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Abstract 
 Today, anthropic morphologies in river deltas are widespread. Natural morpho-dynamics 

interact with engineered structures or urbanisation and shape hybrid features generally not integrated 

in the classifications of deltas. However, it is challenging to reconstruct the balance between the 

natural and the anthropic factors through time. Classically in geomorphology, natural deltaic morpho-

dynamics are studied in relation to local dynamics, inputs from upstream and climatic factors while 

anthropic morpho-dynamics are not fully considered. This study demonstrates how to systematically 

integrate human impacts to reconstruct the evolution of deltas at a plurisecular scale. It suggests to 

consider local and global drivers affecting deltaic evolution in using multiscale interdisciplinary 

chronologies. Based on the high-resolution reconstruction of the evolution of the Francolí delta in 

interaction with the city of Tarragona for the last two centuries, we observed how the river mouth 

morpho-dynamics are successively deflected, then integrated in the outer harbour and finally fully 

integrated in the harbour basins with more important dredgings at the river mouth. In this last case, 

the river mouth of the Francolí is no more a delta but a human dominated estuary. The changes 

affecting the delta of the Francolí are following the first globalisation wave of the end of the 19th c. and 

the second globalisation wave started since the mid-20th c. The identification of the steps leading to a 

human made estuary could provide also the successive stages to reversely follow in order to restore 

gradually the source-to-sink path of the Francolí system. In contrast, an abandonment of the structure 

would lead to a bayhead delta and later to a wave dominated delta. 
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Highlights  21 

 Development of tools to reconstruct the evolution of hybrid urban deltas in the last 22 

centuries; 23 

 Identification of the transitions between a human-dominated delta and an anthropic 24 

estuary; 25 

 Reversely, this study suggests the steps to follow to restore the natural Francolí delta. 26 

 27 

Keywords  28 
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Abstract 30 

 Today, anthropic morphologies in river deltas are widespread. Natural morpho-dynamics 31 

interact with engineered structures or urbanisation and shape hybrid features generally not 32 

integrated in the classifications of deltas. However, it is challenging to reconstruct the balance 33 

between the natural and the anthropic factors through time. Classically in geomorphology, natural 34 

deltaic morpho-dynamics are studied in relation to local dynamics, inputs from upstream and climatic 35 

factors while anthropic morpho-dynamics are not fully considered. This study demonstrates how to 36 

systematically integrate human impacts to reconstruct the evolution of deltas at a plurisecular scale. 37 

It suggests to consider local and global drivers affecting deltaic evolution in using multiscale 38 

interdisciplinary chronologies. Based on the high-resolution reconstruction of the evolution of the 39 

Francolí delta in interaction with the city of Tarragona for the last two centuries, we observed how 40 

the river mouth morpho-dynamics are successively deflected, then integrated in the outer harbour 41 

and finally fully integrated in the harbour basins with more important dredgings at the river mouth. In 42 

this last case, the river mouth of the Francolí is no more a delta but a human dominated estuary. The 43 

changes affecting the delta of the Francolí are following the first globalisation wave of the end of the 44 

19th c. and the second globalisation wave started since the mid-20th c. The identification of the steps 45 

Highlight
not grasped in traditional natural

Highlight
the trajectory of shifting balance

Highlight
This is a bit too strong statement. There are multiple traditions, each with their own domain. It triggers me to formulate this general comment on portraying modern delta geomorphic research.



1.

Human affected states have also been specifically researched by geomorphologists, but then usually based on surveying and monitoring morphological change ('local dynamics') , and with shorter temporal domain (that covered by historic and modern maps) In contrast, natural states tend to be researched over longer temporal domain, and based on deposits and landform observations (i.e. other types of data).  Both studies use 'upstream and climatic factors' (and downstream factors like wave, tide, sea-level change, I would add). I recommend to rephrase this sentence highlighting the difference in temporal scope and primary data, when studying natural to anthropofied morphodynamic transitions, rather than stereotyping  natural delta research. See also my remark in line 127 of the main text: you yourself have earlier published a multi-millennial study primarily based on different datasets than the ones you present foremost in this paper....



2.

It is true that In these last studies, subrecent antropogenic impact is treated 'as a given' (can be read from map) and 'as an overprint'). This is not 'classic', but is 'traditional'. 



3.

Arguably, natural delta studying has more indirect application (it is an analogue case for understanding water or hydrocarbon reservoirs somewhere else, it provides an analogue case for understanding long-term future natural delta behaviour, it provides generic input to shallow geological mapping  which then can be used by engineers, hydrologists, archeologist, ..., it provides generic insight in how delta systems function, it provides baseline values to measure antropogenic influence against) - and human delta studying has more direct application (it maps and quantifies the system as it functions today, it helps short-term future development prediction, it serves the delta system management directly (sediment management, eco- and pollution management, navigability management).

Highlight
It advocates to separately consider

Highlight
an outer harbour

Highlight
in modern harbour basins

Highlight
intensified

Highlight
The reconstruction goes back to Roman times, and the estuarine transformation takes place during the 19th and 20th century, linked to economic globalisation and associated ship size increases..
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leading to a human made estuary could provide also the successive stages to reversely follow in order 46 

to restore gradually the source-to-sink path of the Francolí system. In contrast, an abandonment of 47 

the structure would lead to a bayhead delta and later to a wave dominated delta.  48 

Cross-Out
the main text of the paper does not contain sections on this



7 
 

1. Introduction 103 

 104 

During the last two centuries, port cities encountered major changes across the world (Bird, 1963; 105 

Ducruet et al., 2018; Hein and Van Mil, 2019). Coastal areas and especially river deltas have been 106 

particularly affected by human impacts (Syvitski and Saito, 2007; Besset et al., 2019; Nicholls et al., 107 

2020). The world population has grown from ca. 1 billion inhabitants in 1800 to ca. 8 billion today 108 

(Federico and Tena-Junguito, 2019; Maddison Project Database et al., 2020). During the same period, 109 

the maritime economy (Talley, 2012), ship building (Lyon and Winfield, 2003; Notteboom, 2004), and 110 

port and harbour engineering (Jarvis, 2016) were deeply transformed in relation to increased 111 

productions and economic exchanges together with technological leaps developed in many different 112 

fields. Consequently, coasts have been affected by intensification of land use, engineering 113 

interventions, natural resource extraction, urbanisation, industrialisation and pollution (Renaud et al., 114 

2013; Wright et al., 2019; Nicholls et al., 2020). Conflicts between economic pressure and 115 

environmental issues are particularly pronounced when considering engineered port cities involved in 116 

the competitive global economy and environmentally fragile river deltas. The reconstruction of the 117 

temporal trajectories of port cities and their environment could help to better assist the transition 118 

towards more sustained developments in such context.   119 

This study aims to bring a different perspective and a more standardised methodological 120 

framework to the subject of reconstructing long term evolution of harbour infrastructure in relation 121 

to fluvio-coastal environments. This is an attempt to identify research objects that can be studied with 122 

different kind of data (e.g., archaeological data versus historical and geographical data; 123 

sedimentological data versus old map records) in order to reconstruct long term trajectories. It also 124 

defends a more systematic approach that would contribute to increased interdisciplinarity between 125 

natural and social sciences, specifically regarding ports and river deltas. A first paper was recently 126 

Highlight
plains

Highlight
???  database et al.  ???

Highlight
coastal systems?
river mouth systems?

Just 'coasts' is a bit vague. What is a coast? 
A line on a map? Coast line position has been affected by engineering intervention and resource extraction -- with land use intensification, urbanisation, industrialisation as drivers and pollution as a coevally varying metric.

A general concept? it was a coast before, it still is a coast, coasts as a concept have not changed fundamentally.

Highlight
You highlight large issues of Intereset Conflict and Future uncertainity here, and present that as the relevance of your study.

You skip other issues here: (1) the Feedbacks between Engineering alteration (harbour expansion) and maintenance (dredging) and morphodynamic system behaviour; (2) the drive to monitor the waters in and around the harbour by economic activity itself (the data that delta studies world wide base themselves on are mainly there because of the economic activity; originally collected to maintain and expand business as usual past developments, also deployable in studies exploring future developments).

Highlight
multi-century trajectories of harbour infrastructure development,

Highlight
what do you mean?
Location wise?
System interaction wise?

Highlight
The method incorporates various kinds of data sources to reconstruct and collate river, coast and harbour geographical and bathymetric changes over time.

Highlight
1)
Reorder this from most heavy used to lighter used in this study. They are in my judgement:

18-21st cy historical geographical and economic information (modern surveys, old maps); local archaeological and sedimentological data (historic river, coast and harbour); multi-faceted contextual data (economical, political, hydro-climatological).

2)
Also don't use 'versus' as you are not independently comparing them, but integrating them as supplementary information allowing to go further back/forward in time than when using just one resource.

Highlight
and systematic approach

Highlight
Advice: move this statement to Discussion ("save it for there").  



The point of "systematic approach" you can move to line 121, it goes for both the geomorphological and the transdisciplinary aspects connecting to social sciences and port/harbour economics.



If you want to signal the level of transdisciplinarity in the approach of the study, then improve the presentation in lines 116-119 (see my comment there).

Highlight
It appears that 1 Introduction had been updated to Salomon et al. 2024 multi-millennial paper acceptance - but 
2 Geographical and Historical context had not been updated (it contains reference to a 'paper 1' that seems to be Salomon et al. 2024).
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published regarding plurimillennial evolution of hybrid urban deltas (Salomon et al., 2024), this paper 127 

focuses on the last centuries. 128 

During the last centuries, each port city has been adjusting its own harbour infrastructure to offer 129 

safer and wider anchorages, longer quays and better logistics to welcome larger fleets, bigger ships 130 

and new types of cargoes (Cox et al., 2021). They have also tried to increase their rank within the port 131 

systems in which they were involved (Castillo and Valdaliso, 2017; Ducruet et al., 2018). The timing of 132 

the adjustments was specific to each port and region depending on their socio-economic, institutional 133 

and political contexts (Palmer, 2020). However, the development of trade, the interconnectivity 134 

between ports and the technological transfer from one place to another, led inevitably to trends in 135 

the way ports were shaped over time. Tarragona, an important Mediterranean port (Mareï and 136 

Ducruet, 2014), is one of the top 5 ports of Spain, while two centuries ago, the town barely had a 137 

harbour. Though Tarragona is still a secondary harbour in the current global economy (Ducruet et al., 138 

2018), it constitutes a good example for studying the development of a multipurpose industrial port 139 

during the last two centuries, adjusting to global maritime economic changes. 140 

Tarragona also offers an interesting case study for human-nature interactions between the port 141 

city and the Francolí river delta (Figure 1). The first paper published about Tarragona demonstrates 142 

that its physical location has never been ideal regarding its harbour potential (Salomon et al., 2024). 143 

Even so, the Romans chose the city to become the capital of a large and rich province, Hispania 144 

Tarraconensis. They tried to improve the harbour potential with built infrastructure, but we do not 145 

know how long the Roman port remained efficient. Sedimentary cores drilled in the ancient harbour 146 

showed that it has always been prone to sedimentation from the floods of the Francolí and to erosion 147 

from storms. The location was not any better two centuries ago in terms of harbour potential. 148 

However, modern engineers reiterated the plan and location of the Roman harbour and had to deal 149 

with the same problems. The Francolí delta is rather small but challenging as flash floods are 150 

particularly strong and destructive (Alfieri et al., 2011; Ruiz-Bellet et al., 2015; Llasat et al., 2016). In 151 

Highlight
multi-millennial

pluri-millennial as a word I associate with parallel timelines of long-term future modelling, not with reconstruction.

