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Abstract

Understanding how faunal diversity is internally organized remains a central but still
underdeveloped issue in Palaeolithic zooarchaeology. This paper proposes additive par-
titioning of Shannon diversity to the published faunal datasets from Qesem Cave (Israel)
to determine whether assemblage diversity is structured mainly by contrasts among pre-
defined analytical groups or by heterogeneity retained within them. In practical terms,
total Shannon diversity is separated into a between-group (interclass) component and a
within-group (intraclass) component: the former describes how remains are distributed
among analytical classes, whereas the latter describes the diversity preserved inside those
classes. The results show that taxonomic diversity at Qesem is consistently dominated
by the interclass component, indicating that contrasts among prey-size classes struc-
ture the assemblages more strongly than taxonomic heterogeneity within those classes.
However, the intraclass contribution varies among horizons: SCW represents the most
strongly interclass-structured assemblage, whereas SW Yab shows the highest intra-
class contribution. This pattern is maintained under both NISP and MNI, although MNI
makes intraclass taxonomic heterogeneity more visible and reduces the sharpness of
some contrasts. Fragment integration increases total Shannon diversity unevenly across
the sequence, showing that the fragmented but size-class-attributed fraction affects not
only the magnitude of diversity but also its internal partitioning among prey-size classes.
Anatomical diversity follows a different pattern: when each assemblage is considered a
whole, anatomical profiles are comparatively homogeneous and slightly intraclass-dom-
inated, while clearer contrasts emerge within size classes, especially among medium-
sized prey, where diversity is strongly structured around proximal limb elements rather
than evenly distributed across anatomical regions. Taken together, these results suggest
that additive partitioning captures differences in how faunal assemblages were struc-
tured, accumulated, or segmented through time, rather than simply recording changes in
prey spectrum. The approach is therefore best understood as a reproducible descriptive
framework that formalizes assemblage structure and gains archaeological meaning when
read alongside independent taphonomic, anatomical, and contextual evidence.
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Introduction

Diversity indices are widely used in zooarchaeology, yet their archaeological mean-
ing is often less straightforward than their mathematical form. Measures of rich-
ness, evenness, and dominance are routinely employed to compare faunal assem-
blages, characterize prey spectra, and describe patterns of taxonomic concentration
or breadth, both in archaeology and in related ecological approaches (Faith & Du,
2018; Grayson, 1984; Lyman, 1994, 2008). In the classical ecological sense, diver-
sity refers not simply to the number of taxa present, but to the combination of rich-
ness and the distribution of abundances among them (Magurran, 1988, 2004). How-
ever, the archaeological significance of diversity values is not self-evident. Diversity
measures are sensitive not only to observed abundances, but also to classificatory
choices, aggregation scale, counting procedures, and sampling conditions (Buchanan
& Eren, 2022; Colwell & Chao, 2022; Cowgill, 1989; Lyman, 2008, 2022). In that
sense, diversity must first be treated as a formal property of assemblage composi-
tion, structured by explicit classificatory and analytical choices, before it is used to
support archaeological interpretation.

This issue is especially important in Palaeolithic zooarchaeology, where fau-
nal assemblages are not simple reflections of prey communities, but are filtered by
selective transport, carcass processing, fragmentation, burning, density-mediated
survival, and other taphonomic processes (Binford, 1978, 1981; Faith & Gordon,
2007; Lyman, 1994, 2008). Archaeological diversity is therefore shaped not only
by what was hunted or consumed, but also by how faunal remains were accumu-
lated, modified, and recorded. A relatively low diversity value may reflect strong
taxonomic concentration, functional specialization, restricted prey access, or highly
focused procurement; a higher value may reflect broader prey use, longer or more
cumulative accumulation, aggregation effects, or other forms of structural hetero-
geneity. Diversity measures are thus often informative, but never self-interpreting.
Their archaeological relevance depends on the analytical units in which they are
computed and on the independent contextual evidence against which they are read.

This paper focuses on Shannon’s information entropy, used here as a measure
of Shannon diversity, because it provides a formal way to describe not only how
diverse an assemblage is, but also how that diversity is organized. Shannon’s index
is particularly relevant here because it combines richness and evenness in a single
expression and can be partitioned analytically. Originally developed as an informa-
tion-theoretical measure of uncertainty (Shannon, 1948), the same mathematical
expression was subsequently adopted in ecology for the study of biological diversity
(Good, 1953; Margalef, 1957), later extended to inequality analysis (Theil, 1967),
where it was decomposed into two components, and used in other decomposition
contexts, including seasonality analysis (Rossell6 & Sans6, 2017).
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In the present study, additive partitioning means that total Shannon diversity is
separated into components whose sum reproduces the observed total. In the taxo-
nomic analysis, the between-group, or interclass, component measures the part
of diversity generated by the distribution of remains among prey-size classes,
whereas the within-group, or intraclass, component measures the taxonomic diver-
sity retained inside those size classes. In the anatomical analysis, the same logic
is applied to skeletal-part categories: the interclass component describes contrasts
among major anatomical groups, while the intraclass component describes diversity
among skeletal elements within those groups. This distinction directly addresses a
question that NISP or MNI alone cannot resolve: whether diversity is mainly struc-
tured by contrasts between analytical groups or by heterogeneity within them.

This use of Shannon’s measure is consistent with broader traditions in ecology
and palaeontology in which diversity has been examined not only as a total value
but also as a structured quantity. SHE—species richness (S), Shannon diversity (H),
and evenness (E)—analysis, for example, combines cumulative changes in richness,
Shannon diversity, and evenness to identify ecological or stratigraphic discontinui-
ties in abundance data (Buzas & Hayek, 1998; Hayek & Buzas, 1997, 2010). Buzas
and Hayek (2005) further examined the behaviour of richness and evenness within
and between communities, while Jost (2007) clarified the broader logic of diversity
partitioning. Our approach differs from SHE analysis in aim and implementation:
we do not use cumulative curves to identify biofacies boundaries, but we follow the
same general principle that Shannon-derived measures can reveal how abundance
structure is organized across predefined analytical units. Applied to zooarchaeologi-
cal data, the contribution is therefore descriptive before it is interpretive. Additive
partitioning does not assign behavioural meaning automatically; it provides a formal
structure that must then be evaluated against independent taphonomic, anatomical,
and contextual evidence.

Qesem Cave provides a particularly demanding and therefore informative case
study for such an approach. Its faunal record is unusually well documented through
previous work on taxonomic composition, taphonomic modification, skeletal repre-
sentation, combustion, delayed consumption, marrow extraction, and bone-grease-
related processing (Stiner et al., 2009, 2011; Blasco et al., 2014, 2016a, 2016b,
2019a, 2019b;, 2024; Assaf et al., 2020). This independent zooarchaeological back-
ground makes Qesem suitable for evaluating whether the partitioning of Shannon
diversity describes meaningful structure within the faunal record, rather than merely
producing an isolated numerical result.

The interest of Qesem also lies in the combination of a stable taxonomic baseline
and a heterogeneous occupational history. Fallow deer (Dama cf. mesopotamica) is
the dominant species throughout the analysed horizons, while other ungulates, birds,
and tortoises remain comparatively less abundant (Blasco et al., 2014, 2024; Rivals
et al., 2021; Stiner et al., 2009, 2011). Precisely because one taxon remains strongly
overrepresented, changes in diversity structure are less likely to reflect broad prey-
base replacement than subtle variation in the internal organization of faunal assem-
blages. At the same time, seasonality analyses based on dental eruption, mesowear,
and microwear indicate repeated cave use in different seasons, with important dif-
ferences between horizons and, in some cases, between taxa (Rivals et al., 2021).
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The Hearth horizon is compatible with recurrent seasonal use, probably through
short-term events repeated more than once a year, whereas other horizons may
reflect either repeated visits or longer episodes of occupation. Rivals et al. (2021)
also note that, although fallow deer dominates the assemblages, less abundant taxa
such as aurochs and horses still record behaviourally meaningful hunting events. In
such a context, additive partitioning is not expected to measure occupation dura-
tion directly; rather, it provides a formal way of describing how faunal variability
is organized within a cave repeatedly used under different functional and temporal
regimes.

A further methodological reason for applying this framework at Qesem is the
exceptional degree of fragmentation in the faunal record. Only a small proportion
of specimens can be identified taxonomically, whereas a much larger part of the
assemblage remains taxonomically indeterminate but still assignable to prey-size
class or anatomical category (Blasco et al., 2024). This raises an important ques-
tion for diversity analysis: whether such remains should remain excluded from taxo-
nomic calculations or be integrated, at least at the level of grouped structure. In the
present study, this problem is treated explicitly by comparing standard taxonomic
counts with an extended framework that includes taxonomically indeterminate but
size-class-attributed fragments. The aim is not to estimate hidden taxonomic rich-
ness, but to evaluate how these fragments modify the grouped partitioning of diver-
sity across analytical classes., This issue is particularly relevant at Qesem, where
fragmentation is not marginal but constitutive of the assemblage itself (Blasco et al.,
2014, 2024).

