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Animal body size estimation from zooarchaeological specimens often relies on specific, one-dimensional (i.e.,
conventional) measures from skeletal elements. Here, we introduce an animal body size estimation technique for
archaeological fishes that relies on 3D reference scans and the calculation of centroid size, a standard 3D geo
metric morphometric proxy measure for organism size. Centroid size-based estimations on whole caudal
vertebrae are strongly correlated with a widely accepted measure (i.e., centrum width), but the scalability and
flexibility of the centroid size-based approach allows for use on a wide variety of fragmented remains. We use
zooarchaeological fish remains (subfamily Ictiobinae) from late pre-Hispanic period large village sites located in
the Middle Rio Grande region of New Mexico. Informal reports suggest that fishes were large during this time,
and we demonstrate that ictiobines were significantly large compared to modern specimens. The centroid sizebased body size estimation technique indicates that Ancestral Pueblo fishing strategies were associated with
energy maximizing foraging behavior.

1. Introduction
Animal body size estimation, where skeletal remains are measured to
assess animal length or weight, has been used in zooarchaeological
research to measure taxonomic abundance (Lyman 2008; Reitz et al.,
1987), calculate human population size (Shawcross 1972), gauge
foraging efficiency (Broughton 1997; Butler 2001), track human prey
species health (Wolverton et al., 2007, 2008, 2009), infer the techno
logical investment associated with different capture techniques (Eiselt
2020), and understand shifts in animal management practices that led to
domestication (Rowley-Conwy et al., 2012; Zeder and Lemoine 2020),
among others. This widespread use of animal body size estimates is
related to how methodologically straightforward estimating body size is.
However, the use of body size estimations in zooarchaeology has a major
drawback: this method typically relies on one-dimensional measure
ments of specific skeletal elements that are good indicators of size. This
approach limits the applicability of animal body size estimation to
archaeofaunal assemblages (Orchard 2003; Thieren and Van Neer 2016
for typical measures on fishes). As fragmentation and a variety of skel
etal elements are both typical in faunal assemblages (Lyman 1994),

quantitative animal body size estimation using traditional techniques is
difficult in many zooarchaeological contexts.
Fish remains from late pre-Hispanic (ca. 1300–1600 CE) archaeo
logical sites of the Middle Rio Grande region of New Mexico (Fig. 1) are
one example of this problem. Fish bones are ubiquitous across sites in
this time and place. Approximately, 51% of sites where fishes have been
recovered and reported in New Mexico occur in the Middle Rio Grande
region, and 85% of those sites date to the late pre-Hispanic period
(Dombrosky et al., 2020; Snow 2002). This pattern may be linked to a
changing environment where increased aquatic habitat quality made
fishes a more optimal resource (Dombrosky et al., 2020). One way to test
the connection between environment and Pueblo foraging decisions
involves fish body size. If environmental conditions were more favor
able, then fish body size should be large. Unfortunately, however,
ichthyofaunal assemblages from relevant sites often contain relatively
low numbers of specimens, with little consistency in particular elements
recovered; moreover, these assemblages are often fragmented. Typical
animal body size estimation procedures are not designed for this
context.
One potential solution to this problem, which may be applicable to
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2003; West et al., 2020). These techniques rely on linear measurements
taken from whole skeletal elements of individuals where biological in
formation is known (such as age, sex, mass, and/or length). The strength
of the allometric relationship between linear and body size measures is
assessed with linear (sometimes curvilinear) regression. Animal body
size is typically predicted by linear measures with the strongest
length/weight relationship. The most common measurement used in
body size reconstruction is the whole length of bone in a set dimension.
Body size estimation conducted in this way is simple to execute; it
requires only a set of calipers and simple data analysis software (Row
ley-Conwy et al., 2012:2). The low technological investment in esti
mating body size is one major reason why the technique is so
widespread. Further, many analysts are in the habit of taking mea
surements on specimens for several different reasons, such as measuring
the effects of recovery bias or the degree of fragmentation in an
archaeofaunal assemblage (Nagaoka 2005; Wolverton 2002). Although
such measures are susceptible to intra- and inter-analyst error (Lyman
and VanPool 2009; Von den Driesch 1976), the impact of such error can
be minimized when analysts take their own measurements on reference
materials (Lyman 2010).
3D geometric morphometric techniques offer an alternative
approach. Landmarks measure specimens by placement on describable
parts of bones. Each landmark represents an x, y, z coordinate in space.
The Generalized Procrustes Analysis (GPA) holds orientation, rotation,
and scale constant, allowing an analyst to compare similar landmark
configurations (Gower 1975; Rohlf and Slice 1990). The centroid, or
average point in space equidistant to all landmarks in a configuration, is
used to translate different objects to the same point. The configuration is
fully aligned when landmarks are rotated and scaled as close together as
possible. The scaling of different landmarks—so that each configuration
approaches the same size—load onto one measure called centroid size
(Klingenberg 2016:120). Centroid size is the standard size measure in
3D geometric morphometrics (sensu Mosimann 1970; see also Klingen
berg 2016; Loy et al., 1998; Monteiro 1999). It can be used to calculate
animal body size from skeletal remains (Halenar 2011). There are some
potential issues in the application of centroid size-based animal body
size estimation. The technique requires relatively expensive equipment
and software; a digital reference library must be created (sensu Betts
et al., 2011), which is labor-intensive; and replicable landmark config
urations must be established (Hirst et al., 2018). In general, however, 3D
geometric morphometrics solve more problems than they create. The
cost of scanners and software continues to decrease, and the number of
3D libraries of comparative specimens is increasing (Betts et al., 2011;
Manzano et al., 2015;Kuzminsky and Gardiner, 2012). Measurement
error is roughly equivocal between specimens and their scans (Emery
et al., 2016; Evin et al., 2016; Franklin et al., 2013). There are many
methods to account for intra- and inter-analyst error (Hirst et al., 2018).
In short, 3D scans resolve many data quality issues in animal body size
estimation by bringing natural history collections to analysts (Lyman
2010; Wolverton 2013). Notably, centroid size can be used to recon
struct body size on fragments of skeletal specimens where only portions
of skeletal features remain. A researcher must simply reconfigure
landmark configurations according to the archaeological specimen at
hand. 3D geometric morphometrics hold great promise for obtaining
animal body size information from non-ideal contexts in which
zooarchaeological specimens are limited or fragmented.