1)
How far back did this go exactly?  Common Era? then say Common Era.

2) 
Is mentioning the longer term study relevant for the present study? if so: add why. 
If not: use a more subtle location to indicate that you also have a paper that goes further back in time (and that apparently STOPPED in the youngest centuries, which in you abstract you portrayed as 'classic' and essentially unwanted....

Highlight
line 129-135 = general introduction harbour economics.

Perhaps move this to before the line 120-128 AIM declaration.

Highlight
line 136-140  = specific introduction Tarragona case.



Perhaps connect this equally to the physical setting of the Tarragona harbour, and the contents of the Salomon et al. 2024 paper (e.g.: in Roman times it was an export harbour)

Highlight
Is it really the first paper ever?
No, it was your first paper on it.

"Our earlier paper"

also:
That it is freshly succesfully published  --  congratulations! -- is not needed to say in this paper: it is clear from the reference, and from you citing it.

Highlight
Has there not been any Archeological study touching this in a discussion paragraph before>



Is it a question of  '100 years or 200 years'?

Is it a question of '200 years or 500 years'?

Is it a question of Classic only vs. also Post-Classic use?



Is it a question of 'what is efficient'??



You come back on the roman harbour-onset situation in Figure 11

Line
Tarragona introduction begins here.

Consider to make separate (sub)section:

Tarragona harbour case

Highlight
Roman aspect of Tarragona as harbour highlighted.

Highlight
the structure of this sentence leaves unclear if you mean:

- there was sometimes erosion from storms 'in the harbour',  or

- during storms sediment eroded outside the harbour got trapped inside the harbour.

Highlight
Do you have reference for this statement?

Consider: (references in Salomon et al., 2024) if you don't want to over-reference the present paper.
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addition, current sea level rise will increase the vulnerability of the harbour to storms in the next 152 

decades (Sierra et al., 2016). The iterative construction of the harbour of Tarragona that will be studied 153 

in this paper also creates new environmental challenges. Sediments from the Francolí river spreading 154 

along the coast of Tarragona remain an issue to the development of the port, and the port 155 

management has strong repercussion for the environment. 156 

Generally, morphological models considering port development focus on the emerged features 157 

only. Different types of models were developed to embrace morphological changes of the ports and 158 

harbours (Bird, 1963; Hoyle, 2000; Ducruet, 2007).  We can cite the Anyport Model (Bird, 1963), the 159 

port-city interface model (Hoyle, 1989), and all historical-morphological maps produced in geography, 160 

economy or history with more or less abstract representations (Norcliffe et al., 1996; Van den Berghe, 161 

2016; Hein and Van Mil, 2019). Some studies reconstruct port evolution across several millennia up 162 

until the present day (Andrade et al., 2021; Amore et al., 2002), but more often developments in the 163 

last two centuries (Bird, 1963; Hein and Van Mil, 2019). Aside from the disciplines working classically 164 

on modern and current ports such as economy, human geography and history, geosciences also 165 

developed studies considering ports through the lens of harbours and their bathymetry (Pearl River 166 

delta in Wu et al., 2018; Rhine delta Cox et al., 2021, 2022). They observe river mouth areas and coasts 167 

impacted by engineering structures or by dredging. Examining in detail bathymetric evolution and 168 

harbour infrastructure of the port of Tarragona since 1790, this paper seeks to demonstrates that old 169 

maps are relevant to both geosciences and social sciences. More specifically, this study will be 170 

conducted on the harbour of Tarragona (marine structures and bathymetry) and on the delta front 171 

(coastline, bathymetry).  172 

 173 

Figure 1.  174 

 175 

Highlight
Do you have references for this statement?



[ at this place it could be modern environmental monitoring report references ]

Highlight
Line 157-168 is great background section on harbour morphological models. 



It occurs a bit hidden in the text. 

Consider to move it to higher up in the text, to before where you introduce the AIM of your paper.  (integrating harbour morphology classifcatio with sedimentary fluvial-coastal morphological classification)

Highlight
traditionally

Highlight
here the text falls back to introducing Tarragona specific case
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2. Geographical and historical context 178 

Global, regional and local contexts are essential to the new data produced in this paper (harbour 179 

infrastructure and bathymetry). Main characteristics of the Francolí delta, its watershed and the 180 

marine conditions are presented in paper 1. Compared to paper 1, we paid less attention to the flood 181 

and storm series affecting the Francolí delta since they were not essential to understand the main 182 

morphological evolution of the hybrid urban delta of the Francolí during the last two centuries. 183 

However, more detailed information about the hydrodynamics of the present harbour will be 184 

provided. 185 

2.1. Geographical context 186 

For the last two centuries, better flood series and records have been available than for previous 187 

periods (Alberola et al., 2016; Barriendos et al., 2019). During the period 1842-2000, Pino et al. (2016) 188 

recorded 24 catastrophic floods in the NNE Iberian Peninsula. Important events in this time span 189 

included the floods of 22-23/09/1874, 18/10/1930, 27/11/1936, 11/10/1970, and 10/10/1994 (Roca 190 

et al., 2009). These flash floods were triggered by coastal convective events occurring during the 191 

summer or autumn (Gil-Guirado et al., 2022; Pino et al., 2016). The last catastrophic flash-floods of 192 

the Francolí river were recorded in 1994 and 2019 (Valera-Prieto et al., 2020). On the 10th of October 193 

1994, the flood reached 1 600m3/s at Tarragona. During this event, 415mm of precipitation were 194 

recorded in 24 hours upstream at the station of Alforja (Agencia Catalana de l’Aigua, 2005). The 195 

strongest flash flood dates to the 19th century. when the reconstructed water discharge of the Francolí 196 

River was estimated at 3289m3/s at Montblanc, 30km upstream of Tarragona for the Santa Tecla event 197 

in 1874 (Ruiz-Bellet et al., 2015). The flood prevention system now set up by the municipality of 198 

Tarragona includes embankments and drainage canals for over-flooding waters. 199 

 Today, important engineering works characterise the coast of Tarragona including the harbour 200 

and dredging is conducted in the harbour where the mouth of the Francolí river is located. The 201 

currents inside the harbour have an lighter upper layer of fresh water that goes out to sea, while the 202 

Highlight
data compilation of harbour infrastructure and bathymetry that is main research material in this paper.

Cross-Out

Sticky Note
this is redundant with information provided in the Introduction, not needed.

Sticky Note
Move header up.



Get rid of most of the opening paragraph

Highlight
Good flood series information is available for the youngest two centuries.Avoid negative framings.

Highlight
Have more, and more informative, headers.

line 186: Francoli river discharge

line 200: Harbour hydraulics

Highlight
say this earlier, e.g. near line 180.
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lower layer brings coarse bedload sediment into the harbour (Martínez Velasco, 2012). This water 203 

circulation is also important with respect to water quality and the time in which pollutants are located 204 

in the harbour, with studies demonstrating that pollution tends to stay in the harbour (Mestres et al., 205 

2010). This is important since pollutants may affect the city to the north and other port activities 206 

conducted around the basins. It should be noted that Tarragona is one of the most important 207 

petrochemical clusters in southern Europe (Ahedo, 2010), and although wind plays a secondary role 208 

for water circulation (Mestres et al., 2007), it is important for air pollution. 209 

2.2. Historical and geographical context during the last three centuries: the port city and 210 

the harbour 211 

In the 18th century, Tarragona was essentially an ecclesiastical capital and a military fortress 212 

(Magriñá, 1901; Jordà Fernàndez, 1988). The city had 4 554 inhabitants in 1725-1735 and 8 741 in 213 

1787 (Serrano Sánchez, 2018). Its coast was not particularly blessed with a natural harbour and the 214 

mole built in the 15th century did not provide adequate shelter for merchant ships. The town 215 

represented a secondary economic centre, characterised by low population growth compared to other 216 

Catalan cities (Aresté Bargès, 1982). Locally, Reus was the most populated city for concentrating 217 

economic activities (14 440 inhabitants in 1786-1791 - Montserrat, 2012). Located inland, it used the 218 

harbour of Salou to the south, which gave a better shelter for ships at that time. The port of Tarragona 219 

was limited in its development by the fact that between 1717 and 1761, the port did not have 220 

authorisation to disembark foreign or non-Catalan goods (Serrano Sánchez, 2018). In the last years of 221 

the 18th century and the first years of the 19th century, a new harbour project was initiated in 222 

Tarragona along with a renewal of the Lower City conducted first by Juan Ruiz de Apodaca from 1790 223 

to 1799-1800 and then by John Smith (Aresté Bargès, 1982; Escoda Múrria, 2000; Serrano Sánchez, 224 

2018; de Ortueta Hilberath, 2022). The development of the port city and its harbour stopped during 225 

the Peninsular War (March 1809-September 1814). After the war, Tarragona counted only 1500 226 

inhabitants and many destroyed buildings (Serrano Sánchez, 2018). However, the merchants quickly 227 

came back to Tarragona, which was equipped with a long jetty started before the Peninsular War 228 

Highlight
This heading is too long. Consider: Tarragona city and harbour history

Cross-Out

Highlight
It had been a little in Roman times, but during Middle Ages was no longer.  Refer back to Salomon et al. 2024 for this.

