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S1 Appendix: Model selection procedure

Covariate selection

For each species we selected covariates of expected abundance first and then chose the de-

tection covariates conditional on the subset of selected abundance covariates. This approach

seemed sensible for two reasons: (1) the potential covariates of expected abundance were dis-

tinct from those of detection probability and (2) most of the variation in species abundances

among survey locations was thought – a priori – to reflect differences in the values of habitat

(landscape and vegetation) covariates. Therefore, in the first step of covariate selection, we

used Poisson regression models wherein the total number of detected individuals in a survey

was used as a response for each species. In other words, we treated the total number of

detected individuals in a survey as a surrogate for the true, but unknown, abundance of a

species. From all possible combinations of the 8 potential covariates of abundance (LPC1,

LPC2, and VPC1–VPC6), we selected those covariates with the lowest value of BIC. This

selection procedure yielded either 0, 1, or 2 covariates of expected abundance depending on

the species. Covariates VPC5 and VPC6 were not selected for any species, and covariates

VPC3 and VPC4 were selected for relatively few species.

To select the detection covariates for each species, we fitted single-species N-mixture

models that may be regarded as a restricted version of our multispecies N-mixture model
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wherein εik = 0 is assumed for all species and surveys. In other words, each single-species

model is a multinomial-Poisson mixture:

Nik ∼ Poisson(exp(µik)) (1)

Yik1, . . . , YikJi |Nik = nik ∼ Multinomial(nik, πik1, . . . , πikJi) (2)

Recall that the effects of detection covariates are specified within each multinomial proba-

bility πikj. Using the method of maximum likelihood, we fitted this class of models for all

possible combinations of detection covariates and then selected a specific set of detection

covariates from the N-mixture model with the lowest value of BIC. Depending on species,

this selection procedure yielded either no covariate or a single detection covariate (day of

year). Time of day was not selected as a detection covariate for any species.

Species selection

We also developed a procedure for assessing whether the single-species N-mixture model

(described earlier) provided an adequate approximation of the counts of each species. This

procedure essentially provides a goodness-of-fit test for the N-mixture model. If the test

suggests lack of fit, we may conclude that the counts were overdispersed relative to the single-

species model. In this case the multispecies N-mixture model would be more appropriate for

analyzing the counts of that species.

Under the assumptions of the single-species N-mixture model (Equations 1 and 2), it is

easily shown that

Pr(Yik1 = yik1, . . . , YikJi = yikJi) =

Ji∏
j=1

exp{−πikj exp(µik)}{πikj exp(µik)}yikj
yikj!

In other words, each survey’s counts are independent and have a Poisson distribution: Yikj ∼

Poisson(πikj exp(µik)). A sum of independent Poisson random variables also has a Poisson
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distribution; therefore, for our model Yik· ∼ Poisson(πik· exp(µik)) where Yik· =
∑Ji

j=1 Yikj is

a random variable for the total number of birds of species k detected during the ith survey

and where πik· =
∑Ji

j=1 πikj.

For each species, the I values of Yik· are independent given our sampling design and

modeling assumptions. Therefore, the deviance statistic for Poisson models [1]

D = 2
I∑

i=1

yik· log

{
yik·

π̂ik· exp(µ̂ik)

}
− yik· + π̂ik· exp(µ̂ik)

provides a measure of the discrepancy between the total number of birds observed in a

survey (yik·) and the total number of birds expected in a survey (π̂ik· exp(µ̂ik)) given the

assumptions of the single-species N-mixture model and the estimates of its parameters. (We

use circumflexes to indicate quantities computed from parameter estimates.) Unlike simple

Poisson models, the sampling distribution of D is not generally known, so we used parametric

bootstrapping to approximate this distribution.

For each species we assessed goodness of fit by estimating the p-value associated with the

observed value Dobs of the deviance test statistic. We estimated p = Pr(D > Dobs) from a

parametrically bootstrapped sample of M values of D by assuming that the random variable

X = I(D > Dobs) has a Bernoulli distribution with success parameter p. The maximum

likelihood estimator of the p-value therefore equals p̂ = (1/M)
∑M

i=1 xi, and an asymptotically

valid 95% confidence interval for p may be computed as follows: p̂±1.96
√
p̂(1− p̂)/M . As a

hedge against the chance that our goodness-of-fit test lacked power, we assumed a significance

level of α = 0.10. In addition, we used the lower confidence limit for p to assess lack of fit;

thus, we concluded that the single-species N-mixture model did not adequately approximate

the counts of a species if p̂− 1.96
√
p̂(1− p̂)/M < α.
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