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Egg appearance is notable for its variation and as a source of recognition cues in bird
species that are subject to egg-mimicking brood parasitism. Here | analyze the egg
appearance of an East African weaverbird species that has variable eggs and is a host
of brood parasitism by an egg-mimicking cuckoo, in order to (1) compare population
variation to variation within a clutch as a measure of the distinctiveness of eggs; (2)
assess modularity versus correlation among egg appearance traits as an indication
of the complexity of egg signatures; and (3) address whether the eggs are discretely
polymorphic or continuously variable in appearance. | also compare three methods
of assessing egg coloration: reduction of spectral data to orthogonal components,
targeted spectral shape variables, and avian visual modeling. Then | report the results
of egg replacement experiments that assess the relationship between egg rejection
behavior and the difference in appearance between own and foreign eggs. Rippell’s
weaver (Ploceus galbula) eggs are variable in appearance between individuals and
consistent within a clutch, but vary widely in the distinctiveness of particular traits. Most
aspects of color and spotting are decoupled from each other, including coloration likely
to derive from different pigments. Egg ground color is bimodal, with a broad continuous
class of off-white/UV eggs and another broad class of blue-green eggs. Variation in all
other traits is unimodal and usually normal in distribution. Females reject foreign eggs
on the basis of the difference in brightness of the ground color and spotting of foreign
eggs relative to their own, and the difference in degree to which spots are aggregated
at the broad end of the egg. This aggregation is among the most distinctive features of
their eggs, but the brightness of the ground color and spotting brightness are not; the
birds’ use of brightness rather than the more distinctive chromatic variation to recognize
eggs might reflect the salience of achromatic contrast in a dim enclosed nest.

Keywords: brood parasitism, self-recognition, trait variation, polymorphism, egg coloration, Ploceidae

INTRODUCTION

Dramatic and stable trait variation between individuals of the same species, sex, and age living
in the same environment has always been compelling to evolutionary biologists, as it requires a
more complex analysis than a singular prediction from optimality (Poulton, 1884; Dobzhansky,
1951; Ford, 1965). Bird egg appearance is one of the traits that has consistently been considered in
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this context, with hypotheses for its variation including drift in
the absence of function (Moreau, 1960), parental recognition
of eggs when laying sites are crowded (Tschanz, 1959), a toss-
up in the face of different selective agents (Kim et al., 1995),
and previously unrecognized environmental variation (Blanco
and Bertellotti, 2002). By far, however, the most frequently
considered hypotheses for intraspecific bird egg variation arise in
the context of brood parasitism, and these are also particularly
intriguing scenarios because other organisms are evolving to
nullify the function. If the victims of brood parasitism evolve
the ability to recognize their own eggs and reject foreign
ones, the brood parasites can engage in deceptive or aggressive
mimicry of host eggs as a counteradaptation, and brood parasite
egg polymorphism can result as a byproduct of differing host
specialization between lineages within the same brood parasite
species (Baker, 1913; Friedmann, 1928). Variation in the eggs
of brood parasites might also be adaptive in itself, if they
compete to parasitize the same nests and reject each others’ eggs
(Brooker and Brooker, 1990; Spottiswoode, 2013). As for the
hosts, one anti-counterfeiting strategy is to evolve distinctive eggs
to facilitate egg recognition (Bates, 1911) when the brood parasite
exhibits egg mimicry. Egg distinctiveness can be achieved by
decreasing intraclutch variation and increasing variation between
individuals in egg appearance (Davies and Brooke, 1989). To
the extent that this phenomenon is occurring, host egg variation
has evolved to facilitate self-recognition, since egg appearance
traits are an extended phenotype of the mother; although in
practicality it can also be considered offspring recognition since
the parental trait is physically attached to the offspring and
functions in distinguishing them from others. This particular
mechanism of egg appearance variation within a species—
increasing distinctiveness as a counteradaptation to brood
parasitism—has been invoked with evidence as an explanation
for increased egg variation in a number of species, such as
the great reed warbler (Acrocephalus arundinaceus) (Moskat
et al., 2002), blackcap (Sylvia atricapilla) (Honza et al., 2004),
village weaver (Ploceus cucullatus) (Lahti, 2005), white-plumed
honeyeater (Landstrom et al., 2010), tawny-flanked prinia (Prinia
subflava) (Spottiswoode and Stevens, 2012), red-billed leiothrix
(Leiothrix lutea) (Yang et al., 2014), and Paradoxornis parrotbills
(Yang et al., 2015). Here I introduce a new brood parasite -
host system, where the host is known to have variable eggs
between individuals.

Riippell’s weaver (Ploceus galbula) is a small passerine endemic
to the Horn of Africa (Ash and Atkins, 2009) and the Arabian
peninsula (Shirihai and Svensson, 2018; Figure 1). It is a member
of the clade of true weavers (Ploceinae), named for the proficient
nestbuilding of the males. The Riippell’s weaver male is yellow
with a striped back, dark rusty mask, and red eyes. The female is a
drab green typical of the genus, but lays eggs of any of a variety of
pastel colors maculated with speckles and blotches ranging from
tawny to nearly black. The species is common within its restricted
range, but has received little research attention. Its literature so
far consists, besides breeding records and species accounts, of
brief treatments of its behavior (O’Grady and O’Grady, 1990; Al-
Safadi, 1996; Lahti, 2013), the effect of light on eggshell color
(Navarro and Lahti, 2014), and its range expansion in Arabia

(Alshamlih et al., 2020). Rippell’s weaver can be considered an
associative nester (Lahti, 2013), in the sense that where one is
nesting usually one or more others will also be in close proximity,
whether conspecifics, or congeners such as the lesser masked
weaver (P. intermedius). A male builds the enclosed basket-like
pendant nest, and the female lines it with greenery and soft
material and then lays her eggs.

Like many other weavers, Riippell’s has been reported to be
subject to brood parasitism by the diederik cuckoo (Chrysococcyx
caprius) (Jennings, 2010; Erritzee et al., 2012; Eriksen and Porter,
2017). This cuckoo is an obligate brood parasite, laying eggs in
the nests primarily of weavers (Ploceidae) (Payne, 2005). A young
diederik cuckoo upon hatching, usually before the host chicks
do, ousts the weaver eggs or nestlings from the nest, and begs
for food from its foster parent. Thus, successful parasitism by
the cuckoo results in the total loss of a reproductive attempt by
the weaver. Some weavers, such as the village weaver (Ploceus
cucullatus), are known to use various egg appearance traits in
connection with refined egg recognition as an anti-counterfeiting
strategy, detecting foreign eggs, and removing them from their
nests (Victoria, 1972; Lahti, 2006). The egg appearance traits
that have been shown to be effective cues for discrimination
in village weavers are egg ground color and spotting pattern
(Lahti and Lahti, 2002). The refinement of egg appearance traits
and egg recognition is especially necessary because the diederik
cuckoo has evolved mimicry of weaver eggs (Payne, 1967), and
diverged into apparent egg races, or gentes, that are specialized
on different host egg morphs (Jensen and Vernon, 1970). In
some weavers, individuals parasitize each other (Jackson, 1992a),
which is not as detrimental as cuckoo parasitism as it merely
adds an individual to the clutch; nevertheless it might still impose
selection for egg recognition (Samas et al., 2014; Lyon et al.,
2015). At least in the village weaver, however, defensive traits
function especially in response to interspecific (cuckoo) brood
parasitism, as demonstrated by their decay in the absence of
the cuckoo (Lahti, 2005, 2006), and the subsequent evolution of
egg appearance in accordance with other agents of selection in
populations freed from cuckoo parasitism (Lahti, 2008). Riippell’s
weaver is not closely related to the other two weavers that
have been studied intensively for egg variation and egg rejection
(P. cucullatus and P. taeniopterus), but is in another of three main
clades of African Ploceus/Malimbus weavers, each with nearly two
dozen species (De Silva et al., 2019; Habig, Childers, and Lahti in
prep). Close relatives of Riippell’s weaver vary widely in whether
they have (or are known to have) variable eggs (Freeman, 1988;
Urban et al., 2004).

A distinctive feature of egg appearance adaptation to cuckoo
brood parasitism is that no particular trait value is expected to
be consistently adaptive, because the parasites’ eggs themselves
evolve continuously in counteradaptation to host egg evolution
(Davies and Brooke, 1988; Spottiswoode and Stevens, 2012). At
a given time and place, cuckoo eggs can be expected to be
most successful when they are similar (in whatever way leads
to acceptance by the host) to the largest possible proportion
of current local host eggs. This situation results in mutual
frequency-dependent selection between host and parasite. The
host’s most adaptive strategy in terms of egg appearance features
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FIGURE 1 | Ruppell’s weaver (Ploceus galbula). Top left: a male at the nest; top right: a female inside the nest. Bottom: sample eggs, each laid by a different female.

is not a particular color or spotting pattern per se, but rather
individual distinctiveness, consistency, and complexity, traits
typically effective in defeating deceptive mimicry (Davies, 2011;
Feeney et al,, 2012; Caves et al,, 2015). Any given weaver’s eggs
will be more distinguishable from foreign eggs (whether laid by
another weaver or by a cuckoo that has evolved egg mimicry) if
they are different in appearance from other prospective host eggs,
if they are consistent in appearance with each other, and if egg
appearance represents a combination of several components that
are limited in their correlation with each other and so can develop
(and evolve) independently. Each of these three characteristics
would decrease the likelihood that a parasitic egg randomly laid
in a weaver nest will resemble the host’s eggs, and would thus
increase the effectiveness of egg discrimination by the host. This
study assesses egg appearance variation and egg rejection in the

Rippell’s weaver, in order to test whether these predictions are
met: whether their eggs are variable between individuals and
consistent within a clutch, have multiple modular egg appearance
features, and whether the birds attend especially to their eggs’
most distinctive features when detecting a foreign egg.

I also address three auxiliary questions. First, bird egg
appearance variation is often described as polymorphic when in
fact it could simply be variable; avoiding presumption in this
area and distinguishing discrete from continuous variation is a
common challenge in trait evolution studies (Rankin et al., 2016;
Davison et al., 2019). For weavers in particular, the hypothesis
of distinct egg types with rare or absent intermediates is rooted
in claims over a century old (Bates, 1911; Swynnerton, 1916),
but researchers studying village weaver egg color variation have
differed in their adherence to this view (Collias, 1984, 1993;
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Din, 1992). Pairwise comparisons of eggshell spectra suggest
that variation is continuous, except perhaps for white eggs
(Lahti and Lahti, 2002; Lahti, 2005), although distributions of
particular egg appearance traits were not specifically analyzed.
Here I characterize the distributions of egg appearance features
in Riippell's weaver in order to determine their shape and
modality. Second, two egg pigment classes are known to result
in egg coloration, biliverdin and protoporphyrin, corresponding
roughly to blue-green and reddish-brown coloration (Poole,
1965; Miksik et al., 1996). Is variation in the production and
deposition of these pigments decoupled in weavers, such that
they could develop and evolve independently? If so, either no
correlation will be found in blue-green and reddish-brown egg
coloration between individuals, or a mild negative correlation if
the presence of one partly obscures the other. Alternatively, a
strong positive correlation between them would suggest a linked
production or deposition mechanism; and a strong negative
correlation would indicate a trade-off or zero-sum allocation
of pigments. Third, three strategies of representing color are
commonly used, all based on spectral reflectance, in assessing
variation and egg recognition: reduction of all spectral data into
objective orthogonal components, spectral shape variables that
target spectral peaks or wavelength regions of interest, and avian
visual modeling that transforms spectral data according to retinal
cone sensitivity. Here I perform all three of these methods and
compare the results, especially looking for pros and cons of
the approaches. For instance, since birds are looking at their
own eggs during egg recognition, does approximating the avian
visual system improve the explanatory power of a model of egg
rejection?

