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ABSTRACT

We explored site formation processes at 549 shipwrecks in the North and Baltic Seas using
multibeam echosounder (MBES) data and environmental/anthropogenic variables. Phase 1
classified the structural integrity of each wreck. Phase 2 used regression modelling to

explore correlations between wreck class and environmental variables at individual sites. A PALABRAS CLAVE

best-fit model comprised depth, salinity, fishing intensity, and wreck year. In phase 3 multi-
criteria analysis predicted preservation potential across the full model domain. Highest
preservation potential is modelled for the southern Baltic Sea and Norwegian Trench, with

pecio; proceso de formacion
de sitio; ambiente del sitio;
potencial de preservacion

low potential in shallower areas of the North Sea and off England, Netherlands and Germany.
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Uso de portales de datos abiertos, sensores remotos y modelizacion
computacional para investigar pecios historicos y su ambiente: 45
anos después de Muckelroy

RESUMEN
Exploramos los procesos de formacion de sitio de 549 pecios de los mares del Norte y Béltico, . B

- . . . ERNAREAN]
empleando datos de ecosonda multihaz y variables ambientales/antropogénicas. En la Fase 1 Ao s
se clasifico la integridad estructural de cada pecio. En la fase 2 se utilizaron modelos de aisd 1< eillee
regresion para explorar las correlaciones entre tipo de pecio y variables ambientales en sl iy
sitios individuales. El modelo que mejor se ajusta incluye profundidad, salinidad, intensidad Jagal) 4y

de pesca y el afo de naufragio. En la fase 3, un analisis multicriterio predijo el potencial de
preservaciéon a lo largo de todo el dominio del modelo. Se calculé el mayor potencial de
preservacién para el sur del Mar Baltico y la Fosa Noruega, y un bajo potencial en dreas mas
superficiales del Mar Norte y frente a Inglaterra, Paises Bajos y Alemania.
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Introduction

Shipwrecks provide empirical evidence of ancient
trade (Foley et al, 2012), migration (Mentz, 2015),
past naval warfare (Church, 2014), fishing (Grenier
et al,, 2007), technological change (Adams, 2001),
maritime trade and transportation networks (Secci
et al.,, 2021) and serve as microcosms of the wider
society that produced them (Gibbins & Adams,
2001). In some instances, they are tangible monu-
ments to historic events ranging from individual dis-
asters like the sinking of RMS Titanic (Ballard &
Archbold, 1987), while others serve as a memory of
global conflicts such as the First (McCartney, 2016)
and Second (Macleod, 2006) World Wars.

Shipwreck sites can serve as habitats for marine life,
locally enhancing biodiversity and biomass (Balazy
et al, 2019). On the other hand, they can pose
environmental pollution threats, especially if they con-
tain hazardous substances such as oil, chemicals or
munitions (Ndungu et al., 2017; Szafranska et al,
2021). Moreover, marine spatial planning issues
often arise as wrecks interfere with ever-increasing
offshore sub-sea engineering efforts, such as the instal-
lation of cables, pipelines or wind farms (Papageor-
giou, 2018). Shipwrecks can also be seen as
geohazards and obstacles to marine engineering, as
they can pose risks to navigation, may contain unex-
ploded ordnance, and need to be avoided when plan-
ning  developments.  Thus, beyond  their
archaeological, historical and cultural significance
their presence on the seabed incurs several problems
and conflicts of interest (Firth, 2018). Common to
all these issues is how cultural and environmental
forces have, and will, affect the integrity and preser-
vation of these sites in the past, present and future.

These forces can be assessed through the study of
site formation processes, which are defined as ‘the fac-
tors that create the historic and archaeological records’
(Schiffer, 1987). Shipwreck site formation research
encompasses the processes by which wreck sites are
created and preserved (Keith, 2016) and provide valu-
able insights into the factors that influence the for-
mation and preservation of shipwrecks and their
associated artefacts and remains. Pre-depositional
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formation processes, which include the nature of the
wrecking process itself, are important in understand-
ing how and in what state a ship is deposited on the
seabed. Post-depositional site formation processes
are those that affect the long-term preservation of a
site. These are commonly divided into natural pro-
cesses, caused by the ambient physical, chemical and
biological processes occurring in the marine environ-
ment (N-transforms) and cultural processes, related to
human impact (C-transforms) (Oxley & Keith, 2016).

One of the pioneers of shipwreck site formation
research was Keith Muckelroy, who attempted to sys-
tematically categorise site formation processes and
those events which change a site over time (Muckel-
roy, 1976). He recognised that the site’s environment
is ‘the one determinant external to the basic wreck sys-
tem’ (Muckelroy, 1976, p. 281) and the processes, or
‘extracting filters’, that lead to the loss of material
including: the wrecking incident, salvage operations
and the disintegration of perishables. Subsequently,
after a ship is wrecked, ‘scrambling devices’ affect
the archaeological material that is displaced (or
scrambled) on the seabed. Before Muckelroy’s work,
most nautical archaeological projects concentrated
on wreck sites in the Mediterranean and conclusions
about types of seabed favouring shipwreck preser-
vation were drawn from individual qualitative case
studies (Dumas, 1962; Frost, 1972) rather than sys-
tematic assessment of multiple sites.

Muckelroy (1977), developed his work further by
establishing a five-tier classification system for wreck
site preservation based on 20 wooden wrecks off the
British Isles. This incorporated various environmental
variables and used statistical assessment of factors
influencing the modern-day condition of wreck sites.
Significant correlation was observed between the
seabed sediment type and the preservation state of
shipwrecks. Shipwrecks in Class 1 were the best pre-
served and were often found in seabeds that were cov-
ered with fine-grained sediment, promoting early
burial of a ship structure. On the other end of the
scale, Class 5 sites were the poorest preserved, contain-
ing only heavy metal and stone artefacts with ship
structure having been ‘smashed up by natural forces’.
However, he does note that there are many



intermediate environments resulting in various grades
of wreck site preservation. The study concluded that
more research into the subject is required and pro-
posed that every archaeological report should include
assessment of environmental data relevant to a studied
wreck site.

However, as Gregory (1992) and Maarleveld (1995)
noted, although Muckelroy’s hypothesis was fre-
quently cited in subsequent research (Hardy, 1990;
Nash, 1990; Owen, 1991), it was not significantly
developed upon (Hunter, 1994; Lenihan et al., 1981;
Parker, 1995). Furthermore, the feasibility of statistical
analysis was also questioned by researchers that had
access to substantially larger datasets of shipwrecks
(Gibbins, 1990). Cederlund (1983) attempted to
define the factors which determined the preservation
of 600 shipwrecks in Swedish waters, including geo-
graphical appearance of the coast; the situation of
the wreck in relation to the water surface (depth);
type of seabed (geographical (hard, sandy) or geologi-
cal (sedimentation, erosion)), height differences on the
bottom (movement of sand), existence of ice, currents,
heavy wave movements, and special biological con-
ditions (presence of Teredo spp).

Nevertheless, Gibbins (1990) notes that classifi-
cation systems can contribute to the formalisation of
ideas and theories within a framework, and site assess-
ment studies provide a fundamental role in improving
the viability of site classification systems. However,
few such studies have been carried out. Parker
(1992) outlined that of 1189 sites recorded and
reported in the Mediterranean, as many as 25% have
been so briefly reported that neither condition nor
depth is known. His classification of wrecks from the
classical period based on depth and condition (perfect,
coherent, scattered, hull only, unknown) served to
emphasise that those wrecks which were well pre-
served lie in deeper waters.

These early advances were predominantly concep-
tual works and in the 1990s there was renewed interest
in site formation processes from a cultural resource
management perspective (Oxley, 1998; Oxley & Gre-
gory, 2002). This was due, in part, to international legis-
lation advocating for in situ management of
underwater cultural heritage (UCH). Within Europe
this was galvanised by changes within developer-led
archaeology (CETS-143, 1992) and by the ICOMOS
Charter (ICOMOS, 1996). This was followed by a chan-
ging interest in multiple case-studies, validating earlier
site formation theory and models. Ward et al. (1999)
extended site formation models, by adding key com-
ponents related to changes in net sediment budget.
Gibbs (2006) added cultural processes which comprise
anthropogenic influence on the integrity of wreck sites.
Quinn (2006) highlighted the importance of assessing
seabed scour developed around wreck sites and its
role in shipwreck preservation. This also came at a
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time of rapidly progressing marine remote sensing
techniques like multibeam echosounder surveying,
allowing effective detection, characterization and
monitoring of underwater sites with no physical dis-
turbance (Plets et al., 2011; Westley et al., 2019). The
remote characterization and monitoring of change at
individual sites (Brennan et al., 2016; Quinn & Boland,
2010) was extended to including environmental factors
to understand physical formation processes in control
of site preservation (Fernandez-Montblanc et al,
2016; Geraga et al., 2020; Majcher et al., 2021; Quinn
& Smyth, 2018; Smyth & Quinn, 2014). A holistic
approach to understanding the formation of an indi-
vidual wreck site was proposed by Vega-Sanchez and
Herrera (2022) who used agent-based modelling. In
the study site formation processes were considered as
a complex adaptive system where multiple factors
lead to a distribution of a wreck at the seabed. The
authors consider a variety of pre- and post-depositional
factors influencing the site, from shipbuilding plans,
shipwrecking event witness accounts to newly acquired
in-situ data. Nevertheless, most of the investigations to
date focus on highly detailed investigations of individ-
ual sites, rather than aiming to establish methods for
the preliminary assessment of UCH in wider spatial
extents.

