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INTRODUCTION

Diagnosing causes of population declines requires under-

standing the demographic mechanisms underlying inter-

annual variability and long-term changes in population

size. The first step is quantifying demographic vital rates



average of 19.2 6 0.8 days before fledging (Paynter 1954).

Compared to mainland populations at the same latitude,



in 1987 to ,20% by 2006, so decreasing nest box

availability could not explain the decline of this popula-

tion.

Each year, all nest boxes on the island were surveyed

starting in late May and throughout June. If there were

indications of nest-building, boxes were checked every

other day until eggs appeared. After counting eggs to

determine clutch size, we left nests undisturbed until nest

checks resumed several days before the first eggs were

estimated to hatch. After hatching, nestlings were counted

and then banded at 11–16 days of age. Several days after

the first young fledged, we checked the nest to record any

nestlings that failed to fledge. Throughout the breeding

season, we captured adults and marked them with a

USFWS aluminum band on one leg and a single split-color

plastic band on the other. Adult females were captured on

the nest during incubation. Most adult males were mist-

netted or captured in the nest box while feeding nestlings,

although we were unable to capture a few individuals every

year. We determined the sex of adults by the presence of a

cloacal protuberance (male), brood patch (female), or

brownish plumage (second-year female; Hussell 1983).

Over a 24 yr period, we recorded 920 nesting attempts

resulting in 5,049 eggs, 4,071 hatchlings, and 3,034

fledglings. In total, 4,152 Tree Swallows were banded,

3,229 of them as hatchlings and 923 as adults. Of the 814

banded breeding adults, 492 were female and 321 were

male. One breeding adult of unknown sex was removed

from all analyses.

Integrated Population Model
We combined 3 datasets to construct an integrated

population model (IPM; Figure 2) for the Kent Island



Tree Swallows at Kent Island are single-brooded, and male
floaters are uncommon during the breeding season

(Conrad et al. 2001), we assumed that all unbanded

parents were single, unique individuals.

At the core of the IPM was a state space model that

projected age- and sex-specific population sizes (Kéry and

Schaub 2011, Schaub and Abadi 2011, Schaub et al. 2015).

The population was divided into 3 age classes for each sex:

(1) after-second-year (ASY) adults (N sex
ASY) that had bred in

the study population in a previous year; (2) second-year



Kellner 2015, R Core Team 2017). All data, model code

(including priors), and analysis code are available online

(https://github.com/ltaylor2/TRES_IPM). The sampling

process was run for 600,000 iterations with 3 independent

chains, a burn-in period of 300,000 iterations, and a

thinning value of 20 (i.e. 45,000 iterations sampled). We

interpreted convergence across the chains using the

Gelman–Rubin R̂ statistic, for which values approaching

1.0 indicate confidence about convergence (Brooks and

Gelman 1998). All output parameters for our model

achieved R̂ , 1.03. We also examined output trace plots to

confirm effective burn-in and chain mixing. We applied

posterior predictive checks to test for model goodness-of-

fit to individual datasets (Appendix). We used the R

packages ggplot2, plyr, and dplyr for summarizing and

visualizing model output (Wickham 2009, 2011; Wickham

and Francois 2015).

Life Table Response Experiments
Life table response experiments (LTREs) allow for analyses

of the contribution of variation in individual demographic

parameters to the variation in k (Caswell 1989). We used

transient LTREs to assess the contribution of variation in

each parameter, hi, for each of 9 vital rates (cs, hs, fs, /

https://github.com/ltaylor2/TRES_IPM


(p/

SY;l ¼ 0.57 [0.41, 0.74], p?

SY;l ¼ 0.63 [0.38, 0.87], P(p/

SY;l

. p?

SY;l)¼ 0.35), whereas recapture rates were 21% higher

for ASY females than ASY males (p/

ASY;l¼0.87 [0.79, 0.94],

p?

ASY;l ¼ 0.66 [0.53, 0.79], P(p/

ASY;l . p?

ASY;l) ¼ 0.99).

