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Abstract

Age- and sex-specific survival estimates are crucial to understanding important life his-
tory characteristics, and variation in these estimates can be a key driver of population
dynamics. When estimating survival using Cormack-Jolly-Seber (CJS) models, emigra-
tion is typically unknown but confounded with apparent survival. Consequently, espe-
cially for populations or age classes with high dispersal rates, apparent survival estimates
are often biased low and temporal patterns in survival might be masked when site fi-
delity varies temporally. We used 9 years of annual mark-recapture data to estimate
age-, sex-, and time-specific apparent survival of Humboldt's flying squirrels (Glaucomys
oregonensis) and Townsend's chipmunks (Neotamias townsendii). For Humboldt's flying
squirrels, these estimates support a small body of research investigating potential vari-
ation in survival among age and sex classes, but age- and sex-specific survival has not
been evaluated for Townsend's chipmunks. We also quantified the effects of age- and
sex-specific emigration on confounded estimates of apparent survival. Our estimates
of juvenile flying squirrel survival were high relative to other small mammal species
and estimates for both species were variable among years. We found survival differed
moderately among age and sex classes for Humboldt's flying squirrels, but little among
age and sex classes for Townsend's chipmunks, and that the degree to which emigration
confounded apparent survival estimates varied substantially among years. Our results
demonstrate that emigration can influence commonly used estimates of apparent sur-
vival. Unadjusted estimates confounded the interpretation of differences in survival be-
tween age and sex classes and masked potential temporal patterns in survival because
the magnitude of adjustment varied among years. We conclude that apparent survival
estimators are robust during some time periods; however, when emigration rates vary

in time, the effects of emigration should be carefully considered and accounted for.
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1 | INTRODUCTION

Variation in survival rates can be a key driver of population dynamics
(Cole, 1954), and thus is vital for the study of population demog-
raphy and life history (Franklin et al., 1996). Within a population,
the relative survival of juveniles and adults (Charlesworth, 1994) or
males and females (Promislow, 1992) can help inform which factors
are important to population dynamics and how populations change
through time (Morrison & Hik, 2007). In mammals, adult and juvenile
survival are often correlated, although juvenile survival is usually
lower and more variable (Promislow & Harvey, 1990). This variation
is thought to be regulated by juvenile life history characteristics such
as natal dispersal (Rodel et al., 2015), or increased sensitivity to lim-
ited food (Jackson et al., 2001), thermoregulatory stress (Rédel et al.,
2004), and predation (Garrett & Franklin, 1988). Similarly, there is a
long-standing belief that males exhibit lower survival rates than fe-
males (Vinogradov, 1998) because of exposure to higher costs of dis-
persal associated with locating and competing for mates (Promislow,
2003). Despite their importance in understanding the relative in-
fluence of survival on population dynamics, age-, sex-, and time-
specific estimates of survival are unavailable for many small mammal
species because obtaining suitable data is challenging.

One common method for estimating survival is the Cormack-
Jolly-Seber (CJS) model, which jointly estimates apparent survival
and recapture probabilities (Cormack, 1964; Jolly, 1965; Seber,
1965). Apparent survival estimates from capture-recapture data
and CJS models are commonly interpreted as estimates of survival;
however, the estimated parameter is the product of true survival
and site fidelity (Lebreton et al., 1992) because individual survival
is indistinguishable from permanent emigration. If emigration is
permanent or non-random, CJS survival probability estimates will
be biased low (Schaub et al., 2004) and the magnitude of bias can
be large (Cooper et al., 2008; Horton & Letcher, 2008). A number
of approaches have been suggested to deal with this bias. For ex-
ample, a multistate approach allows for separation of movement
and survival probabilities (Brownie et al., 1993), the robust design
approach can account for temporary emigration (Pollock et al.,
1990), and data integrations can allow joint estimation of true
survival and site fidelity (Burnham, 1993). More recently, Gilroy
et al. (2012) and Schaub and Royle (2014) developed CJS model
extensions that adjusted estimates of apparent survival with those
of site fidelity. In some cases, estimates of apparent survival will
suffice for conservation or management. However, when little is
known about species-specific variation in survival (age or sex vari-
ation) or patterns of dispersal, inferences based on apparent sur-
vival estimates could mask important spatial or temporal variation
in true survival.

Forest-adapted small mammals are important to forest health
as prey species and dispersal agents of hypogeous fungi and sper-
matophyte seeds (Trappe et al., 2009); yet, few studies have esti-
mated movement rates (emigration, immigration, or site fidelity)
for these species, and thus unbiased estimates of survival are rare
or non-existent. We focused our analyses on two small mammal

species, Humboldt's flying squirrels (Glaucomys oregonensis; hereaf-
ter flying squirrel) and Townsend's chipmunks (Neotamias townsen-
dii; hereafter chipmunk), which occur sympatrically in forested
habitat throughout western Oregon. Both species are important
components of the avian (including northern spotted owls Strix oc-
cidentalis caurina) and mammalian prey base (Forsman et al., 2001;
Fryxell et al., 1999), and have broadly similar diets (Maser et al.,
1978). Despite these similarities, these two species have different
life history characteristics. Flying squirrels have been characterized
as a potentially K-selected species with “slow” traits (Bielby et al.,
2007), leading to survival that is higher than for similar sized mam-
mals (Smith, 2007; Villa et al., 1999) and that varies little across time
(Lehmkuhl et al., 2006). However, other demographic characteris-
tics such as abundance (Weldy et al., 2019), sex ratio (Rosenberg &
Anthony, 1992), and recruitment (Weldy et al., 2020) vary substan-
tially across time. Much less is known about chipmunk demogra-
phy, but they have been characterized as an r-selected species with
“fast” traits (Bielby et al., 2007). For example, chipmunk population
growth rates are primarily driven by recruitment, while survival is
generally low and can exhibit substantial temporal variation (Weldy
et al., 2020). Little is known about variation in survival among age or
sex classes for either species, but the relative proportion of juvenile
flying squirrels in northern spotted owl diets is seasonally variable
(Forsman et al., 1994), which suggests potential for differences in
juvenile mortality rates that could cause negative biases in apparent
survival estimates.

Our objectives for this study were to estimate age-, sex-, and
time-specific annual survival and recapture probability for flying
squirrels and chipmunks captured during a 9-year period. Our study
sites were located within old forests and during a period with little
disturbance, and thus represent a different ecological context than
small mammal studies in managed forests. We used mark-recapture
data and two estimators to quantify sensitivity of survival estimates
to variation in movement probabilities: (1) a CJS estimator that
jointly estimates apparent survival and recapture probability, and
(2) an integrated modeling approach to estimate immigration rates,
which we used to derive site-fidelity rates and emigration-adjusted
survival. Previous research in this system established that flying
squirrels have higher survival rates than chipmunks (Weldy et al.,
2020). Here, we hypothesized that survival would vary among age
and sex classes and that differences in apparent survival among age
and sex classes was confounded by variation in emigration rates.
For juveniles of both species, we predicted lower survival probabil-
ities and higher immigration rates relative to subadults and adults,
but that adjusting apparent survival for emigration would reduce
differences in survival among age classes (Dobson, 1982). We also
predicted that males of both species would have lower survival and
higher immigration rates relative to females because male mammals
typically disperse more frequently and farther, and have higher pre-
dation risk and resource acquisition costs (Lemaitre et al., 2020).
Previous work by Weldy et al. (2020) estimating survival in this sys-
tem was focused on links between abundance-associated covariates
and vital rates. In this study, we used an additional 3 years of data to
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estimate age-, sex-, and time-specific variation in survival as well as
the influence of temporal variation in immigration and emigration on

the estimation of survival.

2 | MATERIALS AND METHODS

2.1 | Studyarea

We collected field data annually during September-November from
2011 to 2019 on nine sites in the H. J. Andrews Experimental Forest
on the west slope of the Cascade Mountains in Oregon, United
States (44°14’ N, 122°10’ W; Figure 1). The study sites were all lo-
cated in a late-successional forest (>400 years) dominated by large
Douglas-fir (Pseudotsuga menziesii), western hemlock (Tsuga hetero-
phylla), and Pacific silver fir (Abies amabilis; Schulze & Lienkaemper,
2015). Understory characteristics on the study sites ranged from
open understories to dense shrubs and common understory vegeta-
tion included black berry, raspberry, and salmonberry (Rubus spp.),
common snowberry (Symphoricarpos albus), deer fern (Blechnum
spicant), huckleberry (Vaccinium spp.), Oregon grape (Mahonia
aquifolium), oxalis (Oxalis spp.), salal (Gaultheria shallon), sword fern
(Polystichum munitum), and vine maple (Acer circinatum).

Weather on the study sites was typically warm and dry from May
to September, and cool and wet from October to April when approx-
imately 80% of the annual precipitation occurs. Annual precipitation
primarily consists of rain at elevations <1000 m and snow at higher
elevations (Bierlmaler & McKee, 1989). At 605 m, 30-year (1981-
2010) averages were 1955 mm of precipitation, 4.3°C minimum tem-
perature, and 15.6°C maximum temperature (PRISM Climate Group,
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44.26°N

44.24°N

Latitude

44.22°N

44.20°N

2 g 2 g

& Q e =

N N N N
Longitude

FIGURE 1 Location of nine live-trapping arrays (dark points)
within the H. J. Andrews Experimental Forest (black boundary) in
Oregon where we sampled Humboldt's flying squirrels (Glaucomys
oregonensis) and Townsend's chipmunks (Neotamias townsendii)
during 2011-2019
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2004). Monthly temperature and precipitation varied seasonally and

inter-annually during the period of our study (Figure A1).

