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Abstract Changes in flight muscle size are important

mediators of phenotypic flexibility in birds, so the ability to

track such changes over time in individual birds is a

valuable tool for investigating phenotypic flexibility.

Ultrasonography has been used to track changes in flight

muscle size in shorebirds, but has not been previously used

to track such changes in small birds, despite variation in

flight muscle size being an important contributor to phe-

notypic flexibility in these birds. One prominent avian

example of phenotypic flexibility is the seasonal pheno-

types of small birds in response to climatic variation. The

winter phenotype in these birds is characterized by

increases in organismal metabolic rates and pectoralis

muscle mass. We measured seasonal flight muscle size in

House Sparrows (Passer domesticus, 25–30 g) using both

ultrasonography and wet muscle mass and tested the cor-

relation between ultrasonographic measures of breast

muscle thickness and muscle mass. We further tested

whether ultrasonographic measures of muscle thickness

were sufficiently precise to detect seasonal variation in

flight muscle mass. Muscle mass was significantly and

positively associated with ultrasonographic measurements

of breast muscle thickness for short-axis (SA), long-axis

(LA), and combined SA and LA measurements. Breast

muscle mass was significantly greater in winter than in

summer (17.5 %) and muscle thickness also increased

significantly in winter for both SA (9.1 %) and LA (7.5 %)

measures. Thus, these data confirm that winter elevations

of flight muscle mass consistently contribute to the winter

phenotype in House Sparrows and that ultrasonography is

effective in detecting seasonal changes in muscle mass in

small birds.
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Zusammenfassung

Jahreszeitliche phänotypische Flexibilität in der Größe

der Flugmuskulatur bei kleinen Vögeln: Ein Vergleich

von Maßen anhand von Ultraschall und Gewebegewicht

Veränderungen der Flugmuskulatur von Vögeln sind wich-

tige Mediatoren phänotypischer Flexibilität. Von daher ist

die Möglichkeit, derartige zeitliche Veränderungen in indi-

viduellen Vögeln zu messen ein sehr hilfreich um phäno-

typische Flexibilität zu untersuchen. Mittels Ultraschalls

können Veränderungen in der Flugmuskulatur von Seevö-

geln gemessen werden. Diese Methode wurde jedoch bis

jetzt noch nicht in Singvögeln genutzt, und das obwohl

Variation in der Größe von Flugmuskeln in diesen Arten ein

wichtiger Indikator von phänotypischer Flexibilität ist. Ein

bekanntes Beispiel von phänotypischer Flexibilität in der

Ornithologie sind die saisonalen Veränderungen von Phä-

notypen kleiner Vögel als Reaktion auf Klimavariation. Die

winterlichen Phänotypen dieser Vögel sind durch einen

Anstieg physiologischer Umsatzraten und des Gewichtes des

Pectoralis Muskels geprägt. Wir haben die saisonale Größe

der Flugmuskulatur in Haussperlingen (Passer domesticus,

25–30 g) mittels Ultraschalls sowie durch Bestimmung der

Dicke und des Nassgewichtes, sowie die Korrelation zwi-

schen beiden bestimmt. Ferner haben wir untersucht ob die

Ultraschallmessung der Dicke der Muskeln die saisonale
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Veränderung in der Masse der Flugmuskeln vorhersagen

kann. Muskelmasse war signifikant positiv mit den Ultra-

schallmaßen short-axis (SA), long-axis (LA) und einer

Kombination von SA und LA assoziiert. Die Masse des

Brustmuskels war im Winter signifikant höher als im Som-

mer (17.5 %). Ebenso nahm die Dicke der Muskeln während

des Winters zu (SA: 9.1 %, LS: 7.5 %). Unsere Daten un-

terstützen dass die Zunahme der Flugmuskulatur während

des Winters konsistent zum Winterphänotyp von Haus-

sperlingen beitragen, und ferner, dass Ultraschall ausrei-

chend effektiv ist um saisonale Veränderungen in der

Muskelmasse kleiner Vögel zu detektieren.

