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Abstract
Traditional analyses of projectile points often use visual identification, the presence orabsence of discrete characteristics, or linear measurements and angles to classify pointsinto distinct types. Geometric morphometrics provides additional tools for analyzing, vi-sualizing, and comparing projectile point morphology utilizing the whole or parts of theform in either two or three dimensions. This study is an analysis of the effectivenessof geometric morphometric methods for identifying technological similarity in 2D pro-jectile point outlines for previously classified late prehistoric projectile points found inthe U.S. Southwest and unclassified projectile points from Tonto Basin, Arizona. Variousmethods from geometric morphometrics were compared to determine which methodbest reproduced the original classification scheme. Elliptical Fourier analysis was com-pared with various configurations of semilandmark and landmark analyses using gener-alized Procrustes analysis. These methods were applied to the complete projectile pointform, and the landmark analysis was also applied to half of the lower quadrant of theprojectile point—essentially one corner of the projectile point. The landmark analysisapplied to the corner of the projectile point provided the best results. This method wasthen applied to the Tonto Basin points. Hierarchical clustering was used on the TontoBasin projectile point morphometric data to explore the variation in shapes betweensites. To demonstrate that geometric morphometric methods can be used without rely-ing on typologies, a network analysis of themorphometric distances was also conducted.This network graph produced distinct clusters of technological similarity in projectilepoint outlines, while also showing the continuous variation between points. These re-sults demonstrate the effectiveness of geometric morphometrics for the 2D analysis oflate prehistoric arrow points in the U.S. Southwest.
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1. Introduction
Geometric morphometrics (GM) is a quantitative approach to studying shape in two or threedimensions that has recently been adopted in archaeology (see MacLeod, 2017; Okumura andAraujo, 2019; Shott and Trail, 2010, for overviews). It has numerous advantages over traditionallithic analyses, particularly because it can overcome the reliance on linear dimensions (Shott andTrail, 2010, pp. 196–197). Lithic artifacts can be assigned to typologies or directly comparedwith-out the use of a typology, as will be demonstrated in this paper. There are several approacheswithin GM that provide similar results through different methods. One of the more traditionalapproaches is to place landmarks at homologous locations around the object. Landmarks can beaugmented with semilandmarks, which are points placed relative to another using a consistentrule—usually equidistant spacing between two points (Okumura and Araujo, 2019, pp. 2–4). An-other common approach is to use elliptical Fourier analysis to compare the outlines of objects.Each method has strengths and weaknesses. A major purpose of this study is to evaluate theeffectiveness of these methods for analyzing projectile points in the U.S. Southwest during thelate prehistoric period (specifically during the Hohokam Classic Period—AD 1100-1500).Once the method of analyzing the projectile points has been determined, the next step isto determine how to compare projectile points using the results of the analysis. One approachwould be to use an existing regional typology and to assign projectile points to the closest match(e.g., Kocer and Ferguson, 2017). Another approach, would be to use cluster analysis to assignprojectile points to newly created types (e.g., Matzig et al., 2021; Petřıék et al., 2018). The fi-nal approach would be to ignore typologies and compare the morphometric distance for eachprojectile point directly. This is the second primary purpose of this study—to evaluate the effec-tiveness of these approaches for use in analyzing projectile points from the Southwest UnitedStates.Regional analyses are fundamental parts of archaeology, but there are many challenges toovercome. One of these challenges is harmonizing the different categorization schemes (i.e.,ontologies) used throughout the region. Another of these challenges, is determining whetherthe current categories are useful. The U.S. Southwest has a long history of regional ceramictypologies (e.g., Colton, 1956;WGladwin and HS Gladwin, 1930; Hargrave, 1932; Kidder, 1915;Martin andWillis, 1940), but there are still disagreements, challenges, and competing definitions(Duff, 1996). Regional analyses in the Southwest, based in large part on pottery, have producedmany useful insights (e.g., Bernardini, 2005; Clark et al., 2019; Hegmon et al., 2016; Mills et al.,2013; Peeples, 2018). However, one type of material culture that has received little attention—in
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the Southwest at least—is lithics (i.e., chipped stone). Projectile points are commonly discussedduring the archaic period of the Southwest, and they are common topics in many other areasof the North American continent and world where they are found, but they are rarely discussedafter the appearance of pottery.Despite the over-emphasis on pottery in the Southwest, there are some excellent resourceson projectile point typologies (e.g., Hoffman, 1997; Justice, 2002; Loendorf and Rice, 2004; Sliva,2006). However, ad hoc approaches are common, and these cannot easily be extrapolated be-yond specific projects. Even using existing resources can make comparisons difficult. How doesTagg’s (1994, p.111) Type 23 compare to Sliva’s (2006, p. 35) Cohonina Side-notched? There isan answer, but often it is easier to come upwith a new typology schema than to try to harmonizeexisting work.Another challenge that is not unique to projectile points is that interpretations may differ be-tween analysts. Exactly when does a base begin curving enough to be called basal notched? Eventhe difference between a side-notched and a corner-notched point can, at times, be ambiguous.Not to mention the frustrating situation where a point appears to have one corner-notch andone side-notch. How should one place this point into an existing typology? These are questionsthat can be handled in different ways that differ from analyst to analyst. Idiosyncrasies and bi-ases are impossible to be rid of entirely, but using approaches such as those described in thispaper can reduce them and increase the reproducibility of the process.By necessity, this paper covers a number of topics. The geographic area is the U.S. Southwest,but the methods and analysis are applicable to any area. The primary purpose was to exploregeometric morphometric methods using previously typed specimens from the Southwest anduntyped specimens from the Tonto Basin. Another purpose was to analyze the results with andwithout using typologies. The results demonstrate that, in this particular case, a combined land-mark and semilandmark approach is most effective and that useful analyses can be conductedwith and without the use of typologies.

2. Background
In order to test the effectiveness of geometric morphometric methods, I needed a dataset ofwell-typed projectile points that could be used as a validation set. I chose to use the typologypublished by Noel Justice (2002) for the simple reason that it is easily accessible and containsnumerous illustrations. These illustrations were used as type specimens to compare projectilepoints from Tonto Basin in central Arizona (Figure 1). These points were excavated in a series oflarge cultural resource management projects necessitated by work on the Roosevelt Dam. Thelargest project—the Roosevelt PlatformMound Study—included 129 sites. Most of the sites datebetween AD 1275 and 1325 with occupation continuing until around AD 1450 (Rice, 1998). Inthe original analysis, projectile points were classified according to small and large points and thensubdivided based on morphological characteristics (Rice, 1994, p.727). The typology used is anexcellent demonstration of the difficulty in conducting projectile point studies in this area, asthe typology is idiosyncratic to this specific project, and cannot be easily compared with otherdatasets. This is not a criticism of the analyst’s choice to create a new typology, as no existingtypology met the needs of the researchers.This is an exploratory analysis designed to minimize the amount of time spent collecting dataand to be as reproducible as possible. There are a number of research steps that are often notaddressed in publications. This missing documentation canmake reproducing results challenging.I will describe the rational for relevant decisions, but the script used to generate the analysis willbe included in an RMarkdown document in the supplemental material (see statement at end ofmanuscript).One of the key elements of this study is reproducibility, which necessitates automation.Projectile point analysis often includes assigning a point to a type based on linear metrics—sometimes angular measurements as well, and the presence or absence of various features (e.g.,concave base, serrated blades, corner-notches). But often, the analyst is left to visually compare
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Figure 1 – Location of Tonto Basin in the state of Arizona, United States, along witharchaeological sites discussed in this paper grouped by site cluster.

