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1. Introduction

As inhabitants of glacial Europe, Neanderthals, with their typical
cranial shape, have received much attention with respect to cold
adaptation (e.g., Coon, 1962; Schwartz and Tattersall, 1996;
Churchill, 1998; Steegmann et al., 2002; Holton and Franciscus,
2008; Hubbe et al., 2009; see also; Harvati, 2015). Recently, Rae
et al. (2011a) published a study of Neanderthal sinus volume in
relation to climate adaptation. They compared Neanderthal maxil-
lary and frontal sinus volumes with those of a European sample of
Homo sapiens. Based on similarities between the two groups, they
concluded that the Neanderthal face is not cold adapted.

This study was criticized by Holton et al. (2011) for two main
reasons: (1) its lack of a geographically widespread comparative
sample and (2) the use of irrelevant anatomy (sinus volumes) in the
analysis of climate adaptations. In their comment, Holton et al.
(2011) showed that, relative to Africans, the maxillary sinuses of
Europeans and Neanderthals are hyperpneumatized. They argue
that the observed population variation in relative sinus volume is
not directly related to cold adaptation, but that this is secondary to
climatically relevant differences in nasal cavity shape. Their study
included neither frontal sinus data nor data from populations living
under extreme cold climates. Rae et al. (2011b) challenged Holton

* Corresponding author.
E-mail address: katerina.harvati@ifu.uni-tuebingen.de (K. Harvati).

http://dx.doi.org/10.1016/j.jhevol.2016.06.003
0047-2484/© 2016 Elsevier Ltd. All rights reserved.

et al.'s (2011) findings on the basis of the origin of their samples
(African- and European-derived Americans) and stressed that the
new data from Holton et al. (2011) actually supported their own
study—namely showing Europeans to be similar to Neanderthals.
Importantly, however, they did not address Holton et al.'s (2011)
second point of critique, i.e., that sinuses should not be used as
indicators for climate adaptation of Neanderthals at all.

This debate illustrates the ongoing discussion about proposed
cold adaptations in Homo neanderthalensis (e.g., Weaver, 2009 and
references therein) and sinus function (e.g., see Table 2 in Marquez,
2008 for an overview, but also Zollikofer et al., 2008; Butaric et al.,
2010; Holton et al., 2013). Here, we contribute to the discussion by
providing hitherto missing comparative data. In contrast to both
Rae et al. (2011a) and Holton et al. (2011), we present data from a
native warm climate population from Nubia and an extreme cold
climate population from Greenland. We thus cover a broader cli-
matic range and use indigenous samples. Furthermore, unlike
Holton et al. (2011), we present both maxillary and frontal sinus
volumes. We discuss how these sinus volumes compare to the
findings of the original Rae et al. (2011a) publication. If paranasal
sinus volumes are related to climate, we expect consistent trends in
both frontal and maxillary sinus volumes over the climatic range
from warm Nubia to Europe to cold Greenland. Based on our results,
we discuss the problematic use of sinuses as indicators of Nean-
derthal facial cold adaptation.

2. Materials and methods

Our sample consists of crania from 32 Greenlanders (14 females,
15 males, 3 unknown, from the Neo-Eskimo Thule Culture) and 35
Nubians (16 females, 19 males from the Wadi-Halfa region) selected
from the osteological collection of the Bioanthropology Department
of the University of Copenhagen. Only adult crania with no alveolar
resorption (as this might affect maxillary sinus shape) were selected.
The Nubian sample encompasses crania from the Meroitic (n = 17,
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0—350 AD), as well as the X-group (n = 18, 350—550 AD). The two
Nubian groups were not significantly different from each other in
sinus volume or cranial size (Student's t-tests, frontal sinus: t = 0.48,
df =30, p = 0.63; maxillary sinus: t = 1.07, df = 18, p = 0.30; cranial
centroid size: t = —0.61, df = 33, p = 0.54) and were thus grouped
together to increase the Nubian sample size.

The crania were scanned in the Retsmedicinsk Institut Copen-
hagen with a Siemens Sensation 4 scanner (0.75 mm slice thick-
ness, 0.3 mm increment). The resulting computed tomography (CT)
scans were uploaded in AVIZO (6.1, Visualization Group) and sinus
volumes were segmented out using the outlining tools in seg-
mentation mode (Samo, 2013). The right maxillary sinus was
measured unless it was filled with matrix, in which case the left
sinus was used (total Nubia n = 20, total Greenland n = 17). In order
to segment the frontal sinus, the lower boundary was manually set
at the level of the frontal process. Both left and right frontal sinuses
were segmented separately to acquire data on partial (hypoplasia)
or complete absence (aplasia) of the frontal sinus (total Nubia
n = 35, total Greenland n = 32). Upper facial width was measured
as the distance between left and right frontomalare temporale. To
compare our results with those of Rae et al. (2011a), we included in
our graphs the trend line from their Lithuanian sinus volume data,
representing ‘Europeans,” as well as their Neanderthal sinus mea-
surements: two unilateral maxillary sinus volume measurements
(Forbes' Quarry 1, Guattari 1) and four bilateral frontal sinus volume
measurements (Forbes' Quarry 1, Guattari 1, Krapina 3, Tabun).