Within this framework, our aim is twofold. First, we introduce additive partition-
ing of Shannon diversity into Palaeolithic zooarchaeology as a formal way to dis-
tinguish intraclass from interclass components of diversity. Second, we apply this
framework to several Qesem horizons to examine how taxonomic and anatomical
diversity is organized across prey-size classes and skeletal groups. We compare
taxonomic data quantified through NISP and MNI, and we also assess the effect of
integrating taxonomically indeterminate but size-class-attributed fragments, not to
privilege one counting procedure over another, but to evaluate how different quan-
tification frameworks affect the partitioning of diversity in a highly fragmented
assemblage. These procedures are not treated here as direct behavioural proxies,
nor as alternatives to taphonomic analysis, but as structured analytical descriptions
whose archaeological relevance depends on comparison with the independent evi-
dence already available for Qesem Cave.

Site Presentation

Qesem Cave (Israel) is a late Lower Palaeolithic site near Tel Aviv excavated since
the early 2000 s (Barkai et al., 2017; Gopher et al., 2005; Stiner et al., 2009). The site
contains a stratigraphic sequence of more than 11 m. Radiometric dating (U-Th, TL,
ESR and ESR/U-series) places this sequence between ca. 420 and ca. 220-200 ka,
spanning MIS 11 to MIS 7 (Falgueres et al., 2022; Gopher et al., 2010; Mercier
et al., 2013). ESR/U-series on teeth applied to two assemblages from the middle part
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of the stratigraphy range c. 249-296 ka (mean = 280 ka) and c. 279-382 ka (mean
~ 313 ka) (Falgueres et al., 2016). Thermoluminescence dates on burnt flints sug-
gest that some areas in the upper part of the sequence may extend into early MIS 7
(Mercier et al., 2013).

The site preserves a rich archaeological record of faunal, lithic, and hearth
remains, although the faunal assemblages themselves are highly fragmented and
frequently thermoaltered. From a cultural point of view, the whole stratigraphic
column corresponds to the Acheulo-Yabrudian Cultural Complex (AYCC), which
chronologically postdates the Lower Palaeolithic Acheulean and predates the Mid-
dle Palaeolithic Mousterian. The AYCC is characterized by the coexistence of large
stone implements (mainly hand-axes and spheroids), Quina and Demi-Quina side-
scrapers, and blades. Generally, the lithics (technological and typological) of the
AYCC show three expressions (industries): (1) Acheulo-Yabrudian, (2) Yabrudian,
and (3) Amudian. The main differences between them are the relative frequencies
and proportions of the main used tools: the Acheulo-Yabrudian shows high propor-
tions of large implements, the Yabrudian shows more side-scrapers, and the Amu-
dian more blades. Recent research, mainly based on Qesem Cave, indicates that the
Amudian and Yabrudian expressions should be viewed as activity-related contexts
of a single cultural entity, and not as independent cultural entities (Barkai et al.,
2017; Gopher & Barkai, 2016). In the case of Qesem Cave, two of these techno-
typological expressions are dominant: the Amudian (assemblages HU, LSBS, DBS,
SCW, SW Sph, Fig. 1), and the Yabrudian (assemblages Shelf Yab and SW Yab,
Fig. 1). These assemblages are stratigraphically interfingered, reinforcing the idea of
their non-diachronic relations.

The faunal record at Qesem allows for detailed taphonomic analysis and insights
into carcass processing and resource exploitation (Blasco et al., 2024; Stiner et al.,
2009). According to these studies, fallow deer (Dama cf. mesopotamica) was the
dominant prey taxon, followed by other species, such as red deer (Cervus elaphus),
aurochs (Bos primigenius), horse (Equus ferus), and occasionally, wild boar (Sus
scrofa), roe deer (Capreolus capreolus), European wild ass (Equus hydruntinus),
and wild goat (Capra aegagrus). Faunal remains are characterized by a high degree
of fragmentation and thermoalteration. The habitual use of fire is documented not
only by the central combustion feature identified through micromorphology and
FTIR microspectroscopy, but also by the widespread presence of wood ash, burnt
flint, and burnt bone throughout the stratigraphic sequence (Barkai et al., 2017; Kar-
kanas et al., 2007; Shahack-Gross et al., 2014).

In this study, we use five distinct Amudian assemblages (HU, LSBS, DBS, SCW,
SW Sph) and two Yabrudian assemblages (Shelf Yab and SW Yab) from various
parts of the stratigraphic column (from elevation 500 cm to elevation 1050 cm
below datum that is a stratigraphic sequence of some 5 m in depth). This offers a
robust framework for exploring variability between Amudian and Yabrudian at
Qesem and, by extension, in the AYCC as a whole. Their respective locations are
shown in Fig. 1.

HU (Hearth Unit) corresponds to a large central combustion zone (~4 m?) show-
ing multiple use cycles and superimposed occupation episodes (Shahack-Gross
et al., 2014). This unit is rich in faunal remains and reflects intense domestic activity

@ Springer



65 Page 6 of 42 A.Baratetal.

4 Shelf Yab
SCW

5 7=870-1050 253207700

6 DBS

7 Z=835/1050 Cemented sediment

8

9 | |Lses
10 «Therockselfty - 70
11
12 Assumed
13 entrance

to the cave

14
15
16 SW Sph f
17 7=660-715 4N
18 SW-Yab %
19 Z=545:700_ Road —_—
20 0 5m
21

Fig. 1 Map of the site with the location of the different assemblages referred to in the text and their
respective elevations (Z) in cm

(Blasco et al., 2024). Around the hearth, several archaeological facies have been
identified, some consistent with shorter-term occupations and others with denser or
more recurrent use, indicative of varied domestic functions. It is treated here as a
single analytical unit, although Rivals et al. (2021) emphasized marked intra-unit
variability in seasonality and procurement for this assemblage.

LSBS (Large Stone in Brown Sediment), a diffuse ashy horizon situated just
above HU, has been interpreted as representing less intensive or secondary combus-
tion events, possibly related to short-term occupations or cleaning activity (Blasco
et al., 2024).

DBS (Dark Brown Sediment), lying beneath HU, is characterized by a dense
accumulation of highly fragmented and burned faunal remains bearing abundant
butchery traces, suggesting repeated processing activity in a space lacking formal-
ized feature (Blasco et al., 2024).

SCW (Soft/Cemented sediments close to the Wall) and SW Sph (South West
Spheroid) are localized assemblages situated in the southwestern part of the cave.
They contain fewer faunal remains and possible smaller hearths, with SW Sph nota-
bly associated with the use of spheroid tools for bone grease extraction (Assaf et al.,
2020).

Shelf Yab (Shelf Yabrudian) and SW Yab (South West Yabrudian) are both
Yabrudian assemblages, differing from the Amudian in several aspects. Their lithic
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assemblages are Quina scraper-dominated and show a low incidence of blade pro-
duction and of larger heavy-duty tools, such as spheroids, handaxes, and limestone
implements (Parush et al., 2016). However, the faunal spectrum remains broadly
similar, with fallow deer (Dama cf. mesopotamica) predominating over the other
taxa (Blasco et al., 2024).

The Whole unit, defined analytically for this study, aggregates all assemblages in
order to provide a synthetic perspective from which to explore diachronic patterns in
faunal exploitation across the sequence presented here.

Methodology
Analytical Rationale and Data Sources

The present study is designed to describe how faunal diversity is organized within
and across archaeological horizons using Qesem Cave as example, rather than to
treat diversity indices as direct behavioural proxies. The taxonomic and anatomi-
cal data analysed here derive from the published faunal datasets of Qesem Cave,
especially those presented by Blasco et al. (2024), and are interpreted in conjunction
with the independent zooarchaeological background already available for the site.
The raw taxonomic counts used as the basis for the diversity calculations, includ-
ing NISP and MNI values by taxon and horizon, are reported in Table 1, based on
the published Qesem faunal dataset of Blasco et al. (2024). Because carnivores are
extremely rare at Qesem, in terms of both remains and induced damage, these ani-
mals were excluded from the diversity analyses to avoid artificially inflating taxo-
nomic richness in a predominantly anthropogenic assemblage.

The rows “Very large size,” “Large size,” “Medium size,” “Small size,” and
“Very small size” refer to size-class-attributed specimens and are expressed as NSP,
not taxonomic NISP. They include taxonomically indeterminate fragments assigned
to body-size class.

