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Most Northern Lapwing (Vanellus vanellus) nests 
have four eggs (Glutz von Blotzheim et al. 1975, 
Cramp and Simmons 1983), as is typical of most 
shorebirds. Consequently, variation in clutch invest- 
ment should be reflected in egg volume, with a fit- 
ness premium on laying large eggs (Redmond 1986; 
Galbraith 1988a, c; Grant 1991). Large eggs yield 
larger and heavier chicks that have higher growth 
and survival rates than chicks hatched from smaller 

eggs (Galbraith 1988a, c; Grant 1991). The lapwing 
clutch normally amounts to 40 to 50% of female body 
mass, and egg size shows a high degree (60-70%) of 
between-clutch variation (e.g. Galbraith 1988c, Blo- 
mquist and Johansson 1995), as is also common for 
other shorebirds (e.g. Vaisanen et al. 1972, Redmond 
1986, Thompson and Hale 1991). Individual egg in- 
vestment depends on maternal condition (Drent and 
Daan 1980, H6gstedt 1981, Olsen et al. 1994, McNa- 
mara and Houston 1996), and in lapwings maternal 
mass and condition are positively correlated with 
egg volume (Galbraith 1988c, Blomqvist and Johans- 
son 1995, T. Lislevand pers. comm.). Maternal con- 
dition depends on extrinsic factors at the breeding 
site (e.g. availability of food, the opportunity to for- 
age effectively, and weather) and on intrinsic factors 
related to genetic predisposition, or acquired previ- 
ously (Drent and Daan 1980, H6gstedt 1980, Schluter 
and Gustafsson 1993). 

In this study, I investigated whether females of dif- 
ferent mating status in a population of polygynously 
breeding (23 to 41% over four seasons) Northern 
Lapwings differed in their clutch investment. I mea- 
sured and analyzed egg size of individual females 
while controlling for clutch size, replacement laying, 
laying phenology, and year of breeding. I also ex- 
plored the relationship between food density and 
egg size. 

Methods.--Egg measurements were obtained dur- 
ing four breeding seasons (1991 to 1994) at Hauk•s 
outside Bergen in western Norway (60019 ' N, 5ø29'E). 
The study site is drained marshland with a homo- 
geneous appearance. Fields are mainly used for hay 
production, except parts that are grazed by sheep 
and horses. Additional details on the study area, 
general observations, procedures, and lapwing mat- 
ing system are given by Byrkjedal et al. (1997). 

Territory borders and mating status were deter- 
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mined each season using spotting scopes and bin- 
oculars. Birds were identified by individual plumage 
differences in the face, breast, and wing coverts 
(Byrkjedal et al. 1997). Female mating status was di- 
vided into three categories: (1) monogamous, (2) pri- 
mary polygamous, and (3) secondary polygamous. 
One tertiary female was included in the "secondary 
polygamous" group. The criterion for distinguishing 
between primary and secondary status was laying 
date of the first clutch. Some nests were found after 

completion of laying. For these nests I calculated lay- 
ing date of the first egg by back-dating 30 days from 
the hatching date, which is the normal incubation pe- 
riod at Haukas (Gronstol 1996). If an undetected 
clutch of a primary female was depredated and her 
replacement clutch was laid after the secondary fem- 
ale's first clutch, then female status would be incor- 

rectly assigned. Incubating females were easily rec- 
ognized during observation bouts, but unfinished 
clutches were not as easily discovered because fe- 
males do not incubate much before clutch comple- 
tion. One of 34 nests that was discovered before com- 

pletion was depredated during laying, which, using 
the May field (1961, 1975) method, yields a probabil- 
ity of nest survival throughout the laying period of 
94%. Thus, it is unlikely that status was erroneously 
assigned in more than perhaps one territory. 

Egg breadth and length of 288 eggs from 72 clutch- 
es were measured to the nearest 0.05 mm using cal- 
ipers. Only clutches with four eggs were used to be 
certain that average egg volume indicated clutch in- 
vestment. Egg volume estimates from length (L) and 
breadth (B) data were calculated using an empirical 
formula calibrated to Northern Lapwing eggs by 
Galbraith (1988c): 

egg volume = 0.457 LB 2. (1) 

Earthworms commonly constitute the main food 
resource for adult lapwings during the nesting sea- 
son (Klomp 1954, H6gstedt 1974, Baines 1990). In or- 
der to estimate food density, earthworms were sam- 
pled in early September 1992 on six squares in each 
of 21 territories using formalin extraction (Raw 
1959). Sampling squares of 0.25 m 2 were randomly 
selected within each territory on which a solution of 
0.24% formalin was poured, 3 L at intervals of 10 
min. Emerging earthworms were collected and their 
volume measured. Earthworm volume is easily de- 
termined in the field by water displacement, and this 
measurement is tightly correlated with dry biomass 
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TABLE 1. Egg-size differences (œ _+ SD) between first clutches and replacement clutches of the same female 
in Northern Lapwings. Average clutch values from clutches with four eggs. 

