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Shell Properties, Water Vapor Loss, and Hatching Success of Eggs
from a Rain Forest Population of the Pearly-eyed Thrasher
(Margarops fuscatus)
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ABSTRACT.—I calculated various shell properties, water vapor loss, and hatching success of eggs of the
Pearly-eyed Thrasher (Margarops fuscatus) using measurements obtained during a long-term study in the
Luquillo Mountains, Puerto Rico. Empirical results were comparable to standard reference formulae, dem-
onstrating that published formulae can be used with confidence by field biologists studying this and other
passerine birds laying prolate spheroid shaped eggs. Shell mass averaged 0.66 g and shell thickness averaged
0.12 mm. Egg surface area averaged 19.31 cm” (range =18.4-20.34 cm?) as derived from published allometric
relationships. Observed and derived eggshell densities were 2.06 g/cm® and 2.05 g/cm?, respectively. Average
egg density was 1.32 g/cm®. Water vapor flux resulted in an average egg-mass loss of 0.087 g each day,
culminating in a 1.22-g reduction over the entire 14-d incubation period. Based on a fresh egg mass of 8.02
g, 3,009 fertile eggs lost 15.2% of their initial mass. Whereas the total loss of egg mass (in grams) was about
the same for all eggs in the laying sequence, smaller (3""—and 4™-laid) eggs lost a higher percentage of total
mass than did the larger ones (1°—and 2"?-laid). There were inter-breeding season differences in mass
(= water) loss. The rate of daily water loss increased significantly as the incubation period progressed. The
pattern of increase was intermediate between that of small passerines and typical non-passerine species.
Hatching success declined throughout the study due to environmental and biological factors.
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INTRODUCTION important are intrinsic factors including

. ) several external and internal parameters of
Hatchability of avian eggs fluctuates e egg itself, which in turn respond to nu-
markedly among and within orders, f:anp— merous genetic and environmental controls
hes,. species, populatlons,“and even within 4, 5 spatiotemporal scale. For example,
individual clutches (Mteller and Scott  ghe]] thickness and mass per unit surface
1940; Sotherland et al. 1979; Erikstad et al.  area are useful indicators of shell strength
1998; Royle and Hamer 1998). Numerous (Voisey and Hunt 1974; Hamilton 1978).
factors may act.together to lpwer hatchabil-  ghe]) strength and structure play a major
ity. Key biological and environmental fac-  role in egg viability throughout incubation
tors include infections caused by micro-  and, ultimately, hatchability (Richards et al.
organisms (Cook et al. 2003, 2005), 200p). Egg and shell thickness, mass, and
temperature (Arnold et al. 1987; Stoleson  density are greatly influenced by genetic
and Be1ss1r}ggr 1999; anway and Martl.n components (e.g., porosity—which is also
2000a,b; Beissinger et al. in press), and toxic  partly environmentally controlled) and the
effects caused by environmental contami- health of the gravid female (Rahn et al.
nants such as selenium, mercury, and PCBs 1979; Whittow 1997). Moreover, with ex-
(McCarty and Secord 2000; Henny et al. ceptions (e.g., Taliaferro et al. 2001), egg-
2002; Spallholz and Hoffman 2002). Also  ghel] thickness and mass, as well as whole
egg mass and density, are all highly corre-

ms. received September 22, 2004; accepted April 14, lated with the avaﬂabﬂity of egg'forming
2005 chemicals, nutrients, and minerals such as
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calcium found naturally in the soil or dis-
pensed during experimental studies of cap-
tive birds (Simkiss 1975; Graveland 1996;
Navarro et al. 2001; Reynolds 2001). Natu-
rally acidic soils, and those made highly
acidic as a consequence of heavy deposits
of acid rain, often are calcium-poor; and
calcium poor soils are known to affect egg-
formation and reproductive success of resi-
dent bird populations (Tilgar et al. 1999).

In this study, several egg parameters
(shell thickness, mass, and density, as well
as whole egg surface area, mass, density,
and water vapor conductance) were calcu-
lated by subjecting numerous field mea-
surements of Pearly-eyed Thrasher (Mar-
garops fuscatus) eggs to published reference
formulae. Although several egg-related pa-
rameters were measured; two, namely wa-
ter vapor flux and whole egg density (de-
rived from a combination of egg mass, egg
length, shell surface area, and shell mass),
were prime measures sought because both
reflect the effects of intrinsic (genetic and
physiological) and extrinsic (environmental
and ecological) variation. My main objec-
tive was to fill an information gap by cre-
ating a representative database for an insu-
lar, montane population of a tropical
passerine mimid. A second objective was to
investigate the possible relationship be-
tween the observed and predicted egg den-
sities and poor hatching success in this
population. The third and final objective
was to compare and select published allo-
metric relationships that can be used more
widely by field biologists to investigate the
egg-related factors influencing reproduc-
tive success in other mimids and passerine
birds in general.

