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ESTIMATION OF THE PROTEIN RESERVES OF WADERS : 
TRE rISE AND MISUSE OF STANDARD MUSCLE VOLUME 

by Theunis Pierstoa, Nick Davidson and Peter Evans 

Many workers have examined the body condition 
of birds at various stages of their annual 
cycle- Both fat and protein reserves must be 
measured in studies of this kind, if the body 
condition of a bird is to be described 

adequately, since the two have different 
functions (see e.g. Evans and Smith 1975, 
Davidson 1981a, b)- Although techniques for 
assessing the fat and protein reserves of live 
birds exist (for waders see e.g. Davidson 1979, 
1985, Pienkowski, Lloyd and Minton 1979, McNeil 
and Cadieux 1972), accurate measurement of body 
condition in individual birds has proved 
possible so far only from laboratory analysis 
of carcasses (Davidson 1985, 1984a). 

Techniques for estimating fat reserves, using 
organic solvents such as petroleum ether or 
chloroform and methanol, are widely used 
(Kerr, Ankney and Millar 1982)- Since almost 
all the fat extracted by these techniques is 
available as a reserve (only a small percentage 
being structural), the size of the fat reserve 
is taken usually as the mass of fat extracted 
(e.g- Marcstrom and Mascher 1979, Marcstrom and 
Kenward 1981, Davidson and Evans 1982, Piersma 
1984)- Fat reserves are ofte• expressed as an 
index, usually the mass of fat as a proportion 
of total mass or lean dry mass. Such indices 
are largely independent of body size. 

The largest protein reserves are stored in the 
musculature (Kendall, Ward and Bacchus 1975}. 
They are difficult to measure, since by no 
means all the muscle protein is available for 
use during starvation (Davidson and Evans 1982, 
Piersma i984)- The reserve cannot, therefore, 
be measured by analysing the total protein 
content of the muscle, although the two 
measures are certainly correlated. Moreover, 
such total protein estimations are very 
time--consuming. However, since changes in 
muscle mass generally reflect changes in the 
size of the protein reserve (Kendall, Ward and 
Bacchus 1975), lean dry muscle size provides an 
index of the protein rserves. Since in practice 
it i's very difficult to remove all the 
musculature from a carcass, the protein reserve 
has been measured usually as an index 
calculated from the size of the largest muscle 
block(s)- In many birds, including waders, 
these are the pectoral muscles, which make up 
over half the total musculature- It should be 

noted that this is not always the case: in many 
aquatic birds including geese, ducks, grebes 
and auks (Hanson 1962, pets. ohs.), leg muscle 
mass may equal or exceed pectoral muscle mass 
and so must be used in addition to the pectoral 
muscle mass to derive the protein index- 

Lean dry muscle mass varies with body size as 
well as with the size of the protein reserve. 
Thus direct use of lean dry muscle mass as an 
index can be very misleading in both intra- 
and interspecific comparisons, particularly 
where individual variation is being studied- 
Lean dry muscle mass has, however, been used 
widely in studies of the protein condition of 
wildfowl populations (e.g. Hanson 1962, Ankney 
1977). Expressing muscle mass as a proportion 
of total lean, or lean dry, mass minimises the 
effects of body. size variation (Evans and Smith 
1975, Davidson 1981a,b, 1984b, Piersma 1984). 
However, since a change in muscle mass 

accompanied by the same proportional change in 
total lean (or lean dry> mass gives an 
unchanged index, the use of this type of index 
is limited also. 

An alternative way of minimising the effects 
of body size variation in comparisons of muscle 
mass is to use skeletal measures of the muscle 
attachment to give a standardised index. Thus 
Schifferli (1976) and Jones (1980) standardised 
the pectoral muscle mass of House Sparrows 
P=sser domes•cus by using the slope of the 
relationship between the diagonal measure of 
the muscle attachment (from the posterior point 
of the keel to the distal point of the coracold 
bone) and the lean dry mass of the pectoral 
muscles. Since the mass of the muscles should 

be proportional to its volume, the relationship 
with a single (length) measure of muscle 
attachment should not be linear, so the slope 
should vary. 

To exclude the effects of body size variation 
in Bar--tailed Godwits L•mos• •ppon•c• Evans 
and Smith (1975) derived a Standard Muscle 
Volume (SMV) from 4 dimensions of the skeletal 
attachment of one pectoral muscle block. Their 
index of protein reserve size was the lean dry 
mass of the pectoral muscles (pectoralis major 
and supracoracoideus) of one side of the body, 
as a proportion of the SMV calculated for that 
bird. Such an index is dimensionless. This 

index has been used subsequently in several 
studies of the body condition of other wader 
species, notably by workers at Durham and 
Oroningen Universities (e.g. Davidson 1980, 
1981a,b, 1982, 1984b, Davidson and Evans 1982, 
Kersten and Piersma 1985). 