Introduction

Flexible phenotypic responses permit birds to alter their

morphology and physiology to better match changing

energy demands throughout the annual cycle (Swanson

2010; Piersma and van Gils 2011). One well-known

example of such reversible phenotypic flexibility are the

seasonal phenotypes occurring in small birds in response to

seasonal climatic variation (Swanson 2010). The winter

phenotype in these birds is characterized by improved cold

tolerance and enhanced capacities for thermogenesis

(McKechnie and Swanson 2010; Swanson 2010). Winter

increases in summit metabolic rates (Msum, maximal ther-

moregulatory metabolic rates) of 20–40 % relative to

summer are common among small birds (Swanson 2010).

Such increases in maximal thermogenic capacity are asso-

ciated with improved shivering endurance at cold temper-

atures and heightened levels of cold tolerance (Marsh and

Dawson 1989; Swanson 2001; Swanson and Liknes 2006).

Because thermoregulation in the cold is primarily

accomplished by muscular shivering in small birds, pheno-

typic flexibility should be most evident in skeletal muscle,

especially the pectoralis, which is the principal thermogenic

organ (Hohtola 1982; Marjoniemi and Hohtola 1999; Daw-

son and O’Connor 1996). Positive correlations between

pectoralis mass, Msum and cold tolerance are common among

birds (Vézina et al. 2006; Swanson 2010). In addition, pec-

toralis muscle hypertrophy is a regular component of the

winter phenotype in small birds and changes in pectoralis

muscle mass often rather closely parallel changes in Msum

(Swanson 2010). Taken together, these findings suggest that

variation in pectoralis muscle mass might mediate similar

variation in Msum and cold tolerance in small birds, but such a

relationship has not yet been investigated, principally

because of technical difficulties in non-invasively measuring

muscle size in small birds.

Most studies of variation in muscle and organ masses

have been carried out on populations during different

seasons or different stages of migration, rather than

tracking muscle and organ masses in individual birds over

time. However, several recent studies have used ultraso-

nography to demonstrate that muscle size in individual

shorebirds varies over time in association with season,

differing portions of the migratory period, and cold accli-

mation, and that changing muscle size impacts thermo-

genic capacity (Dietz et al. 1999; Lindström et al. 2000;

Vézina et al. 2006, 2007, 2011).

Historically, tracking flight muscle mass changes in

birds associated with phenotypic flexibility required

euthanizing individuals and excising muscles. However,

more recently, techniques have been developed to allow

non-invasive, repeatable, measures of flight muscle size on

individual birds, including muscle scoring (Bairlein 1995;

Gosler and Harper 2000; Constantini et al. 2007), ‘‘muscle-

meter’’ measurement (Bauchinger et al. 2011), magnetic

resonance imaging (Köver et al. 1998), and ultrasonogra-

phy (Newton 1993; Dietz et al. 1999). Published data for

ultrasonographic measurement of flight muscle size are

available for birds as small as Canary (Serinus canaria,

*25 g; Newton 1993), Tree Swallow (Tachycineta bico-

lor, *22 g; Winkler and Allen 1995, 1996), Barn Swallow

(Hirundo rustica, *20 g; Ward 1996; Engstrand and

Bryant 2002), Great Tit (Parus major, *17 g; Carrascal

et al. 1998; Senar et al. 1999, 2002), Pied Flycatcher

(Ficedula hypoleuca, *15 g; Potti et al. 1999) and

Savannah Sparrow (Passerculus sandwichensis, *19 g,

Rae et al. 2009). The ultrasound technique has been fully

validated, including documenting error values in predicting

flight muscle mass from ultrasound measurements, for

shorebirds down to the size of Red Knots (Calidris canu-

tus) at approximately 120 g (Dietz et al. 1999). Newton

(1993) calculated a muscle volume index (USVOL) from

keel length and six ultrasound muscle measurements and

compared accuracy of the ultrasound index through

regressions of USVOL against lean dry mass of the flight

muscle. Other studies on small birds, however, did not

include validations of the accuracy of the ultrasound

measurements. In addition, no studies to date have yet

compared relative changes in ultrasonographic measures of

muscle size and muscle mass for small birds between

seasons to determine if ultrasonography is sufficiently

precise to detect such seasonal changes.

