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Colour reconstructions have provided new insights into the lives of dinosaurs and other extinct animals, by predicting
colouration patterns from fossilised pigment-bearing organelles called melanosomes. Although these methods have
become increasingly popular, only a small number of dinosaurs have been studied using these techniques, which require
exceptional preservation of fossil feathers, leaving open key questions such as whether dinosaurs changed their plumage
patterns during ontogeny. Here we reconstruct the feather colouration of an approximately one-year-old individual of the
Early Cretaceous dromacosaurid theropod Wulong bohaiensis, which to our knowledge is the first unequivocal juvenile
paravian for which aspects of the original colour has been predicted. Using quadratic discriminant analysis (QDA) and
multinomial logistic regression (MLR) on the most comprehensive available datasets, we find strong evidence for irides-
cent plumage of the forelimb and hindlimb remiges and grey plumage on other portions of the body. This suggests that
some juvenile paravians used shiny iridescent feathers for signalling purposes, possibly even before reaching somatic or
sexual maturity, and thus we can conclude that this paravian used iridescent signalling for intraspecific communication
other than sexual signalling. Finally, our results show that when analysing fossil datasets that are entirely comprised of
solid and cylindrical melanosomes QDA consistently outperforms MLR, providing more accurate and higher classifi-
cation probability colour predictions.
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Introduction

Since the discovery of fossil melanosomes—organelles con-
taining melanin pigment (Vinther et al. 2008)—inference
of original colours and colour pattern has offered new in-
sights to the lives and appearances of dinosaurs (Li et al.
2010, 2012; Vinther 2016; Brown et al. 2017; Hu et al. 2018).
It has offered an insight to the dynamics between vision
and colour in the Mesozoic and the degree to which non-
avian dinosaurs already exhibited several traits we know
from crown group birds. Birds are highly visual in their

Acta Palaeontol. Pol. 68 (2): 213-225, 2023

behaviour, both in their modes of predation as well as in
intraspecific communication. They therefore exhibit some
of the most remarkable ranges of colour patterns seen in the
animal kingdom (Stoddard and Prum 2008).

Amongst the unique traits of birds is their common ex-
pression of iridescence (Prum 2006). This type of structural
colouration is generated by coherent scattering of certain light
waves within the feather barbules through distinct layering of
melanosomes close to the barbule surface. Due to the differ-
ence in refractive index between melanin, keratin and some-
times also air, specific light waves refract when these phases
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are organised into a nanostructure, ranging from a simple thin
film composed of a smooth layer of keratin above a smooth
layer of melanosomes into quasi-ordered 2D photonic nano-
structures (Prum 2006). While sometimes being employed in
camouflage, such as the bright, green plumage on the backs
of hummingbirds, iridescence is more commonly thought to
be utilised in signalling (Stuart-Fox et al. 2021).

While one fossil feather from the Eocene Messel oil shale
has been shown to preserve the original melanosome nano-
structure that gave rise to thin film iridescence in life (Vinther
et al. 2009; Vitek et al. 2013) the state of preservation in non-
avian dinosaurs from Northeastern China complicates iden-
tification of such nanostructures because they experienced a
higher degree of burial compaction and thermal alteration,
resulting in condensation reactions. Additional oxidation by
late-stage meteoric weathering has left mainly imprints in the
rock matrix or associated kerogen matrix behind to be studied
(Vinther 2020). However, it has been demonstrated that iri-
descent nanostructures are composed by melanosomes with
a unique range of morphologies distinct from melanosomes
involved in generating melanin-based colouration (Li et al.
2012; Nordén et al. 2019) or non-iridescent structural colour
(Babarovic et al. 2019). This has allowed for the identification
of iridescence in plumage in paravian and enantiornithine
stem group birds (Li et al. 2012; Peteya et al. 2017) including
flattened melanosomes that would incur highly bright irides-
cent hues (Hu et al. 2018).

Iridescent nanostructures only occur within barbules
of a feather, which evolutionarily appear to have evolved
amongst the maniraptorans and more derived paravians. It
is therefore noteworthy that iridescence has been encoun-
tered amongst different paravians (Li et al. 2012, Hu et al.
2018) attesting to a close coincidence between the origin
of the structural component hosting the colour and its first
occurrence. Additionally, iridescence seems to have evolved
convergently on multiple occasions amongst crown group
birds (Nordén et al. 2019, 2021).

Despite the many possible hypotheses melanosome-based
colour reconstructions could offer to elucidate for under-
standing the evolution of birds and their ecology, only a hand-
ful of non-avian dinosaurs have been studied so far, which
prevents thorough understanding of the role and significance
of iridescence during this crucial formative phase of avian
evolution. From the perspective of understanding non-avian
dinosaur ecology, many other questions arise. How did plum-
age vary within a species, such as possible sexual dimor-
phism or changes throughout ontogeny? To elucidate sexual
dichromatism a large sample set is needed with multiple well
preserved specimens preserving plumage. The question as to
ontogenetic changes can be elucidated with a sample of juve-
nile and adult specimens of the same species. Did dinosaurs
change feather colour and patterns as they matured from ju-
veniles to adults, as is the case for many extant birds?

