (i.e., AIC values for a model with variables A+B
was < AIC values for a model with variables A+B+C, or A+B+D). We used information-theoretic
methods (i.e., AAIC) to quantify the strength of the remaining models (Burnham and Anderson 2002).
We tested quadratic, cubic, and age classes for Dam Age or Sire Age, if retained, because the relationship
was considered non-linear a priori. Specifically, young (< 3 years of age) and old (> 9 years of age)
wolves were thought to be less successful than prime-aged (4-8) wolves.

We censored pairs that either bred or produced pups in captivity prior to release into the wild from the
dataset. We also censored pairs that did not contain a complete suite of data for both the genetic and
environmental variables. The primary reason for incomplete data was because one of the breeding
animals was unknown, thus several genetic and environmental variables were unknown. By only using
pairs with complete suite of independent variables, direct comparison between models was possible.

Results and Discussion

Because of censoring and restricting the data set, the analyses were conducted on 115 pair years of
reproduction. Overall, 103 pairs showed denning behavior and 12 did not within this sample (90%),
which was a similar proportion to the larger data set that was not restricted due to missing independent
variables. Age of dam was clearly the most influential variable relative to probability of live birth (Table
B-2). While adding other variables to the age of the dam slightly reduced AIC values, they were not the
most parsimonious of the competing best models (AIC within 2) and likely should be discarded in favor
of a model with only the age of the dam in the model (Table B-2). The best representative of the
relationship between age of the dam and probability of live birth was a curvilinear relationship based on
the cubic value of the age of the dam (Table B-2, Figure B-1). In the case the cubic only relationship was
indicative of all ages of dams having a high likelihood of denning until age 10 with a rapid fall off (Figure
B-1). The lack of a lower order term or age classes being retained demonstrated that both younger aged
and prime aged animals produced pups (i.e. denned) at a similar rate (Figure B-1). However, sample
sizes were limited due to the low number of females not exhibiting denning behavior. Logistic regression
requires a large sample size to become stable particularly when the dependent variable has unequal
samples which may limit the number of events in a given classification (e.g., age of females not
producing pups; Hosmer and Lemeshow 2000). Nevertheless, the relationship with dam age is consistent
with the findings of other more robust analyses on the captive population of Mexican wolves and
consistent with the findings related to probability of detecting pups below.

The probability of detecting pups analyses included zeros in instances when pairs failed to show denning
behavior, indicative of no reproduction, and early mortality of the entire litter of pups prior to
observation. Overall, 89 pairs were documented with pups and 26 were not (77%); again this was
proportionally similar to the larger data set. In this analysis, the top models included both the age of the
dam and the inbreeding coefficient of either the pups or the sire (note: sire and pup inbreeding
coefficients were approaching correlation levels of concern, r = 0.658). In this case, categorizing dam
age appeared to fit the data the best for the curvilinear relationship (Table B-4). The curvilinear
relationship was likely different than the probability of live birth analyses because younger and prime
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aged dams produced pups (i.e. showed denning behavior), but failed to have pups survive to an age where
they could be documented by field personnel at higher rate than old age classes, which primarily failed to
show denning behavior (Figure B-1 and B-2). Overall, an increase of 0.1 in the pup inbreeding coefficient
resulted in decrease of 0.05 to 0.20 in the probability of detecting pups depending on the age class of the
dam (Figure B-3).

A comparison of the two analyses suggests that inbreeding may be impacting early survival of pups more
than production of pups. These analyses may help elucidate the findings of previous analyses (Clement
and Cline 2016) where the impact of including 0’s in litter size models tended to result in greater potential
impacts of inbreeding on the maximum number of pups documented alive in a pack.
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Table B-1. Description of independent variables used in logistic and generalized linear models for Mexican wolf pup
production in Arizona and New Mexico. Classes included demographic variables, genetic, environmental, and
structural variables. Structural and demographic variables were included in models initially to control for spurious
results from genetic and environmental models. Environmental models include variables that could be associated with
a pack of wolves’ ability to acquire prey.

Variable Name Variable Class Description of Variable (When Necessary)

Count Method Structural Dummy variable designed to account for varying
counting methodologies during the course of the
study. Three time periods were coded (1998
-2004, 2005-2008, and 2009-2014).

Management Actions Structural Binomial variable that determined if management
actions such a releases, removals, or translocations
occurred during the year.

No. Years Pair Demographic Number of consecutive years that the same pair had
Produced Pups produced pups.
Age of Dam/Sire Demographic Age of the breeding female and male within

a pack.
Dam/Sire/Pups Genetic Inbreeding coefficient of the breeding female,
Inbreeding Coefficient breeding male and pups produced within a pack.

Based on pedigree analysis.

Dam/Sire/Pups Lineage Genetic Categorical variables that describes the lineages
present within the breeding female, breeding male,
and pups produced within a pack. Categories
include MB (McBride lineage), MB-GR (McBride-
Ghost Ranch cross), MB-AR (McBride-Aragon
cross), and Tri (tri-lineage crosses).