The objectives of this study were to test in a small bird,

the House Sparrow (Passer domesticus, approximately

28–30 g body mass), whether (1) winter increases in flight

muscle mass detected in a previous study (Liknes and

Swanson 2011) were repeatable in a subsequent winter, and

(2) ultrasonography could be used to detect summer to

winter variation in flight muscle size. House Sparrows from

our study population in southeastern South Dakota, USA,

are common permanent residents (Tallman et al. 2002).
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This species shows elevated Msum and cold tolerance in

winter relative to summer (Arens and Cooper 2005;

Swanson and Liknes 2006), and the higher thermogenic

capacity is associated with seasonal variation in pectoral

muscle mass (Liknes and Swanson 2011). Thus, House

Sparrows serve as an excellent candidate to investigate

whether ultrasound can detect seasonal differences in flight

muscle size in small birds.

Methods

Bird capture and dissection

We captured House Sparrows near Vermillion, Clay County,

South Dakota, USA (42�470N, 96�550W) in summer

(8 June–22 August 2007, n = 13) and winter (6 November

2007–28 February 2008, n = 17). Summer birds consisted

of both adults and hatching-year birds (aged by skull ossi-

fication) that had attained full adult body mass (Pyle 1997).

At capture, we measured body mass (Mb) to the nearest

0.1 g, and wing chord and tarsus length to the nearest

0.1 mm. We captured birds in the morning and transferred

birds to the laboratory for ultrasound measurements of flight

muscle size on the same morning. Following ultrasound

measurements, we euthanized birds by cervical dislocation,

dissected out the left pectoralis and supracoracoideus mus-

cles on ice, and determined wet masses of muscles to the

nearest 0.01 g. We calculated flight muscle mass for sub-

sequent comparisons with ultrasound measurements by

adding left pectoralis and supracoracoideus masses.

Ultrasound measurements

We used a Visual Sonics Vevo 770 High-Resolution

Imaging system with a Model 710B scan head for

ultrasound measurements of muscle thickness. We used a

frequency of 25 MHz and a focal length of 15 mm for all

measurements. We conducted ultrasound measurements on

unanesthetized birds with a cloth bag placed over their

head to calm them yet allow breathing. Two people were

involved in all ultrasound measurements, one to hold the

bird and one to operate the scan head. To conduct the

ultrasound measurements, we moistened the plumage over

the breast with warm water and pushed aside the feathers to

expose the skin in the region overlying the flight muscles.

After the skin was exposed, we added water-soluble

recording gel to the surface of the skin and placed the scan

head into the recording gel so that it just touched the skin

surface for measurement of muscle thickness. We recorded

muscle thickness measurements to the nearest 0.01 mm

along both the short and long axis of the flight muscles

(Dietz et al. 1999), and we repeated both measurements

three times on each individual bird for calculation of rep-

eatabilities according to Lessels and Boag (1987). For

subsequent analyses, we used the average of these three

measures, although in a few cases we excluded obvious

outlier values ([20 % different from the average of the

other two values) from computing the average muscle

thickness.

For short-axis (SA; ‘‘transversal’’ in Dietz et al. 1999)

measurements, we standardized the position of measure-

ments by placing a metal ruler across the bottom of the

furculum and sliding the scan head forward along the left

breast musculature so that it was just touching the base of

the ruler. At this position, the scan head revealed both the

sternal keel and the horizontal portion of the sternum. We

measured flight muscle thickness along a right angle to the

horizontal sternum at its junction with the sternal keel

(Fig. 1a). For long-axis (LA; ‘‘horizontal’’ in Dietz et al.

1999) measurements, we rotated the scan head 90� from

the SA position and moved the scan head so that the heart

Fig. 1 Sample ultrasonography images (25 MHz, 15 mm focal length) of short-axis (a) and long-axis (b) measures of flight muscle mass from a

House Sparrow (Passer domesticus) collected on 6 December 2007
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was at the extreme lower left region of the field of view and

the horizontally oriented sternum was clearly visible. We

measured LA muscle thickness as the distance between the

sternum and the muscle surface at the point where the

horizontal portion of the sternum began to angle downward

on the ultrasound image (Fig. 1b).

