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a b s t r a c t

In landscapes whose surface has been modified by terracing and other agricultural land-use, the spatial
and temporal patterning of prehistoric settlement can be difficult to detect using traditional, site-
orientated archaeological survey methods, especially for small-scale societies. In these contexts,
methods that can reveal occupational patterns at landscape scales, without the need to pinpoint specific
sites of human occupation, can be especially useful. We employ a stratified, randomly selected patch-
based survey strategy to examine socio-ecological dynamics from the Middle Paleolithic through Bell
Beaker (Chalcolithic) periods within the Canal de Navarr!es, eastern Spain. We divide the study region
into survey strata according to differences in topography and vegetation communities and use a random
selection of demarcated, terraced fields as data collection patches. All survey data is digitally recorded
using tablets in the field, creating a streamlined and more accurate workflow, where observations of
artifacts, soils, ground visibility, and photographs are georeferenced and ready for analysis in a GIS.
Surface artifact densities, estimated from sampled patches, are used to generate prehistoric land-use
maps and empirical Bayesian methods allow us to track shifts in occupational patterns through time.
Regional reference collections of well-dated lithic artifacts provide the “prior knowledge” required to
make estimates of the probability of prehistoric occupation in each sampled patch. This combination of
field and analytical methods makes possible the study of regional-scale land-use dynamics in agricul-
turally modified landscapes.

© 2018 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction

For decades, archaeological survey methods have focused on
identifying sites through concentrations of artifacts on the surface
of the landscape. But in recent years, research aims have widened
beyond sites to include the spatial, temporal, and non-linear in-
teractions between human and ecological systems (Barton et al.,

1999, 2002; 2004; Carey et al., 2006; Arikan, 2012; Diez Castillo
et al., 2016). New social-ecological systems science in archaeology
now focuses on multiple types of landscape-scale data, including
the continuous distribution of surface artifacts (Dunnell, 1992;
Bevan and Conolly, 2002, 2006; Bintliff, 2005). This approach is
particularly effective when examining the diachronic interactions
between prehistoric land-use, ecological systems, and their influ-
ence on landscape evolution (Barton et al., 2004, 2010).

Such a perspective has played a primary role in driving our
research over the last three decades in eastern Spain. Survey in the
Mediterranean Basin is often stymied by landscapes that have been
modified through intensive agricultural land-use, resulting in
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complex palimpsests of archaeological material (Cherry, 1983;
Barton et al., 1999; Llobera et al., 2010). We have worked to
develop alternative field and analytical approaches that can over-
come these challenges. Multiple seasons of fieldwork and experi-
mental methods in the Serpis Valley have resulted in a suite of
techniques that consider geomorphology, taphonomy, ground vis-
ibility, and relative chronology to evaluate changing patterns of
prehistoric land-use (Barton et al., 1999, 2002; 2004; Bernabeu
Auban et al., 1999, 2001; 2008; Pardo Gord!o et al., 2009, 2015).

As part ofMediterranean Landscape Dynamics Project (MedLanD),
a collaborative project between Arizona State University, the Uni-
versity of Valencia, and other organizations, we are now applying
the methods developed in the Serpis Valley to a new study area in
the Canal de Navarr!es, Valencia, Spain. This paper presents our
initial results as a case study that examines the challenges and our
solutions for evaluating prehistoric land-use in landscapes inten-
sively modified by agricultural terracing. We incorporate patch-
based survey methods, digital data collection, and Bayesian statis-
tical methods to systematically evaluate the distribution and in-
tensity prehistoric land-use in this study area.

2. Regional setting

2.1. Environmental setting

The Canal de Navarr!es (255m.a.s.l., 39! 060 N 0! 410 W) is a flat-
bottomed, northwest-southeast oriented tectonic valley located at
the intersection of the Iberian and Baetic systems in Valencia,
eastern Spain (Fig.1). The valley is circumscribed by three low-lying
ranges: the Massís del Caroig to the west, the Serra de Sumac!arcer
to the east, and the Serra d’Enguera to the south. Tributaries of the
Riu Xúquer actively drain this area from both the north and south.
Due to tectonic influences and the formation of transverse alluvial
fans during the Quaternary, the valley is semiendorheic, resulting in
the formation of lakes, peatlands, and travertines throughout the
Holocene (La Roca et al., 1996). The modern lakes of Playamonte
and l’Albufera d’Anna are evidence of these processes.

This region is situated in the Mesomediterranean belt, a tran-
sitional zone between coastal and inland climate zones in eastern
Spain. The mean annual temperature is ~16 !C and the region re-
ceives an average annual rainfall of 550mm. The Meso-
mediterranean belt experiences typical Mediterranean seasonality,
with hot, dry summers and mild, wet winters (Carri!on and Van
Geel, 1999). Modern vegetation communities consist primarily of
matorral species (including Quercus coccifera and Pistacia lentiscus)
with some Pinus halepensis in the uplands. In lowland areas, agri-
culture has replaced most endemic vegetation. Regional palyno-
logical studies have revealed multiple fluctuations in vegetation
diversity over the last 30,000 years related to global changes in
climate (Dupr!e et al., 1998; Carri!on et al., 2010). But the modern
distribution and diversity of matorral vegetation may have been
influenced by the introduction of fire associated with Neolithic
agricultural practices during the middle Holocene (Carri!on and Van
Geel,1999), resulting in the replacement of Pinus dominated forests
with more fire-tolerant genera such as Quercus, Cistus, and Ulex.

2.2. Previous archaeological research

2.2.1. The Canal de Navarr!es
Archaeological research in the Canal de Navarr!es is limited, but

current evidence for occupations span from the Middle Paleolithic
to the present. Previous work focused on endorheic areas
throughout the valley, targeting late Pleistocene and early Holocene
occupations. Excavations in the vicinity of Las Fuentes revealed
Mousterian lithics and preserved Pinus nigra trunks with

radiocarbon dates of more than 40,000 years BP (Aparicio Perez,
1981). Excavations prior to development at another nearby lake,
l’Albufera d’Anna, documented geometric lithic forms dating the
late Mesolithic (Aparicio Perez, 1973, 1979). The subsequent re-
covery of pottery remains from l’Albufera d’Anna, indicates a
possible Neolithic component (Martí Oliver et al., 2009). Additional
evidence of Neolithic occupations is confined to an isolated
occurrence of early Neolithic cardial pottery at Covacha de la Bellota
(Fletcher Valls and Aparicio Perez, 1970) and the late Neolithic
open-air site of Ereta del Pedregal.

Ereta del Pedregal is located within a peatland between the
modern communities of Navarr!es and Playamonte (Fletcher Valls
et al., 1964; Pla Ballester et al., 1983; Juan Cabanilles, 1994, 2008).
Initial investigations in the 1940's and later excavations in the
1980's revealed early examples of stone building construction, a
circular stone enclosure, and numerous artifacts. These include
lithics and decorated bone associated with Late Neolithic
(6000e4500 BP), Chalcolithic (4500e3800 BP), and early Bronze
Age (3800e3250 BP) (Pla Ballester et al., 1983). Ereta del Pedregal
established the chronology of middle Holocene occupations for the
Canal de Navarr!es and has been used to interpret the context of
other isolated finds throughout the valley.

2.2.2. Regional archaeological research
The Canal de Navarr!es is comparatively under-studied in

contrast to nearby valleys throughout southern Valencia. The
regional chronology of Middle Paleolithic (approximately
100,000e30,000 BP) and Upper/Late Upper Paleolithic
(30,000e10,000 BP) occupations is reconstructed through well-
documented sites such as El Salt, Cova Beneito, Cova de Parpall!o,
and Cova de les Cendres (Barton, 1988; Villaverde et al., 1998; Riel-
Salvatore and Barton, 2007; Villaverde Bonilla et al., 2012). Middle
Paleolithic chronologies were developed at El Salt and Cova Beneito
through a combination of radiocarbon dating and Uranium series
dates from travertines underlying occupational contexts. Upper/
Late Upper Paleolithic industries recovered from Cova Beneito, Cova
de Parpall!o, and Cova de les Cendres have shaped the interpretation
of late Pleistocene occupations and chronologies throughout the
region (Mallol et al., 2012; Villaverde Bonilla et al., 2012).

