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Appendix 1 
The relationship between initial wing pointedness and the change in wing pointedness is not caused 

by regression to the mean. 

 

Methods 
We used simulations to estimate the proportion of the observed negative relationship between initial 

wing pointedness and the change in wing pointedness that could be attributed to regression to the 

mean. For each simulation run, we completed the following five steps (illustrated in Fig. A1.1): 

1. We generated an initial wing pointedness (i.e. primary wing projection) and correlation between 

initial wing pointedness and time (r) for each of 21 species, to produce a cross-species correlation 

between these two variables = 0. To produce simulation data that was comparable to our observed 

data, the simulated initial wing pointedness and r had the same ranges of values as in our observed 

data set; i.e. the wing pointedness ranged from 10.150 – 33.235 and r ranged from -0.649 – 0.613. 

Additionally, each simulated species was randomly assigned a sample size equal to the sample size 

for one of the observed species. We note that we did not explicitly define the change in wing 

pointedness here, because r and the slope (m) of a linear regression are related (Koricheva et al. 

2013): 

 

r = m(SDx/SDy), when y = mx + b 

 

Thus the actual correlation between initial wing pointedness and change in wing pointedness was 

also = 0. Comparisons of these r values to those for the simulated data sets created and analysed in 

steps 2–3 (below) confirmed this. 

2. We simulated 100 years of wing pointedness estimates for each species, based on the initial wing 

pointedness, r, and sample size generated in step 1.  

3. For each species we predicted the initial wing pointedness (i.e. intercept) and change in wing 

pointedness (i.e. slope) from a linear regression model of the relationship between the simulated 

wing pointedness and year: 
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y = mix + bi + ε 

 

where mi = change in wing pointedness and bi = initial wing pointedness for species i, and ε was 

normally distributed error around a mean = 0. 

4. We extracted bi and mi for the 21 species from the models produced in step 3.  

5. We calculated the cross-species correlation between bi and mi. 

Because the actual correlation between the initial wing pointedness and the change in wing 

pointedness = 0 (from step 1), a negative correlation between bi and mi would be the result of 

regression to the mean. The above five steps were repeated 1000 times, to produce a distribution of 

cross-species correlations. We then compared the observed cross-species correlation between the 

initial wing pointedness and change in wing pointedness from our empirical data set to the 

distribution of simulated correlations, to estimate the proportion of the observed negative 

relationship between wing pointedness and the change in wing pointedness that could be attributed 

to regression to the mean. 

Simulations and analyses were run in R (<www.r-project.org>), using the ‘MASS’  package 

(Venables and Ripley 2002). 

  

Results 
Our simulations suggest that we should expect regression to the mean to cause a negative 

correlation between the initial wing pointedness and change in wing pointedness (Fig. A1.2). 

However, these simulations also suggest that regression to the mean does not explain the strong, 

negative correlation observed in our empirical study. The observed negative correlation (r = –0.72) 

was six times larger than the most likely (i.e. average) correlation expected from regression to the 

mean, and the observed correlation was three times larger than the maximum correlation expected 

from regression to the mean (Fig. A1.2). 
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Figure A1.1. Illustration of the five steps involved in the simulation model. Step 1: we generated an 

initial wing pointedness and correlation between wing pointedness and time for each of 21 species, 

to produce a cross-species correlation between these two variables = 0. Additionally, each simulated 

species was randomly assigned a sample size equal to the sample size for one of the 21 observed 

species. Step 2: we simulated 100 years of wing pointedness estimates for each species, based on 

the initial wing pointedness, correlation, and sample size generated in step 1. Step 3: for each 

species we predicted the initial wing pointedness (i.e. intercept; bi) and change in wing pointedness 

(i.e. slope; mi) from a linear regression model of the relationship between the simulated wing 

pointedness and year. Step 4: we extracted bi and mi for the 21 species from the models produced in 

step 3. Step 5: we calculated the cross-species correlation between bi and mi.  
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Figure A1.2. Frequency distribution of the cross-species correlation between the initial wing 

pointedness and change in wing pointedness estimated from linear regression, for 1000 simulated 

data sets. Because the actual (population-level) correlation between the initial wing pointedness and 

the change in wing pointedness = 0 in our simulations, a negative correlation is caused by 

regression to the mean. The arrow indicates the observed correlation between the initial wing 

pointedness and the change in wing pointedness in our empirical study.  
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Appendix 2 
Habitat selection ratios for each of 21 North American passerine species.  