Statistics

We present data as means ± SD. For seasonal comparisons

of muscle mass and thickness, we used Student’s t test, or

the Mann–Whitney test if parametric assumptions were not

met. We used least squares regressions of SA, LA, and

combined [(SA ? LA)/2] ultrasound measures of flight

muscle thickness against wet flight muscle mass. We ver-

ified that all data were normally distributed (Shapiro–Wilk

test) before regression analyses. We calculated repeatabil-

ity of ultrasound measurements from individual birds as the

intraclass correlation coefficient according to Lessels and

Boag (1987). We accepted significance at P \ 0.05.

To validate the ability of the regression models to predict

flight muscle mass, we used a data exclusion procedure

similar to those of Dietz et al. (1999) and Bauchinger et al.

(2011). We randomly excluded data for 6 of 30 birds (20 %)

and calculated the regression equation using data from the

remaining 24 birds. Following Bauchinger et al. (2011), we

always included the most extreme values for muscle thick-

ness in the data used to calculate the regression equations to

ensure that the full range of variation was included in the

regression models. We then used the regression equations to

predict flight muscle mass for the excluded individuals. We

compared predicted values with actual values, calculating

absolute (|predicted mass - actual mass|) and relative

[|(predicted mass/actual mass) - 1|] discrepancies. We

repeated the exclusion procedure 1,000 times and averaged

discrepancies over all replicates to produce an overall esti-

mate of the predictive power of the regression equation. We

conducted this validation procedure independently for short-

axis, long-axis and combined short- and long-axis [(SA ?

LA)/2] measurements.

Results

Ultrasound calibration, validation and repeatability

Least squares regression revealed significant positive cor-

relations between wet breast muscle mass (combined left

pectoralis and supracoracoideus masses, in grams) and

ultrasound measurements of muscle thickness (mm) for

short-axis, long-axis, and combined [(short-axis ? long-

axis)/2] measures (Fig. 2). The regression equations

(n = 30 birds) were:

Breast muscle mass ¼ �0:410

þ ð0:526 � short-axis muscle thicknessÞ;
R2 ¼ 0:743; P\0:001

Breast muscle mass ¼ �0:385

þ ð0:483 � long-axis muscle thicknessÞ;
R2 ¼ 0:656; P\0:001

Breast muscle mass ¼ �1:025

þ ð0:605 � combined muscle thicknessÞ;
R2 ¼ 0:815; P\0:001

Repeatability, calculated as the intra-class correlation

coefficient according to Lessels and Boag (1987), was

0.765 for short-axis measurements and 0.490 for long-axis

measurements. Short-axis and long-axis measurements of

muscle thickness were also significantly and positively

correlated (r = 0.725, P \ 0.001).

Ultrasound measurements of breast muscle thickness ran-

ged from 4.2 to 6.7 mm for short-axis measurements and from

5.0 to 7.3 mm for long-axis measurements. Breast muscle

mass (left side only) ranged from 1.92 to 3.21 g. Mean

absolute discrepancies for the predictive regression equations

for muscle mass calculated from the validation studies of

ultrasound measurements (Fig. 2) were 0.13 ± 0.08 g for

short-axis measurements, 0.14 ± 0.10 g for long-axis mea-

surements, and 0.11 ± 0.08 g for combined short- and long-

axis measurements. Mean relative discrepancies were

4.9 ± 3.1, 5.6 ± 4.4, and 4.0 ± 2.9 %, for short-axis, long-

axis, and combined measurements, respectively.

Seasonal variation in mass and morphometrics

Body mass (Mb) was significantly greater (9.5 %,

t28 = 4.653, P \ 0.001) in winter than in summer for

Fig. 2 Least squares regressions of breast muscle thickness versus

muscle mass for short-axis (open circles) and long-axis (closed
circles) ultrasonographic measures of muscle thickness
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House Sparrows in this study (Table 1). Mean wing chord

did not differ significantly (t28 = 1.265, P = 0.216)

between summer (73.6 ± 2.2 mm, n = 13) and winter

(74.7 ± 2.2 mm, n = 17) birds, but mean tarsus length

was significantly greater (t28 = 2.059, P = 0.049) in

winter (22.4 ± 0.7 mm) than in summer (21.9 ± 0.7 mm),

although the difference amounted to only 2.3 %. Mean

pectoralis wet mass also increased significantly in winter

(t28 = 5.056, P \ 0.001), with winter values exceeding

summer values by 18.6 % (Table 1). Similarly, mean

winter supracoracoideus wet mass significantly exceeded

(U = 169.5, P = 0.013) summer values by 9.4 %

(Table 1). Mean combined breast muscle wet mass (pec-

toralis ? supracoracoideus) was also significantly greater

in winter than in summer (17.5 %, t28 = 4.984, P \ 0.001;

Fig. 3). The supracoracoideus/pectoralis ratio was

0.121 ± 0.007 (n = 17) in winter and 0.131 ± 0.009

(n = 13) in summer; these values differed significantly

(8.3 %, t28 = 3.349, P = 0.002).