Differences between Nubian and Greenland populations in rates
of frontal sinus aplasia were tested using chi-squared analyses.
Differences in frontal and maxillary sinus volumes between the
populations were tested using Student's t-tests (in case data were
normally distributed with homogeneous variances), or Welch's two
sample t-tests in cases of unequal variances. We tested for differ-
ences in both absolute and relative sinus volumes; the latter was
obtained by dividing the volumes by upper facial width (to enable
direct comparison to previously published work). Linear re-
gressions were performed for each population to test whether the
natural log of sinus volumes depended on the natural log of upper
facial width. The regressions were plotted following the layout and
axes of Rae et al. (2011a). All analyses were performed in R (R-
Development Core Team, 2015).

3. Results and preliminary discussion
3.1. Maxillary sinus volumes

There were no significant differences in absolute or relative
maxillary sinus volumes between the Nubian and Greenland pop-
ulations (Table 1). For Nubians, individuals with larger upper facial
width had significantly larger maxillary sinuses, but no such effect
was found in Greenlanders (Fig. 1). Both the Nubian and Green-
landic sample show relatively smaller maxillary sinus volumes
compared to the European data from Rae et al (2011a; our Fig. 1),
but this was not explicitly tested further here. Earlier studies
showed European sinuses to be larger than those of Africans
(Fernandes, 2004; Holton et al.,, 2011). The similarity between
Nubian and Greenlandic maxillary sinus volumes in our study il-
lustrates the unclear relationship between climate and makxillary
sinus volume, and calls into question climate as a main driver of
maxillary sinus volume. Our findings agree with the results of
Butaric et al. (2010), who found no clear climatic trend in maxillary
sinus volumes across a large geographic sample.

Forbes' Quarry 1 has a maxillary sinus volume that falls between
the trendlines of the European and Nubian samples. Nevertheless,
some Greenlandic maxillary sinus volumes also fall within this
range. The Guattari 1 maxillary sinus volume is relatively large, but

Table 1
Maxillary and frontal sinus volumes in cm® and facial width in mm for Nubian and
Greenland populations.”

Nubians Greenlanders t df p-Value
Mean =+ sd Mean =+ sd
Frontal sinus volume 2.74 +1.63 0.66 + 0.55 6.50 48.9 <0.001

Relative frontal sinus 6.97 48.0 <0.001
volume (corrected
for upper facial width)
Macxillary sinus volume
Relative maxillary sinus
volume (corrected for
upper facial width)
Upper facial width

1398 +4.54 1535+5.83 -0.80 35 0.43

-0.50 33 0.62

99.38 +5.02 100.80 +3.16 —1.23 473 022

2 Differences between populations are indicated by Student's two sample t-tests,
or Welch's two sample t-tests in cases of unequal variances. Crania with frontal
sinus aplasia were excluded from the frontal sinus analyses.

according to Rae et al. (2011a) still falls within the European trend
line. The fact that the Greenland sample does not show a significant
correlation between upper facial width and maxillary sinus volume
indicates that it is potentially problematic to assume that Nean-
derthals should follow a similar scaling pattern to that of modern
humans—as within modern humans, these scaling patterns can
also differ among populations or be altogether absent.

These results do not support any correlation between climate
and maxillary sinus volume in either modern humans or Nean-
derthals. Maxillary sinus volume is instead possibly determined by
a combination of factors, such as an indirect link to climate through
accommodating changes in nasal cavity breadth (Rae et al., 2003;
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Figure 1. Log—log regressions of maxillary sinus volumes (in cm?®) for populations
with different climatic origins in relation to upper facial width. Maxillary sinus
regression was significant for Nubians (F;;;7 = 9.00, p = 0.01, R? = 0.35,
y = 3.7 *x — 14.6; red line), but not for Greenlanders (F;14 = 1.80, p = 0.20). European
samples as derived from Rae et al. (2011a) are indicated by the dashed black line. For
comparison, the horizontal black line indicates the boundary of the original graph in
Rae et al. (2011a, their Fig. 3, right). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Holton et al., 2013), biomechanical factors related to bite force
resistance and reduction of cranial weight (Preuschoft et al., 2002),
and opportunistic pneumatization of available space between or-
bits and dental arch (Zollikofer and Weissmann, 2008). Interest-
ingly, Rae et al. (2003, 2011a,b) themselves also noted the
possibility that maxillary sinus volumes change only indirectly
with climate, as a result of adaptations in surrounding structures.
Our results suggest that maxillary sinus volume does not track
climate, and therefore its use as a possible indicator of cold adap-
tation is inappropriate.