MATERIALS AND METHODS
Study Area

I conducted the study at elevations be-
tween 600 and 900 m within the 11,330-ha
Caribbean National Forest (also known as
the Luquillo Experimental Forest, LEF) in
the Sierra de Luquillo Mountains in north-
eastern Puerto Rico (18°19'N, 65°45'W).
Average annual rainfall and temperatures
range (respectively) from 300 cm and

25.5°C in the foothills to over 500 cm and
18.5°C on peaks higher than a 1,000 m (Gar-
cia-Martiné et al. 1996). The forest is com-
prised of four major vegetation associations
that are altitudinally stratified and placed
into separate life zones (see Wadsworth
1951; and Ewel and Whitmore 1973, for a
complete description).

Egg monitoring was part of a broader,
long-term life-history study of the Pearly-
eyed Thrasher (Arendt 1993). Between
January 1979 and July 2000, 3,867 eggs were
measured and weighed shortly after laying
using dial and digital calipers accurate to
0.02 and 0.01 mm, respectively, and 10-g
and 50-g spring scales with increments of
0.2 and 0.5 g, respectively, to record fresh
egg mass and water loss every 24-48 hours
(details in Arendt 1993). To compare with
the field measurements, 27 eggs were
weighed using an electronic balance. The
27 eggs were then emptied of their contents
and the remaining shells were dried in a
silica-lined beaker and weighed on the
same balance. Measurements on the 27
sampled eggs also included fresh egg mass
and daily water loss throughout the 14-day
incubation period prior to the laboratory
measurements.

Shell mass, thickness, density, and
surface area

Observed longitudinal and egg-mass
data from a set of 3,581 fertile Pearly-eyed
Thrasher eggs that hatched normally were
included in several standard formulae to
calculate four egg properties: shell mass,
shell thickness, density, and surface area
(Table 1). Digital calipers were used to
measure shell thickness of each of the 27
eggs subjected to more rigorous laboratory
measurements. The five surface-area for-
mulae were then compared (Table 2). En-
tries in Table 2 under the last column
(Gonzéles et al. 1982) are the averages ob-
tained by entering the volumes of each egg
calculated by the four volume formulae
into the Gonzales et al. (1982) formula.

Egg density

Density was calculated by substituting
the observed initial egg mass, egg length,
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TABLE 1. Standard reference formulae used in calculating shell mass, thickness, density, and surface area of

3,581 eggs of the Pearly-eyed Thrasher.

Egg shell

Source Mass"/ Thickness Density?/ Surface area®

Rahn & Paganelli (1989a,b)  0.0547 - M>'%  0.055 - M***®  (SM/ST - SA)

Miieller and Scott (1940) 4.670 - MO-oco

Carter (1975) (a) in Table 2 0.911 - 1.0-289 . 0316 . 0488
Carter (1975) (b) in Table 2 3.978 - M%7
Gonzéles et al. (1982) 4.689 - V073

Rahn & Paganelli (1989b) 4.835 - M"662

/M = fresh egg mass.

2/SM = shell mass; ST = shell thickness; and SA = shell surface area.
3/L = egg length, and B = egg breadth; V = volume, which was calculated using standard reference formulae

(Arendt 2004).

TABLE 2. Comparison of five surface-area formulae using longitudinal measures and fresh-egg masses from
3,581 eggs of the Pearly-eyed Thrasher. Tabular entries are in square centimeters.

Carter (a) Carter (b) Miieller & Rahn & Paganelli Gonzéles et al.
(1975) (1975) Scott 1940 (1989b) 1982
Mean 19.23 18.4 19.85 20.34 18.73
SD 1.13 1.11 1.14 1.16 1.11
Minimum 13.70 11.13 12.35 12.70 12.47
Maximum 23.82 22.70 2421 24.77 2497

shell surface area, and shell mass of 3,581
eggs of the Pearly-eyed Thrasher into two
standard equations (Paganelli et al. 1974;
and Rahn and Paganelli 1989a). Egg den-
sity was also measured by dividing initial
egg mass by egg volume (Rahn and Pagan-
elli 1989a).