UNESCO estimate there are more than 3 million
shipwrecks worldwide (Croome, 1999). The UNESCO
Convention on the Protection of Underwater Cultural
Heritage, like the earlier Valetta and ICOMOS con-
ventions, encourages in-situ preservation as the pre-
ferred option for continued preservation of
underwater sites that are over 100 years old
(UNESCO, 2001). Many metal shipwrecks, including
First World War vessels, now fall under this definition.
Metal wrecks are important from many other perspec-
tives; for example, they are often referred to as poten-
tial pollution sources. Therefore, there is an urgent
need to develop desk-based approaches for assessment
of the most significant site formation processes for
many sites at once.

Gregory et al. (2012) formed a baseline process-
based approach to control, assess and achieve in-situ
preservation, and one of its central points is the assess-
ment of the most significant chemical, biological and
physical threats to the site. Understanding the for-
mation of underwater sites also enables more accurate
archaeological interpretation. Assessing environ-
mental factors which may have influenced sites, not
only leads to a better understanding of events that
have caused the sinking of the vessel but also help to
predict pathways of future wreck deterioration. This
in turn can enhance understanding of pollution
hazards and address UCH management needs.

In this study, baseline post-depositional site for-
mation processes for over 500 shipwreck sites located
in the North and Baltic Seas are investigated.
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Multibeam echosounder bathymetry data are inte-
grated with multiple environmental and anthropo-
genic variables sourced from open-data portals. The
observed seabed distribution of the sites is initially
manually classified using a revised Muckelroy (1977)
approach, followed by statistical correlation analysis
to determine the most significant variables influencing
site formation. This study paves the way for big-data
driven approaches to assess predominant basin-scale
post-depositional site formation factors acting at
underwater heritage sites.

Data and Methods
Multibeam Echosounder Data

High-resolution RESON SeaBat 7125 multibeam
echosounder (MBES) bathymetry data were collected
at 549 shipwreck sites during multiple surveys in the
Danish Straits, the North and Baltic Seas and nearby
Scapa Flow between 2015 and 2019 (Figure 1). The
EIVA software suite was used for raw data processing
and the Navimodel Producer v.4.5.6 application for
data exports. The data were vertically reduced to
chart datum and corrected for refraction using
sound velocity profiles (Valeport, MiniSVS) acquired
during the respective surveys. Subsequently MBES
point clouds were gridded, with excessive noise manu-
ally cleaned. The data were then exported to digital

elevation models (DEM), with spatial resolution ran-
ging from 0.2 to 0.3 m.

Environmental Data

To investigate the influence of formation processes on
the sites, environmental and cultural variables were
extracted from online data portals providing basin-
scale, open-source oceanographic datasets. A sum-
mary of the data mined from the open-source portals
is provided in Table 1.

Environmental variables were sourced from the
BioOracle, Copernicus Marine Service and EMODnet
portals. Among the data downloaded from the
BioOracle portal (Tyberghein et al.; Assis et al.,
2018), near-seabed temperature and salinity represent
14-year averages, while maximum near-seabed current
velocity shows long-term extremes in the same period.
The BioOracle data were originally sourced from pre-
processed global ocean re-analyses, namely ARMOR;
Global Observed Ocean Physics Reprocessing, and
ORAP; Global Ocean Physics Reanalysis provided by
ECMWE (European Centre for Medium-Range
Weather Forecasts), which integrate satellite and
in situ observations across regular two- and three-
dimensional spatial grids. The significant wave height
and period data mined from the Copernicus Marine
Service (2021a, 2021b) represent 10-year averages.
The wave models used for the Atlantic Ocean and

Figure 1. Overview map representing the study sites (Authors).



[OPEN‘SOURCEJ( SCIENTIFIC ](COMMERCIAL)[ ARCHIVAL j[PERS. COMM.]
T T = g T T

3

DATA ACQUISITION

£ ¥
ENV!RONMENTAL DATAJ E"RECK P%”S)T CLOUDS] [

3

KNOWN WRECK
DESCRIPTIONS

WRECK DEMS
(2.5D)

1

DEM ENHANCEMENT:
HILLSHADING,
DYNAMIC COLOR RAMPS i«

POINT SHAPEFILE

e
BUILDING GIS DATABASE R ATTRIBUTE EDITING

1

ASSIGNING WRECK
PRESERVATION CLASSES

1

CORRELATION ANALYSIS

1

WEIGHTED OVERLAY
ANALYSIS

[

SITE FORMATION
PREDICTIONS

Figure 2. A step-by-step block diagram of the workflow
designed for the study (Authors).

the Baltic Sea are WAVEWATCH III (Copernicus
Marine Service (2021a) and WAM (Copernicus Mar-
ine Service (2021b), respectively, with the atmospheric
forcing given by the ECMWEF ERA-5 Numerical
Weather Prediction reanalysis.

Data sourced from the EMODnet portal (EMOD-
net, 2023) comprise sediment substrate data rep-
resented as Folk 7 classes, with class 1 being the finest
and class 7 the coarsest sediment type (Folk, 1954).
The sediment data were provided by the EMODnet
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project’s partners in Europe and generalized to a
broad, continental-shelf scale (EMODnet, 2023a).
Additionally, near-seabed dissolved oxygen datasets
are included for the Baltic (EMODnet, 2023b) and
North Sea (EMODnet, 2023c) derived from observa-
tional data from SeaDataNet/EMODnet Chemistry
Data Network. They represent long-term averages cal-
culated over 33 years (Baltic) and 40 years (North Sea)
using data-interpolating variational analysis (DIVA).
Seabed kinetic energy exerted by currents and waves,
modelled using a combination of oceanographic wave
and current circulation models (EMODnet, 2023d,
2023e) was integrated over 3 years and average values
of annual 90th percentiles were extracted. Some vari-
ables are derived from the mined data. The degree of
saturation of oxygen (and thus its activity) is calculated
as the measured near-seabed dissolved oxygen divided
by the maximum solubility of oxygen at a given salinity
and temperature (Garcia & Gordon, 1992). All these
environmental variables represent basin-scale mod-
elled data which were cross-validated using in-situ
quality-controlled data.

Potential anthropogenic influence on wreck site
formation was assessed through the inclusion of vari-
ables representing fishing effort. EMODnet (2023)
provides a variety of quantified fishing activities in
the Baltic and North Seas. For the scope of this
study, only the fishing methods entailing direct con-
tact of fishing gear with the seabed were used. Bottom
seine, beam and otter trawl fishing data were down-
loaded from the EMODnet portal, representing
fishing intensities averaged over 3 years. The fishing
intensity data are aggregated in a polygon grid using
C-squares geocoding (EMODnet, 2023f). They are
only available for vessels more than 12 m long with

Table 1. Summary of the open-source environmental variables.