Here, we reconstruct the plumage colouration of a speci-
men of Wulong bohaiensis Poust, Gao, Varricchio, Wu, and
Zhang, 2020 (DNHM D2933) (Poust et al. 2020), an Early
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Cretaceous feathered microraptorine dromaeosaurid from
the Jehol Biota of Liaoning, China. Osteological and bone
histological analyses reveal that this individual is a juvenile
and was approximately one year old and still growing when
it died (Poust et al. 2020). Using updated evaluation of sta-
tistical approaches to determine best methods for robust pa-
laeocolour prediction on the most comprehensive available
dataset, we identify Wulong bohaiensis DNHM D2933 as
possessing iridescent plumage. Wulong bohaiensis DNHM
D2933 is the first juvenile paravian, to our knowledge,
whose colour has been reconstructed. While identifying a
possible signalling role of the plumage in a juvenile is of
interest; the absence of available adult specimens precludes
further understanding of this species’ ecology. However, it
highlights the obvious potential for understanding the role
of plumage colours during ontogenetic stages by exploring
and studying more fossil specimens in a larger comparative
framework. This could potentially reveal juvenile versus
adult plumage, sexual dichromatism and cryptic species,
furthering our understanding of non-avian dinosaur ecology
and bird evolution.

Institutional abbreviations—DNHM, Dalian Natural His-
tory Museum, Dalian, China.

Other abbreviations—AIC, Akaike information criterion;
LOOCYV, leave-one-out cross-validation; MLR, multinomial
logistic regression; QDA, quadratic discriminant analysis.

Material and methods

Methods for inferring fossil colour—Melanin based colou-
ration is the most prevalent source of colouration amongst
vertebrates (Riley 1997) and is also the pigment with the best
understood preservation potential and means for detection in
fossils (Vinther 2020). Two distinct chemical varieties exist
amongst vertebrates, which are eumelanin and pheomelanin
(McGraw 2006). Eumelanin-rich melanosomes are oblate
and produce shades of black (Prota 1988), whereas phacome-
lanin rich melanosomes are smaller and ovoid in shape and
produce rufous to gingery brown colours (Liu and Simon
2003). A correlation between colour and shape enables the
use of statistical methods to predict fossil colour using a
dataset of extant melanosome measurements (Li et al. 2010).

To reconstruct the original colour that the melanosomes
could have generated in Wulong bohaiensis DNHM D2933,
we used the dataset of Nordén and colleagues (Nordén et al.
2019) to predict colour using two models: quadratic dis-
criminant analysis (QDA) and multinomial logistic regres-
sion (MLR). This dataset was developed from that of Li
et al. (2012), which consisted of 150 extant taxa (including 45
black, 35 brown, 35 grey, and 35 iridescent species). A later
study of Hu et al. (2018) also expanded the Li et al. (2012)
dataset by adding another 32 iridescent species which mostly
consisted of hummingbirds. Then Nordén et al. (2019) sup-
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plemented the dataset further with 124 new iridescent sam-
ples with a broader phylogenetic distribution, bringing the
maximum number of iridescent samples available for our
analysis to 191. This is a large increase in the quantity of iri-
descent samples from the original and this may be important
for performance of the two models.

Nordén et al. (2019) noticed that iridescent melanosomes
that are hollow or flat fail to be represented accurately using
the measurements previously implemented for QDA (Li et al.
2012). The hollow and flat melanosomes that occur in some
brightly iridescent bird feathers may become conflated with
grey and non-iridescent structural coloured melanosomes
if only simple continuous measurements of melanosomes,
i.e., lengths and diameters are considered, such as in QDA.
By including categorical variables, such as “hollow/solid”
and “flat/cylindrical” alongside the previously chosen vari-
ables (Li et al. 2012) which represent only solid cylindrical
melanosomes (ranging from oblate to ovoid), Nordén et al.
(2019) was able to better distinguish (more accurately clas-
sify) the expanded dataset of iridescent melanosomes using
MLR. This classification method necessitates assessment of
melanosomes being hollow or flattened in fossil specimens
in addition to simple length and diameter measurements of
a representative sample.

Nordén et al. (2019) showed the importance of including
categorical variables by adding them into the training data-
set and comparing an MLR classification output with that of
a QDA, using the first documented fossil flat melanosomes
on Caihong as a test case. The outputs revealed iridescence
(99% classification probability) for the melanosomes in this
fossil taxon using MLR, but grey using QDA (also 99% clas-
sification probability). They also reported that MLR per-
formed better, in terms of accuracy, than QDA on the same
training data (83% vs 73% accuracy on this dataset).

In our study of Wulong bohaiensis DNHM D2933, we
re-evaluate the approaches and advice offered by Nordén
et al. (2019), with particular attention given to dataset com-
position and the performance of QDA and MLR with mod-
els including two categorical variables. We examine which
modelling approach might be the best to use and consider
which variables should be included in the training data.
We find that for studying only solid cylindrical to ovoid
melanosomes in fossils, excluding the flattened and hollow
iridescent melanosomes from the training dataset and using
QDA offers the best predictions with highest accuracy.

Sampling and electron microscopy.—A total of 16 plumage
samples from DNHM D2933 were taken by Zhang Yugqing,
under the supervision of SLB, CS, and JL. The samples
are each a few millimetres in size and labelled 1-16. They
cover a broad spread of the dinosaur’s body (see Fig. 1) and
avoided the torso between ribs and gastralia, where poten-
tial confusion with internal organ melanosomes is possible
(McNamara et al. 2018). Upon inspection, here it is clear
that the sampled areas are situated outside the abdominal re-
gion. There is no evidence of the abdomen having ruptured

during decay, as evidenced by the in-situ localisation of the
gastralia.

Each sample was soaked in acetone for 24 hours to re-
move any paraloid consolidant coating that may obscure
detection of preserved microstructures. The samples were
subsequently mounted to individual stubs, photographed
under a binocular microscope for reference, and a thin gold
coat sputtering was applied with a BalTec SCD050. They
were then imaged on a Zeiss SIGMA HD VP FEG scanning
electron microscope (SEM) at an accelerating voltage of
15 kV, and a typical working distance of 7 mm. Each accom-
panying digital photograph enabled simple and thorough
exploration across each sample.

