SUPPLEMENTARY INFORMATION
McQueen et al.

Thermal adaptation best explains Bergmann’s and Allen’s Rules across

ecologically diverse shorebirds

Table S1. List of shorebird species included in the study.

Common name

Scientific name

Curlew Sandpiper

Sharp-tailed Sandpiper

Red-necked Stint
Red Knot

Great Knot
Sanderling
Bar-tailed Godwit
Far Eastern Curlew
Whimbrel

Ruddy Turnstone
Common Greenshank
Terek Sandpiper
Grey-tailed Tattler
Pacific Golden Plover
Grey Plover

Lesser Sand Plover
Greater Sand Plover
Red-kneed Dotterel
Red-capped Plover
Masked Lapwing
Common Tern
Whiskered Tern
Little Tern

Caspian Tern

Great Crested Tern
Black-winged Stilt
Banded Stilt
Red-necked Avocet
Pied Oystercatcher
Sooty Oystercatcher

Calidris ferruginea

Calidris acuminata

Calidris ruficollis

Calidris canutus

Calidris tenuirostris

Calidris alba

Limosa lapponica

Numenius madagascariensis
Numenius phaeopus
Arenaria interpres

Tringa nebularia

Xenus cinereus

Heteroscelus brevipes
Pluvialis fulva

Pluvialis squatarola
Charadrius mongolus
Charadrius leschenaultii
Erythrogonys cinctus
Charadrius ruficapillus
Vanellus miles

Sterna hirundo

Chlidonias hybrida

Sterna albifrons

Sterna caspia

Sterna bergii

Himantopus himantopus
Cladorhynchus leucocephalus
Recurvirostra novaehollandiae
Haematopus longirostris
Haematopus fuliginosus
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Figure S1. Sampling effort in northern Australia and southern Australia over time, showing samples
collected are roughly consistent across years at the two locations.
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Figure S2. Estimates of energetic resources (assessed as differences in log-transformed mass while controlling
for wing length) in northern populations relative to southern populations of 30 shorebird species. Points above
the line indicate greater energetic resources in northern populations. Log-transformed mass was scaled and
centred, so effect sizes are comparable across species. Points represent the estimates for effect of location
derived from linear mixed models. Error bars show 95% confidence intervals. Effects are shown for species with
different migration behaviours (migratory, nomadic/partially migratory, and residential) and foraging methods
(probe and visual). Estimates controlling for sex differences in morphology are shown for species where

individuals could be reliably sexed. Sample sizes are shown for birds caught at different locations (southern
observations | northern observations).
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Figure S3. Boxplots showing median (centre), interquartile range (box), and maxima/minima minus outliers
(whiskers) of bill length (mm) for shorebird populations in southern (S) and northern (N) Australia. Data are
shown for 30 species. Where possible, data are shown separately according to sexes (F = female, M = male, U =
unknown). Colours show representatives of different families (as indicated in Figure S1).
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Figure S4. Boxplots showing median (centre), interquartile range (box) and maxima/minima minus outliers
(whiskers) of wing length (mm) for shorebird populations in southern (S) and northern (N) Australia. Data are
shown for 30 species. Where possible, data are shown separately according to sexes (F = female, M = male, U =
unknown). Colours show representatives of different families (as indicated in Figure S1).

5



- | Sharp-taied Sandpper | Red-necked Stnl 0] Red Knat
100 401
=% 150
é a0l \ h Yo
0]
3
ol ")
4 - m)
404
FG N M Ny s ] 3 N
- 1500{ Far Eastern Curlew
50 1700
3 %00
- =
1590
800
100
5 L SF NE su Nw SF NE M UL
o0 0 Ruddy Tumstona v Camman Greanshank 201 Tersk Sandpipar
o 1004
Bua 150 2 200+
2 I’ T &0
2u P —t
100 150 .
00
200 ) 100 0
5 N 5F NF M HM s nU & N 5 N
Gray.tnilad Tattiar Pacific Goldan Piover T Lasser Sand Plovar
200
15 1001
]
- 150 00
] I 74
2 L 1 = 1
1
100 [ 1_]_.._1
200 P
s0|
“ 3 [ & N & N 3 N
5007 Masked Lagwing %7 Redkneed Dotterel
120
]
A
3" @
i
#®
2 . @
L) A
2004
40 o4
s H F H
1o{ Lise Tem 1600{ Caspian Tem
100
L
— 70
ooy
E bl 77
L] v - L]
wl A$|
k3 N 3 N
450 50 Banded Stin 00| Red-necked Avacat
40 300 a0
By a5
- 200/
=
= 500 200 |
0
250 150+
20/
5 N 5 N
1000| Pied Oystercatcher Sooty Crystercatzher
1000 1
900
!
2 8007
H
=
o] I?I - |
o0 %
0!