MATERIALS AND METHODS
Study Site and Species

Breeding Riippell’s weavers were studied at Awash National Park,
Ethiopia (008°53’150”N, 040°02’147”E) in July—August 2010.
Males of this species build the nests, to which they attract females,
who line the nests, lay their eggs, and solely incubate them (Al-
Safadi, 1996). In this study site, Rippell’s weaver is common,
and flocks with other weaver species such as the chestnut weaver
(P. rubiginosus), village weaver (P. cucullatus abyssinicus), and
lesser masked weaver (P. intermedius). Riippell’s weavers found
at this site resided in single male territories (containing 1-3
nests) or loose aggregations (e.g., 30 nests spread across an
area of 25 x 25 m) (Lahti, 2013). Their nests are kidney-
shaped and pendulous with an opening on the bottom, hung
generally from Acacia trees between 2 and 5 m above the ground.
Diederik cuckoos (Chrysococcyx caprius) were seen, and heard
singing, throughout this study and in the vicinity of Riippell’s
weaver nests, although no known instance of brood parasitism
occurred in study nests over the short period (2-4 days) each was
monitored. However, in one case an egg was found in a nest that
was very different in appearance from the others, bringing the
total number of eggs in the nest to 5, which was not otherwise
observed in the sample. Clutch size was determined by repeated
nest visits. Clutches were excluded from this assessment if nest

or eggs disappeared (presumably to predation), if the nests were
abandoned, or if nest visits did not continue at least 1 day
following clutch completion.

Egg Size and Shape

Egg length (L) and widest width (W) were measured with digital
calipers (£0.05 mm); their ratio is considered here as a measure
of egg shape. Mass of freshly collected eggs (laid in the previous
1-4 days) was measured with a Pesola spring scale (0.1 g). These
measurements permitted a test of the standard equation for initial
mass based on length and width developed by Hoyt (1979).

Egg Ground Color

Egg color was measured with an Ocean Optics JAZ modular
UV-VIS spectrophotometer and a pulsed xenon light source.
I held a 400-pm reflection probe at a 90° angle 5 mm from
the sample. Measurements were standardized with a diffuse tile
made of polytetrafluoroethylene that reflects >98% of light over
all sampled wavelengths. I performed all measurements under
an opaque cloth to avoid an effect of ambient light. Three
measurements were taken per egg for ground color. Ground color
was measured approximately halfway between the egg poles, in a
spot as clear of maculation as possible. In each case the mean of
the three measurements was used for analysis.

I assessed the standard error of measurement (SEM) for the
spectrophotometric data, on which all ground color variables
are based. Both human and instrumental precision in spectral
measurements varies, and within-clutch variation can be very
small in birds subject to egg-mimicking brood parasitism (Lahti,
2005), possibly approaching the margin of error. The SEM for
spectrophotometric data includes imprecision of the measurer
and of the spectrophotometric apparatus. SEM also includes any
within-egg variation in color that might have been captured
by the measurements. In this study, any measures of color
variation and any statistically significant egg color morphs are
considered potentially biologically relevant only at differences
that are greater than the SEM. In this dataset, the global mean
SEM for spectral measurements, based on three measurements
per egg, was 2.58 (£1.34 across eggs). I also tested whether the
relative SEM (mean SEM/mean% reflectance) varies such that
it is consistently higher in some spectral regions than in others.
The mean relative SEM across wavelengths was 0.048, which
indicates that absolute SEM closely tracked% reflectance over
the range of 320-700. Therefore the global mean SEM can be
used: all measurements of ground color% reflectance should be
considered £2.58 due to random error.

I interpreted reflectance data for color analysis in three ways.

Reduction of Spectra Into Objective Uncorrelated
Axes of Variation

I reduced spectral reflectance values to a few variables with
principal components analysis (PCA). The axes in the default
output of a PCA are determined so as to maximize the variance
explained by the first factor, and then so on for subsequent
factors. This often results in brightness (reflectance over all
wavelengths) being a highly explanatory first component. I used
rotations of the principal component axes, which are equivalent
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ways to parse the data into factors, to find additional components
that were chromatic and had biologically interpretable loading
patterns, especially given the range of spectral shapes observed in
the population. The original PC1 was preserved for analysis, but
the second and third factors were not easily interpretable. Three
additional interpretable and explanatory variables were found
in another rotation, the varimax. This rotation maximizes the
variance of each factor’s squared loadings. For spectral data, this
translates into minimizing the overlap between factors in loading
on wavelengths, so that a given region of the spectrum will inform
only one factor to the greatest extent possible.

Measurements of Spectral Shape

I derived univariate measures from the spectral data in an attempt
to quantify variation in the observed spectral shapes, using the
software Avicol (Gomez, 2006). The spectral features that were
distinguished based on visual inspection of the raw spectral data
were a peak in the ultraviolet (UV), a peak in the blue-green, and
a reddish-brown slope (see “Results” section and Figure 2, top
panel). The following variables were derived to describe them,
using the shapes (especially inflection points) characteristic of
spectra found for this species in the present study (numbers are
wavelengths in nm, R = % reflectance):

380 700
ProportionUVR = [ R(\) d)\/ S R(\)dn.
300 300

The cutoff of 380 nm was chosen because it was approximately
the wavelength of minimum reflectance immediately to the right
of UV peaks in sample spectra of this species. Generally called
“UV chroma,” this term is misleading because the variable is
strongly affected by reflectance in other areas of the spectrum
besides the UV, including variation that has nothing to do with
chromaticity. For instance, increasing reflectance at 700 nm will
decrease the value of this variable, and a white egg will have a
higher value than a brown egg even if the UV reflectance in both
cases is identical and flat. Thus it is better considered simply as
proportion UV, in the sense of UV reflectance as a proportion of
total reflectance. A second variable focusing on the UV peak is:

UV max — min = Abs ((Ruvmax — Ryvmin) /Ruvavg) >
where Ryymax and Ryymin are the maximum and

minimum » 0reﬂectance between 300 and 380 nm and

Ruvavg = S R(M)d\ / 81. This measure focuses on the
300

UV peak without influence by reflectance in other areas of

the spectrum. Two further variables focused on blue-green
proportional reflectance and peak height:

650 700
Proportion blue — greenR = [ R()\)d\ / J R(n)dn.
400 300

The cutoffs of 400 and 650 nm were chosen because they
approximate the wavelengths of minimal reflectance on either
side of the blue-green peak. As a measure of blue-green chroma
this has the same issues as proportion UV R above.

Blue — green chroma peak height = (R400 + Res0) / 2 — Rsq9,

100

80
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FIGURE 2 | Variation in Rippell's weaver eggshell ground color (though
influenced to some extent by maculation), in terms of spectral reflectance
curves. Top: Range of reflectance in the sample, and two representative egg
spectra. The shaded area defines the range of reflectance, across the
bird-visible spectrum, of the ground color of 63 eggs in 26 clutches, three or
fewer days after laying. The top and bottom edges of this shaded area
represent extremes of brightness. To the extent that eggs exhibited chromatic
variation in ground color, they were of a bluish hue, indicated by a reflectance
hump between 400 and 650 nm, peaking around 500 nm. Extremes of blue
chroma in the sample are exemplified by the solid curve (high chroma) and the
dashed curve (low chroma). The tendency of the shaded area and the lines to
increase in reflectance above about 600 indicates a small degree of
reddish-brown in some of the eggs. In many cases this signal resulted from an
inability to avoid fine spots when taking spectral measurements of ground
color. Bottom: Factor loadings from a Principal Components Analysis of
reflectance spectra of all study eggs, indicating three uncorrelated axes of
variation: broadly speaking, in blue-green (PC1, explaining 30.8% of the
variance), UV (PC2, explaining 23.0% of the variance), and reddish-brown
(PC3, explaining 22.6% of the variance). The loading for a particular
wavelength indicates the contribution of that wavelength to the respective PC.
These curves represent a varimax rotation of the principal components, which
distributes variation across the PCs and, in this case, highlights chromatic
variation.

following Lahti (2008) where this was used as a measure of blue-
green chroma in the eggs of another weaver species. This differs
from proportion blue-green R in that it is robust to any variation
in the blue-green curve except for peak height, and it is unaffected
by variation in other areas of the spectrum.

700 700
Proportion red — brown R= / R(}\) d)\/ S R(\)dn.
650 300

The cutoff of 650 nm was used because only reflectance above
this wavelength can be unambiguously assigned to the red-brown
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slope rather than the blue-green peak. No more specific red-
brown chroma variable was developed for ground color because
this would be artifactual: most red-brown chroma was due to an
inability to avoid fine dense maculation when gathering a ground
color spectral reading. Finally, average reflectance was used to
represent brightness:

700
Brightness = (Z R) / 401.
300

Estimation of Photon Catches by the Bird Retina

I used the program TetraColorSpace (Stoddard and Prum, 2008)
to convert spectral reflectance to estimated relative photon
catches by each of the four cones of a typical UV-sensitive
bird’s eye (Goldsmith, 1990; Endler and Mielke, 2005). These
cones correspond to maximum sensitivities at 372, 456, 544,
and 609 nm, and are represented in TetraColorSpace output by
wavelength-indicating variables u (UV), s (short), m (medium),
and 1 (long), respectively (Riippell's weaver peak sensitivities
might vary from these values, but data are unavailable). These
values are represented as proportions, and thus sum to 1. Any
color as perceived by a bird can in this way be located in
tetrahedral color space, where the value for each variable is
maximized (has a value of 1, and all others 0) at one vertex
of the tetrahedron, and where all four values are equal at
0.25 at the achromatic origin or centroid of the tetrahedron.
TetraColorSpace then converts photon catches into spherical
coordinates. From the achromatic center of this tetrahedron,
the color vector’s direction, or hue, is defined by two angles
0 (the azimuth or horizontal angle away from a plane cutting
perpendicular midway between the m and 1 vertices, ranging
from —m to +7) and ¢ (the elevation or vertical angle from
the horizontal plane if the tetrahedron is arranged with the u
vertex upward, ranging from —m/2 to +m/2). Since the outside
surface of the tetrahedron represents the maximum distance
from the achromatic center for a particular direction, the vector’s
magnitude r is considered saturation or chromaticity. Because
different colors have different maxima, I used the standardized
“achieved chroma” (r4) that is scaled to its maximum for a
given vector direction (Stoddard and Prum, 2008). I then applied
these variables to an assessment of color variation using span
analysis, volume analysis, and hue disparity analysis, all available
in TetraColorSpace. Span analysis computes the average color
contrast in terms of Euclidean distance between two points in the
population. Volume analysis defines the three-dimensional size
of the space occupied by the population by finding the minimum
convex polygon containing all data points. Hue disparity analysis
extracts hue (color vector angle) differences from differences in
saturation (chromaticity, color vector magnitude), and represents
contrast as a proportion, where 0 is the identical hue and 1
is its complementary, and thus maximally different, hue. All
three of these measures ignore brilliance or brightness, however,
so this feature was analyzed separately. Brilliance analysis in
TetraColorSpace is equivalent to brightness analyses in Avicol,
values being identical to three significant digits; only Avicol
brightness data is presented here.