Dam/Sire/Pups Genetic The percentage of genetic makeup from the

Percent McBride McBride lineage in the breeding female, breeding
male, and pups produced within a pack. Percent of
other lineages were not included because they were
negatively correlated with percent McBride.

Dam/Sire Years Environmental The number of years that the breeding female and
in Captivity male spent in captivity at the time of whelping.
Dam/Sire Months Environmental The number of months that the breeding female and
in the wild male spent in the wild at the time of whelping
Dam/Sire Proportion Environmental The proportion of life that the breeding female and
of Life in the Wild male spent in the wild at the time of whelping

No. of Adults in the Environmental The number of adults (including yearlings) present
Pack in the pack.
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Variable Name

Variable Class

Description of Variable (When Necessary)

Helpers Present

Supplemental Feeding

No. Years in Territory

Environmental

Environmental

Environmental

Coded as a 1 or 0 based on if non-breeding adult
wolves (including yearlings) were present in the
pack.

Whether supplemental food was provided or not to
a pack to either prevent depredations or assist in
the transition of wolves to the wild following an
initial release or translocation.

Number of continuous years of occupancy of a
territory by at least one member of the breeding
pair. We maintained time through transition of
breeding pairs as long as an individual breeding
wolf was with another that had occupied the
territory for the previous period of time.
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Table B-2. Competing logistic regression models for probability of live birth of Mexican wolves in New Mexico and
Arizona. The sample consisted of 103 pairs that showed denning behavior and 12 pairs that did not show denning
behavior. Models with uninformative parameters were excluded from the table. All models included a constant.

Model AIC. Value AAIC, Wi
AGE DAM CUBED + 65.523 0 0.453
SUPPLEMENTAL FOOD

AGE DAM CUBED + 66.212 0.689 0.321
INBREEDING

COEFFICIENT FOR PUPS

AGE DAM CUBED! 66.947 1.424 0.222
AGE DAM 69.598 N/A? N/A?
MONTHS IN WILD 77.043 11.520 0.001
DAM

SUPPLEMENTAL FOOD 77.559 12.036 0.001
INBREEDING 77.983 12.460 0.001

COEFFICIENT FOR PUPS

CONSTANT ONLY 78.942 13.419 0.001

We only show the best non-linear form of AGE DAM. We attempted a categorized version for wolves < 3, 4-8,
and > 9, AGE DAM SQUARED, AGE DAM + AGE DAM SQUARED, AGE DAM CUBED, and AGE DAM +
AGE DAM CUBED. We used AGE DAM CUBED in all subsequent model efforts and only utilized AGE DAM
CUBED in calculation of AAIC. and w;.

Table B-3. Relevant model information for the top model in table B-2.

Parameter Estimates

Parameter Estimate|Standard Error|Z p-Value95% Confidence Interval
Lower Upper

CONSTANT 2.839 |0.526 5.396 /0.000 (1.808 3.870

CUBED_DAM -0.003 |0.001 -3.425/0.001 |-0.004 -0.001

SUPP_FOOD10OR0[1.462  |0.880 1.661 |0.097 [-0.263 3.188
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Table B-4. Competing logistic regression models for probability of detecting Mexican wolf pups in New Mexico and
Arizona. The sample consisted of 89 pairs that with documented pups (visual observation or howling) and 26 pairs
without documented pups. Models with uninformative parameters were excluded from the table. All models included
a constant.

Model AIC; Value AAIC, Wi

CATEGORIZED AGE 109.565 0 0.536
DAM+INBREEDING
COEFFICIENT FOR PUPS

CATEGORIZED AGE 110.421 0.856 0.349
DAM+INBREEDING
COEFFICIENT FOR SIRE

CATEGORIZED 112.664 3.099 0.114
AGE DAM

AGE DAM 121.959 N/A? N/A?
MONTHS IN WILD 123.552 13.987 <0.001
DAM

INBREEDING 123.940 14.375 <0.001
COEFFICIENT FOR PUPS

MONTHS IN WILD 124.834 15.269 <0.001
SIRE

INBREEDING

COEFFICIENT FOR SIRE 125.619 16.054 <0.001
CONSTANT ONLY 126.885 17.320 <0.001

1 We only show the best non-linear form of AGE DAM. We attempted a categorized version for wolves < 3, 4-8,
and > 9, AGE DAM SQUARED, AGE DAM + AGE DAM SQUARED, AGE DAM CUBED, and AGE DAM +
AGE DAM CUBED. We used AGE DAM CUBED in all subsequent model efforts and only utilized AGE DAM
CUBED in calculation of AAIC. and w;

Table B-5. Relevant model information for the top model in table 4.