 

Table A2. Land cover classifications, showing how land cover classes from Goldewijk (2007) were 

combined to produce the 11 land cover classes in this study. 

Land cover class (Goldewijk 2007) Land cover class (this study) 
boreal forest coniferous forest 
cool conifer forest  
temperate mixed forest mixed forest 
warm mixed forest  
temperate deciduous forest broadleaf forest 
tropical woodland  
tropical forest  
scrubland scrub 
grassland/steppe grassland 
savanna  
hot desert desert 
tundra tundra 
wooded tundra  
oceans/water water 
cultivated land agriculture 
pasture/land used for grazing pasture 
ice ice 
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Figure A2. Habitat selection ratios (HSRi) for each of 21 North American passerine species. The 

HSRi is the proportion of species observations in land cover class i, divided by the proportion of all 

sampling locations in the species range in that land cover class. HSRi > 1 indicate land cover classes 

used more frequently than expected, given the availability of that land cover class within the species 

range and set of sampled North American Breeding Bird Survey routes. HSRi < 1 indicate 

avoidance of a land cover. C = coniferous forest (boreal or cool), M = mixed forest (temperate or 

warm), B = broadleaf forest (temperate or tropical), S = scrub, G = grassland, steppe, or savanna, D 

= desert, T = tundra (unwooded or wooded), W = water (ocean or fresh), P = pasture, A = 

agriculture. HSRice is not shown, because there were no sampling locations in any species range in 

that land cover. Continued on the following page.  
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Figure A2. Habitat selection ratios (HSRi) for each of 21 North American passerine species. 

Continued on the following page. 
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Figure A2. Habitat selection ratios (HSRi) for each of 21 North American passerine species. 
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Appendix 3 
Lack of relationship between the initial wing pointedness and the change in habitat cover 

 

Methods 
If the observed relationship between initial dispersal ability and change in dispersal ability was 

caused by changes in habitat availability, then we should find that the most dispersive species lost 

habitat and the least dispersive species gained habitat. To investigate this, we tested for a cross-

species relationship between initial dispersal ability and the change in habitat cover. Initial dispersal 

ability was estimated as the wing pointedness (i.e. primary wing projection in 1900), derived from 

Desrochers (2010). Desrochers (2010) measured wing pointedness of museum specimens collected 

between 1900 and 2008 for each of 21 bird species. Note that for Sitta canadensis Desrochers 

(2010) made separate measurements for boreal and temperate populations; we used only the boreal 

data for this species. We estimated the change in habitat cover as the proportional habitat cover in 

1990 minus the proportional habitat cover in 1900. Species habitat was identified empirically, as the 

land cover classes in which the species was observed more often than expected, given the 

availability of that land cover class within the species range and set of sampled North American 

Breeding Bird Survey routes (Goldewijk 2007, Pardieck et al. 2014, Supplementary material 

Appendix 2 Fig. A2). 

We tested for a negative correlation between the initial wing pointedness and the change in 

habitat cover. To account for non-independence of observations caused by phylogenetic relatedness 

we used phylogenetically independent contrasts in a one-tailed, Pearson correlation test (Felsenstein 

1985). There is uncertainty in the phylogenetic relationships among species. To account for this 

uncertainty we used a random sample of 5000 possible phylogenetic trees for our species, chosen 

from the pseudo-posterior distribution of trees with a Hackett backbone (Jetz et al. 2012), and 

repeated the correlation test 5000 times, each time using a different phylogeny. To determine the 

support for a relationship between the initial wing pointedness and the change in habitat cover, we 

calculated the median correlation and p-value from the 5000 analyses. 

Data analysis was conducted in R (<www.r-projecyt.org>), using the ‘picante’ (Kembel et 

al. 2010) package. 

 

Results  

There was no support for a relationship between initial wing pointedness and the change in habitat 

cover (Fig. A3, r = –0.14, p = 0.27). 
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Figure A3. Relationship between the initial wing pointedness and the change in habitat cover; each 

point represents one of the 21 species. Initial wing pointedness estimates were the primary 

projections predicted for 1900, from Desrochers (2010). Change in habitat cover was estimated as 

the proportional habitat cover in 1990 minus the proportional habitat cover in 1900. 
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Appendix 4 
Migration status does not explain the change in wing pointedness for North American Passerine 

species 

 

Methods  

To test whether differences in the change in wing pointedness among species were related to 

migration status, we modeled the relationship between the change in wing pointedness and the 

species’ migration status. 