The analytical workflow is organized around four related questions:

(1) how taxonomic diversity is partitioned across prey-size classes;

(2) how the integration of taxonomically indeterminate but size-class-attributed
fragments affects that partition;

(3) how dominance, evenness, and richness-sensitive indices behave under differ-
ent counting frameworks; and.

(4) how anatomical diversity is distributed across major skeletal groups.

In addition to horizon-by-horizon analyses, a whole analytical unit is defined by
pooling the seven horizons considered here to provide a site-wide comparative ref-
erence, following the logic already adopted in the original analytical tables of the
study. The diversity measures included in the workflow and their interpretation are
summarized in Table 2. To ensure transparency and reproducibility, all calculations
were implemented in R using the diversityArch package, currently available on
CRAN and developed by some of the authors, https://cran.r-project.org/package=
diversityArch.
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Quantification Units and Their Analytical Role

Several counting units are used in this study, but each serves a distinct analytical
purpose. They are not treated as interchangeable, nor is any one of them assumed
to provide a universally more accurate representation of assemblage structure than
another. Instead, they are used as complementary descriptive frameworks that cap-
ture different aspects of the faunal record and remain subject to different inferen-
tial constraints, including aggregation effects and the procedures through which
specimens are grouped and quantified (Dominguez-Rodrigo, 2012; Grayson, 1984;
Lyman, 2008). More generally, diversity measures themselves remain sensitive to
sample size, taxonomic structure, and the choice of index (Faith & Du, 2018), which
is why the present study compares several quantification frameworks while keeping
the additive partitioning of Shannon diversity as its main analytical focus.

NISP (Number of Identified Specimens) is used as the primary taxonomic count
because it preserves the observed structure of the identified faunal assemblage at
specimen level. It provides the baseline for taxonomic diversity analysis.

MNI (Minimum Number of Individuals) is used as a comparative individual-
based count. Its purpose here is not to replace NISP, but to assess how the parti-
tioning of taxonomic diversity changes when the faunal record is summarized at the
level of minimum individual representation rather than specimen frequency. The
NISP/MNI comparison is therefore treated as a structured sensitivity analysis, since
the two measures summarize assemblage composition differently and entail distinct
aggregation and inferential constraints (Dominguez-Rodrigo, 2012; Grayson, 1984;
Lyman, 2008).

NSP (Number of Specimens) is used only where taxonomically indeterminate
fragments can still be assigned to a prey-size class and therefore carry information
relevant to the partitioning of taxonomic diversity among groups. At Qesem, frag-
mentation is intense, and a large number of specimens cannot be identified to taxon
but can still be attributed to a size class. In such cases, excluding them altogether
would remove a substantial part of the faunal signal from the interclass component
of diversity (Blasco et al., 2024).

%MAU (Binford, 1984; Lyman, 2008) is used only for anatomical diversity. Here
the objective is not to estimate taxonomic abundance, but to compare the relative
representation of skeletal parts across major anatomical groups. %MAU therefore
serves as a normalized skeletal-profile measure appropriate to this anatomical com-
ponent of the study (Blasco et al., 2024).

Taxonomic Diversity and Additive Partitioning of Shannon Diversity

Shannon diversity is the central metric of the present study because it combines
richness and evenness in a single formal measure and can be partitioned analytically.
In this context, partitioning refers to the quantitative decomposition of a total mag-
nitude into smaller components. A decomposition is additive when these compo-
nents sum exactly to the original value: if a total quantity X is decomposed into two
components Y and Z, then the decomposition is additive when X=Y+Z. Applied
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to Shannon diversity, this means that the observed total can be separated into a
between-group (interclass) component and a within-group (intraclass) component
whose sum reproduces the original value.

For each archaeological horizon, taxonomic diversity was first calculated from
the relative frequencies of identified taxa. Taxa were then assigned to predefined
prey-size classes to determine how much of the observed total diversity was associ-
ated with differences among these classes, and how much was retained as taxonomic
heterogeneity within them.

Formally, if p; is the proportion of taxon i in a given horizon, total Shannon
diversity is defined as:

H=- ZPiln(Pi)

Taxa are then partitioned into groups g. If P, denotes the total proportion of
group g, and H, the internal Shannon diversity of that group, total diversity can be
written as:

H= Hhetween + Hwithin

with
Hberween == 2 Pgln(Pg)
8
and

Hwilhin = Z PgHg
8

This is the formal additive decomposition underlying the partitioning approach
used here: observed total Shannon diversity is divided into two components whose
sum exactly reproduces the total value. The interclass component expresses the
diversity associated with the distribution of the assemblage across the predefined
groups, whereas the intraclass component expresses the weighted internal diversity
of the taxa contained inside those groups.

For ease of interpretation, each component was also expressed as a proportion of
the observed total:

7. _ Hwithin
Within(%) = - x 100

H
Between(%) = (%) x 100

These proportions provide a useful summary of the internal organization of diver-
sity, although their interpretation remains dependent on counting framework, group
definition, and sampling conditions.
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For the partitioning of taxonomic diversity, taxa were assigned to four analytical
prey-size classes following the organization of the reference Qesem datasets (Blasco
et al., 2024) and the analytical tables used in the present study:

e Group A =very large and large-sized taxa: Bos primigenius, Equus ferus, Steph-
anorhinus hemitoechus

e Group B=medium-sized taxa: Cervus elaphus, Equus hydruntinus

e  Group C=small-sized taxa: Sus scrofa, Capra aegagrus, cf. Capreolus, Dama
cf. mesopotamica

e Group D=very small-sized taxa: Cygnus sp., Columba sp., Testudo sp., and a
“large bird/Aves unident.” grouping

The “large bird/Aves unident.” category includes only avian specimens that could
not be attributed to any of the identified bird taxa and was treated as mutually exclu-
sive from them, so as not to introduce an artificial increase in taxonomic richness
within a given horizon. Cervids not identified to species level were excluded from
the partitioning of taxonomic diversity because they could overlap more than one
size-class grouping. For simplicity, the combined very large+large category is
referred to hereafter as large in the Results section and associated figures. These
groups are used here as analytical body-size classes derived from the published
Qesem dataset to assess whether taxonomic diversity is expressed primarily between
prey-size classes or within them.

All taxonomic diversity calculations were performed separately for NISP and
MNI. The aim is not to treat the two quantification units as interchangeable, nor to
assume that one is inherently superior, but to evaluate whether the internal partition-
ing of diversity remains stable when assemblage structure is expressed in specimen-
based versus individual-based form.

Integration of Taxonomically Indeterminate but Size-Class-Attributed Fragments

A distinctive aspect of the Qesem assemblages is the high number of fragmented
remains that cannot be identified taxonomically but can still be assigned to a prey-
size class. These fragments are not taxonomically identified in the usual sense of
species- or genus-level attribution; they only contribute to the four analytical prey-
size classes used in the partitioning procedure. To evaluate their effect on the organi-
zation of diversity, a second set of taxonomic partitioning analyses was run in which
size-class-attributed indeterminate specimens were added to the group structure,
while the internal taxonomic composition of each group remained based on the
identified NISP counts.

The logic of this procedure is intentionally limited. Fragment integration modi-
fies the relative weight of the prey-size classes and therefore the balance between
interclass and intraclass components, but it does not create new taxonomic informa-
tion within those classes. It is therefore treated as a test of how size-class-attributed
indeterminate remains affect the partitioning of diversity, rather than as a way to
estimate hidden taxonomic richness.
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Whenever possible, fragments were assigned to prey-size class following
the original criteria used in the published Qesem faunal datasets. In practice,
this procedure extends the grouped structure of the assemblage while avoiding
unsupported taxonomic redistribution within groups (Blasco et al., 2014, 2024).

Letting P; denote the proportion of identified and size-class-attributed inde-
terminate specimens belonging to group g, the total diversity after integration is:

m
H* = ZPZHg +H(PY, ..., PY)
g=1

where the internal group diversities H, remain unchanged from the original taxo-
nomically identified dataset. Size-class-attributed indeterminate fragments were
incorporated only at the level of the four analytical size classes already defined
for the partitioning of taxonomic diversity: Group A =very large and large; Group
B =medium; Group C=small; Group D =very small.

Dominance, Evenness, and Richness-Sensitive Complementary Indices

Although additive partitioning of Shannon diversity is the main analytical focus
of the paper, additional indices were calculated as complementary control meas-
ures. Their purpose is to determine whether observed patterns are associated
mainly with dominance, evenness, or richness-sensitive structure, rather than to
create a parallel interpretive framework.

Pielouf;s J was retained as the main Shannon-based evenness measure:

= @where S is the number of taxa. Pielou’s index expresses how evenly

taxa are distributed relative to the maximum entropy possible for a given
richness.