Highlight
"Nearby Reus was the city that saw population growth and concentration of economic activities"
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(Dique de Levante). The new architect Vicente Teixeiro continued to build the mole after the war until 229 

1836, the date of his death. Afterwards, between the 1840s – 1870s, works in the port were directed 230 

by managers for shorter periods of time (Serrano Sánchez, 2018). 231 

During the 19th century, Tarragona switched from being a military city to an important port city 232 

on the Mediterranean coast of Spain. Commercial activities concentrated around the harbour and led 233 

to an expansion of the urban area of the Lower City (Nueva Población del Puerto). The city wall was 234 

gradually removed to provide space for this development and in 1868-1870 Tarragona was no longer 235 

a fortress (de Ortueta Hilberath, 2006). While for centuries, Tarragona was divided into an Upper City 236 

(Ciudad Alta) and a Lower City (Marina), urbanisation finally filled the gap between the Lower and the 237 

Upper City by the middle of the 19th century. The population of Tarragona reached 18 023 inhabitants 238 

in 1857 (Bagés, 1981; Serrano Sánchez, 2018). Tarragona developed its trade within more connected 239 

networks and also became a regional city with reinforced regional power, becaming capital of the 240 

Province in 1833 overtaking the Reus-Salou system. The harbour itself adjusted to the new needs and 241 

to the growth of economic activities. New moles, quays and warehouses were built during the 19th 242 

century. The harbour exported more wine throughout the 19th century. In addition, the first railway 243 

to connect Tarragona with Reus was completed in 1857. After the grape phylloxera epidemic affected 244 

vineyards in France, vineyards developed from ca. 1870 in the hinterland of Tarragona. The port 245 

activities of Tarragona were even more specialised for the wine trade from that time. In the 1870s and 246 

1880s, the harbour adjusted to new standards in harbour infrastructure and important changes were 247 

made. However, international instabilities and the wine crisis linked to phylloxera eventually affected 248 

Tarragona in the 1880s and 1890s. Consequently, the population lost ca. 5000 inhabitants by the end 249 

of the 19th century. From then until the 1960s, the extension of the city towards the west and the 250 

Francolí delta developed more slowly (e.g., Ramón Salas Ricomá’s project of 1884).   251 

During the first part of the 20th century, the city of Tarragona was characterised by a continuous 252 

growth from 23 423 inhabitants in 1900 to 43 519 in 1960, corresponding to an increase of ca. 3000 253 

Cross-Out

Highlight
a port city of importance

Highlight
the facing sector of the city wall



(correct? much of Tarragona's city wall is still standing I recall)

Highlight
by



14 
 

inhabitants every ten years and a slow increase in the trade of the port. Some adjustments changed 254 

the urban and harbour areas (Serrano Sánchez, 2018). The Civil War particularly affected the city and 255 

its harbour with several bombing raids of the city taking place. A new economic impulse started in the 256 

late 1950s and 1960s with the construction of industrial parks to the west in the deltaic plain of the 257 

Francolí (Polígono Entrevías in 1958 and Polígono Francolí in 1965). The first General Urban Ordinance 258 

Plan (Plan General de Ordenación urbana) was approved in 1960 followed by new plans in 1973, 1977, 259 

1984, 1995 and 2008. The population rose quickly between 1960 and 1981, notably with immigration 260 

related to the construction of petrochemical installations and the development of mass tourism on 261 

the coast. The city sprawled quickly, and highways were built to connect part of the territory.  262 

Today, the commercial port of Tarragona is the most important in Spain for agricultural products 263 

and wheat and one of the first regarding the petrochemical industry, coal and cars. Regionally, the 264 

fishing harbour is the first in Catalonia, providing fish for essentially local consumption. Tarragona also 265 

has a marina with around 400 moorings.  266 

Over the last three centuries, the port of Tarragona was affected by major changes. Initially a small 267 

port town, it is now an important port city. This paper will contribute to a better understanding of its 268 

evolution in the modern period.   269 
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3. Methodology 270 

3.1. Dataset 271 

This paper is based on the analysis of 42 maps ranging from 1749 to 2020, black and white aerial 272 

photographs at various resolutions dated to 1946 and satellite imagery from 2020 (Figure 2). All 273 

gathered maps focus on the harbour basin of Tarragona often including the city of Tarragona and 274 

sometimes the entire bay. Most of them come from the online digital archives of the Port of Tarragona 275 

(https://www.porttarragona.cat/en/digital-archive) and military archives (Supplementary material 276 

and Terrado, 2021). Our interest in the old maps was to observe evolution of the layout of the harbour 277 

of Tarragona, but most importantly its bathymetry. 33 maps from 1790 to 2020 present bathymetric 278 

data from the harbour, 6 maps have indications of the texture of the sediment at the bottom of the 279 

harbour (1803, 1813, 1827, 1880 and 1880 modified in 1901, 1947), and 3 maps about the “hard 280 

bottom” of the harbour (1947, 1883) or substratum (geological map dated from 2013) (Figure 2 - 281 

Dataset). 282 

The bathymetric dataset covers more than 2 centuries of harbour evolution. The best temporal 283 

resolution is available between 1958 and 2000 with a bathymetric map every 3 years. The period 284 

between 1790 and 1858 is represented by a map every 5 to 15 years except during the second quarter 285 

of the 19th century (1927-1952) with a gap of 25 years.  286 

3.2. Georeferencing 287 

The quality of the georeferencing is essential to this research since it ensures consistent matching 288 

between maps over time (Figures 2, 3 and 4). We proposed here to gather all data for the 289 

georeferencing stages to conduct a quality assessment but also to evaluate the urban and harbour 290 

changes across time. We tested the hypothesis that the creation and the disappearance of reference 291 

or matching points in built areas is mainly controlled by urban renewals and important harbour 292 

transformations. In this way, the life span of the matching points is considered as a proxy for the urban 293 

and harbour changes. 294 
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 In total, 81 reference control points were selected for the georeferencing of the 42 maps and the 295 

aerial photography of 1946 (1335 points). More than half of the reference points are located on 2020 296 

imagery from ESRI (46 points). However, only two reference control points can be tracked from 2020 297 

to the 18th century due to changes to the urban area and countryside, or to harbour developments. 298 

Consequently, reference points were not only located on satellite imagery from 2020 but also on older 299 

documents. These documents include aerial photographs dated to 1946 and old maps dated to 1883, 300 

1882, 1824, 1803 and 1790 (Figure 4). These documents were chosen before or during major change 301 

in the city or the harbour. They were georeferenced using more recent reference documents. For 302 

instance, aerial photographs from 1946 were georeferenced using the 2020 satellite imagery, the old 303 

map of 1883 was georeferenced using the 1946 aerial photographs and the 2020 satellite imagery. 304 

Average residuals were calculated for each reference document and added to the residuals of the 305 

more recent reference documents used. 306 

Reference points are generally located on harbour structures, buildings, and crossroads (Figure 3). 307 

They were placed around the harbour (18 points - blue) and the Lower City of Tarragona (37 points). 308 

For maps covering a larger extent, some other points are also located in the Upper City of Tarragona 309 

(12 points) and around the bay of Tarragona (14 points). In total, 1335 points were georeferenced for 310 

the 42 maps. Georeferenced points are mainly located around the harbour and the Lower City (1014), 311 

while few are placed on the Upper City and coastal areas outside Tarragona (228). 312 

Different transformations have been applied to the georeferenced maps. We observed that the 313 

similarity polynomial transformation proposed in ArcGIS provided better results for older maps with 314 

larger scales, while the affine transformation (1st order polynomial) is better for more recent maps. 315 

The change for the map transformation was identified in the 1820s. The residual expressed in metres 316 

in Figure 2 (Georeferencing) seems to contradict this observation and show much higher uncertainties 317 

using the similarity polynomial also in ancient maps. However, in correspondence with the sparse 318 

topographical markers from ancient topography (for instance the 15th century mole) and 319 
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archaeological discoveries (a late 18th century ship found against the ancient mole), the 320 

transformation of the maps with similarity polynomial is clearly better (Supplementary material). This 321 

is probably because, for older periods, fewer reference control points were available for 322 

georeferencing the maps. In addition, the spatial distribution of the control points in the old maps of 323 

the harbour only provide reference points in the Lower City but not on the mole. Finally, an affine 324 

transformation leads to stronger geometric changes.  The right angles and distances were well drawn 325 

by ancient cartographers which is in accordance with the similarity polynomial transformation 326 

algorithms. 327 

3.3. Quality assessment of the georeferencing 328 

Figure 3 presents the results of the georeferencing including the reference points. The map is 329 

zoomed in the city and the inner part of the current harbour where most of the reference points are 330 

located. More precisely, the georeferenced maps include all the harbour area and sometimes include 331 

the Upper City or the bay of Tarragona. The reference control points are mainly located around the 332 

harbour and in the Lower City, the focus of our study. The size of the circles corresponds to the number 333 

of documents georeferenced using one or the other reference control point. The residuals expressed 334 

in metres are either related to the affine or similarity polynomial according to the choice made initially 335 

(see above). Georeferenced points best matching the reference points (lower residual) are located 336 

around the harbour and in the Lower City. This is because the density of points is higher in this area 337 

which makes the georeferencing more constrained. The average residual of the georeferencing of all 338 

documents is 14.13 metres and the median is 10.19m. The median (med.) and average (avg.) residuals 339 

are the highest for the reference points from around the bay of Tarragona (med. = 29.38m; avg = 340 

34.88m). The different areas of the Lower City (med. = 10.37m; avg = 17.15m), the Upper City (med. 341 

= 12.48m; avg = 13.50m), and the harbour (med. = 12.31m; avg = 14.31m) have roughly similar median 342 

and average residuals between 10 and 17m. The reference points located on 19th century maps have 343 

higher residuals (avg. 1790 = 16.1m; avg. 1803 = 25.70m; avg. 1824 = 26.50m; avg. 1882-1883 = 344 