Our estimates of the change in wing pointedness and migration status were taken from 

Desrochers (2010). Desrochers (2010) measured wing pointedness (i.e. the primary wing 

projection) of museum specimens collected between 1900 and 2008, and used these measurements 

to estimate the change in wing pointedness per 100 years for each of 21 bird species. Desrochers 

(2010) classified each species as 1) resident, if it remains in its breeding range year-round, 2) short-

distance migrant, if it overwinters primarily in the continental United States, or 3) long-distance 

migrant, if it overwinters in the Caribbean or south of the continental United States. Note that for 

Sitta canadensis Desrochers (2010) made separate measurements for boreal and temperate 

populations; we used only the boreal data for this species. 

We modeled the relationship between the change in primary projection and the species’ 

migration status using a generalized least squares model. We controlled for non-independence of 

observations caused by the phylogenetic relatedness of our sampled species by including a 

covariance matrix, where covariance between a given pair of species was based on a phylogenetic 

tree and a Brownian model of evolution (Martins and Hansen 1997). To determine the support for a 

relationship between the change in primary projection and migration status, we used a likelihood 

ratio test to compare our model to the null (intercept-only) model. To account for uncertainty in the 

phylogenetic relationships among species, we used a random sample of 5000 phylogenetic trees for 

our species, chosen from the pseudo-posterior distribution of trees with a Hackett backbone (Jetz et 

al. 2012). We then fit the above models 5000 times, each with a different phylogeny, and calculated 

the median likelihood ratio and p-value from the 5000 analyses. 

Data analyses were conducted in R (<www.r-project.org>), using the ‘ape’ (Paradis et al. 

2004) and ‘nlme’ (Pinheiro et al. 2014) packages. 

 

Results 
Of the 21 study species, four were classified as resident, seven as short-distance migrant, and 10 as 

long-distance migrant. The change in wing pointedness did not vary with species’ migration status 
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(Fig. A4). The model of the relationship between the change in wing pointedness and migration 

status was not more likely than the null (intercept-only) model (LR = 3.08, p = 0.21).  

 
Figure A4. Change in the wing pointedness for resident, short-distance migrant, and long-distance 

migrant species. Each point represents a species. Change in wing pointedness was measured as the 

change in primary projection per 100 years, from Desrochers (2010). 
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Appendix 5 
Foraging behavior does not explain the change in wing pointedness for North American passerine 

species 

 

Methods  
To test whether differences in the change in wing pointedness among species were related to the 

species’ foraging movements, we modeled the relationship between the change in wing pointedness 

and the species’ dominant foraging behavior. Our estimates of the change in wing pointedness were 

taken from Desrochers (2010). Desrochers (2010) measured wing pointedness (i.e. the primary 

wing projection) of museum specimens collected between 1900 and 2008, and used these 

measurements to estimate the change in wing pointedness per 100 years for each of 21 bird species. 

We estimated foraging behavior for each species using The Cornell Lab of Ornithology (2016) 

classifications of bird diet and foraging behavior. However, because all species, except for 

Perisoreus canadensis, were classified as insectivores (Fig. A5), we based our analysis on the 

foraging behavior only. Note that for Sitta canadensis Desrochers (2010) made separate 

measurements for boreal and temperate populations; we used only the boreal data for this species. 

We modeled the relationship between the change in wing pointedness and the foraging 

behavior using a generalized least squares model. We controlled for non-independence of 

observations caused by the phylogenetic relatedness of our sampled species by including a 

covariance matrix, where covariance between a given pair of species was based on a phylogenetic 

tree and a Brownian model of evolution (Martins and Hansen 1997). To determine the support for a 

relationship between the change in wing pointedness and foraging behavior, we used a likelihood 

ratio test to compare our model to the null (intercept-only) model. To account for uncertainty in the 

phylogenetic relationships among species, we used a random sample of 5000 phylogenetic trees for 

our species, chosen from the pseudo-posterior distribution of trees with a Hackett backbone (Jetz et 

al. 2012). We then fit the above models 5000 times, each with a different phylogeny, and calculated 

the median likelihood ratio and p-value from the 5000 analyses. 