We discovered recently that the figure in Evans 
and Smith (1975) showing the skeletal 
measurements for calculation of the standard 
muscle volume had misled at least one worker. 
Incorrect measurement in that case (documented 
below) led to considerable error in the 
indices of protein reserves that resulted. This 
paper aims to clarify the application of the 
technique, so as to avoid any possible future 
confusion. In addition we take the opportunity 
to give the derivation of the SMV formula for 
waders: this derivation was not given in Evans 
and Smith's original (1975) paper. By 
modifying this derivation, appropriate formulae 
may be derived for birds with different sternum 
morphology to waders. It must be stressed that 
the formula derived below, and given in Evans 
and Smith (1975), is valid only for waders, and 
appropriate constants must be found for other 
groups of birds.Such work is in progress. 

CORRECT AND INCORRECT STERNUM MEASUREMENTS 

The original drawing in Evans and Smith (1975) 
of a generalised wader sternum showing the 4 
skeletal measurements used to calculate SMV is 

reproduced in Figure la- Here, and elsewhere, = 
= the 'internal' length of the sternum at the 
junction of the bony raft and the keel, b = the 
maximum height of the keel of the sternum, 
measured perpendicular to • at the anterior 
point of measurement of •, c = the distance 
from the anterior point of • to the distal end 
of the coracold bone, and d = the width of the 
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Figure 1. The skeletal measurements of the 
sternum and coracold used to calculate 

Standard Muscle Volume, from equation [9]. 
a) original Figure I from Evans and Smith 
(1975) of a generalised wader sternum; b) 

'lateral and ventral views of the sternum 

of a Redshank 

bony raft of the sternum. The more detailed 
lateral and ventral view of the sternum of a 

Redshank TrYriga totan•s (Figure lb) also show 
the correct positions of these measurements. 
In Figure lb we show the position of 
measurement d at the most posterior rib 
attachment to the raft of the sternum. This 

differs slightly from the position of d shown 
by Evans and Smith (see Figure la), but makes 
the position of d easier to replicate whilst 
not altering its size. The measurements should 
be made with dividers or fine-pointed 
calipers. For values comparable with those in 
Evans and Smith (1975), all measurements should 
be in cm. 

One analyst measuring waders in the 
Netherlands had i•terpreted Evans and Smith's 
figure (Figure la) incorrectly. His 
interpretations of measurements = - • are 
shown in Figure 2b, alongside the correct 
locations for the- measurements (Figure 2a). 
Table 1 compares the measurements of 
Oystercatchers H=em=topus ost•=•egus. measured 
in this incorrect manner, with a sample of 
Oystercatchers of similar body size measured 
correctly by one of us (Th. P.). Ne were 
unfortunately unable to measure the same 
carcasses for the comparison in Table 1. 
Average body size (measured by bill-length and 
wing-length) was very similar in the two 
samples (Table 1). However, as would be 
expected from comparison of the positions of 
measurements in Figure la and b, the average 
values of a - d differ, especially • (too 
long) and ½ (too short). Although the 
deviations from the correctly measured values 
tend to cancel out, the values of SMV 
calculated from the incorrect measurements were 

still on average 5• larger than the correctly 
measured values. Thus the incorrect 

measurements resulted in underestimation of 

the size of the protein reserves. 

DERIVATION OF THE SMV FORMULA PUBLISHED IN 

EVANS AND SMITH (1975) 

P.R.E. was responsible for inventing a standard 
muscle shape for waders from examination of the 
pectoral muscles and their attachment in 
several species. This shape is shown 
schematically in Figure 5. Assuming a 

Table 1. Comparison of the lengths of skeletal measurements a - d of the 
sternum and coracold of Oystercatchers measured correctly (Figure 2a) and 
incorrectly (Figure 2b), and wing-lengths and bill-lengths of the samples. 
Note that the measurements used to calculate SMV were made on 2 different 

samples. Means • S.D. are given. All measurements are in cm. 