the point to various type specimens to identify the closest match. This method is harder to repro-duce and subject to greater human error. Yet, algorithms are only part of the answer, and humanjudgment and context are still critical to any analysis. The key is to minimize the possibilities forerror and maximize the opportunities for reproducibility, which I have tried to do here. Thus, oneof the key questions of this research is to determine what input should be left to the analyst andwhat can be left to automated or standardized procedures.
2.1. Data Collection

This study has two sources of data: illustrations of projectile points published by Justice(2002) and images of projectile points from collections held at Arizona State University. Thedatasets include 74 illustrations from Justice’s publication and 90 projectile points from TontoBasin. The 74 illustrations do not include all of Justice’s illustrations or types, as many could notbe included because there were so few complete, illustrated examples.It is worthwhile to question how an illustration compares to an image of a physical projectilepoint obtained from a flatbed scanner. Fortunately, illustrations have been published for some ofthe projectile points in this study. Figure 2 is a comparison of outlines created from an illustrationand scan of the same projectile point. There are subtle differences between the two mediums—the base is slightly more rounded in places than the scan. These differences are detectable ina morphometrics analysis, however, the differences are minor as seen in figure 3. These minordifferences would not affect the results of the analyses presented here or most GM analyses.The quality of projectile point illustration can vary, but from this brief comparison there shouldbe no hesitation using illustrations for 2D morphometric analysis.
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Figure 2 – Comparison of projectile point outlines for an illustration and a scan of thesame projectile point (Oliver and Simon 1997: Figure 9.3; Specimen 33598)

Figure 3 – Principal component (PC) plot comparing the morphometric differences be-tween a sample of 20 random projectile points and the illustration and scan of the sameprojectile point. Themorphospace is also projected. Themorphospace computes the pro-jectile point outlines shown in the figure, which represents how shapes vary along eachaxis. The barchart in top left corner displays proportion each PC contributes to total vari-ance.

Robert J. Bischoff 5

Peer Community Journal, Vol. 3 (2023), article e80 https://doi.org/10.24072/pcjournal.312

https://doi.org/10.24072/pcjournal.312


Table 1 – Cluster Names, Types, and Number of Samples
Cluster Type Total
Chaco Chaco Corner Notched 9Chaco Pueblo Alto Side Notched 7Cienega Tularosa Corner Notched 13Livermore Guadalupe 12Pueblo Side Notched Pueblo Side Notched Concave Base 9
Pueblo Side Notched Pueblo Side Notched Straight Base 7Snaketown Snaketown Triangular Concave Base 9Western Triangular Cottonwood Triangular 8

Justice’s projectile point illustrations were scanned, and the illustrations were converted intoindividual, solid black outlines and saved as jpeg files using common image-editing software. Theopen source statistical software R was used for all analyses (R Core Team, 2022). The Momocspackage (Bonhomme et al., 2014) has an import function to convert jpeg files into outlines. Thisis a major advantage over manual outlining processes used in popular GM software, such astpsDig (James Rohlf, 2015). These outlines form the the basis of the geometric morphometricanalyses conducted here with the exception of the landmark analyses. Landmarking was per-formed using the tpsDig software. The Tonto Basin projectile point images were created using aflatbed scanner at 1200 DPI. Many of the images were obtained by the author but some weregenerously contributed by Joshua Watts—see the results of his study here: (Watts, 2013). Theimages were converted to outlines using the same process as the projectile point illustrations.
2.2. Projectile Points of the Southwest

There are a few regional typologies for projectile points in the Southwest: primary examplesare Hoffman (1997), Justice (2002), Loendorf and Rice (2004), and Sliva (2006). Altogether, thesefour typologies include 129 projectile point types, although many overlap. In some cases, the au-thors identify correlates of the types from other typologies. This allows for some harmonizationof the different typologies. Many types date to the Archaic period, and thus predate the primaryperiod I am interested in (AD 1100-1500). Not all of the projectile points were ascribed datesby the authors. Justice lists 23 projectile points that overlap with the AD 1100-1500 period (themaximal dates for the Hohokam Classic period). Projectile points have restricted geographicalboundaries, although these boundaries correspond to much greater areas than ceramic typestypically do (Buchanan et al., 2019). Figure 4 shows that several projectile point boundaries de-fined by Justice overlap with the Tonto Basin.For this study, I digitized 74 projectile point images from Justice’s publication representing 8projectile point types (table 1). Justice placed each projectile point type into a cluster of relatedpoints. Figure 5 shows the projectile point outlines by type. The included projectile point typesinclude some Archaic points and types not expected to overlap with the Tonto Basin projectilepoints. Small numbers of archaic points are often found at later sites. These are likely the resultof collecting activities and not indicative of the continued use of these points (see Justice, 2002,for numerous examples). These curated archaic types form useful comparisons, as they shouldnot match non-archaic projectile points. One limitation of this study is that projectile pointsmust be complete, or nearly complete (minor damage to the tip or another part of the point thatwas judged to not significantly impact the shape of the point was ignored). Thus, not all of theillustrations included in Justice’s book could be included in the outline analyses.
2.3. Tonto Basin Projectile Points

The sample of TontoBasin points used in this study come from theRoosevelt PlatformMoundStudy. They come from 18 different sites that were grouped into five clusters in the original re-ports (see Rice, 1998, for an overview). Figure 1 shows the sites used in this study grouped by site

6 Robert J. Bischoff

Peer Community Journal, Vol. 3 (2023), article e80 https://doi.org/10.24072/pcjournal.312

https://doi.org/10.24072/pcjournal.312


Figure 4 – Location of selected projectile point boundaries defined by Justice (2002) asdigitized by Buchanan and colleagues (2019). Darker colors represent greater overlap inthe number of projectile point boundaries.
cluster. The majority of these sites were occupied during the Roosevelt phase (AD 1275-1325)and early portion of the Gila phase (AD 1325-1450). The sites consist primarily of compounds,room blocks, and platform mounds.The projectile points exhibit a variety of forms (see figure 6). Rice (1994) classified TontoBasin points into small and large complexes (likely equivalent to dart and arrow points), andfurther classified small points into the longer Salado series and the shorter Tonto series. Theseseries were further subdivided using a custom classification scheme based on blade, tang, andbase shape, as well as notch style. This is a logical way to classify the points, but it does not easilylend itself to regional comparisons, as other points were not classified in the sameway. Nearly allof the points in the original sample consisted of side-notched or triangular points. Because theresults of the analysis discussed below indicated that analyzing the projectile points by shapewas the most logical choice, only the triangular and side-notched points were used in this study.

3. Methods
3.1. Geometric Morphometrics

I used two GM methods in this analysis: elliptical Fourier analysis (EFA) and full generalizedProcrustes alignment (GPA). Something to keep in mind is that GM methods analyze the formof the object separated from size, position, and orientation. Real-world measurements such aslength andwidth are not explicitly included in thesemethods, although relative dimensions, suchas length to width ratio are captured in the overall form of the object. Measurements such as

Robert J. Bischoff 7

Peer Community Journal, Vol. 3 (2023), article e80 https://doi.org/10.24072/pcjournal.312

https://doi.org/10.24072/pcjournal.312


Figure 5 – Outlines of projectile point illustrations taken from Justice (2002). Note thatthe projectile points are not scaled.