Data analyses were conducted in R (<www.r-project.org>), using the ‘ape’ (Paradis et al. 

2004) and ‘nlme’ (Pinheiro et al. 2014) packages. 

 

Results 
Of the 21 study species, six were classified as ground foragers, four as bark gleaners, and 11 as 

foliage gleaners. The change in wing pointedness did not vary with foraging behavior (Fig. A5). 
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The model of the relationship between the change in wing pointedness and foraging behavior was 

not more likely than the null (intercept-only) model (LR = 2.92, p = 0.23).  

 

 
Figure A5. Change in the wing pointedness for ground foraging, bark gleaning, and foliage gleaning 

insectivous (n = 20) or omnivorous (n = 1) species. Change in wing pointedness was measured as 

the change in primary wing projection per 100 years, from Desrochers (2010). 
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Appendix 6 

Comparisons of the two wing pointedness measures (initial wing pointedness and change in wing 

pointedness) and the number of specimens, the range of sampled years, and an index of the change 

in the frequency of specimens over time. 

 

Figure A6. Comparison of the initial wing pointedness (a–c) and change in wing pointedness (d–f) 

to the number of specimens, the range of sampled years (first minus last year of collection), and the 

ratio of the number of specimens collected during the first 20 years (i.e. early specimens) / the 

number of specimens collected during the last 20 years (late specimens). This ratio indexes the 

change in the frequency of specimens over time. Ratios < 1 indicate an increase in the number of 

specimens over the collection period, and ratios > 1 a decrease. Each point represents one of the 21 

species.  



 

16 
 

Appendix 7 
Lack of relationship between the North American population trend and dispersal ability 

 

Methods 
We tested for a cross-species relationship between the North American population trend and 

dispersal ability. Population trends were obtained from the USGS Patuxent Wildlife Research 

Center (Sauer et al. 2014). The trend for each species was the geometric mean of yearly changes in 

abundance from 1966 to 2013 predicted by a Bayesian hierarchical model of the North American 

Breeding Bird Survey (BBS) point counts. The BBS is a continent-wide, multi-year data set of 

species counts for breeding birds along more than 4100 roadside survey routes. Point counts are 

conducted at 50 stops spaced along each 39.4-km-long roadside survey route once each year during 

the breeding season. At each point count, all birds seen or heard within a 0.4 km radius are recorded 

over a 3 minute interval.  

Estimates of dispersal ability were derived from data in Desrochers (2010). Desrochers 

(2010) used wing pointedness (i.e. the primary wing projection) as a measure of dispersal ability, 

measuring the wing pointedness of museum specimens collected between 1900 and 2008. We 

predicted the wing pointedness for 1989, from a linear regression of wing pointedness as a function 

of the specimen collection date. We used 1989 because it was the midpoint of the time series of data 

used to estimate population trends (see previous paragraph). However, our conclusions did not 

depend on which year we used to predict the wing pointedness. 

We tested for a correlation between the population trend and wing pointedness. To account 

for non-independence of observations caused by phylogenetic relatedness we used phylogenetically 

independent contrasts in a two-tailed Pearson correlation test (Felsenstein 1985). There is 

uncertainty in the phylogenetic relationships among species. To account for this uncertainty we 

used a random sample of 5000 possible phylogenetic trees, chosen from the pseudoposterior 

distribution of trees with a Hackett backbone (Jetz et al. 2012), and repeated the correlation test 

5000 times, each time using a different phylogeny. To determine the support for a relationship 

between the population trend and wing pointedness, we calculated the median correlation and p-

value from the 5000 analyses. 

Data analysis was conducted in R (www.r-project.org>), using the ‘picante’ (Kembel et al. 

2014) package. 
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Results  
There was no support for a relationship between the wing pointedness (in 1989) and population 

trend (r = –0.11, p = 0.62; Fig. A7).  

 

 
Figure. A7. Relationship between the species’ North American population trend and wing 

pointedness. Each point represents one of 21 species. For each species we used a linear regression 

of wing pointedness against year of specimen collection to predict the wing pointedness in 1989. 

See Methods for calculation of wing pointedness values. The trend for each species was the 

geometric mean of yearly changes in abundance from 1966 to 2013 predicted by a Bayesian 

hierarchical model of the North American Breeding Bird survey point counts (Sauer et al. 2014). 
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