Simpson dominance and its corrected form were also calculated. Because the
raw Simpson index is influenced by the number of taxa present, the corrected
dominance measure is emphasized in interpretation:

D, = SXE_1C0rrected Simpson evenness is then:

VE =1 - D Raw Simpson values are retained for transparency, but corrected
dominance and corrected evenness are preferred for comparison across assem-
blages of differing richness (Faith & Du, 2018; Lyman, 2008).

Finally, Menhinick and Margalef were calculated as complementary richness-
sensitive indices:

Menhinick = %;Margalef = %where N is the total count in the relevant

framework (NISP or MNI). These indices are not treated as substitutes for sam-
ple-standardization procedures such as rarefaction. Rather, they provide addi-
tional descriptive control on the richness component of diversity and help clar-
ify whether variation in Shannon is accompanied by shifts in richness-sensitive
structure as well as in evenness (Faith & Du, 2022; Grayson, 1984; Lyman,
2008).
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Anatomical Diversity Partitioning

The same partitioning framework was also applied to anatomical representation.
Here the aim is different from the taxonomic analysis: instead of describing how
taxa are distributed across prey-size classes, the anatomical analysis describes how
skeletal representation is distributed across broad anatomical groups.

The anatomical analysis was based on the Qesem skeletal data published by
Blasco et al. (2024), using %MAU values (Table S1). Only three prey-size classes
were retained for this part of the analysis—Ilarge, medium, and small—because very
small, very large, and fully unidentified animals were not sufficiently informative for
stable anatomical comparison.

Skeletal elements were grouped into four anatomical categories:

Group A = cranial: cranium, maxilla, mandible

Group B =axial: vertebrae, ribs, pelvis

Group C = proximal appendicular: scapula, humerus, radius/ulna, femur, tibia
Group D =distal appendicular: carpals/tarsals, metapodials, phalanges

Taxonomically indeterminate but anatomically identifiable fragments were incor-
porated into the anatomical analysis only when they could be reliably assigned to
both a prey-size class and a skeletal element. In such cases, the observed %MAU
profile of the identified fraction was used as a weighting structure to estimate the
distribution of the broader NSP total. This procedure does not recalculate absolute
MNE or MAU values. Instead, it preserves the proportional anatomical profile of the
assemblage while allowing the fragmented record to be represented more fully.

Because this operation is a proportional rescaling, it does not alter the relative-
frequency structure of the assemblage and therefore does not affect total Shannon
diversity or its partitioning into interclass and intraclass components. For this rea-
son, the anatomical analysis is centred on the partitioned Shannon diversity values
rather than on the rescaled NSP totals themselves.

Reporting Strategy, Bootstrap Estimation, and Interpretive Limits

The main comparative output of the study is the additive partitioning of Shannon
diversity into interclass and intraclass components, together with the proportional
contribution of each component to the observed total. These values make the inter-
nal organization of diversity more explicit than total Shannon diversity values alone,
while the complementary diversity indices are used as control measures to clarify
whether the observed variation is associated mainly with concentration, distribu-
tional regularity, or richness-sensitive effects.

Because differences between horizons may still partly reflect counting frame-
work, fragmentation, sample size, and preservation, bootstrap confidence intervals
were also computed using the diversityArch package. For non-partitioned diversity
indices, including total Shannon diversity and the complementary diversity indices,
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these were obtained with the bs() function. For additive partitioning of Shannon
diversity, the intraclass and interclass components were estimated with the bs_dec()
routine, and for the fragment-integration procedure with the bs_frag() function.
Unless otherwise stated, all bootstrap estimates were based on 1000 replicates and a
95% confidence level.

These intervals are treated here as descriptive margins of uncertainty. Their pur-
pose is to assess the stability of the main ordering observed across assemblages, not
to transform modest numerical differences into categorical separations. For this rea-
son, the results are interpreted in conjunction with the independent taphonomic and
seasonality evidence available for Qesem Cave, rather than as stand-alone behav-
ioural measurements (Blasco et al., 2024; Rivals et al., 2021).

Bootstrap results are reported directly in the relevant Results subsections, where
they are used to evaluate the robustness of the principal taxonomic, fragment-
related, anatomical, and complementary-index patterns. In the main text, only the
most informative intervals are summarized, whereas the full outputs are retained in
the accompanying tables and supplementary computational workflow. Numerical
values are presented at four decimal places to ensure reproducibility and direct com-
parability with the outputs of diversityArch. This precision supports a transparent
analytical workflow, but interpretation does not rely on isolated decimal differences.
Instead, the discussion focuses on recurrent and ordered patterns, their degree of
overlap under resampling, and their consistency with the independent archaeological
context.

Results
Taxonomic Diversity Partitioning Based on NISP

Taxonomic diversity based on NISP was first assessed through total Shannon diver-
sity and then examined through its additive partitioning into intraclass and interclass
components. The integrated structure of these results is shown in Fig. 2, in which
observed total Shannon diversity is displayed together with its partitioned compo-
nents and the corresponding bootstrap confidence intervals. The proportional bal-
ance between the two components is shown separately in Fig. 3. Full numerical val-
ues for total Shannon diversity, partitioned components, and bootstrap confidence
intervals are provided in Supplementary Table S2.

Overall, NISP-based taxonomic diversity is dominated by the interclass compo-
nent in all Qesem horizons. This indicates that most of the observed Shannon diver-
sity derives from contrasts between prey-size classes rather than from taxonomic
heterogeneity retained within those classes. At the same time, the relative contribu-
tion of the intraclass component varies in an ordered way across the sequence.

Observed total Shannon diversity ranges from 0.7414 in SCW to 1.1015 in SW
Yab. The absolute intraclass component ranges from 0.0694 in SCW to 0.3248 in
SW Yab, whereas the interclass component ranges from 0.6720 in SCW to 0.7767
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in SW Yab. When expressed as proportions of total diversity, the intraclass contribu-
tion varies from 9.36% in SCW to 29.49% in SW Yab, while the interclass contri-
bution ranges from 70.51% in SW Yab to 90.64% in SCW (Fig. 3; Supplementary
Table S2).

Among the Amudian assemblages, SCW shows the strongest interclass structure
and the lowest intraclass share. DBS and SW Sph also remain strongly interclass-
dominated, with intraclass proportions of 16.72% and 17.58%, respectively. HU and
LSBS occupy intermediate positions, with very similar intraclass values (19.44%
and 19.00%, respectively). Within the Yabrudian horizons, Shelf Yab displays a
higher intraclass proportion (21.02%) than most Amudian assemblages, whereas SW
Yab stands out as the horizon with the highest relative intraclass contribution and
the lowest relative interclass contribution in the sequence. Whole Qesem occupies
an intermediate position (H=0.8914; H intraclass=0.1816; H interclass =0.7098;
20.38% intraclass; 79.62% interclass) and is retained here as a site-wide analytical
baseline rather than as an archaeological horizon.

The bootstrap intervals shown in Fig. 2 and reported in Supplementary Table S2
broadly support this descriptive ordering. Several intermediate horizons overlap, but
the overall separation between strongly interclass-dominated assemblages such as
SCW and more internally heterogeneous assemblages such as SW Yab remains vis-
ible under resampling. The NISP-based partitioning of taxonomic diversity therefore
reveals a gradient extending from highly interclass-structured assemblages to assem-
blages with greater intraclass taxonomic heterogeneity, even though all horizons
remain dominated by the interclass component.

Taxonomic Diversity Partitioning Based on MNI

Taxonomic diversity was also calculated from MNI in order to evaluate whether
the internal partitioning of diversity remains similar when assemblage structure is
expressed through individual-based rather than specimen-based quantification. As
for NISP, the integrated results are shown in Fig. 4, which combines observed total
Shannon diversity, its intraclass and interclass components, and bootstrap confi-
dence intervals. The relative balance between intraclass and interclass contributions
is shown separately in Fig. 5. Full numerical values are provided in Supplementary
Table S2.

