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Virtual methods for studying human remains are becoming increasingly popular in bioarchaeology, and the rate
of technological innovation in the last few years has been such that we now have multiple options to choose from
when collecting data. This raises the question of whether datasets generated with different methods are trans-
posable. In the study reported here, we investigated whether it is valid to combine 3D data obtained with a
MicroScribe digitising arm and 3D data collected via photogrammetry. We did so by simulating a population-
based analysis similar to those commonly undertaken in bioarchaeology. Our sample comprised 19 crania
from two ethnic groups, Ancient Egyptians and Guanches, and the landmarks we employed pertained to facial
shape.

The analyses yielded several findings. First, we found that photogrammetry was significantly more precise
than the MicroScribe digitising arm. Second, the photogrammetry-based method revealed the existence of facial
shape differences between the two ethnic groups that were not captured by the MicroScribe-based method.
Third, we found that the two methods did not consistently capture the same facial shapes—they did for one of the
ethnic groups but not for the other. Fourth, the analyses indicated that using the two methods can result in ethnic
group-level differences in facial shape when they are applied to individuals from a single ethnic group. Lastly, the
two methods of data collection yielded different patterns of variation in facial shape. Together, these findings
suggest that combining 3D landmark coordinates collected with a MicroScribe and those obtained via photo-
grammetry may introduce considerable error into an analysis, and, consequently, bioarchaeologists should be
cautious about doing so.

1. Introduction comparing studies that deploy different methods of data collection will

be more complicated and combining datasets will be more difficult, if

Over the last 30 years, bioarchaeologists have increasingly turned to
digital methods for studying human remains, so much so that it has been
recently argued that these methods are “shaping the future of the
discipline” (Ulguim 2018: 191). The rate of technological innovation in
the last few years has been such that bioarchaeologists now have mul-
tiple options to choose from when they collect and analyse virtual data
from human skeletal remains. An important but under-researched
question this raises is whether different data-capture methods result in
datasets that are transposable. If they are, then it will be possible to
compare the results of studies involving different data collection
methods directly and to combine datasets with confidence. If not, then

not impossible. In the present study, we focus on this issue as it pertains
to three-dimensional (3D) shape datasets, i.e., datasets comprising the
Cartesian coordinates of landmarks designed to capture the shape of
objects such as teeth and bones.

Currently, there are two main approaches to the creation of 3D shape
datasets for bioarchaeological research. These approaches are distin-
guished by whether or not the focal object has to be touched in order to
record the X,Y,Z coordinates of a landmark. The contact approach em-
ploys a digitising arm, which is a portable electromechanical device that
enables the coordinates of a set of landmarks to be recorded on a bone or
tooth by touching the object with a stylus. In contrast, the non-contact
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approach employs images to create a 3D model of a bone or tooth, and a
computer program is then used to record the coordinates of landmarks
on the virtual object. There are three main ways of creating the images
used in the non-contact approach—laser scanning, computed tomogra-
phy (CT), and photogrammetry. Among bioarchaeologists, photogram-
metry is rapidly becoming the most popular of these non-contact
methods. This is because it is relatively cheap, easy to use, and yields
high-resolution 3D models. In contrast, laser scanners are relatively slow
and often suffer from poor resolution, while CT scanners are not
straightforward to access. Few museums have them, and those that are
operated by other organisations (e.g. hospitals) are invariably in high
demand. It also tends to be expensive to produce CT scans.

Several studies have compared datasets generated with non-contact
methods (Butnariu et al., 2013; Katz and Friess 2014; Evin et al. 2016;
Jurda and Urbanova 2016; Fruciano et al. 2017). Taken together, the
findings of these studies indicate that any differences introduced by the
techniques are considerably smaller than the morphological differences
between the objects under study (Katz and Friess 2014; Evin et al. 2016).
This means that the results of studies in which 3D models have been
created with one non-contact method (e.g. laser scanning) can be
confidently compared with the results of studies in which another non-
contact method has been used to generate 3D models (e.g. photogram-
metry). It also means that landmark data recorded on 3D models created
with two or more of the non-contact methods can be combined into a
single dataset with confidence.

