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Abstract

Rotation of the earth around the sun paces daily biologic rhythms (circadian rhythms). Additional rhythms spanning
days are mutidien. The energy for biologic rhythms is provided by metabolism.

We measured biologic rhythms in dinosaur’s fossilized feather and rachis imprints and in contemporaneous wild
turkey tail-feather.

Daily growth lines were measured in 9 photographs of dinosaur feather-imprints. They were from an enantiornithine
bird (Mesozoic 245-265 million years), from a troodontid theropod (Cretaceous ~160 million years) and from
Sinosauropteryx (Early Cretaceous; ~125 million years; rachis only). We measured 27 growth lines and 39 rachis
intervals in the turkey feather. We compared our measurements in the dinosaurs to those in the modern feather. We
used biometrics to analyze the measurements, we found circadian and multidien rhythms in all feathers. The gliding
Microraptor had large feathers. In contrast, the feathered dinosaurs had smaller feathers. Wild turkey feathers were of
intermediate size.

We conclude, based on measurements and statistically identified spectral peaks, that circadian and multidien
rhythms are present in feather imprints of dinosaurs and in extant birds similar to those described in mammals. Feather
growth is related to metabolism, to function and to body mass; this suggests a similar metabolism in feathered dinosaurs

and modern birds.
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Introduction

The energy necessary for life and its rhythms is provided by
metabolism. The changes in metabolism induced by the sun are
synchronous with the sun rising every 24 hours, which is they are
circadian (~24 hours). However, additional biologic rhythms exist that
extend over several days or more that are linked to metabolism and not
to celestial events; they are termed mutidien [1].

Here we show that biologic rhythms can be derived from fossil
imprintsleftin rock formations of feathered creatures that lived millions
of years ago. We compared the imprints of feathers’ growth lines
that measure circadian growth from the past with the corresponding
measurements from extant birds. We also modeled multidien biologic
rhythms in these animals.

Circadian rhythms are biological cycles such as temperature
fluctuations recurring approximately every 24 hours synchronous with
celestial events that are predicated by the rotation of the earth around
the sun. Such cycles are ubiquitous in living beings from unicellular
protists living in the sea to giants such as extant elephants and whales
to even titanic creatures such as extinct Sauropod dinosaurs.

Multidien rhythms occur independently of cosmic inputs [1] and
are predicated on fluctuation of metabolic activities which are related
to metabolic demand-fluctuations induced by environmental cues such
as altitude of residence or the demands of acclimatization.

Material and Methods

Twenty four rachis imprints were measured in the figures published
in ref. [2]. A wild turkey tail feather was used to measure 27 circadian

growth lines and 39 rachis growth intervals (by scanning electron
microscopy) (Figure 1). Ninety three feather imprints were measured
in the figures in refs. [3-5] (Figure 2).

We modeled growth and metabolism using methods published in
ref. [6]. We used allometric methods to estimate the size of organs and
their functions in the feathered dinosaurs [7] and wild turkey (Table
1). We statistically adjusted allometric measurements from extant
mammals to extant birds.

Results

The results are shown in Table 1. The presumed glider had large
feathers that grew rapidly. The other feathered dinosaurs had slower
growth rates per day and slower growth per multidien rhythms. We
found that birds, like mammals, have circadian and multidien biologic
rhythms [1].

We used allometric values to determine organ weights and
physiologic functions, as given for mammals [7]. We adjusted these
values using the coeflicient (x1.15) and exponent x1.04 for birds as
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given on the Internet (BIO 554/754 Ornithology). Exceptions are for
heart weight (1/9) and brain weight (1/12). A further exception is
the heart rate value given for the pigeon (coefficient to match known
pigeon heart rate published on the Internet).

Discussion

Bioarcheology is a cross disciplinary endeavor spanning the fields

Figure 1: Rachis growth intervals. Left contemporary wild turkey feather
barbules (SEM). Right rachis structures made of collagen (also, see discussion)
in Sinosauropteryx. Modified from [2]. The arrow length is equivalent to the
growth intervals in these structures.

Figure 2: Circadian growth lines. Left Wild turkey feather (broken arrows) fig
available on internet; right feathered dinosaur (between arrows) (modified from
[5]. The combined light and dark lines of the feather or feather imprint (right)
reflect growth of the feather over a ~24 hour period.

of archeology and biology. The best preserved remains for study in
bioarcheology are bone, teeth, hair and feather imprints in rocks
that formed millions of years ago. We present evidence, based on
measurements of growth-intervals of feathers, in rock imprints left by
the feathers of dinosaurs millions of years ago, that these animals had
both circadian and multidien rhythms. We also show that by using
allometric techniques, that is estimates of the relationship of body size
to anatomy and physiology, we could deduce the growth rates of the
feathers and hence metabolism and function in feathered dinosaurs.

Biological timing is also evident in aging, life history events such
as age at maturation and life span. Additionally, recurring growth lines
in teeth suggest that tooth growth is influenced by long term rhythms
such as circaseptan (7 day) biologic events [1]. Thus, apart from the well
studied circadian rhythms, multidien recurring events, independent of
astronomical cycles also affect biology. In mammals multidien rhythms
have been well demonstrated [1] but evidence for such rhythms in
birds has, hitherto, not been presented. Here we provide for the first
time evidence that multidien rhythms are also present in extant and
extinct birds.

