Progress in Oceanography 248 (2026) 103794

- o

Contents lists available at ScienceDirect " Pragress in Oceanagraphy
! |

Progress in Oceanography | «

I.SEVIER journal homepage: www.elsevier.com/locate/pocean

Check for

Spatial models cannot compensate for sampling designs unstructured e
relative to isotopic variation: implications for baseline isoscape
development in the Mediterranean Sea

Sarah Magozzi % ®, Clive N. Trueman , Matthew R.D. Cobain “®, Kirsteen M. MacKenzie '®,
Katie St. John Glew ¢, José A. Canseco ?, Eric Diaz-Delgado "“®, Emanuela Fanelli ",

Paola Rumolo “, Joan E. Cartes’, Boris Espinasse ”®, Davide Agnetta ™"

Marta Albo-Puigserver °, Carme Alomar °, Francesca Alvisi *®, Fabio Badalamenti %">"

Daniela Banaru °®, Daniela Berto ', Angelo Bonanno "®, Chiara Bonaviri “,

Lucia Bongiorni " ®, Yesim Biiyiikates “®, Antonio M. Calafat Frau”, Elisa Camatti "' ©,
Carolina Cantoni “®, Luis Cardona “*, Antoine Carlier *°®,

Michela Castellano °®, Spyros Chaikalis *', Jacopo Chiggiato ", Tamara Cibic *‘®,

Pascal Conan “*', Ilaria Conese ”, Martina Coppari *"®, David Costalago *', Pierre Cresson ',
Isabella D’Ambra “¢, Kirstin Dihnke *", Audrey M. Darnaude *'®, Salud Deudero °,

ac al

, Gérald Grégori°, Tamar Guy-Haim *,

ac

, Aristomenis P. Karageorgis *,
ar

3

Daria Ezgeta-Bali¢ /, Michele Giani °, Alexandra Gogou
Mireille L. Harmelin-Vivien®, Simon Jennings “"™*"
Rolf Koppelmann “°®, Nikolaos Lampadariou ""®, Leonardo Langone *“, Camilla Liénart *,
Maria Grazia Mazzocchi *¢, Antonio Mazzola """, Travis B. Meador °**, Louise Merquiol ¢,
Marc Metzke “™", Stefano Miserocchi *®, Jiirgen Mobius *", Behzad Mostajir *'®,

Laure Mousseau **®, Joan Navarro '®, Nives Ogrinc *"'®, Marco Pansera *©®,

* Corresponding author at: Department of Earth, Environmental and Life Sciences (DISTAV), University of Genoa, Corso Europa 26, 16132 Genoa, Italy.