There have also been a number of attempts to compare data collected
with a digitising arm to data generated with one or more of the non-
contact methods (Pedro 2013; Algee-Hewitt and Wheat 2016; Vu et al.
2017; Adcox 2019; Seguchi et al. 2019; Bertsatos et al. 2020; Walten-
berger et al (2021)). The majority of these studies have involved
comparing digitising arm-generated data to those obtained from 3D
models created with a laser scanner (Pedro 2013; Algee-Hewitt and
Wheat 2016; Vu et al. 2017; Seguchi et al. 2019). Generally, these
studies suggest that the two types of data are comparable and therefore
can be combined without introducing a significant amount of error.
However, Seguchi et al. (2019) found that non-homologous landmarks
were more difficult to replicate with a digitising arm, which implies that
the laser scanner method is a better option when using such landmarks.

To date, only three published studies have compared data generated
with a digitising arm to data obtained via photogrammetry. In the
earliest of the three studies, Adcox (2019) recorded landmark co-
ordinates on three adult human crania using photogrammetry, a digi-
tising arm, and a number of other methods. He repeated landmark
acquisition nine times with each method and compared the variance
across the repeated datasets. The analyses suggested that the four
methods have a similar level of precision (i.e. a similar level of mea-
surement reproducibility) and concluded from this that data obtained
with them can be combined without introducing error. Bertsatos et al.
(2020) recorded the x,y,z coordinates of 56 landmarks on 50 adult
human crania using photogrammetry and a digitising arm, and then
assessed the interchangeability of the data. They found that while the
methods had similar levels of precision when a single observer recorded
the data, the digitising arm was more prone to interobserver error.
Bertsatos et al. (2020) also investigated whether the precision of the
methods differed among the three different types of landmarks, Type I
landmarks (e.g. bregma, glabella), Type II landmarks (e.g. the tip of a
protuberance), and Type III landmarks (e.g. equally spaced landmarks
on a curve). Significantly for present purposes, Bertsatos et al. (2020)
found that Type I landmarks were more reliably recorded via photo-
grammetry than with a digitising arm. Most recently, Waltenberger et al.
(2021) reported a study that compared the reliability of osteological
data collected from four articulated pelves with a CT scanner, a 3D
structured light scanner, a photogrammetric system, and a digitising
arm. They concluded that data acquisition with a digitising arm is more
prone to error than CT scanning, 3D structured light scanning, and
photogrammetry. Thus, while Adcox’s (2019) findings indicate that
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landmark data collected with a digitising arm and photogrammetry are
comparable, Bertsatos et al.’s (2020) and Waltenberger et al.’s (2021)
results suggest they may not be.

The goal of the study reported here was to shed further light on the
appropriateness of combining 3D landmark data collected with a digi-
tising arm and 3D landmark data obtained with photogrammetry. The
study differed from those of Adcox (2019) and Bertsatos et al. (2020) in
that it was designed to be informative regarding the type of population-
based analyses of 3D skeletal shape variation that are common in bio-
archaeology. Accordingly, a single observer used both methods to cap-
ture 3D landmark data from human crania from two different
populations. We then sought to answer three questions. The first was, do
the data generated with the two methods show a similar level of preci-
sion? Second, does combining landmark coordinates obtained with the
two methods introduce error into the dataset and, if so, what is the scale
of this error? Third, do the two methods of data collection capture the
same pattern of morphological differences between different (in this
case two) ethnic groups?

2. Materials and methods

The sample comprised 19 crania from two different ethnic groups:
Pre-Spanish Guanches from the Canary Islands (n = 11) and Ancient
Egyptians (n = 8). Collected in the 19th century, the crania are currently
curated at the University of Edinburgh’s Anatomical Museum. In-
dividuals were recorded as female or male based on the original
collection records (i.e. we did not sex them ourselves). Eight of the in-
dividuals were female and 12 were male. Only adult crania were
included in the sample in order to avoid the confounding effects of
ontogeny; individuals were judged to be adult on the basis of dental
eruption.