Parameter Estimates
Parameter . Standard 95% Confidence Interval
Estimate z p-Value

Error Lower Upper
CONSTANT 1.266 0.984 1.287| 0.198 -0.662 3.193
GROUPED_AGE_DAM_1]| 1.819 0.706 2.578| 0.010 0.436 3.203
GROUPED_AGE_DAM_2| 2.645 0.656 4.034| 0.000 1.360 3.930
IC_PUPS -8.255 3.775 -2.187| 0.029 -15.653 -0.857
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Figure B-1. Model results and data comparing probability of live birth versus dam age
cubed. Circles are scaled with larger circles representing a larger sample size at a

particular age.
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Figure B-2. Probability of live birth relative to the age of the dam in a pair as modeled
by the age of the dam cubed (see Table B-2). Dashed lines represent the 95%

confidence interval.
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Figure B-3. Model results and data comparing probability of documenting live pups
versus dam + dam age squared (the best linear representation of the relationship).
Circles are scaled with larger circles representing a larger sample size at a particular
age.
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Figure B-4. A comparison of the probability of detection of live pups across the age of the reproducing
dam in the pair and various pup inbreeding coefficients, using the regression results from Table B-5.
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Appendix C.

Analysis of Inbreeding Effects on Maximum Pup Count
in Wild Mexican Wolves®

Prepared By: Matthew Clement, Arizona Game and Fish Department (AZGFD) and Mason
Cline, New Mexico Department of Game and Fish (NMDGF)

Date: 9 September, 2016

Introduction

Recovery planning for the Mexican wolf has included discussion of the effects of inbreeding depression
on demographic parameters such as pup production. An analysis of wild litters produced from 1998 to
2006 indicated a negative association between pup Inbreeding Coefficient (f) and Maximum Pup Count
(Fredrickson et al. 2007), but analysis of wild litters from 1998 to 2014 found no such relationship
(Clement and Cline 2016). Therefore, our goal in this analysis was to revisit the analysis of wild litters,
considering the effect of inbreeding in the dam and the pups on Maximum Pup Count.

Methods

We fit several models, described below, in support of our goals. In each case, the response variable was
the Maximum Pup Count, as measured by counts of pups in each litter at various times from whelping
through December of their birth year. To inform Vortex models of Mexican wolf population viability,
wolf pairings that did not result in any detected pups were not used in the analysis of inbreeding effects,
i.e., only non-zero litter sizes were included in the analysis. The portion of paired wolves that successfully
have at least 1 detected pup will be modeled separately in Vortex. We analyzed the data with a Poisson-
distributed generalized linear mixed-effects model (GLMM, McCulloch et al. 2008). We used mixed-
effects models to account for non-independence of litters that come from the same parents. Either Poisson
or negative binomial models may be appropriate for non-negative integer data. The negative binomial
would be preferred if the variance of Maximum Pup Counts was significantly larger than the mean, but
because the variance and mean were similar, we opted for the more parsimonious Poisson distribution.

Our primary research questions focused on the effect of inbreeding, so we initially included pup f, dam f,
and sire f as covariates in our models. We also considered additional relevant covariates that might affect
reproductive success. For wild populations, these included supplemental feeding, age of the dam, the
presence of helpers, and the number of years in a territory. For captive populations, these included
whether the dam had prior litters, the number of prior litters, the country of residence, and the age of the
dam. We introduced non-correlated covariates (Pearson’s r? < 0.5) sequentially and used Likelihood Ratio
Tests (LRT) to determine if they should be retained in the best supported model.

We fit models to different time periods. We analyzed data from the early time period for both captive
(1999 to 2005) and wild populations (1998 to 2006) for comparison with Fredrickson et al. (2007). To
maximize the size of the data set, we also analyzed the entire time period for both captive (1999 to 2015)
and wild (1998 to 2014) populations. For the wild population, we also analyzed subsets of the data that
might represent more reliable counts of pups. In particular, as the recovery program matured, survey
protocols evolved, so that an analysis of counts may partially reflect changes in methodology, rather than

3 Sections of the larger report relevant to model input reproduced here for clarity.
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the biological process of interest. To deal with this issue, we analyzed wild data from 2009 to 2014, a
period with relatively constant survey methods (J. Oakleaf, USFWS, Pers. Comm., 2016). Second, we
analyzed counts from 1998 to 2014 that were obtained within six weeks of whelping, which we assumed
were closest to the true litter size. These data contained no repeated measures, so we excluded random
effects from the model.

Results

As one component of our analysis (full results not shown here), we considered the full time period of data
availability (1998 to 2014). In this case, the best supported model included the effects of diversionary
feeding, and a quadratic effect of dam age, but no significant inbreeding effects. Maximum Pup Count
increased with supplemental feeding, and was highest for dams aged 6.2 years, and lower for younger or
older dams. Although the LRT indicated no significant effect of inbreeding, we estimated that increasing
pup f from 0.1 to 0.2 for six year old dams not receiving diversionary feeding decreased Maximum Pup
Count by 0.01 pups (Table C-1, Figure C-1).

Table C-1. Results of Poisson-distributed generalized linear mixed-effects model of
litter size in wild Mexican wolves, 1998 — 2014.