The fossil integument structures in theropod dinosaurs have been
accepted as the progenitors of early feathers. This strengthened the view
that birds are the evolutionary descendants of theropod dinosaurs [2].
However, the chronobiology and physiology of birds that lived million
of years ago has not been elucidated.

We show that by using statistical modeling of growth intervals it is
possible to deduce biologic rhythms, metabolism and function in these
long extinct creatures.

Our modeling is based on validated methods fully described in ref.
[6]. Archived materials such as feather imprints left in rock formation
that formed millions of years ago bear the growth lines of the feather,
the repeat intervals of growth and quiescence of growth, during the life
of animals. Because feather growth requires energy to fuel metabolism,
the growth lines reflect the chronobiology and metabolism of growing
tissues such as feathers and the rachis and its subdivisions, the barbules
[6]. The interpretation of the rock prints given in ref. [2] is that these
are collagen fibers. However, a continued controversy of whether the
presence of collage fibers or feathers left the rock imprints culminated
in the discovery of melanosomes in rock imprints that give feathers
their color [8]. Irrespective of this controversy our concern here is
growth intervals and not with the material that left the rock imprints
millions of years ago.

Feather growth is not linear, it occurs in spurts interspersed by

Anatomy and Physiology Species

Parameter Pigeon Wild Turkey pre-Archaeopteryx Gliding Microraptor | Nonavian theropod = Sinosauropteryx
Body wgt (g) 450 8000 240 428 200 240
Heart wgt (g) 50 889 27 48 22 27
kidney wgt (g) 4 60 2 4 2 2
liver wgt (g) 16 206 9 16 8 9
HR (beats/min) 116 55 137 118 143 137
Brain (g) 38 667 20 36 17 20
02 Consumption (L/h) 0.4 3.9 0.3 0.4 0.2 0.3
Respiratory Freq (/min) 76 35 90 77 95 90
Basal Metabolic Rate (kcal/d) 4.6 10.6 3.8 4.5 3.6 3.8
Circadian rhythm mm/day not measured 7.80 5.30 18.90 4.80 0.1
Multidien rhythm (mm/d) not measured 26.52 12.72 94.5 139 0.374
Multidien rhythm (days/cyc) not assessed 34 2.4 5.0 ~20 3.4

Table 1: Biologic rhythms, growth rates, allometric values for organs and physiologic functions in feathered dinosaurs and extant birds.
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quiescent periods. The frequency or periodicity of the quiescent period,
in turn, is determined by metabolic demands imposed by age, health,
illness and a multitude of other life events. But the periodicity of feather
growth is closely correlated with autonomic nervous system control
of metabolism and this ultimately links growth to metabolism in all
animals [6].

In modern feathers, and their associated structures, such as
the rachis and the barbules, the circadian growth lines can easily be
recognized. Based on various methodological evidence such as radio
labeling and actual measures it has been establishes that the sum of
a dark and a light line found in most extant feathers represent the
growth of the feather or barbules over a 24 hour period, that is they are
a record of the circadian growth. The persuasive evidence for this has
been summarized in Ptilochronology [9]. All growing tissues such as
teeth and bone in mammals show growth lines. We find that growth
lines are also evident in feather-rachis, the spine of the feather, (Figure
1) and we identified similar structures in feather imprints depicted
in reference [2]. The rachis (or barbules) growth lines, however, are
multidien, not circadian (Table 1), but, like all growth, they also depend
on metabolism rather than on the circadian celestial events [1].

Multidien rhythms are well known in chronobiology [1]. These
rhythms do not depend on the rotation of the earth around the sun;
rather, they are synchronous with metabolic changes that occur at
multidien intervals. Multidien rhythms have been established for
mammals [1]. By contrast, bird metabolism has not been studied in
sufficient detail to determine the presence of multidien rhythms. Our
results imply that these rhythms were present in ancient birds such as
feathered dinosaurs, and that they are also found in extant birds.

Because multidien rhythms are tied to metabolic demands they
are heavily dependent on environmental factors such as temperature,
oxygen availability (altitude of abode) and food abundance. Thus
it is not surprising that in avian theropods, like in extant mammals,
multidien rhythms varied from 3-5 days/cycle. Of interest is the non-
avian theropod in which multidien cycles were ~20 days/cycle; slow
cycling, perhaps related to its inability to fly.

Allometry is a method for studying the relationships between body
size and body shape. This method has also been applied, using statistical
techniques, to the study of anatomy and physiology [10]. It has been
well established that body mass scales to metabolism by a ratio of ~0.75.
Thus, a larger animal has a lower metabolic rate and heart rate than a

smaller animal. We applied this method, using the available data, to
deduce metabolism, organ weight, heart rate, oxygen consumption and
multidien rhythms of the feathered dinosaurs (Table 1).

Conclusion

In conclusion, we have measured biologic rhythms, metabolism
and function in birds that lived millions of years ago. They are similar
to those found in extant birds. Multidien rhythms have previously been
found in mammals. Here we provide evidence, for the first time, that
such rhythms are also present in extant birds and dinosaurs.
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