The specific photogrammetry method we used was outlined by Evin
et al. (2016). We took 150 photographs of each cranium with an eight
megapixel digital single-lens reflex Canon EOS 77D camera and a 50 mm
lens. With the cranium placed on a rotating table, the photographs were
shot at intervals of approximately 10°. Following Evin et al. (2016), a 3D
scale was employed as a target marker. We then used Agisoft Metashape
(Agisoft, 2019) to create a 3D model of the cranium from the

Fig. 1. Location of the 13 landmarks used to capture facial shape.
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photographs. We aligned all the photographs with the accuracy level set
to ‘high’, and then produced a depth map, again with the accuracy level
set to ‘high’. Next, we used the depth map to create a mesh without
implementing any additional smoothing techniques. Thereafter, we
exported the mesh as a 3D model (.ply). Lastly, the 3D model was im-
ported into MorphoDig (Lebrun 2018) and the 3D Cartesian coordinates
of 13 facial landmarks captured twice (Fig. 1). All landmarks were Type I
landmarks, according to Bookstein’s (1997) widely used scheme. We
selected Type I landmarks because they are the most reliable type of
landmark (Bookstein, 1997) and thus should maximise the probability of
the two methods yielding data that are statistically indistinguishable.

The digitising arm we used was a MicroScribe MLX (https://gome
asure3d.com/microscribe/) with a standard stylus tip. The landmarks
we recorded were the same as the ones we captured on the
photogrammetry-derived models (Fig. 1). A single observer (KAP)
operated the MicroScribe to avoid the problem of inter-observer error.
KAP has considerable experience collecting data with a MicroScribe (e.g.
Plomp et al. 2013, 2015, 2019a,b, 2020, 2021a,b). As with the photo-
grammetry, the coordinates of the landmarks were collected twice.

The data used in the study are available from the Dryad Digital Re-
pository (https://doi.org/10.5061/dryad.tmpg4f524).

Once data collection was completed, the two sets of
photogrammetry-derived coordinates and the two sets of MicroScribe
digitising arm-derived coordinates were combined into a single dataset.

We employed the dataset in five analyses. In the first, we investigated
whether the landmarks recorded with the two methods of data collec-
tion had the same level of precision. To accomplish this, the entire
dataset was subjected to generalised Procrustes analysis (GPA), which
converts the Cartesian coordinates for a given landmark configuration
into Procrustes coordinates by removing translational and rotational
effects and scaling the landmark configuration to centroid size (Slice
2007). Then, for each cranium, we subtracted the second set of
photogrammetry-derived coordinates from the first set of
photogrammetry-derived coordinates, changed all negative differences
to positive ones, and calculated the average difference across all the
landmarks. Next, we carried out the same procedure for the two sets of
coordinates recorded with the MicroScribe. Subsequently, we calculated
a total average difference for the photogrammetry data and a total
average difference for the MicroScribe data. Lastly, we used the inde-
pendent samples t-test (two-tailed) to assess the significance of the dif-
ference between the two total average difference values.

In the second analysis, we investigated the scale of the shape dif-
ferences arising from the use of the two data collection methods. First,
we averaged the two sets of coordinates obtained with photogrammetry
for each ethnic group. We then did the same for the two sets of co-
ordinates obtained with the MicroScribe digitising arm. This meant that
each cranium was represented twice in the reduced dataset, once by the
averages of the photogrammetry-derived coordinates and once by the
averages of the MicroScribe-derived coordinates. In the next step of the
analysis, the reduced dataset was subjected to GPA. Subsequently, we
created four Operational Taxonomic Units (OTUs): 1) Guanche_pho-
togrammetry (Guanche_P), 2) Guanche_digitising arm (Guanche_DA), 3)
Ancient Egyptian_photogrammetry (Egyptian_P), and 4) Ancient Egyp-
tian_digitising arm (Egyptian_DA). Thereafter, we subjected the data to
principal components analysis (PCA), retaining only the principal
components (PC) that accounted for 5 % or more of the total shape
variance (Zelditch et al. 2004). In the last step of the analysis, we sub-
jected the retained PCs to MANOVAs to assess the significance of the
differences among the following pairs of OTUs: Egyptian_P vs Egyp-
tians_DA, Guanche P vs Guanche DA, Egyptian P vs Guanche_ P, and
Egyptian_DA vs Guanche_DA. In these comparisons, we calculated the
effect sizes (partial eta-squared values) in addition to the standard
statistics.