Dataset Symbol Source Reference Resolution Unit Averaging period
Sediment data - EMODnet EMODnet (2023) Multiscale Folk7 -
classification
Near-seabed temperature T BioOracle v.2 Assis et al. (2018) ~9.2 km at the °C 2000-2014
equator
Near-seabed salinity S BioOracle v.2 Assis et al. (2018) ~9.2 km at the PSS 2000-2014
equator
Near-seabed dissolved DO EMODnet EMODnet (2023) ~6.2 km umol/I 1982-2015 (Baltic), 1977-2017
oxygen - EMODnet (North Sea)
Seabed kinetic energy levels KE, and EMODnet EMODnet (2023) 4.5 km J Integrated over 3 years. Average
- waves and currents KE. of annual percentiles 90th.
Max. near-seabed current Vimax BioOracle v.2 Assis et al. (2018) ~9.2 km at the m/s 2000-2014
velocity equator
Zero-crossing wave period — T, Copernicus Copernicus Marine ~1.8 km s 2010-2020
Baltic Marine Service Service (2021b)
Significant wave height - H, Copernicus Copernicus Marine ~1.8 km m 2010-2020
Baltic Marine Service Service (2021b)
Zero-crossing wave period — T, Copernicus Copernicus Marine ~2 km s 2010-2020
Baltic Marine Service Service (2021a)
Significant wave height - H, Copernicus Copernicus Marine ~2 km m 2010-2020
Baltic Marine Service Service (2021a)
Fishing intensities - EMODnet EMODnet (2023) 5.5 km mW fishing 2015-2018
hours
Fishing vessel density - EMODnet EMODnet (2023) 1km hours/km? per  2017-2021

month
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vessel monitoring systems (VMS) and vary in terms of
spatial extent between the selected gear types. Due to
this, and to represent total fishing intensity, bottom
seine, beam and otter trawl fishing intensities were
summed using GIS.

GIS Database

ArcGIS Pro 3.0.1 was used to integrate the datasets used
in the study. MBES data-derived wreck site DEMs,
environmental raster and vector data were brought
into a GIS project and geodatabase structure. A point
shapefile was subsequently created with individual
points added for every site. The shapefile’s attribute
table was first populated with the wreck description
data. Subsequently, the environmental data were
extracted for individual wreck points using the spatial
analyst toolbox’s ‘Extract Multi Values to Points’ tool.
In this way, the shapefile’s attribute table inherited
the environmental variables (Table 1), allowing for
further statistical analysis (section 2.5).

Wreck Descriptions and Preservation
Classes

Muckelroy (1977) separated 20 wreck sites around the
British Isles into 5 classes of decreasing preservation
state. Class 1 comprised sites that were coherent and
well preserved; Class 2 — nearly coherent sites where
materials of all types were preserved; Class 3 - a fair
amount of organic materials were preserved, with
wide range of artefacts found, but no ship structure vis-
ible; Class 4 — no organic material preserved, but wide
range of artefacts were preserved; Class 5 — smashed up
by natural forces, but the most durable objects survived.

For this investigation, the classification system of
Muckelroy (1977) was simplified. Four classes were
used to grade shipwrecks based on their observed
seabed distribution: Class 1 - coherent, well preserved;
Class 2 — coherent, but incomplete; Class 3 — scattered
ordered, recognizable as a ship; Class 4 — scattered dis-
ordered. The classes were manually assigned based on
visual interpretation of the high-resolution MBES
data. The classification was performed three times,
each time by a different person. This resulted in differ-
ent classes being assigned for some wrecks. Additional
examination of the data was performed in order to
assign a final class. All the sites which did not fit in
any of the classes were assigned Class 5 — comprising
wrecks which were known to have been culturally
influenced (salvage, fishing), or their appearance on
the seabed did not conclusively represent the remains
of a shipwreck. Furthermore, information regarding
construction and sinking date, hull materials, past sal-
vage activities and cause of sinking were initially
incorporated in the study for the known, identified
shipwreck sites totalling 170 out of 549 positions.

Harmonisation of these variables with the assigned
preservation classes was attempted in order to reduce
ambiguities related to the initial conditions of the
wreck on the seabed.

For each wreck site, the data were inspected in two
forms to further reduce classification subjectivity: as
DEM surfaces and as point-clouds. DEM data were ren-
dered in ArcGIS Pro 3.0.1 with multi-directional hillshad-
ing and raster colormap enhancement. These techniques
visually enhanced the sites, consequently allowing more
objective classification. Processed point-cloud data were
brought into CloudCompare v. 2.12.4. The ShadeVis
ambient occlusion plugin and the EyeDome Lighting
OpenGL shading were applied to improve the rendering
of the 3D point-cloud data. This approach for inspecting
MBES shipwreck data was proven effective by Majcher
et al. (2021) who used it to assess structural deterioration
of historic shipwreck sites.

Correlation Analysis

Possible correlations between wreck class and various
natural and anthropogenic environmental parameters
were investigated through multivariate regression
models. The focus was on wreck classes 1-4, i.e. wrecks
that were still visible on the seabed. The dependent vari-
able (wreck class 1-4) is not numeric but rather an
ordered categorical variable. The categories have a
meaningful order, but the intervals between categories
are not necessarily equal, which constrains the choice
of regression models. An ordered logistic regression
model was chosen for the analysis, carried out using
the statistical software package R ver 4.2.2, using the
polr function from the MASS package. Ordered logistic
regression models assume that the probability (or
rather the logarithm of the odds: logit) of an obser-
vation falling into a specific category is a linear combi-
nation of the independent variables. In our case this
allowed multiple regression analysis with a number of
variables from Table 1 and calculation of the probability
of wrecks being in wreck class 1-4 for some given con-
ditions. The performance of the model was evaluated
using the confusion Matrix function of the caret pack-
age that compares the predicted class (i.e. the class with
the highest probability) to the observed class for all the
wrecks and calculates the percentage of wrecks that are
categorised correctly by the model. Furthermore, the
output of the model was compared to a ‘no information
rate’ to see if the model makes better predictions than
no model or pure chance.

Different combinations of the variables in Table 1
were tested, starting with complex models with a large
number of variables, and then making a stepwise
removal of variables that didn’t contribute significantly
to the explanatory power of the model. The aim was to
make a simple and robust model that can calculate
wreck classes for the known wrecks based on local



environmental conditions. The best model was sub-
sequently used for making a weighted overlay analysis,
giving a modelled predicted class for the whole region.

Multi-Criteria (Weighted Overlay) Analysis

Weighted overlay preservation prediction modelling
was conducted based on the output of the correlation
analysis. The logistic ordered regression provided a
linear combination of the most important environ-
mental variables that describes the odds of known
wrecks being in class 1-4 (on the logit-scale). Thus,
for some given environmental conditions it was poss-
ible to calculate the probability of each class, and three
intercept values representing the limits where the
highest probability goes from class 1 to 2, from class
2 to 3, and from class 3 to 4. This was used to create
a weighted overlay model covering the whole region,
where the environmental variables were first multi-
plied by their respective coefficients and then
summed. Subsequently, the overlay raster was
classified based on intercept values grouping the raster
data into expected preservation classes.

Results
Wreck Classification

Of the 549 wrecks classified using the modified Muck-
elroy scheme, 76 are classed as well preserved and
coherent (Class 1), 126 as coherent but incomplete
(Class 2), 157 as scattered but ordered (Class 3), 93
as scattered disordered (Class 4), and 97 as being
either heavily modified by anthropogenic activity or
impacted so much by external forcing that no wreck
remains are visible (Class 5) (Table 2; Figures 3 and 4).

Environmental Variables

Although the North and Baltic Seas make up an inter-
connected system, they are often treated as three sep-
arate geographic areas; the North Sea, the Danish
Straits, and the Baltic Sea (Figure 1). The North Sea
is a shelf sea, with an average depth of 100 m, and is
open to the North Atlantic between Scotland and Nor-
way in the north, and through the English Channel in
the south-west (Figure 5a). The Baltic Sea has shallow
and narrow connections to the North Sea through the

Table 2. Numbers of sites within their assigned classes

Class Description Count Example
1 Coherent 76 Fig. 3a,b
2 Coherent, incomplete 126 Fig. 3¢,d
3 Scattered, ordered 157 Fig. 3e,f
4 Scattered, disordered 93 Fig. 3g,h
5 No wreck/significant human impact 97 -
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Danish Straits. Comprising a number of basins con-
nected by relatively deep channels separated by shal-
low sills, the Baltic Sea averages 55 m, with typical
basin depths between 100 and 250 m (Figure 5a).

Marine sediments in the North Sea are dominated
by sand, with mud, sandy mud and muddy sand
located in low-energy deep areas (Figure 5b). Coarse
and mixed sediment is present to the west of Jutland,
through the Danish Straits and into areas of the Baltic
Sea, where higher energy hydrodynamic regimes dom-
inate (Fig 5b). North-east of Bornholm in the Baltic
Sea, the seafloor is dominated by mud and sandy
mud, while south of Bornholm sand dominates.
Good correlation is noted between depositional
environments (Fig 5b), current velocity (Fig 5¢) and
wave period/height (Figures 5d and e), as the relative
kinetic energy of the ocean environment is reflected
in depositional environments.