Water vapor flux

Water vapor flux (Wyyo), which is
equivalent to daily egg-mass loss, was ob-
tained from 18,121 multiple weighings of
3,009 fertile eggs between 1979 and 1999.
Total reduction in egg mass was obtained
by subtracting the last measurement (taken
on day 14) from the initial (fresh) egg mass
on day 0 (< 24 h following laying). Then, to
test the accuracy of a widely used standard
formula in calculating water vapor loss in
the Pearly-eyed Thrasher, I substituted ob-
served fresh egg masses from 3,009 fertile
eggs into Ar and Rahn’s (1980) ;Dublished
formula: Wyy,, = 130.4*M 0977/1 0-937),
where M is fresh egg mass and “I” is the
length (in days) of the incubation period;
“1” is 14 days for M. fuscatus when the day

of oviposition is designated “0” and 15
days when the day of deposition is desig-
nated as “1.” Dead (deceased embryos) or
infertile eggs were not included in the
analyses.

Hatching Success

The fate of each of the 3,867 eggs laid
between 1979 and 2000 was recorded by
assigning a numerical code to each out-
come. There were 27 fate categories—see
Arendt (1993) for a list of specific fates. In
analyses of hatching success, I excluded all
eggs lost by causes other than hatching fail-
ure (e.g., predation, egg damage, and fe-
male desertion).

Statistical analyses

SigmaStat® Version 3 (Fox et al. 2003)
was used. During exploratory analyses, all
variables used in the statistical analyses
were checked for normality (Kolmogorov-
Smirnov test with Lilliefors” Correction)
and/or equal variance (Levene Median
Test). First Order Linear Regression was
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used to investigate the apparent decline in
egg hatching success with each subsequent
breeding season. Because the assumptions
of normality and equal variance were vio-
lated in all remaining statistical analyses,
nonparametric Kruskal-Wallis One-Way
ANOVA on Ranks was used to compare
published surface-area formulae, as well as
water vapor loss among years. Spearman
Rank Order Correlation was used to evalu-
ate the potential relationship between the
number of eggs laid and percentage
hatched. Dunn’s Method was used in post-
hoc inter-year comparisons testing because
of unequal sample sizes. Spearman Rank
Order Correlation was used to test the re-
lationship between total egg-mass loss, pre-
cipitation, and ambient temperature. Pre-
cipitation and ambient temperature data
constitute 7-mo averages (Jan.-July) re-
corded at three weather stations from
within the LEF at elevations above (Pico del
Este) and below the study area, and from
both the eastern (Bisley) and western (El
Verde) sectors of the forest. A 95% level of
confidence (a = 0.05) was maintained in all
of the analyses.

RESULTS

Shell mass, thickness, density, and
surface area

Four eggshell parameters were calcu-
lated to obtain a representative estimate of
the Pearly-eyed Thrasher’s average whole
egg density, which is the product of shell
mass/shell thickness*shell surface area.
Shell mass of 27 eggs weighed on an elec-
tronic balance averaged 0.66 g (SD = 0.35,
range = 0.43-1.70 g). This observed shell
mass (0.66 g) was comparable to both mean
and median estimates of shell mass (0.51 g;
SD = 0.04, range = 0.24-0.68) derived from a
standard reference formula (Rahn and Pa-
ganelli 1989a). Mean and median shell
thicknesses were 0.12 mm (SD = 0.003,
range = 0.09-0.13 mm) as derived from the
observed egg mass and longitudinal data.
After converting shell thickness to centime-
ters for use in the density equation, both
mean and median e%gshell density esti-
mates were 2.06 g/cm” (SD = 0.01, range =

2.05-2.07 g/cm’). Applying the fresh egg
masses to the four surface-area formulae
(see Methods), the eggs’ surface area aver-
aged about 19.3 cm? (Table 2).

Egg density

Mean and median egg densities resulting
from two standard reference formulae
were: 1.31 g/cm’ (range = 1.22-1.39 g/cm3g
(Paganelli et al. 1974), and 1.34 g/cm
(range = 1.01-1.51 g/cm’) (Rahn and Pa-
ganelli 1989a); standard errors were all <
0.001. Using Rahn and Paganelli’s (1989a)
formula, the density of egg contents was
0.85 g/cm®.