Estimate std. Error z value Pr(>|z|)

(Intercept) 1.09370 0.22845 4.787 1.69e-06 ***
Ic_Pups 0.05108 0.88744 0.058 0.9541
Supp_Foodlor0 0.49408 0.11908 4.149 3.34e-05 #***
Age_Dam.sc 0.09685 0.06474 1.496 0.1347
Age_Dam2.sc -0.12114 0.05292 -2.289 0.0221 *

Figure C-1. Relationship between pup inbreeding coefficient and Maximum Pup Count in wild Mexican
wolves, 1999 to 2014. Green represents wolves receiving supplemental (diversionary) feeding, red
represents wolves not receiving supplemental (diversionary) feeding. Small random noise added to
data points to avoid overlap.

o -

Pup Count
4
|
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Appendix D.

Survival and Related Mexican Wolf Data for
Population Model Parameterization*

Prepared By: John Oakleaf, U.S. Fish and Wildlife Service

Date: 5 March, 2017

Average number of pups born: 4.652 £1.799 (u + SD for all reported values). Minimum 1, Maximum
7 (does not include 0’s). These are litters that were counted in the den (<1 week to 6 weeks post birth).

EARLY_PUP_COUNT|IC_PUPS|IC_DAM [IC_SIRE
N of Cases 23 22 22 23
Minimum 1.000 0.082 0.059 0.000
Maximum 7.000 0.292 0.289 0.292
Arithmetic Mean 4.652 0.203 0.208 0.187
Standard Error of Arithmetic Mean(/0.375 0.014 0.017 0.022
Standard Deviation 1.799 0.066 0.081 0.103

This average covers a variety of inbreeding coefficients for the pups and adults. But average inbreeding
is likely higher than the breeding component of the captive community.

Early (< June 30), mid-season counts (July 1 through September 30), and late season counts (October 1 to
December 31) are summarized below.

EARLY_PUP MID_PUP |[LATE_PUP_|IC_DAM |IC_SIRE [IC_PUPS
| COUNT | COUNT |COUNT
N of Cases 103 98 98 94 99 89
Minimum 1.000 0.000 0.000 0.000 0.000 0.082
Maximum 7.000 7.000 6.000 0.292 0.292 0.457
Arithmetic Mean 3.252 2.699 2.179 0.205 0.189 0.215
Standard Error of 0.172 0.169 0.140 0.009 0.009 0.007
Arithmetic Mean
Standard Deviation 1.747 1.670 1.385 0.084 0.087 0.069

Baseline approach: We modified survival analyses to address the current Vortex model structure
because we utilized a model for first observation as equivalent to pup production (see Clement and Cline
2016). Further, observations of 0 pup counts were included in a probability of producing a detectable
litter and thus excluded from these averages. Our approach was similar to previous documents but we
utilized confidence intervals and average counts of early pup count for counts vs average pups at the mid-
count (<Sept 30™) as a baseline mortality for pups prior to considering survival data from radio collars
(which were generally placed on pups). In terms of the average survival this would be 2.699/3.252 = 0.83
survival rate or a corresponding 0.17 mortality rate among pups during the first 6 months of life for pups.
The variability may be difficult in this case, but one may consider that the 95% Confidence interval would
be represented by u+ 1.96 SE in the number of pups counted in the middle pup count/ u + 1.96 SE in the
number of pups counted in the early pup count). This results in a high survival rate of 3.030/2.915, or

4 Sections of the larger report relevant to model input reproduced here for clarity.

60



1902
1903
1904
1905
1906
1907
1908
1909
1910
1911
1912
1913
1914
1915
1916
1917
1918

1919
1920
1921
1922

1923
1924
1925
1926
1927
1928
1929
1930

1931
1932
1933
1934
1935
1936

1937
1938

Mexican Wolf PVA Draft Report 1 May, 2017

1.0, with a corresponding mortality rate of 0.0. Conversely low survival would be 2.368/3.589, or 0.660
with a corresponding mortality rate of 0.34. A good approximation of this process for modeling purposes
would be a survival rate with a mean of 0.83 that is normally distributed between 0.660 and 1.

All other time periods are based on radio collar information from 2009 through 2014 and are summarized
below (Table D-1, Table D-2) for three age classes, including: (1) pups (following radio collaring, i.e.
after the count time periods above), (2) sub-adults (includes short distance dispersal related mortality),
and adults. There are four mortality sources, including: (1) natural (inclusive of unknown cause of death),
(2) known human-caused (vehicles, and illegal killings through traps and shooting), (3) cryptic mortality
(this represented animals in which circumstances surrounding the disappearance of the collar suggested
an illegal mortality [Note: we classified 14 of the 32 missing collars as cryptic mortalities]), and (4)
removals (inclusive of depredation and nuisance lethal and non-lethal removals which are classifications
of removals that will continue into the future). We pooled mortality and radio days from 2009 to 2014 to
represent the average yearly survival or mortality rate across the time period. We utilized methods that
accounted for competing risks (Heisey and Fuller 1985).

Cryptic mortality was classified based on the all of the following criteria occurring:

1. Loss of radio contact with no indication of transmitter failure.

2. Subsequent weekly telemetry flights and bi-monthly search flights failed to locate the animal
over a large area.

3. The animal failed to be observed for one year through intensive monitoring efforts.

We kept cryptic mortality in the overall survival rates because the data suggest that we were conservative
in assessing this source of mortality relative to other authors that suggest it occurs at a similar rate to
illegal mortality (Liberg et al. 2011). In addition, numerous collars have been found that have been
destroyed, buried, moved, cut off of wolves, put into water, or otherwise tampered with. Although these
examples were classified as human-caused mortalities, they provide ample evidence of cryptic mortality
within the Mexican wolf population.