length and weight can be included in various analyses but are not included here. The purposeof this study is to determine whether GM methods alone are sufficient to discriminate betweentypes of projectile points and how they can best be used in the context of the U.S. Southwest.
EFA was developed by Kuhl and Giardina (1982) as a quantitative means for describing aclosed outline. There are a handful of papers that use EFA for lithic studies in archaeology (e.g.,Cardillo, 2010; Fox, 2015; Gingerich et al., 2014; Hoggard et al., 2019; Iovita, 2011; Iovita andMcPherron, 2011; Matzig et al., 2021). The mathematics behind the method are complex todescribe, which is one reason the method has not been adopted as quickly as it should be (seeCaple et al., 2017). Caple and colleagues (2017) provide an excellent description of EFA for non-mathematicians, and the reader is referred to their treatise for more details. For my purposes,it is enough to know that EFA analysis requires a closed outline and a number of harmonics.The harmonics can be thought of as ellipses in a time series used to describe the shape of theobject. EFA creates a series of coefficients—four for each harmonic (A,B,C,D)—which can beused in multivariate statistics. Most commonly, principal components analysis (PCA) is used totransform the EFA values. The PCA results can then be used in distance-based methods suchas clustering or even network analysis. Three harmonics can be used to create an oval shape,and 12 harmonics is sufficient for a complex projectile point outline. The number of harmonicsnecessary to capture the outline to a certain accuracy can be computed by first calculating theharmonic power using the formula:

HarmonicPowern =
A2
n + B2

n + C 2
n + D2

n

2
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Figure 6 – Outlines of projectile points from sites in the Tonto Basin. Note that the pro-jectile points are not scaled.
where n is the number of harmonics and A, B, C, and D are the coefficients generated from theEFA. The harmonic power is first calculated for a maximum number of harmonics and then thedesired proportion (e.g., 99%) of the harmonic power can be used as a baseline to determinewhich number of harmonics has at least that much harmonic power.Generalized Procrustes Analysis, or GPA, is primarily a way to align, scale, and rotate land-marks (Gower, 1975). Instead of outlines like EFA, GPA requires landmarks located on homolo-gous locations for each object (Rohlf and Slice, 1990). As an alternative to landmarks, semiland-marks can be placed at equidistant locations around the object. Landmarks and semilandmarkapproaches can be combined. There is substantial discussion on the validity of certain types oflandmarks and the use of semilandmarks as landmarks (e.g., De Groote, 2011; MacLeod, 2017;Okumura and Araujo, 2019; Shott and Trail, 2010). One disadvantage of traditional landmarkanalysis, compared to EFA, is that the analyst must be more involved in the selection of thenumber and placement of landmarks. Once the landmarks, or semilandmarks are placed on theobjects, they are iteratively modified to achieve the best possible alignment between shapeswithout changing the relative positions between landmarks. This modification is done using theGPA procedure. As with EFA, the next step is usually to perform a PCA analysis. Landmark anal-ysis using GPA is more common, so far, in archaeological analysis of stone tools than EFA (e.g.,Archer et al., 2018; Bischoff and Allison, 2020; Buchanan et al., 2015; Charlin and González-José,2018; Fisher, 2018; Gingerich et al., 2014; Herzlinger et al., 2017; Lycett et al., 2010; Riede et al.,2019; Selden et al., 2020; Shott and Trail, 2010; Smith et al., 2015; Thulman, 2012).The project was initially designed to compare the EFA results with a semilandmark analy-sis using the full outline of the projectile point. The projectile point outline consists of a seriesof coordinates describing the outline. Semilandmarks can be obtained by sampling the outlines
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to create an equal number of coordinates, which are then treated as semilandmarks. Both ap-proaches yielded similar results, but neither achieved satisfactory accuracy. The research designwas thenmodified to include amore traditional landmark analysis to determinewhether it wouldimprove upon the initial design.There are some disadvantages to using landmarks, which is why the EFA/semilandmark ap-proach was initially favored. The principal disadvantages to using landmarks are reproducibilityand accuracy. Landmarks are more subjective in many ways than the semilandmarks or EFA(see Shott and Trail, 2010, p. 205). The analyst must decide how many points to place, whattopological points should be used as landmarks, and how many landmarks should be used. Theplacement of landmarks can vary between analysts and can be affected by the instruments orsoftware used to collect or create the landmarks. Another major concern is the loss of detailfrom not considering the entire outline. Serrated projectile points and points with more thanone notch (this occurs more often than one might expect in Southwestern projectile points) aredifficult to capture without including many landmarks, which are only applicable in a minorityof situations. Secondary to these points, but still a concern, is that placing landmarks can be amore time-consuming process, as it is not as easily subject to automation as semilandmarks orEFA (although see Palaniswamy et al., 2010, for one of several examples of automation).Despite the disadvantages, landmarks are widely used for good reasons. I see two main ad-vantages to landmark analysis in the context of projectile point analysis. The first is that theanalyst can use their prior experience to determine what topological locations on the projectilepoint are most useful for discriminating between types. Decades of research on projectile pointshas refined many typologies into useful tools, despite their limitations. This knowledge can beapplied to choosing appropriate landmarks. The second advantage is that outline analysis re-quires complete projectile points, whereas landmark analysis can use damaged points. If chunksof the projectile are missing then the outline is not usable. Possibly, the missing portion could beestimated and filled in, but that process is more error prone than estimating missing landmarks.Landmarks can be placed on reconstructed projectile point illustrations or missing landmarks canbe estimated mathematically (Gunz et al., 2009). Most projectile points suffer from some type ofdamage and some of the projectile points I classified as “complete” suffer from minor damage tothe tip of the point or elsewhere. The use of damaged points can greatly increase the availablesample size for studies, which is often a major limitation in projectile point studies.Landmark configurations can vary significantly, depending on what the analysis is designedto measure and on the point type. Most projectile point landmark analyses incorporate bothlandmarks and semilandmarks. The difference being that landmarks are placed on homologouspoints (notches, corners, etc.) and semilandmarks are placed equidistantly along a curve or line.Most of the area of a projectile point is usually in the blade—the portion above the notches. Thebase of the point, the portion below the notches, is also the hafting element. For projectile pointtypologies, the base of the point usually contains the most important elements for determiningthe type—notching style and basal shape being the two major elements. Thus, if most of thelandmarks or semilandmarks are on the blade margins then the base of the point is not gettingas much coverage. It is more than just tradition that the base gets the most attention. Haftinga point is an important technological choice, more so than how long the point is. Furthermore,projectile points can be resharpened. Resharpening the blade margins can modify the shape ofthe blade and change its appearance.While it is possible tomodify the base of the point and evenconvert a side-notched point into a corner-notched point and vice-versa, it is unlikely that thishappened regularly with the small arrowpoints used in this study (Loendorf et al., 2019). Becauseit is necessary to incorporate different landmarking procedures for each projectile point shape, Iseparated the projectile points into three classes: side-notched, corner-notched, and triangular.For this study, I combined stemmed points into the corner-notched category.Because of the vagaries of placing landmarks, I used two configurations in this study. In thefirst configuration, the full outline was used. In the second configuration, I used what I term the“corner” of the projectile point. Figure 7 shows the first landmark configurations. For simplic-ity, I will refer to both landmarks and semilandmarks in the following discussion as landmarks.The landmark configuration was designed to place fewer landmarks along the blade margins and
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Figure 7 – Comparison of the full outline landmarks for corner-notched, side-notchedand triangular shaped projectile points from Justice’s (2002) projectile point illustrations.Red dots indicate the mean location for each of the landmarks.
more landmarks along the notches and the base. Separate curves were placed between the tipof the point and the notches and the notches and the base (or the tip and the base for triangularprojectile points), and landmarks were placed at equidistant locations along the curves. The sec-ond configuration is much sparser (figure 8). The landmarks were placed only on the right side ofthe point. For the side-notched and corner-notched projectile points, landmarking started fromthe top of the notch, moved to the middle of the notch and then the bottom portion of thenotch. For corner-notched points, this last landmark marked the right corner of the point, butfor side-notched points an additional landmark was needed to mark the base of the point. Thefinal landmark was placed at the center of the basal margin. Triangular points differed by placingthe first landmark in the center of the blade margin. The first approach contains between 30 and42 landmarks that cover the entire point outline, whereas the second ranges from 3 to 5 land-marks that cover only a portion of the projectile point. These extremes were chosen to providesignificant contrast between approaches.