Egg Maculation

Four intuitive and quantitative measurements have been used
previously to measure the variation in spotting of weaver eggs
(Lahti and Lahti, 2002; Lahti, 2005): density, size, color, and
aggregation toward the broad pole of the egg. However, in those
studies the quantification of just a few eggs provided an index,
and the bulk of the sample was assessed qualitatively according
to the index. Here I use procedures in Adobe® Photoshop to
further specify the method and fully quantify all spotting pattern
characterizations. Eggs were photographed with a Nikon D200
digital SLR camera from three perspectives: lateral, and each pole
of the egg. An 18% gray card and a ruler were placed in the
background, and were used to standardize the image color (via
“Curves”) and size (via “Set Measurement Scale”) after import.
Spots were isolated in the image with the Magic Wand tool
with anti-aliasing, by selecting contiguous ground (non-spot)
area, after which spot measurements can be made automatically.
In this species, each egg has two and sometimes three layers
of spots separated by layers of ground color; these spots were
considered separately, but all values are combined in analyses
here. For spot density, size, and color, the lateral perspective of
the egg was used. Density was calculated as a proportion: the
ratio of the area occupied by spots to the total area of the egg
in the image. Spot size was calculated as the ratio of the total
area of spots to the number of spots counted, which yields the
average spot area. Spot color was assessed in terms of brightness
only, after spectrophotometry showed that this was the main axis
of variation in spotting. Spectrophotometry was not ideal for
measuring spots, however, as the area over which the reflection
probe takes data is broader than most of the spots in this species.
Instead, Photoshop was used to calculate the 8-bit gray value
(range: 0-255, black to white) of the spots in the standardized
photographs. The mean of this value was used for spot brightness.
Spot aggregation toward the broad pole of the egg was assessed
using the photographs of the two ends of the egg. The area of
spots was calculated for each image, and the degree of aggregation
was considered to be 1 — (area of spots at the narrow end/area
of spots at the broad end). This yields a range between 0 and 1,
where 0 is an even distribution of spots throughout the egg, and
1 is the aggregation of all spots at the broad end of the egg.

Polymorphism, Distribution Shapes, and

Trait Interactions
Polymorphism in a strong sense would indicate discrete types
with no intermediates. A weaker sense of polymorphism might
be satisfied merely by a polymodal trait distribution. I tested for
polymorphism in this weaker sense, of all egg color, maculation,
size, and shape variables described above, using Hartigan’s dip test
for unimodality (Hartigan and Hartigan, 1985), along with visual
inspection of histograms. Of particular interest was whether eggs
that appear to be different colors (e.g., whitish vs. bluish) or have
different color spots (light vs. dark) represent egg type morphs or
continuous variation.

Distribution shape was examined by skewness and kurtosis;
a significant departure from normality was concluded when the
absolute value of the ratio of the statistic to its standard error
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(skewness/SES or kurtosis/SEK) was greater than 2. Significant
skewness indicates asymmetry of the distribution around the
mean, either to the right (positive values) or left (negative values).
Significant kurtosis indicates either that the distribution has
longer tails than normal (positive values) or is flatter than normal
(negative values).

Trait interactions were investigated by conducting Pearson
correlations among the variables, Bonferroni corrected for
multiple comparisons. Certain comparisons were of particular
interest: whether egg shape is conserved across egg sizes (whether
length and width are correlated); whether variation in egg size
is achieved primarily in one dimension or the other (whether
length/width ratio is correlated with egg mass); whether color
or maculation varied with egg size; whether different ways
of measuring qualitatively similar color features were highly
correlated; and whether any egg color features, such as different
spectral peaks, are decoupled from each other.

Egg Appearance Distinctiveness

Based on the range and nature of population variation in egg
appearance features, I calculated how much of this variation for
each egg appearance trait was between individual (BI) vs. within-
clutch (WC), using ANOVA to derive sums of squares, where
WC =SS (error) and BI = SS (group, i.e., clutch). This permitted
the production of a distinctiveness score D = 1 — (WC/BI) for
each egg appearance variable. A score approaching 1 for a given
feature indicates very little within-clutch variation compared to
great between-individual variation, rendering the eggs within
a particular clutch highly distinctive in the population with
respect to that feature, and representing the ideal situation for
egg discrimination. A score nearing 0 indicates equal within-
clutch and between-individual variation, meaning that a random
egg in a nest could be own or foreign with equal probability,
rendering discrimination impossible on the basis of that feature.
Ideally, both BI and WC would be calculated on the basis of
the means of complete clutches; I performed this analysis first.
This strategy is likely to be relatively accurate for WC, but might
underestimate BI and thus distinctiveness in some cases because
it restricts the number of clutches that are sampled. Therefore
I also calculated D in a second way that is more accurate at
assessing BI, via pairwise comparisons. Disparity measurements
within a clutch were taken, allowing the inclusion of potentially
unfinished clutches: two eggs for each WC comparison were
chosen at random from clutches with more than two eggs,
and one-egg clutches were excluded. This increased the sample
of clutches, increasing the estimate of BI; however, WC was
systematically underestimated, perhaps leading to an inflated
estimate of egg distinctiveness in some cases. These two ways
of estimating within-clutch and between-individual variation
translate into D scores that are presented here as endpoints
of a range. WC values cannot be considered to account fully
for within-individual variation, however, as only one clutch was
measured per female.

Egg Rejection Experiments
A single conspecific egg (hereafter, “foreign egg”) was introduced
into each experimental Riippell’s weaver nests (N = 24) to mimic

parasitism by conspecifics or the diederik cuckoo. Two cases
ultimately had to be discarded for missing egg appearance data.
In accordance with the typical behavior of the diederick cuckoo
(Friedmann, 1968), a host egg was removed from the nest at
the same time, such that there was no change in the number
of eggs in the nest as a result of the experimental procedure.
The experimental protocol and relevant portions of the data
analysis followed Lahti and Lahti (2002) and Lahti (2006) on four
populations of another weaver species (the village weaver Ploceus
cucullatus), so that results would be comparable between species.
I wrote a number for identification on the side of each egg. In six
control nests, the eggs were handled and numbered and replaced
in the same nest. In five of these cases the female continued to
incubate the eggs and did not reject any. In one nest both eggs
were gone (the nest was empty) on the day after the manipulation;
predation and the weaver’s rejection of both of her own eggs
cannot be distinguished in this case, although in no other case
did a weaver reject her own eggs but no foreign egg. I checked
each nest 24-28 h (n = 13) or 48-52 h (n = 9) after experimental
parasitism and noted whether any eggs were damaged or missing,
in which case they were considered rejected. A previous study on
village weavers showed that all rejections happened within 24 h
(Lahti and Lahti, 2002). All egg replacements were performed
during or within 3 days after the laying period of the female.
Experimental eggs were chosen in real time in order to achieve
approximately a 50% rejection rate, as binary logistic regression
is only as powerful as the less common of the two response states.

Egg appearance differences between host and foreign eggs
were calculated for each variable separately, as the absolute value
of the difference between the foreign egg and the host egg that
was nearest to the foreign egg in that variable, whether that host
egg was already in the nest at the time of the egg replacement
or was laid afterward. Thus, different host eggs were compared
to the foreign egg for different variables if the host clutch varied
in which egg was minimally different from the foreign egg. The
reason for comparing the closest egg in the clutch for each
appearance variable rather than the mean of all host eggs, as
is sometimes done, is to avoid confounding host-foreign clutch
differences with host within-clutch variation (Lahti, 2006). For
any particular mean value of a host egg appearance variable, a
foreign egg is necessarily less distinctive in a host clutch with
higher variation around that mean than with lower variation.
Using the mean value would ignore this difference. Comparing
a foreign egg to the nearest egg in the clutch for each variable is
one way of circumventing this issue.

The calculated egg appearance differences included all the
variables described above, including three ways of measuring
color [PCA of spectra (three variables), reflectance peaks
and proportions (five variables), and photon catches in
TetraColorSpace (three variables)]; maculation (four variables);
and size and shape (four variables). For spectral measures of
color, differences were calculated between the reflectance values
of the ground color of the two eggs between 320 and 700 nm.
A (second) PCA was performed on these values. The spectral
differences between host and foreign egg ground color were
most interpretable without rotation of the principal components.
In this analysis, three factors explained 73.2% of the variation,
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with no remaining component explaining more than 1.7%. PC1
loaded highly across 400-700 nm, and so represents differences
in brightness excluding UV. PC2 loaded positively in UV (max
at 355 nm) and negatively in blue (min at 490 nm); thus high
and low PC2 values show differences in both blue and UV, but in
opposite directions. PC3 loaded negatively on reddish-brown.
Factors potentially influencing egg rejection were analyzed by
logistic regression (Hosmer and Lemeshow, 1989) with SYSTAT
10.0 software (SPSS Inc., Chicago IL), following Lahti (2006). The
response variable was binary, namely whether or not the female
rejected any eggs from her nest. In all cases of rejection, the
female ejected at least the foreign egg, and sometimes damaged or
ejected one of her own as well. In addition to all egg appearance
difference variables, clutch size and whether the weaver laid a
new egg after experimental parasitism were also included. First,
variables were tested in univariate (single logistic regression)
models, candidate variables being chosen on the basis of the log-
likelihood of models at convergence; specifically, a likelihood-
ratio (G) test was performed on each model, which results in a
P-value of that model compared to a constant-only model. For
each parameter in a significant model, a t-ratio compared the
estimate to the standard error (SE) of the parameter. To correct
for possible misspecification of models, covariance matrices were
adjusted according to quasi-maximum likelihood (QML) to yield
revised SE, f, and parameter-specific P-values (White, 1982).
The most appropriate multivariate (multiple logistic regression)
model was chosen by forward stepwise regression (with P = 0.15
as the threshold for variable inclusion) followed by comparisons
(G tests) of the final model with all nested subsets. Significant
models were assessed in two ways. First, McFadden’s Rho-
squared (p?), sometimes called “pseudo-R?>”, was used as an
estimate of explained variation or goodness-of-fit; it is similar
in interpretation to the R? of linear regression, but generally
with lower values (Long, 1997). Second, sensitivity and specificity
assessed the predictive capacity of the model. Sensitivity is the
true rate of egg rejection when rejection is predicted by the model;
and specificity is the true rate of egg acceptance when acceptance
is predicted by the model. For continuous variables except for
proportions, each significant model also yielded an odds ratio,
the increase in the probability of egg rejection for one unit
increase in the parameter. Also reported is the difference in each
egg appearance variable in the best univariate and multivariate
models to result in egg rejection 50% of the time. This is the LD50,
the “median lethal dose” in toxicology; as rejection results in the
death of the foreign egg, the concept is directly translatable as the
median lethal difference (between the own and foreign eggs).

RESULTS

Clutch and Egg Measurements

Each Riippell’s Weaver clutch usually consisted of three eggs, less
often two or four (mode 3, mean 2.74, SD 0.54, N = 23). Using
Hoyt’s (1979) equation for egg mass, this species’ mass coefficient
was calculated as K, = 0.499, such that initial mass can be
estimated with minimum error as 0.499 x LW?, where L and W
are egg length and width, respectively. The error of this estimate

(its departure from known egg mass values) is 5.4 £ 4.3%. Length,
width, and mass were normally distributed. Egg shape was not
conserved across egg sizes (length and width were not correlated).
Variation in egg size was not achieved primarily in the length or
width dimension (length/width ratio was not correlated with egg
mass). Thus, an egg of any particular size was not significantly
biased within the observed range of shapes, and an egg of any
particular shape was not significantly biased within the range of
sizes. Egg size and shape characteristics are listed in Table 1. Egg
size and shape features were highly distinctive among clutches,
the mean estimates for D scores exceeding 0.80 for length, width,
mass, and shape. Egg shape (length/width ratio) was the most
distinctive at D = 0.90. Neither egg ground color nor maculation
correlated with egg size or shape.

Eggshell Ground Color

Representative Riippell’s weaver eggs are illustrated in Figure 1
(bottom panel), and the range of reflectance of sample eggs’
ground color over the bird-visible spectrum is illustrated in
Figure 2 (top panel). Such graphical representation, although
showing variation in brightness (average reflectance) in the
sample, obscures chromatic (spectral shape) variation. Examples
of the two ends of the continuum of spectral shape in this sample
are represented by the two curves in Figure 2 (top panel).