Regional Mesolithic and Neolithic chronologies have been built
through several decades of systematic excavations in caves, rock-
shelters, and open-air contexts. Evidence of hunter-gatherer oc-
cupations during the Mesolithic (11,000e7600 BP) has been
primarily identified through diagnostic lithic technologies,
including geometric, triangular/trapezoidal microburins and mi-
croliths. Regionally, the early Mesolithic is represented by burials
and associated artifacts recovered from El Collado (Garcia Guix!e
et al., 2006; Gibaja et al., 2015). Important late Mesolithic sites
identified throughout the region include Abric de la Falguera
(García Puchol and Aura Tortosa, 2006) and Cueva de la Cocina
(Fortea Perez,1971; García Puchol et al., 2009; Bernabeu-Aub!an and
Martí-Oliver, 2014; García Puchol et al., 2017).

The earliest Neolithic occupations date to 7600e7500 cal. BP at
multiple sites, including Mas d’Is (Bernabeu Auban et al., 2003),
Abric de la Falguera (García Puchol andAura Tortosa, 2006) andCova
de les Cendres (Bernabeu Auban,1999; Bernabeu Aub!an andMolina
Balaguer, 2009). By 6500 cal. BP, cardial ceramics and evidence of
domesticated plants and animals were widespread (Sites include
Cova d'En Pardo: García Ati!enzar, 2009; Cova de l'Or: Martí-Oliver,
2011; Cova de la Sarsa: Garcia Borja et al., 2011). Although excava-
tions in caves and rockshelters have provided reliable ceramic and
lithic chronologies for the Valencian Neolithic period, open-air sites
such as Mas d’Is (Bernabeu Auban et al., 2003), Niuet (Bernabeu
Aub!an et al., 1994), Les Jovades (Bernabeu Auban and Badal Garcia,
1992), and Ereta del Pedregal (Fletcher Valls et al., 1964; Pla
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Ballester et al., 1983; Juan Cabanilles, 1994, 2008) offer insights into
the changing land-use patterns and social organization that ac-
companies the Neolithic and Bell Beaker (Chalcolithic) periods.

3. Material and methods

3.1. Off-site survey in the Canal de Navarr!es

3.1.1. Survey objectives and background
The primary objective of the Canal de Navarr!es archaeological

survey is to establish the chronology and intensity of human land-
use throughout the valley so we may better understand the
changing interaction between social and ecological systems (García
Puchol et al., 2014; Diez Castillo et al., 2016). Second, we aim to
adapt innovative strategies and analytical techniques to deal with
the difficulties of systematic archaeological survey in Mediterra-
nean Basin. Survey projects in the Mediterranean are rare due to
several methodological and practical obstacles (Cherry, 1983;
Barton et al., 1999). Extensive landscape modification due to agri-
cultural terracing, field delimitation, and water control features

Fig. 1. Overview map of the Canal de Navarr!es, Valencia, Spain.
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have redistributed contexts, making chronological interpretations
from artifacts difficult. Additionally, complex subdivisions of agri-
cultural land have created a mosaic of walled and terraced fields
that vary in ownership from parcel to parcel. Uncultivated areas are
often overgrownwith thick stands of shrubby vegetation, reducing
ground visibility and access. Archaeological surveymethods relying
on continuous, long transects are often impractical in heavily
terraced Mediterranean landscapes.

To address these issues, a series of strategies were developed
over several decades of survey in the Serpis Valley, Alicante, Spain.
That surveywas designedwith a patch-based, off-sitemethodology
to evaluate the continuous distribution of human activities across
the landscape, rather than focusing on identifying sites (Barton
et al., 1999, 2002; Bernabeu Auban et al., 2008). Agricultural ter-
races across the landscape were not seen as detrimental, but rather
as a process through which buried artifacts are exposed on the
surface through centuries of tilling, planting, and excavating sedi-
ment for terrace construction (Barton et al., 1999). This strategy was
effective in evaluating the spatial dimensions of long-term in-
teractions between humans and ecosystems through variations in
artifact accumulation and distribution (Barton et al., 2004). Patches
without artifacts provide insights into patterns of land-use just as
much as those with dense artifact accumulations.

3.1.2. Adaptation for the Canal de Navarr!es survey
The strategies used in the Serpis Valley were updated and

adapted for systematic archaeological survey in the Canal de Nav-
arr!es during the 2014 and 2015 field seasons. The project is
designed as a stratified, randomly selected pedestrian survey,
where the Canal de Navarr!es region is divided into survey zones
based on topographical features, vegetation communities, and the
degree of landscape modification due to agriculture. See Table 1 for
descriptions of each zone, stratum designations, and survey
coverage. Survey zones are subdivided into survey blocks (“sec-
tors”), which are randomly selected to create sampling strata
(Fig. 2). Within each sector, field and parcel boundaries are used to
demarcate patches, which we refer to as collection units. Groups of
3e4 crewmembers walk in transects spaced at approximately 10-m
intervals, with some variation to accommodate for cultivated rows
in each collection unit (Fig. 3). All encountered artifacts are
collected and later washed, identified, and counted in the Depart-
ment of Prehistory at the University of Valencia (Department of
Prehistory, Archaeology, and Antiquity).

Overall, we sampled approximately 25 percent of collection
units within each stratum. At the end of the 2014 and 2015 seasons,
all zones were sampled with the exception of Zone 8, which was
excluded due to its similarity in topography, vegetation, and
modern agricultural land-use to Zone 9. A small series of collection
units outside of the original survey zones were also targeted, non-

randomly, in 2015 due to their close proximity to previously known
Mesolithic or Neolithic sites. These collections units were labeled as
Zone 10. Although not stratified or randomly selected, these
collection units helped to pinpoint other areas likely to contain
evidence of prehistoric land-use.

3.1.3. Digital data collection
All in-field data collection was recorded digitally on tablets,

rather than paper forms or maps. Tablets greatly increase the ease
and reliability of collecting archaeological data in the field by
creating digital back-ups of site data and instantly connecting
spatial attributes to field forms. Each survey team was assigned a
tablet with custom digital forms created in CartoMobile®, a GIS data
entry and visualization application for iOS mobile devices. The
types of digital data recorded for each collection unit is shown in
Table 2. In addition to tablets, each team recorded GPS tracks of
survey transects, as required by the Valencian Directorate of Cul-
tural Heritage and Museums.

3.2. Statistical “unmixing” through Bayesian age estimates of
surface assemblages

One of the challenges facing any archaeological survey is
building chronologies using surface assemblages that represent
multiple occupational periods or intensities. This problem is exac-
erbated in Mediterranean landscapes, which are typified by pa-
limpsests of archaeological material created through dynamic
erosional regimes and long histories of plowing and terracing. Ar-
tifacts spanning the last 100,000 years of human occupationmay be
found within the same surface contexts. Seriation techniques as-
sume that each assemblage is deposited during a single temporal
period and cannot readily accommodate for mixed assemblages.

Bayesian statistical concepts offer an alternative solution for
relative chronology building using surface assemblages and
explicitly address the palimpsest issue. This approach ‘unmixes’
surface collections by allowing multiple occupational periods to be
simultaneously represented at different probabilities (Buck et al.,
1996; Buck and Sahu, 2000; Ortman et al., 2007; Fern!andez-
L!opez de Pablo and Barton, 2013). Bayesian statistics are a branch
of statistical theory developed from the work of Thomas Bayes, an
eighteenth-century mathematician. Formally, Bayes' theorem is
stated as the following:

PðHjDÞfPðHÞ* PðDjHÞ (1)

in such that the probability of some phenomenon (its posterior
probability) P(HjD) is proportional to the prior probability P(H)
multiplied by the conditional probability P(DjH), also known as
the likelihood. In other terms, Bayes' theorem provides a means
of assessing the probability of an outcome based on the

Table 1
Survey zone descriptions.