The MNI-based results differ markedly from the NISP-based ones in scale,
because total Shannon diversity is systematically higher and the intraclass compo-
nent contributes a much larger share of the total. Even so, all horizons remain at
least slightly dominated by the interclass component. Observed total Shannon diver-
sity ranges from 1.4172 in SW Sph to 2.0749 in LSBS. The intraclass component
ranges from 0.4694 in SW Sph and SCW to 0.8074 in LSBS, whereas the inter-
class component ranges from 0.9478 in SW Sph to 1.2675 in LSBS. In proportional
terms, the intraclass share ranges from 27.99% in SCW to 42.29% in SW Yab, while
the interclass share ranges from 57.71% in SW Yab to 72.01% in SCW (Fig. 5; Sup-
plementary Table S2).
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Fig. 3 Relative contribution of intraclass and interclass components to total taxonomic diversity across
Qesem horizons based on NISP

The ordering of horizons also changes relative to NISP. LSBS yields the highest
total Shannon diversity, followed by DBS, SW Yab, Whole Qesem, Shelf Yab, HU,
SCW, and finally SW Sph. In contrast to the NISP-based results, the intraclass con-
tribution is no longer weakest in absolute terms at SCW alone, since SW Sph yields
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almost identical low intraclass values. At the other end of the sequence, LSBS and
SW Yab show the strongest intraclass development, although their internal balance
differs slightly: LSBS combines the highest total diversity and the highest interclass
value with a strong intraclass component, whereas SW Yab shows the highest rela-
tive intraclass proportion.

The MNI-based partitioning therefore produces a less sharply hierarchical con-
trast than NISP, but it remains informative in a different way. The interclass compo-
nent still dominates in all horizons, confirming that prey-size class structure remains
the major source of diversity. However, the much stronger intraclass contribution
indicates that, once assemblages are expressed in terms of individuals rather than
specimens, taxonomic heterogeneity within prey-size classes becomes substantially
more visible.

The bootstrap intervals shown in Fig. 4 and reported in Supplementary Table S2
suggest greater uncertainty than in the NISP-based analysis, especially for hori-
zons with smaller effective counts. Several horizons overlap substantially under
resampling, and caution is therefore required in treating intermediate assemblages
as sharply distinct. Even so, the overall contrast between more strongly interclass-
structured horizons such as SCW and assemblages with higher relative intraclass
development such as SW Yab remains visible. In that sense, the MNI-based results
do not overturn the taxonomic structure identified under NISP, but they show that
the relative weight of intraclass diversity increases substantially when the assem-
blage is summarized through individual-based quantification.

Effect of Integrating Size-Class-Attributed Fragments on Taxonomic Diversity
Partitioning

The integration of taxonomically indeterminate but size-class-attributed fragments
produces strongly variable effects across the Qesem horizons (Figs. 6-7; Table S3).
These added remains are not identified at species or genus level, but are assigned
only to the four analytical prey-size classes used in the partitioning of taxonomic
diversity. The procedure therefore affects the grouped structure of the assemblages
rather than their internal taxonomic composition. However, the magnitude of this
effect differs markedly from one horizon to another.

The strongest increases in total Shannon diversity are observed in SW Sph (AH =
+0.3526), SCW (AH= +0.2862), HU (AH= +0.2527), and DBS (AH= +0.2398).
Whole Qesem also shows a substantial increase (AH= +0.2289). By contrast, the
effect remains modest in Shelf Yab (AH = +0.0648) and especially in LSBS (AH=
+0.0283), whereas SW Yab is the only assemblage to show a slight decrease in total
Shannon diversity (AH= —0.0081).

Fragment integration also modifies the relative ranking of the assemblages.
Before integration, SW Yab yielded the highest total Shannon diversity, whereas
after integration SW Sph becomes the most diverse horizon in total Shannon terms.
Conversely, LSBS, which ranked among the more diverse assemblages before frag-
ment addition, becomes one of the least affected contexts, while SCW and HU move
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Fig.5 Relative contribution of intraclass and interclass components to total taxonomic diversity across
Qesem horizons based on MNI

upward more markedly in the post-integration ordering. Whole Qesem rises from

H=0.8914 to H=1.1203, confirming that the size-class-attributed fragmented frac-
tion also exerts a strong effect at the scale of the pooled assemblage.

@ Springer



Additive Partitioning of Shannon Diversity in Palaeolithic... Page210f42 65

The effect of fragment integration is not limited to the magnitude of total Shan-
non diversity. It also modifies the internal balance between intraclass and interclass
components (Fig. 7). In all horizons, the relative contribution of the interclass com-
ponent increases after integration, whereas the relative contribution of the intraclass
component decreases. This pattern follows directly from the logic of the procedure:
because the added remains contribute only to the distribution of the prey-size classes
and do not introduce new taxonomic information within them, their principal effect
is to strengthen the interclass component of diversity. The contrast is particularly
marked in SW Sph, HU, DBS, and Whole Qesem, whereas LSBS and Shelf Yab
remain comparatively stable. SW Yab again stands out as a distinctive case, combin-
ing a slight decrease in total Shannon diversity with a clear reduction in the intra-
class contribution.

Bootstrap estimates support this pattern (Table S3). After integration, the confi-
dence intervals of the interclass and intraclass components remain non-overlapping
in all horizons, indicating that the assemblages remain structurally dominated by
interclass diversity. The bootstrap intervals for total Shannon diversity likewise
show that the strongest post-integration values are observed in SW Sph, HU, Whole
Qesem, and SW Yab, while LSBS and Shelf Yab remain among the least affected
contexts.

Overall, fragment integration does not function as a uniform correction applied
evenly across the sequence. Instead, it reveals strong differences in the degree to
which the Qesem assemblages are affected by fragmented but size-class-attributed
material, with some horizons showing substantial sensitivity to this fraction and oth-
ers remaining comparatively stable. More importantly, it shows that fragmentation

SW Sph 08177 @ . ® 11703
Scw 07414 & i ® 1.0275
HU 0.8624 @ ® 11150
DBS 0.8056 @ ® 1.0454

Whole 0.8914 @ ® 11203

Qesem horizons

Shelf Yab 0.8866 @ ® 0.9515
LsSBS 09226 ® ® 0.9509

SW Yab 1101'0-@.0934

09 1.0 11 12

0.8
A ra
@ Without fragments’ Total Shannon entropy (H)

@ With fragments
Fig.6 Total Shannon diversity (H) calculated before and after integration of taxonomically indetermi-

nate but size-class-attributed fragments across the Qesem horizons. Horizons are ordered according to
the magnitude of change in total Shannon diversity (AH)
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Fig. 7 Relative contribution of intraclass and interclass components to total taxonomic diversity across
Qesem horizons before and after integration of taxonomically indeterminate but size-class-attributed
fragments

at Qesem affects not only the magnitude of diversity, but also the way diversity is
partitioned between prey-size classes and within them.

Complementary Diversity Indices

Complementary diversity indices were used as control measures to assess whether
the partitioned Shannon diversity patterns observed across horizons were associated
mainly with taxonomic concentration, distributional regularity, or richness-sensitive
variation. Particular attention was given to corrected Simpson measures, because the
raw Simpson index is partly conditioned by the number of taxa present, whereas
the corrected forms are more appropriate for comparison across assemblages of dif-
fering richness. In the visual comparison below (Fig. 8), corrected evenness (VE)
is emphasized rather than corrected dominance, since the two are mathematically
complementary. Pielou’s J is shown alongside VE in order to compare Shannon-
and Simpson-based expressions of evenness, while corrected dominance remains
reported in Table 3. Richness-sensitive variation is considered separately through
Menhinick and Margalef, whose values and bootstrap confidence intervals are like-
wise summarized in Table 3.

The evenness profiles broadly reinforce the ordering already observed in the par-
titioning of Shannon diversity (Fig. 8). In the NISP-based results, SW Yab consist-
ently occupies the high-evenness end of the spectrum, whether assessed through
corrected evenness (VE=0.5196) or Pielou’s J (0.5013), whereas SCW remains
the least even assemblage under both measures (VE=0.3864; J=0.3565). DBS
and SW Sph also remain relatively low, while HU, LSBS, and Shelf Yab occupy
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intermediate positions. The most informative divergence between the two evenness
measures concerns assemblages such as LSBS, HU, Shelf Yab, and Whole Qesem,
for which VE is noticeably higher than Pielou’s J. In these cases, the assemblages
appear somewhat more even when examined through the corrected Simpson frame-
work than when evaluated through Shannon-based normalization. The overall order-
ing is therefore stable, but the degree of evenness is not expressed identically by the
two formalisms. The bootstrap intervals reported in Table 3 broadly support this pat-
tern, while also showing overlap among several intermediate horizons.

In the MNI-based results, the same broad structure is preserved, although the con-
trasts between assemblages become less pronounced (Fig. 8; Table 3). LSBS, DBS,
and SW Yab remain among the most even assemblages, whereas SCW and espe-
cially SW Sph remain comparatively less even. Here too, the comparison between
VE and Pielou’s J is informative rather than contradictory. SW Yab and DBS show
close convergence between the two indices, which strengthens the robustness of
their high-evenness signal. By contrast, HU, Shelf Yab, and especially Whole Qesem
display wider gaps, indicating that their position is somewhat more sensitive to the
evenness metric used. More generally, the shift from NISP to MNI tends to raise
evenness values across the sequence and to compress some of the contrasts between
horizons, even though the main ordering remains broadly stable. As in the NISP-
based results, bootstrap confidence intervals do not overturn the descriptive pattern
but suggest caution in treating the intermediate assemblages as sharply separated.