Water vapor flux

Water vapor flux (W) resulted in an
observed average egg-mass (= water) loss
of 0.087 g/day (SD = 0.056, range = 0.074-
0.106). Daily water loss predicted by Ar
and Rahn’s equation also averaged 0.087 g
(SD = 0.063, range = 0.061-0.109). Separat-
ing by lay order, total egg-mass loss (Fig.
1A) was not significantly different among
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FIG. 1. Total egg-mass loss by lay order in 3,009
fertile eggs of the Pearly-eyed Thrasher inhabiting the
Luquillo Experimental Forest, Puerto Rico (1979-1999).
The boundary of each box closest to zero indicates the
25th percentile, solid lines within each box mark the
median, and the boundary of the box farthest from
zero specifies the 75th percentile. Whiskers above and
below each box designate the 90th and 10th percen-
tiles, respectively. Plot-wide dashed lines are overall
means, whereas solid lines are regression lines.
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the four eggs in the laying sequence (H =
0.66, P = 0.88). Average mass losses in 1°—
4™ 1aid eggs were 1.17, 1.18, 1.24, and 1.28
g, respectively. Each of the eggs—in the
Pearly-eyed Thrasher’s (maximum) 4-egg
clutch—lost an average of 1.22 g during in-
cubation (Fig. 1A). The observed fractional
water loss (Fipg) was 0.145 g (SD = 0.01;
range = 0.107-0.171 g). Total water loss
predicted by Ar and Rahn’s equation was
1.32 g, and the fractional water loss (Fg,)
was 0.151 g (SD = 0.003; range = 0.115-
0.158 g).

There were significant differences (Fig.
1B) among the percentages of mass loss
among the four eggs in the laying sequence
(H =38.56, P < 0.001). The smaller, 3"°— and
4™ _laid eggs lost a higher percentage of to-
tal mass than did the larger, 15~ and 2"~
laid eggs (median percentages for 15 to 4™
—laid eggs were 14.5, 14.7, 15.7, and 16.8,
respectively).

The rate of daily water vapor loss in-
creased significantly at different stages of
incubation (Fig. 2A). To eliminate pos-
sible clutch effects, e.g., variability among
eggs, the pattern of daily water vapor
loss in 1% -laid eggs only is shown Fig-
ure 2B. Egg-mass loss is half (0.03 vs. 0.06
mg*egg ~*day ') in 1°*-laid eggs (Fig.
2B) than that when all eggs in the laying
sequence (range: 1-4) are combined
(Fig. 2A).

Between 1979 and 1999, inter-year differ-
ences were noted in total egg-mass loss
among fertile eggs, but were not closely re-
lated to either precipitation (Fig. 3A) or
ambient temperature (Fig. 3B). There was
no correlation between egg-mass loss and
precipitation (r,2 = -0.10; P = 0.68), a some-
what marginal association between egg-
mass loss and ambient temperature (r,~ =
0.45; P = 0.06), and no apparent relationship
between precipitation and ambient tem-
perature (r2 = -0.08; P = 0.72). However,
an ANOVA on Ranks resulted in 21 sig-
ificantly different (H = 135.2; df = 17; P <
0.001) inter-year comparisons of total
egg-mass loss, with three years (1990,
1991, and 1997) demonstrating the least
amount of mass loss (=1.10 g) during incu-
bation.
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FIG. 2. Daily mass loss (+ SE) in eggs of the Pearly-
eyed Thrasher in the Luquillo Experimental Forest,
Puerto Rico (1979-1999). All eggs were lumped for
analysis in Graph A, whereas Graph B represents 1°-
laid eggs only. On the x-axis, “0 percent” marks the
day the egg was laid and thus was in the nest less than
24 hours.

Hatching success

A summary of egg hatching success dur-
ing 18 breeding seasons between 1979 and
1999 is given in Table 3. The overall aver-
age hatch success was 71.2 percent, but
seasonal hatching success varied greatly
(min. = 47.7% in 1998; max. = 82.7% in
1981). There was a general decline in hatch-
ing success throughout the study (Fig. 4A).
There was also a marginal association be-
tween the number of eggs laid and the per-
centage of eggs hatched (Fig. 4B).