correct 

measurement (Figure 2a) 
incorrect 

measurement (Figure 2b) 

males females males females 

n 15 14 50 54 

a 5.84 + 0.15 5.75 + 0.21 7.29 + 0.26 7.25 + 0.24 

b 2.57 + 0.15 2.27 + 0.16 2.57 + 0.17 2.64 + 0.20 

c •.10 + 0.23 4.08 + 0.18 5.01 + 0.1• 2.98 + 0.15 

d 1.84 + 0.09 1.86 + 0.14 1.85 + 0.12 1.92 + 0.08 

SMV 4.28 + 0.41 4.07 + 0.49 4.48 + 0.40 4.47 + 0.44 

wing 25.8 + 0.90 25.8 + 0.80 25.7 + 0.70 26.0 + 0.80 

bill 7-.01 + 0.24 7.62 + 0.51 7.04 + 0.58 7.92 + 0.59 
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correct incorrect 

Figure 2. Correct and incorrect interpretatiorms of Evans and Smith's original 
(1975) Figure I (see text). Lateral and ventral views of the sternum of a 
Redshank are shown, from Figure lb. 

c i'•/•• •ntml • i ....... .' . a view 
d 

For- waders, e = 60 = , f = 1/2, and g = 1/2. 

From Figure 5, the dorsal area of attachment of 
the small block, including the dotted outline, 
would be : 

•5c x c-- [1] 
2 2 

and the average depth of attachment 5b/4, so 
that the volume would be: 

vrSc = x 5_b [2] 

small block large block 

Figure 3. Schematic diagram of the sternum of a 
Redshank, showing the derivation of the 
formula for SMV. See text for further 
explanation of the derivation. 

trapezoid muscle shape (the fine detail of the 
shape does not matter for an index such as a 
SMV), the pectoral muscles of one side of the 
body can be divided into 2 blocks- These are a 
small block attached to the coracold bone, and 
a large block along the sternum (Figure 5). 

In addition to measurements a - d, three other 
measurements need to be taken for derivation of 

the formula for the volume of the small block. 
These are: 

the angle between the coracold bone and a 
line perpendicular to the mid--line of the 
bird; 

the position of the proximal end of the 
clavicle, as a proportion of the mid-line 
distance between the proximal and distal 
points of c• and 

the position of the distal end of the 
clavicle, as a proportion of the 
perpendicular distance from the mid-line 
to the distal point of c. 

However, the volume of the hollow between the 
fused clavicles (wishbone) must be deducted. 
The cross-section area of this is: 

I x •5c x c [3] 

and the average depth is b/2 (see Figure 
Hence the volume to be subtracted is: 

•rSc= x.b [4] 
4 16 

Thus the volume of the small block is: 

Vr'Sc = (5..__.b..b -- b_..__) = 11b(Vr5c = ) 
4 (4 16> 16 ( 4 ) 

[5] 

= (0.69b) x (0.455c =) 

• (O-7b) x (0.455c =) [6] 

From Figure 3, the dorsal area of attachment 
of the large block is a x d, and the average 
depth of attachment is 0.7b. Thus the volume of 
the large block is: 

0.7b x a x d [73 

The SMV is the sum of the volumes of the large 
block and the small block: 

(0.7b) x (0-455c =) + (O.7b x a x d) [8] 

= 0-7b(0-455c = + ad) [93 

which is proportional to 

b(0-455c = + ad) [103 



22 

This SMV formula ß , hies to waders (Charadrii) 
only. Differences •,, the shape of the steprum 
and pectoral mus ie block of other groups of 
bl•-ds mean that co•stants in the formula will 

differ fpom those fop waders. A separate 
fo•-mula should be oepived to calculate SMV 

fo• - these other groups of birds. 

WHY USE SMV'? 

A major advantage of using SMV to measure 
pectoral muscle size and protein reserves is 
that it p•-ovides an index that is theoretically 
independent of body size. Intraspecific 

Bnittas, R. and Marcstrom, V. 1982. Studies in 
Willow Grouse Iagopus lagopus of some 
possible measures of condition in binds. 
Ornis Fennica 59: 157-169. 

Davidson, N.C. 1981a. Seasonal changes in the 
nutritional condition of shorebirds during 
the non-breeding seasons. Ph.D. Thesis, 
University of Durham. 