4. Results
4.1. Justice Projectile Points

The first step in the analysis was to determine how well projectile points typed by Justicecould be correctly assigned using GM methods. Linear discriminant analysis (LDA) was used totype the projectile points using the GM results. A general target of 0.85 was arbitrarily chosenas a minimum target for acceptable results—meaning that 85% of the projectile points were
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Figure 8 – Comparison of the projectile point corner’s landmarks for corner-notched,side-notched and triangular shaped points from Justice’s (2002) projectile point illustra-tions. Red dots indicate the mean location for each of the landmarks.

classified correctly. As mentioned previously, Justice placed each projectile point type into acluster. Presumably, projectile point types in the same cluster should be more closely relatedthan they are to projectile point types in other clusters. This gives another level of comparisonthat was used in addition to the types.
The original intent was to compare EFA versus semilandmarks placed at equidistant locationsaround the outline. However, these results were unsatisfactory, and a more traditional landmarkanalysis was also completed. Because the number and placement of landmarks has a significantimpact on the outcome of the study, two different landmark configurations were used. Tables 2,3, and 4 show the LDA results by type, cluster, and by shape—the column and row means arealso included. These tables will be referred to in the sections that follow.
Part of the reason the resultswere unsatisfactory for the EFA and semilandmarkswas that theLDA analysis had trouble discriminating between notched and unnotched projectile points andbetween side-notched and corner-notched points. These are some of themost basic distinctionsthat are made when analyzing projectile points. While it would be convenient if the analysis didnot require an additional step, it is not difficult to separate the projectile points into these basicshapes prior to the GM analysis. Table 2 shows the accuracy of EFA and semilandmark analysisfor identifying each type of shape. The landmark analysis was not compared as each shape useda different landmark configuration. The primary challenge was identifying side-notched fromtriangular points.
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Table 2 – Linear Discriminant Analysis Results for Projectile Point Shapes
Shape EFA semiLdk Mean
Corner-notched 0.88 0.91 0.90Side-notched 0.65 0.74 0.70Triangular 0.76 0.59 0.68Mean 0.76 0.75

Table 3 – Linear Discriminant Analysis Results for Projectile Point Types
Type EFA semiLdk Ldk Ldk-corner Mean
Chaco Corner Notched 0.56 0.89 0.85 0.85 0.79Cottonwood Triangular 0.38 0.38 1.00 0.75 0.63Guadalupe 0.75 0.83 0.93 0.93 0.86Pueblo Alto Side Notched 0.86 0.71 1.00 1.00 0.89Pueblo Side Notched Concave Base 0.44 0.78 0.73 0.73 0.67
Pueblo Side Notched Straight Base 0.57 0.57 0.43 0.71 0.57Snaketown Triangular Concave Base 0.78 0.89 0.78 0.89 0.84Tularosa Corner Notched 0.77 0.69 0.60 0.80 0.72Mean 0.64 0.72 0.79 0.83

Table 4 – Linear Discriminant Analysis Results for Projectile Point Clusters
Cluster EFA semiLdk Ldk Ldk-corner Mean
Chaco 0.81 0.88 0.92 0.92 0.88Cienega 0.69 0.69 0.60 0.80 0.70Livermore 0.83 0.75 0.93 0.93 0.86Pueblo Side Notched 0.75 0.56 0.89 1.00 0.80Snaketown 0.78 0.89 0.78 0.89 0.84
Western Triangular 0.38 0.50 1.00 0.75 0.66Mean 0.71 0.71 0.85 0.88

4.1.1. Elliptical Fourier Analysis. The EFA analysis was conducted using the Momocs packages(Bonhomme et al., 2014) in R (R Core Team, 2022). The first step was to calculate the numberof harmonics to use. In this case 12 harmonics described 99% of the variation in the projectilepoint outlines. Next, the EFA function was used on each projectile point, and then a PCA wasused to reduce the dimensionality of the data. Figure 9 shows the results of the PCA analysis.A useful feature of PCA plots using these data is that the morphospace can be plotted with thePCA results. The morphospace shows how the shapes vary along each axis of the PCA. In thiscase, PC1 (the first principal component) varies between short, wide projectile points and long,narrow points. Some of shapes on the top and bottom left have inverted into impossible shapes,but note that no projectile points fall into these areas. PC2 varies primarily from stemmed pointsto side-notched projectile points.The first objective for the analysis of the Justice projectile points is to determine howwell thedifferent point types can be discriminated. Meaning, how well can GM methods classify theseprojectile points into their original categories. The LDA results were far from the target goal of0.85 for most projectile point types, and only one type (Pueblo Alto Side Notched—0.86) met thetarget (see EFA results in Table 3). The LDA results were better when the projectile point typeswere grouped into clusters, as shown in Table 4; however, none of the clusters met the target
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Figure 9 – Principal components (PC) plot showing projectile points from Justice (2002)and the morphospace based on an elliptical Fourier analysis. The projectile points arelabeled by the cluster assigned by Justice. The barchart in bottom right corner displaysproportion each PC contributes to total variance.

of 0.85. Even more disconcerting were the results shown in Table 2, as only the corner-notchedprojectile points were discriminated with an accuracy greater than the target.The differences in classification accuracy between corner-notched, side-notched, and trian-gular projectile points can perhaps best be explained by examining the mean shapes of eachpoint, as generated through EFA. Figure 10 shows the mean shapes for the selected projectilepoint types. These are the mathematically average shapes when all of the projectile points in thetype are combined. This has a tendency to average out the notches for the side-notched points,as the placement of these notches vary in height. Pueblo Alto Side Notched points appear tobe an exception to the side-notched problem, as they have the highest classification accuracy.Corner notched and stemmed points must, by definition, always have their notches or stems inthe same location, even though the shape of the notches and stems still varies. This explains whyit is easier to discriminate them from other point types. As for the side-notched and triangularpoints, sometimes the notches are subtle and the notches are only a small part of thewhole form,which is clearly not a strong enough element to separate triangular and side-notched points con-sistently.
4.1.2. Semilandmarks. Analyzing projectile points using semilandmarks is comparable to the EFAanalysis. The major analytical choice is how many landmarks to use. Each projectile point isrepresented by a varied number of coordinates that represent its outline. The number of pointsmust be standardized so that each projectile point has an identical number of coordinates, whichis done using the Momocs package. The choice of how many points to use does affect the GManalysis. To solve this problem, I tried different numbers of semilandmarks varying from 10 to
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Figure 10 – Mean shapes by projectile point type using elliptical Fourier analysis.
100. More than 100 points appears to no longer have a substantial effect on the results. Eachprojectile point was sampled multiple times and then all of the points were classified using LDAaccording to the same procedures used for the EFA analysis. The results of this test ranged from65% accuracy (10 points) to 73% accuracy (30 points—the number used for the final analysis)with points higher than 30 consistently measuring in at 64% accuracy.The PCA components had similar dimensions of variation as the EFA analysis (see figure 11).The major improvement in accuracy (the ‘semiLdk’ column of Tables 2-4) is perhaps due to thebetter alignment generated by the GPA procedure, but that is only speculation.Regardless of the reason, a jump from 64% classification to 72% between the EFA and semi-landmark analysis is a substantial improvement. It does not reach the target of greater than 85%classification accuracy, but it is a step in the right direction. The mean shapes are nearly identi-cal to the EFA analysis, which indicates that this method suffers from the same problems withside-notched and triangular projectile points, but it does a somewhat better job differentiatingcorner-notched and side-notched points. Curiously, it does a worse job differentiating triangularpoints. The side-notches are the likely culprit.
4.1.3. Landmarks. Neither the semilandmarks nor EFA adequately distinguished between pointtypes or between point shapes. Identifying notches was particularly troublesome. A solution tothis problem was to use landmarks and explicitly identify the notches or lack of notches. Nocomparison was made between projectile point shapes (i.e., triangular versus side-notched) us-ing landmark analysis, as initial experiments determined that it was best to use different land-mark procedures for the different shapes. Perhaps machine learning may solve this problem(see Castillo Flores et al., 2019; MacLeod, 2018; Nash and Prewitt, 2016). Triangular projectilepoints require a different approach than side-notched points, and even side-notched and corner-notched/stemmed points require different procedures.
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Figure 11 – Principal Components (PC) plots showing projectile points from Justice(2002) and the morphospace based on a semilandmark generalized procrustes alignment.The projectile points are labeled by the cluster assigned by Justice. The barchart in bot-tom right corner displays proportion each PC contributes to total variance.