The richness-sensitive indices introduce a related but not identical picture (Fig. 9;
Table 3). In NISP, SW Yab and LSBS show the strongest richness-sensitive pro-
files, while SW Sph remains the least rich assemblage under both Menhinick and
Margalef. In MNI, LSBS becomes the clearest richness pole, followed by DBS and
SW Yab, whereas SW Sph again occupies the lower end of the range. The most
informative divergence between Menhinick and Margalef concerns large or aggre-
gated assemblages, especially Whole Qesem, but also some intermediate contexts.
Because Menhinick penalizes sample size more strongly than Margalef, abundant
assemblages appear relatively poorer under Menhinick than under Margalef. This
effect does not alter the main richness poles of the sequence, but it nuances the rank-
ing of several intermediate horizons and shows that richness is not entirely inde-
pendent from the correction formula adopted. The comparison between NISP and
MNI also shows that the relative position of some intermediate assemblages remains
sensitive to the quantification framework, even where the main richness poles them-
selves are preserved.

These additional measures refine rather than overturn the Shannon diversity par-
titioning results. The evenness indices confirm the contrast between less regular
assemblages, such as SCW, and more evenly distributed ones, such as SW Yab and,
under MNI, LSBS and DBS. The richness-sensitive indices add a further nuance by
showing that strong intraclass representation does not always coincide with the high-
est richness values under all quantification frameworks. This is particularly clear in
SW Sph, which remains comparatively low in richness-sensitive terms despite its
strong response to fragment integration in the previous subsection. The complemen-
tary indices therefore support the main partitioning results while clarifying whether
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Fig. 8 Shannon- and Simpson-based evenness profiles across Qesem horizons based on NISP and MNI

the observed differences are associated primarily with distributional regularity or
with richness-sensitive variation.

Anatomical Diversity Partitioning

Anatomical diversity was assessed through total Shannon diversity and its addi-
tive partitioning into intraclass and interclass components, using the %MAU-based
anatomical datasets grouped into cranial, axial, proximal appendicular, and distal
appendicular categories. In contrast to the partitioning of taxonomic diversity, the
anatomical results reveal a much more stable overall structure across the Qesem
assemblages, with the intraclass component remaining slightly dominant in most
cases. The relative balance between intraclass and interclass components in the
whole assemblages is shown in Fig. 10, while the corresponding numerical values
and bootstrap confidence intervals are reported in Table 4. More detailed size-class
variation is shown in Fig. 11. Complementary anatomical diversity indices, together
with their bootstrap confidence intervals, are provided separately in Table S4.

When each assemblage is considered without subdivision by prey-size class, total
Shannon diversity values remain relatively close, ranging from 2.2161 in SW Sph-
whole to 2.3414 in Shelf Yab-whole. Across these whole assemblages, the intra-
class contribution varies only between 53.37% (SW Sph-whole) and 55.60% (SCW-
whole), while the interclass contribution ranges from 44.40% to 46.63%. Whole
Qesem occupies a similarly intermediate position (H=2.3053; H intraclass =1.2557;
H interclass =1.0496; 54.47% intraclass; 45.53% interclass). Anatomical diversity
partitioning at the whole-assemblage scale therefore appears markedly less uneven
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Fig.9 Richness-sensitive indices across Qesem horizons based on NISP and MNI

than taxonomic diversity partitioning: all horizons remain close to a shared configu-
ration in which internal anatomical diversity contributes slightly more than differen-
tiation among major anatomical groups (Fig. 10; Table 4).

Bootstrap confidence intervals reinforce this impression of stability. For the whole
assemblages, total Shannon diversity intervals are particularly narrow, for example
in HU-whole (2.2525-2.2714), SW Sph-whole (2.2058-2.2255), and Whole Qesem
(2.3001-2.3103). The bootstrap intervals for the partitioned components likewise
confirm that, in all whole assemblages, the intraclass component remains higher
than the interclass component, with no overlap between the two confidence inter-
vals. This indicates that the shared intraclass-dominated anatomical structure is not
a fragile numerical effect, but a stable feature of the anatomical organization of the
assemblages.

More visible contrasts emerge when anatomical diversity partitioning is exam-
ined by size class (Fig. 11; Table 4). In the large-size category, most assemblages
remain clearly intraclass-dominated, often above 60%, and reaching 63.20% in SW
Yab-large. SCW-large is the main exception, and the only case in which the inter-
class component slightly exceeds the intraclass one (50.39% interclass vs. 49.61%
intraclass). In the medium-size category, the intraclass contribution is generally
even stronger, culminating in DBS-medium (69.10%) and remaining high in SCW-
medium (62.28%), LSBS-medium (61.38%), and SW Yab-medium (59.23%). By
contrast, the small-size category is much more balanced, with intraclass proportions
generally close to parity, ranging from 51.99% in SW Sph-small to 54.96% in HU-
small. The strongest internal anatomical structuring is therefore concentrated mainly
in the large and especially medium size classes, whereas the small category remains
more stable and more evenly split between intraclass and interclass components.
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The bootstrap results clarify these contrasts further. Several medium-size assem-
blages show strongly separated intraclass and interclass intervals, especially DBS-
medium, SCW-medium, LSBS-medium, and SW Yab-medium, confirming that
the most pronounced internal anatomical structuring occurs in this size class. By
contrast, SCW-large remains the clearest ambiguous case, as its interclass con-
fidence interval (0.7542-0.8719) overlaps broadly with its intraclass interval
(0.7082-0.8838). This result is consistent with the observed partitioning and indi-
cates that SCW-large is the anatomical context in which the balance between the two
components remains least stable under resampling.

The anatomical group proportions help clarify this pattern (Fig. 12). In most hori-
zons and size classes, the proximal appendicular group is the dominant anatomi-
cal component, commonly representing around half or more of the assemblage and
reaching particularly high values in several medium-size contexts, such as DBS-
medium (81.01%) and SCW-medium (75.61%). By contrast, the axial group remains
consistently weak and, in some cases, nearly absent, especially in several large- and
medium-size assemblages. The cranial group is more variable, reaching compara-
tively high values in several large-size contexts, while the distal appendicular group
generally remains secondary but increases more visibly in some small-size assem-
blages, particularly Shelf Yab-small (19.58%) and SW Sph-small (16.45%).

Anatomical diversity partitioning thus differs from taxonomic diversity parti-
tioning in two important respects. First, the whole assemblages remain much more
homogeneous across horizons, with only modest variation in the balance between
intraclass and interclass components. Second, the most informative differences
emerge less from overall horizon-to-horizon separation than from the way anatomi-
cal diversity is structured within the different size classes, especially in the medium-
size category. In this sense, the anatomical results point to a relatively stable general

100 q
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40 1

20

Percentage contribution to total Shannon entropy

Scw SW Sph Shelf Yab SW Yab Whole Qesem
Qesem horizons

BN Within-group W Between-group

Fig. 10 Relative partitioning of total anatomical Shannon diversity across whole Qesem assemblages
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Fig. 11 Intraclass contribution to anatomical Shannon diversity across Qesem horizons and size classes

pattern combined with more localized contrasts in the internal organization of skele-
tal-part representation. The complementary anatomical indices reported in Table S4
are consistent with this reading: they refine the description of evenness- and rich-
ness-related variation, but do not alter the main conclusion that anatomical diver-
sity at Qesem is globally more homogeneous and structurally more stable than taxo-
nomic diversity.

Discussion
Intraclass diversity and occupation structure at Qesem

At Qesem, the interpretive value of Shannon diversity partitioning lies less in deter-
mining whether one horizon is globally more or less diverse than another than in
describing how diversity is internally structured across and within prey-size classes.
Because the faunal sequence remains taxonomically stable and strongly domi-
nated by fallow deer, archaeologically meaningful variation is unlikely to appear
only through major reversals in total Shannon diversity. What becomes informative
instead is the balance between the interclass component, which reflects contrasts
among prey-size classes, and the intraclass component, which reflects taxonomic
heterogeneity retained within those classes.

This distinction becomes particularly relevant when the partitioning results are
compared with the independent seasonality and event-structure framework proposed
by Rivals et al. (2021), developed on the same Qesem horizons analysed here. Their
study does not simply oppose short and long occupations, but distinguishes among
short events, accumulations extending beyond one season, and separate short events
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Fig. 12 Anatomical group proportions across Qesem horizons and size classes. Stacked horizontal bars
show the relative contribution of cranial, axial, proximal appendicular, and distal appendicular groups to
each assemblage, grouped by size class. Note: L =large; M =medium; S =small; W =whole

occurring in non-contiguous seasons. The intraclass component should therefore
not be read as a direct proxy for occupation duration. Rather, it provides a formal
descriptor of how taxonomic heterogeneity is distributed inside prey-size classes,
which can then be compared with independent evidence for segmentation, recur-
rence, or cumulative occupation history.

