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Body of Extended Abstract: Deltas have long supported urbanisation, trade, and agriculture due to their 
ecological productivity and strategic location at the interface between land and water. However, the 
increase in human development has significantly altered deltas worldwide, undermining their resilience 
against climate impacts such as sea level rise and degrading the ecological richness on which local 
communities depend. Nature-based Solutions (NbS) are increasingly promoted as sustainable and 
integrative strategies, offering a means to balance climate adaptation with societal development and 
maintenance of biosphere integrity. However, realizing their potential remains elusive, largely because the 
systemic effects of NbS – outcomes spanning the social, economic, and ecological domains - are poorly 
understood and are rarely assessed together. In response, this paper adopts a systems approach and uses 
ecosystem services as the central lens to explore how the dynamics of complex deltaic systems shape the 
varying effects of NbS interventions. We present an aggregated causal loop diagram (CLD) of a generic 
Anthropogenic delta, designed to explore the system feedback associated with different NbS for climate 
change adaptation in deltas. We also apply the CLD to the Ebro Delta in Spain, to illustrate how this delta 
responds to diverse NbS interventions. Accordingly, the CLD serves two main functions: 1) it builds a 
system understanding of the delta in the Anthropocene, emphasizing the inseparable but primarily 
unsustainable link between intensive human development and deltaic ecosystems in the context of 
climate change, and 2) offers an explorative means to understand how NbS interventions affect this system 
as a whole. This modelling effort is intended as a first step in the development of a quantitative System 
Dynamics model of an Anthropogenic delta.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Causal Loop Diagram of deltaic social-ecological systems.

 
 

Legend: Colours represent the subsystems: Hydro-morphological pressures, Human activity & socio-

economic benefits, Coastal & fluvial flood protection, Coastal & river estuary safety, Ecosystems & 

biodiversity, Provisioning ES, Regulating ES, and Climate change. Cultural ES are too interwoven with 

the system to be represented in the CLD without overcomplication. Many of the Regulating ES are 

represented within causal relations that originate from ‘Ecosystem integrity & biodiversity’ (e.g. the arrow 

from ‘Wetlands and coastal habitat area’ to ‘Saline intrusion’). 
  

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 
 

 

 

 
 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

              
                     

         

                  
            

                   
        

               
               

       

                     
            

          
      

           
          

   
          

                 
                        

            

         
           

       

          

             
          

          
     

          

       
              

             
      

              

   

    

      

         
  

        
        

          

             
      

        
       

           
      

            
               

    

     
              

      
         

       
          

        
       

           
              

 

       
            

  
             

      

  
        
       

  
         

               
             

  
              
               

  
             

        

  

       

            

  
       

  
       

          

             
          

           
     

           

    
           

         
        

                   
                      
                               

       

     
          

            

  
           
             

      

    

 



References  
Addo, K. A., Nicholls, R. J., Codjoe, S. N. A., & Abu, M. (2018). A biophysical and socioeconomic review of the Volta Delta, 

Ghana. Journal of Coastal Research, 34(5), 1216–1226. 

Anthony, E., Syvitski, J., Zăinescu, F., Nicholls, R. J., Cohen, K. M., Marriner, N., Saito, Y., Day, J., Minderhoud, P. S. J., Amorosi, 

A., Chen, Z., Morhange, C., Tamura, T., Vespremeanu-Stroe, A., Besset, M., Sabatier, F., Kaniewski, D., & Maselli, V. (2024). 

Delta sustainability from the Holocene to the Anthropocene and envisioning the future. Nature Sustainability, 7(10), 1235–1246. 

Arthington, A. H., Bhaduri, A., Bunn, S. E., Jackson, S. E., Tharme, R. E., Tickner, D., Young, B., Acreman, M., Baker, N., Capon, 

S., et al. (2018). The Brisbane Declaration and global action agenda on environmental flows (2018). Frontiers in Environmental 

Science, 6, 45. 

Barbier, E. B., Hacker, S. D., Kennedy, C., Koch, E. W., Stier, A. C., & Silliman, B. R. (2011). The value of estuarine and coastal 

ecosystem services. Ecological Monographs, 81(2), 169–193. 