Some samples had been destructively sampled for chem-
ical analyses and weren’t available for study. Melanosomes
were suitably well preserved in 8 of the remaining 16 sam-
ples (n =13 to 156 measurements per sample). These samples
revealed impressions of cylindrical microbodies consistent
in morphology and alignment to melanosomes originally
embedded within feather matrix. Samples that did not reveal
any melanosomes are likely to reflect artefacts of exposure,
weathering and nature of splitting as opposed to a lack of
melanosomes that would make those regions unpigmented.

Melanosome measurements.—SEM images were inspected
using the image-processing software Imagel version 1.52a
(Schneider et al. 2012). While several melanosomes can be
observed in each image, often with intact alignment, mea-
surements from several images were needed to obtain a suf-
ficient quantity of melanosome measurements. The mean
length, diameter and aspect ratio were calculated for each
sample based on this series of measurements. Following the
updated approach of Nordén et al. (2019), coefficient of vari-
ation and skew variables were not included. A reliability
analysis was carried out to investigate the potential effects of
experimenter on the ImageJ measurements. Two colleagues,
Ffion Robb and Kim Kean, measured multiple sets of mea-
surements from the same two samples. Differences ranged
from 0.14-11.8% (see SOM: table S1, Supplementary Online
Material available at http:/app.pan.pl/SOM/app68-Crou-
dace etal SOM.pdf); however, the predicted colour cate-
gory remained the same when tested. Therefore, any effect
of the examiner is considered to be small, and not substantial
enough to affect the colour predictions.

As well as quantitative data for continuous measures, e.g.,
length and diameter, categorical variables for hollowness
(hollow/solid) and flatness (flat/cylindrical) were included.
The cylindrical nature was determined by eye by assessing
the melanosome imprints at different angles. Hollowness
is impossible to determine precisely from our data without
further analysis such as focused ion beam scanning electron
microscopy (FIB-SEM). However, considering that most
melanosome imprints from Wulong bohaiensis DNHM
D2933 appear to be quite narrow (too narrow to have been
originally hollow), and given the rarity of hollow melano-
somes even amongst iridescent nanostructures (Nordén et
al. 2021), we have erred on the side of caution by analys-
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Fig. 1. Dromaeosaurid dinosaur Wulong bohaiensis Poust, Gao, Varricchio, Wu, and Zhang, 2020 (DNHM D2933), from Shangheshou, Chaoyang,
Liaoning, China, Early Cretaceous Jiufotang Formation with a minimum age of 120.3 Ma (A ). Samples 1-16 were labelled by SLB while taking samples
at the museum. Illustration by JV (A,) to show distinct plumage groupings on Wulong bohaiensis (DNHM D2933). For clarity, in this illustration only the
samples with successful melanosome preservation are labelled. Preservation on each of the excluded samples was not sufficient for study.

ing our data on the assumption that the melanosomes from  lour category (Li et al. 2010, 2012), was not assessed in this
Wulong bohaiensis DNHM D2933 are solid and cylindrical. ~ study, which focused on the predicted iridescence of parts
This could be reassessed in the future with better preserved  of the plumage.

specimens. Melanosome density, which has been shown to Fig. 2 shows a selection of characteristic melanosomes
contribute to colour brightness (Field et al. 2013) but not co-  for each successful sample, with average measurements in-
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Fig. 2. Preserved melanosome imprints characteristic of each sample from the dromaeosaurid di-
nosaur Wulong bohaiensis Poust, Gao, Varricchio, Wu, and Zhang, 2020 (DNHM D9233) from
Shangheshou, Chaoyang, Liaoning, China, Early Cretaceous Jiufotang Formation with a mini-
mum age of 120.3 Ma. All melanosome imprints are from solid and cylindrical melanosomes.
Preservation on samples 7 and 14 is less clear. Three distinctive types of melanosome morphology
were found on sample 15. Each was measured separately and treated as different samples for anal-
ysis (15a/15b/15¢).
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Fig. 3. Melanosome length against diameter for each colour category. The fifth panel shows the measurements for the dromaeosaurid dinosaur Wulong
bohaiensis Poust, Gao, Varricchio, Wu, and Zhang, 2020 (DNHM D2933), from Shangheshou, Chaoyang, Liaoning, China, Early Cretaceous Jiufotang
Formation with a minimum age of 120.3 Ma. Note 15¢c, which outlies all extant measurements. This figure is a good visual representation of why the

models conflict in their prediction for 15c.

cluded in SOM: table S2. Sample 15 is from the chest region
of the abdomen. Multiple unique populations of melano-
somes were observed with differing morphologies. These
were treated as separate samples (15a, 15b, and 15¢) and
assessed for their colour. Fig. 3 plots length against diam-
eter for the melanosome data, with the right-most panel in-
cluding the measurements from Wulong bohaiensis DNHM
D2933 facilitating visual comparison of the colour category
distributions in the first four panels.

Accounting for melanosome shrinkage—Only melanosome
imprints were available for study, which have been argued
to preserve the original morphology better than organically
preserved melanosomes (Vinther 2020). Organically pre-
served melanosomes appear to shrink isometrically up to
~20% (McNamara et al. 2013; Colleary et al. 2015). The
assumption is that if the rock matrix formed earlier than the
diagenetic shrinkage taking place, then imprints are a better
proxy for the original size. While aspect ratio is unaffected
by shrinkage, the length and diameter would be affected
and could affect predictions. To inspect this effect, three
scaling compensations of 10%, 20%, and 30% for length
and diameter have been applied to investigate any possible
shift in prediction.

Colour prediction.—In this study, the two prevailing pre-
dictive modelling approaches (QDA and MLR) for analysing
fossil melanosome shape were applied to each of the data-
sets (see Table 1), using length, diameter and aspect ratio as
predictor variables for the QDA. For MLR, diameter, aspect
ratio, hollowness (categorical) and flatness (categorical) pre-
dictor variables were used. The analyses were conducted in
Stata-16 (StataCorp 2019a), see SOM for commands to exe-
cute the models and justifications for the variable selection.