The third analysis also investigated the scale of the shape differences
arising from the use of the two data collection methods. The analysis
followed the steps carried out in the previous analysis up to the point of
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creating the four OTUs. After forming the OTUs, we calculated all
possible pairwise Procrustes distances among the individuals. Next, we
carried out four independent samples t-tests (two-tailed). The first t-test
compared all the pairwise distances among the individuals in the
Egyptian_P and Egyptian_DA OTUs to the pairwise distances among the
individuals in the Egyptian_P and Guanche_DA OTUs. The second t-test
compared all the pairwise distances among the individuals in the
Egyptian_P and Egyptian_DA OTUs to the pairwise distances among the
individuals in the Egyptian DA and Guanche DA OTUs. In the third t-
test, we compared all the pairwise distances among the individuals in
the Guanche_ P and Guanche_DA OTUs to the pairwise distances among
the individuals in the Egyptian_DA and Guanche_DA OTUs. In the fourth
t-test, we compared all the pairwise distances among the individuals in
the Guanche_ P and Guanche_DA OTUs to the pairwise distances among
the individuals in the Egyptian_P and Guanche_P OTUs. The goal of these
t-tests was to establish whether the differences introduced by the use of
two methods were smaller than, indistinguishable from, or larger than,
the differences between the two ethnic groups when a single method was
employed.

In the fourth analysis, we sought to ascertain whether the two
methods of data collection had captured the same pattern of facial shape
differences between the two ethnic groups. The analysis followed the
steps carried out in the previous two analyses up to the point of running
the PCA. Once the PCA had been completed, we created a scatter-plot
depicting the shape variance captured by the first two PCs.

The goal of the fifth and final analysis was also to ascertain whether
the two methods of data collection had captured the same pattern of
morphological differences between the two ethnic groups. To do this, we
divided the dataset into a photogrammetry dataset and a MicroScribe
dataset, and then subjected each to GPA. Next, we calculated the Pro-
crustes distance between each individual and the group mean in the
photogrammetry dataset, and rank-ordered the individuals according to
their distance from the mean. Thereafter, we did the same with the
MicroScribe dataset. Lastly, we compared the rank orders yielded by the
two datasets.

The GPAs and PCAs were performed in MorphoJ (Klingenberg,
2011), the Procrustes distances in Morphologika (O’Higgins and Jones,
2006), and the t-tests in SPSS.

3. Results

The average difference between the two sets of coordinates recorded
with the MicroScribe digitising arm was 0.00186, while the average
difference for the two sets of coordinates captured with photogrammetry
was 0.000000000752. According to the t-test, these differences were
significant (t = 3.657, F = 4.709, p < 0.001). Thus, the photogrammetry-
based method of collecting 3D landmark data was more precise than the
MicroScribe-based one.

The results of the second analysis are summarised in Table 1. Only
two of the four pairwise MANOVAs returned significant p-values. These
were the Egyptian_P vs Guanche P MANOVA, and the Guanche_P vs
Guanche DA one. This indicates that the photogrammetry method
captured statistically different coordinates for the Ancient Egyptians and
the Guanches, revealing the existence of facial shape differences be-
tween the two ethnic groups, but the MicroScribe-based method did not.

The results of the pairwise MANOVAs also indicate that there were

Table 1
Results of Procrustes MANOVAs comparing the OTUs, ordered by effect size. A =
sum of squares. F = F value. n’p = partial eta-squared.