2.2 | Datacollection

The nine study sites (7.84 ha each) were randomly selected from po-
tential sites defined by three strata gradients of elevation (range =
683-1244 m) and canopy openness (range = 0-40%). The average dis-
tance among sites was 2963 m (range = 1078-5940 m). As described
by Weldy et al. (2020), at each site, we established and conducted
live trapping at 64 stations, each with two traps arranged in an 8 x 8
array with 40 m between stations. We conducted live trapping annu-
ally on each site during September, October, and November from 2011
to 2019. From 2011 to 2016, each site was trapped for 3 consecu-
tive trapping weeks. During each trapping week, traps were checked
once per day for four consecutive trap nights. Starting in 2017, we
reduced trapping effort on all sites to 2 consecutive trapping weeks,
and during 2019 the number of sites was reduced to three (Table A1).
For flying squirrels, we assigned individual age to one of three classes
using body mass, pelage, and reproductive measures outlined by Villa
et al. (1999), which reliably differentiate juvenile, subadult, and adult
flying squirrels. For chipmunks, we assigned individual age to one of
two classes using body mass. Adult chipmunks were defined as heav-
ier than 68 g for males and 67.5 g for females (Gashwiler, 1976). We
were unable to differentiate subadult chipmunks from juvenile and
adult chipmunks using a weight threshold. Individual age classes were
validated for logical consistency so individual age classifications could
only increase. Live-trapping protocols were approved by the Oregon
State University's Institutional Animal Care and Use Committee (ACUP
#4191 2011-2013; #4590 2014-2016; #4959 2017-2019) and were
consistent with the American Society of Mammalogists guidelines for

the use of wild mammals in research and education (Sikes, 2016).

2.3 | Analytical methods

We estimated apparent annual survival (@) and recapture probabil-
ity (p) for flying squirrels and chipmunks using mark-recapture data
and CJS models (Cormack, 1964; Jolly, 1965; Seber, 1965) in a state-
space formulation (Gimenez et al., 2007; Royle, 2008), with an ad-
ditional submodel to estimate immigration rates (I). This hierarchical
model consists of two state processes and one observation process.
The first state process, ¢ (the probability of surviving and remaining
in the study area), was linked with the observation processes p (the
capture probability of a marked individual; Lebreton et al., 1992).
The second state process, I, was independent from the ¢ process
and the p process and was used to derive site-fidelity rates (r) and
emigration-adjusted survival estimates (‘Padjusted)-

For the ¢ process, we first defined a latent variable z;, as the
true state of individual i at time t, where a value of 1 indicated i was
alive at t and a value of O indicated i was dead at t. We also defined
a vector f, where f; was the first capture occasion for individual i. We
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modeled the probability that i was alive at t+1, conditional on first
capture, and being alive at t, as a Bernoulli trial where the success

probability is the product of Past and z;,.
zy = 1

Z11112c ~ Bernoulli(z = o).

We modeled variation in ¢ as a logit linear function of an age-
specific (a) intercept for i at t, where ages ranged 1-3 (juvenile,
subadult, and adult) for flying squirrels and 1-2 (juvenile and
adult) for chipmunks, and an additive age- and sex-specific (s)
effect, where the effect of sex differed by age, the sex variable
was defined as O for males and 1 for females, and we included
a zero-centered age-, sex-, and time-specific random effect with

standard deviation o, _ .
IOgit((pa,s,t) = ﬁage,» + ﬂsex * Sex,- + €a.s.t

€ast ™ NormaI(O, "g,s,t)'

We used a standard observation process for capture-recapture
data Yie where recaptures on each occasion from the second to the
last trapping occasion were modeled as Bernoulli trials with success
probability p;. To determine the most supported model structure
for the observation process, we considered nine logit linear model
structures (seven univariate and two bivariate) for both species to

account for variation in p (Table 1).

¥itlzie ~ Bernoulli(z;, = p; ;).

We used Poisson regression to estimate age-, sex, and time-

specific immigration rates (I during t from t = 2 to the number

a,s,t)

of occasions. The response variable (Imm was the age-, sex-, and

a,s,t)
time-specific counts of captured unmarked individuals.

Imm, ., ~ Poisson(C,gs # lgst)-

We modeled variation in [, _, as a log-linear function of an age-
specific effect, a sex-specific effect, and a zero-centered normally

distributed time-specific random effect with standard deviation o,.

IOg(’a,s,t) = Page + Psex +

a; ~ Normal(0, 52).

We assumed that age- and sex-specific emigration at t was

equal to | and that age- and sex-specific lyst Was the comple-

a,s,t+1?

ment to emigration (i.e., Fosit st

were reasonable on the study sites, which were randomly placed

= 1-emigration__,). These assumptions
within a large, continuous, old late-successional forest where site
edges did not reflect biological edges. We then derived estimates of
emigration-adjusted survival ((ﬂadjusted)‘ defined as:

Past

q’adjusted ast = .
r as,t

For the observation process, we used the Watanabe-Akaike in-
formation criterion (WAIC; Watanabe, 2010) to select the most sup-
ported model structure for p (Hooten & Hobbs, 2015; Vehtari et al.,
2017). We considered the model with the smallest WAIC value and
highest model support weight (»), the most supported model. We
used the relative change in WAIC (AWAIC) to evaluate models rela-
tive to the top-ranking model, and because the estimate of WAIC is
sensitive to the sample distribution, we estimated the 95% credible
interval (Cl) for the difference in WAIC from the top-ranking model.
We assessed the meaningfulness of a difference between two mod-
els based on the degree to which the Cl for the difference did or did
not overlap zero.

We evaluated goodness of fit for the CJS model using a poste-
rior predictive check approach (Gelman et al., 2013) to estimate a
Bayesian p-value (Meng, 1994). The data are binary and standard
fit statistics are uninformative about model fit. Thus, a Bayesian p-
value was derived as the proportion of times that Chi-squared test
statistics (Pearson, 1900) calculated for simulated datasets were

TABLE 1 Description of variables

Model® D ipti . .
ode S L considered in Cormack-Jolly-Seber
Null Constant effect models of recapture probability (p) for
s Site-specific variation Humboldt's flying squirrels (Glaucomys
b b t behavioral effect indicati ; fter first cant oregonensis) and Townsend's chipmunks
ermanent behavioral effect indicating captures after first capture (Neotamias townsendii fitted using mark-

t A year-specific fixed effect for each trapping occasion from 2011 to 2019 recapture data, 2011-2019, recorded in
T Trend from the first to the last trapping occasion 2011 to 2019 the H. J. Andrews Experimental Forest,
tRE Temporal effects 2011-2019 treated as a normally distributed random effect near Blue River, Oregon

with a mean of 0 and standard deviation o,
mH Individual-level normally distributed random effect with a mean of 0 and

standard deviation g,
b + tRE Additive model including a behavioral effect and normally distributed random

effect with a mean of 0 and standard deviation o,
b + mH Additive model including a behavioral effect and normally distributed random

effect with a mean of 0 and standard deviation s, |,

@Model structure for apparent annual survival for both species was held to the model structure of

primary research interest: age-, sex-, and time-specific apparent survival.
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higher than Chi-squared test statistics for an aggregation of the ob-
served datasets (i.e., individual row sums; Royle et al., 2014). Perfect
agreement between the observed and simulated datasets occurs
when the Bayesian p-value equals 0.5.

We conducted all analyses using R version 3.6.1 (R Core Team,
2020). The models were fitted using JAGS software version 4.3.0
(Plummer, 2003) through the R2jags package version 0.6-1 (Su &
Yajima, 2020). We used diffuse priors for all parameters and eval-
uated prior sensitivity using two sets of priors. During model selec-
tion steps, each model was estimated with three independent chains
of 5000 iterations following a burn-in period of 2000 iterations. For
inference, the top-ranking models for flying squirrels and chipmunks
were estimated with three independent 50,000 iteration chains
each following a burn-in period of 50,000 iterations. We assessed
model convergence by visual examination of trace plots and com-
puted the Brooks-Gelman-Rubin convergence diagnostic (ﬁ; Brooks
& Gelman, 1998). We described the posterior distributions for each
parameter by their mean and Cl and assessed the strength of in-
dividual effects or the magnitude of difference between estimates
based on the degree to which the Cl for the estimate did or did not

overlap zero.

3 | RESULTS

We live trapped 117,432 trap nights and captured 1403 individual
flying squirrels (692 females and 711 males) and 4394 individual
chipmunks (1825 females and 2569 males). Of these, we estimated ¢
for the 1272 flying squirrels and 3873 chipmunks that were captured
before the final trapping occasion. Average individual captures were
28.7 (range = 4-57 per year at each site) flying squirrels per year at
each site and 69.1 (range = 19-165 per year at each site) chipmunks
per year at each site. Site- and year-specific (2012-2019) counts of
unmarked individuals ranged 0-12 for flying squirrels and 3-54 for
chipmunks.

The most supported model of p for flying squirrel included the
additive effects of a mean intercept and an individual-level random
effect (Table 2; Table A2). Mean p of flying squirrels was 0.66 (Cl:
0.51-0.73), but individual estimates varied substantially (¢,,,, = 4.26,
Cl: 3.19-4.96), ranged 0.25 (Cl: 0.02-0.69) to 0.96 (Cl: 0.76-0.99),
and had a bi-modal posterior density with a dominant peak at ap-
proximately 0.45 and a smaller secondary peak at 0.81 (Figure 2).
The most supported model of p for chipmunk included the additive
effects of a mean intercept, a permanent behavioral trap response,
and an individual-level random effect (Table 2; Table A2). Mean p of
chipmunks was 0.37 (Cl: 0.01-0.94), and the probability of recap-
ture of individuals after encountering traps was 0.77 (Cl: 0.74-0.80).
Individual p of chipmunks varied substantially (s,,,, = 4.19, Cl: 2.9~
4.96), ranged 0.21 (Cl: 0.01-0.62) to 0.93 (Cl: 0.61-0.99), and had a
bi-modal posterior density with a dominant peak at approximately
0.50 and a much smaller secondary peak at 0.83 (Figure 2).