Ultrasound measurements of muscle thickness also

showed significant seasonal differences for short-axis,

long-axis, and combined measures. Mean short-axis muscle

thickness was 9.1 % greater in winter than in summer

(Fig. 3; t28 = 3.063, P = 0.005). Mean long-axis muscle

thickness was 7.5 % greater in winter than in summer

(Fig. 3; t28 = 2.766, P = 0.010). Finally, combined short-

and long-axis measures of muscle thickness [(SA ? LA)/2]

also showed mean values significantly greater in winter than

in summer (Fig. 3; U = 170.0, P = 0.013).

Discussion

Ultrasonographic measurements of flight muscle size in

House Sparrows were significantly and positively corre-

lated with flight muscle mass. The percentage of variation

in ultrasonographic measures of flight muscle size

explained by variation in flight muscle mass (from R2

values from regressions) was 74.3 % for short-axis mea-

surements and 65.6 % for long-axis measurements. These

values are similar to those from Red Knots; 78.1–83.5 %

for short-axis measurements and 69.6–70.1 % for long-axis

measurements (Dietz et al. 1999). R2 values for White-

throated Dippers, Cinclus cinclus (0.927, n = 11) and

Canaries (0.964, n = 7) were higher (Newton 1993), but

these measurements used dead birds and an ultrasound

index including six ultrasonic measurements of flight

muscle mass along with keel length, rather than one or two

ultrasound measurements, as in this study.

Repeatabilities of flight muscle thickness measurements

in this study, 0.765 for short-axis and 0.49 for long-axis,

were generally similar to those for flight muscle measure-

ments in Red Knots (0.68–0.83 for short-axis and

0.51–0.52 for long-axis; Dietz et al. 1999), although Véz-

ina et al. (2006) report a higher repeatability of 0.97 for

short-axis measurement of muscle thickness in Red Knots.

Carrascal et al. (1998) completed ultrasound measurements

of muscle width on individual wild, free-living Great Tits

captured multiple times in late autumn and early winter in

Spain and calculated a repeatability of 0.66 for these birds,

which is slightly lower than our value for repeatability

during a single measurement period. Mean relative dis-

crepancies of actual muscle masses from predicted values

generated by the regression equation relating ultrasono-

graphic measures of pectoralis muscle width to muscle

Table 1 Comparisons of mean ± SD seasonal body mass (Mb) and

flight muscle (pectoralis Pec, supracoracoideus Scc) masses for

House Sparrows (Passer domesticus) from southeastern South Dakota

from different years; 2007–2008 in this study and 1998–2002 for

Liknes and Swanson (2011). Because we excised only one side of the

flight muscles in this study, to allow direct comparison of muscle

masses between studies, we calculated pectoralis and supracoracoi-

deus masses for the table by multiplying the mass of the muscle from

one side only by 2

n Mb (g) Pec mass (g) Scc mass (g)

Summer Winter Summer Winter Summer Winter Summer Winter

This study 13 17 26.1 ± 1.3 28.6 ± 1.5 4.26 ± 0.42 5.04 ± 0.42 0.56 ± 0.06 0.60 ± 0.04

Liknes and Swanson (2011) 20 28 26.1 ± 1.6 27.5 ± 2.4 4.70 ± 0.48 5.07 ± 0.57 0.52 ± 0.05 0.55 ± 0.05

Fig. 3 Seasonal variation in mean ± SD breast muscle mass and

ultrasonographic measures of muscle thickness in House Sparrows.