First Replacement % with 
Variable clutch clutch reduction • df t b P 

Egg volume (ml) 25.59 _+ 1.20 22.76 _+ 1.32 80 14 2.69 0.018 
Egg length (ram) 47.74 _+ 1.58 46.66 _+ 1.44 80 14 3.23 0.006 
Egg breadth (ram) 33.22 _+ 0.51 33.01 _+ 0.77 60 14 1.56 0.140 

% of females exhibiting a reduction in trait between first and replacement clutches. 
Paired t-test (two-tailed). 

(Nordstr6m and Rundgren 1972). Two bouts of for- 
malin solution were used, because preliminary sam- 
pling showed that no earthworms emerged through- 
out a third treatment. Six territories were resampled 
in April 1993 (three sampling squares in each terri- 
tory) to investigate the stability of the earthworm 
distribution over a period of seven to eight months. 
Statistical analyses were run on SYSTAT version 5.02 
for Windows and SAS/STAT. 

Results.--Repeatability of egg sizes was calculated 
using methods provided in Lessells and Boag (1987) 
and Becker (1984). Repeatabilities of egg volume, egg 
length, and egg breadth within clutches for first 
clutches holding four eggs were 0.582 _+ SE of 0.052 
(F = 6.57, df = 81 and 246), 0.525 _+ 0.055 (F = 5.43, 
df = 81 and 246), and 0.576 _+ 0.052 (F = 6.43, df = 
81 and 246), respectively. Repeatabilities of egg vol- 
ume, egg length, and egg breadth between first and 
replacement clutches within the same female and 
season were 0.416 _+ 0.048 (F = 2.60, df = 11 and 15), 
0.414 ñ 0.048 (F = 2.58, df = 11 and 15), and 0.657 
_+ 0.038 (F = 5.30, df = 11 and 15), respectively 
(based on results from a two-way nested ANOVA, 
GLM procedure). 

To avoid pseudoreplication when investigating 
variation among females, I used average egg sizes for 
each clutch. Average egg volume and egg length 
were significantly lower in replacement clutches 
than in first clutches (Table 1), although the decline 
in egg breadth was not significant. Due to the dif- 
ference between first and replacement clutches, only 
first clutches are used in further tests. 

Average egg volume differed significantly (P = 
0.029) among females of different mating status (Ta- 
ble 2). Egg length and egg breadth showed nonsig- 
nificant trends of diverging (P = 0.105 and P = 0.078, 
respectively). Egg sizes of monogamous and pri- 

mary females were similar, whereas eggs of second- 
ary females had a smaller volume (Table 2). The sea- 
sonal distribution of laying dates differed among 
years (median laying date in April was 7.5, 13, 14.5, 
and 16 from 1991 to 1994, respectively). To standard- 
ize the laying phenology among years, laying dates 
were plotted as the number of days deviating from 
the median laying date of each season, before testing 
against average egg volume of first clutches. Egg vol- 
ume of pooled first clutches declined significantly 
with laying phenology (Fig. 1A). An ANCOVA with 
year and status as class variables and laying se- 
quence as a covariate explained significant amounts 
of variation in egg volume (F = 1.84, df = 17 and 71, 
P = 0.05). The effect of mating status on egg volume 
was not significant (F = 2.31, df = 2 and 71, P = 
0.11), illustrating that lower egg volumes of second- 
ary females were associated with later laying (Figs. 
1B-D). Egg volume did not vary significantly with 
year (F = 1.16, df = 3 and 71, P = 0.33) or laying 
sequence (F = 0.02, df = 1 and 71, P = 0.90), but the 
interaction between year and mating status was sig- 
nificant (F = 2.26, df = 6 and 71, P = 0.05). There 
were no differences in the slopes of the seasonal de- 
cline among females of different mating status (F = 
1.20, df = 2 and 71, P = 0.31) or among years (F = 
1.70, df = 3 and 71, P = 0.18). 