Bottom salinity in the North Sea is close to 35,
except near river outlets in the south-east and along
the northeast where the Baltic Sea and large rivers
lower the surface salinity to 25 (Figure 5f). Approach-
ing the Baltic Sea through the Danish Straits, salinity
drops to 15, and in the Baltic Sea salinity ranges
from 7-10 in the south to 5-6 in the north
(Figure 5f). Bottom temperatures in the Baltic Sea
are generally low compared to the North Sea (Figure
5g), with sea ice forming in the Baltic every year.
Anthropogenic nutrient enrichment and rising water
temperatures can lead to reduced oxygen concen-
trations. This is particularly noted for the Baltic Sea,
now recognised as one of the largest dead zones in
the world (Conley et al., 2009), with nutrient input
from agricultural fertilisers leading to oxygen
depletion and eutrophication (Figure 5h).

Bottom Fishing Intensities

Fishing is one of the dominant anthropogenic activi-
ties affecting marine systems (Halpern et al., 2008)
and global concern about adverse effects of bottom
trawling on seabed habitats (Eigaard et al., 2016) and
UCH (Brennan et al., 2016; Krumholz & Brennan,
2015) is increasing. Bottom trawling intensities for
the North and Baltic Seas are presented as heat maps
for beam trawling (Figure 6a), otter trawling (Figure
6b), bottom seines (Figure 6¢), and cumulative bottom
fishing intensity (Figure 6d). Bottom trawling is widely
distributed over the study area, with otter trawling
prevalent in both the North and Baltic Seas (Figure
6b), while beam trawling and seine fishing is concen-
trated in the North Sea (Figures 6a and 6¢). Cumulat-
ive impact shows high fishing effort in areas in the
Norwegian Trench, in large areas of the northern
and southern North Sea to the west of Jutland, in
the Danish Straits, and sustained effort around Born-
holm in the Baltic Sea.



8 (&) D.GREGORYETAL.

3D POINT CLOUD RENDER

B

CLass 1

CLass 2

w0 pracesn

p—

[DEPTH (m)|
: -3.11
— 606 !

w2

HoIH '

NOILVAY3S3dd

Figure 3. Examples of digital elevation models (left hand column) and point clouds (right hand column) of wreck classes 1-4

(Authors).

Correlation Analysis

Figure 7 shows a boxplot where different variables are
shown grouped by wreck classes. It indicates that
wreck class cannot be explained by one single parameter,
as there is a pronounced overlap between the different
classes — thus for instance the best-preserved class 1
wrecks are found at depths from 6 to 172 m, while the
degraded class 4 wrecks are found at depths between 5
and 142 m. Correspondingly, ordered logistic regression
models using only one of the variables in Table 1 make
very poor predictions that are not significantly better
than no model (P > 0.05).

Things improve if more parameters are included. A
regression model that includes depth, current velocity,
sediment type, kinetic energy of waves, temperature,
salinity, dissolved oxygen, fishing intensity and the
year of wreckage classifies 52% of the wrecks correctly
and is significantly better than no model (P =0.009).
However, it is also a complex model and there is a sig-
nificant risk of overfitting, especially as some of the
variables are not independent. In order to simplify
the model, one parameter at a time was removed
and the model tested for reduced explanatory power.
In this stepwise manner, the model was reduced to a
simpler and more robust solution based solely on
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Figure 4. The spatial distribution and classification of the 549 wrecks classified in the study (Authors).

depth, salinity, bottom fishing intensity and year of
wreckage. This simpler solution classifies 54% of the
wrecks correctly and is significantly better than no
model (P =0.0002).

Removing any of these four variables from the
model results in significantly poorer predictions.
Still, it is of interest to remove the year of sinking /
wrecking and only look at external factors such as
the environment and influence from fishing. This
increases the number of wrecks in the analysis, as
the year of wreckage is only known for 170 out of
the 452 classified wrecks. A simple model based on
three variables (depth, salinity and fishing activity)
classifies 40% of the wrecks correctly, which is actually
not much better than no model (P=0.07). This
demonstrates that intrinsic parameters such as wreck
age, type, construction etc. obviously play important
roles on what is preserved today.

The reduced model gives a linear equation that
allows us to calculate the probabilities of wrecks
being in class 1-4 under some given conditions:

Logit(Class;) = a; + 0.0089 - Depth [m]

+ 0.0895 - Salinity [PSU] + 0.00275

- bottom fishing activity [mW], (1)
where intercepts o, = 0.727, aty)3

= 2.329 and o34 = 3.999

The probability of being in class 1 (well preserved)
increases at low numbers i.e. for greater depths (as
these are negative), lower salinities, and lower fishing
activity. This is illustrated in more detail in Figure 8,
showing the probability of different wreck classes
under some given conditions. It is based on our
wreck database (and ignoring intrinsic parameters)
where low salinities (upper line) are only found in
the Baltic, whereas in the North Sea all sites have a sal-
inity close to 34. Although the model is not perfect, it
is a best fit for our data. Furthermore, the linear
equation can be used to make predictions for the
whole area, and not only for the individual wreck
sites (Figure 8).

Multi-Criteria (Weighted Overlay) Analysis

Multi-criteria analysis was informed by the results of
the statistical analysis, with the three input variables
resulting from the simplified model: salinity, depth
and bottom fishing intensity. Weighted overlay ana-
lyses show highest preservation potential in the
southern Baltic Sea and in the deeper water of the Nor-
wegian Trench (Figure 9). Lowest preservation poten-
tial is modelled for the shallower areas of the southern
North Sea, off the east coast of England, the north
coasts of The Netherlands and Germany, and west of
Jutland.
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Discussion

In this study, we demonstrate that the structural integ-
rity of shipwreck sites (n = 549; year of loss 1801-2003)
in the North and Baltic Seas is correlated with depth,
salinity, bottom fishing intensity and time. In terms
of wreck preservation, the southern Baltic Sea and
the Norwegian Trench offer the highest potential,

while the shallower areas of the North Sea and off Eng-
land, the Netherlands and Germany are least
favourable.

Wreck Classification and Regression Analysis

Undoubtedly MBES bathymetry data provide an infor-
mative overview of the distribution of those parts of a
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sity. Grey areas represent lack of data (Authors).

shipwreck lying on the seabed and in the water column
(Figure 3). Furthermore, MBES data yields information
on seabed morphology and dynamics prevalent on and
around sites (for example Figures 3 ¢ and 3 g show the
effects of scour around the wrecks). However, classify-
ing the state of preservation and the preservation
potential of a given wreck site using these data is pro-
blematic due to the inherent subjective nature of visual
assessment and interpretation.

Although correlation between wreck class and
environmental parameters was established through
regression analysis (Table 1), the fit was not perfect.
This is not so surprising, as the wreck class was
determined by decay accumulated over a long
time-period and by different processes, while the
environmental variables we used represent the cur-
rent conditions and hence the contemporary decay
rate. For instance, it makes sense that including
time on the seabed would improve our models sig-
nificantly. The identified wrecks in the model sank
between 1801 and 2003, and obviously a ship that
sank over 200 years ago is likely to have undergone
more deterioration than a ship that sank only 20
years ago. This parameter, together with other
wreck-specific data, should be included in a next
iteration of the regression analysis in order to separ-
ate more clearly the effects from external stressors
and intrinsic variables. Focussing on wreck classes
limits statistical correlation as the dependent

variable (wreck class 1-4) is not continuous but
rather an ordered categorical variable which con-
strains the choice of regression models. Thus, future
work will attempt to improve on objectively quanti-
fying the state of wreck preservation in order to
facilitate better modelling of decay.

Wreck Environments

Comparison to the original study by Muckelroy (1977)
shows some fundamental differences. He found sedi-
ment type and offshore fetch to be best correlated to
the preservation of 20 wooden wrecks off Britain
and Ireland, whereas we find depth, salinity, bottom
fishing intensity and time the most important. It
may be surprising that sediment type does not
improve our models significantly, but this could be
due to relatively poor spatial resolution in the EMOD-
net-derived substrate layers used in the modelling (see
discussion below) and/or the lack of variation in our
data, as most of the wrecks in our database are
found in sand (Figure 4). The kinetic energy at the
sites (including the wave height, wave period and cur-
rent velocity) did not contribute significantly to the
models either, which is also surprising. However,
absence of evidence is not evidence of absence, and
(some of) the effects from variations in energy may
already be included in other model parameters such
as depth and sediment type, as preservation is
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observed to be better at depth where the energy level
will generally be lower and substates finer. Variations
in dissolved oxygen could also be important, but when
we compensated for variations in salinity and temp-
erature to calculate the oxygen saturation the apparent
variations in Figure 4 turned out to be much lower and
by far most of the wreck locations had close to 100%
oxygen saturation.
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Data Resolution

A limitation with the approach used here stems from
using data sets with different spatial and temporal
resolutions (Table 1). For example, the MBES data
used to classify the integrity of the wreck sites has a
resolution of centimetres (Westley et al, 2019),
whereas the BioORACLE, COPERNICUS and
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— ]
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Figure 8. Estimated probabilities of different wreck classes under varying conditions, using a reduced model that looks solely at
depth (m), salinity S (PSU) and bottom fishing intensity (mW fishing hours) (Authors).
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EMODnet datasets employed in the correlation
analysis and weighted overlay modelling have grid
cells in the order of kilometres (Figure 10). For
instance, the global-scale BloORACLE model has a
spatial resolution of 5 arcmin, which corresponds
to 9.2 km at the equator (Assis et al., 2018) and
5.4 km at a latitude of 54°N.