35.62m) comparing to the points located on the 1946 aerial map (avg. 1946 = 22.16m) but especially 345 
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on the 2020 satellite imagery (avg. 2020 = 14.04m). This is due to the quality of the maps and to the 346 

residual added when reference points are located on documents with sources other than the 2020 347 

satellite image taken as a reference. Importantly, we observe that the reference points most used 348 

have lower residuals. Only 5 reference points have a residual over 40m, and they are used to 349 

georeference less than 11 documents. By contrast, the reference points used to georeference more 350 

than 15 documents have residuals below 20 metres. The residuals drop to less than 10m for 351 

referenced points used to georeference more than 25 maps.  352 

Figure 4 presents an overview of the results of the georeferencing considering each map or 353 

aerial photograph. Only the Harbour and the Lower City areas are represented here. Reference points 354 

are reported on the y-axis and time is on the x-axis. To spot individual maps and aerial photographs, 355 

the time-axis (x-axis) should be observed (date of the documents). The red dots are the reference 356 

points by date. Their life span is also represented. The size of the circles corresponds to the residuals 357 

in metres of each map regarding each reference point used. The first graph shows the time-structure 358 

of the georeferencing. Since reference points were mainly located on harbour structures or Lower City 359 

buildings, the end or beginning of each reference point correspond to harbour or urban renewals. We 360 

identified four periods separated by 3 periods of urban/harbour transitions (ar. 1800; ar. 1880s.; ar. 361 

1960/70s). 362 

Logically, the second graph demonstrates that the georeferencing is better for recent maps 363 

and is lower for older periods. Nevertheless, we can identify maps with much lower quality in 1827 364 

and 1876. It also shows that aerial photographs and old maps used as relay for old reference points 365 

show relatively good quality.  366 

For old maps with bathymetric point data (1790-1917), the mean distance between two points 367 

is ranged between 24m (maps dated to 1891 and 1911) and 86m (map dated to 1876). The average 368 

mean distance in all these maps is 48m. Considering that these 19th century / early 20th century maps 369 
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have less reliable georeferencing, this indicates that the georeferencing is relevant to studying the 370 

evolution of the bathymetric data. 371 

Regarding the planimetric evolution of the harbour, we first digitised the harbour limits in 372 

2020 and we gradually changed its initial shape through retrogressive analysis. This explains why 373 

structures from different dates are perfectly matching. The results of the digitisation of the harbour 374 

are shown in Figure 5. 375 

3.4. Digitisation 376 

Our dataset presents a large set of maps with bathymetric data from 1790 to 2020. Nevertheless, 377 

the extent of the bathymetric data in the harbour or in the open sea is variable through time from 378 

map to map along with the density of point or bathymetric lines. Figure 2 (Digitisation) presents all 379 

information related to the digitisation of our maps. The old harbour, later called the Internal Harbour 380 

or Darsena Interior is the area that can be tracked in time trough almost all the bathymetric maps. 381 

Blue and dotted lines represent the extent of the bathymetric data with an overlay from map to map. 382 

For the period 1905-1931 (light blue), we decided to not consider the bathymetric maps of 1911 and 383 

1917 as these only show bathymetries at the entrance to the harbour where dredging was conducted. 384 

Between 1790 and 1917, the bathymetric data were recorded directly on the old map with 385 

numbers. Each number was digitised into a bathymetric point in a shapefile. Initially (1790-1852), all 386 

depths were expressed in Pies de Burgos. In the attribute table, all depths were expressed in metres 387 

considering the following relation: 1 Pie de Burgos = 0,278635 metre. Later, all bathymetric indications 388 

are in metres. 389 

From 1931, the bathymetric data was already processed and manually interpolated into isolines. 390 

We did not have access to the initial depth measurements. The bathymetry is provided with 1m 391 

isolines. Bathymetric maps are provided in almost every year in the reports of the port. However, 392 

updated bathymetric data are only provided in the reports of the ports of 1931, 1947, 1958, 1960, 393 

1963, 1966, 1971.  394 
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From 1974 to 2000, the annual reports of the harbour of Tarragona (Memoria anual del Puerto de 395 

Tarragona) provide simplified maps of the bathymetry and records the averaged and theoretical 396 

depth for each part of the harbour. From 1974 to 1977 the precision is 1m, and from 1978 it is 5m. 397 

Since 2001, the annual report of the harbour of Tarragona did not provide maps of the bathymetry 398 

except for 2010. More detailed maps are available for recent periods but separate to the annual 399 

reports.  400 

The Museum of the Port of Tarragona provided us an updated and detailed bathymetric map of 401 

2020 with 1m isolines that complete our dataset to the present day. Comparing to the set of maps 402 

dated from the 1970s in the annual reports of the harbour, this map displays the latest interpolated 403 

depths of the harbour and will serve as a reference for further analysis hereafter. 404 

3.5. Interpolation 405 

Continuous bathymetric surfaces were calculated by interpolating original local bathymeric 406 

measurements with a thin-plate spline (TPS) technique at a 10m spatial resolution. TPS divides the 407 

studied areas into different sub-areas with vertices matching the existing points. A polynomial model 408 

was then calibrated in each sub-area. TPS was well-suited to this dataset. TPS provides high 409 

performances with irregularly spaced data such as bathymetry in old maps (Dooley et al., 1976). In 410 

particular, it predicts new values by considering the local bathymetric context and the polynomial 411 

degree adjusts to the different size of neighbourhoods. We calculated cubic splines (third order 412 

polynomial) for each map since it was a good balance between the density of original points and the 413 

interpolation quality at the scale of the harbour through time. The function tps() from the package R 414 

fields was used.  415 

The interpolation assessment was made according to a Leave-one-out cross-validation principle. 416 

For each map, the data set of n original points was splitted into a training set and testing set 417 

represented by only one observation (e.g., the “leave-one-out). Then, for each split, a TPS 418 

interpolation model was calibrated and used to predict the new value of the observation left out. The 419 
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mean square error was calculated to measure the prediction quality. After repeating the process n 420 

times, we calculated the average of the mean squared error.  421 

3.6. Annual reports for the port of Tarragona 422 

To improve our understanding of the morphological data extracted from old maps, we used 423 

complementary historical texts. Additional data related to dredging of the harbour since the end of 424 

the 18th century were collected in the archives of the port of Tarragona. The digitisation of most part 425 

of the archives of the port from the 18th to the beginning of the 19th century was of great help. These 426 

scans, including maps, projects, and reports, are available online at 427 

https://www.porttarragona.cat/en/digital-archive.  428 

 429 

  430 
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4. Results  431 

4.1. Planimetric evolution of the harbour and the river mouth of the Francolí 432 

Figures 5 and 6 show the planimetric evolution of the harbour between 1748 and 2020. It 433 

demonstrates that the more the harbour grew, the more stabilised became the land-sea interfaces. 434 

However, the river mouth area demonstrates the difficulty of stabilising riverbanks at the mouth of 435 

the Francolí river seasonally and interannually.  436 

Throughout its history, the harbour of Tarragona had to face hazards from two sides: (1) waves 437 

from the north-east and (2) sedimentation from the Francolí river from the south-west. Dealing with 438 

these two constrains, the harbour first had to develop larger protected basins (in the last two centuries) 439 

and then to develop larger space to unload and store goods (especially during the last decades). 440 

Between 1790 and 1852, the harbour basin grows 10 times bigger, from ca. 11 ha to ca. 107 ha 441 

due to the removal of the ancient Roman mole in 1843, and to the construction of the Dique de 442 

Levante. This mole was built in the last years of the 1790s / beginning of the 1800s, extending the 443 

existing 15th century mole. The new mole reached ca. 1000m long, while it was initially 200m. An extra 444 

650m is added in the next decades. By contrast, the river mouth of the Francolí was not constrained 445 

by any infrastructure at first. Some maps show the river mouth channel deflected towards the south-446 

west (1807, 1813), with more sand accumulation to the left bank (1803, 1832), or running straight 447 

(1790, 1824). The deflected morphology of the river mouth was stabilised by the mid-19th century. In 448 

1852, the map shows a curved structure on the left bank of the river mouth (indicated on Figure 6, 449 

see the 1876 map). The right bank remains untouched by engineering infrastructure. 450 

The harbour basin grew slowly from the 1830s to the 1880s (118 ha in 1882) but doubles its size 451 

by 1900, especially the Outer harbour (ca. 210 ha in 1905). The growth at the end of the 19th century 452 

is mostly due to the extension of the curved structure on the left bank of the Francolí river mouth that 453 

became the Dique de Oeste also called Dique del Francolí (extended by ca. 630m between 1871 and 454 

1885 and a submarine part of ca. 650m by 1915). Since the beginning of the 19th century, a long-curved 455 
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mole to the west in front of the river mouth was planned but never built. Instead, successive 456 

extensions of the lower reaches of the Francolí river channel were constructed. The right riverbank is 457 

the northern coastline of the Francolí river outlet towards the south-west, and the left riverbank was 458 

a structure parallel to the coast (Dique de Oeste). This longshore structure reached 1500m in length 459 

by 1915.  460 

Another major change characterised the evolution of the harbour in the second part of the 19th 461 

century. The harbour was split into two basins: the Inner Harbour (Puerto) and Outer harbour 462 

(Antepuerto). This change was gradual. Between 1874 and 1883, a transversal jetty closing the harbour 463 

to the south was built (Dique transversal). For the first time, the harbour of Tarragona had an enclosed 464 

harbour basin with two moles and a narrow entrance. Between 1890 and 1897, an internal mole was 465 

added across the entrance to increase the protection of the Inner Harbour (Muelle paralelo al de 466 

Costa). These two structures enclosed the Inner Harbour (Dique transversal, Muelle paralelo al de 467 

Costa – Figure 1). During this second part of the 19th century, the Dique de Levante remained stable. 468 

The Outer harbour (Antepuerto) was expanded due to the Dique de Oeste (1871-1885) and Dique 469 

Submarino (1904-1915). The Dique de Levante was extended later between 1904 and 1915 by an extra 470 

ca. 550m. A new internal quay was built between 1885 and 1888 called Muelle de Costa. 471 

For most of the 20th century, the harbour of Tarragona kept its configuration from the last part of 472 

the 19th century. However, internal changes were conducted especially on the quays. In 1971, due to 473 

infrastructure built inside the harbour, the size of the basin was only 175 ha, compared to 213 ha in 474 

1917. The Muelle de Levante was extended (1927-1931), the last beaches in the Inner Harbour were 475 

replaced by quays (Muelle de Pescadores – 1940-1942), the Dique transversal was transformed into a 476 

platform (Muelle transversal – 1947-1962). The only new mole was an internal structure built in the 477 

Outer harbour (Contradique – 1940-1946). Additionally, the lower reaches of the Francolí river were 478 

translated ca. 70m to the west (1942-1947). Maps and aerial photographs show accumulation of sands 479 

at the mouth of the Francolí behind the Dique del Oeste. Sediments were routed away from the Inner 480 