E-mail addresses: sarah.magozzi@unige.it (S. Magozzi), trueman@soton.ac.uk (C.N. Trueman), matthew.r.d.cobain@jyu.fi (M.R.D. Cobain), Kirsteen.Mackenzie@
ifremer.fr (K.M. MacKenzie), katiestjohnglew@gmail.com (K.St. John Glew), jantonio.canseco@ieo.csic.es (J.A. Canseco), eric.diazdelgado@atu.ie (E. Diaz-
Delgado), e.fanelli@univpm.it (E. Fanelli), paola.rumolo@cnr.it (P. Rumolo), jcartes@icm.csic.es (J.E. Cartes), boris.espinasse@nina.no (B. Espinasse),
dagnetta@ogs.it (D. Agnetta), marta.albo@ieo.csic.es (M. Albo-Puigserver), carme.alomar@ieo.csic.es (C. Alomar), francesca.alvisi@cnr.it (F. Alvisi), fabio.
badalamenti@cnr.it (F. Badalamenti), daniela.banaru@mio.osupytheas.fr (D. Banaru), daniela.berto@isprambiente.it (D. Berto), angelo.bonanno@cnr.it
(A. Bonanno), chiabon@libero.it (C. Bonaviri), lucia.bongiorni@cnr.it (L. Bongiorni), ybuyukates@comu.edu.tr (Y. Biiyiikates), antonicalafat@ub.edu
(A.M. Calafat Frau), elisa.camatti@cnr.it (E. Camatti), carolina.cantoni@cnr.it (C. Cantoni), luis.cardona@ub.edu (L. Cardona), Antoine.Carlier@ifremer.fr
(A. Carlier), michela.castellano@unige.it (M. Castellano), jacopo.chiggiato@cnr.it (J. Chiggiato), tcibic@ogs.it (T. Cibic), ilaria.conese@cnr.it (I. Conese), m.
coppari@staff.univpm.it (M. Coppari), dcostalago@oceana.org (D. Costalago), Pierre.Cresson@ifremer.fr (P. Cresson), isabella.dambra@szn.it (I. D’Ambra),
kirstin.daehnke@hereon.de (K. Dahnke), Audrey.DARNAUDE@cnrs.fr (A.M. Darnaude), salud.deudero@ieo.csic.es (S. Deudero), ezgeta@izor.hr (D. Ezgeta-
Bali¢), mgiani@ogs.it (M. Giani), agogou@hcmr.gr (A. Gogou), gerald.gregori@mio.osupytheas.fr (G. Grégori), tamar.guy-haim@ocean.org.il (T. Guy-Haim),
mireille.harmelin@mio.osupytheas.fr (M.L. Harmelin-Vivien), simon.jennings@ices.dk (S. Jennings), ak@hcmr.gr (A.P. Karageorgis), rolf.koppelmann@uni-
hamburg.de (R. Koppelmann), nlamp@hcmr.gr (N. Lampadariou), leonardo.langone@cnr.it (L. Langone), camilla.lienart.pro@gmail.com (C. Liénart), grazia.
mazzocchi@szn.it (M.G. Mazzocchi), antonio.mazzola@unipa.it (A. Mazzola), travis.meador@bc.cas.cz (T.B. Meador), louise.merquiol@univ-amu.fr
(L. Merquiol), marc.metzke@hereon.de (M. Metzke), stefano.miserocchi@cnr.it (S. Miserocchi), maischo@gmx.de (J. Mobius), behzad.mostajir@umontpellier.fr
(B. Mostajir), laure.mousseau@imev-mer.fr (L. Mousseau), joan@icm.csic.es (J. Navarro), nives.ogrinc@ijs.si (N. Ogrinc), marco.pansera@szn.it (M. Pansera),
spantoja@udec.cl (S. Pantoja-Gutiérrez), vpapioln@gmail.com (V. Papiol), ksparinos@hcmr.gr (C. Parinos), catalinapmas@gmail.com (C. Pasqual), aleka@hcmr.
gr (A. Pavlidou), rpedrosa@mbl.edu (R. Pedrosa-Pamies), john.pinnegar@cefas.co.uk (J. Pinnegar), nick.polunin@ncl.ac.uk (N.V.C. Polunin), mariaprot@hemr.gr
(M. Protopapa), drepeta@whoi.edu (D.J. Repeta), nadia.sabatino@cnr.it (N. Sabatino), jsachs@uw.edu (J.P. Sachs), anna.sanchez@ub.edu (A. Sanchez-Vidal),
gianluca.sara@unipa.it (G. Sara), nicolas.savoye@u-bordeaux.fr (N. Savoye), anna.schroeder@cnr.it (A. Schroeder), e.skylaki@hemr.gr (E. Skylaki), sigman@
princeton.edu (D.M. Sigman), geraldina.signa@unipa.it (G. Signa), guy.siv@ocean.org.il (G. Sisma-Ventura), istavrakaki@hcmr.gr (I. Stavrakaki), ulrich.struck@
mfn.berlin (U. Struck), tesan.onrubia@gmail.com (J.A. Tesan-Onrubia), tommaso.tesi@cnr.it (T. Tesi), sinan.uzundumlu@atauni.edu.tr (S. Uzundumlu), maria.
valls@ieo.csic.es (M. Valls), salvatrice.vizzini@unipa.it (S. Vizzini), tanya@hcmr.gr (S. Zervoudaki), Salemzgozi60@gmail.com (S.W. Zgozi), annamaria.zoppini@
irsa.cnr.it (A. Zoppini), zorica@izor.hr (B. Zorica), trevor.willis@szn.it (T.J. Willis).

https://doi.org/10.1016/j.pocean.2026.103794

Received 26 November 2025; Received in revised form 19 June 2026; Accepted 2 July 2026