Davidson, N.C. 1981b. Survival of shorebinds 
during severe weather: the role of 
nutritional reserves. Pp. 251-249 in 
Feeding and Survival Strategies of 
Estuarine Organisms, eds. N.V. Jones and 
W.J. Wolff. Plenum Press, London and New 

independence from body size can be shown by York. 
tomraping cop•elations of body size and muscle Davidson, N.C. 1985. Formulae for estimating 
mass with correlations of body size and SM the lean weights and fat reserves of live 
Index. Fop example the lean dry mass of the shorebirds. Ringing & Migration 
pectoral muscle of a single sample of adult 159-166. 
Dunlins Cal•d•is alp•n• from North Wales Davidson, N.C. 1•84a. How valid are flight 
increased with body size (measured by total range estimates for waders? •inging & 
head length) (n = 52, b = 0.028 • 0.0072, Migration 5:49-64. 
F = 1•.9• P < 0.001). In the same sample, Davidson, N.C. 1984b. Changes in the condition 
however, SM Index was unrelated to total head of Dunlins and Knots during short-term 
length lb = -0.001 + 0.0015, F = 0'.15, captivity. Can. J. Zool. 62. -- 

P • 0.10). Similar pelationships exist for Davidson, N.C. and Evans, P.R. 1982. Mortality 
other body size measures (e.g. bill-length and of Redshanks and Oystercatchers from 
wl•g-length), areas and species. A detailed starvation during severe weather. 
study of how SMV and SM Index vary with body Study 29: 185-188. 
size will be published elsewhere (Davidson and Evans, P.R. and Smith, P.C. 1975. Studies of 
Plepsma in prep.). Without such independence shorebirds at Lindisfarne, Northumberland. 
fpom body size, detailed comparison of protein 2. Fat and pectoral muscles as indicators 
reserves between birds of diffepent size is of body condition in the Bar-tailed 
dlfficult, because of the ppoblems of scaling. Godwit. •ildfowl 26: 57-46. 
Provided that the morphology of the sternum and Hanson• H.C. 1962. The dynamics of condition 
coracold bo•es ape similap• both intpa- and factors in Canada Geese and their relation 
interspet(fie compa•-isor, s can be made. The to seasonal stresses •rctic Inst. N. 
ability to make intepspecific comparisons is a Technical Pa•er 12: 1-68. 
particular advantage of SMV oven other indices Jones, M.M. 1980. Nocturnal loss of muscle 
of muscle size. Use of SMV has shown, for protein from House Sparrows (Passer 
example• that plove)-s (Chapadpiidae) have domesticus). J. Zool. (Lord.) 192:55-59. 
lapgep p)-otein reserves than sandpipers Kendall, M., Ward, P. and Bacchus, S. 1975. A 
tScolopacidae). This difference holds both fop protein reserve in the pectoralis major 
small species of similar- size, for example flight muscle of Quelea guelea. Ibis 115: 
Ringed Plovep CbaFadFgu• h'iat.icula, Dunlin 600-601. 
œol•d•$ alpi)?a and Sanderling C. alba, and for Kerr, D.C.• Arkhey, C.D. and Millar, J.S. 1982. 
lapgep species such as Grey Plover Pluuiali$ The effect of drying temperature on 
sguo•aFola• Golden Plover- P. a•ricaria, Knot 
Cal.•d•s canutus and Ban-tailed Godwit 

(Davidson 198lamb). 

We have described the use of SMV to give an 
index of protein •eserves, but do variations in 
pectoral muscle size really reflect differences 
1)• protein reserve size? Bpittas and Mapostrom 

extraction of petroleum ether soluble fats 
of small birds and mammals. Can. $. Zool. 
60: 470-472. 

Kensten, M. and Piersma, T. 1985. Wader 
studies. Pp. 47-117 in •ader Migration 
along the Atlantic Coast of Morocco, March 
1981. RIN Report 85/20. Research Institute 
for Nature Management, Texel, Netherlands. 

½1•2) found that lean dry pectoral muscle mass Marcstrom, V. and Masther, J.W. 1979. Weights 
was correlated closely with the total protein and fat of Lapwings Vanellus vanellus and 
mass in the muscle. Furthermore, Kendall et al. Oystercatchers Haematopus ostralegus 
(1•75) showed that at least some changes in starved to death during a cold spell in 
pectoral muscle mass were the result of changes spring. Ornis Stand. 10:255-240. 
in the protein reserve. Recent evidence for Marcstrom, V. and Kenward, R. 1981. Sexual and 
waders (N.C. Davidson and P.R. Evans unpubl.) seasonal variation in condition and 
has shown that the SM Index is indeed a good survival of Swedish Goshawks Accipiter 
correlate of the size of the labile protein gentilis. Ibis 125: 511-527. 
reserves in the pectoral muscles of several McNeil, R. and Cadieux, F. 1972. Numerical 
small wader species. formulae to estimate flight range of some 

North Amen(can shorebirds from fresh 

weight and wing-length. •ird-•anding 45: 
107-115. 
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