The LDA results for the first landmark configuration (Ldk in Tables 3-4) are much better thanEFA and better than the semilandmark analysis, but still not as accurate as desired. The biggestunderperformer by far was Pueblo Side Notched Straight Base at 0.43. All of the previous analy-ses struggled to capture basal shape distinctions, but this analysis struggled more so, as the baseis a critical component of this type. What is particularly notable is that Cottonwood Triangularprojectile points were classified perfectly whereas they were previously the worst performingtype in the EFA and semilandmark analyses. As Table 4 shows, the cluster assignments performedwell. If Cienega points were not so problematic, then the results would be excellent.
The final analysis used the second landmark configuration—the projectile point corners. Theseresults proved superior to the first landmark configuration and are almost 20% higher in accuracythan the EFA results on average. The lowest type for accuracy was again Pueblo Side NotchedStraight Base, but it improved from the first landmark configuration to 0.71 from 0.43. The ac-curacy results were more consistent and accurate. With some additional experimentation onlandmark placement, this configuration could likely achieve better results and meet the targeted0.85 accuracy.
Not only did landmark analysis provide superior accuracy, but it will also make it easier to uselarger sample sizes. Presumably, notching style is an important attribute that should be capturedin the analysis. If EFA or the semilandmark analysis as conducted here fails to sufficiently em-phasize the notches, then these methods are insufficient for classifying projectile points. Whilelandmark analysis is more time-consuming, the use of the second configuration does reduce theburden of landmarking.
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Figure 12 – Bipartite network graph displaying assigned projectile point clusters for side-notched and triangular projectile points in Tonto Basin and Tonto Basin sites. The circlesrepresent cluster designations by shape (e.g., side = side-notched and tri = triangular).The squares represent sites. The links between squares and circles show which pointclusters are found at which sites.

4.2. Tonto Basin Projectile Points
The initial intent was to classify the Tonto Basin projectile points using the analysis of theJustice projectile points; however, the limited sample size limits the validity of the exercise. Theanalysis was not futile though, as the second landmark configuration using the corners of theprojectile points proved the most effective. I therefore used the same landmark configuration toanalyze the projectile points from Tonto Basin. The results of the GPA and PCA analysis wereused in a hierarchical cluster analysis using Ward’s method (see Murtagh and Legendre, 2014).Figure 12 is a network graph showing the results. This graph shows the assigned projectile pointtypes from the cluster analysis with connections from every Tonto Basin site where that pro-jectile point was found to the assigned type. Several sites in Tonto Basin only had one or twotypes of projectile points (low sample sizes were again problematic), but some of the larger, well-excavated sites shared all or most of the projectile point types. It is beyond the purpose of thisstudy to explore the patterns in this data, but the methods clearly provide useful data for ex-ploratory analysis.
The final question I wished to address in this study was whether it was necessary to use atypology in a GM analysis of projectile points. There are many ways to answer this question,but in short, the answer is no. That does not mean typologies are not useful, but they can maskimportant variation. The following is one way to approach analyzing projectile points withoutusing a typology.
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Figure 13 – Network graph displaying side-notched projectile points from Tonto Basinas nodes with ties showing the morphometric distance (euclidean distance in PrincipalComponent space) between projectile points. Darker colors represent stronger ties. Notethat only the strongest 10% of ties are shown.
Because the results of the GM analyses can be projected into multidimensional space, thedistance between these values is meaningful and can be directly compared. One way to flat-ten multidimensional space into two dimensions is to calculate the Euclidean distance betweeneach point and display the results as a network graph, as in figures 13 and 14. This way eachpoint can be compared directly without grouping the projectile points into types. The results aremessier than neatly fitting each point into a single type, but subtle variation in morphology iseasier to visualize this way. The results should only be interpreted as a visual aid. The closer theprojectile points are to each other, the more similar they are in shape, keeping in mind that onlythe corners of the projectile points (from the notches down for the side-notched points) wereused in this analysis. Many of the points clustered closely together, indicating a common shapeacross the sites. The side-notched points have a particularly large cluster of typical Hohokamside-notched points. Yet there are also a large number of projectile points that do not closelymatch the other points, which indicates that there is also a lot of variation. This variation mayrepresent idiosyncracies, exchange, migration, novice knappers, or a different intention for thepoint. Regardless of the purpose, the GM analysis better captures the “otherness” of a projectilepoint than classifying a point as other/unknown or worse, forcing it into a category it does notbelong in.The clustering analysis provided several different projectile point types and provided anoverview of what sites shared similar projectile points. This type of analysis can be combinedwith architectural or other data to look for correlations or patterns that provide insights intothe behavior of the people who made and used these projectiles. Yet the analyst must take careto ensure the clustering groups are appropriately sized and the results make sense. One wayto view the data more closely is to look at a distance network graph to view the variation inmorphometric shape. This way typological distinctions will not mask the variation.
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Figure 14 – Network graph displaying triangular projectile points from Tonto Basin asnodes with ties showing themorphometric distance (euclidean distance in Principal Com-ponent space) between projectile points. Darker colors represent stronger ties. Note thatonly the strongest 10% of ties are shown.
5. Conclusion

The purpose of this paper was to evaluate geometric morphometric methods for analyzingprojectile points in the Southweset U.S. These analyses provided significant variation in theirresults, yet they also demonstrated positive results. While EFA underperformed all of the otheranalyses, a different dataset may favor this analysis. Some of the types performed better for EFAthan other types, which suggests that EFA may be the optimal choice for some datasets. Indeeda recent case study found that EFA performed comparable to or better than landmark analysisin several case studies (Matzig et al., 2021). A clear result from this exploratory analysis is thatGM analysis is not a one-size-fits-all approach. Better results were obtained from a full outlineapproach using semilandmarks, which raises interesting theoretical questions I am unable to ad-dress here but would be worthwhile to pursue further. More traditional landmark approachesperformed better, likely because the outline approaches failed to identify side-notches consis-tently. In this case, a landmark/semilandmark method using the corner of the projectile point—from the base to the middle of the basal margin or from the middle of the blade if the point istriangular—proved to be the most useful method. The main advantage of this method was thatit provided the most accurate reproduction of Justice’s original classification of the projectilepoints. Another advantage is that broken points are easier to use with this method. If one halfof the point is missing, either the top or the lateral margin, it does not affect the analysis. This in-creases the number of points available for analysis tremendously compared to only using wholepoints. The final advantage, though minor, is that the landmarking analysis is simple and onlyrequires three to five landmarks.I mentioned how difficult it is to conduct regional analyses with projectile points in the U.S.Southwest. The main difficulty is harmonizing existing typologies and then fitting new projectile
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points into this typology. While the sample size available for this study was too small to attemptclassifying the Tonto Basin points according to Justice’s typology, it would be possible to do sowith thesemethods given enough data. However, this paper also demonstrated that it is possibleto type projectile points using common clustering methods which may better capture the vari-ation in projectile point morphology than previously used types. Furthermore, it is possible toanalyze projectile points without resorting to types. The distances between projectile point mor-phologies can be computed and compared directly. These distances could even be aggregatedand summarized regionally. The main challenge for the regional analysis is obtaining the projec-tile point outlines or landmarks. Once these are obtained, thousands of points can be analyzedand assigned to clusters relatively quickly.Compared to a traditional analysis of linear metrics and weights, a GM analysis can capturemuch more information and provide more informative ways to analyze and visualize the data.The visualization capabilities of GM is one of its greatest strengths, as it allows the analyst to seethe data they are working with, visually validate their results, and share their findings in visuallycompelling ways. Additionally, this analysis is more reproducible and adaptable than traditionallithic analyses. While the analyst still has a lot of control over a GM analysis, the results shouldbe less biased than analyses based on visual type comparisons.
Acknowledgements