Immigration rates varied among vyears for flying squirrels
(o, = 2.88, Cl: 1.76-4.59), but less so for chipmunks (o, = 1.41,
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TABLE 2 Top three ranking models used to estimate recapture
probability (p) of Humboldt's flying squirrels (Glaucomys oregonensis;
HFS) and Townsend's chipmunks (Neotamias townsendii; TC) on nine
late-successional forest sites in the H. J. Andrews Experimental
Forest, 2011-2019

AWAIC 95% ClI
Species Model® AWAIC Lower Upper w
HFS mH 0 NA NA 1
s 32 12.195 51.805 0
b + tRE 48.43 26.907 69.953 0
Null 469.83 451.498 488.162 0
TC b + mH 0 NA NA 1
mH 91.24 71.168 111.312 0
b + tRE 449.28 428.737 469.823 0
Null 658.99 640.594 677.386 0

Note: Column headings indicate the species, recapture probability
model structure, the relative change in Watanabe-Akaike information
criterion (AWAIC) from the top-ranking model, the lower 95% credible
level (ClI) for the relative change (lower), the upper Cl interval for the
relative change (upper), and the model support weight (o).

Model structures are defined in Table 1.

Cl: 0.83-2.55), and the species-specific pattern of temporal varia-
tion was similar for both sexes. Flying squirrel immigration rates for
females and males were low (<0.11) for both age classes during six
of eight study occasions (2013-2016, 2018, 2019), but were much
higher (~0.22) for females and males of both age classes in 2012
and 2017 (Table A3). Similarly, chipmunk immigration rates were rel-
atively low during six of eight study occasions (2012, 2014-2018),
and were much higher for females and males during two occasions
(2013, 2019; Table A3). Chipmunk immigration rates were higher
relative to flying squirrel immigration rates during all occasions. We
observed weak evidence that immigration rates of subadult and
adult flying squirrels were lower than for juveniles, with <10% of
the coefficient Cl overlapping zero (ﬂAge = -0.13, Cl: -0.28-0.02).
Female flying squirrels (fs,, = -0.21, Cl: -0.36--0.06) and chip-
munks (f,, = -0.33, Cl: -0.41--0.25) had lower immigration rates
than males of those species, respectively.

For flying squirrels, ¢ estimates varied among age, year, and sex
(%,s,t =0.73,Cl: 0.46-1.06). For female flying squirrels, ¢ ranged 0.31
(Cl: 0.12-0.55) to 0.71 (Cl: 0.49-0.90) for juveniles, 0.43 (Cl: 0.27-
0.60) to 0.83 (Cl: 0.69-0.94) for subadults, and 0.43 (Cl: 0.32-0.55)
to 0.84 (Cl: 0.69-0.95) for adults (Figure 3). For male flying squirrels,
¢ ranged 0.29 (Cl: 0.11-0.53) to 0.50 (Cl: 0.29-0.73) for juveniles,
0.39 (CI: 0.19-0.61) to 0.70 (Cl: 0.54-0.85) for subadults, and 0.37
(Cl:0.26-0.49) t0 0.80 (Cl: 0.61-0.94) for adults. Pairwise differences
ingand Padjusted among flying squirrel age and sex classes were gener-
ally small and the Cls for the pairwise differences broadly overlapped
zero. We found weak evidence that female juvenile ¢ was lower rel-
ative to female subadult ¢ (@semale juvenile — Premale subadut = — 0-19,
Cl: -0.41-0.03) and male juvenile ¢ was lower relative to both male
subadult @ (@malejuvenile — Pmale subadurt = — 0-20, Cl: -0.40-0.02)
and male adult ¢ (@malejuvenile = Pmaleadut = — 018, Cl: ~0.37-0.02).
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The rank order of ¢ among age classes was more variable among
years for female flying squirrel relative to males, with all age classes
represented as the minimum and maximum of the within-year esti-
mates at least once during 8 years (Figure 3). For male flying squir-
rels, juvenile ¢ was lowest among within-year estimates during all
8 years, with the maximum of within-year estimates alternating
between the subadult (maximum 5 of 8 years) and adult (maximum
3 of 8 years) age classes (Figure 3). Emigration adjustments varied
temporally, ranged 0.01 (Cl: 0.00-0.02) to 0.18 (Cl: 0.10-0.27), and

|:| Humboldt's flying squirrel
6 -
I:' Townsend's chipmunk
>
9
5
g 41
o
Q
Y—
)
=
©
[0]
X 2-
0 -

0.4 0.6 0.8
Recapture probability

0.2 1.0

FIGURE 2 Relative frequencies of individual recapture
probabilities for Humboldt's flying squirrels (Glaucomys oregonensis)
and Townsend's chipmunks (Neotamias townsendii) estimated from
models including an individual-level random effect describing the
observation process. The bimodal density plots are displayed with a
Gaussian kernel using a smoothing bandwidth of 0.05

Humboldt's flying squirrel

were substantial during the 2011-2012 and 2016-2017 intervals
(Figure 4). The magnitude of differences in adjustments among age
and sex classes was small (Table A4).

For chipmunks, annual ¢ varied among years, but differed much
less among age and sex relative to flying squirrels ("a,s,t = 0.69, Cl:
0.39-1.13). Annual ¢ ranged 0.13 (Cl: 0.03-0.32) to 0.25 (Cl: 0.09-
0.50) for juvenile females and ranged 0.09 (Cl: 0.02-0.19) to 0.38 (Cl:
0.30-0.46) for adult females (Figure 3). For males, annual ¢ ranged
0.11 (Cl: 0.03-0.26) to 0.30 (Cl: 0.13-0.55) for juveniles and 0.07
(Cl: 0.02-0.16) to 0.31 (Cl: 0.26-0.37) for adults (Figure 3). Pairwise
differencesin ¢ and @ adjusted AMONE each chipmunk sex and age class
were small and the Cl for each difference broadly overlapped zero.
For both sexes, the rank order of juvenile ¢ was lower than adult
survival during most years (female: 7 of 8 years, male: 6 of 8 years).
Emigration adjustments ranged 0.03 (Cl: 0.01-0.07) to 0.33 (Cl:
0.24-0.43), varied temporally for both sexes, and were substantial
during the 2012-2013 interval (Figure 4). Emigration adjustments
were larger in magnitude for males relative to females during all
years (Table A4).

Covariate posterior distributions were similar for both sets
of priors (Table 3, Figure A2). Visual inspection of trace plots and
estimates of the Brooks-Gelman-Rubin convergence diagnostic
indicated convergence was obtained for all monitored parameter
estimates (ﬁ <1.03). Bayesian p-values estimated from the posterior
predictive checks were 0.53 for flying squirrels and 0.44 for chip-
munks, indicating adequate fit for all models and suggesting that
both candidate models generated data consistent with the observed
data.

4 | DISCUSSION

Our analysis reinforces the need to adjust for emigration in esti-

mates of apparent survival and demonstrates that reducing biases
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FIGURE 4 Age- and sex-specific
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TABLE 3 Time-invariant age- and sex-specific estimates of mean apparent annual survival ((/); real scale) and associated 95% credible
intervals (Cl, lower: 2.5%, upper: 97.5%) for Humboldt's flying squirrels (Glaucomys oregonensis; HFS) and Townsend's chipmunks (Neotamias
townsendii; TC) captured 2011-2019 on the H. J. Andrews Experimental Forest in Oregon

Prior 1 Prior 2
95% ClI 95% ClI
Species Age Sex Mean Lower Upper Mean Lower Upper
HFS J M 0.366 0.232 0.518 0.301 0.190 0.438
SA M 0.561 0.404 0.709 0.488 0.350 0.637
A M 0.550 0.418 0.685 0.518 0.400 0.645
J F 0.622 0.404 0.805 0.618 0.429 0.786
SA F 0.625 0.407 0.813 0.621 0.432 0.788
A F 0.530 0.344 0.711 0.532 0.365 0.694
TC J M 0.203 0.110 0.325 0.257 0.135 0.416
A M 0.239 0.154 0.344 0.281 0.176 0.403
J F 0.486 0.261 0.711 0.494 0.252 0.737
A F 0.545 0.361 0.712 0.548 0.346 0.733

Note: Super columns “Prior 1" and “Prior 2" refer to estimates obtained using two covariate prior sets, and strong differences would indicate model
sensitivity to prior selection. Age and sex categories include juvenile (J), subadult (SA), adult (A), male (M), and female (F).

associated with emigration can result in much higher survival esti-
mates than expected. We also present an analytical method to parse
confounded survival and movement probabilities to reduce bias in
empirical apparent annual survival estimates relative to emigration-
adjusted survival. After reducing bias associated with emigration, we
revealed that juvenile flying squirrel survival may be much higher
than anticipated based on previous studies, as our estimates are
among the highest observed for any small mammal species (Table
A5; Kraus et al., 2005). Indeed, our emigration-adjusted survival
for juvenile flying squirrels exceeded reported adult apparent an-
nual survival estimates for many other species (Schaub & Vaterlaus-
Schlegel, 2001), including adult chipmunks in our study. Observing
such high survival for juveniles of a small mammal species, even one

described as having a relatively “slow” life history, is noteworthy
because small-bodied mammals typically have low survival rates
(Blueweiss et al., 1978). Given that juveniles are expected to be
more vulnerable to competition and predation (Dickman et al., 1991;
Garrett & Franklin, 1988; Hill et al.,, 2019; Koivunen et al., 1996;
Sakai & Noon, 1997), particularly for species with high adult survival,
our finding suggests that resource availability was high during por-
tions of the study period. Our approach also uncovered temporal
variation in apparent survival biases that are likely present in a wide
range of species and ecosystems.