Our suggestion on a broad approach to modeling these data is a four stage survival model, as follows:

(1) Survival of pups from the time of first observation to the time of collaring is 0.83 normally
distributed from 0.66 to 1.

(2) Survival of pups from time of collaring to 1 year of age is 0.865, distributed as described in
Table 2.

(3) Survival from age 1-2 is 0.673, distributed as described in Table D-2.

(4) Survival of Adults is 0.811, distributed as described in Table D-2.
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Table D-1. Summary of information used for survival analyses from 2009 to 2014 of Mexican wolves.

Class Radio Days No. Natural No. Human-Caused No. Cryptic ~ No. Removed
(Nuisance and Livestock)

Adult 46,978 4 14 6 3
Sub-Adult 20,312 2 11 6 4
Pups 8,812 1 4 2 0

Table D-2. Overall survival rates and cause specific mortality rates for Mexican wolves from 2009 to 2014. Pup
survival is calculated using a 183-day survival rate, while adult and sub-adult survival is calculated based on a 365-
day survival rate. Numbers in parenthesis represent the 95% CI surrounding the estimate.

Class Survival Rate Natural Mort  Human-Caused Cryptic Removal
Rate Mort Rate Mort Rate Rate

Adult 0.811 0.028 0.098 0.042 0.021

(0.749, 0.877) (0.001, 0.055) (0.049, 0.147) (0.009, 0.075) (0.000, 0.045)
Sub-Adult 0.673 0.030 0.163 0.074 0.059

(0.571, 0.794) (0.000, 0.070) (0.075, 0.251) (0.012, 0.137) (0.003, 0.116)
Pup 0.865 0.019 0.0773 0.0387 0

(0.776, 0.963) (0.000, 0.057) (0.005, 0.150) (0.000, 0.0912) (N/A)
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Addendum

Two areas of concern arose in subsequent recovery coordination meetings where the survival rates may
be overly optimistic, including: (1) Mexican wolves that were recently (<1 year) released from captivity
to the wild without wild experience (initial releases); and (2) Mexican wolves that were recently
translocated from the wild or captivity with previous wild experience (translocations).

In some of these analyses, we had to acquire information from a larger time frame (1998-2015) to provide
inference to the questions, but sources of mortality were classified as described above. The following
modifications should be made based on the information below.

1. Based on the information collated as in Table D-3, we originally recommended that Table D-4
(below) should replace Table D-2 for Mexican wolves for the first year after initial release from
captivity. We subsequently explored hypotheses that high removals in 2003-2008 biased the
results from this analyses or that wolves released in Mexico may have higher survival, but these
hypotheses were not supported. Further, the vast majority of the data was acquired during 1998 —
2002. Therefore, the original recommendation (Table D-4 replacing Table D-2) remained after
exploration of these data.

Table D-3. Summary of information used for survival analyses of Mexican wolves within one year of initial release
from captivity during 1998 - 2015.

Class Radio Days No. Natural ~ No. Human-Caused No. Cryptic No. Removed
(Nuisance, Livestock)

Adult 7,262 2 7 2 14 (10, 4)

Sub-Adult 3,861 0 7 0 3(2,1)

Pups 1,306 1 1 0 3(1,2)

Table D-4. Overall survival rates and cause specific mortality rates for Mexican wolves within one year of initial
release from captivity during 1998 - 2015. Pup survival is calculated using a 183-day survival rate, while adult and
sub-adult survival is calculated based on a 365-day survival rate. Numbers in parenthesis represent the 95% CI
surrounding the estimate.

Class Survival Rate Natural Mort  Human-Caused Cryptic Removal
Rate Mort Rate Mort Rate Rate

Adult 0.284 0.057 0.200 0.057 0.401

(0.173, 0.465) (0.000, 0.134) (0.068, 0.332) (0.000, 0.134) (0.241, 0.561)
Sub-Adult 0.388 0.0 0.428 0.0 0.184

(0.216, 0.698) (N/A) (0.193, 0.664) (N/A) (0.000, 0.370)
Pup 0.496 0.101 0.101 0.0 0.303

(0.268, 0.917) (0.000, 0.288) (0.000, 0.288) (N/A) (0.019, 0.586)

Based on the information collated as in Table D-5, we originally recommended that Table D-6 should
replace Table D-2 for Mexican wolves for the first year after they were translocated from another
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population. We subsequently explored a hypothesis that high removals from 2003-2008 biased the results
of Table D-6 (note: data on translocations in Mexico was sparse, thus, we could not explore Mexico
results relative to translocations). In this case, we found some support that survival could have been
negatively impacted by the management strategy from 2003-2008. The general hypothesis is that this
level of removal was too aggressive and the project would not return to that level of removal. However,
over half of the data on translocations was accumulated during 2003-2008 and removing the data from
this time period presents some difficulties relative to sample sizes and inference. Thus, we chose to
rarefy depredation related removals by 50% (removal rates were approximately 50% higher for adults (the
most robust data) during 2003-2008 relative to other time periods) during 2003 to 2008 to normalize the
aspect of the data that was impacted by the management strategy and to redo the analyses with the full
complement of other data (mortalities and radio days). This resulted in the reduction of 5 removals from
the overall analyses. Thus, we now recommend utilizing Table D-8, based on the data collated as in
Table D-7, to replace Table D-2 for Mexican wolves for the first year after translocations.