Fig. 1. New Mexico’s Middle Rio Grande hydrological basin with the four sites
discussed in this article.

other zooarchaeological contexts as well, is to use 3D geometric
morphometric techniques. 3D geometric morphometrics allows for the
objective comparison of shape and size between objects using multi
variate digitized coordinates (Gunz 2020). In zooarchaeology, 3D geo
metric morphometrics is widely used to identify shape and size
differences between domesticates and their wild counterparts (Drake
et al., 2015; Hanot et al., 2017; Owen et al., 2014; Pelletier et al., 2020).
In this article, we present a 3D reference library for two commonly
recovered and hard-to-skeletally-distinguish taxa in the Middle Rio
Grande region: the smallmouth buffalo (Ictiobus bubalus) and river
carpsucker (Carpiodes carpio). We then use this reference library as a part
of a proposed new procedure for estimating animal body size: we
measure zooarchaeological Ictiobinae specimens of interest using 3D
geometric morphometric measures and then use the digital reference
library of 3D skeletal element scans to calculate body size of the fish
from which the zooarchaeological remains originated. We evaluate the
robustness of this approach by comparing it to a common linear measure
(i.e., centrum width) taken from caudal vertebrae. Finally, we use this
procedure to evaluate whether Ancestral Pueblo people caught larger
than average fishes during the late pre-Hispanic period (ca. 1300–1600
CE) in the Middle Rio Grande region of New Mexico and use these data
to evaluate the connection between changing environment and Pueblo
fishing decisions.

2.2. Fishing and fish size in the Middle Rio Grande
As mentioned earlier, fish remains are ubiquitous in zooarchaeo
logical assemblages from this time and place, a pattern that contrasts
with earlier assemblages. Although the number of specimens is not al
ways large (the median number of identified fish specimens recovered
across sites is around 20), the number of specimens can range from a
couple of bones to around 1000 (Akins 1987, 1994, 1995, 2004, 2012;
Brown 1999; Brown and Brown 1994, 1997; Clark 2007; Cordero 2010,

2. Background
2.1. Animal body size estimation
Animal body size estimation techniques are widely used in
zooarchaeology, especially with fish remains (Reitz et al., 1987; Orchard
2
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2013; Duncan 2010; James 1987; Mattson 2010; Sullivan and Akins
1994; Wands 2009). Thus far, archaeologists do not have a clear picture
of why this temporal pattern exists.
The regional uptick in the representation of fishes could have several
causes. One (not exclusive) potential cause relates to changing aquatic
environmental conditions (Dombrosky et al., 2020). If aquatic envi
ronmental conditions improved during this time, then fishes could have
represented reliable food for Pueblo fishers. Further, fishes may have
also been large and represented large quantities of food. Qualitative
assessments of bone size suggest that fish were large during this time and
place (Gehlbach and Miller 1961; Snow 2002). Traditional techniques,
however, are not a good option for investigating this possibility; the
available specimens are relatively few in number, and they are largely
both fragmented and not typical body size indicators (such as quadrates
or hyomandibulars). Centroid size-based fish body size estimation may
be a solution.