Our findings were consistent with previous studies that demon-
strated sometimes substantial negative biases of apparent survival
relative to true survival caused by confounding of survival and
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emigration probabilities (Lebreton et al., 1992; Schaub & Royle,
2014). Beyond that widely recognized phenomenon (Schaub et al.,
2004; Schaub & Royle, 2014), we demonstrated that levels of bias
in apparent survival can vary substantially over time due to tempo-
ral variation in site-fidelity rates. For both species examined here,
the bias induced by confounding of emigration and survival prob-
abilities was not consistent among years. In general, we observed
consistent agreement between apparent survival and adjusted sur-
vival estimates for both species, sexes, and all age classes. However,
during some years, the bias for one or more age- and sex-specific
classes was >1 order of magnitude larger than the bias in other
years, and during those years, inferences for temporal variation in
apparent survival and adjusted survival differed. For example, our
estimates of apparent annual survival for juvenile and subadult
male flying squirrels during 2016-2017 and 2017-2018 are similar,
whereas mean emigration-adjusted survival is much higher during
2016-2017 relative to 2017-2018. This is concerning for unadjusted
apparent survival estimates, especially for short-term studies that
cannot differentiate between years when apparent survival is a suit-
able estimator for survival and years when movement probabilities
are important and influential confounders. Moreover, differences
in survival probabilities or movement behavior among age or sex
classes could further confound estimation of either quantity individ-
ually (Schaub & Royle, 2014).

For flying squirrels, our estimates of adult apparent annual sur-
vival and adjusted survival were intermediate to previously reported
estimates that ranged 0.32-0.68 (Gomez et al., 2005; Lehmkuhl
et al.,, 2006; Ransome & Sullivan, 2002), including those reported
by Weldy et al. (2020) for data collected on these sites during 2011-
2016. In that analysis, temporal variation in apparent annual survival
was not supported by model selection criteria, consistent with the
findings of Lehmkuhl et al. (2006). But, in this analysis, we focused
on estimates of age- and sex-specific survival and estimated sub-
stantial temporal variation in apparent annual survival, especially for
the juvenile and subadult age classes, suggesting additional years
of data collection were necessary to adequately characterize tem-
poral variance in survival (Hilde et al., 2020). In the expanded time
series of mark-recapture data used here, our estimates of apparent
annual survival during 2012-2016 were similar to those reported by
Weldy et al. (2020) and showed little temporal variation, especially
for the adult age class. However, during 2016-2019, we observed a
peak and subsequent decline in apparent survival and emigration-
adjusted survival. For chipmunks, our estimates of apparent an-
nual survival and adjusted survival were similar to conspecifics and
congenerics (Schulte-Hostedde et al., 2002; Weldy et al., 2020).
However, we found less evidence for temporal variation in apparent
annual survival, and temporal variation in adjusted survival did not
match previously reported patterns (Weldy et al., 2020). Consistent
with our hypotheses, juvenile flying squirrel survival was lower rel-
ative to subadults or adults, and male survival was lower relative to
females for all three age classes, but the magnitude of that differ-
ence diminished with age. We also expected lower survival in ju-
venile chipmunks, but we found little evidence for a difference in

age- or sex-specific survival. For both species, however, temporal
variation in survival within age and sex classes was larger than varia-
tion among age and sex classes, highlighting the importance of long-
term studies to understand variation in demographic traits (Doak
etal., 2005).

On these old and relatively undisturbed forested sites, we ex-
pect that long-term population persistence would reflect a balance
in mortality and fecundity (Stearns, 1992; Sutherland et al., 1986).
For flying squirrels, our findings suggest some evidence for an age-
structured population on our study sites, where adult mortality
is likely compensated for by high juvenile survival rates. Previous
studies suggest that the importance of age-specific survival will
vary regionally (Lehmkuhl et al., 2006; Villa et al., 1999), and iden-
tifying drivers of this variation is an important knowledge gap. For
chipmunks, we found no evidence for age-structured survival rates,
and conclude that population persistence is more likely maintained
through high reproductive effort. Reproductive lifespan is unlikely to
compensate for adult chipmunk mortality because survival of adult
chipmunks in these populations was low. Similarly, we suggest that
age at first reproduction will not compensate for adult chipmunk
mortality on these sites because the trait is unlikely to show tem-
poral variation. Chipmunks are capable of reproduction in the spring
(males) and summer (females) following their first winter (Gashwiler,
1976; Sullivan et al., 1983).

We found weak evidence that male survival was lower relative
to female survival for flying squirrels and chipmunks, but for both
species the effect size was small relative to temporal variation, and
for flying squirrels, the difference observed in younger age classes
did not persist for the adult age class. We are unclear what mech-
anism would cause an age-structured pattern in the differences in
survival between males and females, but we can suggest two hypo-
thetical explanations. First, young female flying squirrels may delay
natal dispersal until they are adults, or disperse smaller distances
into more familiar nearby habitat relative to males. Both decisions
might decrease predation risk for females relative to young dispers-
ing males. Second, young male flying squirrels may undergo stronger
competitive forces to secure habitat during natal dispersal or to find
a mate during the subadult year (Bonduriansky et al., 2008; Carranza
& Pérez-Barberia, 2007; Vinogradov, 1998).

The importance of estimating age-specific survival while cor-
recting for emigration is demonstrated by contrasting findings of
this study with those of previous research in this system. Weldy
et al. (2020) observed a negative association between apparent
annual survival and recruitment rate for chipmunks, where low
apparent survival was coupled with high recruitment and low re-
cruitment was coupled with high survival. If age-specific survival
was a primary driver of this observation, we expected to observe
relatively stable survival of adult chipmunks while juvenile survival
varied. Instead, we conclude that the low survival estimates cou-
pled with high recruitment were associated with individual move-
ment. Recruitment was large because individuals moved into study
populations, while survival was low because marked individuals left
those populations.
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Immigration rates of flying squirrels were generally low, except in
2012 and 2017, when estimated immigration rates were more than
twofold higher. In the intervals preceding these high immigration es-
timates, flying squirrel survival was high. This may have resulted in a
surplus of individuals, which in turn prompted density-driven emigra-
tion to find suitable habitat. The subsequent drops in survival after
these high immigration estimates suggest that the outcome for many
of these emigrating individuals was poor. For chipmunks, in compar-
ison, immigration rates were more variable and much higher overall.
For example, the lowest estimates of chipmunk immigration rates
were nearly equivalent to the two peak flying squirrel immigration
estimates. Taken together, these estimates demonstrate different
temporal patterns of immigration, and consequently temporal varia-
tion in the influence of emigration on estimates of apparent survival.
During most years, immigration is likely an unimportant driver of
flying squirrel population dynamics, whereas it is likely consistently
influential to chipmunk population dynamics. Little is known about
the movement ecology of small mammals in the Pacific Northwest;
however, these results suggest that further research exploring the
drivers of temporal variation immigration rates could improve un-
derstanding of population dynamics. For example, we note that both
years with the highest immigration rates (2012 and 2017) followed
winters with high rainfall (Figure Alb). Future analyses should test
the relative importance of climatic variables and intrinsic population
processes as drivers of immigration rates.

We were concerned that age- or sex-specific variation in site-
fidelity rates would bias inferences about differences in survival. We
chose to use a submodel extension to the CJS model framework that
estimated age-, sex-, and time-specific immigration probabilities,
which we used to derive estimates of site-fidelity rates and adjusted
survival. This approach is similar to others that integrate data to es-
timate adjusted survival (Abadi et al., 2010), which typically param-
eterize immigration as a Poisson-distributed rate or count (Schaub
& Fletcher, 2015). Early integrated analyses suggested that a crucial
assumption of integrated models is that the datasets to be integrated
are independent (Besbeas et al., 2002; Schaub & Abadi, 2011); viola-
tion of that assumption is thought to result in overestimates of pre-
cision (Lebreton et al., 1992). However, Weegman et al. (2020) found
no effects on parameter bias or precision from integrated population
models fit to simulated data with complete overlap.

Employing the emigration correction on survival estimates by
our method requires carefully considering whether source or sink
habitats exist within the study area. Our immigration submodel
extension was contingent on the assumption that emigration rates
at time t are equivalent to immigration rates at time t + 1 and
that the site-fidelity rates were complement to emigration rates.
This is equivalent to the assumption that our study species are
moving through the study system randomly in an even flow within
a year. We felt that this assumption was met on our study sites,
which were randomly placed within a large, continuous, old late-
successional forest where site edges did not reflect biological
edges. Furthermore, Carey (1995) suggested that there was no
evidence that the densities of flying squirrels and chipmunks were
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misleading indicators of habitat suitability, and Weldy et al. (2019)
found no evidence for marginal or sink habitat on our study sites.
Presence of sink habitats would have indicated that individuals
were more likely to emigrate from or immigrate to specific sites.
In that case, apparent annual survival estimates would be biased
low, and violation of our random and even movement adjustment
assumption would have caused our adjustment to apparent an-
nual survival to overcompensate for the negative biases caused by
movement on some sites.

Our study demonstrates a novel approach to gaining insight into
links between movement and survival for two species of small mam-
mals. The study of small mammal movement ecology often lags be-
hind that of larger species, leading to knowledge gaps such as how
movement of small mammals influences ecosystem health through
the dispersal of hypogeous fungi spores and plant seeds (Trappe
et al., 2009). However, while our methods are appropriate given the
homogenous nature of our study area, the necessary assumptions
might not hold in other systems with more fragmentation, variable
habitat quality, or potential for source-sink dynamics among sites.
Future studies could continue to explore the movement ecology of
small mammals by incorporating study designs suitable for directly
estimating movement parameters (i.e., multistate mark-recapture
or telemetry) and evaluating the effects of spatiotemporal predic-
tors on movement probabilities, or by linking temporal variation in
movement rates to studies of population cycling (Fryxell et al., 1998;
Weldy et al., 2019).