OTU comparisons A F p-value n’p

Egyptian P vs Egyptian_DA 0.764 0.462 0.820 0.236
Egyptian_DA vs Guanche DA 0.406 1.217 0.424 0.594
Guanche_P vs Guanche DA 0.404 3.690 0.019 0.596
Egyptian_P vs Guanche_ P 0.308 4.486 0.013 0.692
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significant differences between the coordinates produced by the two
methods when they were applied to the Guanche sample. According to
the partial eta values, these differences were larger than the differences
between the coordinates for the two ethnic groups when a single method
was used. Thus, not only did the two methods not capture the same facial
shapes for one of the samples, but also the differences between the co-
ordinates produced by the two methods for one of the groups were
within the range of differences between the two ethnic groups when a
single method was employed. The latter finding means that using the
two methods can result in ethnic group-level differences in facial shape
even when they are applied to individuals from a single ethnic group.

Table 2 summarises the results of the third analysis, which also
sought to assess the scale of the shape differences arising from the use of
the two data-collection methods. Three of the t-tests returned insignifi-
cant p-values (Egyptian P and Egyptian DA vs Egyptian P and Guan-
che P, Egyptian P and Egyptian DA vs Egyptian DA and Guanche DA,
and Guanche P and Guanche DA vs Egyptian DA and Guanche_DA)
while one returned a significant p-value (Guanche_P and Guanche_DA vs
Egyptian_P and Guanche_P). The key results for present purposes are the
insignificant ones. The Egyptian_P and Egyptian_DA vs Egyptian_P and
Guanche P t-test and the Egyptian P and Egyptian DA vs Egyptian_ DA
and Guanche_DA t-test indicate that the differences introduced by the
use of two methods were statistically indistinguishable from the differ-
ences between the two ethnic groups when a single method was
employed. This confirms that using the two methods can produce ethnic
group-level differences in facial shape when they are applied to in-
dividuals from a single ethnic group.

Six PCs were generated in the fourth analysis. The first and second of
these accounted for 27 % and 11 % of total shape variance, respectively.
When they were plotted against each other, it was clear that the patterns
of shape variation produced by the two data collection methods were
different (Fig. 2). Most notably, the landmark configurations collected
using the MicroScribe digitising arm tended to score more positively on
PC2 than those obtained with photogrammetry.

Table 3 summarises the results of the fifth analysis. The second
column of the table lists the ranks of the individuals based on the
photogrammetry-derived Procrustes distances between the crania and
the group mean, while the third column lists the ranks of the individuals
based on the MicroScribe-derived Procrustes distances between the
crania and the group mean. Only three individuals have the same rank in
both columns, SK 45, SK 50, and SK 31. The ranks of the remaining
individuals differ depending on which method was used to collect the
data. As such, the results of the fifth analysis also indicate that the two
data-collection methods did not capture the same pattern of morpho-
logical differences between the two ethnic groups.

4. Discussion

In the present study, we investigated whether it is appropriate to
combine 3D coordinates obtained with a MicroScribe digitising arm and
3D coordinates produced through photogrammetry for the purposes of

Table 2
Results of independent samples t-tests (two tailed) comparing average pairwise
Procrustes distances among individuals assigned to the four OTUs.

OTU comparisons t p-
value

Egyptian_P and Egyptian_DA vs Egyptian_DA and Guanche DA —0.970  0.333
(average pairwise Procrustes distances: 0.0973 vs 0.0106)
Egyptian_P and Egyptian_DA vs Egyptian_P and Guanche_P 0.487  0.627

(average pairwise Procrustes distances: 0.0973 vs 0.105165)

Guanche_P and Guanche DA vs Egyptian_DA and Guanche DA —0.319  0.750
(average pairwise Procrustes distances: 0.104506 vs 0.0106)
Guanche_P and Guanche_DA vs Egyptian_P and Guanche_P —2.665 0.008

(average pairwise Procrustes distances: 0.104506 vs
0.105165)
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bioarchaeological research. We did so by simulating an ethnic group-
based comparative analysis similar to those commonly undertaken in
bioarchaeology. Our sample comprised crania from two ethnic groups,
Ancient Egyptians and Guanches, and the landmarks we employed
pertained to facial shape.

