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This document provides full methodological detail and complete results for nine supplementary analyses referenced in the main text. All analyses were conducted on the same final dataset of 420 specimens and the same eleven-type classification (C1–C11) described in the main text (Section 2.2.4–2.2.5; Section 3.4). The R pipeline and code used to generate every result in this document are deposited at https://doi.org/10.5281/zenodo.20934739.
S1. Robustness of the Eleven-Type Classification
To assess whether the eleven-type PAM solution (Section 2.2.5) reflects a stable feature of the data rather than an artefact of a particular clustering run, three independent checks were performed: bootstrap resampling stability, agreement between adjacent values of k, and sensitivity to the exclusion of the two smallest-sampled sites.
S1.1 Bootstrap stability
The eleven-type PAM solution was refitted on 100 bootstrap resamples of the full dataset (resampling specimens with replacement, recomputing the Gower distance matrix and refitting PAM at k = 11 each time). For each original cluster, stability was quantified as the mean Jaccard coefficient between the original cluster and its best-matching counterpart across the 100 resamples (values above 0.75 are conventionally considered stable; 0.6–0.75 moderate; below 0.6 unstable).
	Type
	C1
	C2
	C3
	C4
	C5
	C6
	C7
	C8
	C9
	C10
	C11

	Mean Jaccard stability
	0.854
	0.985
	0.792
	0.978
	0.798
	0.609
	1.000
	0.750
	0.806
	0.854
	0.715


Table S1.1. Bootstrap (B = 100) Jaccard stability for each of the eleven morpho-technological types.
Nine of eleven types exceed the conventional 0.75 stability threshold, including the type with the smallest sample size (C8, n = 9, Jaccard = 0.750). Only C6 (0.609) falls into the moderately unstable range; this is consistent with the boundary ambiguity between C6 and C9 documented independently in S2 below and discussed in the main text (Section 4.3).
S1.2 Agreement across neighbouring values of k
PAM solutions at k = 10, 11, and 12 (prior to any post-hoc merging) were compared pairwise using the Adjusted Rand Index (ARI), which quantifies partition agreement independent of label permutation (1 = identical partitions; 0 = agreement no better than chance).
	Comparison
	ARI

	k = 10 vs. k = 11
	0.987

	k = 11 vs. k = 12
	0.991

	k = 10 vs. k = 12
	0.978


Table S1.2. Adjusted Rand Index between PAM solutions at adjacent values of k.
All three comparisons exceed ARI = 0.97, indicating that the partition structure is essentially unchanged across this range and that k = 11 is not an isolated local optimum of the silhouette criterion.
S1.3 Sensitivity to the two smallest-sampled sites
The full clustering procedure was re-run after excluding Seima (n = 10) and Ust-Vetluga (n = 9), the two smallest assemblages, retaining 401 specimens. The resulting partition was compared to the original eleven-type solution restricted to the same 401 specimens.
Agreement remained high (ARI = 0.987). Nine of the eleven types mapped cleanly one-to-one onto the reduced-sample solution with no specimens reassigned. Two types showed limited redistribution: in each case, the great majority of specimens remained in their original type, with a small number (one specimen in one case, eight in the other) redistributed into a residual class. This redistribution pattern is consistent with the same C6/C9 boundary ambiguity identified in S1.1 and S2, rather than indicating broader instability of the classification.
S2. Independent Full-Sample Validation of Type-Boundary Ambiguity
Sections 2.2.5 and 3.4 of the main text note that the original k = 12 PAM solution contained two clusters with fewer than ten specimens, one of which was retained and one merged following silhouette and visual inspection. As an independent check that does not rely on the discrete-attribute rules used elsewhere in this study to reconstruct the seven non-tanged types, a full-sample PAM clustering (k = 12, prior to merging) was fitted directly on the eight leading PCAmix axes and four discrete attributes, with each specimen's resulting cluster membership cross-tabulated against its assigned type.
Of 420 specimens, 410 (97.6%) fell unambiguously into a single PAM cluster matching their assigned type, with no specimens of any other type present in that cluster. The remaining ten specimens — and only these ten — fell into a small residual cluster (n = 10) that did not map cleanly onto any single type. Critically, all ten of these specimens share a single discrete attribute: an inverted-trapezoid tang shape. This is the identical pattern noted in the original analysis (main text, Section 4.3): inverted-trapezoid-tang specimens cannot be cleanly separated from C9 by tang shape alone (owing to a shared inversely-tapered shoulder configuration with C9) nor fully absorbed into C6 (triangular tang) by overall morphology.
This independent, full-sample clustering check — using continuous morphospace coordinates rather than the discrete rules used to assign the non-tanged types — corroborates two points: (i) the eleven-type structure is not an artefact of the reconstruction method used in this study, since 97.6% of specimens are placed identically regardless of whether discrete rules or unsupervised clustering on continuous coordinates is used; and (ii) the one genuine source of residual ambiguity in the classification is precisely the one the original analysis identified, not a new or different source of error introduced by reconstruction.