3.2. Centroid size-based body size reconstruction
Centroid size-based body size reconstruction requires at least three
landmarks. Because sliding landmarks set multiple points at once, this
means at least two describable portions of bone need to be present. We
set landmark configurations for this analysis using Stratovan Checkpoint
(Stratovan Corporation 2020), placed the same landmark configurations
on both the archaeological and reference specimen scans, and exported
landmark coordinates into a .txt datafile.
We uploaded datafiles into R (R Core Team 2020) and performed a
Generalized Procrustes Analyses with the GeoMorph package (Adams
et al., 2021). We used the linear model function in R with the centroid
sizes of specimens and their corresponding body size measures (i.e.,
standard length). R2 and Spearman’s rho were used to evaluate the
strength of the relationship between centroid size and body size. If we
deemed the strength of the relationship appropriate (see section 5.2), we
estimated body size from centroid size with the equation produced from
the linear model.
We compared our centroid size-based estimates to those derived
from more commonly used linear measures. Centrum width on caudal
vertebrae typically exhibits a strong linear relationship with fish body
size (Casteel 1976; Jelu et al., 2021; Orchard 2003; Samper Carro et al.,
2018). We took centrum width measures in Meshlab (version 2020.02).
Additionally, we use the known body size of reference specimens to
calculate Prediction Error (PE) and Mean Prediction Error (MPE) within
individuals (Halenar 2011). Prediction error is calculated using the
following equation:

3. Methods and materials
3.1. The 3D reference library
The method proposed here relies on a reference library of 3D scans of
two different species of ictiobines commonly recovered from Middle Rio
Grande contexts: the river carpsucker (Carpiodes carpio) and the small
mouth buffalo (Ictiobus bubalus). Individual reference specimens were
loaned from two different institutions: the Museum of Southwestern
Biology Division of Fishes and the Tulane University Biodiversity
Research Institute (Table 1). When possible, we scanned all vertebrae
and an additional 12 skeletal elements (the basipterygium, cleithrum,
entopterygoid, hyomandibular, maxilla, metapterygoid, opercle,
pharyngeal teeth, preopercle, quadrate, subopercle, and urohyal) from
each specimen. In total, 250+ 3D scans were made using an HDI
Advance 3D Scanner R5X, which uses structured light. 3D models were
assembled in and exported from the program FlexScan3D (LMI Tech
nologies, Inc. 2015). Mesh density and resolution were set to maximum
capabilities to capture as many possible describable landmarks on fish
bones.

PE =

actual standard length − estimated standard length × 100
estimated standard length

3.3. Were late pre-Hispanic Middle Rio Grande fish large?
To investigate the question of whether late pre-Hispanic Middle Rio
Grande fish were large, we calculated the body size of 60 zooarchaeo
logical specimens from four late pre-Hispanic period archaeological
sites: Chamisal (LA 22765), Hummingbird (LA 578), Kuaua (LA 187),
and Pottery Mound (LA 416) Pueblos (Table 2). The archaeofaunal as
semblages from these sites are curated at the Maxwell Museum of An
thropology or stored in the Zooarchaeology Laboratory at the University

Table 1
The 17 museum comparative specimens used to create the 3D reference library (raw data also available in the Supplementary
Material). (TUBRI = Tulane University Biodiversity Research Institute, Royal D. Suttkus Fish Collection; MSB = Museum of
Southwestern Biology, Division of Fishes).
Curating Institution

Species

Catalogue No.

Standard Length (mm)

Total Length (mm)

TUBRI

Carpiodes carpio

582
671
673
677
684
685
686
689
690
692
696
697
702
706
50.003
25.273
50.002

314
297
272
257
232
280
266
277
292
237
247
253
204
166
340
460
325

402
383
353
333
303
375
350
363
380
313
325
328
273
222
–
–
–

Ictiobus bubalus

MSB

Carpiodes carpio
Ictiobus bubalus
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Table 2
Site details for the late pre-Hispanic Middle Rio Grande fish specimens used in
this study. (NSP = Number of Specimens used in this study.)
Site Name

Site
Number
(LA)

Dates (CE)

Screen
Sizea

NSP

Reference

Pottery
Mound
Kuaua

416

1370–1475

–

50

187

1425–1550

–

5

Chamisal

22765

1300–1600

¼”