In this light, the clearest correspondence is observed in SW Yab, which Rivals
et al. (2021) associated with short events and which also shows the highest intraclass
proportions in both NISP and MNI. At the other end of the pattern, SCW, inter-
preted as reflecting a longer seasonal signal, yields the weakest intraclass contribu-
tion and thus provides the clearest counterpoint to the short-event pole. LSBS tends
toward the same short-event side of the pattern, though less strongly, while Shelf
Yab remains intermediate and more clearly dominated by the interclass component.
At Qesem, such modest but recurrent inflections are archaeologically meaningful
precisely because the underlying taxonomic structure is otherwise highly stable.
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This contrast is illustrated schematically in Fig. 13, which renders visible what
the partitioning captures statistically by combining prey-size classes, the number
of taxa within each class, and the relative amplitude of each taxon through circle
size. The NISP-based contrast is particularly informative. SCW yields the lowest
total Shannon diversity of the sequence (H=0.7414) and the lowest intraclass con-
tribution (H intraclass=0.0694; 9.36%), whereas SW Yab yields the highest total
Shannon diversity (H=1.1015) and the highest intraclass contribution (H intra-
class =0.3248; 29.49%). This difference is not reducible to assemblage size: SCW
contains more total NISP than SW Yab (401 vs. 283 specimens), yet its identified
faunal structure remains markedly less internally distributed. The complementary
indices support the same reading: corrected evenness is lower in SCW than in SW
Yab (0.3864 vs. 0.5196), as is Pielou’s J (0.3565 vs. 0.5013), while richness-sensi-
tive indices are also lower in SCW (Menhinick =0.3995; Margalef=1.1678) than in
SW Yab (Menhinick =0.5350; Margalef=1.4171). In visual terms, SCW is domi-
nated by a narrower configuration centred on the small-size class and especially on
fallow deer, whereas SW Yab retains a broader internal distribution. This broader
structure reflects not only the additional representation of Sus, Capra, and cf. Capre-
olus within the small-size class, but also a more even distribution within the large-
size class, where rhinoceros, horse, and bovine remains are more evenly represented
than in SCW. Figure 13 should therefore be read as a heuristic rendering of the sta-
tistical result: its purpose is to show that assemblages with different internal organi-
zation cannot be reduced to total diversity alone.

The comparison becomes even more informative when examined within, rather
than only between, the main techno-typological facies. Within the Yabrudian, the
contrast between Shelf Yab and SW Yab is particularly instructive. Both belong
to the same broad facies, yet they diverge in both the seasonality signal reported
by Rivals et al. (2021) and their partitioned diversity structure: Shelf Yab remains
more strongly dominated by the interclass component, whereas SW Yab shifts more
clearly toward intraclass representation. A parallel contrast can be observed within
the Amudian assemblages, where LSBS tends toward the short-event side of the pat-
tern and SCW toward the longer or more cumulative side, while DBS and SW Sph
occupy more equivocal positions. Such internal variability argues against a strictly
cultural reading and instead supports the idea that the partitioned structure of diver-
sity is sensitive to how occupations were organized within the cave.

These more ambiguous cases are essential to the argument. SW Sph is associated
by Rivals et al. (2021) with short events, yet it does not display the highest intraclass
values. Rather than a contradiction, this suggests that event duration or recurrence
alone cannot determine the partitioned diversity structure of an assemblage. Func-
tional specialization also matters, and SW Sph has been independently discussed in
relation to marrow extraction and intensive bone reduction. DBS is similarly mixed
and is best regarded as a composite case, while HU probably smooths a more dif-
ferentiated internal reality, given the coexistence of distinct seasonal signals across
its sub-contexts.

The richness-sensitive indices help clarify this point. Menhinick’s index is useful
not as an independent proxy for occupation duration, but as a control on whether
relatively high intraclass values merely reproduce corrected richness. The Qesem
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Fig. 13 Comparative schematic representation of SCW and SW Yab, the two extreme Qesem horizons in
terms of NISP-based intraclass contribution. Silhouettes are organized by analytical prey-size class, and
circle size is proportional to NISP

results do not support such a reduction. The intraclass signal cannot be reduced
either to total Shannon diversity or to richness alone: it captures the extent to which
heterogeneity is retained inside prey-size classes rather than expressed mainly
through contrasts between them.

A cautious interpretive proposition nevertheless emerges. At Qesem, relatively
stronger intraclass contributions are compatible with contexts independently recon-
structed as short events or recurrently segmented occupations, whereas lower intra-
class values are more consistent with cumulative or more strongly size-class-struc-
tured assemblages. This pattern should remain a contextual hypothesis rather than
a general rule. Its value lies in its convergence with the independent framework of
Rivals et al. (2021), its recurrence across both NISP- and MNI-based calculations,
and its partial support under bootstrap resampling.

Anatomical Diversity Partitioning and Carcass Processing at Qesem
In contrast to the taxonomic results, anatomical diversity partitioning points to a
comparatively stable structural regime across the Qesem sequence. At the scale of

the whole assemblages, total anatomical Shannon diversity values remain tightly
grouped, and the intraclass component consistently contributes slightly more than
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the interclass component. Anatomical diversity at Qesem thus appears to be gener-
ated less by strong contrasts between cranial, axial, proximal appendicular, and dis-
tal appendicular groups than by recurrent internal variability within a broadly simi-
lar skeletal profile. The anatomical signal is therefore less horizon-specific than the
taxonomic one and instead suggests a repeated organization of carcass processing
across the cave.

This stability is consistent with previous zooarchaeological work at Qesem. Ear-
lier studies had already shown that skeletal representation is not evenly distributed
across the carcass but strongly biased toward nutritionally valuable limb elements.
Blasco et al. (2024) sharpen this interpretation by arguing that the marked scarcity
of appendicular epiphyses cannot be reduced either to carnivore ravaging or to fos-
sil-diagenetic destruction alone, but is better explained by intensive anthropogenic
processing, including the targeted destruction of grease-rich and highly porous artic-
ular ends. Read in that light, the weak inter-horizon variation in whole-assemblage
Shannon diversity is not trivial: it indicates that the same broad anatomical regime
was repeatedly reproduced through time.

The anatomical group proportions clarify how this regime was structured. In most
horizons and size classes, proximal appendicular elements dominate, often account-
ing for around half or more of the assemblage and reaching particularly high values
in several medium-size contexts. The slight predominance of the intraclass compo-
nent should therefore not be mistaken for generalized carcass completeness. On the
contrary, the assemblages remain strongly organized around limb-focused represen-
tation. What the partitioning adds is that much of the anatomical diversity is gener-
ated internally within this dominant appendicular signal, through the co-occurrence
of several proximal limb elements rather than through a balanced distribution across
all anatomical regions. In that sense, the partitioned anatomical pattern formalizes
rather than weakens the skeletal-part bias already documented at the site.

This reading becomes more meaningful when compared with the broader evi-
dence for intensive bone processing. Blasco et al. (2024) explicitly relate the disap-
pearance of epiphyseal-rich portions to grease-oriented exploitation, while experi-
mental and residue-based work has shown delayed use of marrow- and fat-rich
resources, pointing to planned resource management rather than immediate undiffer-
entiated consumption (Blasco et al., 2019b). The dominance of proximal appendicu-
lar representation in the present results is therefore compatible with grease-oriented
processing: shafts and surviving limb portions remain archaeologically visible,
whereas the greasiest articular ends were likely reduced, fragmented beyond recog-
nition, or otherwise underrepresented in the identifiable record.

Prey size provides the clearest internal differentiation within this otherwise stable
regime. The strongest intraclass structuring is concentrated in the large and espe-
cially medium-size categories, whereas the small-size class remains much closer
to parity between intraclass and interclass components. Large and medium animals
thus appear to have been subject to a more selective and more internally structured
concentration on limb portions, whereas small-size assemblages preserve a some-
what broader anatomical spread. This does not amount to true whole-carcass rep-
resentation for small prey, since proximal appendicular elements still dominate
and axial values remain weak, but it does indicate that the degree of anatomical
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polarization varied with prey size. The partitioning results therefore do more than
restate that Qesem is limb-dominated: they show that the strength and internal
organization of that dominance differ across size classes. This is broadly consistent
with more general zooarchaeological models linking prey size to differential skeletal
selectivity and transport constraints (Faith & Gordon, 2007).