Boyd, R., Dalrymple, R., & Zaitlin, B. (1992). Classification of clastic coastal depositional environments. Sedimentary Geology, 

80(3–4), 139–150. 

Brugnach, M., & van den Hoek, R. (2023). Embracing ambiguity in climate change adaptation for more effective responses to new 

uncertain shorescapes conditions. Marine Policy, 152, 105626. 

CEDEX. (2021). Plan para la protección del Delta del Ebro. Centro de Estudios de Puertos y Costas. 

Cohen-Shacham, E., Walters, G., Janzen, C., & Maginnis, S. (2016). Nature-based solutions to address global societal challenges. 

IUCN: Gland, Switzerland. 

Costanza, R. (1992). Toward an operational definition of ecosystem health. In Ecosystem health: New goals for environmental 

management (pp. 239–269). 

Costanza, R., d’Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., Limburg, K., Naeem, S., O’Neill, R. V., Paruelo, J., et 

al. (1997). The value of the world’s ecosystem services and natural capital. Nature, 387(6630), 253–260. 

Costanza, R., Pérez-Maqueo, O., Martinez, M. L., Sutton, P., Anderson, S. J., & Mulder, K. (2008). The value of coastal wetlands 

for hurricane protection. Ambio, 37, 241–248. 

Cremin, E., Ladd, C. J. T., Balke, T., Banerjee, S., Bui, L. H., Ghosh, T., Large, A., Thi Van Le, H., Nguyen, K. V., Nguyen, L. X., 

Nguyen, T. T. N., Nguyen, V., Pal, I., Szabo, S., Tran, H., Sebesvari, Z., Khan, S. A., & Renaud, F. G. (2024). Causes and 

consequences of tipping points in river delta social–ecological systems. Ambio, 53(7), 1015–1036. 

Day, J. W., Christian, R. R., Boesch, D. M., Yáñez-Arancibia, A., Morris, J., Twilley, R. R., Naylor, L., Schaffner, L., & Stevenson, 

C. (2008). Consequences of climate change on the ecogeomorphology of coastal wetlands. Estuaries and Coasts, 31, 477–491. 

Debele, S. E., Leo, L. S., Kumar, P., Sahani, J., Ommer, J., Bucchignani, E., Vranić, S., Kalas, M., Amirzada, Z., Pavlova, I., Shah, 

M. A. R., Gonzalez-Ollauri, A., & Sabatino, S. D. (2023). Nature-based solutions can help reduce the impact of natural hazards: A 

global analysis of NbS case studies. Science of the Total Environment, 902, 165824. 



Dobby, E. (1936). The Ebro Delta. The Geographical Journal, 87(5), 455–469. 

Dunn, F. E., Darby, S. E., Nicholls, R. J., Cohen, S., Zarfl, C., & Fekete, B. M. (2019). Projections of declining fluvial sediment 

delivery to major deltas worldwide in response to climate change and anthropogenic stress. Environmental Research Letters, 14(8), 

084034. 

Elliott, M., Borja, Á., McQuatters-Gollop, A., Mazik, K., Birchenough, S., Andersen, J. H., Painting, S., & Peck, M. (2015). Force 

majeure: Will climate change affect our ability to attain good environmental status for marine biodiversity? Marine Pollution 

Bulletin, 95(1), 7–27. 

Elliott, M., Day, J. W., Ramachandran, R., & Wolanski, E. (2019). A synthesis. In Coasts and estuaries (pp. 1–28). Elsevier. 

Enserink, B., Bots, P. W. G., van Daalen, C., Hermans, L. M., Kortmann, L. J., Koppenjan, J., Kwakkel, J., Ruijgh-van der Ploeg, 

M. P. M., Slinger, J., & Thissen, W. A. H. (2022). Policy analysis of multi-actor systems (2nd ed.). TU Delft Open Publishing. 

Ericson, J. P., Vörösmarty, C. J., Dingman, S. L., Ward, L. G., & Meybeck, M. (2006). Effective sea-level rise and deltas: Causes 

of change and human dimension implications. Global and Planetary Change, 50(1), 63–82. 