24 
 

Harbour area, but this sedimentation issue remained for the Outer harbour and for flash flood 481 

management at the river mouth. Dredging was less frequent, with no dredging at all between 1929 482 

and 1944 (Serrano Sánchez, 2018). 483 

Major changes affected the harbour in the 1970s. Two jetties were built in the Bay of Tarragona 484 

south of the Outer harbour of Tarragona (Pantalá Repsol / de Petroli cru and Pantalá Asesa / Betum 485 

Asfàltic). In 1974, the inclusion of both jetties into the harbour waters made the harbour reach ca. 486 

1000 ha in size. This was an increase of 5 times the size in a few years. The maximum size of the 487 

harbour waters reached 1025 ha in 1977. During the last 50 years, new quays and platforms were built 488 

inside this large Outer harbour basin. The historical Inner Harbour area became a basin amongst 489 

others (Dársena interior). The harbour now has at least 5 different basins. The harbour waters were 490 

979 ha in 1989, 814 ha in 2000 and are 737 ha today. This reduction of the harbour waters is due to 491 

the construction of new port terminals (cars, containers, coal). The Dique de Levante was extended 492 

gradually towards the Pantalá Repsol during the last 50 years to reach nearly 5km today.  493 

This overview of the last 230 years demonstrates that the harbour of Tarragona quickly became a 494 

well-protected harbour in the 19th century using engineering solutions. However, the fluvial sediment 495 

inputs from the Francolí river are still challenging harbour maintenance. 496 

4.2. Bathymetric evolution of the harbour and the river mouth of the Francolí 497 

At the end of the 18th century, the harbour protected by the 15th century mole was a sandy beach 498 

area with a shallow slope (-3.5m at 250m from the coastline, 1:70 or 1.4% slope) (Figure 6, 7, 8 and 9). 499 

In addition, the remains of the Roman harbour of Tarragona reduced the modern harbour extent. The 500 

construction of the long mole at the end of the 1790s / beginning of the 1800s (Dique de Levante) 501 

possibly explains the increased sedimentation inside the new sheltered area. The Roman mole is 502 

covered by sediments by 1813 (see paper 1). Sediment texture near the coastline is characterised by 503 

finer deposits (1813) (Figure 6). In 1790, bathymetric isolines converge towards the river mouth but 504 

no underwater lobe is observed at the river mouth. The coast is eroded, and the Roman structure is 505 
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visible too (see paper 1). By contrast, the map of 1813 shows an underwater river mouth lobe in the 506 

bathymetry, and we observe sediment accumulation outside of the harbour along the Dique de 507 

Levante showing the littoral drift following a north to south direction. From 1790 to 1876, the harbour 508 

basin is mainly affected by sedimentation (Figure 8). This sedimentation is generally located behind 509 

the Dique de Levante, but also along the coast. The period 1827-1852 is characterised by stronger 510 

erosion (Figure 8). This situation is possibly due to fewer fluvial inputs or more active storms. It should 511 

be noted that main areas of erosion or sedimentation between 1790 and 1852 show forms following 512 

the morphology of the cove behind the Dique de Levante. Deposition along the Dique Transversal 513 

during the period 1862-1876 can either be due to material accumulated during its construction or to 514 

natural sedimentation (Figure 8). 515 

The 1880s mark a major turn in the history of the harbour. Moles were enclosing the Inner 516 

Harbour which made it easier to manage the sediments and to dredge. The sediments of the harbour 517 

were removed using a dredge from 1876 (draga) and two steam-powered vessels (vapores gánguiles) 518 

called Ebro and Francolí since 1878 (Memoria del Puerto de Tarragona, 1871-1883). In 1876, most of 519 

the harbour was shallow with less than 4m of water depth. No specific strategies related to dredging 520 

can be read on the water depth, while the underwater lobe of the Francolí river mouth is visible (Figure 521 

6). From 1876 onwards, the harbour was dredged down to 6-7m depth especially to the entrance of 522 

the harbour along the inner part of the Dique de Levante (Figures 6 and 7). The repartition of the 523 

bathymetries in the harbour area change after 1876 (Figure 7). For the period before 1876, depth 524 

histograms are bimodal, with a mode near the sea level (0m or the coastline) and a second mode 525 

between 3 and 4m. For the period after 1876, the first mode near 0m is no longer visible and the 526 

second or sometimes third modes are moving from -4m to deeper values (Figure 8). The 527 

disappearance of the mode towards 0m is related to the construction of the Muelle de Costa that 528 

replaced a natural foreshore with a shallow slope with a vertical drop in front of this new dock. The 529 

periods after 1876 until the present are mainly characterised by sediment removal and should be 530 

interpreted in relation to strategies of dredging activities (Figures 6 and 8). In 1883, the new aim was 531 
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to reach -8m at the entrance and in the western part of the Inner Harbour and towards the Lower City 532 

(Figure 7). However, difficulties appeared while dredging near the coast of the Lower City to prepare 533 

the construction of the Muelle de Costa. Two kinds of material compose the bottom of the harbour in 534 

this location: (1) muddy sediments; (2) very coarse material and blocks of stone. The muddy sediments 535 

were producing very strong smells according to the engineers of the time (Memoria, 1885-1886, p. 536 

12). Due to an epidemic of Cholera in the city, the dredging of this muddy deposits along the Muelle 537 

de Costa was stopped in 1885 to improve the public health. In the ancient documents, the coarse 538 

material was considered such as the substratum. It slowed down the dredging of the new harbour. 539 

Additionally, during the 1880s, this limit defined by transatlantic trade is redefined. In 1886-1887, the 540 

Port of Tarragona wants to welcome steam-powered vessels (“grandes vapores transatlánticos”) from 541 

the Compañía Transatlántica, which means they had to excavate again from offshore to the entrance 542 

towards the Muelle de Costa down to -9m instead of -8m (Memoria, 1886-1887; p12) (Figures 6, 7 and 543 

8).  544 

At the end of the 19th century, the harbour presented an area with a bathymetry of -9 metres 545 

along the Dique de Levante and an area at -7 / -8m along the Muelle de Costa. By contrast, a foreshore 546 

with a shallow slope still characterised the coast along the district of San Pedro near the ancient outlet 547 

of the Francolí.  548 

During the first part of the 20th century, the main projects of dredging affected the entrance area 549 

of the harbour maintaining the depth at -9m (dredging project maps of 1911, 1917 and Figure 8). 550 

Sedimentation coming from the river was accumulating in the underwater river mouth lobe, against 551 

the Dique transversal and the Dique del Oeste. The river mouth lobe progressed towards the entrance 552 

of the Inner Harbour where periodic dredging was conducted. Unfortunately, not enough maps allow 553 

us to reconstruct the evolution more precisely for this period. 554 

In 1947, the Outer harbour looked more like a marine channel leading to the Inner Harbour and a 555 

new basin was created between the Contradique and the Dique transversal (Darsena del Varadero). 556 
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In parallel, the Dique transversal was transformed into a quay called Muelle transversal. This marine 557 

channel entrance was dredged to -10m as was the southern part of the Inner Harbour. By 1970, the 558 

area between -10 and -11m was expanded and covered half of the Inner Harbour. The other section 559 

was kept to between -9 and -10m in depth, while along the Muelle de Costa the depth was between 560 

7 and 8m. Near the Muelle de Pescadores, the depths were between -4 and -1m. This bathymetric 561 

distribution is roughly the same today in the now called Inner darsena. 562 

During the last 50 years, most of the bathymetric changes affected parts of the harbour that were 563 

expanding. Built in the 1970s, in line with the prevailing wind direction, the Pantalán Repsol reached 564 

the isoline of -18m at its southern end. Today, the Pantalán Repsol has several berths at -8.20m, -565 

11.25m and -14.75m depth for gas carriers, and an offshore deep-water buoy for oil tankers. The Outer 566 

harbour channel was initiated at the end of the 19th century and its creation progressed quickly in the 567 

last 50 years with several extensions of the main breakwater undertaken until 2006, and the latest 568 

addition of a cruise terminal in 2021. The harbour channel is between -24m deep at the entrance of 569 

the harbour and -14m deep towards the Inner darsena. It leads to a darsena with quays at -12m depth 570 

for car carriers (Muelle de Galicia) and -15.50m depth for large container ships (Muelle d’Andalusia). 571 

The river mouth of the Francolí in the harbour provides several quays for chemical ships down to -572 

15.10m (Muelle de la Quimica and Darsena del Molino). In front of that, and on the main breakwater, 573 

a coal terminal is located with a quay at -18.50m depth (Muelle de Catalunia). Closer to the Inner 574 

darsena, the channel is at -14m deep with Agribulk quays at -13.25m on both sides (Muelle Aragon 575 

and Muelle de Castilla). Inside the Inner Harbour, the Muelle de Costa is today at -6.30m depth and 576 

the waters of the Inner darsena mostly between -9 and -11m deep like in 1971. 577 

 Sedimentation from the Francolí river has still to be managed by limiting the underwater lobe 578 

of the river mouth. Therefore, the main channel of the harbour is over-deepened and dredged down 579 

to -22 / -23m deep in front of the river mouth to create a large sediment sink of more than a million 580 
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of cubic meters which should be able to absorb several years of sediment input from the river (Figure 581 

1).  582 

  583 
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5. Discussion 584 

5.1. Main periods of evolution of the Francolí delta, the harbour and the city of 585 

Tarragona since the 18th century 586 

From Punta del Miracle to the Cape of Salou, there are approximately 12km of which 5km is now 587 

occupied by the harbour of Tarragona, covering the 2.5km long coastline of the Francolí delta. Since 588 

the 18th century, we identified four main periods of evolution leading to this configuration considering 589 

the interactions between the river delta dynamics and transformations of the harbour infrastructure 590 

(Figures 9 and 10):  591 

Period 1: until 1800 – Sedimentation/erosion cycles with low harbour infrastructure and 592 

management (Salomon et al., 2024). Before the 19th century, harbour structures only affected the 593 

margin of the delta. A short mole was built in the 15th century in continuity of the cape of Tarragona 594 

and after some reparations, it was still the only construction to protect a small harbour to the west at 595 

the end of the 18th century. In this past configuration, floods of the Francolí periodically brought 596 

sediment to the coast and the sandy material was redistributed along the shore by the longshore drift. 597 