Average spring density of earthworms was 55 ml 
per m 2 (œ = 287 _+ SD of 88 earthworms, range 224- 
429) for 21 territories. Average autumn density was 
96 ml per m 2 (œ = 478 _+ 94, range 325-649) for six 
territories. Dominant species were Lumbricus rubel- 
lus, Dendrobaena rubida, and Allolobophora sp., where- 
as Dendrobaena octaedra and Lumbricus terrestris were 

less common. The difference in spring and autumn 
densities corresponds with data on emergence, activ- 
ity, and vertical distribution patterns of earthworms 

TABLE 2. Egg sizes (œ -+ SE) of female Northern Lapwings of different mating status; n = 28 for monogamous 
females, 23 for primary females, and 21 for secondary females. 

Variable Monogamous Primary Secondary F • P 

Egg volume (ml) 23.94 _+ 0.22 24.08 _+ 0.24 23.20 _+ 0.25 3.57 0.029 
Egg length (ram) 46.68 +_ 0.23 46.93 _+ 0.25 46.15 _+ 0.26 2.33 0.105 
Egg breadth (ram) 33.54 _+ 0.12 33.50 _+ 0.13 33.15 _+ 0.14 2.64 0.078 

• One-way ANOVA. 
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FiG. 1. Average clutch egg volume regressed on laying phenology for all four seasons plotted as number 
of days discrepancy between laying date of clutches and the median laying date (0) for each season. (A) 
pooled over all status groups, (B) monogamous females, (C) primary females, and (D) secondary females. 

in southern Sweden, which show increasing earth- 
worm activity and abundance from April to Septem- 
ber (Nordstr6m 1975, Rundgren 1977). Because 
earthworm abundance among corresponding sam- 
ple squares was highly correlated between Septem- 
ber 1992 and April 1993 (r = 0.85, n = 18, P < 0.001), 
I used sampling results from September 1992 as 
food-density estimates for both the 1992 and 1993 
breeding seasons. Earthworm density (ml per m 2 ) 
measured in 1992 was not correlated with average 
egg volume of first clutches in that year (r = -0.05, 
P = 0.95, n = 18) or with egg volume when clutches 
were pooled over 1992 and 1993 (r = -0.13, P = 0.54, 
n = 25; Fig. 2A; mean values used in cases of more 
than one clutch on the same territory). Earthworm 
availability for each female (ml per m 2 multiplied by 
territory size in m 2 and divided by number of fe- 
males) also was not correlated with egg volume in 
1992 (r - 0.10, P = 0.68, n = 18) or with egg volume 
when clutches were pooled over 1992 and 1993 (r = 
-0.01, P = 0.16, n = 25; Fig. 2B). 

Discussion .--Egg volume differed between females 
of primary and secondary status, but this effect dis- 
appeared when I controlled for seasonal effects. 
These results indicate that later-nesting females, 
which (by definition) are biased toward secondary 
females, have smaller egg volumes. Some important 
costs of early breeding are low temperature, high 
risk of snow (Beintema and Visser 1989), and low in- 

vertebrate activity owing to low soil temperature 
(Nordstr6m 1975), balanced by benefits from having 
the opportunity to choose among several vacant 
males and/or territories and prospects of early 
hatching. Such costs may be better endured by fe- 
males in good physical condition (Andersson and 
Gustafsson 1995). Aside from being of intrinsic high- 
er quality, these individuals choose a mate/territory 
first, lay earlier, and become primary (or monoga- 
mous) females, all of which may allow larger eggs. 
Time of arrival at breeding site is age dependent in 
many birds (e.g. Perrins 1970, Forslund and Part 
1995), and food supplementation experiments have 
shown that laying date and clutch size depend on 
body condition (Drent and Daan 1980, and refer- 
ences therein), which again may be determined by 
age, breeding experience, and physiological condi- 
tion. 

Differences in maternal condition among females 
may be reinforced by social interactions. Lapwings 
experience at least some costs of sharing male/ter- 
ritory, because aggressive interactions between po- 
lygynous females nesting on the same territory is 
regularly observed at Hauk•is (pers. obs.). Secondary 
females might have higher interference costs of in- 
truding on and sharing a territory than do primary 
females (Maynard Smith and Parker 1976, Forslund 
and Part 1995), which subsequently might affect 
their egg size adversely. If females experience differ- 
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Average clutch egg volume of first clutch- 
es containing four eggs on each territory plotted 
against (A) average earthworm density on the terri- 
tories (volume of earthworms per m2), and (B) esti- 
mated total earthworm abundance per female (ter- 
ritory size in m multiplied with volume of earth- 
worms in ml per m 2 and divided by number of fe- 
males on territory). 