3.2. Frontal sinus volumes

In our study, frontal sinus volumes were significantly smaller in
extreme cold-climate Greenlanders compared to warm-climate
Nubians, both in terms of absolute values and when corrected for
upper facial width (Table 1). In neither sample was frontal sinus
volume related to upper facial width (Fig. 2). Frontal sinus aplasia
was significantly higher in Greenland (38.2%) than in Nubian (8.6%)
populations (x% = 13.9, df = 1, p < 0.001). However, frontal sinus
hypoplasia was not significantly different (32.4% in Greenland
versus 14.2% in Nubia, x*> = 2.2, df = 1, p = 0.14). These results
illustrate that frontal sinus volumes also do not follow a consistent
climatic trend. As shown in Figure 2, instead of being intermediate
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Figure 2. Log—log regression of frontal sinus volumes (in cm?) for populations with
different climatic origins in relation to upper facial width. Frontal sinus regression was
significant for neither Nubians (Fy30 = 1.31, p = 0.26), nor Greenlanders (F;16 = 1.64,
p = 0.22). European samples as derived from Rae et al. (2011a) are indicated by the
dashed black line. For comparison, the horizontal black line indicates the boundary of
the original graph in Rae et al. (2011a, their Fig. 3, left).

between the warm climate Nubians and extreme cold climate
Greenlanders, the European samples actually show the largest
frontal sinus volumes. All four Neanderthal frontal sinus volumes
included fall close to the Nubian samples, and according to Rae et al.
(2011a), are also within the European sample's regression.

Focusing only on our own dataset, it might be concluded that
cold adaptation would entail a reduction in frontal sinus volume,
leading even as far as sinus aplasia. Such a relationship has been
proposed on the basis of studies of the cranial remains of cold-
versus warm-raised rats, which show a relative decrease in
maxillary sinus volume interpreted as a response to developmental
stress (Rae et al., 2006), as well as on an observed clinal variation in
maxillary sinus volume among Japanese macaques (Rae et al.,
2003). As noted above, no such effect was found in the maxillary
sinuses of our samples. With regard to the frontal sinus, aplasia also
occurs in our Nubian sample, as well as in other warm climate
populations (e.g., Danesh-Sani et al., 2011 and references therein),
thus indicating that it cannot be explained by a response to cold
climate alone. Furthermore, when we compare our results with the
European sample from Rae et al. (2011a), a climatic cline is no
longer supported. European sinus volumes do not fall between the
Nubian and Greenland sample, as would be expected if a climatic
trend in sinus volume were present. Both the inconsistent results of
our study and those of Rae et al. (2011a) call into question the use of
the frontal sinus as an appropriate indicator for climatic adaptation.

Instead, frontal sinus volumes are probably influenced by pop-
ulation history and random pneumatization processes. Lynnerup
et al. (1999) found a trend in frontal sinus volume within a
climatically constant geographic region, which showed a decrease
from West to East Greenland, closely tracking ancient migrations
and population history rather than climate. A study comparing
Mid-Late Pleistocene hominin paranasal sinuses with those of
modern humans and extant apes suggests the most likely expla-
nation for frontal sinus size and shape is a combination of cranial
shape and stochastic processes that underlie sinus morphogenesis
(Zollikofer et al., 2008).

4. Discussion

In this study, we presented additional data on both frontal and
maxillary sinus volumes of native warm and cold climate popula-
tion samples. We found no clear pattern in sinus volumes in rela-
tion to climate, confirming the results of earlier studies
(Koertvelyessy, 1972; Butaric et al., 2010; Butaric, 2015; Ito et al.,
2015). Based on our two additional population samples, we
strengthen the notion that maxillary and frontal sinus volumes are
more likely related to other factors, including population history,
changes in surrounding facial structures, and stochastic processes
(e.g., Lynnerup et al., 1999; Zollikofer et al., 2008; Holton et al.,
2013; Butaric, 2015). Therefore, the use of sinus volume data as
indicators for climatic adaptations in fossil humans seems not to be
appropriate. In other words, the fact that Neanderthal sinus vol-
umes are similar to those of modern Europeans has no bearing on
the assessment of a possible cold adaptation in Neanderthal facial
morphology.

A possible future direction in sinus research would be the
investigation of sinus shape variation and sinus location relative to
other facial structures (see Holton et al., 2013; Noback, 2014). For
example, the proximity of the maxillary sinus to the respiratory and
masticatory components of the face suggests a potentially impor-
tant role for the maxillary sinus in accommodating changes in
cranial shape (e.g., Rae and Koppe, 2004). Responses of the nasal
cavity (e.g., Shea, 1977; Franciscus and Long, 1991; Holton and
Franciscus, 2008; Yokley, 2009; Noback et al., 2011) and the mid-
face (e.g., Roseman, 2004; Harvati and Weaver, 2006; Hubbe
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et al., 2009; Evteev et al., 2014) to climatic pressures have recently
received particular attention, and therefore may indirectly affect
sinus volumes (Holton et al., 2013; Butaric, 2015).

We conclude that using sinus volume to study climate adapta-
tion in either H. sapiens or H. neanderthalensis is problematic. As
long as the function and evolution of sinus volume and shape are
not well understood in our own species (e.g., Marquez, 2008),
conclusions based on sinus morphology of Neanderthals should be
interpreted with great caution.
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