Qualitative assessment of the shapes of the reflectance spectra
yielded three main results. First, all eggs have a peak in the bird-
visible portion of the ultraviolet (UV) region of the spectrum
(320-400 nm), peaking toward the lower end of this range and
reaching a minimum around 380 nm. Second, most eggs have
another peak around 500 nm, broadly spanning from 400 to
650 nm, corresponding to blue-green (e.g., solid line in Figure 2,
top panel). Eggs vary in terms of which of these two peaks is
higher. Some eggs have no blue-green peak, resulting in a whitish
apparent color, although they are in fact ultraviolet. Third, all
eggs have maculation, and in some cases this influences the
appearance of the ground color, resulting in a nearly linear (but
irregular) inclining curve between 450 and 700 nm (e.g., dashed
line in Figure 2, top panel).

Quantitative analysis of color was by reduction of spectral
data into orthogonal components, identification of broad spectral
shape features, and estimation of bird retinal photon catches.
Table 1 contains descriptive statistics, departures from normal
distribution, and D scores.

Spectral Principal Components Analysis

As expected, PC1 in the unrotated principal components output
loaded consistently and heavily (0.8-1) over the entire spectrum,
and therefore can be considered brightness. This factor explained
67.5% of the variation in the data. Following varimax rotation,
such that each wavelength contributes maximally to a single
factor, the loading curves strikingly resembled the spectral
shapes of particular color patterns observed in the raw data,
facilitating biological interpretability and comparison with the
other analyses: PC1 (which explained 30.8% of the variance)
loaded in a broad peak centered at 500 nm, representing blue-
green. PC2 (which explained 23.0% of the variance) rose in its
loading as wavelength shortened, into a plateau in the UV. PC3
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TABLE 1 | Statistics relating to appearance of Riippell's weaver (Ploceus galbula) eggs and the structure of their variation®.

Population variation: mean + SD (range) Distribution shape? D3
Ground color: spectral Unrot PC1 (brightness) n/a* 0.33-0.49
principal components
Varimax PC1 (blue-green) n/a* 0.07-0.27
(Varimax PC2 (UV) n/a* 0.64-0.71
Varimax PC3 (red—brown) n/a* 0.78-0.80
Ground color: retinal UV (u) 0.19 £ 0.02 (0.15-0.23) 0.66-0.68
cone stimulation
Short (s) 0.26 + 0.01 (0.24-0.29) Weakly bimodal (P = 0.02); Flat (K = —2.1) 0.79-0.83
Medium (m) 0.28 £ 0.01 (0.27-0.30) Weakly bimodal (P = 0.02); Flat (K = —2.4) 0.78-0.79
Long () 0.27 £ 0.02 (0.25-0.31) 0.77-0.84
Ground color: 0 0.97 &+ 0.95 (—0.16 to 2.51) Weakly bimodal (P = 0.02); Flat (K = —2.5) 0.76-0.78
tetrahedral hue &
chroma
) —1.26 & 0.15 (—1.44 to —0.84) Skewed right (S = 3.9) 0.70-0.77%
Achieved r 0.26 £ 0.09 (0.06-0.40) 0.65-0.68
Ground color: spectral Prop. UV R 0.15 £ 0.02 (0.11-0.19) 0.29-0.54
shape features
UV max-min 0.30 £ 0.10 (0.12-0.57) —0.351t00.07
Prop. blue-green R 0.67 £+ 0.02 (0.63-0.71) 0.67-0.75
Blue—green peak height 8.2 +£ 6.6 (—3.8t0 19.6) Bimodal (P = 0.002) 0.86-0.87
Prop. red-brown R 0.15 £ 0.01 (0.13-0.18) 0.80-0.85
Brightness 54 £10 (32-77) 0.36-0.52
Maculation (spotting) Density 0.19 £ 0.12 (0.05-0.43) Flat (K = —2.1) 0.96-0.98
Brightness 130 + 17 (88-168) 0.72-0.80
Size 0.18 4 0.10 (0.07-0.79) Skewed right (S = 11.4); Long tail (K = 29) 0.32-0.40°
Aggregation 0.67 £ 0.21 (0.14-0.94) Skewed right (S = 2.7) 0.81-0.96
Egg size and shape Length 20.6 £ 1.1 (17.7-23.0) 0.87-0.88
Width 13.8 +£ 0.4 (12.9-15.0) 0.76-0.92
Length/width ratio 1.49 + 0.08 (1.31-1.66) 0.90 =0.90
Mass 1.97 £+ 0.24 (1.35-2.65) 0.72-0.86

Population variation yields D = 1 — WC/BI, a distinctiveness index comparing within-clutch variation to between-individual (population) variation; values closer to 1 indicate

egg features that are more distinctive and so should better permit discrimination of foreign eggs in a clutch. See text for interpretation of egg appearance variables.

TN = 63 eggs in 26 clutches (ground color); 66 eggs in 29 clutches (maculation); and 72 eggs in 31 clutches (egg size and shape).

2Blank values indicate that neither skewness, kurtosis, or Hartigan’s dip tests indicated a significant departure from normality. S = abs (skewness statistic/standard error
of skewness). K = abs (kurtosis statistic/standard error of kurtosis). Bimodality P-values derived from Hartigan’s dip test for departure from unimodality.

SThe range of values is between those derived from complete clutches (normal text), and two random eggs per clutch (italics).

4All PCs are devised to have a mean of 0 and a variance of 1.
5F-tests assume normally distributed data, so these values may be biased.

(which explained 22.6% of the variance) had a loading pattern
rising in the long wavelengths, resembling the reflectance of
reddish-brown (Figure 2, bottom panel). None of the spectral
variation deviated from normality. Distinctiveness of variables
was highly variable, and roughly opposite to the amount of
explained variation. Thus the two PCls (brightness and blue-
green) conferred very little distinctiveness, but PC2 (UV) was
higher (D = 0.64-0.71), as was PC3 (red-brown) (D = 0.78-0.80;
Table 1).

Spectral Shape Measurements

Spectral shape variables differed widely in their variation and
contribution to distinctiveness. Proportion UV R and UV max-
min both measured UV reflectance, but in different ways, the
former representing it as a proportion of total reflectance, and the
latter in terms of peak height in relation to average UV reflectance
only. These variables were completely uncorrelated (r = 0.02).

Proportion UV R varied less in terms of standard deviation
relative to its mean (CV = 0.13), and conferred distinctiveness to
eggs only weakly (D = 0.29-0.54); UV max-min, despite greater
relative variation (CV = 0.33), was the least distinctive feature of
all egg appearance variables between clutches, generally varying
more within a clutch than between individuals (D = —0.35 to
0.07). Blue-green chroma was measured in two ways as well, one
as a proportion of total reflectance (Proportion blue-green R)
and one as the reflectance difference between the max and min
in the short to medium VIS wavelengths (Blue-green chroma
peak height). These values were highly correlated (r = 0.91), but
differed greatly in their standard deviation relative to the mean,
with proportional blue-green CV = 0.03, and the blue-green peak
height CV = 0.81, second in magnitude only to the spherical
coordinate 6 among egg appearance variables. Both measures of
blue-green contributed to egg distinctiveness between clutches:
D =0.67-0.75 for Proportion blue-green R, and D = 0.86-0.87 for
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FIGURE 3 | Histogram of blue—green spectral reflectance peak height of
Ruppell’s weaver eggs (63 eggs in 26 clutches), suggesting a bimodal
distribution of color.

Blue-green chroma peak height, the highest value among ground
color variables. Blue-green chroma peak height also was strongly
bimodal (P = 0.002), which is visually evident from the histogram
(Figure 3). Red-brown (long wavelength) chroma had a low
standard deviation around its mean (CV = 0.07) but nevertheless
contributed substantially to distinctiveness (D = 0.80-0.85).
Brightness was variable in terms of range (32-77% reflectance),
but less so in terms of standard deviation around the mean
(CV =0.19), and conferred only weak to moderate distinctiveness
to eggs (D = 0.36-0.52). No spectral shape features besides
Blue-green peak height departed from unimodality or normality.
Between these measures, proportional measures of blue-green
and UV were negatively correlated (r = —0.78), as was the blue-
green peak height with the proportional measure of red-brown
(r=-0.61).

Retinal Cone Stimulation
Bird retinal cone stimulation values, as calculated by
TetraColorSpace, yielded a quantitative assessment of color
that takes into account estimated wavelength-specific photon
catches by the four cones of a typical bird retina of the UV
sort, i.e., one of whose cones maximal sensitivity is in the
UV. Mean color span (Euclidean distance in color space) was
0.036 (s2 0.0003); volume (size of a minimum convex polygon
enclosing the points in color space) was 0.00002; mean hue
disparity (color contrast proportion) was 0.33 (s> 0.052, max 1.0);
average brilliance (mean proportional reflectance over 300-700)
was 0.54, and average chroma (r) was 0.068 (s% 0.0005). This
value is the magnitude of the saturation vector starting at the
achromatic origin at the centroid of the tetrahedron, uncorrected
for variation in how far from that point a vector can go within
a tetrahedron; correction yields an “achieved r” r4 of 0.26 (s?
0.008), which is thus the proportion of maximum saturation.
The four wavelength-specific photon catch variables
corresponding to retinal cone sensitivities (u = UV, s = short,
m = medium, and | = long) are proportional and sum to 1. The
three VIS cones had comparable mean stimulation, with the
UV cone value being only 70% of these. The variation in all

cone catches was remarkably low compared to other variables
(CV < 0.1), indicating robustness of the relative stimulation of
cones to the spectral variation in the sample. The correlations
between these variables can be related to the typical colors
observed in the sample: s and m were highly correlated (r = 0.86),
reflecting their overlap at the peak of blue-green; I and s were
negatively correlated (r = —0.79), as reddish-brown obscures the
blue ground. The highest correlation was a negative relationship
between m and u (r = —0.93). Despite the low variation in
photon catch variables, the spherical coordinate 6 varied widely
(CV = 0.98). The mean egg hue in this dimension was a 1
(range —0.16 to 2.51) on a —m to + 7 scale where 0 is at the
midpoint between m and | vertices. With respect to the other
directional spherical coordinate, ¢, which varies from —m/2
to +1/2, the mean egg hue was —1.26 (range —1.44 to —0.84).
The chromaticity of the eggs was low, indicated by r4 values of
0.26 (range 0.06-0.40), where these values are proportions of
maximum saturation. Both s and m, and the angular variable
0, were weakly bimodal (P = 0.02), and flatter than normal
(K = —2.1 to —2.5). All of the photon catch variables and the
three spherical coordinates were distinctive between clutches: all
were in the D = 0.70-0.84 range except for u and the saturation
variable r4, which were less distinctive at D = 0.65-0.68 (Table 1).
Visualization of photon catch results in tetrahedral space yields
a distribution of points nearly in a plane, situated near the
achromatic centroid, with variation primarily in two axes:
between 1 and the midpoint of s and m vertices (i.e., between red
and blue-green); and in the u (UV) axis (Figure 4). Also evident
from visualization is an apparent bimodality, where some eggs
are more UV and less blue-green, and others are less UV and
more blue-green (Figure 4, right panel).

Methodological Comparisons

The three methods of ground color measurement, as determined
by reflectance (based on spectrophotometry with an attempt
to avoid spots), yielded largely concordant results, but with a
few stark exceptions. For brightness (average reflectance), the
unrotated PC1 correlated almost perfectly (r = 0.97) with a
direct measure of average reflectance over the 300-700 nm
wavelengths, and the latter perfectly agreed (r = 1.00) with
automated TetraColorSpace assessment of brilliance. For UV, the
varimax PC2, proportional UV reflectance, and the u photon
catch in TetraColorSpace were all highly (r > 0.9) correlated
with each other; the exception was UV max-min, the reflectance-
adjusted UV peak height, which did not correlate. The tetrahedral
directional (hue) coordinates were not correlated with UV, but
the magnitude (saturation) variable R4 was perfectly (r = —1.00)
negatively correlated with u. For blue-green, both s and m photon
catches, proportional blue-green reflectance, and blue-green
peak height measures were all highly correlated (r > 0.8), with
blue-green peak height being most strongly correlated with the
other measures (r > 0.9). The odd variable out was the varimax-
rotated PC1, whose loading indicated blue-green reflectance,
but whose values were not significantly correlated with any
other variables aimed at blue-green chroma. For red-brown,
all three measures (PC3, the proportional reflectance measure,
and photon catch variable 1) are all highly correlated (r > 0.95).
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FIGURE 4 | Variation in Rippell's weaver eggshell ground color (though influenced to some extent by maculation), in terms of photon catches for an average avian
UV-type retina, plotted in tetrahedral space, where each vertex represents a cone type, and where proportional photon catch for a given cone type reaches unity at
the vertex. Variation can be characterized as a plane near the achromatic origin (centroid) that varies mostly in the UV axis and the axis between long (red) and
short-medium (blue—-green) wavelengths. The variation is apparently bimodal (right panel).