3 [ 8 N

Figure S5. Boxplots showing median (centre), interquartile range (box) and maxima/minima minus outliers
(whiskers) of mass (g) for shorebird populations in southern (S) and northern (N) Australia. Data are shown for
30 species. Where possible, data are shown separately according to sexes (F = female, M = male, U = unknown).
Colours show representatives of different families (as indicated in Figure S1).
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Table S2. Phylogenetic generalised linear mixed model output for predictors of relative bill length of Australian
shorebirds. Bill length was log-10 transformed to improve normality; differences in bill length are shown
controlling for wing length (as an indicator of body size). Effects are expressed relative to adult, migratory
shorebirds in southern Australia, which use their bills to probe for prey, and were sampled during summer-spring
or the wet season. Sample size is N = 99,443 observations from 30 shorebird species. Three model outputs show
the (i) model without interactions, referenced in the main results, and models testing for an interaction between
(ii) location and migration behaviour and (iii) location and foraging method.

Model showing main results

Random effects Variance

Species 0.013

Phylogeny 0.004

Residual 0.001

Fixed effects Estimate Lower CI Upper CI
Intercept 0.017 -0.074 0.107
Location (north) 0.008 0.007 0.008
Logio wing length 0.647 0.636 0.659
Age (juvenile) 0.007 0.006 0.007
Season (winter/dry) -0.003 -0.003 -0.002
Year 1x10° -1x10° 3x10°
Migration (nomadic) 0.044 -0.129 0.217
Migration (resident) 0.061 -0.117 0.238
Foraging method (visual) -0.121 -0.317 0.078
Model including location*migration interaction

Random effects Variance

Species 0.012

Phylogeny 0.004

Residual 0.001

Fixed effects Estimate Lower Cl Upper CI
Intercept 0.016 -0.077 0.108
Location (north) 0.007 0.006 0.007
Migration (nomadic) 0.050 -0.124 0.225
Migration (resident) 0.065 -0.119 0.247
Logio wing length 0.652 0.640 0.664
Age (juvenile) 0.007 0.006 0.007
Season (winter/dry) -0.003 -0.003 -0.002
Year 1x10° -1x10° 3x10°
Foraging method (visual) -0.127 -0.325 0.073
Location (north) : migration (nomadic) -1x10% -0.002 0.002
Location (north) : migration (resident) 0.016 0.014 0.018
Model including location*foraging interaction

Random effects Variance

Species 0.012

Phylogeny 0.004

Residual 0.001

Fixed effects Estimate Lower CI Upper CI
Intercept 0.015 -0.078 0.107
Location (north) 0.007 0.007 0.008
Foraging method (visual) -0.128 -0.326 0.072
Logio wing length 0.647 0.635 0.659
Age (juvenile) 0.007 0.006 0.007
Season (winter/dry) -0.003 -0.003 -0.002
Year 1x10° -1x10° 3x10°
Migration (nomadic) 0.051 -0.123 0.226
Migration (resident) 0.071 -0.112 0.254
Location (north) : foraging method (visual) 0.005 0.003 0.006




Table S3. Phylogenetic generalised linear mixed model output for predictors of absolute bill length of Australian
shorebirds. Bill length was log-10 transformed to improve normality; differences in bill length shown are
independent of differences in body size (i.e. without controlling for wing length, compare with Table S1 above).
Effects are expressed relative to adult, migratory shorebirds in southern Australia, which use their bills to probe

for prey, and were sampled during summer-spring or the wet season. Sample size is N = 99,443 observations
from 30 shorebird species.