Table D-5. Summary of information used for survival analyses of Mexican wolves within one year of translocation
from captivity or the wild during 1998 - 2015.

Class Radio Days No. Natural No. Human-Caused No. Cryptic ~ No. Removed
(Nuisance, Livestock)

Adult 13,123 1 9 5 12 (2, 10)
Sub-Adult 3,756 2 3 3 2 (2,0)
Pups 623 0 1 0 2 (0, 2)

Table D-6. Overall survival rates and cause specific mortality rates for Mexican wolves within one year of
translocation from captivity or the wild during 1998 - 2015. Pup survival is calculated using a 183-day survival rate,
while adult and sub-adult survival is calculated based on a 365-day survival rate. Numbers in parenthesis represent
the 95% ClI surrounding the estimate.

Class Survival Rate  Natural Mort  Human-Caused Cryptic Removal
Rate Mort Rate Mort Rate Rate

Adult 0.472 0.020 0.176 0.098 0.235

(0.355, 0.626) (0.000, 0.058) (0.072,0.280) (0.017,0.179) (0.119, 0.350)
Sub-Adult 0.378 0.124 0.187 0.187 0.124

(0.207,0.691) (0.000, 0.285) (0.000, 0.376) (0.000, 0.376) (0.000, 0.285)
Pup 0.413 0.000 0.196 0.000 0.391

(0.152, 1.000) (N/A) (0.000, 0.537) (N/A) (0.000, 0.808)
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Table D-7. Summary of information used for survival analyses of Mexican wolves within one year of translocation
from captivity or the wild during 1998 — 2015. Data was modified to reduce the number of livestock related removals
by 50% during 2003-2008. This resulted in 4 fewer adult livestock related removals and 1 fewer pup related removal
(see Table 21).

Class Radio Days No. Natural No. Human-Caused No. Cryptic ~ No. Removed
(Nuisance, Livestock)

Adult 13,123 1 9 5 8 (2, 6)

Sub-Adult 3,756 2 3 3 2(2,0)

Pups 623 0 1 0 1(0,1)

Table D-8. Survival rates and cause specific mortality rates for Mexican wolves within one year of translocation from
captivity or the wild during 1998 - 2015. Pup survival is calculated using a 183-day survival rate, while adult and sub-
adult survival is calculated based on a 365-day survival rate. Numbers in parenthesis represent the 95% CI
surrounding the estimate.

Class Survival Rate  Natural Mort  Human-Caused Cryptic Removal
Rate Mort Rate Mort Rate Rate
Adult 0.527 0.021 0.185 0.103 0.164
(0.406, 0.685) (0.000, 0.060) (0.076, 0.294) (0.018,0.188) (0.060, 0.268)
Sub-Adult 0.378 0.124 0.187 0.187 0.124
(0.207,0.691) (0.000, 0.285) (0.000, 0.376) (0.000, 0.376) (0.000, 0.285)
Pup 0.555 0.000 0.222 0.000 0.222
(0.246, 1.000) (N/A) (0.000, 0.605) (N/A) (0.000, 0.605)
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Introduction

In the population viability analysis for the Mexican wolf recently completed by Miller (2017), the
MWEPA population was shown to experience a relatively low (0.11) risk of extinction over the 100-year
simulation timeframe, and to retain a reasonable level (0.870) of gene diversity relative to the intensively
managed SSP population in captivity, under an intermediate level of mean annual adult mortality
(24.9%), with the “EIS20 20" wolf transfer management scheme, and with a long-term population
management target of 379 wolves. [See pages 24 — 26 of Miller (2017) for more detail on these scenario
results.] Under alternative transfer schemes that placed a higher demographic burden on the MWEPA
population in the form of additional removals of wolves for translocation to Mexico, model results
indicated that extinction risks would increase and gene diversity retention would decline. The mean
MWEPA population trajectory under the “EIS20 20 transfer scheme and a population management
target of 379 wolves revealed that the mean long-term abundance would stabilize at approximately 300
wolves, but it would require about 50 years to reach this abundance. These results stimulated an interest
in identifying the management conditions — defined in terms of transfers of wolves among populations —
that would lead to more robust levels of viability in the MWEPA population and a more rapid approach to
the long-term population abundance consistent with population recovery.