The tetrahedral chromaticity vector r4 was again dramatic in
its relation to particular colors, having no correlation (r = 0)
with reddish-brown (1), but tracking variation in blue-green (m)
closely (r = 0.93).

Variation in blue-green and reddish-brown was largely
decoupled, all relevant correlations being moderately negative,
including the proportional reflectance measures (r = —0.34)
photon catch variables m and | (r = —0.28), and red-
brown proportional reflectance versus blue-green peak height
(r=-0.61).

Maculation

Maculation was in the form of spots and small blotches (Figure 1,
bottom panel). Two layers were typically visible, as has been
shown in many birds, being known as primary (darker) and
secondary (lighter) spots (Baerends and Drent, 1982; Brown and
Sherman, 1989) (Note that the naming of the spot layers was
from the perspective of the viewer and opposite to the order of
deposition). Although the spots in the different layers appeared
to be of the same hue, they were separated by a layer of ground
color and so the deeper secondary layer was distinctly fainter
than the top primary layer. In some cases, three layers of spots
seemed to be present.

Spot Density
The density of maculation ranged widely, covering 5-43% of the
surface of the egg; it had the highest standard deviation relative to

its mean of any spotting variable (CV = 0.63), and its distribution
was significantly flatter (more even) than normal (K = —2.1).
Spot density lent the highest distinctiveness to eggs of any egg
appearance variable, at D = 0.96-0.98 (Table 1; raw variation
shown in Figure 5, first panel).

Spot Brightness

To the eye, the brightness of spots had an extensive range of
variation across eggs, from a light rust (e.g., Figure 1 bottom
row fifth egg) to almost black (e.g., Figure 1 top row first egg).
Although brightness in this study was averaged across primary
and secondary spots, the mean for an egg still ranged widely,
between 88 and 168 on a 256-level scale from black to white.
Taking spot brightness variation within an egg into account, the
range was much broader, especially in the darker direction (45-
172). Nevertheless, brightness had the lowest standard deviation
for its mean (CV = 18.5) of the spotting variables. Spot brightness
lent only a moderate distinctiveness to eggs (D = 0.72-0.80)
(Table 1; raw variation shown in Figure 5, second panel).

Spot Size

The size of spots averaged across an egg ranged widely, from 0.07
to 0.79 mm? in area, with a standard deviation around its mean
second only to spot density for spotting variables (CV = 0.55).
Contrasting examples of typical variation in spot size in this
species are portrayed in Figure 1, bottom panel, top row, first
and fifth eggs. The sample distribution deviated from normality
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FIGURE 5 | Variation in maculation of Rippell’s weaver eggs (66 eggs in 29 clutches). Box and whiskers divide the data into quartiles, with the median value
indicated by the midline, the mean by an X, and outliers by circles. Maculation on the eggs of this species consists of at least two layers of spots; values here are for
all layers combined. Spot density is the mean proportional area of the eggshell covered with spots. Spot size is the mean area of an individual spot. Spot brightness
is the mean gray value in 8-bit grayscale, range 0-255. Spot aggregation is the degree to which spots are clustered near the broad pole of the egg (range 0-1), as
indicated by 1 — the ratio of the area of spots at the narrow end to the area of spots at the broad end.
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far more than any other egg appearance variable, being skewed
right, with a very long tail (S = 11.4, K = 29) (i.e., a small number
of individuals laid eggs with many large spots). This variable
consequently had the highest relative range (range/mean) of any
egg trait. Part of this deviation was a result of one egg that
had many large spots whereas most eggs only had a few or
none of that size. Without that egg, the kurtosis is alleviated
but the skewness remains. Spot size contributed only weakly to
distinctiveness relative to other variables (D = 0.32-0.49), with
or without the outlier egg (Table 1; raw variation shown in
Figure 5, third panel).

Spot Aggregation

Most eggs had higher densities of spots near the broad pole
of the egg compared to the narrow pole. The mean of this
ratio was 0.67, but ranged from 0.14 to 0.94 with a skew to
the right (S = 2.7), and a moderate standard deviation for the
mean relative to other variables (CV = 0.31). The mean of the
two estimates for distinctiveness conferred by spot aggregation
was the second highest of any egg appearance variable after
spot density (D = 0.81-0.96) (Table 1; raw variation shown in
Figure 5, fourth panel).

Maculation Correlations

Spot aggregation was negatively correlated with brightness
(r = —0.65) and even more strongly with density (r = —0.82).
These effects result from the nature of spot aggregation—
aggregated spots tend to overlap and become darker; and eggs
with highly aggregated spots tend to cluster them very close to

the broad pole of the egg, leaving much of the egg with a much
lower spot density (e.g., Figure 1, bottom row fourth egg). Spot
density was also correlated with brightness (r = 0.67) and size
(r = 0.58). Lighter spots were denser than darker spots, as eggs
with larger spots had denser spots, at least partly due to the means
of measuring spot density, which is the proportion of eggshell
area covered with spots. Spot density, brightness, and size all
correlated moderately with the three measures of reddish-brown
ground color (spectral PC3, proportion of reflectance from 650
to 700, and long-wavelength cone photon catch) (r = 0.48-
0.69). Spot aggregation near the broad pole of the egg was also
moderately negatively correlated with reddish-brown ground
color (r = —0.40 to —0.49).

No egg spotting variables deviated from unimodality.

Across all egg traits, population variation was not related to
distinctiveness (Pearson correlation of D and CV: r = —0.04).
Within-clutch variation could not be statistically compared
across traits or females, because in many cases the variance of
individual clutches was too small to be reliable for comparison,
or was within the known standard error of measurement (2.58
for spectral reflectance).

Egg Rejection Experiments

Riippell’s weavers practiced egg rejection within 28 h of
experimental parasitism, by ejecting eggs from their nests.
No act of egg rejection was directly observed, but broken
eggs marked with the appropriate identification numbers were
occasionally found beneath nests. As males were never observed
entering nests during or after the laying period, the female
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TABLE 2 | Logistic regression models of the rejection of foreign eggs by Rippell's weaver.

Model L-L P p2 Sns Spc Variable Est. SE(raw) t(raw) P (raw) SE (QML t (QML P (QML Odds ratio
adj) adj) adj) (95% CI)
Ground —10.4 0.002 0.32 0.69 0.69 Constant —-19 0.86 2.2 0.030 0.83 -2.3 0.024
brightness
Ground 026 0.11 2.4 0.016 0.10 2.6 0.009 1.29
brightness (1.05-1.59)
Spot —-10.1  0.001 0.34 0.71 0.71 Constant —-2.2 0.98 -2.3 0.024 1.14 -1.9 0.053
brightness
Spot 0.14 0.06 2.6 0.010 0.06 2.5 0.012 1.15
brightness (1.03-1.28)
Spot —-10.2 0.002 0.33 0.71 0.71 Constant -19 0.92 2.1 0.037 0.95 -2.0 0.044
aggregation
Spot 204 9.2 2.2 0.028 13.0 1.6 0.12 n/a'
aggregation
Constant —8.6 4.6 -1.9 0.063 2.0 —4.4 < 0.001
Ground 0.37 0.25 1.5 0.143 0.08 4.6 <0.001 1.45
brightness (1.24-1.70)
Combined -3.0 <0.001 0.80 0.91 0.91 Spot 0.15 0.09 1.7 0.087 0.05 2.8 0.005 1.16
brightness (1.05-1.29)
Spot 28.1 175 1.6 0.109 13.2 2.1 0.03 n/a’
aggregation

Three univariate models and one multivariate model best predict egg rejection on the basis of the difference in appearance between the foreign egg and the nearest egg in
the host clutch for each parameter. L-L is the log-likelihood of the model at convergence. P indicates the significance of the model relative to the respective constant-only
model, as assessed by a likelihood-ratio (G) test. p? is McFadden’s Rho-squared or “pseudo-R2”. Sns is the model’s sensitivity (rate of egg rejection when predicted),
and Spc is specificity (rate of egg acceptance when predicted). t is the ratio of the estimate (Est.) to the standard error (SE) of the parameter. To correct for possible
misspecification of models, covariance matrices were adjusted according to quasi-maximum likelihood (QML) to yield revised SE, t, and parameter-specific P values.
Odds Ratio is the increase in the probability of egg rejection for one unit increase in the parameter.

T As spot aggregation is a ratio, one unit of change in the variable is impossible, so odds ratios are not interpretable.

is assumed to be the egg ejector. Puncture ejection was
occasionally implicated by the presence of yolk in the nest
after rejection and by peck marks on eggs. The experimental
egg was rejected in 11 of 22 cases (50% rejection rate), this
level being deliberately targeted during the experiment by the
choice of experimental eggs. In four cases, the weaver’s own egg
was rejected along with the foreign egg (36% rejection cost),
although in two of these cases this resulted in an empty nest
and so could also have been predation. In no case did the
female reject her own egg but accept the experimental egg (0%
recognition error).

Three single logistic regression models were significantly
better than a constant-only model in predicting egg rejection.
The variables in these models were ground color brightness, spot
brightness, and the degree of aggregation of spots near the broad
pole of the egg (Table 2 and Figure 6). The effect of ground color
brightness was the same whether measured as PC1 of spectral
differences, Qe in Avicol, or brilliance in TetraColorSpace.
Qayg was used for subsequent analyses. Egg rejection was not
associated with clutch size, whether the female laid another egg
after experimental parasitism, egg size or shape, or any chromatic
difference. The best multiple logistic regression model included

the same three variables as the univariate models (Table 2 and
Figure 7); the equation of the curve is:

In(y/ (1—y)) = 0.37Qac + 0.15Qs + 28.2As — 8.61,

where y is the probability of egg rejection; and Qgc, Qs, and
Ag represent the differences in ground color brightness, spot
brightness, and spot aggregation, respectively. G tests of nested
models demonstrated the increased explanatory power of all
three variables together. For instance, comparing this model to
one with the two spotting variables alone yielded a G statistic of
5.2 with 1 df, for which P = 0.02 in favor of the three-variable
model; lower P-values result from comparisons with other
restricted models. No interactions among variables approached
significance. The three-variable model yielded a p? of 0.80, a
sensitivity of 0.91, and a specificity of 0.91. Odds ratios associated
with this model indicated that for each difference of 1% in
mean eggshell ground brightness across the spectrum between
own and foreign eggs, the probability of rejection increased
by 45% (95%CI: 24-70%); and for each unit of difference in
spot brightness according to an 8-bit grayscale (256 levels), the
probability of egg rejection increased by 16% (95%CI: 5-29%).

Frontiers in Ecology and Evolution | www.frontiersin.org

13

October 2021 | Volume 9 | Article 734126


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Lahti

Weaver Egg Variation and Rejection

1.00 —+—+ + + + + +—+—H—
0.00 ‘H—tHH—t+—+—+ + +
0 5 10 15 20
Difference in eggshell ground brightness
g 1.00 + + +—+—+ +H+ -+
=
9]
L
[
S
[e1o]
[<Ys]
L
0.00 H-+HH ++— -+ +
0 10 20 30 40
Difference in spot brightness
.00 4+ ++ +  + +——t—
0.00 “4HH—+—+ ~+ +
0.0 0.1 0.2 0.3 0.4
Difference in spot aggregation
FIGURE 6 | Egg rejection by Riippell's weaver in relation to the difference between own and foreign eggs in three variables: eggshell ground brightness (mean%
reflectance across the UV-VIS spectrum), spot brightness (8-bit grayscale, 0-255), and degree of spot aggregation near the broad pole of the egg (0-1). Each of
these three variables yielded significant single logistic regression models predicting egg rejection (p2 = 0.32-0.33, P = 0.001-0.002).