This reading is also broadly consistent with the complementary indices. Even-
ness-related measures do not suggest anatomically even carcass representation
across regions, but instead support the persistence of structured skeletal-part pro-
files, while richness-sensitive indices indicate that the observed variation cannot
be reduced to simple differences in the number of represented anatomical catego-
ries alone. At the scale of the whole assemblages, for example, corrected evenness
and Pielou remain high and relatively compressed (e.g., HU-whole: VE=0.9539,
J=0.8572; Shelf Yab-whole: VE=0.9584, J=0.8872), whereas richness-sensitive
values remain comparatively low (Menhinick=0.1197 and 0.1301, respectively).
In that sense, anatomical diversity partitioning is not an isolated signal: the com-
plementary indices act here as control measures, confirming that the main pattern
identified at Qesem is one of recurrently structured carcass processing rather than
anatomically balanced representation.

At the same time, the anatomical data do not support a strong Amudian/Yabru-
dian dichotomy at the scale of the whole assemblages. Whole-assemblage Shan-
non diversity values remain remarkably close across the sequence, arguing against
sharply distinct carcass-processing regimes when viewed at a broad scale. Some
local contrasts nevertheless persist and may plausibly be read against the techno-
functional differences documented independently for the two facies at Qesem (e.g.,
Parush et al., 2016). In this respect, anatomical diversity partitioning complements
rather than duplicates the taxonomic analysis: the latter is more sensitive to horizon-
specific contrasts, whereas the former reveals the relative stability of the underlying
carcass-processing regime and the more localized ways in which it varied by prey
size.

Methodological Implications and Broader Applicability

Recent reassessments of occupation duration and site function have shown that taxo-
nomic diversity remains a useful variable, but not a self-sufficient one. Lubrano et al.
(2025), in their review of temporal indicators of Neanderthal occupations, note that
taxonomic diversity has often been mobilized as a proxy for occupation duration or
site function, with high diversity commonly associated with longer or more complex
occupations and low diversity with shorter or more specialized ones. At the same
time, their reassessment makes clear that this relationship is not stable. Depending
on environmental availability, human behavioural choices, carnivore input, palimp-
sest formation, fragmentation, and the quality of faunal identification, both short-
and long-term occupations, may display relatively high diversity. Their conclusion is
therefore not that diversity should be abandoned, but that it must be contextualized
and interpreted in relation to other archaeological variables.
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A similar point emerges in predictive approaches. In Grégoire et al. (2021), Shan-
non diversity is explicitly introduced as a discriminant variable in a machine-learn-
ing framework designed to characterize occupation patterns. Yet the archaeological
interpretation of that variable remains grounded in earlier discussions of speciali-
zation, subsistence breadth, and site function rather than in any intrinsic behav-
ioural meaning of Shannon itself (Binford, 1981; Daujeard & Moncel, 2010; David
& Enloe, 1993; Magniez, 2010). In other words, Shannon diversity already enters
quantitative and predictive archaeology as a potentially informative feature, but one
whose meaning remains partly equivocal when taken as a global value alone. From
this perspective, additive partitioning is useful because it does not replace Shannon
diversity; it refines its descriptive use by distinguishing the share of diversity gener-
ated between predefined groups from the share retained within them.

In the present study, those groups were taxonomic prey-size classes and ana-
tomical categories, because these are archaeologically meaningful partitions for
the questions addressed at Qesem. Yet the method is not restricted in principle to
these specific groupings. It can be applied to any predefined and mutually exclusive
system of classes, provided that the classificatory scheme is explicitly justified in
relation to the archaeological problem under study. In zooarchaeology, such classes
may include anatomical regions, ecological categories, body-size classes, taxonomic
groupings, or other structured partitions of assemblage composition. More broadly,
the same logic could be extended beyond zooarchaeology whenever archaeological
data can be organized into interpretable grouped distributions.

The main methodological contribution of the approach is therefore not tied to a
single classificatory solution, but to the possibility of formalizing how total diversity
is internally distributed across and within analytically relevant groups. This is espe-
cially useful in cases where global diversity values remain difficult to interpret on
their own. Additive partitioning does not remove that ambiguity by itself, nor does it
transform Shannon diversity into a direct behavioural proxy. Rather, it specifies the
internal architecture of the diversity signal and provides a more explicit descriptive
basis for subsequent archaeological interpretation.

A further advantage is that the procedure can be implemented reproducibly. In
the present study, the diversityArch package was used to calculate total Shannon
diversity, additive partitioning, complementary indices, and bootstrap confidence
intervals within a transparent workflow. Because partitioning is not evaluated in iso-
lation, evenness-, dominance-, and richness-sensitive indices can also be computed
as control measures, helping to assess whether an observed pattern reflects the inter-
nal organization of diversity itself or is driven more broadly by abundance structure
or richness.

This framework matters not only for the present case study, but also for wider
comparison across assemblages, sites, and analytical traditions. By making the par-
titioning of Shannon diversity operational and reproducible, it facilitates sensitivity
tests and controlled comparisons between alternative grouping strategies. Such for-
malized variables may also prove useful in future quantitative workflows, including
predictive and machine-learning applications, precisely because they remain both
archaeologically interpretable and mathematically explicit. Their value, however,
depends on the same principle defended throughout this study: diversity measures
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are most informative when treated as structured descriptors and interpreted in rela-
tion to independent archaeological evidence.

Conclusion

This study examines not only how diverse the Qesem faunal assemblages are, but
how that diversity is internally organized. By applying additive partitioning of
Shannon diversity to both taxonomic and anatomical data, it distinguishes diversity
generated by contrasts among predefined analytical groups from diversity retained
within those groups. Diversity is therefore treated here not as a direct behavioural
proxy, but as a formal property of assemblage structure whose archaeological mean-
ing depends on contextual comparison.

At the taxonomic level, the results show a robust and recurrent pattern. Diver-
sity is consistently dominated by the interclass component, indicating that contrasts
among prey-size classes remain the main source of taxonomic structure at Qesem.
However, the intraclass component varies between horizons, revealing differences
in the distribution of taxa within size classes that are not visible from total Shannon
diversity alone. SCW illustrates a more narrowly structured configuration centred on
the small-size class and fallow deer, whereas SW Yab shows a broader internal dis-
tribution, both through additional small prey and through a more even representation
within the large-size class. This is one of the main gains of the approach: it shows
not only whether an assemblage is more or less diverse, but where that diversity is
located.

The comparison between NISP and MNI further shows that quantification frame-
work matters. NISP emphasizes specimen-level structure and remains more sensi-
tive to abundance concentration and fragmentation, whereas MNI makes intraclass
taxonomic heterogeneity more visible and reduces some of the sharper contrasts
observed under NISP. The persistence of interclass dominance under both frame-
works supports the stability of the broad taxonomic pattern, while their differences
identify which aspects of the signal are quantification-dependent. Similarly, the inte-
gration of taxonomically indeterminate but size-class-attributed fragments shows
that fragmentation affects not only the magnitude of Shannon diversity, but also its
partitioning among and within prey-size classes.

The anatomical results provide an important counterpoint. When assemblages
are considered a whole, anatomical diversity is comparatively homogeneous and
slightly intraclass-dominated. Clearer contrasts emerge within size classes, espe-
cially among medium-sized prey. Read alongside the independent zooarchaeological
evidence from Qesem, this pattern is compatible with a recurrent limb-focused pro-
cessing regime, modulated by prey size and by localized techno-functional variation.
The anatomical analysis therefore shows that additive partitioning is not restricted to
taxonomic diversity but can also describe how skeletal-part representation is inter-
nally organized.

These results clarify both the value and the limits of the approach. Additive par-
titioning does not directly measure occupation duration, seasonality, transport deci-
sions, or carcass-processing behaviour. Rather, it provides a reproducible descriptor
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of assemblage structure that can be compared with independent taphonomic, ana-
tomical, technological, and contextual evidence. In relation to the event-structure
and seasonality framework proposed by Rivals et al. (2021), the Qesem patterns are
archaeologically meaningful, but they should not be treated as direct measures of
occupational duration.

Overall, this study shows that additive partitioning makes Shannon diversity
more informative by reopening a global index into archaeologically interpretable
components. Complementary richness-, evenness-, and dominance-sensitive indi-
ces remain useful as controls, but the main contribution of the procedure lies in
formalizing the internal architecture of diversity. Its value is not to replace con-
ventional zooarchaeological interpretation, but to clarify what kind of diversity
is being observed, where it is located within the assemblage, and how stable it
remains under alternative analytical frameworks. For this reason, the approach
has potential beyond Qesem Cave, particularly in comparative, computational,
and predictive workflows where reproducible and archaeologically interpretable
variables are needed.
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