Random effects Variance

Species 0.024

Phylogeny 0.011

Residual 0.001

Fixed effects Estimate Lower CI Upper CI
Intercept 0.051 -0.079 0.182
Location (north) 0.005 0.004 0.005
Age (juvenile) -0.001 -0.002 -0.001
Season (winter/dry) -0.001 -0.001 -0.001
Year 2x10° -2 x10%® 4 x10°
Migration (nomadic) 0.037 -0.217 0.291
Migration (resident) 0.109 -0.152 0.368
Foraging method (visual) -0.099 -0.381 0.181




Table S4. Phylogenetic generalised linear mixed model output for predictors of wing length of Australian
shorebirds. Wing length was log-10 transformed to improve normality. Effects are expressed relative to adult,
migratory shorebirds in southern Australia, sampled during summer-spring or the wet season. Sample size is N
= 119,403 observations from 30 shorebird species. Model outputs show the model without interactions,
referenced in the main results, and a model testing for an interaction between location and migration behaviour.

Model showing main results

Random effects Variance

Species 0.009

Phylogeny 0.003

Residual 2x104

Fixed effects Estimate Lower Cl Upper CI
Intercept 0.077 0.023 0.130
Location (north) -0.005 -0.005 -0.004
Age (juvenile) -0.012 -0.013 -0.012
Season (winter/dry) 0.003 0.003 0.003
Year -2 x 10 -3 x10° 1x10°
Migration (nomadic) 0.001 -0.148 0.150
Migration (resident) 0.085 -0.070 0.241
Model including location*migration interaction

Random effects Variance

Species 3x10%

Phylogeny 0.005

Residual 2x10*

Fixed effects Estimate Lower Cl Upper Cl
Intercept 0.079 0.023 0.134
Location (north) -0.004 -0.004 -0.004
Migration (nomadic) -0.005 -0.161 0.151
Migration (resident) 0.083 -0.080 0.246
Age (juvenile) -0.012 -0.013 -0.012
Season (winter/dry) 0.003 0.003 0.003
Year -2 x10° -3 x10° 1x10°
Location (north) : migration (nomadic) 5x 104 -5x 104 0.002
Location (north) : migration (resident) -0.010 -0.011 -0.009




Table S5. Phylogenetic generalised linear mixed model output for predictors of body mass of Australian
shorebirds. Mass was log-10 transformed to improve normality. Effects are expressed relative to adult, migratory
shorebirds in southern Australia, sampled during summer-spring or the wet season. Sample size is N = 202,647
observations from 30 shorebird species. Model outputs show the model without interactions, referenced in the
main results, and a model testing for an interaction between location and migration behaviour.

Model showing main results

Random effects Variance

Species 0.043

Phylogeny 0.061

Residual 0.003

Fixed effects Estimate Lower Cl Upper CI
Intercept 0.185 0.027 0.344
Location (north) -0.030 -0.031 -0.029
Age (juvenile) -0.052 -0.052 -0.051
Season (winter/dry) 0.046 0.046 0.047
Year -1x104 -1x104 -1x104
Migration (nomadic) -0.008 -0.451 0.435
Migration (resident) 0.274 -0.194 0.741
Model including location*migration interaction

Random effects Variance

Species 0.042

Phylogeny 0.067

Residual 0.003

Fixed effects Estimate Lower Cl Upper CI
Intercept 0.186 0.031 0.343
Location (north) -0.029 -0.030 -0.029
Migration (nomadic) -0.013 -0.449 0.420
Migration (resident) 0.277 -0.184 0.733
Age (juvenile) -0.051 -0.052 -0.051
Season (winter/dry) 0.046 0.045 0.046
Year -1x10* -1x10* -1x10*
Location (north) : migration (nomadic) 0.002 -0.001 0.005
Location (north) : migration (resident) -0.020 -0.024 -0.017
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Table S6. Phylogenetic generalised linear mixed model output for predictors of body stores (i.e. mass controlling
for wing length as an indicator of body size) of Australian shorebirds. Mass was log-10 transformed to improve
normality. Effects are expressed relative to adult, migratory shorebirds in southern Australia, sampled during
summer-spring or the wet season. Sample size is N = 118,017 observations from 30 shorebird species. Model
outputs show the model without interactions, referenced in the main results, and a model testing for an
interaction between location and migration behaviour.