The first dataset “LiNord” incorporates the Nordén et al.
(2019) modifications of the original Li et al. (2012) dataset
where, to avoid systematic bias from different sampling
methods and sample sizes, coefficient of variation and skew
variables were excluded, as well as all samples with a sam-
ple size less than 10. It does not include any of the new addi-
tional samples from Hu et al. (2018) or Nordén et al. (2019).

The second dataset “NordSC” is a revised version of the
expanded Nordén et al. (2019) dataset. First, a minor correc-
tion reassigned colour categories to four samples that were
mislabelled (see SOM). Nordén et al. (2019) also excluded the
species sampled by Hu et al. (2018) because the data was not
phylogenetically broad, instead creating their own, broader
iridescent dataset. Additionally, here all hollow and flat sam-



CROUDACE ET AL.—IRIDESCENT PLUMAGE IN DROMAEOSAURID DINOSAUR 219

Table 1. Summary of dataset sample construction for this study. See SOM for full sample data.

Dataset | Original source | Original content Modifications Updated content
45 black Samples with measurement sample size <10 excluded to reduce bias 27 black
. . 35 brown and inaccuracy from high variability of low sample sizes, as in Nor- 28 brown
LiNord | Lietal. 2012 35 grey dén et al. (20?‘)). Pica }gaica sampleyremoved becr;use melanosomes 25 grey
35 iridescent were deemed to be hollow (Nordén et al. 2019). 28 iridescent
27 black All hollow and/or flat samples excluded because all fossil melano- 27 black
NordSC Nordén et al. 27 brown somes frorr} Wulong have? been analysed undsar the assumption that 28 brown
2019 27 grey they are solid and cylindrical. Colour categories were also corrected 25 grey
152 iridescent for four rows of mislabelled data. 90 iridescent
27 black 27 black
Nordén Norggri 9e tal. 2277b;(r>:;n Colour categories corrected for four rows of data. 2§ Sbgr)g/n
152 iridescent 153 iridescent

ples provided by Nordén et al. (2019) were excluded to evalu-
ate the nature of this dataset in discriminant analyses (QDA)
in comparison to MLR. Based on the cautious assumption that
the melanosomes from Wulong bohaiensis DNHM D2933 are
solid and having assessed them as being cylindrical rather
than flat, restricting the “NordSC” dataset to only solid and
cylindrical samples allows the model to utilise the variability
and associations among the continuous variables included in
QDA, for making colour category predictions.

Finally, the full, expanded Nordén et al. (2019) dataset was
included to replicate their method, referred to as “Nordén”,
which also features the four data corrections mentioned for
NordSC. This dataset provides an opportunity to compare
the application of QDA across different datasets, focussing
on the effects of including hollow and flat samples.

0ODA.—QDA’s value arises when continuous predictors
vary in their association across groups, as in the “LiNord”
and “NordSC” datasets. Analysis QI applied QDA to the
“LiNord” dataset, and analysis Q2 applied QDA to the
“NordSC” dataset. The colour category group sizes are un-
even in both datasets and so the QDA training group prior
probabilities were calculated from individual group size for
both Q1 and Q2. Although the exclusion of hollow and flat
samples significantly reduces the imbalance, there is still a
considerably higher proportion of iridescent measurements
in the “NordSC” dataset, which may still affect or bias
iridescent predictions. Predictor variables were entered to-
gether into each QDA analysis, rather than using stepwise
selection (see SOM). A further QDA test was applied to the
complete “Nordén” dataset (analysis Q3), to evaluate the
decision to exclude all hollow and flat iridescent samples
in QDA. It is expected that these results will differ substan-
tially from analyses Q1 and Q2 due to the increased number
of iridescent samples featuring a varied morphology. Some
of the hollow and flat samples conflate with grey melano-
somes and rely on their categorical variables for distinction,
which QDA potentially may not optimally incorporate.

MLR—MLR is arguably more suitable and may give more
optimal classifications when predictors include binary vari-
ables (Mehmetoglu and Jakobsen 2017), such as hollowness
and flatness variables in this study. MLR, though more com-

plex, is therefore useful to accompany and contrast with QDA,
providing a valuable comparison for predicted classifications.

Here, we implemented classification from MLR with
logistic discriminant analysis (LogisticDA). Conveniently,
LogisticDA provides a classification output directly. For-
tunately, since MLR is the basis for LogisticDA (StataCorp
2019b), applying MLR via LogisticDA allows for immediate
and simple access to the classification results for predicted
colour category. For simplicity, and because it is shown to
be equivalent (see SOM), this approach will still be referred
to as MLR hereafter to retain a connection with previous
equivalent methods (Nordén et al. 2019).

Our MLR analyses used “LiNord” for analysis M1 and
“NordSC” to train analysis M2. As with QDA, the MLR
training group prior probabilities were calculated from in-
dividual group size because the group sizes are uneven.
Stepwise variable entry was avoided by using AIC values
(see SOM) for selection of variables in the models. This
resulted in diameter, aspect ratio, hollowness and flatness
being included as predictors, with length being excluded.
Finally, analysis M3 applied MLR to the “Nordén” dataset,
to facilitate the comparison of this study’s novel “NordSC”
dataset with results that emulate those of Nordén et al. (2019).

Comparing performance of MLR versus QDA.—Perfor-
mance of analyses Ql, Q2, and M1-3 was described and
reported in several ways. The accuracy of Q3 has not been
reported because it is expected that the results will be dis-
torted, the inability to optimally incorporate categorical
variables already mentioned is undetectable by the model or
by any performance tests.