4

Hummingbird

578

1275–1475

¼”

1

Schaafsma
(2007)
Franklin
(2019)
Jones et al.
(2016, 2021)
Eckert and
Clark (2009)

a

Pottery Mound and Kuaua went unscreened.

of New Mexico, and each collection was completely examined for fish
remains.
Most specimens are from Pottery Mound Pueblo, which is a large
village of approximately 400 rooms located near the Rio Puerco (a major
Rio Grande tributary) known for its distinctive kiva murals (Hibben
1975; Schaafsma 2007). Fish remains analyzed here were recovered
during Frank Hibben’s 1954–1961 excavations; they derive from mul
tiple locations within the Pueblo. Kuaua Pueblo is a massive village site
of around 1200 rooms located next to the Rio Grande; the fish specimens
used here were recovered by Dorothy Lurh’s 1938 excavations of the
North Plaza (Franklin, 2019). Neither fish sample from these two as
semblages was recovered through screening (Table 2). Chamisal Pueblo,
excavated in the 1980s by Kathryn Sargeant, is smaller, with approxi
mately 200 rooms; fish remains were recovered from contexts that have
been securely dated to the late Classic period. Finally, Hummingbird
Pueblo is located near and was occupied approximately 100 years before
Pottery Mound Pueblo. The single specimen used here was recovered
from Michael Adler’s excavations at the site during the early 2000s. Both
these excavations screened using ¼ inch mesh (Table 2).
Just over half of the skeletal elements in this sample are caudal
vertebrae. Some specimens are from similar or adjacent provenience,
and it is possible they could be interdependent (though differences in
body size do suggest separate individuals from the same contexts). The
body size estimations presented here are likely best viewed at ordinal
levels of interpretation (Grayson 1984; Lyman 2008).
A linear relationship between centroid size and standard length with
a coefficient of determination (R2) value of 0.50 and higher was deemed
appropriate enough to derive a body size estimate (see section 5.2 for
more elaboration on this choice). Landmark configurations for each
skeletal specimen and linear equations used to calculate body size are
reported in the Analyses RMD and PDF file in the Supplementary Ma
terial (also available on GitHub see the Data Availability section below).
We compare the zooarchaeological body size estimates developed
here to the mean modern total length distribution of Ictiobus bubalus
from Elephant Butte Lake in New Mexico between 1967 and 1970 (re
ported by Moody 1970:Table 4) and from 2011 to 2017 (data provided
by the New Mexico Department of Game and Fish). There was an Ictiobus
spp. commercial fishery at Elephant Butte during the 1960s, which has
since ended. Thus, these two datasets represent the body size distribu
tion of ictiobines under intense harvest pressure (1967–1970) and
release/recovery from that pressure (2011–2017). We converted our
standard length estimates on archaeological specimens to total length
using the mean length-length conversion for Ictiobus bubablus and Car
piodes carpio from FishBase. This meant multiplying standard length
estimates by 1.27 (see the Analyses RMD or PDF file in the Supple
mentary Material for further discussion; also available on GitHub). We
rely on visual inspection to differentiate modern and archaeological fish
size distributions as Moody (1970) only reported summary proportional
data.

Fig. 2. Linear regressions between A caudal vertebrae centrum width and
standard length, B caudal vertebrae centroid size and standard length, and C
centrum width estimated standard length and centroid size estimated standard
length from 17 individual ictiobine reference specimens (represented by
distinct colors). (For interpretation of color in this figure, the reader is referred
to the Web version of this article.)

4. Results
4.1. The 3D reference library
The 250+ 3D scans of Ictiobus bubalus and Carpiodes carpio speci
mens, along with each associated landmark file, are publicly available
(see Data Availability section below). File structure and names indicates
loaning institution, specimen identification number, and skeletal
element.
4
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Fig. 3. Caudal vertebrae landmark configuration used to compare centroid size
and centrum width body size estimates. The Landmark Configuration Profiles
PDF in Supplementary Material provides all configurations per element used in
this article.