Eslami, S., Oude Essink, G., Paszkowski, A., Seeger, K., Minderhoud, P. S. J., Sloff, K., & Nicholls, R. J. (2025). A systems 

perspective for climate adaptation in deltas. Nature Climate Change, 15(7), 687–691. 

Ferreira, C. S., Kašanin-Grubin, M., Solomun, M. K., Sushkova, S., Minkina, T., Zhao, W., & Kalantari, Z. (2023). Wetlands as 

nature-based solutions for water management in different environments. Current Opinion in Environmental Science & Health, 

100476. 

Folke, C. (2006). Resilience: The emergence of a perspective for social–ecological systems analyses. Global Environmental 

Change, 16(3), 253–267. 

Galloway, W. E. (1975). Process framework for describing the morphologic and stratigraphic evolution of deltaic depositional 

systems. 

Genua-Olmedo, A., Temmerman, S., Ibáñez, C., & Alcaraz, C. (2022). Evaluating adaptation options to sea-level rise and benefits 

to agriculture: The Ebro Delta showcase. Science of the Total Environment, 806, 150624. 

Giosan, L., Syvitski, J., Constantinescu, S., & Day, J. (2014). Climate change: Protect the world’s deltas. Nature, 516(7529), 31–

33. 

Gorostiza, S., Parrinello, G., Aguettaz-Vilchez, D., & Saurí, D. (2023). Where have all the sediments gone? Reservoir silting and 

sedimentary justice in the lower Ebro River. Political Geography, 107, 102975. 

Grases, A., Gracia, V., García-León, M., Lin-Ye, J., & Sierra, J. P. (2020). Coastal flooding and erosion under a changing climate: 

Implications at a low-lying coast (Ebro Delta). Water, 12(2), 346. 

Hinkel, J., Bots, P. W. G., & Schlüter, M. (2014). Enhancing the Ostrom social–ecological system framework through formalization. 

Ecology and Society, 19(3). 



Hinkel, J., Schuerch, M., French, J., & Nicholls, R. J. (2023). Sea-level rise risk and adaptation in estuaries. In Climate change and 

estuaries (pp. 581–602). CRC Press. 

Hüsken, L. M. (2023). Story-lining workshop (unpublished workshop reference cited as event). 

Hüsken, L. M., Slinger, J. H., Vreugdenhil, H. S., & Altamirano, M. A. (2024). Money talks: A systems perspective on funding and 

financing barriers to nature-based solutions. Nature-Based Solutions, 100200. 

Ibáñez, C. (2024). Los retos del Delta de l’Ebre ante el cambio global. 

Ibáñez, C., & Caiola, N. (2021). Sea-level rise, marine storms and the resilience of Mediterranean coastal wetlands: Lessons learned 

from the Ebro Delta. Marine and Freshwater Research. 

Ibáñez, C., Caiola, N., & Belmar, O. (2020). Environmental flows in the Lower Ebro River and Delta: Current status and guidelines 

for a holistic approach. Water, 12, 2670. 

IPBES. (2019). Summary for policymakers of the global assessment report on biodiversity and ecosystem services. IPBES 

Secretariat. 

Jaureguiberry, P., Titeux, N., Wiemers, M., Bowler, D. E., Coscieme, L., Golden, A. S., Guerra, C. A., Jacob, U., Takahashi, Y., 

Settele, J., et al. (2022). The direct drivers of recent global anthropogenic biodiversity loss. Science Advances, 8(45), eabm9982. 

Jiménez, J., Sánchez-Arcilla, A., Valdemoro, H. I., Gracia, V., & Nieto, F. (1997). Processes reshaping the Ebro Delta. Marine 

Geology, 144(1–3), 59–79. 

Kruip, W. V. (2024). The multi-functional potential of nature-based solutions in deltas: A systems approach (Master’s thesis, Delft 

University of Technology). TU Delft Repository.  

Kumar, P. (2012). The economics of ecosystems and biodiversity: Ecological and economic foundations. Routledge. 