In light of the above discussion, this addendum presents the structure of and results from a select set of
additional model scenarios that build upon the analyses of Mexican wolf population viability described in
detail in Miller (2017). The additional scenarios explore two issues of relevance to the derivation of
robust recovery criteria:

1. The impact on demographic and genetic viability of the MWEPA through the implementation of
a more aggressive initial release strategy from the SSP population, as alluded to on page 42 of
Miller (2017); and

2. The consequences for time to MWEPA population recovery of modifications to the proposed
transfer schedules as original defined in Miller (2017).

Input Data for Additional PVA Simulations

All scenarios described here use the demographic input data as described in Miller (2017). Mean annual
adult mortality was set at the intermediate value of 24.9%, and the population management targets for the
MWEPA and Sierra Madre Occidental populations were set at 379 and 200, respectively.

These new scenarios are defined by modifications to the general transfer scheme methodology outlined in
Table 2 of Miller (2017). The new transfer schemes tested here are (see Miller (2017), Table 2 for more
details on the transfer scheme terminology):

e “[EISx2]20_20": Based closely on the standard “EIS20 20 scheme, but now featuring a
doubling of the extent of initial releases from the SSP to MWEPA. This means that four pairs
with pups are transferred from the SSP to MWEPA in model years 2 and 6, and two pairs with
pups are transferred in years 10, 14 and 18.

o  “[EISx2]30 10”: Doubled releases from SSP to MWEPA; releases of three pairs with pups from
SSP to SMOCC-N every year for five years (in addition to 2016 releases); no releases into
SMOCC-S; translocations from MWEPA to SMOCC-N of one pair with pups every other year in
model years 2-10; no translocations from MWEPA to SMOCC-S.

o “[EISx2]40 00”: Doubled releases from SSP to MWEPA; releases of four pairs with pups from
SSP to SMOCC-N every year for five years (in addition to 2016 releases); no releases into
SMOCC-S; no translocations from MWEPA to SMOCC-N or SMOCC-S.
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Note that the same post-release survival rates are applied to these transfers as laid out in Table 3 of Miller
(2017). The “[EISx2]20 20 scheme with its enhanced release strategy from SSP to MWEPA is designed
to address issue #1 above. Similarly, the “[EISx2]30 10 and “[EISx2]40 00 schemes are designed to
address issue #2 above through a reduced reliance on MWEPA as a source of individuals for translocation
to Mexico, instead relying on the more demographically robust SSP population for a larger number of
wolves targeted for initial release into the Northern Sierra Madre Occidental population area.

Results of Simulation Modeling

MWEPA Outcomes (Tablel, Figure 1): In the original “EIS20 20 transfer scheme as described in Miller
(2017), and with a mean annual adult mortality rate of 24.9%, the risk of the MWEPA population
declining to extinction within the 100-year simulation timeframe was 0.11 and the extent of gene diversity
retention in that population relative to that retained in the SSP was 0.872. If the population were to remain
extant, it would increase in abundance at an average rate of approximately 5% per year for the first 20
years of the simulation and would ultimately equilibrate at a mean abundance of 300 wolves after 50
years.

When the EIS release schedule from the SSP to the MWEPA population is doubled (transfer scheme
“[EISx2]20 207), the risk of extinction declines to 0.032 and the length of time required to reach a
population abundance of 300 wolves (chosen here arbitrarily for comparative purposes) is reduced in half
to just 25 years. The mean population abundance stabilizes at 320 wolves, and the extent of gene diversity
retained relative to that in the SSP also increases to just under 90%. When the number of wolves pulled
from MWEPA for translocation to SMOCC-N is reduced and replaced by a larger number of wolves
pulled from the SSP for initial releases to Mexico (transfer schemes “[EISx2]30 10" and

“[EISx2]40 007), the MWEPA population grows at a more rapid rate, achieves a larger long-term
equilibrium abundance, and retains a larger proportion of gene diversity relative to that retained in the
SSP.

Table 1. Output metrics for the MWEPA and SMOCC-N populations from the PVA scenarios featuring
alternative transfer schemes. See accompanying text for transfer scheme definitions. Prob(Ext),
probability of population extinction over 100 years; N, extant population abundance; GD(SSP)1o0,
proportion of population gene diversity retained in the wild populations after 100 years relative to the
proportion retained within the captive SSP population.

Transfer Scheme
EIS20_20 [EISx2]20_20 | [EISx2]30_10 | [EISx2]40_00

MWEPA

Prob(Ext) 0.110 0.032 0.018 0.008

Years to N=300 50 25 18 15

NEeq 300 320 330 335

GD(SSP)100 0.872 0.897 0.900 0.900
SMOCC-N

Prob(Ext) 0.005 0.006 0.009 0.012

Years to N=175 15 15 15 18

N10o 156 154 159 156

GD(SSP)100 0.890 0.893 0.896 0.891
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Figure 1. Mean MWEPA population
abundance among extant iterations
across alternative transfer scheme
scenarios. See accompanying text for
transfer scheme  definitons  and
underlying scenario characteristics.
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SMOCC-N Outcomes (Table 1, Figure 2): The output metrics for SMOCC-N across these new transfer
scheme scenarios show very little deviation from the “EIS20_20” scenario used here for reference. The
population demonstrates less than a 1% chance of extinction through the 100-year simulation, grows to its
maximum abundance of about 175 wolves in 15 to 18 years, and retains approximately 89% to 90% of
gene diversity relative to the SSP population at the end of the simulation. The SMOCC-N population
displays a tendency to decline from the maximum abundance of 175 at year 15 to approximately 155 —
160 wolves by the end of the simulation, as a result of reduced litter production through slow
accumulation of inbreeding depression and reduced incidence of diversionary feeding.