4.2. Centroid size-based body size reconstruction
There is a strong correlation between caudal vertebrae centrum
width and the standard length of ictiobine specimens in this sample
(Fig. 2A). There is also a strong correlation between centroid size and
standard length (Fig. 2B; Fig. 3). The body size estimations that result
from using these two approaches are also strongly correlated (Fig. 2C),
and nearly identical at an ordinal scale (rho = 0.96).
Fig. 4 shows that centroid size-based body size estimates on caudal
vertebrae are slightly underestimated compared to their linear coun
terparts. The centroid-size based approach is slightly more conservative
in assigning specimens to larger sizes. Prediction error is strongly
correlated between linear- and centroid-based approaches (R2 = 0.56;
Fig. 4A). Mean prediction error of caudal vertebrae within individuals is
also strongly correlated (R2 = 0.63; Fig. 4B), and standard deviation is
4.64 for centroid size and 5.37 for centrum width. An important limi
tation of using vertebrae to predict fish body size is that their size varies
along the vertebral column. Interestingly, mean prediction error sug
gests that the centroid size approach slightly reduces variation in pre
diction error from vertebrae within the same individual. Overall, our
results suggest standard length estimations were both off by about ±5%
of actual standard length measures.
Taken together, these results indicate that the centroid size-based
approach can be at least similar to commonly accepted body size esti
mation techniques that use linear measures on whole bones. While
including larger individuals would be ideal, we believe extrapolation of
body sizes beyond 460 mm is warranted with the current model if in
terpretations are limited to ordinal size, given the strong linear rela
tionship presented here and the fact that the centroid size-based
approach tends to underestimate actual body size. Intra- and interanalyst measurement error is virtually indistinguishable between rep
licates using the landmark configurations presented here (see Analyses
RMD or PDF file in Supplementary Material for further discussion). The
strength of relationships from fragmented remains (see Landmark
Configuration Profiles PDF in Supplementary Material) demonstrates

Fig. 4. Linear regressions on A caudal vertebrae Prediction Error (PE) for
centrum width standard length estimation and centroid size standard length
estimations, and B Mean Prediction Error (MPE) for caudal vertebrae within
individuals between centroid size and centrum width standard length estima
tion. Estimations are based on 17 individual ictiobine reference specimens
(represented by distinct colors). MPE is then calculated as mean PE per indi
vidual. (For interpretation of color in this figure, the reader is referred to the
Web version of this article.)

how flexible the technique is on unconventional remains.
4.3. Were late pre-Hispanic Middle Rio Grande fish large?
Ictiobines harvested by Pueblo fishers in the late pre-Hispanic Period
were large (Fig. 5). The most common total length of Ictiobus bubalus was
450–499 mm when there was a commercial fishery for this taxon, and
the archaeological size distribution resembles when ictiobines had
recovered from intense harvest pressure (2011–2017). The archaeo
logical and non-commercial fishery size distribution are both dramati
cally left-skewed, where the most common total length is 550+ mm.
Interestingly, the most abundant smaller size class in the noncommercial fishery distribution (200–249 mm) is also represented in
the archaeological fishery.
5. Discussion
5.1. Fishing and fish size in the Middle Rio Grande
Large-bodied fishes are associated with Ancestral Pueblo foraging in
the late pre-Hispanic Middle Rio Grande, but what does the large size of
fishes represent? While it is possible that Pueblo fishers were preferen
tially targeting large fishes using handlining or hook-and-line tech
niques, where small fishes could have been simply thrown back (see
5
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communal seining events (Bandelier, 1892:149; Hill 1982:59–60), and