Performance was tested on each of the three training
datasets without the inclusion of fossil samples. First, an ac-
curacy self-test calculated the percentage of training dataset
sample classifications correctly predicted by one application
of the model. Further to this, cross-validation was also used,
calculated in two ways; first using leave-one-out cross-vali-
dation (LOOCYV), and then using repeated k-fold cross-vali-
dation (see SOM). The small data subsets of the latter reduce
potential prediction error from outliers or biased data, result-
ing in more robust and accurate estimates of test error rate
than LOOCYV (James et al. 2013). The k-fold cross-validation



220

output provided a value for Cohen’s Kappa, which measures
the agreement of the predictions considering the possibility
that they might be due to chance. Cohen’s Kappa ranges
from O (predictions no better than expected from chance) to
1 (perfect agreement). A third performance test on the train-
ing data was an accuracy self-test on each colour category in
each model, which investigates individual colour category
performance and checks for prediction bias.

Finally, model performance was also assessed on the
resultant predictions for fossil data by calculating the mean
fossil classification probability value. This provides an av-
erage of a model’s classification confidence, as in Hu et al.
(2018). However, reporting the mean alone may be insuf-
ficient to compare models because it does not convey the
often-broad range of probabilities calculated in the set of
samples. Therefore, to help contextualise the mean, here
minimum and maximum probabilities were also reported,
showing the range.

Results

Melanosome dimensions and preservation across Wulong
bohaiensis DNHM D2933.—From the 16 samples taken we
were able to identify microbodies consistent with melano-
somes in eight of them (Fig. 2). Their dimensions vary in a
visible fashion and are either very wide and oblong or narrow
and elongate. One sample region (15, Fig. 2) featured three
different populations of melanosomes that were either large
(15a), narrow (15b) or quite small and ovoid (15c¢).

All the melanosomes are preserved as imprints and
hence the original melanin has oxidised away. This prevents
any assessment for hollowness, while we have tentatively
evaluated if it is possible that any melanosomes were flat-
tened in life. It is indeed possible that the very large mela-
nosomes could have been flattened as they conform to their
appearance when viewed from above, while if assuming a
cylindrical morphology as we have done below, they predict
as grey. We didn’t feel compelled from the natural associa-
tion of the melanosomes and their slightly different orienta-
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tion to suggest that they might be flattened, and therefore we
have assumed a cylindrical morphology. We acknowledge
that this conclusion may be shown as incorrect with further
scrutiny. However, our conservative conclusions have no
bearing on this uncertainty.

Colour predictions.—The colour prediction results of anal-
yses Q1, Q2, M1 and M2 agreed consistently for nine of the
ten individual Wulong bohaiensis DNHM D2933 samples,
with predictions conforming to iridescent and grey for dif-
ferent samples (see Table 2).

Samples 6, 7, and 16 have all been predicted as iridescent
with extremely high probabilities. These samples derive
from feather remiges from separate fore and hind limbs (see
Fig. 1). Sample 14 is located on a forelimb and is predicted
iridescent, but with a more variable probability between
models than the other iridescent samples. Together, these
results clearly indicate the presence of iridescence across
the limbs of Wulong bohaiensis DNHM D2933.

Sample 15a is predicted as grey. Sample 15b also pre-
dicts iridescence with lower MLR probability values but
very high QDA probabilities. Sample 15¢ is composed of
quite small, wide and distinctly ovoid melanosomes which
are predicted as grey by QDA and brown by MLR, the
only sample for which predictions do not agree, and an un-
surprising result given its outlying position in Fig. 3. As a
whole, sample 15 is from the region between the forelimbs
and the gastralia. It could therefore be derived from the con-
tour feathers of the chest but could also be partly conflated
with tertiary remiges of the forelimb. The fact that different
populations of melanosomes are observed in this region
suggest the presence of multiple overlapping feathers of dif-
ferent colour, consistent with contour feathers.

Samples 9 and 11 are predicted as showing grey on the
main body of Wulong bohaiensis DNHM D2933, above the
dorsal ilium. Sample 13 shows part of a forelimb to be grey,
although the exact location is unidentified.

Overall, we observe that QDA yields higher predictions
for the fossil samples than MLR, most notably for predic-
tions of grey samples. Although slightly lower than corre-

Table 2. Colour classification posterior probabilities for Wulong bohaiensis (DNHM D2933). Each analysis predicted the same colour classifica-

tion. Colours in bold are predicted accurately by all four analyses.

. Predicted Probability (%)
Sample Location of sampled feather colour Ql Q2 M1 M2

QDA LiNord | QDA NordSC | MLR LiNord | MLR NordSC

6 distal portion of metatarsus iridescent 99.95 99.98 95.59 97.63

7 distal portion of tibia iridescent 100.00 100.00 99.08 99.37

9 proximal portion of dorsal ilium grey 99.00 99.00 60.65 54.00

11 proximal portion of dorsal ilium grey 99.98 99.98 72.00 68.66

13 unidentifiable forelimb portion grey 99.88 99.88 69.54 66.07

14 proximal portion of forelimb ulna (right) iridescent 68.89 88.87 62.87 84.16

15a L ) ) grey 99.96 99.96 72.54 69.59

150 not identifiable. Po}sl51bly abdomen or forelimb iridescent 88.09 95.08 65.38 3126
15¢ Hmerts grey/brown | 70.50 (grey) | 70.40 (grey) | 82.96 (brown) | 83.19 (brown)

16 proximal portion of forelimb ulna (left) iridescent 99.82 99.92 89.26 94.29




CROUDACE ET AL.—IRIDESCENT PLUMAGE IN DROMAEOSAURID DINOSAUR

221

Table 3. Predictive model performance results. Self-test accuracy, LOOCV and Cohen’s Kappa all show performance on training data. Fossil
prediction measures show the mean and range of all fossil sample probabilities. Shrinkage effect records the percentage of scaled values that

resulted in a different classification to the unaltered fossil classification.