The LD50 is the amount of difference that is predicted by the
model to result in a 50% rejection rate. The LD50 is given by -
c/x from a univariate logit model, where ¢ is the constant and
x is the estimate or coeflicient. The single logit models yield an
LD50 = 7.31 (in percent reflectance) for ground brightness, 15.7
(in 8-bit grayscale) for spot brightness, and 0.09 (a proportion)
for spot aggregation. These models do not control for variation in
other variables, however, and so other differences would account
for some unknown proportion of egg rejection. Holding two
of the variables constant at zero difference between host and
foreign eggs in the three-variable multiple logit model yields an
estimate of what difference in a single variable alone predicts
50% rejection: LD50 = 23.3 for ground brightness, 57.4 for spot
brightness, and 0.31 for spot aggregation.

DISCUSSION

The eggs of the Riippell’s weaver (Ploceus galbula) in the Awash
Valley of Ethiopia vary from off-white to light blue-green,
sometimes with a faint cast of reddish brown. In terms of spectral

reflectance curves, all eggs have a small peak in the ultraviolet,
whether or not they have a blue-green peak or a reddish-brown
slope. Reddish-brown and blue-green coloration varies nearly
independently, but blue-green chroma is negatively correlated
with ultraviolet. All eggs have spots varying from light rust to
dark brown, of various sizes, densities, and degrees of clustering
near the broad end of the egg; two layers of such maculation
are usually evident. Size and shape of the eggs vary within
narrow limits, with dimensions and size decoupled. Variation
in all measured traits except for one is unimodal, indicating
continuous variation rather than polymorphism. The exception
is blue-green chroma, which is bimodal. Variation in nearly all
traits is far higher between individuals than within a clutch; but
egg appearance features vary widely in their distinctiveness, in
terms of the proportion of population variation that is between
individuals as opposed to within a clutch. Rippell’s weavers use
some of these aspects of egg appearance to reject foreign eggs
from their nests, which would function in defense against brood
parasitism. Egg rejection appears to be accomplished by the
female, by puncturing the egg and removing it from the nest.
An individual is more likely to reject an egg the greater the
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FIGURE 7 | Egg rejection by Riippell's weaver in relation to the difference between own and foreign eggs in a multiple logistic regression model (p2 = 0.80,

P < 0.001) including three variables: eggshell ground brightness (mean% reflectance across the UV-VIS spectrum), spot brightness (8-bit grayscale, 0-255), and
degree of spot aggregation near the broad pole of the egg (0-1). The logit values (X axis) integrate all three of these variables; the pluses indicate the observed
responses (acceptance = 0, rejection = 1); and the squares indicate the probability of egg rejection for each instance of experimental parasitism as predicted by the

model.

difference in appearance between her own eggs and a foreign egg,
specifically in three features: the brightness of the ground color,
the brightness of the spots, and the extent to which the spots are
aggregated at the broad end of the egg. Although all three of these
features are used to reject eggs and contribute to a similar extent,
the population variation is sufficient for differences in any one
of these traits alone to result in the rejection of conspecific or
egg-mimicking heterospecific eggs.

Natural History

The clutch size reported here of 2.74 (mode 3, range 2-4)
is consistent with estimates in the literature, which report
three (Barnes, 1893; Archer and Godman, 1961; Gallagher
and Woodcock, 1980) or two to four (Meinertzhagen, 1954;
Mackworth-Praed and Grant, 1960). Al-Safadi (1996) is unusual
in reporting a typical clutch size of two in Yemen, and a range
from one to four.

The egg length (20.6 & 1.1) and width (13.8 £ 0.4) reported
here is likewise consistent with previous reports of 21.16 (range
19.3-23.6) x 13.96 (13.5-15.0) (Al-Safadi, 1996), and 20.0 (19.0-
21.0) x 13.8 (13.5-14.5) (Archer and Godman, 1961). Al-Safadi’s
(1996) report of a mean freshly laid egg mass of 21.3 g must be a
typographical error, and is likely supposed to be 2.13, which is in
keeping with the present report of 1.97 & 0.24 g.

Qualitatively, the appearances of Riippell’s weaver eggs found
in this study are well described in general by Walters (2006)
description of the eggs of this species as “blue or white, variably
blotched or spotted brown”. However, even the whitish eggs were
of low reflectance compared to white-egged weaver species (e.g.,
the lesser masked weaver, or white eggs of the village weaver),
and most eggs were usually tinted either with blue-green or
light brown. Secondly, even the darkest blue eggs were very faint
compared to medium blue-green egged weaver species (e.g., the

Cape weaver P. capensis, or the darker blue eggs of the village
weaver). Thirdly, the colors of the spots varied tremendously to
the eye, from a light rust to nearly black.

Modularity vs. Correlation in Egg
Appearance Traits

Signals of identity are predicted to be comprised of multiple
highly variable traits with a limited degree of correlation with
each other (Beecher, 1982; Dale et al., 2001). These features
can be vital in the case of egg-mimicking brood parasitism
where one organism is evolving to cause another to mistake
identity, and when mistaken identity leads to the complete
loss of a reproductive attempt. Low correlation among egg
appearance traits have been found in the hosts of the cuckoo
finch Anomalospiza imberbis and the common cuckoo Cuculus
canorus, for instance (Spottiswoode and Stevens, 2010, 2011;
Stoddard and Stevens, 2010). A comparative study has likewise
shown that in two bird families, hosts of brood parasitism have
unusually high entropy among different egg appearance traits
(Caves et al., 2015). In the present study, the fact that a rotation
of the principal components axes readily divided chromatic
variation into three orthogonal components whose loading
curves corresponded well to distinct colors (UV, blue-green, and
reddish brown) indicates that these colors can vary independently
of each other to a certain extent (Figure 2, bottom panel). The
other methods of measuring color bore this out. Blue-green and
reddish brown were weakly to moderately negatively correlated
as predicted, whether measured as proportional reflectance in
respective areas of the spectrum or in relative stimulation of
visual cones. Although predicted here on the basis of separate
pigments being responsible for the two colors, a weak to
moderate negative correlation could also be a result of one color
obscuring the other. This did occur: blue-green peak height above
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surrounding areas of the spectrum would decrease directly as a
result of the reflectance slope characteristic of reddish-brown.
Caution must be taken in interpreting pigment variation from
color variation; although they sometimes clearly covary (Hauber
etal., 2019), this is not always the case (Cassey et al., 2012).

Blue-green and ultraviolet coloration was strongly negatively
correlated, as represented either by proportional reflectance or
cone photon catches. This was somewhat surprising, as the same
pigment (biliverdin) is responsible for both peaks (Lahti and
Ardia, 2016). The relationship can also be seen in the particular
shape of the color variation in tetrahedral color space. As shown
in Figure 4, right panels, the eggs that are more UV are also
further from the blue-green area between the short and medium
wavelength vertices, whereas the eggs that are closer to that blue-
green area are lower in UV. Since the long-wavelength light
indicates reddish-brown, protoporphyrin might be modulating
some of this negative correlation between blue-green and UV.
A consideration of the spectra confirms that blue-green eggs
have a rather low peak in the UV, which is overwhelmed by
the broad blue-green peak in the central area of the bird-visible
spectrum. More whitish eggs, on the other hand, have a peak
in the UV which is small but proportionally significant without
the interference of blue-green; in fact some eggs have no other
chroma (no spectral slope or curvature) besides the UV peak.

Maculation variables were correlated moderately as expected
given how they were measured, and also indicating three
other points. First, lighter spots are denser; birds appear to be
depositing similar amounts of pigment to each other, and so a
higher area of coverage means less concentration in individual
spots. Second, the fact that ground color and maculation variables
are robust to variation in egg size and shape would increase the
reliability of egg color and spotting for egg recognition across
successive clutches and seasons. Third, correlations between
spotting variables and reddish-brown ground color suggest
an unintended influence of spots on ground color spectral
measurements. Thus a slight reddish-brown tint to the ground
color in this study cannot reliably be distinguished from the
influence of nearby spots when maculation is highly dense
(Akkaynak, 2014). The fact that spot aggregation and reddish-
brown reflectance in the ground color are negatively correlated
might best be explained by this artifactual effect; it means that
when fewer spots are in the lateral area of the egg, the ground
color is measured as less reddish-brown. Besides this effect, color
and spotting variables were uncorrelated.

Distribution Shape and Modality in Egg

Appearance Traits

Eggs of variable appearance within a species are usually referred
to as polymorphic, which generally implies discrete variation
with rare intermediates (Hoffman and Blouin, 2000). In the
study of egg appearance, however, this is rarely distinguished
from continuous variation, which can be substantial even if there
are no discrete morphs or types. In the study of trait variation
more generally, much theoretical and empirical work has focused
on this distinction, and also on the subtler distinction between
departures from continuous variation and departures from

unimodality (Sacchi et al., 2013; Davison et al., 2019). For identity
signals in particular, a multimodal distribution over continuous
space is generally predicted (Tibbetts and Dale, 2007). Takasu’s
(2003) model of host egg variation under egg-mimicking brood
parasitism begins with egg appearance varying continuously,
but under a broad range of parameters ends consistently with
discrete polymorphism. Spottiswoode and Stevens (2010) found
continuous variation in the eggs of hosts of the cuckoo-finch.
The two species of parrotbills or crow-tits (Paradoxornis spp.)
appear to have eggs whose color is bimodal in distribution (Kim
et al,, 1995; Yang et al,, 2010), although the variation at least
in P. alphonsianus is continuous (Yang et al., 2010, Figure 1).
These studies have related variation in egg appearance to brood
parasitism. With respect to Ploceus weavers, Bates (1911) and
Swynnerton (1916) both believed that egg appearance satisfied
the condition for polymorphism, with discrete types and rare
intermediates. Subsequent qualitative studies of egg color in the
genus have tended to agree with or presume the existence of
egg types as well (Bannerman, 1949), sometimes with indications
that this might be a simplification (Victoria, 1972; Din, 1992).
Collias (1984, 1993) treated egg color variation as continuous in
brightness and chroma but discretely polymorphic in hue; but
this may have been influenced by the fact that their particular
color charts were organized in that way. Later more quantitative
studies have treated all egg appearance traits as continuous in the
northern masked weaver (Jackson, 1992a, 1998), village weaver
(Lahti and Lahti, 2002; Lahti, 2005; 2006; 2008; Lahti and Ardia,
2016), and Riippell’s weaver (Navarro and Lahti, 2014). Collias
(1984) concluded unimodality and continuous variation in egg
shape and size in the village weaver from an examination of
histograms. Otherwise, none of these studies conduct specific
tests or visualizations to examine distribution shape or pattern of
variation. All egg appearance traits can be assessed on continuous
scales of measurement, but this does not mean that the variation
itself is necessarily unimodal or even continuous.

Tests in the present study show continuous and unimodal
variation in nearly all egg appearance traits, with one exception:
ground color on the axis of more or less blue-green. This
can be seen by visual inspection of histograms (Figure 3),
the result of Hartigan’s tests for departures from unimodality,
and visual inspection of the scatterplot in tetrahedral color
space (Figure 4, right panels). The variable that best indicates
this is blue-green peak height, although it is also evident to
a lesser extent in the photon catches of short and medium
wavelength cones (which overlap in sensitivity at blue-green),
and in the spherical coordinate 6. The tetrahedral plot indicates
that this bimodality is not actually exclusively on the more
or less blue-green axis, but is also evident on the more or
less UV axis, as mentioned above regarding correlations. Thus
the two classes of eggs are the more blue-green and less UV
ones, versus the more UV and off-white ones. These cannot be
called types, however, as there is substantial variation within
a class. In fact, some eggs in one class are more similar in
color to the eggs in the other class than they are to the
most distant eggs in their own class. Whether this pattern of
variation is discrete enough to be considered a dimorphism
would thus depend on the precise definition chosen. Examples
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can be seen by comparing the top and bottom rows of eggs in
Figure 1.