The harbour structures contributed to momentarily trap sand along the coast, before storms eroded 598 

the shore and remove sediment from the harbour. These cyclic fluvio-coastal dynamics are involved 599 

in long-term deltaic trends. Natural thresholds and/or anthropic impacts along the coast contributed 600 

to trap sediment for longer periods of time and generated deltaic progradation. This resulted in a 601 

staged sedimentation recorded in the chrono-stratigraphies of the Tarragona margin of the delta.  602 

The Upper City and the Lower City followed different historical paths. The Upper City was more 603 

resilient towards socio-economic changes across history. It was the refuge during more unstable 604 

periods. Even today, urbanism and architecture is strongly marked by a continuity since the Roman 605 

period. The Lower City developing towards the south and the deltaic area is more connected to socio-606 

economic and political factors. It can be affected by strong and fast developments (e.g., the Roman 607 

period and the last two centuries), or being neglected (e.g., 8th-11th century CE). 608 
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Period 2: 1800 to 1880 – Progressive expansion of the harbour infrastructure in the delta front. From 609 

the end of the 18th century onwards, the main concern of the engineers was to offer a safe anchorage 610 

for ships. Their first aim was to stop the influence of the waves and storms coming from the north-611 

east. Consequently, they first built a long mole (breakwater) called the Muelle de Levante. However, 612 

in 1821, a storm coming from the SSW showed that the harbour was still exposed to waves – 35 out 613 

of 48 ships sank in the harbour (Capitania del puerto de Tarragona, 1822). The risk coming from the 614 

south was reduced with the construction of the Dique transversal at the end of this period (1874 to 615 

1883). In the mid-19th century, the harbour authorities also started dealing with the sedimentary 616 

inputs coming from Francolí. Engineers built a wall to stabilise the left side of the mouth of the Francolí 617 

and leading it to the west. The role of this structure was to keep sediment away from the harbour. 618 

Then, it was connected to the Dique transversal which also helped keep the sediment away. In 1874, 619 

the powerful flash flood of Santa Tecla damaged the structures built at the river mouth (Ruiz-Bellet et 620 

al., 2015) and momentarily stopped the work engaged on the Dique transversal (Montserrat, 2012). 621 

Period 2 is characterised by these important constructions, but with limited dredging activities. The 622 

underwater river mouth lobe was still active during this period and expanded towards the harbour to 623 

the east. It was partly deflected by the structure built at the river mouth and the Dique transversal 624 

modified its morphology for some years before Period 3. 625 

This period was perfect for the socio-economic growth of Tarragona. The urban junction between the 626 

Lower and Upper City took place in the middle of this period, while urbanisation around the harbour 627 

remained on the eastern fringe of the delta.  628 

Period 3: 1880 to 1970 – Towards a disconnected harbour and deltaic dynamics. During Period 3, the 629 

harbour infrastructure was constructed in a continuation of those from Period 2, but major changes 630 

affected the relationship between the delta and the harbour. Between 1880 and 1900, the harbour 631 

was clearly divided into an Inner and an Outer basin. By 1900, the Inner Harbour was very well 632 

protected from western and southern winds and possible storms (Dique Transversal and then the 633 
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Muelle paralelo). A long marine channel was dredged from the Outer harbour towards the Inner 634 

Harbour and periodic dredging was conducted to prevent the underwater lobe of the Francolí to 635 

extend towards the Inner Harbour. The depth of the Inner Harbour was kept around -8m to -10m 636 

during this period. Finally, during Period 3, the coastline in the Inner Harbour was progressively built 637 

with quays (Muelle de Costa and then Muelle de Pescadores). The Inner Harbour was fully managed 638 

by the end of this period: moles, quays, and sedimentation controlled by dredging of the access 639 

channel. By contrast, the Outer harbour was still exposed to southern winds and sedimentary inputs 640 

from the Francolí river mouth. Two sets of constructions contributed to reduce these constrains. First, 641 

the Dique de Levante continued to be extended during this period. Second, the wall on the left side of 642 

the Francoli river mouth was extended along the coast during the late 19 century / early 20th century 643 

(Dique de Oeste and Dique submarino) and the original river mouth was moved to the west in the 644 

1940s. Large and periodic dredging characterised this period. In the 1880s, the port authorities wanted 645 

to accommodate ships from the Compañía Transatlántica and adjusted the water depth (Memoria, 646 

Junta de Obras del Puerto de Tarragona from 1983 to 1989). Subsequently, gradual deepening of the 647 

marine channel was conducted, extending it further out to sea and down to -14m.  648 

The first part of Period 3 (1880-1914) was characterised by significant changes in the harbour 649 

configuration. Afterwards, the history of Spain and Catalonia was instable, affected by the First World 650 

War and the Spanish Civil War. Important harbour transformations happened again during the 1940s, 651 

while Francoist Spain was partly aside from the Second World War conflict. Urbanisation extended to 652 

the river mouth but remained confined to the left bank of the Francoli. Urbanisation started to grow 653 

quickly from the late 1950s onwards.  654 

Period 4: 1970 to today – Quick expansion of the harbour and full integration of the Francolí delta in 655 

the harbour. During the last decade, harbour infrastructure extended across the whole bay of 656 

Tarragona. In the 1970s, long jetties were built in the middle of the bay towards the south-west of the 657 

harbour. This infrastructure was related to the establishment of oil refineries and propelled the port 658 
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of Tarragona towards a higher national and international rank. Consequently, between 1970 and 1974, 659 

the relative surface of the harbour basins increased quickly. This newly created harbour area was then 660 

protected behind the extended Dique de Levante and Dique Rompeolas for the last 50 years. The 1970s 661 

and the 1990s were periods of important constructions within the harbour. The size of the basins 662 

reduced from 1025 ha in 1977 to 737 ha today due to newly built port terminals. In the mid-1990s, 663 

the construction of the Car Terminal (Terminal de Vehiculos), now the Container Terminal (Terminal 664 

de Contenedores), had for consequence to integrate the river mouth of the Francolí river within the 665 

harbour. This new configuration was an important turn in the history of the interactions between the 666 

Francolí delta and the harbour. While before that, sediments were routed away to the south-west, 667 

now the present harbour is designed to trap river sediments inside the harbour. The bottom of the 668 

harbour is over-deepened near the river mouth and sediment deposited there is dredged when 669 

needed. 670 

Major changes in the harbour are observed since 1970s, but socio-economic changes already affected 671 

Tarragona and its region since the late 1950s including new industrial parks and faster population 672 

growth. According to Alvarez-Palau et al. (2019), urbanised area of Tarragona was 12 times bigger in 673 

1990 than it was in 1957 just before the beginning of the urban sprawl. The development of the 674 

urbanisation slowed down during the last 40 years. 675 

5.2. Intertwined chronologies of the Francolí-Tarragona hybrid urban delta since the 18th 676 

century 677 

The periodisation just proposed above clarifies the main phase of evolution of the studied hybrid 678 

urban delta. Rightly, it can be argued that it oversimplifies its history and that it considers only one 679 

aspect of the processes at stake. In fact, this periodisation does not show the transitions and aggregate 680 

different intertwined chronologies that would have their relevance on their own. Research objects 681 

such as harbours, ports, cities, or deltas are complex entities with entangled phenomena. The 682 

chronological analysis proposed is a decomposition of parameters involved into single chronologies. 683 
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In the following parts, we develop four geo-historical narratives associated to the evolution of the 684 

harbour of Tarragona and the Francolí delta since the 18th century. Figure 11 offers a synthetic view 685 

of the evolution of Francolí-Tarragona hybrid urban delta from north-east to south-west. This cross-686 

section is perpendicular to the ancient coastal dynamics and in the alignment of the harbour evolution 687 

during the last two centuries.  688 

5.2.1. Evolution of the cartography and transformation of the port city 689 

Modern ports and harbours all have rich datasets of maps with bathymetric and textural 690 

information about their basins (Figure 2 - Dataset). Most importantly, updates about the bathymetry 691 

and the bottom texture of the harbour are regularly conducted and mapped through. Nevertheless, a 692 

good georeferencing of these maps is essential following precise protocols. We developed in this 693 

paper new ways to conduct quality assessments in providing synoptic graphs (Figures 2, 3 and 4). In 694 

addition, these graphs are not only giving information about the quality of the georeferencing but also 695 

tell us about the evolution of the city and the harbour. Dynamic urban areas erase progressively 696 

reference control points and few can be tracked through time. Main period of urban or harbour 697 

changes are also period of important reference points creation and destruction. The four periods 698 

identified above can be observed in the georeferencing assessment (Figure 4). In this way, reference 699 

points are a proxy of the urban and harbour changes. 700 

The analysis of bathymetric maps highlights a non-linear evolution of the recorded points or 701 

lines until 1971 (Figure 2 – Interpolation). This does not indicate an improvement in the accuracy of 702 

the maps in line with the evolution of bathymetric techniques. However, it appears to be more 703 

correlated with major events and large-scale projects that the port has experienced throughout its 704 

history. High density of bathymetric points was produced and mapped in 1790, in the period 1880-705 

1891, and the period 1958-1971. It is likely that a greater number of surveys were commissioned by 706 

the authorities of the port to gain better knowledge and adjust projects accordingly. Surprisingly, the 707 

quality of the interpolation remains relatively constant (between 5 and 10 meters) and show no 708 
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statistical relationships with the number of bathymetric points. One plausible explanation is that the 709 

bathymetry of the harbour basins, initially natural and later heavily impacted by human activity, 710 

exhibited smoothed morphologies. Coupled with the still rudimentary bathymetric techniques (lead 711 

line sounding), this may have resulted in a relative homogeneity in depth measurements across 712 

different dates, as well as in interpolation performances. After 1971, it can be expected that new 713 

techniques such as sonar (introduced in the 1960s) and bathymetric LiDAR (developed since the 1980s) 714 

provide more precise measurements and higher interpolation quality. 715 

5.2.2. From the local to the international port 716 

Since the end of the 18th century, the port city of Tarragona operated major transformations from 717 

a small and open cove to an international harbour. Many elements explain the morphological 718 

evolutions of the harbour reconstructed in this paper throughout the last two centuries. They include 719 

political, economic, social, technological, and institutional factors playing at different spatial scales. All 720 

these aspects can be found in the different studies conducted mainly by historians and geographers 721 

locally (Magriñá, 1901; Jordà Fernàndez, 1988; Escoda Múrria, 2000; Serrano Sánchez, 2018) or at 722 

larger scales (Castillo and Valdaliso, 2017; Ducruet et al., 2018). Individually, successive harbour 723 

configurations were also steps impelling further developments. 724 

The 18th century and the beginning of the 19th century is characterised by a local competition 725 

between Tarragona and the Reus-Salou port system. The initiation of the construction of the Dique de 726 