This point is illustrated by plotting BloORACLE
model output cells at 5 arcmin resolution on top of
the results of a multibeam survey carried out over
two First World War shipwrecks (Figure 10a). The
multibeam-derived DEM has a cell size of 4 m, typi-
cal of the resolution of MBES data available for
download from national open-data portals (e.g. UK
Admiralty Marine Data Portal; Ireland’s INFOMAR).
Intricate patterns of erosion and deposition at the
two wreck sites are clearly seen in the multibeam
data (Figure 10b); complexity in the wreck system
that simply cannot be captured by the two BioORA-
CLE grid cells covering the sites. Typically, the resol-
ution of these global- and shelf-scale models are two
orders of magnitude poorer than multibeam bathy-
metry data.

On a related point, the multibeam echosounder
data collected from the 549 wreck sites used in this
study were collected over different months and
years, and the BioORACLE, COPERNICUS and
EMODnet data are averaged over long time periods,

so temporal offset is also a limitation in the analysis.
Not only are model components available at different
resolutions, but the spatial and temporal scales at
which key environmental and anthropogenic pro-
cesses take place and interact are also highly variable.
Consequently, correlation analysis or multi-criteria
analysis conducted using these model ingredients
can suffer from oversimplification, and result in
smoothing or under-representation (or in the
worst-case exclusion) of key variables influencing
the system.

MBES Data and Open Data Portals

Ideally MBES and similar high-resolution data types
should be used when they are available (e.g. Majcher
et al., 2021; Manders 2009) to understand the for-
mation of shipwreck sites. Nevertheless, in the absence
of these types of high-resolution data, shelf-scale and
global-scale open-data model outputs and their
derivatives allow us to model preservation potential
at national- and shelf-scales to inform management
plans based on real world data. As sensors continue
to develop, and national and international seabed
mapping initiatives gain momentum (Mayer et al,
2018) and become more widely available to the com-
munity, reliance on coarse-resolution data and low-
resolution model outputs will naturally decrease.
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Future Work

Future work by the authors will build upon this initial
study within the recently started five-year (2022-
2027) project ENDURE (www.endureerc.com). The
overarching aim of ENDURE is to propose a novel
framework to cultural heritage management, based
on the state of entropy of sites (DeSilvey, 2021). Con-
tinued refinement of the model presented here will
incorporate more MBES surveys of shipwreck sites
over a larger geographic area and the addition of

other environmental and anthropogenic factors
from open data portals. The refined models will be
validated by survey, diving and monitoring of
environmental parameters on select sites. The models
will be further supplemented with data relating to
decay rates of archaeological materials (especially
metals and wood) and an improved understanding
of the role of artefact, design form and function (Nut-
ley, 2009) on the processes and rates of physical,
chemical and biological decay. The hypothesis is
that these factors play a significant role in the rate


http://www.endureerc.com

of decay and hence survivability of shipwrecks and
artefacts underwater.

Conclusions

o Weighted overlay modelling and regression analysis
demonstrates that the structural integrity of wreck
sites in the North and Baltic Seas is correlated with
depth, salinity, bottom fishing intensity and time.

e The study shows the potential of integrating high-
resolution remotely sensed data with environ-
mental information from open data portals in pre-
dicting preservation potential of UCH sites across
large geographic areas.

Acknowledgments

The authors would like to thank Rasmus Normann Ander-
sen of JD Contractors for granting us permission to use the
multibeam echosounder data presented in the paper. The
work was supported by the Danish Ministry of Culture
under Grant FPK.2017-0037 and the European Union
(ERC, ENDURE, 101053993).
expressed are however those of the authors only and do

Views and opinions
not necessarily reflect those of the European Union or the
European Research Council Executive Agency. Neither the
European Union nor the granting authority can be held
responsible for them. The authors report there are no com-
peting interests to declare.

Author Contributions

DG secured funding and with RQ formulated the ideas
behind the research. MD collected and post processed mul-
tibeam echossounder data. DG, GN and JM classified the
wrecks based on multibeam echosounder data. RQ and
JM collated data from the open access data portals and gen-
erated the GIS. JM and HM conducted statistical analyses
and produced images for the publication. All authors con-
tributed to the writing and editing of the manuscript

Disclosure Statement
The authors declare no conflict of interest.
Permissions Statement

Access to the multibeam echosounder data was provided to
the authors by Rasmus Normann Andersen, CEO of
JD Contractors. The MBES data used within this paper
were collected on numerous academic research trips, com-
mercial surveys, and as data exchange with other archives/
survey companies. Relevant regulations for collection of
data were in line with national and international legislation
of the waters where surveys were conducted. Exact positions
of wrecks are not given due to issues of commercial interest

INTERNATIONAL JOURNAL OF NAUTICAL ARCHAEOLOGY 15
and national security. Furthermore, data were collected
adhering to the principles of the UNESCO convention in
as much it was non-destructive and non-invasive and no
shipwrecks were disturbed during these surveys. All imagery
has been produced by the authors.

ORCID

David Gregory © http://orcid.org/0000-0001-6740-2141
http://orcid.org/0000-0003-2894-6423
http://orcid.org/0000-0003-2618-

Jan Majcher
Henning Matthiesen
7021

Rory Quinn © http://orcid.org/0000-0001-7946-565X
References

Adams, J. (2001). Ships and boats as archaeological source
material. World Archaeology, 32(3), 292-310. https://
doi.org/10.1080/00438240120048644

Assis, J., Tyberghein, L., Bosch, S., Verbruggen, H., Serrdo, E.
A., & De Clerck, O. (2018). Bio-ORACLE v2.0: Extending
marine data layers for bioclimatic modelling. Global
Ecology and Biogeography, 27(3), 277-284. https://doi.
org/https://doi.org/10.1111geb.12693

Balazy, P., Copeland, U., & Sokolowski, A. (2019).
Shipwrecks and underwater objects of the southern
Baltic — Hard substrata islands in the brackish, soft bot-
tom marine environment. Estuarine, Coastal and Shelf
Science, 225, 106240. https://doi.org/https://doi.org/10.
1016j.ecss.2019.05.022

Ballard, R., & Archbold, R. (1987). The Discovery of the
Titanic. Hodder and Stoughton.

Brennan, M. L., Davis, D., Ballard, R. D., Trembanis, A. C.,
Vaughn, J. I, Krumbholz, J. S., Delgado, J. P., Roman, C.
N., Smart, C., Bell, K. L. C.,, Duman, M., & DuVal, C.
(2016). Quantification of bottom trawl fishing damage
to ancient shipwreck sites. Marine Geology, 371, 82-88.
https://doi.org/10.1016/j.margeo.2015.11.001

Cederlund, C.O. (1983). The old wrecks of the Baltic Sea:
Archaeological recording of the wrecks of carvel-built
ships. BAR Publishing.

CETS-143. (1992). European Convention on the Protection of
the Archaeological Heritage (Revised). Retrieved August 5,
2020, from https://rm.coe.int/168007bd25. Council of
Europe

Church, R. A. (2014). Deep-water shipwreck initial site for-
mation: The equation of site distribution. Journal of
Maritime Archaeology, 9(1), 27-40. https://doi.org/10.
1007/s11457-014-9128-6

Conley, D. J., Bjorck, S., Bonsdorff, E., Carstensen, J.,
Destouni, G., Gustafsson, B. G., Hietanen, S., Kortekaas,
M., Kuosa, H., & Markus Meier, H. (2009). Hypoxia-
related processes in the Baltic Sea. Environmental
Science & Technology, 43(10), 3412-3420.