Zone Num. of
Sectors

Topographic
Landform

Dominant Modern Vegetation Degree of Modern
Agricultural Land-use

Sectors in Survey Stratum Area of Stratum Area Surveyed Coverage of
Survey Stratum

1 3 Lowland Agricultural High 1-1, 1-2 3.58 km2 0.26 km2 7%
2 3 Lowland Agricultural High 2e2 1.46 km2 0.24 km2 16%
3 6 Lowland Agricultural High 3-2, 3-3, 3-5 5.53 km2 0.59 km2 11%
4 2 Transitional Mixed Agricultural & Pine Forest Moderate 4-1, 4-2 3.90 km2 0.73 km2 19%
5 2 Transitional Mixed Agricultural & Matorral High 5-1, 5-2 3.10 km2 0.49 km2 16%
6 3 Upland Mixed Agricultural & Matorral Moderate 6e1 1.36 km2 0.32 km2 24%
7 4 Upland Pine Forest Low 7-2, 7-4 9.60 km2 1.00 km2 11%
8 3 Upland Mixed Agricultural & Pine Forest Moderate e e e e

9 6 Upland Mixed Agricultural & Pine Forest Moderate 9e6 3.25 km2 0.71 km2 22%
10 e Transitional Mixed Agricultural & Matorral Moderate 10 0.09 km2 0.09 km2 100%
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combination of new data and prior knowledge about the prob-
ability of that outcome. Practically, this perspective provides a
systematic method for estimating the age of surface assemblages
by incorporating previous knowledge about the association of
certain artifact forms with temporal periods. Relying on expert
knowledge and experience in archaeology is commonly
employed in archaeological projects, but a Bayesian approach
allows us to formalize these methods by utilizing a wide variety
of published data on regional sites to evaluate our confidence in
assigning occupational chronologies to the landscape. See
Fern!andez-L!opez de Pablo and Barton 2013 and Ortman et al.,
2007 for more details on Bayesian age estimates for archaeo-
logical surface assemblages.

3.2.1. Calibration dataset based on prior knowledge
Barton and colleagues (1999, 2002, 2004) developed a Temporal

Index (TI) by assigning rank-order probability estimates for specific
time periods based on the presence and absence of artifact forms
collected during archaeological survey in the Serpis Valley. The
present work expands their chronology-building framework by
incorporating formalized Bayesian statistics to the presence/
absence data for temporally sensitive artifact forms. We use this
approach to estimate the probability that a surface assemblage
from a collection unit is associated with one of nine occupational
periods in the Canal de Navarr!es (including the Middle Paleolithic,
Upper Paleolithic, Late Upper Paleolithic, Early Mesolithic, Late
Mesolithic, Early Neolithic, Middle Neolithic, Late Neolithic, and

Fig. 2. Survey zones and sectors in the Canal de Navarr!es.
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Bell Beaker periods). See Table 3 for details on each occupational
period.

Other applications of Bayesian methods for dating surface as-
semblages have relied on independently dated artifact forms from
excavated contexts to create calibration datasets and establish prior
probabilities for temporal periods (Ortman et al., 2007; Fern!andez-
L!opez de Pablo and Barton, 2013). Unfortunately, few sites have
been excavated in the Canal de Navarr!es, and those that have been
excavated do not include datedmaterials that span the entire range
of the occupation periods present in this region. Rather than arti-
facts counts assigned to each chronological period to estimate our
prior probabilities, we rely a calibration dataset of presence/
absence data developed from TI measurement of archaeological
survey and excavation in the Serpis Valley (Barton et al., 1999,
2004). Presence and absence of 16 lithic forms in each of the nine
periods were coded as 1s and 0s, respectively (Table 3). Prior
probabilities were estimated by calculating the frequency of a
particular lithic form relative to all other forms. This is then
compared to the relative frequency of that form for each temporal
period where it was present. Although ceramics or other tempo-
rally sensitive artifact types could provide data for building a cali-
bration dataset, only lithics were recovered from prehistoric
contexts in the Canal de Navarr!es survey area.

3.2.2. Posterior probabilities for occupational periods
Posterior probabilities for each occupational period were

calculated based on the frequency of temporally sensitive artifact

forms identified in each collection unit from the Canal de Navarr!es
survey. Following the application of Bayes’ theorem from
Fern!andez-L!opez de Pablo and Barton (2013), we calculate the
probability that a collection unit dates to one of nine occupational
periods, based on specific artifact forms, as follows:

P
!
mijtypej

"
¼

PðmiÞ *
Pn

j¼ 1P
!
typejjmi

"

Pk
l¼ 1 PðmlÞÞ *

Pn
j¼ 1 P

!
typejjmi

" (2)

where i ¼ 1 to k are the nine occupational periods in the Canal de
Navarr!es and j ¼ 1 to n are the temporally sensitive artifact forms.
P(typej jmi) is the conditional probability for artifact form typej and
occupational period mi, and P(mi) is the prior probability of artifact
form typej being represented in occupational period mi.

Since prior probabilities for the Canal de Navarr!es are based on
presence/absence data for each occupational period, additional
prior knowledge was introduced in the form of independent
weighting of posterior probabilities. This allows us to rely on expert
knowledge about artifact forms and their associated occupation
periods rather than artifact frequencies fromwell-dated, excavated
contexts. Assemblages from each collection unit were assigned a
score between 0 and 6 for each of the nine occupational periods
based on combinations of artifact forms, as illustrated in Table 4.
Scores for each collection unit where re-scaled to sum to 1 and
weremultiplied by the posterior probability for each collection unit
and occupational period. See Fig. 4 for a conceptual map of this
methodology.

4. Results

4.1. Summary of survey results

4.1.1. Zone 1
Zone 1 is located within the municipality of Navarr!es and con-

sists of lowland, endorheic areas such as the large karstic upwelling
of Las Fuentes. This area is intensively cultivated and irrigated, but
terracing remains somewhat limited due to the landscape's low
slope. Ereta del Pedregal and Las Fuentes archaeological sites are
both located in this zone (Diez Castillo et al., 2016).

Within zone 1, samples of both sectors 1-1 and 1e2 were sur-
veyed during the 2014 and 2015 field seasons (Fig. 5a). Lithic arti-
facts were recovered in 22 of the 79 collection units surveyed in
sector 1-1 and in 2 of the 4 collection units surveyed in sector 1e2.
In collection unit 1100355, located adjacent to the site of the Ereta

Fig. 3. Example of survey methodology in collection units.

Table 2
Description of digital data recorded for each collection unit.

Data field Description

Date and time Timestamp when each collection unit
was recorded

Sector Survey Sector (eg. Sector 5)
Subsector Survey Subsector (eg. Subsector 1)
Collection Unit number Field parcel number (eg. 100263)
Ground visibility Good, Moderate, or Poor
Artifacts collected Yes or No
Geospatial information for

each collection unit
Digitized centroid if entire parcel is used as
a collection unit; digitized polygon and
centroid if only a partial parcel is used
as a collection unit

Photographs of collection unit Digital photographs detailing the
collection unit, ground visibility, or
notable artifacts

Additional Notes Other notes related to the collection unit

G. Snitker et al. / Quaternary International 483 (2018) 5e2210



del Pedregal, multiple temporally sensitive artifacts were recovered
including truncated and laminate blades.

4.1.2. Zone 2
Zone 2 is located within the municipality of Chella on the west

bank of the Riu Bolbaite within the middle section of the valley.
Only sector 2-2 was sampled, resulting in lithic artifacts recovered
in 24 of the 99 collection units surveyed. The distribution of arti-
facts recovered from this portion of the valley suggest that most of
the prehistoric record is likely buried under alluvial sediments
deposited throughout the Holocene by the Riu Bolbaite and its
tributaries (Fig. 5a).

4.1.3. Zone 3
Zone 3 is located within the municipality of Anna and encom-

passes l’Albufera d’Anna, a small lake within the southern end of
the endorheic basin that has been improved in recent years for use
as a recreation site. This area has also undergone major agricultural

and recreational development in the last several decades, resulting
in increased erosion and denudation of Holocene sediments. Dur-
ing the 2014 and 2015 field seasons, crewmembers sampled sectors
3-2, 3-3, and 3e5, surveying a total of 113 collection units. Collec-
tions were made in 14 units, resulting in a total of 28 lithic artifacts
from all of zone 3 (Diez Castillo et al., 2016).