Our analyses indicated that there was a significant difference in the
level of precision between the two methods, with the photogrammetry-
based method being more precise than the MicroScribe-based method.
We also found that the photogrammetry-based method revealed the
existence of facial shape differences between the two ethnic groups, but
the MicroScribe-based method did not. Additionally, our analyses
revealed that the two methods of data collection did not consistently
capture the same facial shapes—they did for one of the ethnic groups but
not for the other. A fourth important finding was that using the two
methods can result in ethnic group-level differences in facial shape even
when they are applied to individuals from a single ethnic group. Lastly,
we discovered that the two methods of data collection yielded different
patterns of variation in facial shape.

In the Introduction, we explained that three previous studies have
compared digitising arm-derived 3D data photogrammetry-derived 3D
data, with a view to determining whether such data can be combi-
ned—Adcox (2019), Berstatos et al. (2020), and Waltenberger et al.
(2021). Adcox (2019) generated data with several methods, including a
digitising arm and photogrammetry. He found that different datasets
had a similar level of precision and concluded that it was valid to
combine them for the purposes of analysis. Our results are clearly
inconsistent with this. We suspect the reason we obtained different re-
sults from Adcox’s (2019) is that his sample was markedly smaller than
our one (three specimens versus 19).

The situation is different with Berstatos et al.’s (2020) and Walten-
berger et al.”s (2021) studies. As we noted earlier, Berstatos et al. (2020)
found that the digitising arm and photogrammetry methods had similar
levels of precision when a single observer recorded the data, but the
digitising arm method was more prone to interobserver error. They also
found that the precision of the methods differed when different types of
landmarks were utilised. Specifically, they found that the photogram-
metry method was more precise than the digitising arm method when
only Type I landmarks were employed. Given that our landmarks were
all Type I landmarks, our results are most comparable to Berstatos
et al.’s (2020) when they examined the precision of the different types of
landmarks. And that means the two studies are in agreement. They both
indicate that the photogrammetry method is more precise than the
digitising arm method when recording Type I landmarks.

To reiterate, Waltenberger et al. (2021) compared the reliability of
osteological data collected from four articulated pelves with a CT
scanner, a 3D structured light scanner, a photogrammetric system, and a
digitising arm. They found that data acquisition with a digitising arm is
more prone to error than CT scanning, 3D structured light scanning, and
photogrammetry. So, our results are also consistent with theirs.

That we, Berstatos et al. (2020, and Waltenberger et al. (2021) found
the photogrammetry method to be more precise than the digitising arm
method is perhaps unsurprising in retrospect. A number of factors that
can affect landmark acquisition with a digitising arm are not a concern
when obtaining landmarks with the photogrammetry method. These
include accidental movement of the table and/or the crania, and a shaky
hand. In our experience, even a door being forcefully closed nearby can
result in minor vibrations that can impact placement of the tip. In
addition, Microscribes should be calibrated on a regular basis and it is
our impression that this is rarely done, probably because it entails
sending the device to a US-based company, which is costly and time-
consuming.

Regardless of the cause of the difference in precision between the
photogrammetry and digitising arm method, its existence means that
combining landmark data obtained with the two methods of data
collection has a high probability of introducing error that is of sufficient
magnitude to affect the findings of a bioarchaeological study. Given this,
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Fig. 2. PCA scatterplot depicting the shape variance of the sample when PC1 and PC2 are plotted against each other.

Table 3

Ranking of the Procrustes distances between each individual cranium and the

mean based on method employed.

Rank order Photogrammetry

MicroScribe digitising arm

1* Guanche - SK 45

2 Guanche - SK 46

3 Guanche - SK 47

4 Ancient Egyptian - SK 10
5 Ancient Egyptian - SK 7
6 Guanche - SK 48

7 Ancient Egyptian - SK 9
8 Ancient Egyptian - SK 30
9 Guanche - SK 61

10 Ancient Egyptian - SK 13
11 Guanche - SK 53

12 Guanche - SK 57

13 Guanche - SK 63

14 Ancient Egyptian - SK 18
15* Guanche - SK 50

16 Ancient Egyptian - SK 8
17 Guanche - SK 62

18 Guanches - SK 52

19* Ancient Egyptian - SK 31

Guanche - SK 45
Guanche - SK 47

Ancient Egyptian - SK 8
Ancient Egyptian - SK 9
Ancient Egyptian - SK 18
Guanche - SK 57
Guanche - SK 48
Guanche - SK 46
Ancient Egyptian - SK 30
Ancient Egyptian - SK 7
Guanche - SK 63
Ancient Egyptian - SK 10
Guanche - SK 62
Ancient Egyptian - SK 13
Guanche - SK 50
Guanche - SK 61
Guanche - SK 52
Guanche - SK 53
Ancient Egyptian - SK 31