ACKNOWLEDGEMENTS

Funding for small mammal trapping and analysis was provided by
the USDA Forest Service, Pacific Northwest Research Station, and
conducted on federal lands with approval from the USDA Forest
Service. Facilities were provided by the H. J. Andrews Experimental
Forest and Long-term Ecological Research (LTER) program, adminis-
tered cooperatively by the USDA Forest Service Pacific Northwest
Research Station, Oregon State University, and the Willamette
National Forest. This material is based upon work supported by the
National Science Foundation under the LTER Grants: LTER8 DEB-
2025755 (2020-2026) and LTER7 DEB-1440409 (2012-2020). We
thank T. M. Manning and T. M. Wilson for their guidance, support,
and logistical management. For field work, we thank N. B. Alexander,
D. A. Arnold, A. M. Bartelt, A. Bies, S. C. Bishir, N. A. Bromen, L. L.
Carver, M. J. Cokeley, C. R. Gray, L. Hodnett, L. K. Howard, A. C.
Hsiung, J. Hurd, C. J. Hutton, D. K. Jacobsma, P. C. Kannor, B. E.
Kerfoot, M. A. Linnell, T. J. Mayer, L. S. Millward, B. Nahorney, T.
Newton, H. M. Oswald, S. M. Pack, K. A. Ray, A. Rutherford, D. C.
Tange, K. Van Neste, S. E. Ward, W. Watson, and J. M. Winiarski.
This publication represents the views of the authors, and any use of
trade, firm, or product names is for descriptive purposes only and

does not imply endorsement by the US Government.

AUTHOR CONTRIBUTIONS
Matthew J. Weldy: Conceptualization (equal); Data curation (equal);
Formal analysis (lead); Investigation (equal); Methodology (equal);



WELDY ET AL.

10 of 18 .
Ecol Evol
WI LE Y-Ecelogy and Evolution

Open Access,

Visualization (equal); Writing - original draft (lead); Writing - review
& editing (equal). Damon B. Lesmeister: Conceptualization (equal);
Data curation (equal); Funding acquisition (equal); Investigation
(equal); Project administration (equal); Supervision (equal);
Validation (equal); Writing - review & editing (equal). Clinton W.
Epps: Conceptualization (equal); Data curation (equal); Funding ac-
quisition (equal); Investigation (equal); Project administration (equal);
Supervision (equal); Validation (equal); Writing - review & editing

(equal).

DATA AVAILABILITY STATEMENT

Data used to estimate apparent annual survival and immigra-
tion for flying squirrels and chipmunks are available from fig-
share: https://figshare.com/projects/Small_Mammal_Age-Speci
fic_Survival/119784. R and JAGS code to recreate the analyses
and figures is available on GitHub https://github.com/MJWeldy/

SM_MAMM_AGE_SURVIVAL.

ORCID

Matthew J. Weldy
Damon B. Lesmeister
Clinton W. Epps

https://orcid.org/0000-0002-8627-2466
https://orcid.org/0000-0003-1102-0122
https://orcid.org/0000-0001-6577-1840

REFERENCES

Abadi, F., Gimenez, O., Ullrich, B., Arlettaz, R., & Schaub, M. (2010).
Estimation of immigration rate using integrated population
models. Journal of Applied Ecology, 47(2), 393-400. https://doi.
org/10.1111/j.1365-2664.2010.01789.x

Besbeas, P., Freeman, S. N., Morgan, B. J. T., & Catchpole, E. A. (2002).
Integrating mark-recapture-recovery and census data to estimate
animal abundance and demographic parameters. Biometrics, 58(3),
540-547. https://doi.org/10.1111/j.0006-341X.2002.00540.x

Bielby, J., Mace, G. M., Bininda-Emonds, O. R. P., Cardillo, M., Gittleman,
J. L., Jones, K. E., Orme, C. D. L., & Purvis, A. (2007). The fast-
slow continuum in mammalian life history: An empirical reeval-
uation. The American Naturalist, 169(6), 748-757. https://doi.
org/10.1086/516847

Bierlmaler, F. A., & McKee, A. (1989). Climatic summaries and documenta-
tion for the primary meteorological station, H.J. Andrews Experimental
Forest, 1972 To 1984. (No. PNW-GTR-242). U.S. Department of
Agriculture, Forest Service, Pacific Northwest Research Station.
https://doi.org/10.2737/PNW-GTR-242

Blueweiss, L., Fox, H., Kudzma, V., Nakashima, D., Peters, R., & Sams, S.
(1978). Relationships between body size and some life-history pa-
rameters. Oecologia, 37, 257-272. https://doi.org/10.1007/BF003
44996

Bonduriansky, R., Maklakov, A., Zajitschek, F., & Brooks, R. (2008).
Sexual selection, sexual conflict and the evolution of ageing
and life span. Functional Ecology, 22(3), 443-453. https://doi.
org/10.1111/j.1365-2435.2008.01417.x

Brooks, S., & Gelman, A. (1998). General methods for monitoring conver-
gence of iterative simulations. Computational and Graphical Statistics,
7(4), 434-455. https://doi.org/10.1080/10618600.1998.10474787

Brownie, C., Hines, J. E., Nichols, J. D., Pollock, K. H., & Hestbeck, J. B.
(1993). Capture-recapture studies for multiple strata including non-
Markovian transitions. Biometrics, 49(4), 1173-1187. https://doi.
org/10.2307/2532259

Burnham, K. P. (1993). A theory for combined analysis of ring recovery
and recapture data. In Lebreton, J. D., & North, P. M. (Eds.), Marked

individuals in bird population studies (pp. 199-213). Birkhauser
Verlag.

Carey, A. B. (1995). Sciurids in Pacific Northwest managed and old-
growth forests. Ecological Applications, 5(3), 648-661. https://doi.
org/10.2307/1941974

Carranza, J., & Pérez-Barberia, F. J. (2007). Sexual selection and senes-
cence: Male size-dimorphic ungulates evolved relatively smaller
molars than females. The American Naturalist, 170(3), 370-380.
https://doi.org/10.1086/519852

Charlesworth, B. (1994). Evolution in age-structured populations, Vol. 2,
2nd ed. Cambridge University Press. https://doi.org/10.1017/
CB0O9780511525711

Cole, L. C. (1954). The population consequences of life history phenom-
ena. The Quarterly Review of Biology, 29(2), 103-137. https://doi.
org/10.1086/400074

Cooper, C. B, Daniels, S. J., & Walters, J. R. (2008). Can we improve es-
timates of juvenile dispersal distance and survival? Ecology, 89(12),
3349-3361. https://doi.org/10.1890/08-0315.1

Cormack, R. M. (1964). Estimates of survival from the sighting of
marked animals. Biometrika, 51(3/4), 429-438. https://doi.
org/10.2307/2334149

Dickman, C. R., Predavec, M., & Lynam, A. J. (1991). Differential preda-
tion of size and sex classes of mice by the Barn Owl, Tyto Alba.
Oikos, 62(1), 67-76. https://doi.org/10.2307/3545447

Doak, D. F., Gross, K., & Morris, W. F. (2005). Understanding and predict-
ing the effects of sparse data on demographic analyses. Ecology,
86(5), 1154-1163. https://doi.org/10.1890/04-0611

Dobson, F. S. (1982). Competition for mates and predominant juvenile
male dispersal in mammals. Animal Behaviour, 30(4), 1183-1192.
https://doi.org/10.1016/S0003-3472(82)80209-1

Forsman, E. D., Otto, I. A., Aubuchon, D., Lewis, J. C., Sovern, S. G.,
Maurice, K. J., & Kaminski, T. (1994). Reproductive chronology of
the northern flying squirrel on the Olympic Peninsula, Washington.
Northwest Science, 68(4), 273-276.

Forsman, E. D., Otto, I. A., Sovern, S. G., Taylor, M., Hays, D. W., Allen,
H., Roberts, S. L., & Seaman, D. E. (2001). Spatial and temporal
variation in diets of spotted owls in Washington. Journal of Raptor
Research, 35(2), 141-150.

Franklin, A. B., Gutiérrez, R. J., Noon, B. R., & Ward, J. P. Jr (1996).
Demographic characteristics and trends of northern spotted owl
populations in northwestern California. Studies in Avian Biology, 17,
83-91.

Fryxell, J. M., Falls, J. B., Falls, E. A., & Brooks, R. J. (1998). Long-term
dynamics of small-mammal populations in Ontario. Ecology, 79(1),
213-225.

Fryxell, J. M., Falls, J. B, Falls, E. A., Brooks, R. J., Dix, L., & Strickland, M.
A. (1999). Density dependence, prey dependence, and population
dynamics of martens in Ontario. Ecology, 80(4), 1311-1321. https://
doi.org/10.2307/177077

Garrett, M. G., & Franklin, W. L. (1988). Behavioral ecology of dispersal in
the black-tailed prairie dog. Journal of Mammalogy, 69(2), 236-250.
https://doi.org/10.2307/1381375

Gashwiler, J. S. (1976). Biology of Townsend's Chipmunks in
Western Oregon. The Murrelet, 57(2), 26-31. https://doi.
org/10.2307/3534535

Gelman, A., Carlin, J. B., Stern, H. S., Dunson, D. B., Vehtari, A., & Rubin,
D. B. (2013). Bayesian data analysis, 3rd ed. Chapman and Hall/CRC.