The consistency of results for the SMOCC-N population across these scenarios is not surprising, as the
total number of pairs transferred into the population (four) remains the same. The difference across the
scenarios lies in the source of these individuals: the “20_20” scenarios have two pairs each from release
and translocation, while the “30_10” scenario has three released pairs and one translocated pair and the
“40 00 scenario features all initial releases and no translocations. The total number of effective transfers
into the SMOCC-N population is lowest for the “40 00" scenario since all individuals are transferred
through initial releases with the associated low post-release survival rates presented in Table 3 of Miller
(2017).

Across all new transfer schemes tested here, the SSP population remains demographically and genetically
robust — even under the highest demand for wolves defined by the “[EISx2]40 00" scenario in which 34
pairs with pups are removed from the SSP over a period of 17 years (model years 2 — 18). Under this
scenario, the captive population does not increase appreciably for the first 5-6 years above its initial
abundance of 214 wolves, but soon thereafter — once the primary demand for wolves to be released is
relaxed — the population is able to rapidly grow to near its long-term carrying capacity of about 250
animals. Additionally, the proportion of gene diversity retained in the SSP population after 100 years
remains nearly constant across the scenarios at 0.785, or approximately 94% of the diversity present in
that population at the beginning of the simulation.



O©Ooo~NOoOuT A WN B

Mexican Wolf PVA Draft Report Addendum May 22, 2017

——EIS2020 —— [EISx2]20_20 - [E1Sx2]30_10 —— [EISx2J40_00

Figure 2. Mean SMOCC-N population
abundance among extant iterations
across alternative transfer scheme
scenarios. See accompanying text for
transfer  scheme  definitions  and
underlying scenario characteristics.
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Conclusions

Overall, the scenarios evaluated here in this addendum to the PVA of Miller (2017) indicate that the
demographic and genetic characteristics of the MWEPA population of Mexican wolves can be improved
through a more intensive effort focusing on initial releases of wolves from the SSP population, and
simultaneously through a reduced reliance on using MWEPA wolves for translocations to Mexico.
Extinction risk can be reduced, retention of gene diversity can be enhanced, and the time required for the
population to increase to its long-term average abundance can be reduced through this intensive
management option. The SMOCC-N population remains capable of growing to its specific management-
mediated abundance in a manner very similar to that discussed in detail in the original PVA report. This
enhanced projection of viability across wild populations in the United States and Mexico can be achieved
with little to no meaningful impact on the demographic and genetic structure of the SSP population used
as a primary source for transfers. The United States Fish and Wildlife Service and its partners can
consider applying the information gained from these additional scenarios to the task of identifying
appropriate conditions for wild population viability and the means by which these conditions can be
achieved.
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The Fish and Wildlife Service created an informational packet of the following
materials related to the Draft Mexican Wolf Recovery Plan, First Revision. We

have broken the packet into smaller sections to allow for easier readability.

The contents of the Packet are as follows:
Draft Biological Report for the Mexican Wolf, May 1, 2017 version

e Population Viability Analysis for the Mexican Wolf 1/17) and Addendum 22/17

.o \Walf Habitat Suitabiliy Anal Historical o soutt and Mexico

April 2017 version

® Dpeerreviews received on the above documents

The U.S. Fish and Wildlife Service provided the above versions of the Draft Biological Report and two
supporting analyses, “Population Viability Analysis for the Mexican Wolf” and “Mexican Wolf Habitat
Suitability Analysis in Historical Range in Southwestern US and Mexico”, followed by an addendum to
the population viability analysis, for peer review from May 2, 2017 to June 2, 2017. Five peer reviewers

provided comments to the Service through an independent contractor, Environmental Management and
Planning Solutions, Inc.

FWS is providing this packet as supplemental background information to the public during the public
comment period for the Draft Mexican Wolf Recovery Plan, First Revision. Peer reviews are

anonymous at this time but FWS will provide peer reviewers names and affiliations when the
recovery plan and biological report have been finalized.


http://mexicanwolves.org/uploads/RP01-2017_FWS-DftBioReport.pdf
http://mexicanwolves.org/uploads/RP02-03-2017_FWS-PopulationViabilityAnalysis.pdf
https://www.fws.gov/southwest/es/mexicanwolf/pdf/20170622_Peer_Reviews_DftBioReport_Appendices.pdf
http://mexicanwolves.org/uploads/RP05-2017_FWS-5PeerReviewsOfDftBioReport.pdf
http://mexicanwolves.org/uploads/RP04-2017_FWS-MexicanWolfHabitatSuitabilityAnalysis.pdf