The distances are organised in ascending order, with the crania closest to the
mean at the top of the list and the crania farthest from the mean at the bottom of
the list. * = same rank order produced with photogrammetry and MicroScribe
digitising arm.

we suggest that combining datasets of 3D landmark coordinates ob-
tained with a digitising arm and photogrammetry should be avoided, or
at least approached very cautiously. It could be appropriate to combine
such datasets if one has approximately equal numbers of digitising arm-
derived and photogrammetry-derived data points in each OTU (e.g.
ethnic group), because the method-related errors can be expected to be
random across the OTUs and therefore will not inflate the probability of

obtaining a significant result. However, one should avoid comparing
OTUs when there is a substantial imbalance in the number of digitising
arm-derived and photogrammetry-derived data points in the OTUs. In
such a situation, there is a strong possibility that the method-related
errors will give rise to significant but false results.

The finding that the photogrammetry method is more precise than
the digitising arm method has implications beyond the question of
whether data obtained with the two methods can be safely combined for
bioarchaeological research. Most obviously, it argues in favour of the
use of photogrammetry in preference to a digitising arm, if one has a
choice. It should be noted that the precision of photogrammetry can be
expected to vary depending on the size and complexity of the objects
being analysed. For example, the precision of data obtained from a
photogrammetry-derived model of a human cranium will likely be
higher than that of data obtained from a much smaller, more complex
object, such as an individual sphenoid. However, there are some ways to
increase the precision of photogrammetry, such as using more than one
3D marker target to help with photograph alignment, and using a larger
number of photographs to create the model. Needless to say, this may
not always be possible due to time constraints (e.g. using more photo-
graphs will increase processing time), issues with access to equipment,
etc. In such cases, we suggest repeating landmark acquisition two to
three times for each specimen and then using the average coordinates in
subsequent analyses. This should reduce the impact of errors introduced
by the method of data collection.

With regard to future research, it would be helpful to repeat our
study with crania that belong to different ethnic groups. We found that
the differences between the two methods were greater for one ethnic
group than for the other, and this raises the possibility that there may be
some groups where combining data generated with the two methods is
appropriate. We doubt this is likely to be the case, but it is worth further
investigation. It would also be useful to combine our research protocol
with landmarks for another region of the cranium and/or a different
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region of the skeleton such as the 1st lumbar vertebra or femur, since it is
feasible that the difference in performance between the two methods
varies by region and we, by chance, selected a region for which the
digitising arm performs particularly poorly. Lastly, it would be helpful to
repeat our study with Type II and Type III landmarks as well as Type I
landmarks. Given that Type I landmarks are generally considered to be
more reliable than Type IT and Type III landmarks (Bookstein, 1997), the
fact that Berstatos et al. (2020) found a difference in precision between
the two methods of data collection when Type I landmarks were used
but not when Type II and Type III landmarks were employed is sur-
prising. Repeating our study with landmarks of all three types would
shed light on whether Berstatos et al.’s (2020) finding regarding Type II
and Type III landmarks was reliable or fortuitous.

5. Conclusions

The study reported here addressed an important but under-
researched question—namely, are 3D data collected with different
methods transposable for the purposes of bioarchaeological research?
Together, the results of the study suggest that the answer to this question
is ‘no’. Combining datasets of 3D landmark coordinates obtained via
photogrammetry and 3D landmark coordinates collected with a Micro-
Scribe should be done cautiously. Most significantly, one should avoid
employing combined datasets in studies that involve comparing OTUs if
there is a substantial imbalance in the number of photogrammetry-
derived and MicroScribe-derived data points between the OTUs (i.e.
one OTU mostly has photogrammetry-derived data and another has
mostly MicroScribe-derived data).
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