Other features of the distributions of egg appearance variation
can be evident, and ecologically relevant, than just modality and
the continuity of variation. A flatter than normal distribution,
for instance, as indicated by negative kurtosis values, is a more
even distribution. This minimizes the occupancy of any given
place in the range, and thus can be predicted to be the ideal
distribution for discriminability of recognition cues. The near-
perfect distinctiveness of spot density in this study, for instance
(see below), was made possible by the combination of a wide
range of variation, and a significantly flatter distribution than
normal (as determined by kurtosis). By contrast, spot brightness
had a wide range as well, but a low CV, indicating a narrow
normal distribution with two long tails; the histogram confirms
this. This distribution shape, with most of the population
clustering near the mean, renders this particular egg appearance
variable less useful as a recognition cue. Narrow or highly skewed
distributions that have most of their values clustered around
a small area of the range provide an advantageous target for
egg mimicry and thus can be predicted to be less adaptive than
broader distributions.

Methodological Comparison

The three methods used to bridge the gap between spectral
reflectance data and quantitative variables for analysis were
largely concordant in their results, although each provided
insights that were not necessarily revealed by both of the others.
The variation in their contributions can largely be predicted
by the ways in which they manipulate the data and divide it
into separate variables (no method can reduce color variation
to a single or even two dimensions). The two main advantages
of PCA of spectral data, at least for certain applications, are
that they are objective (do not assume anything about visual
systems or important regions of the spectrum), and that the
resulting variables are statistically independent of each other. The
main drawback is that all comparisons must be made within
the same analysis, prohibiting quantitative comparisons between
studies (Doucet et al., 2006). In addition, interpretation of the
axes can be challenging, and brightness can sometimes swamp
chromatic variation (Burns et al., 2018); however, as shown in
the present study, alternate rotations can relieve both of these
constraints to some extent. In particular, the unrotated PCA
yields a prominent initial component representing brightness,
and largely uninterpretable subsequent components; but a
varimax rotation, which is designed to maximally associate
each variable (reflectance at a given wavelength) with a single
component, yielded variation that broadly aligned with typical
descriptions of color. Multiple rotations can be used in the same
study (although it is rarely done), with the understanding that
statistical independence applies only to components within a
rotation. The varimax rotation did not completely remove the
swamping effect of brightness, however, but instead distributed
it among all the components; this may be why PCA was worse
than the other two methods at identifying distinctiveness of egg
features, with the amount of variance explained actually inversely
proportional to the distinctiveness of the component. Blue-green

coloration was a major axis of variation in this study, for instance,
but the varimax PC1 included so much brightness as well that
it had among the poorest distinctiveness of any egg appearance
variable, and missed some of the most distinctive aspects of
this color, such as its bimodality. This study also highlights
another drawback to PCA, which is that the standardization of
the variables (to a mean of 0 and a variance of 1) precludes easy
comparisons of population variation among components.

Spectral shape variables that target spectral peaks or
wavelength regions of interest can be helpful for particular
questions where interpretability is at a premium, and a priori
the variation of importance is known to be related to particular
sorts of curvature or wavelength-specific reflectance level. The
major drawback of this method follows from this advantage,
however, which is the subjectivity or analytical uncertainty
involved in identifying these features. The most typical variables
are absolute or relative (proportional) reflectance within a certain
wavelength range. Absolute reflectance has the major drawback
of conflating chroma with brightness. Proportional reflectance
overcomes this drawback, but at a cost of another: values are
affected by irrelevant reflectance differences in other parts of
the spectrum. Both sorts of variables can sometimes have the
drawback of being associated with more than one color. For
instance, in the present study, if the typical 625-700 nm bin were
considered to be the variable that pinpoints reddish-brown, this
would have been contaminated by the broad blue-green peak;
thus 650 was a more precise cutoff, but at the cost of narrowing
the range of wavelengths considered. For another example, if
300-400 nm were chosen as the bin for UV in this study, as is
commonly done because of researcher bias arising from human
vision, the reflectance between 380 and 400 nm will already often
have passed its minimum and be rising again, leading to an
underestimate of the bird-relevant UV peak. In this study, despite
the stated drawbacks to relative reflectance, the correlations of
those three variables (proportional UV, blue-green, and red-
brown) with other measures were very high. Overall, this study
sometimes succeeded and sometimes failed in the attempt to
represent colors by spectral shape in a way that could be validated
by other methods and could reveal the distinctiveness of egg
appearance features. Since eggs that were blue-green varied little
in hue, a blue-green peak height with fixed min (400 and 650 nm)
and max (500 nm) wavelengths was one of the most effective of
all egg appearance variables, most strongly indicating bimodality
and with the highest distinctiveness score. On the other hand,
UV max-min incorporated absolute UV reflectance and so was
confounded with brightness in that area of the spectrum, making
it the least effective variable in terms of distinctiveness and
uncorrelated with other measures of UV.

Avian visual modeling that transforms spectral data according
to retinal cone sensitivity provided additional insights and was
very successful at separating chromatic variation from brightness.
Surprisingly (and only evident by this method), egg variation was
largely in a plane in tetrahedral color space (Figure 4), but was
so oriented that variation was precisely divided in terms of cone
photon catches, such that short, medium, and long wavelength
cones equally participated in perception of the egg color; and
with the UV cone taking a 70% share. The negative correlation
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between blue-green and UV coloration was most evident by this
method (r = —0.93). A drawback to this method, however, is
that the variables are fixed, in a manner irrespective of the color
variation of the objects (eggs); whereas the construction of the
PCA and spectral shape variables are governed by the variation
in the objects. This is intentional, of course, as it is the central
point of avian visual modeling. Nevertheless, it can hamper
interpretation in some cases. In the present study, blue-green
variation was the most dramatic color feature by all methods;
however, in tetrahedral color space this variation does not line up
with any particular cone, but lies midway between the short and
medium wavelength cones, which divvy up the variation between
them. Estimates of distinctiveness, chromatic variation, and
modality were compromised by this sharing of the effect between
two cones. The use of the spherical coordinates could potentially
solve this problem, but they were less directly interpretable in
terms of coloration. An advantage to tetrahedral color space is
the diversity and specificity of the ways of measuring the range
of coloration in a sample. In the present sample, since colors lay
nearly on a plane, estimates of volume were close to 0, which
of course is the volume of a plane of any size. A single point
lying off the plane would have dramatically increased the volume
measurement. This situation illustrates that the minimum convex
polygon method of estimating color range is very sensitive to
the overall shape of the scatter; if it lies only in two dimensions,
volume should probably not be used. Span in this case, which
considers Euclidean distance regardless of dimension, would be
more effective if this data were to be compared, for instance, with
another population or species.

Despite the great usefulness of avian visual modeling in
general, one cautionary note is the possibility of differences
between the birds that were used to parametrize the model,
and the study species. Nevertheless, within passerines this has
not often become a major issue regarding cone-specific photon
catches (Burns et al., 2018). In general, the more that is assumed
about a bird’s perceptual and cognitive processing, the more
the models should be parametrized by taxon-specific data. For
instance, many studies of color discrimination in birds go one
step further than cone-specific photon catches and estimate
the ability of birds to detect color differences on the basis
of photoreceptor noise (Vorobyev and Osorio, 1998). Thus a
genus like Ploceus/Malimbus that has not been studied either
for cone-specific photon catches or photoreceptor noise might
compound error with each step deeper into the perceptual
system. Moreover, referring to differences as “just noticeable”
(JNDs) might imply a still deeper understanding of the perceptual
processing than we have for any bird, which is not just a
function of the photoreceptors but the brain (this contrasts with
the typical uses of JNDs in psychology, which are rooted in
subject responses as to what is noticeable). We still know too
little about perceptual and cognitive processing and its variation
between species to be too confident about the accuracy of what
differences a bird can and does notice, despite the value of the
photoreceptor noise models when they can be parametrized.
In the meantime, some discrimination studies (like this one)
might continue to use behavior alone (e.g., egg rejection) as a
coarse indication of discriminability, although this strategy has

its own drawbacks, such as the distinction between recognition
and rejection (Ruiz-Raya and Soler, 2017).

One Component of a Predictive Theory

of Egg Recognition: Distinctiveness

One of the most productive predictions in the study of
brood parasitism is the expectation that a bird exhibiting egg
recognition in counteradaptation to egg mimicry should lay
eggs that are distinctive (Davies and Brooke, 1989), hence the
relevance of the concept of “signature information” (Beecher,
1982; Caves et al., 2015). Bates (1909) first noted the variation
between the eggs of different female weavers combined with
uniformity within a clutch, and later proposed that it functioned
in egg recognition (Bates, 1911). Much like human anti-
counterfeiting strategies with respect to currency for instance,
forgeries are more easily identified if the genuine articles are
consistent in appearance with one another, different from
other such objects elsewhere, and have a degree of complexity.
Complexity has been dealt with above regarding multiple
uncorrelated traits. With respect to the other two points, since
they involve measurements of clutches nested within population
samples, a simple ratio of sums of squares can provide a
single integrated metric of distinctiveness. Specifically proposed
here, D = 1—WC/BI, where BI is the sum of squares for the
“treatment” (between clutches), and WC is the residual sum of
squares (within clutches). For a species with variable eggs, some
integrated metric of this sort is to be preferred over isolated
measurements of population or intraclutch variation, as it is the
relationship between these two features and not either in isolation
that indicates the distinctiveness of the eggs in the average
clutch within a population. In the data presented here, D ranged
widely across traits, indicating major differences in signature
information. The worst traits for discrimination were the PC
for blue-green, the two UV spectral shape variables, brightness
as determined either by PC1 or by average reflectance across
the spectrum, and spot size. All of these variables had estimates
of D that were <0.5. The PC for blue-green loaded so broadly
that it was nearly brightness itself, explaining why other more
focused measures of blue-green yielded higher distinctiveness.
Perfect distinctiveness is 1, as that would indicate a near-zero
numerator (within-clutch variation), relative to the magnitude
of the denominator (between-individual variation), in the term
to be subtracted from 1. In the present study, spot density made
eggs almost perfectly distinctive, with 0.96-0.98 of the variation
being between clutches. The other highly distinctive variables
(D > 0.85) were the proportion of reddish-brown reflectance
(which likewise represents spotting); blue-green peak height; the
degree of spot aggregation at the broad pole of the egg; and egg
shape, size, and mass. Although unreported above, the mean 8-
bit grayscale value of primary spots in this sample was 75 £ 16
(range 45-107), and of secondary spots was 139 £ 13 (range
108-172), thus neatly partitioning the brightness space. Perhaps
the distinctiveness that spot brightness actually confers to eggs is
higher than suggested by my averaging these two layers of spots, if
birds themselves can distinguish the differences in the two layers;
this is not known for any bird.
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With the appropriate data, D can be a useful measure, and
comparable across traits measured at any scale, and across
populations and studies. The sum of WC and BI, moreover,
is the total sum of squares, which itself can be useful as a
measure of total variation in a trait in the population. When
comparing populations or species, however, one must be aware
that smaller clutches will have less variation than larger clutches.
More precisely, if eggs are laid in random order with respect to
their appearance, there is a 0.67 probability that within-clutch
variation will increase between 2 and 3 eggs, and 0.5 that it will
increase again from 3 to 4 eggs, and so on with a proportion of
2/n where n is the clutch size with one additional egg. If final eggs
are unusually different [as can be the case (Brant et al., 1950)], the
bias is even greater. In many cases this is not a problem, because
the true within-clutch variation is desired regardless of clutch
size. However, if one needs to control for clutch size, for instance
in comparing variation within a species across latitudes where
clutch size varies, the solution is to subsample eggs randomly
from the larger clutches when deriving D. This strategy can also
be used if one has a small sample of known complete clutches,
as in the present study. Here, the complete clutches were used
for one estimate of D, and then the disparity between just two
eggs from each clutch regardless of completion were used for
another estimate of D (Table 1). The estimates were usually close
together, as the true clutch size was not much over two. As
the true clutch size increases, the inaccuracy of the subsampling
strategy increases.