Levante in the 1790s and early years of the 19th century was essential to comfort Tarragona in its new 727 

role of regional port. This achievement originates from the authorisation to disembark foreign goods 728 

in 1761 during a flourishing economic period. The role of the nobles and ecclesiastics from Tarragona 729 

was also important in supporting the project of a new mole for the port. At that time, the Archidiocese 730 

of Tarragona was giving to the city the status of Religious capital of Catalonia (Serrano Sánchez, 2018). 731 

The 19th century is characterised by the rise of the first globalisation wave initiated in the 1820s 732 

but fully developed in the period 1870-1914 (Baldwin and Martin, 1999). Regarding transportation, 733 
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this first economic globalisation is marked by the expansion of railways transport and steam shipping. 734 

In the second part of the 19th century, the average size of the vessels of steamships increased and 735 

larger and deeper harbours were necessary to accommodate them (Figure 5, Period 3). In parallel, 736 

new standards for loading and unloading ships arose. Tarragona followed this trend from the 1870s 737 

and especially in the 1880s with large dredging activities and new dock-building. These works were 738 

facilitated by the new Spanish Port Law dated of 1880 giving more autonomy to the Port Works 739 

Committees (Juntas de Obras) (Castillo and Valdaliso, 2017). 740 

The second globalisation wave starts in 1945 or 1960 and still continues today (Baldwin and Martin, 741 

1999). Regarding harbours, this second wave is characterised by a growth of the maritime trade (e.g., 742 

more ships), and by containerisation spreading since the 1970s. The number, the sizes, and the 743 

draughts of the ships grew quickly since then (Figure 11). Container ships and oil tankers with draughts 744 

up to 15-20m were built from the 1970s onwards (Very Large Crude Carrier – VLCC and Ultra Large 745 

Containerships of 24 000 TEU – ULCS). The biggest ship ever built was the Seawise giant, an oil tanker 746 

with the deepest loaded draught built in 1975 (24.6m – Figure 11 – transportgeography.org). Like 747 

during the first globalisation wave, harbours had to adapt their morphology to host more ships and 748 

larger ships. Tarragona highly benefited from this period, and is considered an emergent port in the 749 

path dependency analysis of the port system of Spain conducted by Castillo and Valdaliso (2017). The 750 

size of the port of Tarragona grew quickly in the 1970s and adjusted logistics strategies to the new 751 

needs. Tarragona was a secondary port behind Barcelona for a long time but reached equal 752 

importance in the 1970s. Geographically, Tarragona benefited from the new container corridors 753 

towards the Mediterranean part of Spain, while Atlantic ports that were stronger in the 19th century, 754 

declined (Castillo and Valdaliso, 2017). 755 

5.2.3. The rise of the modern port and the disappearance of the Roman harbour 756 

In parallel to the development of the modern harbour during the last 200 years, the remains 757 

of the Roman harbour disappeared from the land- and seascape of Tarragona. The Roman mole that 758 
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was the most prominent structure of the ancient harbour was partly removed from 1843 to the 1880s 759 

(Salomon et al., 2024). A part of the mole was preserved on shore behind the Muelle de Costa built 760 

between 1885 and 1888. In front of the Muelle de Costa, the harbour basin was dredged and 761 

sedimentary archives dating back to the Roman period were removed. Figure 11 synthesises the 762 

development of the harbour of Tarragona towards the south-west, associated to deeper dredging 763 

conducted successively through time in the bay. Each new phase of dredging erased a part of the 764 

history of Tarragona recorded in the sediment. One of the most suggestive events dates from the early 765 

1880s when dredging activities brought to surface Roman anchors without any information on their 766 

sedimentary contexts which could have contributed to better date these anchors or to understand 767 

the condition of their abandonment. 768 

The case of Tarragona is particularly instructive regarding heritage preservation. The Upper 769 

City is on the World Heritage List for its well-preserved Roman structures, while the harbour area that 770 

contributed to the development of the Roman City is now erased or invisible under the modern port. 771 

To generate more data, it would be necessary to encourage authorities and companies to 772 

systematically involve geoarchaeologists with their geotechnical teams. Sedimentary cores would 773 

then not only be used for geotechnical diagnostics of the subsoil but also shared with geoscientists to 774 

answer paleoenvironmental and historical questions about the city and its harbour. It would also be 775 

necessary to perform drillings in offshore before dredging undisturbed sediments to keep a record of 776 

the sediment archives and answer similar questions at a larger scale. A guidance document was issued 777 

on this very subject in 2014  by PIANC, the World Association for Waterborne Transport Infrastructure 778 

(PIANC, 2014). 779 

5.2.4. Increased connectivity of the port city of Tarragona and segmentation of the 780 

environments of the Francolí delta 781 

The development of the port city of Tarragona is expressed morphologically by a gradual extension 782 

of the harbour. The port had first to develop and then to adapt to remain competitive. Through time, 783 
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the harbour needed larger protected basins, deeper basins and accesses, longer docks adapted to 784 

changing ships and changing logistics related to the loading and unloading of ships, larger areas to 785 

handle goods, and improved interoperability system between different modes of transportation 786 

(ships/trains/trucks). The new intermodal infrastructure contributed to improve the connectivity of 787 

the port to regional and international maritime routes (harbour) but also to better connect the port 788 

city to its hinterland (roads, railways, highways). 789 

Consequently, the development of the connectivity of the port led to the segmentation the 790 

environments of the Francolí delta. The river is a conveyor of water and sediment connecting the 791 

watershed to the sea in a source-to-sink continuum. The construction of the railways during the first 792 

globalisation wave and the highways during the second globalisation wave contributed to segment 793 

the upstream and downstream continuity of deltaic plain. To protect the Lower City and the urbanised 794 

areas spreading towards the deltaic plain from catastrophic flash floods, large embankments were 795 

built along the Francolí river. This conducted water and sediment directly towards the sea in the 796 

harbour area. In the delta front of the Francolí, the strategy of the engineers was to route the 797 

sediments always further away from the harbour basins towards the south-west since the late 1820s 798 

– early 1830s onwards to avoid sediment deposition inside the harbour basins. However, this strategy 799 

changed in the 1990s, when construction of jetties and platforms perpendicular to the coastline in the 800 

south-west of the river mouth, trapped the outlet of the Francolí within the harbour.  801 

In this new context, waves and storms that were mainly contributing to redistribute sediment 802 

along the coast or to the offshore (Period 1), were not active anymore. In place of that, periodic 803 

dredging was necessary to prevent formation of a delta within the harbour. The harbour thus creates 804 

a break in the land-ocean continuum becoming the main sink of the fluvial sediments coming from 805 

the Francolí River and redistribution along the coastline must now be taken over by humans. 806 

Consequently, beach nourishments must be conducted at the Playa del Miracle to the north and Playa 807 
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de la Pineda to the south (Canovas et al., 2011). In addition, a 600m groyne was built in the 1980s to 808 

stop sediment movement from La Pineda beach into the harbour (Espigo dels Prats).  809 

The present harbour layout led to intensified dredging in the basins and at the river mouth, and 810 

artificial nourishment of the local beaches compensates the reduction of sediment input originally 811 

supplied by the river. As a result, sediment movements in the Francolí delta are now totally managed 812 

by humans. 813 

5.3. Hybrid urban deltas through time 814 

In this last section, we conceptualise the study of a hybrid urban delta in a long-term perspective 815 

based on the example of the Francolí-Tarragona system. We also propose to reconsider morphological 816 

typologies of deltas in including direct anthropic impacts.    817 

5.3.1. Temporal trajectories of a hybrid urban delta 818 

The first paper exposes a spatial-based approach of a hybrid urban delta considering interactive 819 

human-nature processes shaping combined morphologies, leading to a hybrid land- and seascape. In 820 

this second paper, we propose to clarify the time-based approach used to study hybrid urban deltas 821 

in a long-term perspective (Figure 12). This approach was implemented in the two papers to produce 822 

a 3000-year temporal trajectory of the Francolí-Tarragona system.  823 

Traditionally, evolutions of river deltas or port cities are visualised through series of maps at 824 

different periods. Palaeogeographical or geohistorical (Arbouille and Stanley, 1991; Bellotti et al., 1995; 825 

Coleman et al., 1998; Vella et al., 2005) reconstructions show morphological changes of river deltas 826 

from map to map enhancing coastal progradation or erosion. Similarly, sets of maps of a port through 827 

time (Hein and Van Mil, 2019) or diachronic models (Bird, 1963) show changes of port cities 828 

morphologies at different periods or dates.  829 

Comparative analyses through time and space are generally difficult to carry quantitatively in 830 

using only maps. Additionally, the diversity of the processes at stake, “local particularities” (Hein and 831 
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Van Mil, 2019) and contextual data (e.g., economic, political, institutional, climatic) are often missing 832 

on the cartographic representations. Instead of considering only spatial representations, we suggest 833 

also seeking timelines and time series to reconstruct the evolution of hybrid urban deltas. 834 

Synchronisation of different time datasets is essential to understand all aspects of hybrid 835 

environments. The spatial-based approach remains essential to characterise single morphologies or 836 

processes drivers for later tracking them in time. Regarding the case study, each morphological change, 837 

and processes involved are visualised in a common chronological framework (Figures 9 and 10). 838 

Additionally, relevant sequence of events or time series can be added to better explain the new 839 

chronological data produced. It can be either data related to the environmental and climatic contexts, 840 

or data produced by historical archaeological, demographic, geographic studies about the anthropic 841 

contexts. All chronologies are potentially of interest, but their selection can be challenging. Different 842 

spatial scale can be considered depending on their relevance for the object studied: paleoclimatic, 843 

historical and archaeological data for a stratigraphy; technical advance timeline, socio-economic data 844 

for a harbour structure.  845 

Practically, all data produced in this paper are represented with maps and time series. All steps of 846 

the GIS analyses are expressed in the chronological framework: maps collected since the 18th century, 847 

the evolution of the precision of the maps through their georeferencing, the overlap of the maps, and 848 

the quality of the interpolation (Figure 2). The construction of the spatio-temporal dataset is as 849 

important as the results in term of coastline mobility or erosion/sedimentation evolutions. It is shown 850 

that they are all proxies of the hybrid urban delta evolution. Figures 10 and 11 in Salomon et al. and 851 