Significant seasonal differences are noted by asterisks. Ultrasono-

graphic measures of muscle thickness include SA short-axis mea-

surements; LA long-axis measurements, and (SA ? LA)/2 = the sum

of short- and long-axis measures divided by 2
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mass in our study ranged from 4.0 (combined short- and

long-axis measures) to 5.6 % (long-axis measurement).

These values are smaller than discrepancies for birds from

other ultrasonographic studies, which range from 18.9 to

23.7 % for short-axis measurements and from 22.4 to

24.9 % for long-axis measurements for Red Knots

(approximately 120 g body mass), and from 8.6 % for

long-axis measurements to 9.3 % for short-axis measure-

ments for Eurasian Golden Plovers (Pluvialis apricaria,

approximately 211 g body mass) (Dietz et al. 1999). The

greater predictive ability in our study, despite the much

smaller body size of House Sparrows compared to the

shorebirds previously measured by Dietz et al. (1999), is

likely due to the use of a higher frequency echo in our

study (25 vs. 10 MHz). This suggests that higher fre-

quencies provide greater resolution for ultrasound mea-

surements of muscle size in small birds. The predictive

ability of the regression equation for ultrasound measure-

ments of muscle mass in our study also compares favorably

with that of the recently developed muscle meter technique

(Bauchinger et al. 2011), where mean discrepancies from

predictive equations were 4.4 ± 3.0 % for Eurasian Star-

lings (Sturnus vulgaris, Mb approximately 70 g) and

9.1 ± 6.5 % for Garden Warblers (Sylvia borin, Mb

approximately 20 g).

These data suggest that ultrasound is an effective method

for detecting muscle size variation in response to changing

ecological or energetic demands on small birds generally.

Higher ultrasound frequencies provide higher resolution of

visual details but shorter image depths (Dietz et al. 1999). We

used a frequency of 25 MHz in this study, whereas previous

ultrasound validation studies have used frequencies ranging

from 7.5 to 10 MHz (Newton 1993; Dietz et al. 1999). The

higher frequency in this study is beneficial for detecting

visual details on muscles of smaller birds, yet the focal length

was still 15 mm, which was sufficient for measuring muscle

size in House Sparrows, where muscle thickness ranged from

4.2 to 6.7 mm for short-axis measurements and from 5.0 to

7.3 mm for long-axis measurements. For comparison, mus-

cle thickness in Red Knots ranged from 7 to 17 mm for short-

axis measurements (Dietz et al. 1999; Lindström et al. 2000),

so the focal length in this study would likely be insufficient

for muscle size measurement in the larger Red Knot. We

suggest that the higher frequency is preferred for flight

muscle measurements of small birds because the higher

image resolution is beneficial for precise measurements of

their smaller muscles.

We found that short-axis measurements provided more

precise (higher R2 for regressions against muscle mass and

lower discrepancies) and more repeatable measures of

flight muscle size than long-axis measurements and were

more effective in detecting seasonal differences in muscle

size (higher P values for seasonal comparisons than long-

axis measurements). Compared to short-axis measure-

ments, combining short- and long-axis measurements of

flight muscle size into a single muscle size index produced

a slightly higher R2 for regressions against muscle mass

and slightly lower discrepancies from predicted values than

short-axis measurements alone, but comparable P values

for seasonal comparisons. Because long-axis measurements

were more difficult to standardize than short-axis mea-

surements, usually took longer to conduct than short-axis

measurements, and added little to the precision of mea-

surements and to the overall ability to detect differences in

muscle size, we suggest that short-axis measurements are

sufficient for most studies using this method in small birds.

This is similar to results from shorebirds, where short-axis

measurements provided higher precision and repeatability

than long-axis measurements (Dietz et al. 1999). Indeed,

most of the recent studies using this method for muscle size

measurement on shorebirds use only short-axis measures

(e.g., Vézina et al. 2006, 2007, 2011).

While several studies have used ultrasonography to

measure flight muscle size variation in response to cold

acclimation, migration, reproduction, diet manipulation, or

seasonal cycles (e.g., Ward 1996; Winkler and Allen 1996;

Carrascal et al. 1998; Dietz et al. 1999; Lindström et al.