Q1 Q2 M1 M2 M3
QDA LiNord QDA NordSC MLR LiNord | MLR NordSC MLR Nordén

Self-test accuracy (%) 77.8 83.5 70.4 79.4 85.0
LOOCV (%) 74.1 81.8 64.8 76.5 82.8
Cohen’s Kappa (k= 5) 0.65 0.71 0.56 0.65 0.68
Fossil prediction mean (%) 85.1 95.3 77.0 79.8 79.8
Fossil prediction range (%) 63.3-100.0 70.4-100.0 60.7-99.1 54.0-99.4 54.0-99.4
Shrinkage effect (%) 6.7 0 16.7 6.7 6.7

sponding QDA results, iridescent MLR results for Wulong
bohaiensis DNHM D2933 are mostly between 90—-100% in
probability, and hence can be considered robust enough to
corroborate our conclusions. Grey MLR predictions how-
ever, whilst unanimously matching the results of QDA, are
lower and range between 54—72% in probability.

Shrinkage results.—Across analyses Q1, Q2, M1 and M2,
just 7.5% (nine results) of all scaled shrinkage predictions
vary from the results of the unaltered values (see SOM).
Six of these nine results were at the 30% scaling, which
exceeds the 20% seen in maturation experiments reported
by McNamara et al. (2013) and so is likely an overestimate
of actual shrinkage. In addition, all changes are exclusive
to samples 14, 15b and 15c, which have some of the lowest
classification probabilities across all analyses and hence
these scaled predictions are also more susceptible to vari-
ation. In summary, shrinkage has negligible effect; all pre-
dictions remain robust to any effect of experimental scaling.
We note that since our samples entirely preserve as imprints
rather than 3D melanosomes, the imprints tend to be larger
than co-occurring melanosomes when found together and
hence are more likely to record the approximate original
melanosome dimensions. Hence, we consider the unscaled
dimensions and the predictions made on those to be the most
credible ones.

Model and dataset performance.—Contrary to Nordén
et al. (2019) who reported MLR performing better than
QDA, here QDA performs slightly better than MLR for
both “LiNord” and “NordSC” datasets (Table 3). It is also
apparent that the dataset used does have an impact on the
results. Cohen’s Kappa values result in substantial agree-
ment (values ranging from 0.6—0.8; Landis and Koch 1977)
for each analysis in this study: 0.65-0.71. However, when
compared respectively, the Kappa values are higher in QDA
than MLR, and higher in “NordSC” than “LiNord”.

Most values increase by more than 10% in self-test accu-
racy and LOOCYV results when comparing “NordSC” with
“LiNord”, with “NordSC” (the dataset of Nordén et al. 2019
but excluding flattened and hollow melanosomes) reporting
higher values in all instances. The NordSC dataset is also
more robust to correction for shrinkage. Overall, for almost
every measure of model performance the “NordSC” dataset

used in analyses Q2 and M2 performs noticeably better
than the “LiNord” dataset. Interestingly, the fossil predic-
tion probabilities for the fossil samples are marginally more
confident for iridescent predictions using “NordSC” but are
lower for grey predictions.

Exclusion of hollow/flat melanosome data.—Including
hollow and flat measurements in the “Nordén” dataset anal-
ysis M3 shows improved accuracy, LOOCV and Kappa,
when compared against training data self-tests (see Table 3).
Despite this, the fossil prediction probabilities are identical
to those of analysis M2, which excludes the hollow and flat
samples from the training data. This indicates that including
hollow and flat data in an MLR provides no benefit to the
colour prediction results for datasets consisting of entirely
solid and cylindrical melanosomes. Including hollow and
flat data is only suitable when hollow or flat melanosomes
are recorded.

Furthermore, and as expected, the results of analysis
Q3 (where hollow and flat data are included in a QDA) are
different to every other analysis. They predict iridescence
extremely confidently for every sample apart from 15¢ (see
SOM: table S4). It is the only analysis where the application
of QDA (Q3) and MLR (M3) to the same dataset produces
inconsistent results across every fossil sample. This demon-
strates the poorer results that arise when including hollow
and flat sample data in a QDA analysis that cannot opti-
mally use this information to discriminate the samples. We
observe and caution that the inclusion of all variables when
analysis is conducted using QDA comes at the expense of
lowered accuracy and precision.

Colour category performance.—Iridescent (elongate) and
brown (ovoid) melanosome results were predicted more
accurately than other colour categories in a self-test (see

Table 4. Accuracy (%) (self-test) of individual colour categories within
each analysis.

Ql Q2 Ml M2 M3
QDA QDA MLR MLR MLR
LiNord | NordSC | LiNord | NordSC | Nordén
black 70.37 62.96 55.56 37.04 37.04
brown 92.86 92.86 92.86 92.86 92.86
grey 52.00 52.00 52.00 52.00 52.00
iridescent | 92.86 95.56 78.57 95.56 97.39
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Fig. 4. Reconstruction of the dromaeosaurid dinosaur Wulong bohaiensis Poust, Gao, Varricchio, Wu, and Zhang, 2020 (DNHM D2933), from Shanghe-
shou, Chaoyang, Liaoning, China, Early Cretaceous Jiufotang Formation with a minimum age of 120.3 Ma. This illustration broadly depicts iridescent
plumage on the limbs and grey feathers on the body. It should be noted that the full extent of the iridescence has been extrapolated in the creation of this
illustration, based on the evidence provided by a small but significant distribution of iridescent samples across several limbs of the fossil. Artwork by

Robert Nicholls (Bob Nicholls Art).

Table 4) by both QDA and MLR. This is unsurprising, due to
the more distinct morphology of these melanosomes when
compared to black or grey eumelanosomes. In contrast, grey
is predicted correctly for 52% of the data.