Kwakkel, J. H. (2017). The exploratory modeling workbench: An open source toolkit for exploratory modeling, scenario discovery, 

and robust decision making. Environmental Modelling and Software, 96, 239–250. 

Lele, S., Springate-Baginski, O., Lakerveld, R., Deb, D., & Dash, P. (2013). Ecosystem services: Origins, contributions, pitfalls, 

and alternatives. Conservation and Society, 11(4), 343. 

Lempert, R. J., Groves, D. G., Popper, S. W., & Bankes, S. C. (2006). A general, analytic method for generating robust strategies 

and narrative scenarios. Management Science, 52(4), 514–528. 

MA (Millennium Ecosystem Assessment). (2005). Ecosystems and human well-being. Island Press. 

Meadows, D. (2008). Thinking in systems. Chelsea Green Publishing. 

Moraes, R. P., Reguero, B. G., Mazarrasa, I., Ricker, M., & Juanes, J. A. (2022). Nature-based solutions in coastal and estuarine 

areas of Europe. Frontiers in Environmental Science, 10. 



Nelson, D. R., Bledsoe, B. P., Ferreira, S., & Nibbelink, N. P. (2020). Challenges to realizing the potential of nature-based solutions. 

Current Opinion in Environmental Sustainability, 45, 49–55. 

Nelson, H. G. (2008). Design communication: Systems, service, conspiracy, and leaderships. In Dialogue as a collective means of 

design conversation (pp. 39–49). Springer. 

Nienhuis, J. H., Ashton, A. D., Edmonds, D. A., Hoitink, A., Kettner, A. J., Rowland, J. C., & Törnqvist, T. E. (2020). Global-scale 

human impact on delta morphology has led to net land area gain. Nature, 577(7791), 514–518. 

Oliver, R. M., Eppinga, M. B., Damm, A., Santos, M. J., et al. (2022). The relationship between ecosystem services and human 

modification displays decoupling across global delta systems. Communications Earth & Environment, 3(1). 

Pagano, A., Pluchinotta, I., Pengal, P., Cokan, B., & Giordano, R. (2019). Engaging stakeholders in the assessment of NbS 

effectiveness in flood risk reduction. Science of the Total Environment, 690, 543–555. 

Pino, D. P. D., & Marquez, J. F. (2023). Complementary ideas for the implementation of nature-based solutions. Environmental 

Science and Policy, 141, 146–157. 

Potschin, M., & Haines-Young, R. (2016). Defining and measuring ecosystem services. In Routledge handbook of ecosystem 

services (pp. 25–44). Routledge. 

Prado, P., Alcaraz, C., Benito, X., Caiola, N., & Ibáñez, C. (2019). Pristine vs. human-altered Ebro Delta habitats display contrasting 

resilience to relative sea-level rise. Science of the Total Environment, 655, 1376–1386. 

Rahmandad, H., & Sterman, J. (2008). Heterogeneity and network structure in the dynamics of diffusion. Management Science, 

54(5), 998–1014. 

Roca, E., & Villares, M. (2012). Public perceptions of managed realignment strategies: The case of the Ebro Delta. Ocean & 

Coastal Management, 60, 38–47. 

Rodríguez-Santalla, I., & Navarro, N. (2021). Main threats in Mediterranean coastal wetlands: The Ebro Delta case. Journal of 

Marine Science and Engineering, 9, 1190. 

Rodríguez-Santalla, I., & Somoza, L. (2018). The Ebro River Delta. In The Spanish Coastal Systems (pp. 467–488). 

Sánchez-Arcilla, A., Garrote, L., Gracia, V., Cáceres, I., Sánchez-Artús, X., Caiola, N., Espanya, A., Espino, M., García, M. Á., 

Grassa, J. M., Ibáñez, C., López, D., Mestres, M., de la Peña, J. M., Bladé, E., Pernice, U., Puértolas, L., Santillan, D., Zemah-

Shamir, S., & Iglesias, A. (2025). Trade-offs and synergies in river-coastal restoration for the Ebro case (Spanish Mediterranean). 

Nature Conservation, 59, 101–137. 