DISCUSSION

Shell mass, thickness, and surface area

In studies treating physiological, nutri-
ent, and energy based questions relating to
birds” eggs, a measure of density is often
valuable. Three separate egg densities are



288 WAYNE J. ARENDT

L an
g
L &
-
—_— ]
= it
- -
o s
[ ]
o E]
=t kol
3
(] S—
[ ] T T Y T T T 3 L)
-1 OO0 B 8T B5 BS BT 8B 50 01 92 93 DL DY 0 B OF BF
= Year
o
& ;
b : Ty
B S
- L
L] = »
° s &
- o~ T o
).' N o Fi \0}_‘{ _ 3
z e i
4 b\o‘ﬂz \':I./d % _g
B
- =T 11 =
1 f 4 B E
. 8

TH B0 B 62 05 86 87 84 90 91 52 63 84 65 56 O7 o4 69
Year

FIG. 3. Inter-seasonal comparisons of total egg-mass
loss (+ SD) throughout the 14-day incubation period
and in relation to precipitation and ambient tempera-
ture.

usually calculated—total egg density (shell
plus contents), shell density, and density of
the egg’s contents. Before density measures
can be obtained, however, shell mass,
thickness, and the egg’s surface area must
be determined. Empirical data from Mar-
garops’ eggs as well as published formulae
were used to calculate these parameters.
Both the mean and median estimates of
shell mass (0.51 g) predicted by the pub-
lished formulae were slightly, but not sig-
nificantly (T = 235, P = 0.28), lower than the
observed (0.66 g), thus substantiating their
utility for use in species such as Pearly-
eyed Thrasher and undoubtedly other pas-
serines with similarly shaped eggs. From
an ecological perspective, even though as
with most forests, the LEF’s soils are acidic,
calcium levels are high as a result of el-
evated humidity and, consequently, lower
rates of calcium carbonate accretions,
which commonly occur in arid areas (Mc-
Dowell and Asbury 1994; Zarin and
Johnson 1995a,b; Cox et al. 2002), which

could in part account for the elevated shell
density in this thrasher population.

Gonziles et al. (1982) maintained that, re-
gardless of the different mathematical ap-
proaches used to determine surface area
(see Carter 1975 and Hughes 1984 for ex-
amples), the reason there is such parity
among the results is due to the practically
linear relationship between surface area
and egg volume.

After comparing all five surface-area for-
mulae using Margarops’ fresh egg masses
and volume, I too found that, for the
Pearly-eyed Thrasher, not only did they ac-
curately estimate the surface area of the
eggs, they also compared favorably with
Carter’s (1975) formula based on a combi-
nation of length, breadth, and mass mea-
surements, consequently obviating the
need to obtain longitudinal measures in
calculating the surface area of eggs.

Egq density

Rahn and Paganelli (1989b) found an av-
erage eggshell density of 2.05 g/cm? for
3,931 passerine species included in Schon-
wetter’s Tables (in Rahn and Paganelli
1989b). Thus, the eggshell density calcu-
lated for the sample of 3,581 eggs of the
Pearly-eyed Thrasher (2.06 g/cm’) was ef-
fectively the same as Rahn and Paganelli’s
standard value for more than three thou-
sand passerine species. Knowing total egg
and shell densities, one can calculate the
density of an egg’s contents. For several
species, Rahn and Paganelli (1989a) found
that the density of egg contents is virtually
the same (1.03 g/cm?®). The density of
Pearly-eyed Thrasher egg contents (0.85
g/cm?) was within 0.18 g of the average for
other species. Although seemingly nil, this
additional (ca. 20%) reduction in egg-
content density might very well be biologi-
cally significant by further contributing to
the lower hatching success of this mid-
elevation population (Cook et al. 2003,
Cook et al. 2005).

In comparison to other avian taxa
amongst which egg mass ranges from 300
mg in small hummingbirds to 9 kg in the
recently extinct elephant bird of Madagas-
car (Diamond 1982), eggs of passerine birds
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TABLE 3. History of hatching success of Pearly-eyed Thrasher eggs in the Luquillo Experimental Forest, Puerto
Rico, during 18 breeding seasons between 1979 and 1999.