Figure 9 and 10 in this second paper provide different chronological synthesis with new datasets and 852 

collected chronologies in the literature. 853 

Ultimately, synchronised chronologies produced or gathered provide better ways to reconstruct 854 

temporal trajectories of complex objects such as hybrid urban deltas. They allow the researcher to 855 

interconnect parameters from a single case study in order to observe different tempos, rhythms, 856 
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delays in the influences. Timelines and time series also offer the possibility to be reused to compare 857 

similar objects across the world (e.g., cities, ports, deltas, coastlines) and related parameters (e.g., 858 

sizes, volumes, rate of evolution).  859 

5.3.2. Hybrid urban delta or hybrid urban estuary? Towards a new morphological 860 

typology of deltas integrating human impacts 861 

 The port city of Tarragona now impacts strongly the Francolí delta both in the deltaic plain and 862 

on the delta front. Additionally, urban processes can be tracked back to the Roman period with high 863 

resolution based on the rich archaeological dataset in Tarragona from the Upper City to the river 864 

mouth of the Francolí (Macias et al., 2007). Knowledge about the agricultural impacts in the deltaic 865 

plain of the Francolí specifically still has to be reconstructed in the long-term. We tested this 866 

interdisciplinary study mainly on the coastal fringe of the Francolí delta, the delta front in relation to 867 

the Lower City of Tarragona and its harbour.  868 

While the coastline is very important to reconstruct coastal evolutions in the long-term, its 869 

location also depends on submerged coastal morphologies generally not clearly visible. This paper 870 

contribute to demonstrate the importance of the bathymetry to reconstruct long-term evolution of a 871 

harbour and a deltaic area (Wu et al., 2018; Cox et al., 2021). It can be observed by both chrono-872 

stratigraphies and old bathymetric maps.  873 

The study of the seascape leads directly to the study of the coastline and its dynamics controlled 874 

by both natural dynamics and anthropic factors (e.g., mole, jetty, quay construction). Coastal geo- and 875 

archaeomorphologies contribute themselves to influence the sedimentological processes in the 876 

deltaic front and harbour. Similarly, waterfront management of the city is interactive with the urban 877 

fabric, the harbour fabric and the sedimentological dynamics. All these interrelations contribute to 878 

shape a hybrid urban delta. In the deltaic plain, not developed in this study, it would be a similar 879 

approach considering first the channel or paleochannel morphologies through time, the riverbanks, 880 

the adjacent lands or wetlands and the urban areas.    881 
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In the last decades, the hybrid urban delta of the Francolí completely reshaped the coastal 882 

morphology south of Tarragona. The bay of Tarragona is progressively overbuilt with harbour 883 

infrastructure, while the delta front of the Francolí is totally included into the harbour since the mid-884 

1990s. The currents inside the harbour are characteristic of an estuarine environment with two layers 885 

with different densities (Martínez Velasco, 2012; Samper et al., 2022). Initially, the morphology of the 886 

delta of the Francolí would have been categorised such as a delta dominated by the waves (Wright 887 

and Coleman, 1973). However, its morphology is now totally dominated by human infrastructure. A 888 

new diagram would have to be designed to integrate the diversity of the human impacts on river deltas 889 

and to observe patterns. In such typology, the Francolí-Tarragona urban delta would be a small system 890 

dominated by harbour infrastructure shaping an anthropic bay-head delta first and then a human-891 

made estuary.  892 

6. Conclusion 893 

This work conducted on a case study contributes to a better understanding of the natural and 894 

anthropic processes involved in the evolution of a land- and seascape composed by deltaic, urban and 895 

harbour areas. The two papers attempt to build a bridge between human geography and physical 896 

geography, but also between different interdisciplinary academic communities (archaeology-897 

geomorphology and history-geography-geomorphology-engineering) and to promote 898 

geoarchaeological and geohistorical approach to reconstruct long-term evolution of urban deltas. It 899 

also participates to the fields of the deltaic geomorphology (Stanley and Warne, 1993; Giosan, 2007; 900 

Hori et al., 2004; Tamura, 2012; Anthony, 2014) and urban geomorphology (Coates, 1976; Cooke, 1976; 901 

Thornbush and Allen, 2018; Brandolini et al., 2020). In this conclusion, we insist on the following 902 

elements to conduct the study of hybrid urban deltas in the long-term: 903 

- Clarifying the different geo- and archaeomorphological units at stake, their different spatial 904 

expressions and their possible drivers; 905 
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- Clarifying both human and natural processes and their interactions in considering the system 906 

in which they are embedded (e.g., river delta, river, coast, city, port, waterfront); 907 

- Considering not only human impacts on landscape of river deltas but also 908 

waterscapes/seascapes (topography versus bathymetry, quarries versus dredging); 909 

- Man-made morphologies are always combined with natural morphologies through time 910 

creating hybrid landscapes; 911 

- Quantifying land- and seascape transformations is essential to have a broader and detailed 912 

view of changes through time; 913 

- Chronological visualisations are as much important as geoarchaeological and geohistorical 914 

mapping to reconstruct transformations of hybrid land-/seascapes; 915 

- Producing and sharing chronologies produced for each case study will help to synchronise 916 

dynamics of river deltas, harbours, port cities or else hybrid urban deltas. Ultimately, it would 917 

contribute to a better understanding and timing of the regional and global trajectories 918 

through time. 919 

The data produced about the Francolí-Tarragona system were replaced in the evolution of the 920 

port city and the global economy. It demonstrates that the case study followed roughly the main 921 

trends of the Spanish and world maritime economy. For Tarragona, the decades 1800-1810, 1870-922 

1890, 1960-2000 have been essential to adjust the harbour infrastructure to the international 923 

standards and to the different waves of globalisation. In parallel, these dates correspond also to 924 

periods of strong impacts on the Francolí delta environments and the heritage of the ancient city. 925 

These observations were obtained by transforming all spatio-temporal data into time series. GIS 926 

approaches have been essential to produce interdisciplinarity knowledge in the last decades and still 927 

are. The authors are here also convinced that the development of interdisciplinary timelines and any 928 

representation of processes including time is the new challenge to reach more understanding of the 929 

complexity of our world and how it formed. These knowledges are essential to characterise transitions 930 

in the past and to reflect on future transitions towards more sustainable types of management.  931 
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Figure captions 49 

Figure 1. – Location maps of Tarragona, its harbour and the Francolí delta in 1945 and 2020. 50 

Bathymetric data are available for these two dates for the harbour and the delta front. 51 

Figure 2. – Presentation of the dataset of old maps used in this paper and their characteristics. It is 52 

also a quality assessment of the georeferencing of the maps, the digitising, and the interpolation of 53 

the bathymetric data. All data are plotted referring to the date of the map. 54 

Figure 3. – Quality assessment of the georeferencing – Part 1. Each point of the map is a reference 55 

point used to georeference the maps and aerial photographs of this study (42 documents). The map 56 

focuses on the harbour, the Lower and the Upper City, the main areas of interest in this study (67 57 

reference points out of 81 in total). Their sizes correspond to the number of maps georeferenced using 58 

the reference point and the colours express the average uncertainty of the georeferencing for each 59 

point. On the right are two graphs showing the average uncertainty of the georeferencing depending 60 

(1) on the area considered and (2) on the date of the reference document whether it is a map, an 61 

aerial photography, or a satellite image (7 reference documents).  62 

Figure 4. – Quality assessment of the georeferencing – Part 2. The two graphs focus on the reference 63 

points located in the harbour and in the Lower City. Each reference point (y-axis) in red is presented in 64 

relation to the date of the reference document (x-axis). The life span of the reference point is 65 

presented by a date of beginning and date of end estimated by a TPQ (Terminus Post Quem) and a 66 

TAQ (Terminus Ante Quem). In the graph above, main periods of changes in the harbour and the Lower 67 

City are expressed. It demonstrates the correlation between urban or harbour changes and the end 68 

or beginning of the reference points. In the graph below, the circles express the uncertainty of the 69 

georeferencing (residual) in metres. The maps with very low quality of georeferencing are easily 70 

identified (1827 and 1876). Additionally, the trend shows the increase of the uncertainty back in time. 71 
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Figure 5. – Maps showing the mobility of the coastlines, the riverbanks of the Francolí and the harbour 72 

interfaces from 1748 to 2020. The periodisation of the planimetric evolution of river mouth and the 73 

harbour is proposed. This periodisation corresponds to the one identified in Figure 4.  74 

Figure 6. – Qualitative analysis of the evolution of the bathymetry from 1790 to 2020. Individual maps 75 

have been selected to provide an overview of the different periods of evolution of the river mouth 76 

and harbour areas as well as the main transitional periods (from Period 1 to 2 around 1800, 2 to 3 77 

around 1880). Only one bathymetric map is available for the Period 1 (1790). Consequently, no 78 

changes can be observed within this period. For the last period we could not focus on the transitional 79 

period since the maps between 1971 and 2020 are only showing theoretical depth. Nevertheless, we 80 

show the major changes that appear between 1971 and 2020, the last date of our dataset. Finally, we 81 

propose two old maps that record as well textural data with a good resolution in the 19th century 82 

(1813 and 1880). 83 

Figure 7. – Quantitative analysis of the bathymetry from 1790 to 1971. The bathimetries are 84 

represented on 18 maps and 18 graphs. 85 

Figure 8. – Quantitative analysis of the evolution of the bathymetry from 1790 to 1971. The changes 86 

are represented on 17 graphs and 17 graphs. 87 

Figure 9. – Chronologies of the evolution of the mouth of the Francolí river and the harbour of 88 

Tarragona during the last two centuries. More precisely, it shows the evolutions of the bathymetry of 89 

the initial harbour / Inner darsena, the bathymetry of the full harbour, the harbour structures, the link 90 

between the extent of the harbour and the extent of the city and the population. Contextual historical 91 

data are also added to the chronologies.  92 

Figure 10. – Chronologies of the evolution of the harbour of Tarragona during the last two centuries. 93 

In regard to institutional factors (Castillo and Valdaliso, 2017), the rank of the port in Spain and good 94 
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exchanges in Tarragona in comparison to national and international values (Puertos.es). Contextual 95 

historical data are also added to the chronologies.  96 

Figure 11. – Synthetic cross-section of the evolution Francolí delta front and the harbour of Tarragona 97 

using geoarchaeological and geohistorical data. It combines results from the two papers published in 98 

this issue. 99 

Figure 12. – Conceptual approach followed to study hybrid urban deltas through time.  100 
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