Scharpf, F. W. (1997). Games real actors play: Actor-centered institutionalism in policy research. Routledge. 

Seddon, N., Chausson, A., Berry, P., Girardin, C. A., Smith, A., & Turner, B. (2020). Understanding the value and limits of nature-

based solutions. Philosophical Transactions of the Royal Society B, 375, 20190120. 



Seddon, N., Smith, A., Smith, P., Key, I., Chausson, A., Girardin, C., House, J., Srivastava, S., & Turner, B. (2021). Getting the 

message right on nature-based solutions. Global Change Biology, 27, 1518–1546. 

Scown, M. W., Dunn, F. E., Dekker, S. C., van Vuuren, D. P., Karabil, S., Sutanudjaja, E. H., Santos, M. J., Minderhoud, P. S., 

Garmestani, A. S., & Middelkoop, H. (2023). Global change scenarios in coastal river deltas. Global Environmental Change, 82, 

102736. 

Slinger, J. H. (2021). Building with nature & beyond: Principles for designing nature-based engineering solutions. TU Delft Open. 

Slinger, J. H., Taljaard, S., & d’Hont, F. M. (2022). Complex coastal systems: Transdisciplinary learning on international case 

studies. TU Delft Open Books. 

Sterman, J. (2002). System dynamics: Systems thinking and modeling for a complex world. 

Tengö, M., Hill, R., Malmer, P., Raymond, C. M., Spierenburg, M., Danielsen, F., Elmqvist, T., & Folke, C. (2017). Weaving 

knowledge systems in IPBES, CBD and beyond. Current Opinion in Environmental Sustainability, 26–27, 17–25. 

Toimil, A., Losada, I. J., Álvarez-Cuesta, M., & Le Cozannet, G. (2023). Demonstrating the value of beaches for adaptation to 

future coastal flood risk. Nature Communications, 14, 3474. 

Turner, B., Devisscher, T., Chabaneix, N., Woroniecki, S., Messier, C., & Seddon, N. (2022). The role of nature-based solutions in 

supporting social–ecological resilience. Annual Review of Environment and Resources, 47, 123–148. 

UN, European Commission, OECD, & World Bank. (2021). System of environmental-economic accounting—ecosystem accounting 

(SEEA EA). United Nations. 

Vanino, S., Baratella, V., Pirelli, T., Ferrari, D., Di Fonzo, A., Pucci, F., Nikolaidis, N. P., Lilli, M. A., Doğan, Z. A., Topdemir, T., 

Awabdeh, S., Al-Hadidi, L., Bani Hani, N., Panagopoulos, A., Pisinaras, V., Chatzi, A., López, E., Papadaskalopoulou, C., 

Tassopoulos, D., & Fabiani, S. (2024). Nature-based solutions for optimizing the water–ecosystem–food nexus. Sustainability, 

16(10), 4064. 

Viti, M., Löwe, R., Sørup, H. J., Ladenburg, J., Gebhardt, O., Iversen, S., McKnight, U. S., & Arnbjerg-Nielsen, K. (2023). Holistic 

valuation of nature-based solutions accounting for human perceptions and nature benefits. Journal of Environmental Management, 

334, 117498. 

Vreugdenhil, H., Slinger, J. H., Thissen, W., & Rault, P. K. (2010). Pilot projects in water management. Ecology and Society, 15(3). 

Walker, W. E. (2000). Policy analysis: A systematic approach to supporting policymaking in the public sector. Journal of Multi-

Criteria Decision Analysis, 9(1–3), 11–27. 

Ward, P. J., Couasnon, A., Eilander, D., Haigh, I. D., Hendry, A., Muis, S., Veldkamp, T. I., Winsemius, H. C., & Wahl, T. (2018). 

Dependence between high sea level and high river discharge increases flood hazard in global deltas and estuaries. Environmental 

Research Letters, 13(8), 084012. 

Wells, J., & Coleman, J. (1984). Deltaic morphology and sedimentology: With special reference to the Indus River Delta. Louisiana 

State University, Coastal Studies Institute. 

Yin, R. K. (2011). Applications of case study research. Sage. 