Copernicus Marine Service (2021a). Atlantic-European
North West shelf-wave physics reanalysis. https://doi.org/
10.48670/moi-00060


http://orcid.org/0000-0001-6740-2141
http://orcid.org/0000-0003-2894-6423
http://orcid.org/0000-0003-2618-7021
http://orcid.org/0000-0003-2618-7021
http://orcid.org/0000-0001-7946-565X
https://doi.org/10.1080/00438240120048644
https://doi.org/10.1080/00438240120048644
https://doi.org/https://doi.org/10.1111/geb.12693
https://doi.org/https://doi.org/10.1111/geb.12693
https://doi.org/https://doi.org/10.1016/j.ecss.2019.05.022
https://doi.org/https://doi.org/10.1016/j.ecss.2019.05.022
https://doi.org/10.1016/j.margeo.2015.11.001
https://rm.coe.int/168007bd25
https://doi.org/10.1007/s11457-014-9128-6
https://doi.org/10.1007/s11457-014-9128-6
https://doi.org/10.48670/moi-00060
https://doi.org/10.48670/moi-00060

16 (&) D.GREGORY ETAL.

Copernicus Marine Service (2021b). Baltic Sea wave hind-
cast. https://doi.org/10.48670/moi-00014

Croome, A. (1999). Sinking fast. New Scientist. Retrieved
February 14, 2024, from https://www.newscientist.com/
article/mg16121696-000-sinking-fast/

DeSilvey, C., Fredheim, H., Fluck, H., Hails, R., Harrison, R.,

& Blundell, A. (2021). When loss is

From decline to

Samuel, I,

more: managed adaptive
release. The Historic Environment: Policy & Practice, 12
(3-4), 418-433. https://doi.org/10.1080/17567505.2021.
1957263

Dumas, F. (1962). Deepwater archaeology (H. Frost, Trans.).
Routledge and Kegan Paul.

Eigaard, O. R., Bastardie, F., Breen, M., Dinesen, G. E.,
Hintzen, N. T., Laffargue, P., Mortensen, L. O., Nielsen,
J. R, Nilsson, H. C., & O’Neill, F. G. (2016). Estimating
seabed pressure from demersal trawls, seines, and dredges
based on gear design and dimensions. ICES Journal of
Marine Science, 73(suppl_1), 127-i43.

EMODnet (2023). Seabed substrates. Retrieved February 25,
2023, from https://emodnet.ec.europa.eu/geonetwork/srv/
eng/catalog.search#/metadata/6eaf4c6bf28815e973b9c60
aab5734e3ef9cd9c4

EMODnet (2023a). Seabed substrates. Retrieved December
14, 2023, from https://emodnet.ec.europa.eu/geonetwork/
srv/eng/catalog.search#/metadata/6eaf4c6bf28815e¢973b9
c60aab5734e3ef9cd9c4

EMODnet (2023b). Baltic Sea - DIVAnd 6-year seasonal
analysis of water body dissolved oxygen concentration
1980/2018 v2021. Retrieved December 14, 2023, from
https://emodnet.ec.europa.eu/geonetwork/srv/eng/catalo
g.search#/metadata/087a72c0-c243-11e8-bac2-5ce0c5469
bc7

EMODnet (2023c). North Sea - DIVAnd 4D 6-year seasonal
analysis of Water body dissolved oxygen concentration
1980/2020 v2021. Retrieved December 14, 2023, from
https://emodnet.ec.europa.eu/geonetwork/srv/eng/catalo
g.search#/metadata/53ff3c72-b671-11e8-a971-080027b4
laee

EMODnet (2023d). Kinetic energy at the seabed due to cur-
rents in the Atlantic. Retrieved December 14, 2023, from
https://emodnet.ec.europa.eu/geonetwork/srv/eng/catalo
g.search#/metadata/d72bfeca-ceb5-4faa-b7b0-e95db8c63
10b

EMODnet (2023e). Kinetic energy at the seabed due to
waves - Celtic, North Sea (mean of annual 90th
percentile). Retrieved December 14, 2023, from https://
emodnet.ec.europa.eu/geonetwork/srv/eng/catalog.searc
h#/metadata/2a2659c4-celb-4feb-81cf-a2bcbc362a3f

EMODnet (2023f). Human activities, fisheries, fishing
intensity. Retrieved December 14, 2023, from: https://
emodnet.ec.europa.eu/geonetwork/srv/eng/catalog.searc
h#/metadata/d57fbdea-489e-4e11-9t1-f0f706cfe783

Ferndndez-Montblanc, T., Quinn, R., Izquierdo, A., &
Bethencourt, M. (2016). Evolution of a shallow water
wave-dominated shipwreck site: Fougueux (1805), Gulf
of Cadiz. Geoarchaeology, 31(6), 487-505.

Firth, A. (2018). Managing shipwrecks. Honor Frost Trust,
London.

Foley, B. P., Hansson, M. C., Kourkoumelis, D. P., &
Theodoulou, T. A. (2012). Aspects of ancient Greek
trade re-evaluated with amphora DNA evidence.
Journal of Archaeological Science, 39(2), 389-398.
https://doi.org/https://doi.org/10.1016j.jas.2011.09.025

Folk, R. L. (1954). The distinction between grain size and
mineral composition in sedimentary-rock nomenclature.
The Journal of Geology, 62(4), 344-359.

Frost, H. (1972). The discovery of a Punic ship. International
Journal of Nautical Archaeology, 1(1), 113-117. https://doi.
0rg/10.1111/§.1095-9270.1972.tb00679.x

Garcia, H. E., & Gordon, L. I. (1992). Oxygen solubility in
seawater: Better fitting equations. Limnology and
Oceanography, 37(6), 1307-1312.

Christodoulou, D., Eleftherakis, D.,

Papatheodorou, G., Fakiris, E., Dimas, X., Georgiou, N.,

Kordella, S., Prevenios, M., & Iatrou, M. (2020). Atlas

of shipwrecks in Inner Ionian Sea (Greece): A remote

Geraga, M,

sensing approach. Heritage, 3(4), 1210-1236.

Gibbins, D. (1990). Analytical approaches in maritime
archaeology: A Mediterranean perspective. Antiquity, 64
(243), 376-389.

Gibbins, D., & Adams, J. (2001). Shipwrecks and maritime
archaeology. World Archaeology, 32(3), 279-291.
https://doi.org/10.1080/00438240120048635

Gibbs, M. (2006). Cultural site formation processes in mar-
itime archaeology: Disaster response, salvage and muck-
elroy 30 Years on. International Journal of Nautical
Archaeology, 35(1), 4-19. https://doi.org/10.1111/j.1095-
9270.2006.00088.x

Gregory, D. (1992). Taphonomic processes in the marine

environment [Unpublished Masters Thesis].
St. Andrews University, Scotland.
Gregory, D., Jensen, P., & Straetkvern, K. (2012).

Conservation and in situ preservation of wooden ship-
wrecks from marine environments. Journal of Cultural
Heritage, 13(3), S139-S148.

Grenier, R., Bernier, M. A., & Stevens, W. (2007). The
underwater archaeology of Red Bay: Basque shipbuilding
and whaling in the 16th century. Parks Canada.

Halpern, B. S., McLeod, K. L., Rosenberg, A. A., & Crowder,
L. B. (2008). Managing for cumulative impacts in ecosys-
tem-based management through ocean zoning. Ocean &
Coastal Management, 51(3), 203-211. https://doi.org/10.
1016/j.0cecoaman.2007.08.002

Hardy, D. (1990). A century on the sea-bed: The Centurion.
The Bulletin of the Australian Institute for Maritime
Archaeology, 14(2), 23-34. https://search.informit.org/
doi/10.3316informit.857218084472840

Hunter, J. R. (1994). ‘Maritime culture’: Notes from the
land. International Journal of Nautical Archaeology, 23
(4), 261-264. https://doi.org/10.1111/j.1095-9270.1994.
tb00470.x

ICOMOS. (1996). Charter on the protection and manage-
ment of underwater cultural hertiage. Sofia, Bulgaria.