by taking stranded fishes in the bottom of drained irrigation canals (Ford
1992:175; Ortiz 1969:112).
The efficacy of non-targeted fishing methods might be related to the
reproductive life history of bottom dwelling fishes like ictiobines.
Ictiobines typically reproduce from spring to early summer and use
oxbows, backwaters, and other slow-flowing river habitats as spawning
habitat. Large numbers of fishes of various ages congregate in these
areas prior to spawning (Robison and Buchanan 2020). Fertilized eggs
adhere to submerged vegetation, and larvae and early-stage juveniles
usually remain in slow-flowing habitats to rear. Reproductive adults
become trapped if water drops suddenly and isolates them from the river
mainstem. This life history makes them vulnerable to non-targeted
capture.
That the most abundant smallest size class from the non-commercial
fishery is present in the archaeological fishery also suggests non-targeted
methods were used in the late pre-Hispanic period. This size bin is
represented by a single archaeological specimen that was recovered
from Frank Hibben’s 1954 excavations at Pottery Mound, which were
unscreened (Ballagh and Phillips 2006). That the signal of this size class
was preserved, from non-ideal recovery methods no less, reinforces the
argument that archaeological specimens were captured using
non-targeted methods. Further, recovery methods likely have not
unduly influenced distribution shape within the archaeological sample.
A range of size classes were successfully recovered, and yet most spec
imens fall within the 550+ size bin. The high proportion of large (at an
ordinal scale) fishes analyzed here are likely indicators of environmental
change.
The environmental connection between fish body size and Ancestral
Pueblo fishing is also highlighted through stable isotope data. Ancestral
Pueblo fishing in the Middle Rio Grande is associated with the ecological
stability of fish communities; it appears that wetter stream conditions
brought on by the end of the Medieval Warm Period (Routson et al.,
2011; Woodhouse et al., 2010) enhanced habitat quality in the Middle
Rio Grande and made stabilizing nutrients available to fish populations
(Dombrosky et al., 2020). The greater bioavailability of nutrients,
increased amount of habitat space, and greater habitat complexity
linked to wetter stream conditions would also likely result in healthier,
larger fishes (Post 2002; Pusey and Arthington 2003).
Fishing associated with environmental change is a key component of
Ancestral Pueblo foraging behavior. If fishes represented “desperation
foods” (sensu Arntzen and Speth 2004; Speth et al., 2004), then a whole
range of body sizes in an even proportion would be anticipated from
these sites. This would be the case whether fishes were caught using
targeted or non-targeted techniques. Instead, our analysis suggests that
fishing occurs when fish size is large. This in turn suggests that Pueblo
people in the Middle Rio Grande actively sought to select predictable
and nutrient-dense fishes in connection with ecological stability.
5.2. Practically significant body size estimation
The method outlined here is designed to maximize samples from
which body size can be calculated to minimize error. One way to reduce
error involves relying on high R2 values. For instance, Thieren and Van
Neer (2016) threw out two cleithrum measurements on sturgeon (Aci
penser spp.) remains to calculate body length because R2 values of 0.82
and 0.62 were deemed low. This type of selectivity is strategic if the
archaeological record affords a large sample size of bones where mea
surements with higher R2 values can be taken.
However, if the archaeological record does not afford such an ideal
sample, then maximizing sample size altogether is another way to
reduce error. The centroid size-based approach outlined here uses the
sample maximizing strategy to reduce error, but such a strategy sur
renders resolution. The length estimates provided here are likely ordinal
scale measures of fish body size (as evidenced by Fig. 3). This means that
R2 values with generally high effect size may be used (≥0.50; Cohen