Model showing main results

Random effects Variance

Species 0.011

Phylogeny 0.011

Residual 0.003

Fixed effects Estimate Lower CI Upper CI
Intercept 0.028 -0.046 0.100
Location (north) -0.028 -0.029 -0.027
Logio wing length 1.752 1.732 1.772
Age (juvenile) -0.026 -0.027 -0.025
Season (winter/dry) 0.037 0.036 0.038
Year 2x10* 2x10* 2x10%
Migration (nomadic) -0.027 -0.231 0.180
Migration (resident) 0.111 -0.101 0.324
Model including location*migration interaction

Random effects Variance

Species 0.011

Phylogeny 0.011

Residual 0.003

Fixed effects Estimate Lower CI Upper CI
Intercept 0.028 -0.046 0.101
Location (north) -0.028 -0.029 -0.027
Migration (nomadic) -0.032 -0.237 0.175
Migration (resident) 0.113 -0.100 0.326
Logio wing length 1.750 1.730 1.770
Age (juvenile) -0.026 -0.027 -0.026
Season (winter/dry) 0.037 0.036 0.038
Year 2x10% 2x10* 2x10%
Location (north) : migration (nomadic) 0.010 0.007 0.014
Location (north) : migration (resident) -0.004 -0.008 -0.001
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Supplementary Note 1: DATA CLEANING METHODS

Cleaning morphometric data

Community scientists of the VSWG and AWSG have expert knowledge of shorebird ecology and
considerable experience in taking morphological measurements. Nevertheless, with so many
observations of shorebirds taken over 45 years by numerous volunteers, it is inevitable that there will
be occasional errors in the raw data. Hence, we cleaned our data prior to analysis to remove instances
of clear errors. We removed errors for bill length, head-and-bill (HB) length, wing length and mass
data while blind to sample location. HB length was not included in our analysis but was used to
compare against bill length while cleaning the morphometric data. HB length is measured from the
back of the skull to the tip of the bill using callipers. Firstly, we corrected measurements that appeared
to be out by a factor of ten, for example, due to measurements recorded in centimetres instead of
millimetres or because a decimal point was missed when transcribing the data. Secondly, we removed
‘extreme’ outliers (i.e. with values that were clearly impossible) from the entire dataset, irrespective
of species: We excluded all bill lengths below two millimetres and above half a metre, HB lengths
below 20 millimetres and above 0.8 of a metre, wing lengths below 50 millimetres and above 1.5
metres, and mass values below 5 grams and above two kilograms. For bill and HB lengths, we next
used a multivariate outlier removal approach. Given the strong, predicted relationship between bill
length and HB length for the same individual, we calculated the Mahalanobis distance from the
estimated relationship between the two variables and removed points beyond the ‘adjusted quartile’
for the Mahalanobis distance (Filzmoser, 2004; Filzmoser et al., 2005). This approach enabled us to
determine inaccurate values due to their departure from the expected relationship between the two
variables. This includes errors for bill length, HB length, and where the combination of bill and HB
lengths for the same individual gives unlikely values for head length, suggesting one or both
measurements are inaccurate. The adjusted quartile is an adaptive indicator that attempts to
distinguish between extreme values and true outliers based on departures from the predicted

relationship (Filzmoser, 2004; Filzmoser et al., 2005). We calculated Mahalanobis distances and
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adjusted quartiles using the package ‘mvoutlier’ in R (Filzmoser & Gschwandtner, 2018). We excluded
likely errors for wing length and mass using set cut-offs for each species based on visual inspection of

the data.

Data were initially recorded in datasheets, with ‘Datasheet ID’ assigned to a given species and capture
event, where the same group of people typically completed individual datasheets. We therefore
removed all data points for bill length, wing length and mass from datasheets with over 30% of
measurements classed as outliers for bill length, wing length and mass respectively. We reasoned that
if a sampling group made errors for at least 30% of their measurements, other measurements by the

same group were likely inaccurate, even if they fell within the expected range of values.

We calculated repeatability of measurements taken from the same individuals following Nakagawa
and Schielzeth (2010), dividing variance explained by individuals (band number) by the residual
variance and individual variance combined. Variances were estimated for repeat captures using a
linear mixed model with bill length, wing length or mass as the response variable, sample year, age
(adult/juvenile) and season (summer-wet vs winter-dry) as fixed terms, and species and band ID as
random effects. Repeatability for bill length = 0.92, and wing length = 0.72, for N = 3317 samples of
1583 individual shorebirds (band numbers) captured in the same year. Repeatability for mass = 0.78,
for N = 3168 samples of 1567 individuals captured in the same month and year. Lower repeatability
of wing length and mass are to be expected, as measurements are likely influenced by factors such as
recent foraging success prior to capture and feather wear and tear. By comparison, bill lengths, though
impacted by growth and wear, are expected to remain relatively consistent and this is likely reflected
in the higher repeatability scores. Repeatability scores may underestimate true measurement
accuracy due to possible errors in reading band numbers. We note that measurement error will most
likely add noise to the dataset rather than systematic bias, because many of the same people collected
shorebird data in both northern and southern Australia (the AWSG was founded by members of the