Special thanks to Zac Selden, Michael Shott, Bernard Means, and Loren Davis for teachinga geometric morphometric workshop that was my first major introduction to these methods.Joshua Watts, Matthew Peeples, Melissa Powell, Christopher Caseldine, and several volunteersassisted with this research. Preprint version 8 of this article has been peer-reviewed and rec-ommended by PCI Archaeology (Burke, 2023, https://doi.org/10.24072/pci.archaeo.100315). Ithank the PCI Archaeology editor and the reviewers for their time and feedback that improvedthe quality of this paper, as well as the editors of Peer Community Journal.
Data, scripts, and supplementary information availability

All relevant data and scripts are available at the following DOI: https://doi.org/10.17605/
OSF.IO/ZGE9Q (Bischoff, 2022) and on GitHub at
https://github.com/bischrob/TontoBasinPoints. The R code used in the analysis is includedin the manuscript.Rmd file used to create this manuscript, although some lines have been com-mented out to improve efficiency.

Conflicts of interest disclosure
The author declares that they comply with the PCI rule of having no financial conflicts ofinterest in relation to the content of the article.

References
Archer W, Pop CM, Rezek Z, Schlager S, Lin SC, Weiss M, Dogandžić T, Desta D, McPherronSP (2018). A geometric morphometric relationship predicts stone flake shape and size variability.Archaeological and Anthropological Sciences 10, 1991–2003.Bernardini W (2005). Hopi Oral Tradition and the Archaeology of Identity. Tucson: University ofArizona Press.Bischoff RJ (2022). Supplemental materials for paper: GeometricMorphometric Analysis of ProjectilePoints from the Southwest United States. https://doi.org/10.17605/OSF.IO/ZGE9Q.Bischoff RJ, Allison JR (2020). Rosegate Projectile Points in the Fremont Region. Utah Archaeology33, 7–48. https://doi.org/10.31235/osf.io/dwrba.Bonhomme V, Picq S, Gaucherel C, Claude J (2014).Momocs: Outline Analysis Using R. Journal ofStatistical Software, Articles 56, 1–24. https://doi.org/10.18637/jss.v056.i13.

20 Robert J. Bischoff

Peer Community Journal, Vol. 3 (2023), article e80 https://doi.org/10.24072/pcjournal.312

https://doi.org/10.24072/pci.archaeo.100315
https://doi.org/10.17605/OSF.IO/ZGE9Q
https://doi.org/10.17605/OSF.IO/ZGE9Q
https://github.com/bischrob/TontoBasinPoints
https://doi.org/10.17605/OSF.IO/ZGE9Q
https://doi.org/10.31235/osf.io/dwrba
https://doi.org/10.18637/jss.v056.i13
https://doi.org/10.24072/pcjournal.312


Buchanan B, ErenMI, BoulangerMT, O’BrienMJ (2015). Size, Shape, Scars, and Spatial Patterning:a Quantitative Assessment of Late Pleistocene (Clovis) Point Resharpening. Journal of Archaeolog-ical Science: Reports 3, 11–21. https://doi.org/10.1016/j.jasrep.2015.05.011.Buchanan B, Hamilton MJ, Hartley JC, Kuhn SL (2019). Investigating the Scale of Prehistoric SocialNetworksUsing Culture, Language, and Point Types inWesternNorth America.Archaeological andAnthropological Sciences 11, 199–207. https://doi.org/10.1007/s12520-017-0537-y.Burke AL (2023). 2D Geometric Morphometrics of Projectile Points from the Southwestern UnitedStates. Peer Community in Archaeology. https://doi.org/10.24072/pci.archaeo.100315.Caple J, Byrd J, Stephan CN (2017). Elliptical Fourier Analysis: Fundamentals, Applications, andValue for Forensic Anthropology. International Journal of LegalMedicine131, 1675–1690. https:
//doi.org/10.1007/s00414-017-1555-0.Cardillo M (2010). Some Applications of Geometric Morphometrics to Archaeology. In:Morphomet-rics for Nonmorphometricians. Ed. by Ashraf M T Elewa. Berlin: Springer, pp. 325–341. https:
//doi.org/10.1007/978-3-540-95853-6.Castillo Flores F, García Ugalde F, Luis Punzo Díaz J, Zarco Navarro J, Gastelum-strozzi, Alfonso,Del pilar Angeles M, Nakano Miyatake M (2019). Computer Algorithm for Archaeological Pro-jectile Points Automatic Classification. Journal on Computing and Cultural Heritage (JOCCH) 12,19. https://doi.org/10.1145/3300972.Charlin J, González-José R (2018). Testing an Ethnographic Analogy Through Geometric Morpho-metrics: A Comparison Between Ethnographic Arrows and Archaeological Projectile Points fromLate Holocene Fuego-Patagonia. Journal of Anthropological Archaeology 51, 159–172. https:
//doi.org/10.1016/j.jaa.2018.06.008.Clark JJ, Birch JA, Hegmon M, Mills BJ, Glowacki DM, Ortman SG, Dean JS, Gauthier R, LyonsPD, Peeples MA, Borck L, Ware JA (2019). Resolving the Migrant Paradox: Two Pathways toCoalescence in the Late Precontact U.S. Southwest. Journal of Anthropological Archaeology 53,262–287. https://doi.org/10.1016/j.jaa.2018.09.004.Colton HS (1956). Pottery Types of the Southwest. Museum of Northern Arizona Ceramic SeriesNo. 3c. Flagstaff, Arizona: Museum of Northern Arizona.De Groote I (2011). Femoral Curvature in Neanderthals and Modern Humans: A 3D Geometric Mor-phometric Analysis. Journal of Human Evolution 60, 540–548. https://doi.org/10.1016/j.
jhevol.2010.09.009.Duff AI (1996). Ceramic micro-Seriation: Types or Attributes? American Antiquity 61, 89. https:
//doi.org/10.2307/282304.Fisher PR (2018). Understanding Culture History using Topographic Morphometrics of Lithic Pro-jectile Points: Paleoindian Case Studies from the Great Plains and Northern Alaska. PhD thesis.Department of Anthropology, Washington State University, Pullman.FoxAN (2015).AStudy of LateWoodlandProjectile Point Typology inNewYork using Elliptical FourierOutline Analysis. Journal of Archaeological Science: Reports 4, 501–509. https://doi.org/10.
1016/j.jasrep.2015.10.022.Gingerich JAM, Sholts SB,Wärmländer SKTS, Stanford D (2014). Fluted pointmanufacture in east-ern North America: an assessment of form and technology using traditional metrics and 3D digitalmorphometrics. World Archaeology 46, 101–122. https://doi.org/10.1080/00438243.
2014.892437.Gladwin W, Gladwin HS (1930). Some Southwestern Pottery Types: Series II.Medallion Papers.Gower JC (1975). Generalized Procrustes Analysis. Psychometrika 40, 33–51.Gunz P, Mitteroecker P, Neubauer S, Weber GW, Bookstein FL (2009). Principles for the virtualreconstruction of hominin crania. Journal of Human Evolution 57, 48–62. https://doi.org/
10.1016/j.jhevol.2009.04.004.Hargrave LL (1932). Guide to Forty Pottery Types from the Hopi Country and the San FranciscoMountains, Arizona. Vol. Museum of Northern Arizona Bulletin, No. 1. Flagstaff.HegmonM, Freeman J, Kintigh KW, Nelson MC, Oas S, Peeples MA, Torvinen A (2016).MarkingandMaking Differences: Representational Diversity in the U.S. Southwest. American Antiquity 81,253–272. https://doi.org/10.7183/0002-7316.81.2.253.