4.1.4. Zone 4
Zone 4 is split between the municipalities of Bolbaite and Chella

and sectors 4-1 and 4-2 near Chella were sampled for survey. This
zone encompasses the western portion of a secondary, adjacent
drainage (barranco del Matet) that flows south into the Riu Bolbaite
and is positioned in a transitional area between other upland and
lowland survey zones. Numerous smaller tributaries have downcut
the adjacent limestone hills, creating small ravines and rock-
shelters. Zone 4 contains Covacha de la Bellota, a small rockshelter
from which cardial ceramics were recovered during earlier in-
vestigations (Fletcher Valls and Aparicio Perez, 1970). Lithics were

Table 3
Details on each occupational period and lithic forms used in the Bayesian analysis.

Temporal Range Duration (kyr) Occupational Period Attributed Lithic Forms

4500e3800 BP 0.7 Bell Beaker - Foliate/Bifacial projectile points
- Invasive retouched blades
- Denticulated sickle blades
- Undifferentiated lithics (flakes, chunks, and shatter)

6000e4500 BP 1.5 Late Neolithic - Foliate/Bifacial projectile points
- Triangle microliths
- Trapeze microliths
- Invasive retouched blades
- Retouched blades
- Generic blade technology (blades, bladelets, and blade core preparation)
- Undifferentiated lithics (flakes, chunks, and shatter).

6800e6000 BP 0.8 Middle Neolithic - Triangle microliths
- Trapeze microliths
- Invasive retouched blades
- Retouched blades
- Generic blade technology (blades, bladelets, and blade core preparation)
- Undifferentiated lithics (flakes, chunks, and shatter).

7600e6800 BP 0.8 Early Neolithic - Truncated blades
- Triangle microliths
- Trapeze microliths
- Retouched blades
- End scrapers
- Generic blade technology (blades, bladelets, and blade core preparation)
- Undifferentiated lithics (flakes, chunks, and shatter).

8600e7600 BP 1 Late Mesolithic - Truncated blades
- Triangle microliths
- Trapeze microliths
- Backed blades
- Microburins
- End scrapers
- Generic blade technology (blades, bladelets, and blade core preparation)
- Undifferentiated lithics (flakes, chunks, and shatter).

11,000e8600 BP 2.4 Early Mesolithic - Backed blades
- End scrapers
- Generic blade technology (blades, bladelets, and blade core preparation)
- Notches/Denticulates microliths
- Undifferentiated lithics (flakes, chunks, and shatter).

13,000e10,000 BP 3 Late Upper Paleolithic - Backed blades
- End scrapers
- Generic blade technology (blades, bladelets, and blade core preparation)
- Burins
- Undifferentiated lithics (flakes, chunks, and shatter).

30,000e13,000 BP 17 Upper Paleolithic - End scrapers
- Generic blade technology (blades, bladelets, and blade core preparation)
- Burins
- Undifferentiated lithics (flakes, chunks, and shatter).

100,000e30,000 BP 70 Middle Paleolithic - Discoidal/Levallois Flake Technology
- Mousterian technology (projectile points and side scrapers)
- Notches/Denticulates microliths
- Undifferentiated lithics (flakes, chunks, and shatter).
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Table 4
Weight scores for posterior probabilities by presence/absence of artifact forms (adapted from Barton et al., 1999): G1: Trapezes or Triangles; G2: Segments or Rectangles; Sickles: Sickle blades/bladelets; Dent. Sickles:
Denticulated sickles; Bif. drills: bifacial drill; Nch. and Dent: Notches and denticulated micoliths; Blade Tech.: Blade Technology; Flake Tech.: Discoidal/Levallois flakes; Backed blds.: backed blades/bladelets; End scrp.: end-
scrapers; Brn: Burins; Must.: Mousterian technology (bifaces and side scrapers); Proj. points: Foliate/bifacial projectile points; Ret. blades: Retouched Blade; Inv. Ret.: Invasive retouched blade; Trc: Truncated blades; M1:
Microburins; Labs: Labios engrosados ceramics; BB ceramics: Bell Beaker Campaniforme ceramics; Cardial: Cardial ceramics; Esgr.: Esgrafiada ceramics; Peina: Peina Ceramics; Epi: Ceramics decorated with incisions or
impressions.

6 5 4 3 2 1 0

Bell Beaker
(Chalcolithic)

P: BB ceramics P: Dent. sickles P: Proj. points P: Inv. Ret. þ Labs. P: Inv. Ret. or Labs. P: Lithics, Ceramics
A: Artifacts

Late Neolithic P: Proj. points þ Labs. þ Inv. Ret. P: Proj. points þ (Inv. Ret. or
Labs.)

P: Proj. points or Inv. Ret. or
Labs.

P: Blade tech. þ (Ret. blades, Bif.
drills, Sickles, Ceramics or G1)

P: Blade tech. þ (Ret. blades, Bif.
drills, Sickles, Ceramics or G1)

P: Lithics, Ceramics

A: BB ceramics or Dent. sickles A: BB ceramics or Dent. sickles A: BB ceramics, Dent. sickles,
Esgr. or Card.

A: Artifacts

Middle Neolithic P: Esgr. P: (Inv. Ret or G2)þ (Epi. or
Peina)

P: (Inv. Ret or G2)þ (Epi. or
Peina)

P: Blade tech. þ (Ret. blades,
Sickles, Ceramics or G1)

P: Blade tech. þ (Ret. blades, Bif.
drills, Sickles, Ceramics or G1)

P: Lithics, Ceramics

A: BB ceramics, Dent. Sickles or
Proj. points

A: BB ceramics, Dent. sickles,
Proj. points or Card.

A: Artifacts

Early Neolithic P: Card. P: Epi þ (G1 or Trc) þ (Ret.
blades, Bif. drills or
Sickles) þ (G1 or
Trc) þ Ceramics

P: Epiþ (G1 or Trc) þ (Ret.
blades, Bif. drills or
Sickles) þ (G1 or Trc)þ
Ceramics

P: Blade tech. þ (Ret. blades, Bif.
Drills, Sickles, Ceramics or G1)

P: Blade tech. þ (Ret. blades, Bif.
Drills, Sickles, Ceramics or G1)

P: Lithics, Ceramics

A: BB ceramics, Dent. Sickles,
Proj. points or Esgr,

A: BB ceramics, Dent. Sickles,
Proj. points or Esgr,

A: Artifacts

Late Mesolithic P: (G1 or M1) þ Backed
blds. þ (End scrp. or Trc)

P: (G1 or M1) þ End
scrp. þ (Backed blds. or Trc)

P: (G1 or M1) þ End
scrp. þ (Backed blds. or Trc)

P: Blade tech. þ (G1, Trc or End
scrp.)

P: Blade tech. þ (G1, Trc or End
scrp.)

P: Lithics

A: Ceramics, G2, Sickles, Proj.
points

A: Ceramics, G2, Sickles, Proj.
points

A: Ceramics, G2, Sickles, Proj.
points

A: Lithics

Early Mesolithic P: Backed blds. þ End
scrp. þ Nch. and Dent.

P: (Backed blds. or End
scrp.) þ Nch. and Dent.

P: (Backed blds. or End
scrp.) þ Nch. and Dent.

P: Blade tech., End scrp. or
Backed blds.

P: Blade tech., End scrp. or
Backed blds.

P: Lithics

A: G1, G2, Sickles, Bif. drills,
Ceramics or Proj. points

A:G1, G2, Sickles, Bif. drills,
Ceramics or Proj. points

A:G1, G2, Sickles, Bif. drills,
Ceramics or Proj. points

A: Lithics

Late Upper
Paleolithic

P: End scrp. þ Brn þ Backed
blds.

P: Backed blds.þ (Brn or End
scrp.)

P: Backed blds. þ (Brn or End
scrp.)

P: Blade tech., End scrp, Brn or
Backed blds.

P: Blade tech., End scrp., Brn or
Backed blds.