Gilroy, J. J., Virzi, T., Boulton, R. L., & Lockwood, J. L. (2012). A new ap-
proach to the “apparent survival” problem: estimating true survival
rates from mark-recapture studies. Ecology, 93(7), 1509-1516.
https://doi.org/10.1890/12-0124.1

Gimenez, O., Rossi, V., Choquet, R., Dehais, C., Doris, B., Varella, H., Vila,
J.-P., & Pradel, R. (2007). State-space modelling of data on marked
individuals. Ecological Modelling, 206(3-4), 431-438. https://doi.
org/10.1016/j.ecolmodel.2007.03.040


https://figshare.com/projects/Small_Mammal_Age-Specific_Survival/119784
https://figshare.com/projects/Small_Mammal_Age-Specific_Survival/119784
https://github.com/MJWeldy/SM_MAMM_AGE_SURVIVAL
https://github.com/MJWeldy/SM_MAMM_AGE_SURVIVAL
https://orcid.org/0000-0002-8627-2466
https://orcid.org/0000-0002-8627-2466
https://orcid.org/0000-0003-1102-0122
https://orcid.org/0000-0003-1102-0122
https://orcid.org/0000-0001-6577-1840
https://orcid.org/0000-0001-6577-1840
https://doi.org/10.1111/j.1365-2664.2010.01789.x
https://doi.org/10.1111/j.1365-2664.2010.01789.x
https://doi.org/10.1111/j.0006-341X.2002.00540.x
https://doi.org/10.1086/516847
https://doi.org/10.1086/516847
https://doi.org/10.2737/PNW-GTR-242
https://doi.org/10.1007/BF00344996
https://doi.org/10.1007/BF00344996
https://doi.org/10.1111/j.1365-2435.2008.01417.x
https://doi.org/10.1111/j.1365-2435.2008.01417.x
https://doi.org/10.1080/10618600.1998.10474787
https://doi.org/10.2307/2532259
https://doi.org/10.2307/2532259
https://doi.org/10.2307/1941974
https://doi.org/10.2307/1941974
https://doi.org/10.1086/519852
https://doi.org/10.1017/CBO9780511525711
https://doi.org/10.1017/CBO9780511525711
https://doi.org/10.1086/400074
https://doi.org/10.1086/400074
https://doi.org/10.1890/08-0315.1
https://doi.org/10.2307/2334149
https://doi.org/10.2307/2334149
https://doi.org/10.2307/3545447
https://doi.org/10.1890/04-0611
https://doi.org/10.1016/S0003-3472(82)80209-1
https://doi.org/10.2307/177077
https://doi.org/10.2307/177077
https://doi.org/10.2307/1381375
https://doi.org/10.2307/3534535
https://doi.org/10.2307/3534535
https://doi.org/10.1890/12-0124.1
https://doi.org/10.1016/j.ecolmodel.2007.03.040
https://doi.org/10.1016/j.ecolmodel.2007.03.040

WELDY ET AL.

Gomez, D. M., Anthony, R. G., & Hayes, J. P. (2005). Influence of thin-
ning of Douglas-fir forests on population parameters and diet of
northern flying squirrels. The Journal of Wildlife Management, 69(4),
1670-1682.

Hilde, C. H., Gamelon, M., Sether, B.-E., Gaillard, J.-M., Yoccoz, N. G.,
& Pélabon, C. (2020). The demographic buffering hypothesis:
Evidence and challenges. Trends in Ecology & Evolution, 35(6), 523-
538. https://doi.org/10.1016/j.tree.2020.02.004

Hill, J. E., DeVault, T. L., & Belant, J. L. (2019). Cause-specific mortality of
the world’s terrestrial vertebrates. Global Ecology and Biogeography,
28(5), 680-689. https://doi.org/10.1111/geb.12881

Hooten, M. B., & Hobbs, N. T. (2015). A guide to Bayesian model selec-
tion for ecologists. Ecological Monographs, 85(1), 3-28. https://doi.
org/10.1890/14-0661.1

Horton, G. E., & Letcher, B. H. (2008). Movement patterns and study
area boundaries: Influences on survival estimation in capture-
mark-recapture studies. Oikos, 117(8), 1131-1142. https://doi.
org/10.1111/j.0030-1299.2008.16686.x

Jackson, D. M., Trayhurn, P., & Speakman, J. R. (2001). Associations
between energetics and over-winter survival in the short-
tailed field vole Microtus agrestis: Over-winter survival in
voles. Journal of Animal Ecology, 70(4), 633-640. https://doi.
org/10.1046/j.1365-2656.2001.00518.x

Jolly, G. M. (1965). Explicit estimates from capture-recapture data with
both death and immigration-stochastic model. Biometrika, 52(1/2),
225-247. https://doi.org/10.2307/2333826

Koivunen, V., Korpimaki, E., & Hakkarainen, H. (1996). Differential avian
predation on sex and size classes of small mammals: Doomed
surplus or dominant individuals? Annales Zoologici Fennici, 33,
293-301.

Kraus, C., Thomson, D. L., Kiinkele, J., & Trillmich, F. (2005). Living slow
and dying young? Life-history strategy and age-specific survival
rates in a precocial small mammal. Journal of Animal Ecology, 74(1),
171-180. https://doi.org/10.1111/j.1365-2656.2004.00910.x

Lebreton, J.-D., Burnham, K. P., Clobert, J., & Anderson, D. R. (1992).
Modeling survival and testing biological hypotheses using
marked animals: A unified approach with case studies. Ecological
Monographs, 62(1), 67-118. https://doi.org/10.2307/2937171

Lehmkuhl, J. F., Kistler, K. D., Begley, J. S., & Boulanger, J. (2006).
Demography of northern flying squirrels informs ecosystem man-
agement of western interior forests. Ecological Applications, 16(2),
584-600.

Lemaitre, J.-F., Ronget, V., Tidiére, M., Allainé, D., Berger, V., Cohas, A.,
Colchero, F., Conde, D. A., Garratt, M., Liker, A., Marais, G. A. B.,
Scheuerlein, A., Székely, T., & Gaillard, J.-M. (2020). Sex differences
in adult lifespan and aging rates of mortality across wild mammals.
Proceedings of the National Academy of Sciences, 117(15), 8546-
8553. https://doi.org/10.1073/pnas.1911999117

Maser, C., Trappe, J. M., & Nussbaum, R. A. (1978). Fungal-small mam-
mal interrelationships with emphasis on Oregon coniferous forests.
Ecology, 59(4), 799-809. https://doi.org/10.2307/1938784

Meng, X.-L. (1994). Posterior predictive p-values. The Annals of Statistics,
22(3), 1142-1160. https://doi.org/10.1214/a0s/1176325622

Morrison, S. F., & Hik, D. S. (2007). Demographic analysis of a de-
clining pika Ochotona collaris population: Linking survival
to broad-scale climate patterns via spring snowmelt pat-
terns. Journal of Animal Ecology, 76(5), 899-907. https://doi.
org/10.1111/j.1365-2656.2007.01276.x

Pearson, K. (1900). On the criterion that a given system of deviations
from the probable in the case of a correlated system of variables
is such that it can be reasonably supposed to have arisen from ran-
dom sampling. Philosophical Magazine Series, 5(302), 157-175.

Plummer, M. (2003). JAGS: A program for analysis of Bayesian graphical
models using Gibbs sampling. In K. Hornik, F. Leisch, & A. Zeileis
(Eds.), Proceedings of the 3rd international workshop on distributed
statistical computing (pp. 124-125).

Ecology and Evolution 110f 18
=t e W1 LEY- |1

Pollock, K. H., Nichols, J. D., Brownie, C., & Hines, J. E. (1990). Statistical
inference for capture-recapture experiments. Wildlife Monographs,
107, 3-97.

PRISM Climate Group. (2004). PRISM gridded climate data. Oregon State
University. http://prism.oregonstate.edu

Promislow, D. E. L. (1992). Costs of sexual selection in natural popula-
tions of mammals. Biological Sciences, 247(1320), 203-210. https://
doi.org/10.1098/rspb.1992.0030

Promislow, D. E. L. (2003). Mate choice, sexual conflict, and evolution
of senescence. Behavioral Genetics, 33(2), 191-201. https://doi.
org/10.1023/a:1022562103669

Promislow, D. E. L., & Harvey, P. H. (1990). Living fast and dying young:
A comparative analysis of life-history variation among mammals.
Journal of Zoology, 220(3), 417-437. https://doi.org/10.1111/
j.1469-7998.1990.tb04316.x

R Core Team. (2020). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.R-proje
ct.org/

Ransome, D. B., & Sullivan, T. B. (2002). Short-term population dynam-
ics of Glaucomys sabrinus and Tamiasciurus douglasii in commer-
cially thinned and unthinned stands of coastal coniferous forest.
Canadian Journal of Forest Research, 32(11), 2043-2050. https://doi.
org/10.1139/x02-126

Rodel, H. G., Bora, A., Kaetzke, P., Khaschei, M., Hutzelmeyer, H., & von
Holst, D. (2004). Over-winter survival in subadult European rab-
bits: Weather effects, density dependence, and the impact of in-
dividual characteristics. Oecologia, 140(4), 566-576. https://doi.
org/10.1007/s00442-004-1616-1

Rédel, H. G., Zapka, M., Talke, S., Kornatz, T., Bruchner, B., & Hedler, C.
(2015). Survival costs of fast exploration during juvenile life in a
small mammal. Behavioral Ecology and Sociobiology, 69(2), 205-217.
https://doi.org/10.1007/s00265-014-1833-5

Rosenberg, D. K., & Anthony, R. G. (1992). Characteristics of northern
flying squirrel populations in young second- and old-growth forests
in western Oregon. Canadian Journal of Zoology, 70(1), 161-166.
https://doi.org/10.1139/292-023

Royle, J. A. (2008). Modeling individual effects in the Cormack-Jolly-
Seber model: A state-space formulation. Biometrics, 64(2), 364-
370. https://doi.org/10.1111/j.1541-0420.2007.00891.x

Royle, J. A., Chandler, R. B., Sollmann, R., & Gardner, B. (Eds.) (2014).
Spatial capture-recapture. Elsevier.