Total number of

Breeding Available Eggs Eggs Percent

YEAR females boxes Nestings laid hatched hatched
1979 17 13 27 78 58 74.36
1980 29 26 68 203 154 75.86
1981 29 27 72 214 177 82.71
1982 44 37 103 304 245 80.59
1985 35 31 66 179 137 76.54
1986 29 28 63 186 139 74.73
1987 38 35 103 297 209 70.37
1988 35 35 85 241 182 75.52
1990 42 41 57 167 138 82.63
1991 44 41 134 367 284 77.38
1992 45 42 100 292 231 79.11
1993 45 41 115 352 284 80.68
1994 47 39 94 272 163 59.93
1995 37 37 96 267 154 57.68
1996 38 24 54 152 95 62.50
1997 32 29 53 146 104 71.23
1998 21 21 37 107 51 47.66
1999 8 17 8 23 12 52.17
Total: — — 1,335 3,847 2,817 —
Average: 34.17 31.33 74.17 213.72 156.50 71.20
Minimum: 8 13 8 23 12 47.66
Maximum: 47 42 134 367 284 82.71

vary relatively little (0.6-37 g) in total mass
(Rahn et al. 1985). Consequently, a total egg
densitgy value (shell and contents) of 1.06
g/cm” has been calculated for passerines in
general (Rahn and Paganelli 1989a). The
Pearly-eyed Thrasher’s average egg density
of 1.32 g/cm® was somewhat higher than
that of the average passerine. However, it
falls within both minimum and maximum
density values derived by Rahn and Pagan-
elli for all passerines. It is counter intuitive
that the Pearly-eyed Thrasher’s average
overall egg density would be higher than
that of the average passerine’s, especially
when considering the additional 20% re-
duction in the density of egg contents de-
rived for this population. However, this is
easily explained owing to the fact that egg
density (shell and contents) was calculated
by substituting the observed initial egg
mass, egg length, and shell surface area
data into two standard equations (Paganelli
et al. 1974; and Rahn and Paganelli 1989a),
as well as the fact that egg density was also

measured by dividing initial egg mass by
egg volume (Rahn and Paganelli 1989a).
Consequently, the Pearly-eyed Thrasher’s
average egg density is higher than that of
the average passerine as a result of its
larger egg size, and thus larger longitudinal
and mass measurements.

Water vapor flux and conductance in
avian eggs

Eggs begin losing mass immediately af-
ter laying (Hanna 1924; Rahn and Ar 1974;
Booth and Rahn 1990) and lose about 15%
(+ 2.5%) over the entire incubation period
(Manning 1981; Diamond 1982; Booth and
Rahn 1990). Most egg-mass loss is due to
the evaporation of water through pores in
the eggshell up to the external pipping
stage of incubation (Ar and Rahn 1980).
Generally, however, in the eggs of small
passerines, the rate of mass loss rapidly in-
creases over the first half of incubation and
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FIG. 4. Linear Regression of the percentage of eggs
hatching during 18 breeding seasons between 1979
and 1999 (Graph A), and the correlation between the
number of eggs laid and percentage hatched (Graph
B). The points in Graph A represent the data-
dependent variable (hatching success) plotted against
the independent variable (breeding season). The solid
line running through the points represents the regres-
sion line. The dashed lines represent 95% confidence
intervals, and the dotted lines the prediction intervals.
The double-numbered symbols in Graph B represent
years. Years emphasized in the text have been encap-
sulated in boxes with gray shading.

remains relatively constant thereafter
(Booth and Rahn 1990). There are also inter-
year differences (see for example Manning
1981) that are most likely due, at least in
part, to environmental and biological fac-
tors.

Water vapor flux in eggs of the
Pearly-eyed Thrasher

The empirical data established that the
average Pearly-eyed Thrasher egg loses
about 0.087 g each day. Therefore, based on
the average 14-day incubation period for
the species, each egg should lose on aver-
age about 1.22 g of its initial mass as water.
Thus, both the observed water loss, and
that derived from Rahn et al.’s (1975) equa-

tion, confirmed that eggs of the Pearly-eyed
Thrasher lose about 15% of their initial
mass, as do several other species.

In comparative analyses, percent egg-
mass loss is preferred to that of mass loss in
grams due to spurious variation resulting
simply from substantial differences in egg
size. Though not investigated, two factors
may have contributed to the higher per-
centage of mass loss in the smaller eggs;
higher surface-to-volume ratios of the
smaller eggs (conducive to greater rates of
water loss) and the fact that most females
have begun more constant incubation by
the time the 3" and 4™ eggs are laid (Cook
et al. 2005), thus affording higher tempera-
tures throughout their development. In the
field, there is often no noticeable loss in egg
mass until the female begins more constant
incubation, which is normally on the pen-
ultimate egg. Thus, at daily nest visits the
first-laid egg of a 3-egg clutch often does
not show a noticeable reduction in mass for
the first 1-2 days, whereas 3"*—and 4™-laid
eggs will begin losing mass the same day
they are laid.