2000; Engstrand and Bryant 2002; Vézina et al. 2006,

2007, 2011), no studies have examined the effects of

changing energy demands on muscle size by measuring

relative changes in both flight muscle thickness (deter-

mined by ultrasonography) and mass. Thus, whether

ultrasound measurements are sufficiently precise to detect

such changes remains an open question. Dietz et al. (1999)

documented that flight muscle thickness increased by 29 %

in Red Knots after 3 months on a captive diet. Vézina et al.

(2006) were unable to document significant effects of cold

acclimation on flight muscle thickness in Red Knots,

despite cold-induced increases in Msum and BMR of 13 and

17–26 %, respectively. However, pectoralis muscle thick-

ness in Red Knots was positively associated with perfor-

mance measures in the cold (i.e., increased thermogenic

capacity and cold tolerance) (Vézina et al. 2006, 2007).

Lindström et al. (2000) documented that flight muscle

thickness in Red Knots varied by 15–18 % during flight,

fasting, and refueling stages of migratory stopover. For

comparison, pectoralis muscle lean dry mass of Red Knots

was approximately 29 % higher during the peak spring

migratory period (late May) than during the early part of

fall migration (July) (Piersma et al. 1999). Similarly,

muscle thickness varied by 7–15 % for captive Red Knots

from different temperature treatments between May and

July (Vézina et al. 2011), suggesting coincident changes in

flight muscle mass and muscle thickness in Red Knots.

None of these studies, however, documented relative

changes in flight muscle size by both ultrasonography and
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dissection (i.e., muscle mass), so whether the magnitude of

variation is similar between the two measurement methods

is unknown. We found that flight muscle mass in House

Sparrows increased by 17.5 % from summer to winter and

flight muscle thickness (from the same individual birds)

showed winter increases of 9.1 % for short-axis and 7.5 %

for long-axis ultrasound measurements. Thus, ultrasound

measurements of muscle thickness underestimated seasonal

changes in muscle mass in House Sparrows. Whether such

underestimation is typical for ultrasonographic measures of

muscle size will require further study, but because ultra-

sound measurements of muscle thickness are linear mea-

sures of a three-dimensional structure, underestimation of

variation in muscle mass from a linear measure might be

expected. Nevertheless, winter increases in both flight

muscle mass and flight muscle thickness were significant,

so both methods effectively detect this magnitude of vari-

ation in muscle size on birds as small as House Sparrows.

Significant winter increases in pectoralis muscle mass

have been previously documented for House Sparrows

(8 % wet mass, 17 % dry mass; Liknes and Swanson

2011), so the 18.6 % winter increase in wet pectoralis

muscle mass in this study confirms that such increases are a

consistent component of the winter phenotype in House

Sparrows from cold winter climates. Interestingly, supra-

coracoideus mass also increased significantly for winter

House Sparrows in this study, but not significantly for

sparrows in Liknes and Swanson (2011), although the

percent increase in supracoracoideus mass in this study

(9.4 %) was smaller than that for pectoralis and similar to

the 5.4 % winter elevation in supracoracoideus mass in

Liknes and Swanson (2011). This magnitude of seasonal

variation in flight muscle mass closely approximates the

winter increase in Msum documented for this population of

House Sparrows (11 %, Swanson and Liknes 2006),

although the winter elevation of Msum for the South Dakota

population, at least for the years when we measured Msum,

is lower than that for House Sparrows from Wisconsin

(30 %; Arens and Cooper 2005) and Ontario (43 %; Hart

1962). Pectoralis and supracoracoideus muscle masses of

South Dakota House Sparrows were similar between this

study and Liknes and Swanson (2011), with all values from

both summer and winter being within 10 % of each other

(Table 1).

The supracoracoideus mass to pectoralis mass ratio (s/p

ratio) decreased in winter House Sparrows in this study as a

result of relatively greater winter increases in pectoralis

than supracoracoideus mass. The marked seasonal pheno-

typic flexibility in the s/p ratio of Red Knots is likely

principally a function of maneuverability and energetic

requirements for flight throughout the annual cycle

(Piersma and Dietz 2007). Such an explanation does not

seem to apply to the summer to winter variation in the s/p

ratio for House Sparrows documented in this study, as

Table 2 Percent increases in

pectoralis muscle mass

associated with winter

acclimatization or migration

in birds

a % increase in pectoralis dry

mass
b % increase in pectoralis lean

dry mass
c Difference between molt and

fall premigratory phases

Species % increase Reference

Winter acclimatization

Juniper Titmouse Baeolophus ridgwayi 24 Cooper (2002)