Available online 7 July 2026

0079-6611/© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0003-4070-9105
https://orcid.org/0000-0003-4070-9105
https://orcid.org/0000-0003-1701-3986
https://orcid.org/0000-0003-1701-3986
https://orcid.org/0000-0003-4045-3445
https://orcid.org/0000-0003-4045-3445
https://orcid.org/0000-0003-1929-1904
https://orcid.org/0000-0003-1929-1904
https://orcid.org/0000-0002-7490-5588
https://orcid.org/0000-0002-7490-5588
https://orcid.org/0000-0002-3019-9095
https://orcid.org/0000-0002-3019-9095
https://orcid.org/0000-0003-1256-2257
https://orcid.org/0000-0003-1256-2257
https://orcid.org/0000-0002-2395-454X
https://orcid.org/0000-0002-2395-454X
https://orcid.org/0000-0002-8126-4328
https://orcid.org/0000-0002-8126-4328
https://orcid.org/0000-0002-3868-751X
https://orcid.org/0000-0002-3868-751X
https://orcid.org/0000-0001-9033-4992
https://orcid.org/0000-0001-9033-4992
https://orcid.org/0000-0002-4402-4587
https://orcid.org/0000-0002-4402-4587
https://orcid.org/0000-0002-6934-9759
https://orcid.org/0000-0002-6934-9759
https://orcid.org/0000-0002-3253-1768
https://orcid.org/0000-0002-3253-1768
https://orcid.org/0000-0002-1204-4006
https://orcid.org/0000-0002-1204-4006
https://orcid.org/0000-0001-6101-0112
https://orcid.org/0000-0001-6101-0112
https://orcid.org/0000-0003-1519-4891
https://orcid.org/0000-0003-1519-4891
https://orcid.org/0000-0002-3178-9409
https://orcid.org/0000-0002-3178-9409
https://orcid.org/0000-0001-7129-3902
https://orcid.org/0000-0001-7129-3902
https://orcid.org/0000-0002-0561-9617
https://orcid.org/0000-0002-0561-9617
https://orcid.org/0000-0003-2171-7150
https://orcid.org/0000-0003-2171-7150
https://orcid.org/0000-0002-6315-8919
https://orcid.org/0000-0002-6315-8919
https://orcid.org/0000-0003-4911-794X
https://orcid.org/0000-0003-4911-794X
https://orcid.org/0009-0000-1747-9909
https://orcid.org/0009-0000-1747-9909
https://orcid.org/0000-0002-5756-9543
https://orcid.org/0000-0002-5756-9543
https://orcid.org/0000-0002-5709-1594
https://orcid.org/0000-0002-5709-1594
https://orcid.org/0000-0002-2784-9931
https://orcid.org/0000-0002-2784-9931
mailto:sarah.magozzi@unige.it
mailto:trueman@soton.ac.uk
mailto:matthew.r.d.cobain@jyu.fi
mailto:Kirsteen.Mackenzie@ifremer.fr
mailto:Kirsteen.Mackenzie@ifremer.fr
mailto:katiestjohnglew@gmail.com
mailto:jantonio.canseco@ieo.csic.es
mailto:eric.diazdelgado@atu.ie
mailto:e.fanelli@univpm.it
mailto:paola.rumolo@cnr.it
mailto:jcartes@icm.csic.es
mailto:boris.espinasse@nina.no
mailto:dagnetta@ogs.it
mailto:marta.albo@ieo.csic.es
mailto:carme.alomar@ieo.csic.es
mailto:francesca.alvisi@cnr.it
mailto:fabio.badalamenti@cnr.it
mailto:fabio.badalamenti@cnr.it
mailto:daniela.banaru@mio.osupytheas.fr
mailto:daniela.berto@isprambiente.it
mailto:angelo.bonanno@cnr.it
mailto:chiabon@libero.it
mailto:lucia.bongiorni@cnr.it
mailto:ybuyukates@comu.edu.tr
mailto:antonicalafat@ub.edu
mailto:elisa.camatti@cnr.it
mailto:carolina.cantoni@cnr.it
mailto:luis.cardona@ub.edu
mailto:Antoine.Carlier@ifremer.fr
mailto:michela.castellano@unige.it
mailto:jacopo.chiggiato@cnr.it
mailto:tcibic@ogs.it
mailto:ilaria.conese@cnr.it
mailto:m.coppari@staff.univpm.it
mailto:m.coppari@staff.univpm.it
mailto:dcostalago@oceana.org
mailto:Pierre.Cresson@ifremer.fr
mailto:isabella.dambra@szn.it
mailto:kirstin.daehnke@hereon.de
mailto:Audrey.DARNAUDE@cnrs.fr
mailto:salud.deudero@ieo.csic.es
mailto:ezgeta@izor.hr
mailto:mgiani@ogs.it
mailto:agogou@hcmr.gr
mailto:gerald.gregori@mio.osupytheas.fr
mailto:tamar.guy-haim@ocean.org.il
mailto:mireille.harmelin@mio.osupytheas.fr
mailto:simon.jennings@ices.dk
mailto:ak@hcmr.gr
mailto:rolf.koppelmann@uni-hamburg.de
mailto:rolf.koppelmann@uni-hamburg.de
mailto:nlamp@hcmr.gr
mailto:leonardo.langone@cnr.it
mailto:camilla.lienart.pro@gmail.com
mailto:grazia.mazzocchi@szn.it
mailto:grazia.mazzocchi@szn.it
mailto:antonio.mazzola@unipa.it
mailto:travis.meador@bc.cas.cz
mailto:louise.merquiol@univ-amu.fr
mailto:marc.metzke@hereon.de
mailto:stefano.miserocchi@cnr.it
mailto:maischo@gmx.de
mailto:behzad.mostajir@umontpellier.fr
mailto:laure.mousseau@imev-mer.fr
mailto:joan@icm.csic.es
mailto:nives.ogrinc@ijs.si
mailto:marco.pansera@szn.it
mailto:spantoja@udec.cl
mailto:vpapioln@gmail.com
mailto:ksparinos@hcmr.gr
mailto:catalinapmas@gmail.com
mailto:aleka@hcmr.gr
mailto:aleka@hcmr.gr
mailto:rpedrosa@mbl.edu
mailto:john.pinnegar@cefas.co.uk
mailto:nick.polunin@ncl.ac.uk
mailto:mariaprot@hcmr.gr
mailto:drepeta@whoi.edu
mailto:nadia.sabatino@cnr.it
mailto:jsachs@uw.edu
mailto:anna.sanchez@ub.edu
mailto:gianluca.sara@unipa.it
mailto:nicolas.savoye@u-bordeaux.fr
mailto:anna.schroeder@cnr.it
mailto:e.skylaki@hcmr.gr
mailto:sigman@princeton.edu
mailto:sigman@princeton.edu
mailto:geraldina.signa@unipa.it
mailto:guy.siv@ocean.org.il
mailto:istavrakaki@hcmr.gr
mailto:ulrich.struck@mfn.berlin
mailto:ulrich.struck@mfn.berlin
mailto:tesan.onrubia@gmail.com
mailto:tommaso.tesi@cnr.it
mailto:sinan.uzundumlu@atauni.edu.tr
mailto:maria.valls@ieo.csic.es
mailto:maria.valls@ieo.csic.es
mailto:salvatrice.vizzini@unipa.it
mailto:tanya@hcmr.gr
mailto:Salemzgozi60@gmail.com
mailto:annamaria.zoppini@irsa.cnr.it
mailto:annamaria.zoppini@irsa.cnr.it
mailto:zorica@izor.hr
mailto:trevor.willis@szn.it
www.sciencedirect.com/science/journal/00796611
https://www.elsevier.com/locate/pocean
https://doi.org/10.1016/j.pocean.2026.103794
https://doi.org/10.1016/j.pocean.2026.103794
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pocean.2026.103794&domain=pdf
http://creativecommons.org/licenses/by/4.0/