Sakai, H. F., & Noon, B. R. (1997). Between-habitat movement of dusky-
footed woodrats and vulnerability to predation. The Journal of
Wildlife Management, 61(2), 343. https://doi.org/10.2307/3802590

Schaub, M., & Abadi, F. (2011). Integrated population models: A novel
analysis framework for deeper insights into population dynamics.
Journal of Ornithology, 152(S1), 227-237. https://doi.org/10.1007/
s10336-010-0632-7

Schaub, M., & Fletcher, D. (2015). Estimating immigration using a
Bayesian integrated population model: Choice of parametrization
and priors. Environmental and Ecological Statistics, 22(3), 535-549.
https://doi.org/10.1007/s10651-015-0309-8

Schaub, M., Gimenez, O., Schmidt, B. R., & Pradel, R. (2004). Estimating
survival and temporary emigration in the multistate capture-
recapture framework. Ecology, 85(8), 2107-2113. https://doi.
org/10.1890/03-3110

Schaub, M., & Royle, J. A. (2014). Estimating true instead of ap-
parent survival using spatial Cormack-Jolly-Seber models.
Methods in Ecology and Evolution, 5(12), 1316-1326. https://doi.
org/10.1111/2041-210X.12134

Schaub, M., & Vaterlaus-Schlegel, C. (2001). Annual and seasonal vari-
ation of survival rates in the garden dormouse (Eliomys quercinus).
Journal of Zoology, 255(1), 89-96. https://doi.org/10.1017/50952
836901001133

Schulte-Hostedde, A. 1., Millar, J. S., & Gibbs, H. L. (2002). Female-
biased sexual size dimorphism in the yellow-pine chipmunk (Tamias


https://doi.org/10.1016/j.tree.2020.02.004
https://doi.org/10.1111/geb.12881
https://doi.org/10.1890/14-0661.1
https://doi.org/10.1890/14-0661.1
https://doi.org/10.1111/j.0030-1299.2008.16686.x
https://doi.org/10.1111/j.0030-1299.2008.16686.x
https://doi.org/10.1046/j.1365-2656.2001.00518.x
https://doi.org/10.1046/j.1365-2656.2001.00518.x
https://doi.org/10.2307/2333826
https://doi.org/10.1111/j.1365-2656.2004.00910.x
https://doi.org/10.2307/2937171
https://doi.org/10.1073/pnas.1911999117
https://doi.org/10.2307/1938784
https://doi.org/10.1214/aos/1176325622
https://doi.org/10.1111/j.1365-2656.2007.01276.x
https://doi.org/10.1111/j.1365-2656.2007.01276.x
http://prism.oregonstate.edu
https://doi.org/10.1098/rspb.1992.0030
https://doi.org/10.1098/rspb.1992.0030
https://doi.org/10.1023/a:1022562103669
https://doi.org/10.1023/a:1022562103669
https://doi.org/10.1111/j.1469-7998.1990.tb04316.x
https://doi.org/10.1111/j.1469-7998.1990.tb04316.x
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1139/x02-126
https://doi.org/10.1139/x02-126
https://doi.org/10.1007/s00442-004-1616-1
https://doi.org/10.1007/s00442-004-1616-1
https://doi.org/10.1007/s00265-014-1833-5
https://doi.org/10.1139/z92-023
https://doi.org/10.1111/j.1541-0420.2007.00891.x
https://doi.org/10.2307/3802590
https://doi.org/10.1007/s10336-010-0632-7
https://doi.org/10.1007/s10336-010-0632-7
https://doi.org/10.1007/s10651-015-0309-8
https://doi.org/10.1890/03-3110
https://doi.org/10.1890/03-3110
https://doi.org/10.1111/2041-210X.12134
https://doi.org/10.1111/2041-210X.12134
https://doi.org/10.1017/S0952836901001133
https://doi.org/10.1017/S0952836901001133

WELDY ET AL.

12 of 18 ;
Ecol Evol
Wl LEY-Ecology and Evolution

amoenus): Sex-specific patterns of annual reproductive success and
survival. Evolution, 56(12), 2519-2529. https://doi.org/10.1111/
j.0014-3820.2002.tb00176.x

Schulze, M., & Lienkaemper, G. (2015). Vegetation classification,
Andrews Experimental Forest and vicinity (1988, 1993, 1996, 1997,
2002, 2008). [Database]. Retrieved February 13, 2018, from H.
J. Andrews Experimental Forest website: http://andlter.forestry.
oregonstate.edu/data/abstract.aspx?dbcode=TV061

Seber, G. A.F.(1965). A note on the multiple-recapture census. Biometrika,
52(1/2), 249-259. https://doi.org/10.2307/2333827

Sikes, R. S. (2016). 2016 Guidelines of the American Society of
Mammalogists for the use of wild mammals in research and ed-
ucation:. Journal of Mammalogy, 97(3), 663-688. https://doi.
org/10.1093/jmammal/gyw078

Smith, W. P. (2007). Ecology of Glaucomys sabrinus: Habitat, demography,
and community relations. Journal of Mammalogy, 88(4), 862-881.
https://doi.org/10.1644/06-MAMM-S-371R1.1

Stearns, S. C. (1992). The evolution of life histories. Oxford University
Press.

Su, Y.-S., & Yajima, M. (2020). Package R2jags (Version 0.6-1). https://
cran.r-project.org/web/packages/R2jags/R2jags.pdf

Sullivan, T. P., Sullivan, D. S., & Krebs, C. J. (1983). Demographic re-
sponses of a chipmunk (Eutamias townsendii) population with
supplemental food. The Journal of Animal Ecology, 52(3), 743-755.
https://doi.org/10.2307/4451

Sutherland, W. J., Grafen, A., & Harvey, P. H. (1986). Life history cor-
relations and demography. Nature, 320(6057), 88. https://doi.
org/10.1038/320088a0

Trappe, J. M., Molina, R., Luoma, D. L., Cazares, E., Pilz, D., Smith, J. E.,
& Trappe, M. J. (2009). Diversity, Ecology, and Conservation of Truffle
Fungi in Forests of the Pacific Northwest (USDA Forest Service
General Technical Report No. PNW_GTR_772; pp. 1-202). Pacific
Northwest Research Station (USA).

Vehtari, A., Gelman, A., & Gabry, J. (2017). Practical Bayesian model eval-
uation using leave-one-out cross-validation and WAIC. Statistics

Open Access,

and Computing, 27(5), 1413-1432. https://doi.org/10.1007/s1122
2-016-9696-4

Villa, L. J., Carey, A. B., Wilson, T. M., & Glos, K. E. (1999). Maturation
and reproduction of northern flying squirrels in Pacific Northwest for-
ests. (USDA Forest Service General Technical Report No. PNW-
GTR-444; pp. 1-59). Pacific Northwest Research Station (USA).

Vinogradov, A. E. (1998). Male reproductive strategy and de-
creased longevity. Acta Biotheoretica, 46, 157-160. https://doi.
org/10.1023/A:1001181921303

Watanabe, S. (2010). Asymptotic equivalence of bayes cross validation
and widely applicable information criterion in singular learning the-
ory. Journal of Machine Learning Research, 11, 3571-3594.

Weegman, M. D., Arnold, T. W.,, Clark, R. G., & Schaub, M. (2020). Partial
and complete dependency among data sets has minimal conse-
quence on estimates from integrated population models. Ecological
Applications, 31(3), €2258. https://doi.org/10.1002/eap.2258

Weldy, M., Epps, C. W., Lesmeister, D. B., Manning, T., & Forsman, E. D.
(2020). Spatiotemporal dynamics in vital rates of Humboldt's flying
squirrels and Townsend'’s chipmunks in a late-successional forest.
Journal of Mammalogy, 101(1), 187-198. https://doi.org/10.1093/
jmammal/gyz204

Weldy, M. J., Epps, C. W., Lesmeister, D. B., Manning, T., Linnell, M. A.,
& Forsman, E. D. (2019). Abundance and ecological associations of
small mammals. The Journal of Wildlife Management, 83(4), 902-915.
https://doi.org/10.1002/jwmg.21641

How to cite this article: Weldy, M. J,, Lesmeister, D. B., &
Epps, C. W. (2022). Emigration effects on estimates of age-
and sex-specific survival of two sciurids. Ecology and
Evolution, 12, e8833. https://doi.org/10.1002/ece3.8833



https://doi.org/10.1111/j.0014-3820.2002.tb00176.x
https://doi.org/10.1111/j.0014-3820.2002.tb00176.x
http://andlter.forestry.oregonstate.edu/data/abstract.aspx?dbcode=TV061
http://andlter.forestry.oregonstate.edu/data/abstract.aspx?dbcode=TV061
https://doi.org/10.2307/2333827
https://doi.org/10.1093/jmammal/gyw078
https://doi.org/10.1093/jmammal/gyw078
https://doi.org/10.1644/06-MAMM-S-371R1.1
https://cran.r-project.org/web/packages/R2jags/R2jags.pdf
https://cran.r-project.org/web/packages/R2jags/R2jags.pdf
https://doi.org/10.2307/4451
https://doi.org/10.1038/320088a0
https://doi.org/10.1038/320088a0
https://doi.org/10.1007/s11222-016-9696-4
https://doi.org/10.1007/s11222-016-9696-4
https://doi.org/10.1023/A:1001181921303
https://doi.org/10.1023/A:1001181921303
https://doi.org/10.1002/eap.2258
https://doi.org/10.1093/jmammal/gyz204
https://doi.org/10.1093/jmammal/gyz204
https://doi.org/10.1002/jwmg.21641
https://doi.org/10.1002/ece3.8833

WELDY ET AL.