ent costs of competition due to differing quality, they 
can be expected to settle on territories in an ideal 
despotic pattern (Fretwell 1972, Galbraith 1988d) 
rather than an ideal free, as assumed by the Polygyny 
Threshold Model (Verner 1964, Verner and Willson 
1966, Orians 1969). The significant interaction be- 
tween year and mating status indicated that al- 
though primary females had a higher average egg 
volume in all years, the difference varied over the 
seasons (average differences were 1.13 ml, 1.14 ml, 
0.35 ml, and 0.25 ml from 1991 to 1994, respectively). 
The density of females on polygynous territories was 
higher in 1991 (2.4 per territory) and 1992 (2.5 per 

territory) than in 1993 (2.0 per territory) and 1994 
(2.0 per territory; Byrkjedal et al. 1997). This could 
tentatively suggest that secondary females had high- 
er interference costs in the two former years, result- 
ing in a relatively lower egg volume. 

Density of earthworms did not covary with egg 
size, which was somewhat unexpected because other 
studies have identified earthworm density as an im- 
portant proximate factor in determining egg volume 
(Galbraith 1988c, Baines 1990). The lack of a rela- 
tionship between earthworm numbers and lapwing 
egg size at Haukils could be because earthworm den- 
sities at Haukils were so high that other factors had 
a comparably larger effect on determining individ- 
ual differences in egg size. Mean earthworm densi- 
ties on lapwing territories at Haukils were similar to 
densities reported as "rich" by others (e.g. Baines 
1990). If earthworm density was the most important 
predictor of egg size, then late nesters would be ex- 
pected to lay larger eggs, because earthworm density 
increases seasonally (NordstrOm 1975, Rundgren 
1977, this study). 

Eggs of replacement clutches were markedly 
smaller than eggs of first clutches. A reduction in egg 
size would be expected if egg production exhausts 
endogenous resources that are difficult to replenish 
(e.g. calcium or protein; Jones 1976, Jones and Ward 
1976). Late-hatched lapwing chicks have a lower sur- 
vival and growth rate than early hatched chicks, 
which probably is related to vegetation height and 
availability of surface invertebrates (Galbraith 1988a, 
b). If larger eggs take longer to form, and if the sea- 
sonal decline in chick survival more than offsets 

chick-survival benefits of large eggs, then late nest- 
ers would be expected to lay smaller eggs than early 
nesters, even if maternal condition is equal (Winkler 
and Allen 1996). The higher capacity for heat reten- 
tion of larger eggs during incubation recesses also 
would predict a preponderance of large eggs early in 
the season when temperatures are lower (E Hen- 
dricks pers. comm.). 

Repeatability tests of egg dimensions showed that 
within-female variation in egg size resulted from 
variation in egg length, whereas mean differences in 
egg breadth contributed more to differences in egg 
volume among females of different mating status 
than did egg length (Table 2). Lapwing egg breadth 
has a lower coefficient of variation (as in a range of 
bird species; e.g. Olsen et al. 1994) and seems more 
individually specific than egg length (also found in 
other birds; e.g. Preston 1958, Myrberget 1977, and 
references therein). This might be caused by anatom- 
ical constraints, like in commercial turkeys, where 
vent diameter, oviduct diameter, and the internal 
distance between the pubic bones show high be- 
tween-female variation and are positively correlated 
with egg size (Hocking 1993). 

A certain proportion of the individual variation in 
egg size is heritable (Vaisanen et al. 1972, Ojanen et 
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al. 1979, Josef and Beser 1988, Galbraith 1988c), but 
it is also possible that egg size increases with age and 
becomes phenotypically fixed in older birds. Several 
studies have found age-related effects on egg 
breadth and/or volume (Preston 1958, Coulson 1963, 
Coulson et al. 1969, Myrberget 1977, Gratto et al. 
1983, Thompson and Hale 1991, Robertson et al. 
1994). Indeed, in Northern Lapwings egg breadth 
and egg volume were significantly lower in yearlings 
than in older birds in each of four age classes (i.e. 2, 
3, 4, ->5 years). The overall difference between year- 
lings and older birds was 7.8% in breadth and 5% in 
volume (D.M.B. Parish et al. pers. comm.). My results 
suggest that the condition of secondary female lap- 
wings is lower than that of primary females, perhaps 
because these females are younger and less experi- 
enced than primary females. 

Examination of color-banded birds should reveal 

whether female mating status and egg size are influ- 
enced by age. In addition, monitoring of settlement 
patterns, competitive behavior, and body condition 
of polygynous individuals will provide a clearer in- 
sight into the mechanisms by which mating status is 
established among female Northern Lapwings. 
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