VSWG), using consistent methods.
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Assigning sex

Sex was initially estimated in the field based on a combination of plumage characteristics and sex
differences in morphology for bar-tailed godwits, curlew sandpipers, far-eastern curlews, ruddy
turnstones and sharp-tailed sandpipers. Taking advantage of the relatively substantial differences in
the size and shape of males and females, we later estimated the sex of unsexed bar-tailed godwits
and far eastern curlews, based on differences in bill length, and sharp-tailed sandpipers, based on
differences in mass (Figure S6). This approach is consistent with previous shorebird research and
necessary where molecular sexing methods are unfeasible (Higgins & Davies, 1996). However, we
acknowledge such an approach is imperfect and likely to add noise to the dataset due to misclassified
sexes. Nevertheless, including an estimate of sex in our analyses enables us to test for latitudinal
patterns in morphology while controlling for possible effects of differential migration between the
sexes in sexually dimorphic species (see Discussion in the main text). We did not use similar post-hoc
methods to assign sexes to unsexed curlew sandpipers and ruddy turnstones due to the greater

overlap of morphology between the sexes.
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Figure S6. Bar plots showing cut-offs used to assign sexes to unsexed individuals (white bars) based
on patterns from individuals initially sexed in the field (red = female; blue = male). Cut-offs are shown
for the (A) northern Australian population of bar-tailed godwit (bill length > 97 mm = female), (B)
southern Australian population of bar-tailed godwit (bill length > 93 mm = female), (C) far eastern
curlew (bill length > 168 mm = female) and (D) sharp-tailed sandpiper (mass > 64 g = male). Separate
cut-offs were used for northern and southern bar-tailed godwit populations due to consistent
morphological differences between northern and southern Australian sub-species.

Supplementary References

Filzmoser, P. (2004). A multivariate outlier detection method. Seventh International Conference on
Computer Data Analysis and Modeling, 1(1989), 18-22.
http://computerwranglers.com/com531/handouts/mahalanobis.pdf

Filzmoser, P., Garrett, R. G., & Reimann, C. (2005). Multivariate outlier detection in exploration
geochemistry. Computers and Geosciences, 31(5), 579-587.
https://doi.org/10.1016/j.cageo.2004.11.013

Filzmoser, P., & Gschwandtner, M. (2018). Package ‘mvoutlier’: multivariate outlier detection based
on robust methods (2.0.9). http://cstat.tuwien.ac.at/filz/ NeedsCompilation

Higgins, P. J., & Davies, S. J. J. F. (Eds.). (1996). Handbook of Australian, New Zealand and Antarctic
Birds. Volume 3: Snipe to Pigeons. Oxford University Press.

Nakagawa, S., & Schielzeth, H. (2010). Repeatability for Gaussian and non-Gaussian data: A practical
guide for biologists. Biological Reviews, 85(4), 935-956. https://doi.org/10.1111/j.1469-
185X.2010.00141.x

15



Supplementary Note 2: CONSORTIA MEMBERSHIPS

The following individuals are the members of the two consortia who have contributed to multiple field
trips over the collection data period

Victorian Wader Study Group

Bev Abbott

Geoff Abbott
Rick Aitchison
Kahlid Al Dabbagh
Ruby Albury
Margaret Alcorn
Richard Alcorn
Heather Alexander
Charles Allen
Jocelyn Allen
Malcolm Allen
Terri Allen
Stephen Ambrose
Mark Anderson
Deborah Andrew
Peter Anton
George Appleby
Gabrielle Archard
Allen Archbold
Max Arney

Basil Artimedes
Bruce Atkin

Steve Atkinson
David Ball

Tony Ball

Alex Barisic

Ryan Barnaby
Lisa Barter

Mark Barter
Terry Barter

Kevin Bartram

Rose Baulch
Graham Beal
Jenny Beal

Lauren Beasley
Andy Bennett
Margaret Bennett
Mark Bennett
Gail Berry

Rob Berry

Mark Bezuijen
Robert Bezuijen
Steve Bianchi
Steven Bianchi
David Billinghurst
Pat Bingham
Margaret Blakers
Robin Borland
Janine Bossel
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