Within the first day of incubation, egg-
mass loss is half in 1°*laid eggs than that
when all eggs in the laying sequence are
combined, which may be due to lower am-
bient and internal temperatures and higher
moisture surrounding the generally unin-
cubated 1°-laid eggs. When all eggs are
combined, however, the inverse effect is
observed, i.e., egg-mass loss doubles from
deposition to day 1, possibly owing to
higher internal and surface egg tempera-
tures and lower surface moisture produced
by females incubating—and 2-egg clutches
as early as the day of deposition of the first
egg. Consequently, an elevated increase in
mass loss occurs as early as the first day
after laying. It is noteworthy that it was
once thought water vapor loss (Wi, =
mg'd™") remains constant throughout incu-
bation (Groebbels and Mobert 1927; Drent
1973; Ar et al. 1974; Ar 1990). However, as
in my research (with the occasional excep-
tion, e.g., Kern and Cowie 1995), several
other studies have shown that there is an
increase in the rate of water loss in many
species through incubation, especially in
passerines (Carey 1979; Hanka et al. 1979;
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Kern 1986; Rahn and Paganelli 1990; Carey
et al. 1994).

The patterns of daily mass loss in eggs of
the Pearly-eyed Thrasher are similar to,
and intermediate between, those of eggs
typical of small passerines (rate of mass
loss increases over the first half of incuba-
tion and then remains relatively constant)
and those of non-passerines (rate of mass
loss increases steadily, especially late in in-
cubation). As in other passerines, for the
first 8-9 days the rate of mass loss in Mar-
garops’ eggs increases rapidly and then lev-
els off, whereas during the last 5-6 days of
incubation, as observed in many non-
passerines, there is a definite second in-
crease in daily mass loss, even prior to the
external pipping stage (days 12-14). Why
should the Pearly-eyed Thrasher reflect
patterns of egg-mass loss characteristic of
both passerines and non-passerines? There
are extrinsic factors (environmental, e.g.,
rainfall, temperature, and humidity) and
intrinsic factors (physical, e.g., egg size and
volume, and physiological properties such
as embryo development and respiration)
influencing such patterns and variation.
Eggs of the Pearly-eyed Thrasher are inter-
mediate in size between the small eggs of
typical passerines reported in the literature
and those of the customary non-passerine
species often selected for analyses (e.g.,
Procellariiformes, Anseriformes, Charadrii-
formes, and Galliformes). Because moisture
and temperature often play major roles in
the rate of evaporation, the slow rate of
egg-mass loss in 1°-laid eggs from deposi-
tion to day 1 in figure 2B is most likely due
to lower ambient and internal temperatures
and higher ambient and surface moisture
because the female generally doesn’t con-
stantly incubate the first egg. In this rain-
forest population, first-laid eggs of 3-egg
clutches are usually cold and moist to the
touch until the laying of the second egg.
Conversely, the rapid increase in egg-mass
loss from oviposition (day 0) to day 1,
when all eggs from clutches ranging from
1-4 are combined (Fig. 2A), is more likely a
consequence of rapid moisture loss from
incubated eggs with higher surface and in-
ternal temperatures produced by incubat-
ing females. From days 2-9 the increased

constancy of incubation results in minimal
variation in temperatures surrounding the
eggs and consequently a more stable rate of
water loss. From days 10-14 the embryo is
well along in development and its in-
creased metabolism raises the internal tem-
perature of the egg (Cook et al. 2003),
which results in an increase in water vapor
conductance and evaporation (Badzinski et
al. 2002). Water vapor conductance is also
elevated when developed embryos begin to
absorb calcium from the eggshell (Ro-
manoff 1967) which, along with the pierc-
ing of the air sac and external pipping, may
also contribute to the increase in egg-mass
loss during the last days of the Pearly-eyed
Thrasher’s egg stage.