Fig. 5. Ictiobine size distribution from Elephant Butte, NM when there was a
commercial fishery (mean values from Moody 1970:Table 4) and when there
was not a commercial fishery compared to archaeological specimens recovered
from late pre-Hispanic large village sites from the Middle Rio Grande region of
New Mexico. All dates are CE.

Peacock et al., 2012 for more on the cultural filter problem), the
ethnographic record suggests non-targeted fishing strategies were the
most common along the Middle Rio Grande. Fishes were caught with
weirs (Ford 1977:144, 1992:175; Harrington 1916:187), during
6
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1988) to estimate body size, but it is crucial to pair this method with
non-parametric descriptive statistics and/or inferential tests.
Non-parametric approaches are both robust and resistant to outlier ef
fects and thus appropriately handle lower resolution data (Wolverton
et al., 2016).
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manuscript.

5.4. Global applications
When the technology is available, and the question is reliant on body
size, the approach we outline here may well be worth the investment.
Centroid size-based body size estimation has potential for archaeology
globally. For example, the technique is well-suited for early hominid
fishing research considering ichthyofaunal samples are often nonideal (i.
e., poorly preserved, fragmented, and from limited skeletal elements).
Body size estimation with centroid size can be applied in a variety of
contexts and could help reveal the opportunity costs and benefits asso
ciated with human fishing strategies across the globe.
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2020. Resource risk and stability in the zooarchaeological record: the case of Pueblo
fishing in the Middle Rio Grande, New Mexico. Archaeol Anthropol Sci 12, 248.
https://doi.org/10.1007/s12520-020-01193-0.
Drake, A.G., Coquerelle, M., Colombeau, G., 2015. 3D morphometric analysis of fossil
canid skulls contradicts the suggested domestication of dogs during the late
paleolithic. Sci. Rep. 5, 8299. https://doi.org/10.1038/srep08299.
Duncan, G.A., 2010. Faunal remains from the montano site complex (LA 33223). In:
Raymond, G. (Ed.), Report of 1988 Data Recovery at the Montano Site Complex, LA
33223, City of Albuquerque, New Mexico. Criterion Environmental Consulting,
Albuquerque, NM, 10-11-10-20.
Eckert, S.L., Clark, T., 2009. The ritual importance of birds in 14th-century central New
Mexico. J. Ethnobiol. 29, 8–27. https://doi.org/10.2993/0278-0771-29.1.8.
Eiselt, B.S., 2020. Mass harvesting, ichthyofaunal assemblages, and ancestral paiute
fishing in the North American great basin. Am. Antiq. 85, 715–736. https://doi.org/
10.1017/aaq.2020.37.
Emery, K., Thornton, E., Sharpe, A., Cunningham-Smith, P., Duffy, L., McIntosh, B.,
2016. Testing osteometric and morphological methods for Turkey species
determination in maya faunal assemblages. J. Archaeol. Sci.: Report 10, 607–631.
https://doi.org/10.1016/j.jasrep.2016.08.018.
Evin, A., Souter, T., Hulme-Beaman, A., Ameen, C., Allen, R., Viacava, P., Larson, G.,
Cucchi, T., Dobney, K., 2016. The use of close-range photogrammetry in
zooarchaeology: creating accurate 3D models of wolf crania to study dog
domestication. J. Archaeol. Sci.: Report 9, 87–93. https://doi.org/10.1016/j.
jasrep.2016.06.028.
Ford, R.I., 1977. The technology of irrigation in a New Mexico Pueblo. In: Lechtman, H.,
Merrill, R. (Eds.), Material Culture: Style, Organization, and Dynamics of
Technology. West Publishing Co., St. Paul, MN, pp. 139–154.
Ford, R.I., 1992. An Ecological Analysis Involving the Population of San Juan Pueblo.
Garland Publishing, Inc., New Mexico (New York, NY).
Franklin, D., Cardini, A., Flavel, A., Kuliukas, A., Marks, M.K., Hart, R., Oxnard, C.,
O’Higgins, P., 2013. Concordance of traditional osteometric and volume-rendered
MSCT interlandmark cranial measurements. Int. J. Leg. Med. 127, 505–520. https://
doi.org/10.1007/s00414-012-0772-9.
Franklin, H.H., 2019. Ceramic analysis at Kuaua (LA 187): 2017 site testing and
chronology. Pottery Southwest 35, 7–28.
Gehlbach, F.R., Miller, R.R., 1961. Fishes from archaeological sites in northern New
Mexico. SW. Nat. 6, 2–8. https://doi.org/10.2307/3669361.
Gower, J.C., 1975. Generalized Procrustes analysis. Psychometrika 40, 33–51. https://
doi.org/10.1007/BF02291478.
Grayson, D.K., 1984. Quantitative Zooarchaeology: Topics in the Analysis of
Archaeological Faunas. Academic Press, Orlando, FL.
Gunz, P., 2020. Geometric morphometrics. In: Britton, K., Richards, M.P. (Eds.),
Archaeological Science: an Introduction. Cambridge University Press, Cambridge,
pp. 198–212.