https://doi.org/10.48670/moi-00014
https://www.newscientist.com/article/mg16121696-000-sinking-fast/
https://www.newscientist.com/article/mg16121696-000-sinking-fast/
https://doi.org/10.1080/17567505.2021.1957263
https://doi.org/10.1080/17567505.2021.1957263
https://emodnet.ec.europa.eu/geonetwork/srv/eng/catalog.search#/metadata/6eaf4c6bf28815e973b9c60aab5734e3ef9cd9c4
https://emodnet.ec.europa.eu/geonetwork/srv/eng/catalog.search#/metadata/6eaf4c6bf28815e973b9c60aab5734e3ef9cd9c4
https://emodnet.ec.europa.eu/geonetwork/srv/eng/catalog.search#/metadata/6eaf4c6bf28815e973b9c60aab5734e3ef9cd9c4
https://emodnet.ec.europa.eu/geonetwork/srv/eng/catalog.search#/metadata/6eaf4c6bf28815e973b9c60aab5734e3ef9cd9c4
https://emodnet.ec.europa.eu/geonetwork/srv/eng/catalog.search#/metadata/6eaf4c6bf28815e973b9c60aab5734e3ef9cd9c4
https://emodnet.ec.europa.eu/geonetwork/srv/eng/catalog.search#/metadata/6eaf4c6bf28815e973b9c60aab5734e3ef9cd9c4
https://emodnet.ec.europa.eu/geonetwork/srv/eng/catalog.search#/metadata/087a72c0-c243-11e8-bac2-5ce0c5469bc7
https://emodnet.ec.europa.eu/geonetwork/srv/eng/catalog.search#/metadata/087a72c0-c243-11e8-bac2-5ce0c5469bc7
https://emodnet.ec.europa.eu/geonetwork/srv/eng/catalog.search#/metadata/087a72c0-c243-11e8-bac2-5ce0c5469bc7
https://emodnet.ec.europa.eu/geonetwork/srv/eng/catalog.search#/metadata/53ff3c72-b671-11e8-a971-080027b41aee
https://emodnet.ec.europa.eu/geonetwork/srv/eng/catalog.search#/metadata/53ff3c72-b671-11e8-a971-080027b41aee
https://emodnet.ec.europa.eu/geonetwork/srv/eng/catalog.search#/metadata/53ff3c72-b671-11e8-a971-080027b41aee
https://emodnet.ec.europa.eu/geonetwork/srv/eng/catalog.search#/metadata/d72bfeca-ceb5-4faa-b7b0-e95db8c6310b
https://emodnet.ec.europa.eu/geonetwork/srv/eng/catalog.search#/metadata/d72bfeca-ceb5-4faa-b7b0-e95db8c6310b
https://emodnet.ec.europa.eu/geonetwork/srv/eng/catalog.search#/metadata/d72bfeca-ceb5-4faa-b7b0-e95db8c6310b
https://emodnet.ec.europa.eu/geonetwork/srv/eng/catalog.search#/metadata/2a2659c4-ce1b-4feb-81cf-a2bcbc362a3f
https://emodnet.ec.europa.eu/geonetwork/srv/eng/catalog.search#/metadata/2a2659c4-ce1b-4feb-81cf-a2bcbc362a3f
https://emodnet.ec.europa.eu/geonetwork/srv/eng/catalog.search#/metadata/2a2659c4-ce1b-4feb-81cf-a2bcbc362a3f
https://emodnet.ec.europa.eu/geonetwork/srv/eng/catalog.search#/metadata/d57fbdea-489e-4e11-9ff1-f0f706cfe783
https://emodnet.ec.europa.eu/geonetwork/srv/eng/catalog.search#/metadata/d57fbdea-489e-4e11-9ff1-f0f706cfe783
https://emodnet.ec.europa.eu/geonetwork/srv/eng/catalog.search#/metadata/d57fbdea-489e-4e11-9ff1-f0f706cfe783
https://doi.org/https://doi.org/10.1016/j.jas.2011.09.025
https://doi.org/10.1111/j.1095-9270.1972.tb00679.x
https://doi.org/10.1111/j.1095-9270.1972.tb00679.x
https://doi.org/10.1080/00438240120048635
https://doi.org/10.1111/j.1095-9270.2006.00088.x
https://doi.org/10.1111/j.1095-9270.2006.00088.x
https://doi.org/10.1016/j.ocecoaman.2007.08.002
https://doi.org/10.1016/j.ocecoaman.2007.08.002
https://search.informit.org/doi/10.3316/informit.857218084472840
https://search.informit.org/doi/10.3316/informit.857218084472840
https://doi.org/10.1111/j.1095-9270.1994.tb00470.x
https://doi.org/10.1111/j.1095-9270.1994.tb00470.x

Retrieved from https://www.icomos.org/en/faq-doccen/
179-articles-en-francais/ressources/charters-and-standa
rds/161-charter-on-the-protection-and-management-of-
underwater-cultural-heritage

Keith, M. E. (2016). Site formation processes of submerged
shipwrecks. University Press of Florida.

Krumbholz, J. S., & Brennan, M. L. (2015). Fishing for com-
mon ground: Investigations of the impact of trawling on
ancient shipwreck sites uncovers a potential for manage-
ment synergy. Marine Policy, 61, 127-133. https://doi.
org/10.1016/j.marpol.2015.07.009

Lenihan, D. J., Carrell, T. L., & Murphy, L. E. (1981). The
Utwa Harbor wreck site: A shipwreck evaluation and man-
agement report. United States Department of Interior.
https://doi.org/10.6067/XCV84X5BKD

Macleod, I. D. (2006). Corrosion and conservation manage-
ment of iron shipwrecks in Chuuk Lagoon, Federated
States of Micronesia. Conservation and Management of
Archaeological Sites, 7(4), 203-223. https://doi.org/10.
1179/135050306793137359

Majcher, J., Quinn, R, Plets, R., Coughlan, M., McGonigle,
C., Sacchetti, F., & Westley, K. (2021). Spatial and tem-
poral variability in geomorphic change at tidally
influenced shipwreck sites: The use of time-lapse multi-
beam data for the assessment of site formation processes.
Geoarchaeology, 36(3), 429-454. https://doi.org/10.1002/
gea.21840

Manders, M., Oosting, R. and Brouwers, W., 2009. MACHU
final report. Amersfoort.

McCartney, 1. (2016). Jutland 1916: The archaeology of a
naval battlefield. Bloomsbury.

Mentz. (2015). Shipwreck modernity: Ecologies of globaliza-
tion, 1550-1719. University of Minnesota Press.

Muckelroy, K. (1976). The integration of historical and
archaeological data concerning an historic wreck site:
The ‘Kennemerland’. World Archaeology, 7(3), 280-290.

Muckelroy, K. (1977). Historic wreck sites in Britain and
their environments. International Journal of Nautical
Archaeology, 6(1), 47-57. https://doi.org/10.1111/j.1095-
9270.1977.tb00987 .x

Maarleveld, T. J. (1995). Type or technique. Some thoughts
on boat and ship finds as indicative of cultural
traditions.  International — Journal — of  Nautical
Archaeology, 24(1), 3-7.

Mayer, L., Jakobsson, M., Allen, G., Dorschel, B., Falconer,
R., Ferrini, V., Lamarche, G., Snaith, H., & Weatherall,
P. (2018). The Nippon Foundation - GEBCO Seabed
2030 Project: The quest to see the world’s oceans comple-
tely mapped by 2030. Geosciences, 8(2), 63. https://doi.
org/10.3390/geosciences8020063

Nash, M. (1990). Survey of the historic ship Litherland
(1834-1853). The Bulletin of the Australian Institute for
Maritime Archaeology, 14(1), 13-20. https://search.
informit.org/doi/10.3316informit.856994488817741

Ndungu, K., Beylich, B. A., Staalstrom, A., @xnevad, S,
Berge, J. A. Braaten, H. F. V., Schaanning, M., &
Bergstrom, R. (2017). Petroleum oil and mercury

INTERNATIONAL JOURNAL OF NAUTICAL ARCHAEOLOGY 17

pollution from shipwrecks in Norwegian coastal
waters. Science of The Total Environment, 593-594,
624-633. https://doi.org/https://doi.org/10.1016j.scitotenv.
2017.03.213

Nutley, D. (2009). Submerged cultural sites: Opening a time
capsule. Museum International, 60(240), 7-17.

Owen, N. C. (1991). Hazardous 1990-1991 interim report.
International Journal of Nautical Archaeology, 20(4),
325-334. https://doi.org/10.1111/j.1095-9270.1991.
tb00328.x

Oxley, I. (1998). The investigation of the factors that affect
the preservation of underwater archaeological sites. In
L. Babits & H. van Tilburg (Eds), Maritime archaeology:
A reader of substantive and theoretical contributions
(pp. 523-529). Springer.

Oxley, 1., & Gregory, D. (2002). Site management. In C.V.
Ruppé & J. F. Barstad (Eds.), International handbook of
underwater archaeology (pp. 715-725). Springer.