Black-capped Chickadee Poecile atricapillus 12 (18)a Liknes and Swanson (2011)

Mountain Chickadee Poecile gambeli 33 Cooper (2002)

White-breasted Nuthatch Sitta carolinensis 11 (15)a Liknes and Swanson (2011)

Eurasian Starling Sturnus vulgaris 8–13 Vézina and Williams (2003, 2005)

Dark-eyed Junco Junco hyemalis 28 Swanson (1991)

House Finch Carpodacus mexicanus 33 (20)b O’Connor (1995)

American Goldfinch Carduelis tristis 15 Swanson, unpublished data

House Sparrow Passer domesticus 8 (17)a Liknes and Swanson (2011)

18 This study

Migration

Bar-tailed Godwit Limosa lapponica 21–27b Landys-Ciannelli et al. (2003)

Red Knot Calidris canutus 32b Piersma et al. (1999)

Sanderling Calidris alba 9b Evans et al. (1992)

Dunlin Calidris alpina 30b Evans et al. (1992)

Western Sandpiper Calidris mauri 15b Guglielmo and Williams (2003)

Warbling Vireo Vireo gilvus 13 Swanson, unpublished data

Willow Warbler Phylloscopus trochilusc 14 (15)b Baggot (1975)

Gray Catbird Dumetella carolinensis 35 Marsh (1984)

Yellow Warbler Setophaga petechia 18 Swanson, unpublished data

Yellow-rumped Warbler Setophaga coronata 12 Swanson, unpublished data
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flight requirements during daily activities are not obviously

different between the two seasons. However, the capacity

for shivering heat production does vary seasonally in

House Sparrows, increasing during the winter (Arens and

Cooper 2005; Swanson and Liknes 2006), so it seems

likely that seasonal differences in thermogenic capacity

might be driving the seasonal variation in s/p ratios. Marsh

and Dawson (1989) suggested that one potential limit for

thermogenic capacity in birds is that isometric shivering is

limited by power production of the smaller muscle of the

antagonistic muscle pair; in the case of the flight muscles,

the supracoracoideus. If seasonal variation in thermogenic

capacity were limited by this mechanism, then supracor-

acoideus mass should be preferentially elevated in winter

relative to pectoralis mass to support higher thermogenic

capacity. This was not the case in this study, as the opposite

pattern occurred. Thus, these data confirm the conclusion

of Liknes and Swanson (2011) that disproportionate

increases in supracoracoideus mass do not contribute to

winter increases in thermogenic capacity in small birds,

and suggest that morphological mechanisms locking the

shoulder joint into position for shivering occur during

shivering thermogenesis in birds, thereby allowing the

winter hypertrophy of the pectoralis muscle to contribute

fully to winter increases in shivering heat production.

The magnitude of seasonal variation in flight muscle

size that we documented for House Sparrows in this study

is within the range of that induced by seasonal acclimati-

zation and migration in other small birds. Winter increases

in pectoralis muscle mass relative to summer in other small

birds range from 8 to 13 % in European Starlings (Vézina

and Williams 2003, 2005) to 33 % in House Finches

Carpodacus mexicanus (O’Connor 1995) and Mountain

Chickadees Poecile gambeli (Cooper 2002) (Table 2).

Increases in pectoralis muscle mass resulting from migra-

tory hypertrophy in small birds cover a similar range, from

9 % in Sanderlings Calidris alba (Evans et al. 1992) to

35 % in Gray Catbirds Dumetella carolinensis (Marsh

1984; Table 2). Thus, hypertrophy of flight muscles, par-

ticularly the pectoralis, is a regular component of pheno-

typically flexible responses of small birds to changing

energy demands (Swanson 2010). Given that we success-

fully detected seasonal changes of flight muscle masses of

17.5 % by ultrasonography in House Sparrows in this

study, we expect that ultrasonography will be a useful

method for non-invasive detection of cold- and migration-

induced flight muscle hypertrophy in individuals of other

small birds, given appropriate considerations of frequency

and focal distance in ultrasound measurements.
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