Among the limitations of D is that it does not indicate the
magnitude of the differences. For instance, a value of 1 will be
given for a trait that does not vary within a clutch no matter what
the variation between clutches. Also, seemingly reasonable values
can be calculated from variation that is not even perceptible by
birds. These are standard limitations of any proportional variable,
but are important to recognize in studies like this, for several
reasons. For instance, every trait has some variation; and for egg
appearance traits even in the absence of selection or function
our null expectation is already that BI > WC just from random
genetic variation. Two further limitations relate not to D per
se but to the practice of measuring variation more generally.
One is that birds” eggs often vary very little within a clutch, and
this is specifically predicted for hosts of egg-mimicking brood
parasites. Within-clutch variation might therefore sometimes
approach the error inherent in the equipment or the researcher.
The standard error of measurement for the spectrophotometry
in this study was 2.58, and remained relatively constant across
wavelengths. Some clutches had a within-clutch variation in
spectral reflectance at or under that value, and in many cases
the difference between two eggs in a clutch in certain areas of
the spectrum was less than that. For that reason, I could not run
more focused analyses on differences in within-clutch variation.
A second limitation of the present methods, as is typical of
studies calculating within-clutch variation, is that we do not know
how much variation an individual would exhibit from clutch to
clutch, or from year to year. This is a “black box” of variation
between the within-clutch and between-individual levels, which
has important implications for interpreting distinctiveness for
egg rejection (discussed below). One final, and again typical,

limitation is that this study, and D in particular, presume that any
parasitic egg will be within this study’s sample range for each trait.
This would indeed be expected if we were talking solely about
intraspecific brood parasitism. It would also be expected if all
diederik cuckoos that parasitize this particular weaver species lay
eggs that are within the range of this host for all egg appearance
variables. The accuracy of such an assumption depends on the
particular extent and sort of coevolutionary relationship between
the diederik and its hosts (Friedmann, 1968), which we still do not
know. To the extent that any parasitic eggs laid in Riippell’s nests
fall outside their range for any variable, D will underestimate the
ability of weavers to discriminate against them.

Egg Rejection and Implications for

Brood Parasitism

Riippell’s weavers rejected foreign eggs in their nest according to
the difference between the foreign egg and their own eggs in the
achromatic brightness of both ground color and maculation, and
the degree to which spots were aggregated near the broad pole
of the egg. More specifically, for each egg appearance variable
the disparity was calculated between the foreign egg and every
egg in the host’s clutch, whether it was present at the time of
the experiment or not. The minimum disparity was considered
to be the difference between host and foreign eggs, so as not
to confound this difference with intraclutch variation. The use
of color and spotting but not size and shape is consistent with
studies of egg rejection in several other species (Baker, 1913;
Honza and Cherry, 2017), including two other Ploceus weavers
(Jackson, 1998; Lahti and Lahti, 2002).

On the basis of distinctiveness alone, as described above, the
prediction is that individuals should reject eggs based on spot
density, reddish-brown reflectance (which amounts mainly to
the same thing), blue-green peak height, spot aggregation, and
egg shape and size. The prediction was therefore only met with
respect to spot aggregation.

Distinctiveness of egg appearance traits was not related to their
population variation. Since distinctiveness does not indicate the
magnitude of variation but only the relative amounts within-
clutch vs between-individual, an alternative hypothesis is that
hosts might require signature traits to have high variation
period, and that in the Rippell’s weaver even some of the
more distinctive traits do not vary enough to be useful.
The least variable traits measured, at CV < 0.1, were the
four cone-specific photon catches, the proportional reflectances
of blue-green and reddish-brown, and egg size and shape.
The most variable traits, at CV > 0.6, were, in descending
order, the spherical coordinate 6, blue-green peak height, and
spot density. Thus, although there was no correlation overall,
blue-green peak height and spot density were both among
the most distinctive and the most variable egg appearance
traits in the population; but neither they nor 6 were used
in rejecting eggs.

Since the eggs were whitish to pale blue-green, and the spots
contrasted strikingly with this ground color in all individuals,
differences in the aggregation of spots did indeed make for a
ready basis for distinguishing clutches—the ratio of eggs at the
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broad pole to the middle ranged from 0.14 to 0.94, with a skewed
distribution such that the mean was 0.67. Thus, in addition
to being highly distinctive, spot aggregation was a qualitatively
salient feature. The importance of this trait for egg recognition
has been found in village weavers as well (Lahti and Lahti, 2002),
and several other species (Polacikovd and Grim, 2010; Polacikova
etal, 2011).

Why, however, did birds use the brightness of ground color
and spotting, instead of the more variable and distinctive
chromatic variation, for egg recognition? This wording might
beg the question, however, as just because a trait is more
variable in terms of variation around the mean does not mean
the bird sees it as more variable. Perhaps weavers rely more,
in their dim enclosed nests, on achromatic contrasts via their
double cones, than on the subtle differences in single cone
photon catches. Although spectral shape features varied highly,
the variation of all four single cone photon catches was very
small (CV < 0.1 in all cases). Thus, although ground color
brightness was only weak to moderate in its distinctiveness
(D = 0.36-0.52), and only moderate in its standard deviation
around the mean (CV = 0.19), it may have been a qualitatively
salient feature in its achromaticity. Moreover, the range of
ground color brightness variation was very high whether for
bird or human eyes, ranging from 32 to 77% average reflectance
over all wavelengths. Brightness of spots was more distinctive
(D = 0.72-0.80), but had the lowest standard deviation for its
mean among spotting variables (CV = 0.19). However, again,
its achromatic contrast with egg ground color might have
been salient, and the range of spot colors in the population
on the 256-level grayscale was enormous (45-172 when both
primary and secondary spots are considered, and still 88-168
if only the mean brightness across all spots on an egg is
considered). These results highlight the importance not only
of objective measures of variation and distinctiveness, but of
salience to birds, a feature that is arguably much more difficult
to assess and quantify.

Avian visual modeling might have been predicted to yield
the variables that were most important in egg recognition,
since the entire purpose is to approximate what the bird is
seeing rather than relying on objective orthogonal variation
or spectral curvature. However, birds did not use chromatic
variation to reject eggs, and since nearly all of the visual
modeling was in service to color rather than brightness or
patterning, its failure to explain the basis for egg recognition
is not surprising. The values for brightness in TetraColorSpace
are equivalent to the direct measurement of average reflectance
across the spectrum. One benefit of TetraColorSpace, however,
as mentioned above, was the demonstration that the chromatic
variation in photon catches was actually much lower than the
objective variation of the spectral reflectance proportions or peak
heights. In the low light of an enclosed nest (light environment
was not considered in this study), the realized chromatic variation
would be even lower.

Why do Riippell’s weavers have highly variable and distinctive
egg features that they do not use to reject eggs? In particular,
blue-green peak height and spot density were highly variable
and extremely distinctive, but were not used to reject eggs.

Assuming these features evolved for a function rather than by
neutral evolutionary processes, there are at least four possible
explanations. (1) The features they used in this study are only
those they found salient for conspecific eggs; possibly the way
cuckoo eggs differ from theirs might elicit some use of other egg
appearance features. Rejection costs (rate of rejection of a host
egg along with a foreign egg) might interact with this factor as
well, limiting the kind or extent of variation used to reject eggs.
The rejection cost observed here of 36% is comparable to the
41% observed with a higher sample size in the village weaver in
The Gambia, but higher than the 12% found in South African
spotted-backed weavers (thought to be the same species as the
village weaver) (Lahti, 2006). A high rejection cost might mean
that similar eggs, or eggs that are similar in certain features,
are more likely to be accepted; but eggs of a greater difference
from host eggs, and thus more likely to be parasitic, might be
rejected on the basis of features different from those in the
current study. (2) Rejection level might have been lower at
the time and place they were tested here than they sometimes
are. Environmental variables indicating probability of parasitism
can influence egg rejection (Davies et al., 1996; Brooke et al.,
1998). (3) Perhaps the weavers are using higher-level (feature-
detection) pattern features to recognize eggs rather than the basic
maculation variables tested here, but those pattern features are
nevertheless dependent on the variation and distinctiveness of
the lower-level features. In the tawny-flanked prinia, for example,
although basic spotting variables explained rejection, the addition
of a feature-detection algorithm for maculation pattern increased
the explanatory power of the model (Stoddard et al., 2019).
Finally, (4) certain features that are variable and distinctive in
one clutch might not be in another clutch of the same female;
egg shape and size, for instance, were highly distinctive in this
sample, but were not used in egg recognition; in fact they
rarely are so used (Honza and Cherry, 2017). The reason for
this might be that they are variable between breeding attempts,
depending for instance on resource availability, and thus are
unreliable as signatures.

Finally, why do Riippell’s weavers reject eggs at all? The
discussion here has focused mainly on the diederik cuckoo,
and indeed they were singing and visible in the vicinity of
the weaver nests throughout the course of this study, although
no instance of brood parasitism was detected (unsurprisingly,
given my restricted methods). Circumstantial evidence must
currently suffice more generally. The diederik cuckoo apparently
so depends on Rippell’s weaver in Arabia that sightings of the
former are always within the limited and disjunct distribution of
the latter (Jennings, 2010). In Yemen and Oman, the Riippell’s
weaver is the only species that is a known host for the diederik
cuckoo, and yet the cuckoo is a frequent breeding visitor in both
countries (Eriksen and Porter, 2017). Some have proposed the
alternative hypothesis, that intraspecific brood parasitism is the
reason why the northern masked weaver (Ploceus taeniopterus)
rejects eggs (Freeman, 1988; Jackson, 1992b); this hypothesis
could apply to the Riippell’s weaver as well, in the absence of
evidence. The agent of selection cannot be determined by the
mere existence of egg rejection, as selection from intraspecific
brood parasitism can lead to rejection of heterospecific eggs
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(Lyon et al., 2015), and vice versa (Lahti, 2006). The evidence that
intraspecific brood parasitism alone can promote the evolution
of egg rejection is fairly uncontroversial (Lyon and Eadie, 2004).
However, I am not aware of any species where intraspecific brood
parasitism has led to the evolution of egg appearance variation,
and there is reason to doubt that it would. Any given female in
this case could be either a host or a parasite; to the extent she
is a host, she benefits from having eggs that differ from those
of conspecifics, but to the extent she is a parasite, she benefits
from having eggs that match those of conspecifics. Whether these
roles are typically played by different individuals or the same
individual, they are in the same gene pool, which hobbles any
evolutionary prediction.

Profitable next steps for research in this brood parasite — host
system would be (1) to conduct tests that further investigate
the features of eggs that are salient to the hosts in order to test
the possibilities above as to why they had features they did not
use; (2) to investigate individual differences in egg traits that
are not seen within a single clutch, including environmental
and developmental variation; (3) take a macroevolutionary
perspective, looking into why some weavers have more advanced
antiparasite defenses than others on the same trajectory, and why
some even seem to have different trajectories. For instance, the
lesser masked weaver nested alongside Riippell’'s weaver in the
study site, is known to be parasitized by the same cuckoo, but
has nearly opaque nests, white invariable eggs, and a long narrow
entrance tube (pers. obs.). Finally, and perhaps most important
in terms of understanding brood parasitism, would be (4) to find
out what the diederik cuckoos are doing.
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