There is a notable reduction in the accuracy of predicting
black using “NordSC”, with a decrease of 7.41% between
QDA self-tests and a more substantial 18.52% between MLR
self-tests (see Table 4). Predictions for the somewhat less dis-
tinct black melanosomes may be hampered by the imbalanced
colour category composition after the expansion of the irides-
cent sample set by Nordén et al. (2019), although it does not
appear to have an affect on grey, which are consistently 52%
accurate on training self-tests regardless of model or dataset.

For the fossil data in our study, iridescence is predicted
with very high confidence, whereas the prediction of grey is
model dependent, averaging 99.7% in QDA (excluding 15¢
which is a notable outlier), but 66.6% in MLR. This pattern
is irrespective of the dataset used and is interesting because
both methods performed equally well on the training data;
this difference in fossil colour category performance arises
either from the nuances of the fossil data or from differences
in the modelling approaches themselves.

Discussion

Melanosomes preserved in Wulong bohaiensis DNHM
D2933 have a morphology that suggest iridescent plumage

within a Cretaceous juvenile microraptorine dromaeosaur.
We have shown that while MLR allows for inclusion of a
greater range of melanosomes involved in creating certain
brighter iridescent nanostructures it comes at a cost to pre-
dictive accuracy to other classes of melanin-based colour,
with the most noticeable effect on grey melanosomes in this
study. Therefore, in the case of entirely solid cylindrical
fossil melanosomes, QDA is recommended as the preferred
method of inference. Self-test analyses show an accuracy
of 83.5% for datasets comprising only solid and cylindrical
melanosomes using QDA.

Colour reconstruction of Wulong bohaiensis DNHM
D2933.—Based on our results we can reconstruct the plum-
age of Wulong bohaiensis DNHM D2933 as iridescent on
its forelimb and hindlimb remiges (Fig. 4). This contributes
a new instance of iridescent colouration amongst paravi-
ans, alongside Microraptor (Li et al. 2012), Caihong (Hu
et al. 2018), Bohaiornis (Peteya et al. 2017) and recently
Eoconfuciusornis (Pan et al. 2022), as well as the first evi-
dence of iridescence in a juvenile dinosaur.

Apart from sample 15¢, all other samples (when not iri-
descent) predicted as grey, unlike the non-iridescent feath-
ers reconstructed in Microraptor and Caihong, which were
mostly black. Sample 15¢, which consist of fairly small and
notably more ovoid melanosomes (Fig. 2), predicted as ei-
ther grey with QDA or brown with MLR, but with low pre-
cision. Given that the samples predicted as grey are largely
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derived from the body contour feathers, it is possible that
some grey results may represent sampling of proximal por-
tions of contour feathers, which tend to be grey and downy
(Nordén et al. 2019). Sampling was originally carried out
with little attention to whether regions represented distal or
proximal portions of a feather; this limitation is acknowl-
edged. However, when sampling regions of the body com-
posed of multiple overlapping feathers (distal regions above
and proximal ones below), both layers are likely to conflate.
We therefore consider the consistent predictions of grey
colour from the body as being a robust result reflecting the
expressed and visible colour.

The contrasting predictions for sample 15¢ might be an
artefact of one of the limitations of palaeocolour reconstruc-
tion. Since the methods relies on classifying colour into
distinct categories when in fact melanin based colours form
a continuous spectrum, it will fail when a colour is interme-
diate. In the instance of a spectrum of colour present in one
location, less distinct morphology is harder to categorise
statistically. We can speculate that the small ovoid melano-
somes in sample 15c represent a colour that is intermediate
between grey and brown. This mixture of cryptic feathers
combined with other showy iridescent areas could also re-
late to a transitional juvenal plumage or reflect proximo-dis-
tal variation in colour between the upper and exposed por-
tion and the lower, downy portion.

Iridescence and feather function.—The presence of iri-
descent plumage, as reported here for Wulong bohaiensis
DNHM D2933 and recognized in a handful of other non-
avian paravians, is suggestive of a display and signalling
function. Our study adds to growing evidence that pen-
naceous feathers in non-avian paravians served functions
other than aerodynamics, and could have originated for pur-
poses other than flying (Li et al. 2010), before being exapted
as airfoils (e.g., Zelenitsky et al. 2012; Foth et al. 2014;
Koschowitz et al. 2014; Brusatte 2017). However, another
possibility is that the evolution of aerial modes of life in
an ancestral maniraptoran facilitated by pennaceous feath-
ers was associated with different behaviours and resulting
signalling strategies. For example, increased display may
be linked to a more arboreal lifestyle due to less predation
pressure when concealed in a canopy and less accessible
from a distance.

Feathers, of course, have multiple uses—as observed in
modern birds using their feathers as both flying devices and
display ornaments. As one example, many dabbling ducks
feature iridescent specula on their secondaries (Eliason and
Shawkey 2012). Whilst remaining important for flight these
must play an important role in the life of a bird, perhaps as
indicators of health (Legagneux et al. 2010). Studies have
shown that iridescent specula have little impact on pairing
success, however (Omland 1996). It may therefore be that
such features are simply used as intraspecific indicators to
aid identification during courtship, which may be important
given how prone ducks are to cross-hybridise.