Robert J. Bischoff 21

Peer Community Journal, Vol. 3 (2023), article e80 https://doi.org/10.24072/pcjournal.312

https://doi.org/10.1016/j.jasrep.2015.05.011
https://doi.org/10.1007/s12520-017-0537-y
https://doi.org/10.24072/pci.archaeo.100315
https://doi.org/10.1007/s00414-017-1555-0
https://doi.org/10.1007/s00414-017-1555-0
https://doi.org/10.1007/978-3-540-95853-6
https://doi.org/10.1007/978-3-540-95853-6
https://doi.org/10.1145/3300972
https://doi.org/10.1016/j.jaa.2018.06.008
https://doi.org/10.1016/j.jaa.2018.06.008
https://doi.org/10.1016/j.jaa.2018.09.004
https://doi.org/10.1016/j.jhevol.2010.09.009
https://doi.org/10.1016/j.jhevol.2010.09.009
https://doi.org/10.2307/282304
https://doi.org/10.2307/282304
https://doi.org/10.1016/j.jasrep.2015.10.022
https://doi.org/10.1016/j.jasrep.2015.10.022
https://doi.org/10.1080/00438243.2014.892437
https://doi.org/10.1080/00438243.2014.892437
https://doi.org/10.1016/j.jhevol.2009.04.004
https://doi.org/10.1016/j.jhevol.2009.04.004
https://doi.org/10.7183/0002-7316.81.2.253
https://doi.org/10.24072/pcjournal.312


Herzlinger G, Goren-Inbar N, Grosman L (2017). A new method for 3D geometric morphometricshape analysis: The case study of handaxe knapping skill. Journal of Archaeological Science: Re-ports 14, 163–173. https://doi.org/10.1016/j.jasrep.2017.05.013.Hoffman CM (1997). Alliance Formation and Social Interaction During the Sedentary Period: a Stylis-tic Analysis of Hohokam Arrowpoints. PhD thesis. Department of Anthropology, Arizona StateUniversity, Tempe.Hoggard CS,McNabb J, Cole JN (2019). TheApplication of Elliptic Fourier Analysis in UnderstandingBiface Shape and Symmetry Through the British Acheulean. Journal of Paleolithic Archaeology 2,115–133. https://doi.org/10.1007/s41982-019-00024-6.Iovita R (2011). Shape Variation in Aterian Tanged Tools and the Origins of Projectile Technology: AMorphometric Perspective on Stone Tool Function. PloS One 6, e29029. https://doi.org/10.
1371/journal.pone.0029029.Iovita R, McPherron SP (2011). The Handaxe Reloaded: a Morphometric Reassessment of Acheulianand Middle Paleolithic Handaxes. Journal of Human Evolution 61, 61–74. https://doi.org/
10.1016/j.jhevol.2011.02.007.James Rohlf F (2015). The Tps series of software. Hystrix 26, 1–4. https://doi.org/10.4404/
hystrix-26.1-11264.Justice ND (2002). Stone Age Spear and Arrow Points of the Southwestern United States. Blooming-ton, Indiana: Indiana University Press.Kidder AV (1915). Pottery of the Pajarito Plateau and of some adjacent regions in New Mexico.Vol. Memoirs of the American Anthropological Association, vol. 2, part 6. New Haven.Kocer JM, Ferguson JR (2017). Investigating Projectile Point RawMaterial Choices and Stylistic Vari-ability in the Gallina Area of Northwestern New Mexico. The KIVA 83, 532–554. https://doi.
org/10.1080/00231940.2017.1391599.Kuhl FP, Giardina CR (1982). Elliptic Fourier Features of a Closed Contour. Computer Graphics andImage Processing 18, 236–258.Loendorf C, Rice GE (2004). Projectile Point Typology Gila River Indian Community, Arizona. An-thropological Research Papers No. 2. Sacaton, Arizona: Gila River Indian Community CulturalResource Management Program.Loendorf C, Rogers T, Oliver TJ, Huttick BR, Denoyer A, Kyle Woodson M (2019). ProjectilePoint Reworking: An Experimental Study of Arrowpoint Use Life. American Antiquity 84, 353–365. https://doi.org/10.1017/aaq.2018.87.Lycett SJ, Cramon-Taubadel Nv, Gowlett JAJ (2010). A Comparative 3D Geometric MorphometricAnalysis of Victoria West Cores: Implications for the Origins of Levallois Technology. Journal ofArchaeological Science 37, 1110–1117. https://doi.org/10.1016/j.jas.2009.12.011.MacLeod N (2017). Morphometrics: History, Development Methods and Prospects. Zoological Sys-tematics 42, 4–33. https://doi.org/10.11865/zs.201702.MacLeod N (2018). The Quantitative Assessment of Archaeological Artifact Groups: Beyond Geo-metric Morphometrics. Quaternary Science Reviews 201, 319–348. https://doi.org/10.
1016/j.quascirev.2018.08.024.Martin PS, Willis ES (1940). Anasazi Painted Pottery in Field Museum of Natural History. Vol. An-thropological Memoir,5. Chicago: Field Museum of Natural History.Matzig DN, Hussain ST, Riede F (2021). Design Space Constraints and the Cultural Taxonomy ofEuropean Final Palaeolithic Large Tanged Points: A Comparison of Typological, Landmark-Basedand Whole-Outline Geometric Morphometric Approaches. Journal of Paleolithic Archaeology 4,27. https://doi.org/10.1007/s41982-021-00097-2.Mills BJ, Roberts JM, Clark JJ, Haas WR, Huntley DL, Peeples MA, Trowbridge M, Borck L, RyanSC, Breiger RL (2013). The Dynamics of Social Networks in the Late Prehispanic U.S. Southwest.In: Network Analysis in Archaeology: New Approaches to Regional Interaction. Ed. by Carl Knap-pett. Oxford: Oxford University Press, pp. 181–202. https://doi.org/10.1093/acprof:
oso/9780199697090.003.0008.Murtagh F, Legendre P (2014). Ward’s Hierarchical Agglomerative Clustering Method: Which Algo-rithms Implement Ward’s Criterion? Journal of Classification 31, 274–295. https://doi.org/
10.1007/s00357-014-9161-z.