Fluctuations in ambient temperature
(Hussell 1985; Veiga 1992; Stoleson and
Beissinger 1999, Conway and Martin
2000a,b), rainfall and, thus, humidity (Wil-
son 1991; Fasenko et al. 1992; Walsberg and
Schmidt 1992) are thought to be respon-
sible, at least in part, for the observed and
often significant differences in water loss
among eggs laid in different years. Envi-
ronmental factors may greatly influence
water loss, and thus become primary
causes of inter-seasonal differences, mainly
because Pearly-eyed Thrasher females are
‘lazy’ incubators (Cook et al. 2005). Unlike
most passerines, which incubate on aver-
age about 80% of daylight hours, Pearly-
eyed Thrasher females incubate only about
50% of time during daylight hours, thus ex-
posing eggs to the environment for pro-
longed periods. Even so, preliminary
analyses correlating total egg-mass loss,
precipitation, and ambient temperatures
are less than conclusive. Although there
was a slight direct relationship (P = 0.06)
between total egg-mass loss and ambient
temperature, of which the latter was well
within the range (9° and 26°C) shown by
Conway and Martin (2000b) to be optimal
for detecting such a correlation, only two
("90 and "91) of the three years responsible
for the significant inter-year differences in
egg-mass loss were at the lower end of the
ambient temperature scale. The 1997 breed-
ing season’s average ambient temperature
was the same as the overall average 7-mo
ambient temperature for the 18 breeding
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seasons. The potential relationship between
egg-mass loss and precipitation was even
less obvious. Relative to other years, the
1990 breeding season was wet and cool, the
1991 season was dry and cool, whereas the
1997 season was very close to the precipi-
tation mean for the 18 breeding seasons.
The only common denominator among the
three years is that of sharing the three low-
est total egg-mass losses (=1.10 g) over the
entire 18 breeding-season period.

Hatching success

There was a gradual decline in hatching
success throughout this study, a chief cause
of which is believed to be a series of major
cyclonic events beginning with Hurricane
Hugo in 1989, followed by several lesser
hurricanes during the 1990s, and culminat-
ing with a second major storm, Hurricane
Georges, in 1998. The Pearly-eyed Thrasher
rebounded well immediately following
Hurricane Hugo, producing this study’s
second highest percentage of eggs hatched
during the first (1990) breeding season fol-
lowing the storm. The thrasher then nested
for 11 consecutive months and produced
the most eggs (n = 367) during a single
breeding season (Table 3, Fig. 4B). How-
ever, following a volley of major cyclonic
events (major wind storms and lesser hur-
ricanes) during the mid-90s, and subse-
quent food shortages in the forest during
the 1990s (Arendt 1993; Wunderle 1999;
Thompson-Baranello 2000; Arendt 2004),
hatching success dropped off after 1993, es-
pecially just prior to, and following, Hurri-
cane Georges. Except for the 1987 breeding
season, the percentages of eggs hatched per
eggs laid for the remainder of the breeding
seasons during the 1980s remained clus-
tered around the average for all 18 seasons
(Fig. 4A), whereas, with the exception of
the first three years following Hurricane
Hugo, hatching success during the 1990s
fell below the 18-season average (Fig. 4B).
In short, between 1979 and 1993, the aver-
age seasonal hatching success rate was
78%, but dropped to only 59% between
1994 and 1999. It is quite plausible that the
effects of the two, almost back-to-back, hur-
ricanes resulted in the further depletion of
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minerals and other nutrients so vital to egg
formation and hatching success from al-
ready acidic forest soils (Cox et al. 2002).

In addition to environmental factors, bio-
logical agents such as pathogenic microor-
ganisms affect hatching success in the
Pearly-eyed Thrasher. In a series of experi-
mental studies, Cook et al. (2003, 2005)
found that this mid-elevation population
experiences a lower hatching success than
populations at either lower or higher eleva-
tions because microbial infection is greater
in eggs exposed to cool, humid conditions
than at either colder and more humid, or
warmer and drier conditions. In addition to
high humidity, very low or high ambient
temperatures cause a dramatic reduction in
egg viability in this species. Unquestion-
ably, these biological factors, when com-
bined with the detrimental effects of poor
soils on egg formation, will lower hatching
success even more.

Summary and conclusions

Empirical data were gathered and sub-
jected to published standard reference
equations to create a representative data-
base for several egg parameters of the
Pearly-eyed Thrasher, a tropical insular
mimid. Water vapor loss was governed by
a combination of environmental factors
shortly after egg deposition, embryo respi-
ration and metabolism later in the incuba-
tion stage, and female behavior throughout
the egg stage. Egg hatching success is low
in this mid-elevation population due to a
combination of environmental and biologi-
cal factors. Information gained from this
study can be used as comparative data by
others studying the species on additional
islands and in diverse habitats. It is hoped
that the almost universal applicability of
several published egg-parameter relation-
ships exemplified in this study will encour-
age their wider recognition and use by re-
gional ornithologists.
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