Oxley, I. A. N., & Keith, M. E. (2016). Introduction. Site for-
mation processes of submerged shipwrecks. In M. E.
Keith (Ed.), Site formation processes of submerged
sShipwrecks (pp. 1-14). University Press of Florida.
https://doi.org/10.2307/j.ctvx070j5.5

Papageorgiou, M. (2018). Underwater cultural heritage
facing maritime spatial planning: Legislative and

technical issues. Ocean & Coastal Management,
165, 195-202. https://doi.org/10.1016/j.ocecoaman.
2018.08.032

Parker, A. J. (1992). Ancient shipwrecks of the Mediterranean &
the Roman provinces. British Archaeological Reports. https://
books.google.dk/books?id=jYKSMQEACAA]

Parker, A. J. (1995). Maritime cultures and wreck assem-
blages in the Graeco-Roman world. International
Journal of Nautical Archaeology, 24(2), 87-95. https://
doi.org/10.1111/j.1095-9270.1995.tb00718.x

Plets, R., Quinn, R., Forsythe, W., Westley, K., Bell, T,
Benetti, S., McGrath, F., & Robinson, R. (2011). Using
multibeam echo-sounder data to identify shipwreck
sites: Archaeological assessment of the Joint Irish
Bathymetric Survey data. International Journal of
Nautical Archaeology, 40(1), 87-98.

Quinn, R. (2006). The role of scour in shipwreck site for-
mation processes and the preservation of wreck-associ-
ated scour signatures in the sedimentary record -
Evidence from seabed and sub-surface data. Journal of
Archaeological Science, 33(10), 1419-1432. https://doi.
org/10.1016/j.jas.2006.01.011

Quinn, R., & Boland, D. (2010). The role of time-lapse
bathymetric surveys in assessing morphological change
at shipwreck sites. Journal of Archaeological Science, 37
(11), 2938-2946. https://doi.org/https://doi.org/10.1016;.
jas.2010.07.005

Quinn, R., & Smyth, T. A. G. (2018). Processes and patterns
of flow, erosion, and deposition at shipwreck sites: a com-
putational fluid dynamic simulation. Archaeological and
Anthropological Sciences, 10(6), 1429-1442. https://doi.
org/10.1007/s12520-017-0468-7


https://www.icomos.org/en/faq-doccen/179-articles-en-francais/ressources/charters-and-standards/161-charter-on-the-protection-and-management-of-underwater-cultural-heritage
https://www.icomos.org/en/faq-doccen/179-articles-en-francais/ressources/charters-and-standards/161-charter-on-the-protection-and-management-of-underwater-cultural-heritage
https://www.icomos.org/en/faq-doccen/179-articles-en-francais/ressources/charters-and-standards/161-charter-on-the-protection-and-management-of-underwater-cultural-heritage
https://www.icomos.org/en/faq-doccen/179-articles-en-francais/ressources/charters-and-standards/161-charter-on-the-protection-and-management-of-underwater-cultural-heritage
https://doi.org/10.1016/j.marpol.2015.07.009
https://doi.org/10.1016/j.marpol.2015.07.009
https://doi.org/10.6067/XCV84X5BKD
https://doi.org/10.1179/135050306793137359
https://doi.org/10.1179/135050306793137359
https://doi.org/10.1002/gea.21840
https://doi.org/10.1002/gea.21840
https://doi.org/10.1111/j.1095-9270.1977.tb00987.x
https://doi.org/10.1111/j.1095-9270.1977.tb00987.x
https://doi.org/10.3390/geosciences8020063
https://doi.org/10.3390/geosciences8020063
https://search.informit.org/doi/10.3316/informit.856994488817741
https://search.informit.org/doi/10.3316/informit.856994488817741
https://doi.org/https://doi.org/10.1016/j.scitotenv.2017.03.213
https://doi.org/https://doi.org/10.1016/j.scitotenv.2017.03.213
https://doi.org/10.1111/j.1095-9270.1991.tb00328.x
https://doi.org/10.1111/j.1095-9270.1991.tb00328.x
https://doi.org/10.2307/j.ctvx070j5.5
https://doi.org/10.1016/j.ocecoaman.2018.08.032
https://doi.org/10.1016/j.ocecoaman.2018.08.032
https://books.google.dk/books?id=jYK5MQEACAAJ
https://books.google.dk/books?id=jYK5MQEACAAJ
https://doi.org/10.1111/j.1095-9270.1995.tb00718.x
https://doi.org/10.1111/j.1095-9270.1995.tb00718.x
https://doi.org/10.1016/j.jas.2006.01.011
https://doi.org/10.1016/j.jas.2006.01.011
https://doi.org/https://doi.org/10.1016/j.jas.2010.07.005
https://doi.org/https://doi.org/10.1016/j.jas.2010.07.005
https://doi.org/10.1007/s12520-017-0468-7
https://doi.org/10.1007/s12520-017-0468-7

18 (&) D.GREGORY ET AL.

Schiffer, M. B. (1987). Formation processes of the archaeolo-
gical record. University of Utah Press.

Secci, M., Demesticha, S., Jimenez, C., Papadopoulou, C., &
Katsouri, I. (2021). A LIVING SHIPWRECK: An inte-
grated three-dimensional analysis for the understanding
of site formation processes in archaeological shipwreck
sites. Journal of Archaeological Science: Reports, 35,
102731. https://doi.org/10.1016/j.jasrep.2020.102731

Smyth, T., & Quinn, R. (2014). The role of computational
fluid dynamics in understanding shipwreck site for-
mation processes. Journal of Archaeological Science, 45,
220-225.

Szafranska, M., Gil, M., & Nowak, J. (2021). Toward moni-
toring and estimating the size of the HFO-contaminated
seabed around a shipwreck using MBES backscatter data.
Marine Pollution Bulletin, 171, 112747. https://doi.org/
10.1016/j.marpolbul.2021.112747

Tyberghein, L., Verbruggen, H., Pauly, K., Troupin, C,
Mineur, F. and De Clerck, O. (2012). Bio-ORACLE: a glo-
bal environmental dataset for marine species distribution

modelling. Global Ecology and Biogeography, 21, 272-281.
https://doi.org/10.1111/j.1466-8238.2011.00656.x

UNESCO. (2001). Convention and Annex for the Protection of
Underwater Cutlural Heritage. Retrieved February 2024
from http://www.unesco.org/new/en/culture/themes/
underwater-cultural-heritage/2001-convention/official-text/

Vega-Sanchez, R., & Herrera, J. M. (2022). Agent-based
modelling for the study of shipwreck site formation pro-
cesses: A theoretical framework and conceptual model.
F1000Research, 11(1525), 1525.

Ward, I. A. K., Larcombe, P., & Veth, P. (1999). A new pro-
cess-based model for wreck site formation. Journal of
Archaeological Science, 26(5), 561-570. https://doi.org/
10.1006/jasc.1998.0331

Westley, K., Plets, R., Quinn, R., McGonigle, C., Sacchetti,
F., Dale, M., McNeary, R., & Clements, A. (2019).
Optimising protocols for high-definition imaging of his-
toric  shipwrecks echosounder.
Archaeological and Anthropological ~Sciences, 11(7),
3629-3645. https://doi.org/10.1007/512520-019-00831-6

using multibeam


https://doi.org/10.1016/j.jasrep.2020.102731
https://doi.org/10.1016/j.marpolbul.2021.112747
https://doi.org/10.1016/j.marpolbul.2021.112747
https://doi.org/10.1111/j.1466-8238.2011.00656.x
http://www.unesco.org/new/en/culture/themes/underwater-cultural-heritage/2001-convention/official-text/
http://www.unesco.org/new/en/culture/themes/underwater-cultural-heritage/2001-convention/official-text/
https://doi.org/10.1006/jasc.1998.0331
https://doi.org/10.1006/jasc.1998.0331
https://doi.org/10.1007/s12520-019-00831-6

	Abstract
	Introduction
	Data and Methods
	Multibeam Echosounder Data
	Environmental Data

	GIS Database
	Wreck Descriptions and Preservation Classes
	Correlation Analysis
	Multi-Criteria (Weighted Overlay) Analysis
	Results
	Wreck Classification
	Environmental Variables

	Bottom Fishing Intensities
	Correlation Analysis
	Multi-Criteria (Weighted Overlay) Analysis
	Discussion
	Wreck Classification and Regression Analysis
	Wreck Environments
	Data Resolution
	MBES Data and Open Data Portals
	Future Work

	Conclusions
	Acknowledgments
	Author Contributions
	Disclosure Statement
	Permissions Statement
	ORCID
	References