P: Lithics

A: G1, G2, Sickles, Bif. drills,
Ceramics or Proj. points

A: G1, G2, Sickles, Bif. drills,
Ceramics, Proj. points

A: G1, G2, Sickles, Bif. drills,
Ceramics, Proj. points

A: Lithics

Upper Paleolithic P: Blade tech. þ End scrp. þ Brn P: Blade tech. þ (End scrp. or
Brn)

P: Blade tech. þ (End scrp. or
Brn)

P: Blade tech., End scrp. or Brn P: Blade tech., End scrp. or Brn P: Lithics

A: G1, G2, Sickles, Bif. drills, or
Ceramics

A: G1, G2, Sickles, Bif. Drills, or
Ceramics

A:G1,G2, Sickles, Bif. drills, or
Ceramics

A: Lithics

Middle Paleolithic P: Flake tech. þ Nch. and
Dent. þ Must.

P: Flake tech.þ (Must. or Nch.
and Dent.)

P: Flake tech.þ (Must or Nch.
and Dent.)

P: Flake tech. or Must. P: Flake tech. or Must. P: Lithics

A: Ceramics, Blade tech., or Proj.
points.

A: Ceramics, Blade tech., or Proj.
points.

A: Ceramics, Blade tech., or Proj.
points.

A: Lithics
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recovered from 62 of the 100 collection units surveyed, with a
maximum of 58 lithics collected from a single parcel (Diez Castillo
et al., 2016).

4.1.5. Zone 5
Zone 5 is located east of zone 4, and is composed of two sectors,

5-1 and 5-2, both of which were sampled. Both sectors encompass

Fig. 4. Conceptual map of Bayesian methodology.

Fig. 5. aec: a) Collection units surveyed during the 2014 and 2015 field seasons, b) Collection units with lithic artifacts, and c) interpolated artifacts densities for the study area.
Previously recorded sites are labeled as 1. Las Fuentes, 2. Ereta del Pedregal, and 3. Covacha de la Bellota.
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transitional areas between upland areas in Zone 6 and the adjacent
valley bottom. Zone 5-1 is located at the southern end of the valley,
near the confluence of el barranco del Matet and the Riu Bolbaite,
and produced a high density of lithic artifacts. Lithics were recov-
ered from 26 out of 57 collection units surveyed. Notably, 131 lithic
artifacts (including retouched flakes and blades) were recovered
from collection unit 5-1-100181. In stark contrast, very few lithics
were collected in sector 5-2, located to the north of sector 5-1. Low
densities of lithic artifacts were recorded in only 4 out of 29
collection units in this sector.

4.1.6. Zone 6
Zone 6 is located in an upland area within the municipality of

Navarr!es and is the only sector that drains north to the Riu Esca-
lona, which joins the main Riu Xúquer upstream of Sum!acarcer. In
this zone, only sector 6-1 was sampled and surveyed, yielding
lithics in 14 of 75 collection units (Diez Castillo et al., 2016). This
area, along with sectors 2-2, 3-3, and 5e2, has one of the lowest
densities of artifacts in the Canal de Navarr!es survey area.

4.1.7. Zone 7
Zone 7 is located in the upland area at the western most edge of

the Canal de Navarr!es survey area. Sector 7-4 is located on the
border between Navarr!es to the north and Bolbaite to the south and
encompasses the watershed that drains to Las Fuentes (Play-
amonte) and the Riu Bolbaite. A total of 120 collection units were
surveyed in sector 7-4 with lithic artifacts recovered from 22 fields.

4.1.8. Zone 9
Zone 9 is located within the municipality of Enguera and within

a relatively high, upland area in the southern most portion of the
survey area. Survey was concentrated in sector 9-6, located at the
southeastern end of the Caroig massif, crossed by the Riajuelo
rambla before it joins the Riu Sellent. Of the 40 collection units
surveyed, artifacts were recovered from 21 fields, making this one
of the more productive areas within the survey area. Most artifacts
recovered in this zone are Iberian-Roman ceramics related to the
nearby Iberian site of Cerro Lucena and are not included in the
current analysis (Diez Castillo et al., 2016).

4.1.9. Zone 10
During the 2015 field season, additional parcels outside of the

original survey zones were identified as areas that could potential
yield more information regarding the spatial distribution of pre-
historic land-use in the Canal de Navarr!es (Fig. 5a). These parcels
were primarily located in transitional areas outside of the main
valley. A total of 52 additional collection units were identified for
survey and labeled as zone 10. A total of 17 of the 52 units surveyed
contained lithic artifacts, including burins, retouched flakes,
notches, and blades.

4.2. Spatial distribution and density of artifacts in the Canal de
Navarr!es

The spatial distribution of surveyed collection units in each
zone, units where lithic artifacts were collected, and the density of
artifacts across the survey area are illustrated in Fig. 5aec. Artifact
densities were calculated by dividing the frequency of lithic arti-
facts observed in each collection unit by its area (km2). The
resulting densities were interpolated using bilinear b-spine inter-
polation (directional steps ¼ 150m; smoothing parameter ¼ 0.01;
30m resolution) to create a continuous estimation of artifact
density. All raster, vector, and interpolation calculations are con-
ducted in GRASS GIS Version 7.0 (GRASS Development Team, 2016).

4.3. Applying Bayesian age estimates to surface assemblages

4.3.1. Prior probabilities and collection unit weights
Prior probabilities of each artifact form, calculated from the

calibration dataset, are graphically illustrated in Fig. 6. Artifact
forms present in only one (25.0% of forms), two (25.0% of forms), or
three (18.8% of forms) occupational periods are considered
temporally sensitive indicators. These include burins, notches and
denticulated flakes, Mousterian technology (bifaces and side
scrapers), denticulated sickle blades, retouched blades, invasive
retouched blades, microburins, backed blades, truncated blades,
projectile points (foliate and other bifacial points), and discoidal/
levallois flake technology. Trapeze microliths and triangle micro-
liths occur in four occupation periods and are considered less
temporally sensitive.

Three artifact forms are present in over half (& 5) of the occu-
pational periods and are therefore general indicators of occupation.
These include blade technology (blades, bladelets, and blade core
preparation), end scrapers, and undifferentiated lithics (flakes,
chunks, and shatter). Although the extended temporal range of
these artifacts makes it difficult to identify the occupational period
most closely associatedwith them, it does provide ameans through
which to identify the overall presence of prehistoric land-use. The
weights applied the posterior probability of each occupation period
for all collection units that contained artifacts (not including
collection units with only undifferentiated lithics) are shown in
Table 5. Collection units with only undifferentiated lithics were
assigned equal weights (1/n occupational periods or 0.111).

4.3.2. Posterior probabilities and estimating the age of surface
assemblages in the Canal de Navarr!es

Table 6 shows the posterior probabilities that material recov-
ered from collection units are associated with each occupational
period. Units in which only undifferentiated lithics were collected
have equal posterior probabilities for each occupational period and
are not shown. These results illustrate the extensive mixing of
surface assemblages in the Canal de Navarr!es survey area, with very
few collection units possessing a distinct, unimodal association. It is
important to note that posterior probabilities are an expression of
both prior knowledge and an assessment of our confidence in
assigning occupational periods to artifacts on the landscape. For
this reason, the relative strength of the posterior probabilities is
most important, not the absolute value of any given collection unit.
For example, a collection unit associated with a single occupation
period would have a posterior probability of 1 for that period and
0 for all other periods. Similarly, a collection unit with three asso-
ciated occupational periods would have posterior probabilities of
0.333 for each of the represented periods and 0 for all other periods.
Although the absolute values of the posterior probabilities in these
two examples differ by a factor of 3, they are of equal weight when
assessing the likelihood of land-use during each occupational
period.

4.3.3. Land-use ubiquity in the Canal de Navarr!es survey area
Posterior probabilities of lithic material associated with each

occupational period provide an in-depth perspective on variation in
land-use through time within the survey area. But posterior prob-
abilities alone do not give a sense of how land-use is distributed
spatially in each occupational period. A simple method for evalu-
ating both spatial and temporal dimensions is through ameasure of
land-use ubiquity (Barton et al., 2004) for each occupational period.