S3. CART Decision Tree: Discrete-Attribute and Continuous-Coordinate Versions
Section 2.2.4 reports a CART decision tree trained on discrete attributes (tang shape, base form, shoulder type, retouch extent) as a field-applicable identification key, achieving 84.3% ten-fold cross-validated accuracy. To test whether the eleven-type structure is recoverable from continuous morphospace alone — independent of any discrete attribute, and thus independent of any circularity in how several types were defined — a second CART tree was trained using only the eight leading PCAmix coordinate axes as predictors, with identical tree-growing and pruning procedures (rpart, cp selected by minimum cross-validated error; ten-fold cross-validation repeated via caret, and the cross-validated error already computed internally by rpart during tree growth, reported here as two convergent estimates).
	Predictor set
	Training accuracy
	10-fold CV (caret)
	10-fold CV (rpart internal)

	Discrete attributes (field key)
	98.8%
	96.2% (95% CI: 95.0–97.4%)
	97.9% (95% CI: 97.4–98.3%)

	PCAmix coordinates (structural check)
	90.7%
	77.6% (95% CI: 73.3–82.0%)
	80.2% (95% CI: 79.0–81.4%)


Table S3.1. CART decision tree accuracy for the discrete-attribute and PCAmix-coordinate predictor sets.
The PCAmix-coordinate version achieves 77.6–80.2% cross-validated accuracy with zero information about any discrete attribute, confirming that the eleven-type structure is recoverable directly from continuous morphospace and is not simply a relabelling of the discrete coding scheme. The discrete-attribute version reported in the main text remains the practically relevant one, since it is the version usable by a researcher without access to the full morphometric pipeline; its accuracy reflects the genuine, non-trivial boundary ambiguity documented in S1 and S2 above, rather than perfect circularity, because the original PAM classification (unlike the present reconstruction of the seven non-tanged types) was determined jointly by continuous coordinates and discrete attributes together.
S4. RV-Coefficient Stability Across Harmonic Number
Figure 5 of the main text reports RV-coefficient model fit at nb.h = 12, 18, and 24 harmonics, used to select 24 harmonics for all analyses. The complete values are given here for reference.
	Harmonic number (nb.h)
	RV coefficient (relative to nb.h = 24)

	12
	0.832

	18
	0.935

	24
	1.000 (reference)


Table S4.1. RV-coefficient comparing EFA shape-PCA solutions at nb.h = 12 and 18 against the nb.h = 24 solution used throughout the study.

S5. Partial Distance-Based Redundancy Analysis (Variance Partitioning Between Site and Hafting Template)
To assess whether site identity and hafting template (tang shape) make independent contributions to morphospace structure, or whether one is largely redundant with the other, two partial distance-based redundancy analyses (capscale; Euclidean distance on the eight leading PCAmix axes) were fitted: tang shape conditioned on site, and site conditioned on tang shape. Each tests whether the conditioning variable's effect remains significant after the other variable's variance has been removed.
	Model
	df
	Variance explained
	Residual variance
	Partial R²
	F
	p

	tang shape | site
	5
	6.227
	11.138
	0.359
	45.28
	0.001

	site | tang shape
	9
	0.857
	11.138
	0.071
	3.46
	0.001


Table S5.1. Partial distance-based redundancy analysis (999 permutations). Partial R² = variance explained / (variance explained + residual variance).
Both effects are independently significant (p = 0.001 in both directions), indicating that neither variable's contribution to morphospace position is reducible to the other. Tang shape (hafting template) explains substantially more independent variance (35.9%) than site identity does after conditioning on tang shape (7.1%), consistent with the main text's interpretation that the tanged/non-tanged division is the primary structuring axis of the dataset, with site-level structure operating as a secondary, more modest signal layered on top of it.
S6. Site Classification from Morphospace Coordinates
As a complementary check on the inter-site distance and Mantel results reported in Section 3.5, a multinomial classifier (five-fold cross-validation) was trained to predict site identity directly from the five leading PCAmix coordinates.
	Metric
	Value

	n
	420

	Baseline accuracy (majority-class prediction)
	0.350

	5-fold CV accuracy
	0.438

	Cohen's kappa
	0.259


Table S6.1. Five-fold cross-validated site classification accuracy from PCAmix coordinates.
Site can be predicted from morphospace position better than chance (accuracy exceeds the majority-class baseline, kappa = 0.259 indicating fair-to-moderate agreement beyond chance), but far from perfectly. This is consistent with the main text's finding of partial, non-exclusive site clustering (Section 3.1, Fig. 8): sites share substantial morphological overlap rather than occupying fully separable regions of morphospace, in line with the absence of a strong distance-decay signal reported in Section 3.5.
S7. Multivariate Outlier Detection (Mahalanobis Distance)
Mahalanobis distances were computed for all 420 specimens in the twelve-dimensional PCAmix coordinate space to identify multivariate outliers. Specimens were flagged at three nested thresholds based on the chi-squared distribution with twelve degrees of freedom (χ²(0.975) = 23.34; χ²(0.99) = 26.22; χ²(0.999) ≈ 32.9).
	Flag level
	Threshold
	n flagged
	Expected under multivariate normality