22 Robert J. Bischoff

Peer Community Journal, Vol. 3 (2023), article e80 https://doi.org/10.24072/pcjournal.312

https://doi.org/10.1016/j.jasrep.2017.05.013
https://doi.org/10.1007/s41982-019-00024-6
https://doi.org/10.1371/journal.pone.0029029
https://doi.org/10.1371/journal.pone.0029029
https://doi.org/10.1016/j.jhevol.2011.02.007
https://doi.org/10.1016/j.jhevol.2011.02.007
https://doi.org/10.4404/hystrix-26.1-11264
https://doi.org/10.4404/hystrix-26.1-11264
https://doi.org/10.1080/00231940.2017.1391599
https://doi.org/10.1080/00231940.2017.1391599
https://doi.org/10.1017/aaq.2018.87
https://doi.org/10.1016/j.jas.2009.12.011
https://doi.org/10.11865/zs.201702
https://doi.org/10.1016/j.quascirev.2018.08.024
https://doi.org/10.1016/j.quascirev.2018.08.024
https://doi.org/10.1007/s41982-021-00097-2
https://doi.org/10.1093/acprof:oso/9780199697090.003.0008
https://doi.org/10.1093/acprof:oso/9780199697090.003.0008
https://doi.org/10.1007/s00357-014-9161-z
https://doi.org/10.1007/s00357-014-9161-z
https://doi.org/10.24072/pcjournal.312


Nash BS, Prewitt ER (2016). The Use of Artificial Neural Networks in Projectile Point Typology. LithicTechnology 41, 194–211. https://doi.org/10.1080/01977261.2016.1184876.Okumura M, Araujo AGM (2019). Archaeology, Biology, and Borrowing: a Critical Examination ofGeometricMorphometrics inArchaeology. Journal of Archaeological Science101, 149–158. https:
//doi.org/10.1016/j.jas.2017.09.015.Oliver TJ, SimonAW (1997). Flaked- andCarved-stoneAssemblages fromU:4:33/132, TheCline Ter-race Mound. In: A Salado Platform Mound on Tonto Creek, Roosevelt Platform Mound Study: Re-port on the Cline Terrace Mound, Cline Terrace Complex. Ed. by David Jacobs. Roosevelt Mono-graph Studies 7. Tempe, Arizona: Department of Anthropology, Arizona State University.,pp. 363–407.Palaniswamy S, Thacker NA, Klingenberg CP (2010). Automatic identification of landmarks in dig-ital images. IET Computer Vision 4, 247–260. https://doi.org/10.1049/iet-cvi.2009.
0014.Peeples MA (2018). Connected Communities: Networks, Identity, and Social Change in the AncientCibola World. Tucson: University of Arizona Press.Petřıék J, Sosna D, Prokeš L, Štefanisko D, Galeta P (2018). Shape matters: assessing regionalvariation of Bell Beaker projectile points in Central Europe using geometric morphometrics. Ar-chaeological and Anthropological Sciences 10, 896–904. https://doi.org/10.1007/s12520-
016-0423-z.R Core Team (2022). R: A Language and Environment for Statistical Computing. R Foundation forStatistical Computing, Vienna, Austria.Rice GE (1994). Projectile Points, Bifaces, and Drills. In: Archaeology of the Salado in the LivingstonArea of Tonto Basin, Roosevelt Platform Mound Study: Report on the Livingston ManagementGroup, Pinto Creek Complex. Part 2. Ed. by Glen E Rice. Roosevelt Monograph Series 3. Tempe:Department of Anthropology, Arizona State University, pp. 727–738. https://doi.org/10.
6067/XCV8HT2R9N.Rice Glen E, ed. (1998). A Synthesis of Tonto Basin Prehistory: The Roosevelt Archaeology Studies,1989 to 1998. Roosevelt Monograph Series 10 Anthropological Field Studies 40. Tempe: Ari-zona State University, Office of Cultural Resource Management, Dept. of Anthropology.Riede F, Hoggard C, Shennan S (2019). Reconciling Material Cultures in Archaeology with GeneticData Requires Robust Cultural Evolutionary Taxonomies. Palgrave Communications 5. https://
doi.org/10.1057/s41599-019-0260-7.Rohlf FJ, Slice D (1990). Extensions of the Procrustes Method for the Optimal Superimposition ofLandmarks. Systematic Biology 39, 40–59. https://doi.org/10.2307/2992207.Selden RZ, Dockall JE, Dubied M (2020). A Quantitative Assessment of Intraspecific Morphologi-cal Variation in Gahagan Bifaces from the Southern Caddo Area and Central Texas. SoutheasternArchaeology, 1–21. https://doi.org/10.1080/0734578X.2020.1744416.Shott MJ, Trail BW (2010). Exploring New Approaches to Lithic Analysis: Laser Scanning and Geo-metricMorphometrics. Lithic Technology 35, 195–220. https://doi.org/10.1080/01977261.
2010.11721090.Sliva RJ (2006). Projectile Points in Regional Perspective. In: Sunset Crater Archaeology: The Historyof a Volcanic Landscape. Stone, Shell, Bone, and Mortuary Analyses. Ed. by Mark D Elson. An-thropological Papers No. 31. Tucson: Center for Desert Archaeology, pp. 31–63.Smith HL, Smallwood AM, DeWitt TJ (2015). Defining the Normative Range of Clovis Fluted PointShape using Geographic Models of Geometric Morphometric Variation. In: Clovis: On the Edge ofa New Understanding. Ed. by Ashley M Smallwood and Thomas A Jennings. College Station,Texas: Texas A&M University Press, pp. 161–180.Tagg MD (1994). Projectile Points of East-Central Arizona: Forms and Chronology. In: Middle LittleColorado River Archaeology: From the Parks to the People. Ed. by Ann Trinkle Jones and MartynD Tagg. The Arizona Archaeologist No. 27. Phoenix: Arizona Archaeological Society, pp. 87–115.Thulman DK (2012). Discriminating Paleoindian Point Types from Florida using Landmark GeometricMorphometrics. Journal of Archaeological Science 39, 1599–1607. https : / / doi . org / 10 .
1016/j.jas.2012.01.004.

Robert J. Bischoff 23

Peer Community Journal, Vol. 3 (2023), article e80 https://doi.org/10.24072/pcjournal.312

https://doi.org/10.1080/01977261.2016.1184876
https://doi.org/10.1016/j.jas.2017.09.015
https://doi.org/10.1016/j.jas.2017.09.015
https://doi.org/10.1049/iet-cvi.2009.0014
https://doi.org/10.1049/iet-cvi.2009.0014
https://doi.org/10.1007/s12520-016-0423-z
https://doi.org/10.1007/s12520-016-0423-z
https://doi.org/10.6067/XCV8HT2R9N
https://doi.org/10.6067/XCV8HT2R9N
https://doi.org/10.1057/s41599-019-0260-7
https://doi.org/10.1057/s41599-019-0260-7
https://doi.org/10.2307/2992207
https://doi.org/10.1080/0734578X.2020.1744416
https://doi.org/10.1080/01977261.2010.11721090
https://doi.org/10.1080/01977261.2010.11721090
https://doi.org/10.1016/j.jas.2012.01.004
https://doi.org/10.1016/j.jas.2012.01.004
https://doi.org/10.24072/pcjournal.312


Watts J (2013). Traces of the Individual in Prehistory: Flintknappers and the Distribution of ProjectilePoints in the Eastern Tonto Basin, Arizona. Advances in Archaeological Practice 1, 25–36. https:
//doi.org/10.7183/2326-3768.1.1.25.

24 Robert J. Bischoff

Peer Community Journal, Vol. 3 (2023), article e80 https://doi.org/10.24072/pcjournal.312

https://doi.org/10.7183/2326-3768.1.1.25
https://doi.org/10.7183/2326-3768.1.1.25
https://doi.org/10.24072/pcjournal.312