Land-use ubiquity is assessed by first extracting the locations of
centroids from all collection units surveyed during the 2014 and
2015 field seasons. These spatial data are then merged with the
posterior probabilities for each occupational period, while units
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with no observed artifacts are assigned probabilities of 0. The
resulting spatial points contain three dimensions: x and y locational
information, and z, the posterior probability that a given collection
unit is associated with each occupational period. Using b-spline
interpolation (directional steps ¼ 150m; smoothing param-
eter ¼ 0.01; 30m resolution), a probability surface for each occu-
pational period is created between all collection unit centroids at
the scale of the entire survey area. Values are then rescaled from
0 to 1 to facilitate comparison between occupational periods. This
method allows us to use the presence/absence of artifacts included
in our original sample to estimate the posterior probability of each
occupation period in additional areas. The resulting land-use
ubiquity maps for each occupational period are shown in Fig. 7.

4.3.4. Land-use intensity in the Canal de Navarr!es survey area
Land-use ubiquity alone does not account for the intensity of

land-use through time. For example, a collection unit may contain
only a single artifact that is uniquely associated with a single
occupation period, while another collection unit has 100 artifacts
uniquely associated with a single occupation period. Both of these
collection units would be assigned a high posterior probability for
the associated occupational period, even though the intensity of
land-use in those two collection units is likely very different. Esti-
mations of artifact abundance and accumulation rates are incor-
porated into land-use ubiquity to assess the overall land-use
intensity (Barton et al., 1999, 2004) throughout the survey area.

Artifact abundances are weighted by ranking artifacts in each
collection unit by artifact density (lithic pieces per square kilo-
meter) into five quantile groups (Barton et al., 1999, 2004). Each
group is assigned a weight, which is then multiplied by the pos-
terior probabilities for that collection unit. Weights are as follows:
1.00 for collection units with densities in the 91ste100th percen-
tile, 0.90 for collection units in the 75the90th percentile, 0.75 for
collection units in the 51ste75th percentile, 0.50 for collection
units in the 26the50th percentile, 0.25 for collection units in the
1ste25th percentile, and 0 for collection units with no artifacts. The
resulting index accounts for the density of artifacts in assessing the
intensity of land-use across the study area. See Barton et al. (2004)
for more details on this methodology.

Artifact accumulation rates through time can also influence the
interpretation of land-use intensity for each occupation period. This
is particularly relevant as the chronological sequence for the Canal
de Navarr!es contains highly variable accumulation times (e.g.
Middle Paleolithic encompasses 70 millennia and Bell Beaker en-
compasses 0.7millennia). The intensity index developed for artifact
densities is scaled by the number of years in each occupational
period (in kyr) to account for differences in artifact accumulation
rates (Barton et al., 2004). All values are then rescaled from 0 to 1
and b-spline interpolation (directional steps ¼ 150m; smoothing
parameter ¼ 0.01; 30m resolution) is used to generate a settlement
intensity surface at the scale of the survey area. The resulting land-
use intensity maps for each occupational period are shown in Fig. 8.

Fig. 6. Graphical representation of prior probabilities derived from the calibration dataset for the Canal de Navarr!es.
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5. Discussion

5.1. Artifact densities and spatial distribution

Our off-site survey methodology, adapted for surveying in
agriculturally modified landscapes, resulted in a spatially and
temporally explicit evaluation of prehistoric land-use in the Canal

de Navarr!es. Artifact densities demonstrated spatial variation
throughout the study area, with zones 1, 2, 4 and 5 yielding highest
concentrations of artifacts. Upland areas in zones 3, 6, 7, 8, and 9,
have relatively low concentrations of lithic artifacts. This distribu-
tion suggests that lowland and transitional areas were preferen-
tially used for prehistoric land-use activities resulting in relatively
high artifact accumulations (i.e. encampments, resources

Table 5
Weights calculated for all collection units with artifacts other than undifferentiated lithics.

Zone Sector Parcel MP UP LUP EM LM EN MN LN BB

1 1 900568 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067
1100119 0.063 0.188 0.188 0.188 0.125 0.063 0.063 0.063 0.063
1100140 0.111 0.111 0.111 0.111 0.111 0.111 0.111 0.111 0.111
1100168 0.111 0.111 0.111 0.111 0.111 0.111 0.111 0.111 0.111

2 1100355 0.053 0.158 0.158 0.158 0.158 0.105 0.053 0.105 0.053
2 2 600256 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067

900041 0.111 0.111 0.111 0.111 0.111 0.111 0.111 0.111 0.111
7 1300156 0.250 0.083 0.083 0.167 0.083 0.083 0.083 0.083 0.083

400173 0.111 0.111 0.111 0.111 0.111 0.111 0.111 0.111 0.111
3 2 2100131 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067

3 2200018 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067
2500013 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.267 0.267
2200015 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067
2200016 0.273 0.091 0.091 0.091 0.091 0.091 0.091 0.091 0.091

5 1000050 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067
4 1 200087 0.048 0.095 0.095 0.095 0.143 0.095 0.095 0.095 0.238

100392 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067
100312 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067
100307 0.059 0.294 0.177 0.177 0.059 0.059 0.059 0.059 0.059
100279 0.059 0.177 0.177 0.177 0.177 0.059 0.059 0.059 0.059
100168 0.046 0.091 0.091 0.091 0.091 0.091 0.091 0.182 0.227
0200089B 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067
200073 0.059 0.118 0.118 0.118 0.059 0.177 0.177 0.118 0.059
100276 0.188 0.125 0.125 0.250 0.063 0.063 0.063 0.063 0.063
100283 0.056 0.222 0.167 0.167 0.167 0.056 0.056 0.056 0.056
100277 0.071 0.143 0.214 0.214 0.071 0.071 0.071 0.071 0.071
100319 0.059 0.118 0.118 0.118 0.059 0.177 0.177 0.118 0.059
100164 0.059 0.118 0.118 0.118 0.059 0.177 0.177 0.118 0.059
100137 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067
0100109B 0.188 0.125 0.125 0.250 0.063 0.063 0.063 0.063 0.063
0100109C 0.063 0.125 0.125 0.125 0.063 0.063 0.063 0.063 0.313
200076 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067
200074 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067
200086 0.273 0.091 0.091 0.091 0.091 0.091 0.091 0.091 0.091
200075 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067
100221 0.214 0.071 0.071 0.286 0.071 0.071 0.071 0.071 0.071
100252 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067
100245 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067
100353 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067
100147 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067
100155 0.273 0.091 0.091 0.091 0.091 0.091 0.091 0.091 0.091
0100109A 0.111 0.111 0.111 0.111 0.111 0.111 0.111 0.111 0.111

2 1000508 0.048 0.143 0.143 0.143 0.143 0.143 0.095 0.095 0.048
5 1 100181 0.074 0.222 0.222 0.222 0.111 0.037 0.037 0.037 0.037

100288 0.059 0.177 0.177 0.177 0.177 0.059 0.059 0.059 0.059
100372 0.040 0.200 0.120 0.120 0.120 0.120 0.120 0.120 0.040
400003 0.046 0.136 0.136 0.136 0.046 0.046 0.046 0.227 0.182
200018 0.048 0.143 0.095 0.095 0.095 0.048 0.048 0.238 0.191
100263 0.071 0.214 0.214 0.143 0.071 0.071 0.071 0.071 0.071
100292 0.125 0.125 0.125 0.313 0.063 0.063 0.063 0.063 0.063
400004 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067
200012 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.385
300018 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067
100180 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067
100199 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067
500045 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.385

2 100028 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067
6 1 300362 0.063 0.125 0.125 0.125 0.063 0.063 0.063 0.063 0.313

300361 0.063 0.125 0.188 0.188 0.188 0.063 0.063 0.063 0.063
300204 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067

7 4 1300198 0.071 0.071 0.214 0.214 0.143 0.071 0.071 0.071 0.071
500313 0.056 0.167 0.167 0.167 0.056 0.056 0.056 0.167 0.111
500317 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067
1300166 0.067 0.200 0.200 0.200 0.067 0.067 0.067 0.067 0.067
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processing, villages, small-scale agricultural activities, etc.).
These results fit well with previous local and regional archae-

ological research, which has identified late Pleistocene and the
Holocene occupations in and around lakes or upwellings in valley
bottoms (Barton et al., 2010, 2012). Concentrations of lithic artifacts
correspond with the previously known prehistoric sites, such as
Ereta del Pedregal, Las Fuentes, and l’Albufera d’Anna. Several

previously uninvestigated areas, such as the northern portion of
sector 5-1 almost the entirety of sector 4-1, and several collection
units in Zone 10 near the small lake of Gorgo del Catalan, contain
high densities of lithic artifacts and likely represent unrecorded
prehistoric occupational areas.