	2.5% high
	χ² > 23.34
	8
	~10.5

	1% very high
	χ² > 26.22
	15
	~4.2

	0.1% extreme
	χ² > 32.9 (approx.)
	27
	~0.4

	Total flagged
	—
	50 / 420 (11.9%)
	—


Table S7.1. Specimens flagged as multivariate outliers at three Mahalanobis-distance thresholds.
The number of specimens flagged at the two most stringent thresholds substantially exceeds the count expected under multivariate normality, particularly at the 0.1% level (27 observed vs. ~0.4 expected). This indicates genuine heavy-tailed, non-normal structure in the morphospace rather than a small number of isolated aberrant specimens, and is consistent with the heterogeneous, multi-source character independently attributed to several of these sites in the main text (Section 4.2). Flagged specimens are concentrated at Shaitanskoye Ozero II, Sintashta, Reshnoy, Kanning Cave, and Sopka-2/4B — the same sites characterised in the main text as either high-disparity aggregation locales or, in Reshnoy's case, hosting a strongly site-specific type (C8). The full list of flagged specimens with their Mahalanobis distances and site affiliations is available in the accompanying data file (mahalanobis_outliers_flagged.csv).
S8. SIMPER: Feature Contributions to Inter-Site Morphological Differences
To identify which morphometric features drive pairwise inter-site differences, a similarity percentages (SIMPER) analysis was conducted across all 45 site pairs, decomposing the average inter-individual distance between each pair of sites into the contribution of each input feature (the eight leading PCAmix-relevant shape PCs, plus the three curvature features: number of curvature peaks, maximum peak value, and mean peak curvature).
Across the great majority of the 45 site pairs, the dominant contributors are consistent: PC1, PC2, and PC7 are the leading contributors for most pairs, with PC13, PC4, PC6, PC8, PC18, and PC20 and mean curvature peak typically rounding out the top ten features. A distinct subset of pairs — principally those involving Ust-Vetluga, Sopka-2/4B, and Turbino — instead show the number of curvature peaks (n_peaks) as a leading or top-ranked contributor, distinguishing this group of sites from the rest along a different morphometric axis than the one separating most other site pairs. This is consistent with the C4-background grouping (Ust-Vetluga, Sopka-2, Turbino) identified by NMDS in the main text (Section 3.4): the same sites that cluster together in overall type composition are also the ones whose pairwise distances from other sites are driven by a distinguishable feature (curvature-peak count) rather than the PC1/PC2/PC7 axes that dominate elsewhere. Complete per-pair feature contributions for all 45 site pairs are provided in the accompanying data files (simper_top10_per_pair.csv; simper_all_pairs.csv).
S9. Canonical Variate Analysis and Hierarchical Clustering Method Comparison
S9.1 Canonical variate analysis
A canonical variate analysis (CVA) was performed on the site-grouped PCAmix coordinates to identify the linear combinations of axes that best discriminate among sites.
	Canonical axis
	Can1
	Can2
	Can3
	Can4
	Can5
	Can6+

	% of between-site variance
	45.04
	20.34
	14.02
	10.44
	5.64
	4.53 (combined)


Table S9.1. Percentage of between-site discriminant variance explained by each canonical axis.
The first four canonical axes jointly account for 89.8% of between-site discriminant variance, indicating that site differentiation in morphospace is concentrated in a moderate number of interpretable dimensions rather than being diffusely spread across many axes.
S9.2 Hierarchical clustering method comparison
To verify that the choice of linkage method does not materially affect the site-level hierarchical clustering reported in the main text (Fig. 16), four linkage methods (average, complete, single, Ward's D2) were compared using the cophenetic correlation (agreement between the dendrogram's implied distances and the original centroid-distance matrix) and the agglomerative coefficient (a measure of clustering structure strength).
	Method
	Cophenetic ρ
	Agglomerative coefficient
	Combined rank

	Average
	0.863
	0.565
	5.5

	Complete
	0.858
	0.652
	6.0

	Single
	0.882
	0.546
	5.0

	Ward.D2
	0.863
	0.687
	3.5 (best)


Table S9.2. Comparison of hierarchical clustering linkage methods on the site-level centroid distance matrix.
Ward's D2 linkage achieves the best combined rank (highest agglomerative coefficient with cophenetic correlation statistically indistinguishable from the other methods) and is recommended as the most defensible choice; average linkage, used for the dendrogram presented in the main text (Fig. 16), performs comparably (cophenetic ρ = 0.863, identical to Ward.D2) and yields the same two principal clades. The choice of linkage method does not alter the substantive clustering pattern reported in the main text.