1 13 of 18
Ecology and Evolution
=t W LEY- 2o

APPENDIX 1

“EMIGRATION EFFECTS ON ESTIMATES OF AGE- AND SEX-SPECIFIC SURVIVAL OF SMALL MAMMALS” - WELDY
ET AL.
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FIGURE A1 (a) Average monthly temperatures (°C; April 2011 to March 2019) and (b) cumulative monthly precipitation (mm; April 2011
to September 2018) recorded at the central meteorological (1020 m) weather station in the H. J. Andrews Experimental Forest. The grey
color band around average monthly temperature values indicates the range (minimum to maximum) of temperatures recorded within the
month
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Humboldt's flying squirrel | | Townsend's chipmunk FIGURE A2 Prior SenSitiVity p|0t for
104 uninformative prior sets 1 and 2 used
(] to estimate apparent annual survival,
recapture probability, and immigration
0.5 (4 rates of Humboldt's flying squirrels
« (1 ¢ (Glaucomys oregonensis) and Townsend's
‘qw',' ° chipmunks (Neotamias townsendii)
5 007 captured during 2011-2019 in the H. J.
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051
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TABLE A1 Site- and year-specific trapping effort for Humboldt's flying squirrels (Glaucomys oregonensis; HFS) and Townsend's chipmunks
(Neotamias townsendii; TC) on nine late-successional forest sites in the H. J. Andrews Experimental Forest 2011-2019. Rows are indexed by
the site number, columns 2-10 indicate trapping year, and values indicate the number of nights trapped at a site- and year-specific occasion.
A value of “NA” indicates that a grid was not trapped during that year

Years

Site 2011 2012 2013 2014 2015 2016 2017 2018 2019
1 12 12 12 12 12 12 8 8 NA
2 12 12 12 12 12 12 8 8 8

3 12 12 12 12 12 12 8 8 NA
4 12 12 12 12 12 12 4 8 NA
5 12 12 12 12 12 12 8 8 8

6 12 12 12 12 12 12 6 8 NA
7 12 12 12 12 12 12 8 8 NA
8 12 12 12 12 12 12 7 8 8

9 12 6 12 12 12 12 4 8 NA

TABLE A2 Model selection results used to estimate recapture probability (p) of Humboldt's flying squirrels (Glaucomys oregonensis; HFS)
and Townsend's chipmunks (Neotamias townsendii; TC) on nine late-successional forest sites in the H. J. Andrews Experimental Forest 2011-
2019. Column headings indicate the species, recapture probability models structure, the relative change in Watanabe-Akaike information
criterion (AWAIC) from the top-ranking model, the lower 95% credible level (Cl) for the relative change (Lower), the upper 95% credible level
for the relative change (Upper), and the model support weight (o)

AWAIC 95% CI

Species Model® AWAIC Lower Upper o
HFS mH 0 NA NA 1
s 32.00 12.195 51.805 0
b + tRE 48.43 26.907 69.953 0
b + mH 55.53 33.985 77.075 0
tRE 57.77 53.497 62.043 0
T 108.49 89.870 127.110 0
b 250.18 232.500 267.860 0
t 413.72 395.333 432.107 0
Null 469.83 451.498 488.162 0
TC b+ mH 0 NA NA 0
mH 91.24 71.168 111.312 0
b + tRE 449.28 428.737 469.823 0
b 509.36 490.014 528.706 0
tRE 510.88 508.085 513.675 0
s 592.63 575.126 610.134 0
Null 658.99 640.594 677.386 0
t 666.00 648.158 683.842 0
T 683.62 666.198 701.042 0

*Model structures are defined in Table 1.
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TABLE A3 Age- and sex-specific estimates of immigration rates and associated 95% credible intervals (Cl, lower: 2.5%, upper: 97.5%) for
Humboldt's flying squirrels (Glaucomys oregonensis; HFS) and Townsend's chipmunks (Neotamias townsendii; TC) captured 2011-2019 on the
H. J. Andrews Experimental Forest in Oregon. Age and sex categories include juvenile (J), subadult (SA), adult (A), male (M), and female (F)

95% Cl
Species Sex Age Year Mean Lower Upper
HFS F J 2012 0.21 0.17 0.26
2013 0.06 0.05 0.08
2014 0.05 0.04 0.06
2015 0.06 0.05 0.08
2016 0.05 0.04 0.07
2017 0.18 0.15 0.22
2018 0.09 0.07 0.11
2019 0.03 0.02 0.04
A 2012 0.19 0.15 0.23
2013 0.05 0.04 0.07
2014 0.04 0.03 0.05
2015 0.05 0.04 0.07
2016 0.04 0.03 0.06
2017 0.16 0.13 0.20
2018 0.08 0.06 0.09
2019 0.02 0.01 0.04
M J 2012 0.26 0.21 0.31
2013 0.07 0.06 0.09
2014 0.06 0.05 0.08
2015 0.07 0.06 0.09
2016 0.06 0.04 0.08
2017 0.23 0.19 0.27
2018 0.11 0.08 0.13
2019 0.03 0.02 0.05
A 2012 0.23 0.19 0.28
2013 0.06 0.05 0.08
2014 0.05 0.04 0.07
2015 0.06 0.05 0.08
2016 0.05 0.04 0.07
2017 0.20 0.16 0.24
2018 0.09 0.07 0.12
2019 0.03 0.02 0.05
TC F A 2012 0.22 0.19 0.24
2013 0.36 0.33 0.40
2014 0.17 0.15 0.19
2015 0.15 0.13 0.17
2016 0.23 0.20 0.26
2017 0.25 0.22 0.28
2018 0.21 0.18 0.23
2019 0.35 0.30 0.42
M 2012 0.30 0.27 0.34
2013 0.51 0.46 0.56
2014 0.24 0.21 0.26
2015 0.21 0.18 0.24
2016 0.32 0.28 0.36
2017 0.35 0.31 0.39
2018 0.29 0.25 0.32

2019 0.49 0.42 0.58
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TABLE A4 Age- and sex-specific apparent survival emigration adjustment estimates and associated 95% credible intervals (Cl, lower:
2.5%, upper: 97.5%) for Humboldt's flying squirrels (Glaucomys oregonensis; HFS) and Townsend's chipmunks (Neotamias townsendii; TC)
captured 2011-2019 on the H. J. Andrews Experimental Forest in Oregon. Age and sex categories include juvenile (J), subadult (SA), adult

(A), male (M), and female (F)

Species

HFS

Sex

Age

SA

SA

Interval

2011-2012
2012-2013
2013-2014
2014-2015
2015-2016
2016-2017
2017-2018
2018-2019
2011-2012
2012-2013
2013-2014
2014-2015
2015-2016
2016-2017
2017-2018
2018-2019
2011-2012
2012-2013
2013-2014
2014-2015
2015-2016
2016-2017
2017-2018
2018-2019
2011-2012
2012-2013
2013-2014
2014-2015
2015-2016
2016-2017
2017-2018
2018-2019
2011-2012
2012-2013
2013-2014
2014-2015
2015-2016
2016-2017
2017-2018
2018-2019

Mean

0.17
0.03
0.03
0.03
0.02
0.14
0.04
0.01
0.14
0.05
0.03
0.02
0.03
0.11
0.06
0.02
0.14
0.03
0.03
0.02
0.03
0.09
0.05
0.01
0.18
0.03
0.02
0.02
0.02
0.12
0.04
0.01
0.18
0.05
0.03
0.03
0.02
0.16
0.06
0.01

95% ClI

Lower Upper
0.10 0.23
0.02 0.05
0.02 0.04
0.02 0.05
0.01 0.03
0.08 0.20
0.01 0.08
0.00 0.02
0.05 0.21
0.03 0.06
0.02 0.04
0.01 0.04
0.02 0.05
0.06 0.17
0.04 0.08
0.00 0.03
0.05 0.20
0.02 0.04
0.02 0.04
0.02 0.03
0.02 0.04
0.06 0.12
0.03 0.07
0.01 0.02
0.10 0.27
0.02 0.05
0.01 0.03
0.01 0.04
0.01 0.04
0.06 0.21
0.02 0.08
0.00 0.02
0.11 0.25
0.03 0.07
0.02 0.04
0.02 0.05
0.01 0.04
0.10 0.22
0.04 0.09
0.00 0.03
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TABLE A4 (Continued)

95% ClI
Species Sex Age Interval Mean Lower Upper
A 2011-2012 0.17 0.06 0.25
2012-2013 0.04 0.03 0.05
2013-2014 0.03 0.02 0.04
2014-2015 0.03 0.02 0.05
2015-2016 0.02 0.01 0.03
2016-2017 0.15 0.10 0.21
2017-2018 0.05 0.03 0.07
2018-2019 0.02 0.01 0.03
TC F J 2011-2012 0.06 0.03 0.11
2012-2013 0.14 0.05 0.29
2013-2014 0.05 0.02 0.08
2014-2015 0.03 0.01 0.07
2015-2016 0.05 0.01 0.11
2016-2017 0.07 0.03 0.13
2017-2018 0.06 0.02 0.13
2018-2019 0.08 0.02 0.18
A 2011-2012 0.10 0.08 0.13
2012-2013 0.21 0.16 0.27
2013-2014 0.05 0.04 0.06
2014-2015 0.07 0.05 0.08
2015-2016 0.11 0.08 0.15
2016-2017 0.08 0.06 0.11
2017-2018 0.06 0.04 0.08
2018-2019 0.05 0.01 0.11
M J 2011-2012 0.09 0.04 0.15
2012-2013 0.25 0.10 0.47
2013-2014 0.08 0.04 0.12
2014-2015 0.07 0.03 0.12
2015-2016 0.14 0.06 0.26
2016-2017 0.06 0.02 0.13
2017-2018 0.07 0.02 0.18
2018-2019 0.12 0.02 0.27
A 2011-2012 0.10 0.07 0.14
2012-2013 0.33 0.24 0.43
2013-2014 0.10 0.08 0.12
2014-2015 0.08 0.06 0.10
2015-2016 0.12 0.09 0.15
2016-2017 0.13 0.09 0.18
2017-2018 0.08 0.05 0.11

2018-2019 0.07 0.02 0.16
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TABLE A5 Ratios of adult to juvenile survival, including
apparent annual survival (¢) and adjusted annual survival ((padjusted),
for male (M) and female (F) Humboldt's flying squirrels (Glaucomys
oregonensis; HFS) and Townsend's chipmunks (Neotamias
townsendii; TC) captured during 2011-2019 on the H. J. Andrews
Experimental Forest in Oregon

Species Estimate Sex Mean Min Max
HFS ) F 1.22 0.74 2.02
M 1.49 1.24 1.78

Padjusted F 1.19 0.72 2.01

M 1.46 1.22 1.78

TC Z F 1.40 0.62 2.18
M 1.18 0.61 2.02

Padjusted F 1.40 0.62 2.18

M 1.18 0.61 2.03
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