Upland areas demonstrating low densities of artifacts also fit
with our expectations regarding the distribution of prehistoric

Table 6
Posterior probabilities for all collection units with artifacts other than undifferentiated lithics.

Zone Sector Parcel MP UP LUP EM LM EN MN LN BB

1 1 900568 0.036 0.214 0.214 0.214 0.071 0.071 0.071 0.071 0.036
1100119 0.033 0.200 0.200 0.200 0.133 0.067 0.067 0.067 0.033
1100140 0.182 0.091 0.091 0.182 0.091 0.091 0.091 0.091 0.091
1100168 0.063 0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.063

2 1100355 0.024 0.146 0.146 0.146 0.220 0.146 0.049 0.098 0.024
2 2 600256 0.036 0.214 0.214 0.214 0.071 0.071 0.071 0.071 0.036

900041 0.200 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100
7 1300156 0.353 0.059 0.059 0.235 0.059 0.059 0.059 0.059 0.059

400173 0.077 0.077 0.077 0.077 0.154 0.154 0.154 0.154 0.077
3 2 2100131 0.036 0.214 0.214 0.214 0.071 0.071 0.071 0.071 0.036

3 2200018 0.036 0.214 0.214 0.214 0.071 0.071 0.071 0.071 0.036
2500013 0.043 0.043 0.043 0.043 0.043 0.043 0.043 0.348 0.348
2200015 0.036 0.214 0.214 0.214 0.071 0.071 0.071 0.071 0.036
2200016 0.429 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071

5 1000050 0.036 0.214 0.214 0.214 0.071 0.071 0.071 0.071 0.036
4 1 200087 0.020 0.080 0.080 0.080 0.180 0.120 0.120 0.120 0.200

100392 0.036 0.214 0.214 0.214 0.071 0.071 0.071 0.071 0.036
100312 0.036 0.214 0.214 0.214 0.071 0.071 0.071 0.071 0.036
100307 0.045 0.341 0.205 0.205 0.045 0.045 0.045 0.045 0.023
100279 0.029 0.171 0.171 0.171 0.257 0.057 0.057 0.057 0.029
100168 0.019 0.077 0.077 0.077 0.077 0.077 0.077 0.231 0.289
0200089B 0.036 0.214 0.214 0.214 0.071 0.071 0.071 0.071 0.036
200073 0.025 0.100 0.100 0.100 0.050 0.225 0.225 0.150 0.025
100276 0.171 0.114 0.114 0.343 0.057 0.057 0.057 0.057 0.029
100283 0.021 0.250 0.187 0.187 0.187 0.063 0.042 0.042 0.021
100277 0.030 0.121 0.273 0.273 0.091 0.061 0.061 0.061 0.030
100319 0.025 0.100 0.100 0.100 0.050 0.225 0.225 0.150 0.025
100164 0.025 0.100 0.100 0.100 0.050 0.225 0.225 0.150 0.025
100137 0.036 0.214 0.214 0.214 0.071 0.071 0.071 0.071 0.036
0100109B 0.171 0.114 0.114 0.343 0.057 0.057 0.057 0.057 0.029
0100109C 0.032 0.129 0.129 0.129 0.065 0.065 0.065 0.065 0.323
200076 0.036 0.214 0.214 0.214 0.071 0.071 0.071 0.071 0.036
200074 0.036 0.214 0.214 0.214 0.071 0.071 0.071 0.071 0.036
200086 0.429 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071
200075 0.036 0.214 0.214 0.214 0.071 0.071 0.071 0.071 0.036
100221 0.286 0.048 0.048 0.381 0.048 0.048 0.048 0.048 0.048
100252 0.036 0.214 0.214 0.214 0.071 0.071 0.071 0.071 0.036
100245 0.036 0.214 0.214 0.214 0.071 0.071 0.071 0.071 0.036
100353 0.036 0.214 0.214 0.214 0.071 0.071 0.071 0.071 0.036
100147 0.036 0.214 0.214 0.214 0.071 0.071 0.071 0.071 0.036
100155 0.429 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071
0100109A 0.200 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100

2 1000508 0.022 0.130 0.130 0.130 0.196 0.196 0.087 0.087 0.022
5 1 100181 0.055 0.218 0.273 0.273 0.109 0.027 0.018 0.018 0.009

100288 0.020 0.184 0.184 0.184 0.245 0.082 0.041 0.041 0.020
100372 0.014 0.203 0.122 0.122 0.122 0.162 0.122 0.122 0.014
400003 0.021 0.125 0.125 0.125 0.042 0.042 0.042 0.312 0.167
200018 0.022 0.130 0.087 0.087 0.087 0.043 0.043 0.326 0.174
100263 0.069 0.207 0.207 0.207 0.069 0.069 0.069 0.069 0.034
100292 0.118 0.118 0.118 0.441 0.059 0.059 0.029 0.029 0.029
400004 0.063 0.187 0.187 0.281 0.063 0.063 0.063 0.063 0.031
200012 0.056 0.056 0.056 0.056 0.056 0.056 0.056 0.056 0.556
300018 0.036 0.214 0.214 0.214 0.071 0.071 0.071 0.071 0.036
100180 0.036 0.214 0.214 0.214 0.071 0.071 0.071 0.071 0.036
100199 0.036 0.214 0.214 0.214 0.071 0.071 0.071 0.071 0.036
500045 0.056 0.056 0.056 0.056 0.056 0.056 0.056 0.056 0.556

2 100028 0.036 0.214 0.214 0.214 0.071 0.071 0.071 0.071 0.036
6 1 300362 0.059 0.118 0.118 0.176 0.059 0.059 0.059 0.059 0.294

300361 0.026 0.103 0.231 0.231 0.231 0.051 0.051 0.051 0.026
300204 0.036 0.214 0.214 0.214 0.071 0.071 0.071 0.071 0.036

7 4 1300198 0.029 0.059 0.265 0.265 0.177 0.059 0.059 0.059 0.029
500313 0.026 0.154 0.154 0.154 0.051 0.051 0.077 0.231 0.103
500317 0.036 0.214 0.214 0.214 0.071 0.071 0.071 0.071 0.036
1300166 0.036 0.214 0.214 0.214 0.071 0.071 0.071 0.071 0.036
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land-use in the survey area. These areas were likely less important
for prehistoric land-use or were used for hunting or pastoralism,
activities that may result in low-density artifact accumulations. It
should be noted that erosion in upland areas and on hillslopes
might have also contributed to low artifact densities. Portions of
zones 3 and 9 are severely deflated with exposed bedrock between
cultivated pockets of sediment. If surface artifact assemblages
existed in these areas, they were likely re-deposited on the surface
downslope.

To accommodate for the potential of redistributed artifacts due
to erosion, we sampled upland fields with both highly deflated
fields and fields with relatively stable, intact sediments. Both con-
texts yielded few prehistoric artifacts. Additionally, if artifacts were
moving downslope due to sheetwash or other erosional processes,
we would expect to find high concentrations of artifacts in terraces
located at mid-slope or at the bases of hills. Even if artifacts were
buried, repetitive plowing would have exposed some re-deposited
artifacts in this zone. This is not the case, as the highest densities of

Fig. 7. B-spline interpolated surface (spline step ¼ 150m, smoothing parameter ¼ 0.01) of land-use ubiquity by occupational period.

G. Snitker et al. / Quaternary International 483 (2018) 5e2218



artifacts are found near perennial, mid-valley seeps and springs.
We are confident that fields surveyed in zones 3, 6, 8, and 9
adequately represent low-density artifact accumulations and evi-
dence for low-intensity upland prehistoric land-use.