Per capita immigration rates were approximately 0.30

for both sexes with wider annual uncertainty intervals than

other vital rates, particularly in the final years of the study

(derived arithmetic mean x/¼ 0.35 [0.27, 0.44], x?¼ 0.32

Figure 4. (A–F) Vital rate estimates and (G) rate of population change (k). All parameters are per capita rates except for clutch size,
which is a count. Horizontal dashed lines indicate mean estimates. Vertical bars show 95% BCI.
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[0.22, 0.42]; Figure 4F). The number of immigrants

declined from 22 females (1, 51) and 59 males (27, 87) in

the second year of the study to 2 females (0, 7) and 2 males

(0, 7) by the final year (Figure 3).

Life Table Response Experiments

Our first set of LTREs examined the contribution of

variation in vital rates to overall temporal variance in k
(var(kt) ’ 0.07; Table 2). Across sexes, immigration rates

contributed to a normalized mean of ~70% of overall

variance in k compared to ~27% for adult survival

probabilities, ~2% for fledging success rate, and ,1% for

all other contributions combined. Contributions from

male and female parameters were similar.

Our second set of LTREs examined the contribution of

changes in vital rates to the changes in k between

consecutive-year intervals (Figure 5, Appendix Figure 7).

The most important demographic driver (the vital rate

with the highest contribution to Dkt in the same direction

as Dkt) was male immigration in 41% of intervals, female

Table 2. Contributions of variation in demographic parameters
to overall variance in rate of population change (k) over 24 yr
estimated from life table response experiments. The sum of all
contributions approximates the variance in kt.

Parameter

Mean LTRE
contribution
(95% BCI)

Normalized
mean %

contribution
to var(kt)

cs 0.00003 (�0.00103, 0.00106) 0.04 %

hs 0.00053 (�0.00014, 0.00125) 0.71 %

fs 0.00161 (�0.00061, 0.00388) 2.20 %

//

J
0.00003 (�0.00115, 0.00133) 0.04 %

/?

J
0.00001 (�0.00098, 0.00104) 0.01 %

//

Ad
0.01040 (0.00134, 0.02280) 14.22 %

/?

Ad
0.00957 (�0.00399, 0.02390) 13.09 %

x/ 0.02450 (0.00519, 0.06530) 33.49 %

x? 0.02660 (0.00444, 0.08160) 36.36 %

N/ / Ntot
�0.00006 (�0.00053, 0.00013) �0.08 %

N? / Ntot
�0.00006 (�0.00053, 0.00013) �0.08 %

Figure 5. Contributions of variation in demographic parameters to the annual difference in rate of population change (Dkt) between
all consecutive intervals (t and t þ 1) from t ¼ 1987 to t ¼ 2008 estimated from life table response experiments. (A) Sum of mean
contributions from clutch size, hatching success, fledging success, and juvenile survival of both sexes (green). (B) Mean contributions
from female (red) and male (blue) adult survival. (C) Mean contributions from female (red) and male (blue) per capita immigration.
The contributions from all parameters approximately sum to Dkt, displayed as a gray box for each starting year t.
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adult survival in 32% of intervals, male adult survival in

18% of intervals, and female immigration in 9% of

intervals (4.5% ’ 1 interval). Male immigration and male

and female adult survival were the top demographic



Region-wide declines of Tree Swallows have likely

reduced the number of potential immigrants to Kent

Island. Both North American Breeding Bird Survey data

and nest box occupancy rates show dramatic declines in

Tree Swallow populations in northeastern North America



populations (Michel et al. 2016, Weegman et al. 2017) and

a complex migratory network (Knight et al. 2018).

Uncovering the causes of the decline of Tree Swallows

will depend on a multi-population approach examining

demographic drivers, environmental variables, and the

links among these factors.
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Appendix Figure 7. Contributions of variation in individual demographic parameters (upper-left of each plot) to the annual
difference in rate of population change (Dkt) between all consecutive intervals (t and tþ1) from t¼ 1987 to t¼2008 estimated from
life table response experiments. Some contributions are negligible. The contributions from all parameters approximately sum to Dkt,
displayed as a gray box for each starting year t.
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