Halenar, L.B., 2011. Reconstructing the locomotor repertoire of protopithecus brasiliensis.
I. Body size, the anatomical record. Advances in Integrative Anatomy and
Evolutionary Biology 294, 2024–2047. https://doi.org/10.1002/ar.21501.
Hanot, P., Guintard, C., Lepetz, S., Cornette, R., 2017. Identifying domestic horses,
donkeys and hybrids from archaeological deposits: a 3D morphological investigation
on skeletons. J. Archaeol. Sci. 78, 88–98. https://doi.org/10.1016/j.
jas.2016.12.002.
Harrington, J.P., 1916. The Ethnogeography of the Tewa Indians. Government Printing
Office, Washington, DC.
Hibben, F.C., 1975. Kiva Art of the Anasazi at Pottery Mound. KC Publications,
Wickenburg, AZ.
Hill, W.W., 1982. An Ethnography of Santa Clara Pueblo. University of New Mexico
Press, New Mexico (Albuquerque).
Hirst, C.S., White, S., Smith, S.E., 2018. Standardisation in 3D geometric morphometrics.
Ethics, Ownership, and Methods, Archaeologies 14, 272–298. https://doi.org/
10.1007/s11759-018-9349-7.
James, S.R., 1987. Qualacu Archeofauna: Faunal Patterns from Late Prehistoric Piro
Pueblo along the Rio Grande in Western New Mexico, Qualacu: Archeological
Investigation of a Piro Pueblo, Office of Contract Archeology. University of New
Mexico, Albuquerque, NM, pp. 95–140.
Jelu, I., Wouters, W., Van Neer, W., 2021. The use of vertebral measurements for body
length and weight reconstruction of pike (Esox lucius) from archaeological sites.
Archaeol Anthropol Sci 13, 72. https://doi.org/10.1007/s12520-021-01325-0.
Jones, E.L., Conrad, C., Newsome, S.D., Kemp, B.M., Kocer, J.M., 2016. Turkeys on the
fringe: variable husbandry in “marginal” areas of the prehistoric American
southwest. J. Archaeol. Sci.: Report 10, 575–583. https://doi.org/10.1016/j.
jasrep.2016.05.051.
Jones, E.L., Kirk, S., Ainsworth, C.S., Alsgaard, A., Meyer, J.V., Conrad, C., 2021. The
community at the crossroads: artiodactyl exploitation and socio-environmental
connectivity at tijeras Pueblo (LA 581). KIVA 1–11. https://doi.org/10.1080/
00231940.2021.1963576.
Klingenberg, C.P., 2016. Size, shape, and form: concepts of allometry in geometric
morphometrics. Dev. Gene. Evol. 226, 113–137. https://doi.org/10.1007/s00427016-0539-2.
Kuzminsky, S.C., Gardiner, M.S., 2012. Three-dimensional laser scanning: potential uses
for museum conservation and scientific research. J. Archaeol. Sci. 39, 2744–2751.
https://doi.org/10.1016/j.jas.2012.04.020.
LMI Technologies, Inc, 2015. Flexscan3D. British Columbia, Delta.
Loy, A., Mariani, L., Bertelletti, M., Tunesi, L., 1998. Visualizing allometry: geometric
morphometrics in the study of shape changes in the early stages of the two-banded
sea bream, Diplodus vulgaris (perciformes, sparidae). J. Morphol. 237, 137–146,
10.1002/(SICI)1097-4687(199808)237:2<137:AID-JMOR5>3.0.CO;2-Z.
Lyman, R.L., 1994. Vertebrate Taphonomy. Cambridge University Press, Cambridge.
Lyman, R.L., 2008. Quantitative Paleozoology. Cambridge University Press, Cambridge,
MA.
Lyman, R.L., 2010. Paleozoology’s dependence on natural history collections.
J. Ethnobiol. 30, 126–136. https://doi.org/10.2993/0278-0771-30.1.126.
Lyman, R.L., VanPool, T.L., 2009. Metric data in archaeology: a study of intra-analyst
and inter-analyst variation. Am. Antiq. 74, 485–504.
Manzano, B.L., Means, B.K., Begley, C.T., Zechini, M., 2015. Using digital 3D scanning to
create “artifictions” of the passenger pigeon and harelip sucker, two extinct species
in eastern North America: the future examines the past. Ethnobiology Letters 6,
232–241. https://doi.org/10.14237/ebl.6.2.2015.368.
Mattson, H.V., 2010. LA 25860, the sheep chute site. In: Gerow, P.A. (Ed.), The MAPL
Western Expansion Project, Volume 3, Data Recovery along Segment 9, Rio Arriba
and Sandoval Counties, New Mexico, Office of Contract Archeology. University of
New Mexico, Albuquerque, pp. 107–158.
Monteiro, L.R., 1999. Multivariate regression models and geometric morphometrics: the
search for causal factors in the analysis of shape. Syst. Biol. 48, 192–199.
Moody, T.M., 1970. Effects of commercial fishing on the population of smallmouth
buffalo, Ictiobus bubalus (rafinesque). In: Elephant Butte Lake, New Mexico,
Department of Animal, Range, and Wildlife Science. New Mexico State University,
Las Cruces.
Mosimann, J.E., 1970. Size allometry: size and shape variables with characterizations of
the lognormal and generalized gamma distributions. J. Am. Stat. Assoc. 65,
930–945. https://doi.org/10.1080/01621459.1970.10481136.
Nagaoka, L., 2005. Differential recovery of pacific island fish remains. J. Archaeol. Sci.
32, 941–955. https://doi.org/10.1016/j.jas.2004.12.011.
Orchard, T.J., 2003. An Application of the Linear Regression Technique for Determining
Length and Weight of Six Fish Taxa: the Role of Selected Fish Species in Aleut
Paleodiet. British Archaeological Reports, Oxford.
Ortiz, A., 1969. The Tewa World: Space, Time, Being, and Becoming in a Pueblo Society.
University of Chicago Press, Chicago, IL.
Owen, J., Dobney, K., Evin, A., Cucchi, T., Larson, G., Strand Vidarsdottir, U., 2014. The
zooarchaeological application of quantifying cranial shape differences in wild boar
and domestic pigs (Sus scrofa) using 3D geometric morphometrics. J. Archaeol. Sci.
43, 159–167. https://doi.org/10.1016/j.jas.2013.12.010.
Peacock, E., Randklev, C.R., Wolverton, S., Palmer, R.A., Zaleski, S., 2012. The “cultural
filter,” human transport of mussel shell, and the applied potential of
zooarchaeological data. Ecol. Appl. 22, 1446–1459. https://doi.org/10.1890/111943.1.
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