5.2. Paleolithic and Early Mesolithic land-use in the Canal de
Navarr!es

Late Pleistocene and Early Holocene occupational periods
(including the Middle Paleolithic, Upper Paleolithic, Late Upper

Paleolithic, and Early Mesolithic periods) shared similar spatial
ubiquities and intensities throughout survey area with particular
abundance in zones 3, 4, 5, 6, and 8. Boxplots of posterior proba-
bilities for lithics recovered from all collection units (Fig. 9) indicate
high average posterior probabilities for Upper Paleolithic, Late
Upper Paleolithic periods and EarlyMesolithic, as well as abundant,
high value outliers for the Middle Paleolithic. The statistical dis-
tribution of posterior probabilities for the Middle Paleolithic is
explained by a combination of two artifact types with unimodal
associations with this period (Mousterian technology and

Fig. 8. B-spline interpolated surface (spline step ¼ 150m, smoothing parameter ¼ 0.01) of land-use intensity by occupational period.
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discoidal/levallois flake technology) and their presence in collec-
tion units where only these artifacts are observed. These two fac-
tors result in very high posterior probabilities and ubiquity values
in spatially precise places on the landscape. Such is the case in
sector 4-1, where Middle Paleolithic associated artifacts have high
ubiquity values due to their presence in a small number collection
units.

Upper Paleolithic, Late Upper Paleolithic, and early Mesolithic
periods have the highest average ubiquity values and are widely
distributed through the survey area. Ubiquity values indicate that
these lithic forms are consistently located either near the previ-
ously identified prehistoric sites of Las Fuentes and l’Albufera
d’Anna, as well as in the newly identified high-artifact density areas
in sectors 4-1 and 5-1. The spatial distributions of these two periods
are very similar and cannot be easily differentiated with the data
collected.

Although ubiquity values during the late Pleistocene and early
Holocene periods are relatively high, accumulation rates are very
low due to the extended length of these periods (Table 3). As
illustrated in Fig. 8, settlement intensity during the Paleolithic and
early Mesolithic is consequently lowwhen compared to the middle
Holocene. Paleolithic land-use in the Canal de Navarr!es was either
at a consistent low-intensity, or episodic, with periods of high-
intensity followed by extended hiatuses.

5.3. Late Mesolithic and Early-Middle Neolithic land-use in the
Canal de Navarr!es

Undifferentiated lithics and blade technology represent the
majority of the artifact forms associated with middle Holocene
periods. The overall pattern of ubiquity and intensity follows
closely with the general distribution of artifact densities across the
study area, with concentrations of artifacts in lowland areas and
near previously recorded sites. This is not to say that prehistoric
land-use did not occurring during these periods, but rather we
cannot confidently identify specific markers of Late Mesolithic or
Neolithic occupations from the surface assemblages. Due to the
short duration of each of these occupational periods, potential

settlement intensity is relatively high across each of these periods.
It should be noted that it is during these periods that previous

paleoecological research within the Canal de Navarr!es identified
substantial transition from pine to oak-dominated vegetation
communities during the middle Holocene. Carrion and Van Geel
(1999) remarked that this shift was independent of regional
climate variation and co-occurred with an increase in regional
charcoal concentrations associated with the arrival of early
Neolithic. The lack of surface artifacts highly associated with the
late Mesolithic and early-middle Neolithic occupational periods
complicates this assertion. Further investigations into the social
and ecological processes behind the co-occurrence of anthropo-
genic fire and this vegetation transition are needed.

5.4. Late Neolithic and Bell Beaker (Chalcolithic) land-use in the
Canal de Navarr!es

Estimates for the Late Neolithic and Bell Beaker land-use ubiq-
uity and intensity maintain much of the same spatial structure as
previous middle Holocene occupational periods. The pattern de-
viates in zones 4, 5, and 7 where lithic forms particularly associated
with the Late Neolithic or Bell Beaker periods (denticulated sickle
blades and foliate/bifacial projectile points) are present along with
undifferentiated lithics. These areas are represented as ‘hot-spots’
of late prehistoric land-use (Fig. 7). Average posterior probabilities
for the Late Neolithic and Bell Beaker periods are low, with the
exception of a series of high value outliers caused by these artifact
forms.

Although surface assemblages associated with Late Neolithic
and Bell Beaker occupations do occur in same sector as the site of
Ereta del Pedregal, it is notable that no high probability ‘hot-spots’
are located adjacent to the site. Potentially high rates of late Ho-
locene erosion and deposition may have resulted in deeply buried
assemblages that are not well represented on the surface. Late
Neolithic and Chalcolithic artifacts were recovered at depths of over
2m during previous excavationsdwell outside the plow zone and
influence of most agricultural land-use (Fletcher Valls et al., 1964;
Pla Ballester et al., 1983). Ereta del Pedregal is positioned within

Fig. 9. Boxplots of posterior probabilities for lithics recovered from all collection units.
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the valley bottom in a location susceptible to high rates of depo-
sition from nearby drainages and active alluvial fans. Subsurface
testing planned for the future field seasons will hopefully confirm
that additional buried deposits closely associated with the Late
Neolithic and Early Bell beaker periods are present.

5.5. Future directions for evaluating archaeological surface
assemblages in agricultural modified landscapes

While the Bayesian approach applied to the Canal de Navarr!es
survey allows us tomake interpretations about the changing spatial
patterns and intensity of land-use through time, we believe future
work can continue to improve these methods. One of the primary
drivers of our results is the diversity of temporally sensitive lithic
artifact forms assigned to each occupational period. Although only
lithic artifacts were included in this project due to their abundance
on the surface in the Canal de Navarr!es, we could increase the di-
versity of temporally sensitive artifact forms by incorporating
ceramic or groundstone artifacts (Fern!andez-L!opez de Pablo and
Barton, 2013). Since very few non-lithic artifacts we recovered in
the Canal de Navarr!es, increasing survey coverage or extending the
bounds of the survey area to include surrounding valleys could
result in a more diverse selection of artifact forms to create the
calibration dataset for this analysis, as well as increase the spatial
representativeness of our sample.

Additionally, the extensive modification of the survey area by
modern agriculture played a critical role in the design of our survey
methods, application of Bayesian methods, and the interpretation
of the complex palimpsests of archaeological material in the Canal
de Navarr!es. Plowing, terrace building, and other ground disturbing
agricultural activities provided a mechanism for moving artifacts
from multiple occupational periods to the surface. We sampled
zones with differing intensities of modern land-use in an effort to
evaluate its effects on our survey results (see Table 1). Zones with
high or moderate intensities of land-use yielded the highest den-
sities of artifacts, but future work is required to determine to what
degree these results are due to modern agriculture, patterns of
prehistoric settlement, or both.

6. Conclusions

This paper presents the results of off-site, patch-based survey
methods for agricultural modified landscapes in the Canal de
Navarr!es, Valencia, Spain. Digital data collection and a focus on
evaluating artifact densities across the landscape allowed us to
move away from attempting to identify sites and instead focus on
recording spatial information pertaining to the prehistoric and
modern land-use. This approach allows us to interpret the distri-
bution and intensity of prehistoric artifacts, as well as evaluate the
impact of modern agriculture, surface visibility, and geomorphic
processes on our interpretations.

Bayesian methods for estimating ages of surface assemblages
allow us to derive more robust chronologies from our data than
would be otherwise possible. By formalizing how we incorporate
prior knowledge about archaeological assemblages from
throughout the Valencian region into our survey results, we can
begin to address the interpretive problems associated with pa-
limpsests. Combining Bayesian posterior probabilities, with GIS
spatial analysis techniques, allows us to track diachronic change in
the Canal de Navarr!es through measurements of land-use ubiquity
and intensity. These twomeasures provide amore complete picture
of changing land-use that incorporates the influence of artifact
density and accumulation rates through time. We are able to
evaluate the chronology and intensity of prehistoric land-use with
the goal of identifying changing interactions between long-term

social and ecological systems. This work would not be possible
without a suite of analytical tools that can accommodate inten-
sively modified landscape and derive conclusions without relying
on site-based investigations.
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