Due to sampling constraints, we are not able to precisely
locate the exact position within the wing of every sample.
Neither are we able to describe the full extent of iridescence
on the wings of Wulong bohaiensis DNHM D2933, simply
that it is present on at least three limbs, and in broadly
different areas within each limb. Notably however, some
iridescent samples (e.g., sample 6) represent remiges. This
is not a common combination in modern birds. Indeed, re-
miges are often the opposite of flashy and iridescent in mod-
ern birds, with black tipped primaries commonly employed
to better endure the abrasive wear that flight brings (Averill
1923). The range of possible iridescent wing plumage distri-
butions seen in extant species including iridescent remiges
(e.g., Amazonetta brasiliensis which has close to full irides-
cent wing coverage), moderate coverage of secondaries and
greater/lesser coverts (e.g., Vanellus vanellus, Pica pica,
and many hummingbirds) or more conservative wing bars
(e.g., Garrulus glandarius and on dabbling ducks), should
be considered when interpreting any future discoveries of
fossilised iridescent melanosomes on wings. This may help
further untangle the specific roles of iridescence in non-
avian paravians.

It has already been suggested that the long tail feathers
found on the Wulong bohaiensis DNHM D2933 specimen
served a display function (Poust et al. 2020). The results
of our study now show that perhaps there were two differ-
ent, complementary, methods of display: iridescent plumage
on limbs, and long tail feathers of unknown colouration.
Although both features are known to be used for display in
modern birds (Thomas 1997), they are not typically seen
to fully develop until sexual maturity is reached. In larger,
longer-lived birds (which are more comparable to the size
of Wulong bohaiensis DNHM D2933) mature plumage
can be delayed because they mate later on, e.g. some gulls
only begin to mate after 5 years (Proctor and Lynch 1993).
Therefore, as initially suggested by Poust et al. (2020), the
presence of ornamental feathers on this juvenile specimen
suggest that plumage may have developed at a different rate
to most modern birds and indeed iridescence may occur in
juvenile forms when used for intraspecific communication.
Several birds engage in intraspecific signalling using iri-
descent signals, especially amongst corvids, in which both
adults and subadults exhibit iridescence albeit sometimes
less brightly expressed in the juveniles (Nam et al. 2016).

Ultimately, untangling why pennaceous feathers evolved
in dinosaurs will require further colour reconstructions,
particularly of species close to the point on the phylogeny
where pennaceous feathers and wings developed, as well
as biomechanical studies of the flight capabilities of these
species. We therefore remain agnostic to whether penna-
ceous feathers primarily evolved for display or aerial lo-
comotion, but note that since iridescence only occurs in
barbules, which only evolved with a more complex penna-
ceous feather it must have been preceded by feathers having
been driven to become more complex for other reasons than
for creating iridescent display. We reiterate Mayr’s (2014)
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Fig. 5. Variation of probability with respect to the aspect ratio predictor
variable (one of the two variables included in analysis M2). This plot
shows that at aspect ratios of approximately 2.5-3.5, the probabilities of
predicting any of the four possible colour categories are similar, and none
are very likely. Several samples in Wulong bohaiensis (DNHM D2933) had
an aspect ratio within this range.

salient point that display feathers usually depart from a typ-
ical, vaned flight feather and how the forelimb and hindlimb
rectrices across all non-avian paravians resemble functional
aerodynamic foils more than any display structure known
in modern birds.

Impact of choice of analytical method for colour predic-
tion.—QDA consistently outperforms MLR across both
datasets, providing more accurate and more confident pre-
dictions on both self-tests and the fossil data, whilst remain-
ing in total agreement with all colour predictions of the
potentially more robust MLRs (with the notable exception
of sample 15¢). We have established that both models predict
iridescence with high overall confidence in the fossil sam-
ples. However, despite equal performance on grey training
data, QDA also yielded high probabilities for prediction of
grey results, whereas MLR is less certain, and this is irre-
spective of dataset used. Despite the ability of MLR to give
optimal classifications for models including both continu-
ous and categorical predictors, small group sizes for black,
brown and grey may contribute to less accurate results, with
our results suggesting a particular impact evident for grey
samples. Fig. 5 illustrates one reason why predicting grey
might be more difficult. For samples with an aspect ratio
of approximately 2.5-3.5, it can be very difficult to predict
the most likely colour category due to the less distinct and
potentially conflating geometry. Several of the Wulong bo-
haiensis DNHM D2933 samples have an aspect ratio in this
range (see SOM: table S3). The continued expansion of the
extant melanosome dataset, with particular focus on non-iri-
descent melanosomes, might further strengthen this method
in the future and improve MLR predictions.

We have also shown that the expanded dataset “NordSC”
performs better on all self-tests. This is the dataset in which
the expanded dataset of Nordén et al. (2019) is analysed with
hollow and flat melanosomes excluded. There is a 9.2%
(QDA) and 16.1% (MLR) increase in the value for Cohen’s
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Kappa. Cohen’s Kappa is arguably the strongest measure to
interpret because the k-fold cross-validation used in its cal-
culation splits the data into small subsets. This reduces po-
tential prediction error from an outlier or biased data point,
making it more robust than LOOCV (James et al. 2013).

Finally, as the results of analyses Q3 and M3 have shown,
expanding the dataset to include hollow and flat iridescent
melanosomes as in Nordén et al. (2019) is not appropriate or
necessary when exclusively studying solid cylindrical mel-
anosomes. It should always be used, however, when hollow
or flat melanosomes are observed in a fossil.

Conclusions

In this study, we have established from specimen DNHM
D2933 that the juvenile dromaeosaur Wulong bohaiensis
had iridescent plumage on its limbs, and a grey body. It
appears that more conspicuous signalling was widespread
amongst the paravian dinosaurs, which may reflect shifts in
ecology offered by arboreal lifestyles and pinnate feathers.

This study has also shown that QDA remains a useful
and valid predictive approach to complement MLR when
studying solid cylindrical fossil melanosomes. Future stud-
ies should evaluate melanosome morphology and potential
hollowness and flatness to determine which dataset and pre-
dictive method to use. This may be facilitated from observ-
ing and identifying obliquely exposed melanosomes and/or
broken ones and can be supplemented by methods such as
FIB-SEM or TEM imaging.
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