S. Magozzi et al. Progress in Oceanography 248 (2026) 103794

Silvio Pantoja-Gutiérrez *©®, Vanesa Papiol **, Constantine Parinos “‘, Catalina Pasqual”’,
Alexandra Pavlidou *“®, Rut Pedrosa-Pamies "*®, John Pinnegar “"®, Nicholas V.C. Polunin "",
Maria Protopapa *‘, Daniel J. Repeta ™, Nadia Sabatino "*®, Julian P. Sachs ",

Anna Sanchez-Vidal *®, Gianluca Sara ”, Nicolas Savoye “'®, Anna Schroeder ", Ester Skylaki °,

Daniel M. Sigman "¢ Geraldina Signa """"®, Guy Sisma-Ventura*, loanna Stavrakaki *,
Ulrich Struck "'®, Javier A. Tesan-Onrubia

sbiP® Tommaso Tesi *Y, Sinan Uzundumlu *'®,
Maria Valls °®, Salvatrice Vizzini """, Soultana Zervoudaki *‘, Salem W. Zgozi "™,
Annamaria Zoppini ""®, Barbara Zorica ”'®, Trevor J. Willis “"

2 Department of Earth, Environmental and Life Sciences (DISTAV), University of Genoa, Corso Europa 26, 16132 Genoa, Italy

b National Biodiversity Future Center (NBFC), Piazza Marina 61, 90133 Palermo, Italy

¢ Department of Integrative Marine Ecology, Stazione Zoologica Anton Dohrn (SZN-EMI), Fano Marine Center, Viale Adriatico 1N, 61032 Fano (PU), Italy

4 School of Ocean and Earth Science, University of Southampton, Waterfront Campus, European Way, SO14 3ZH Southampton, United Kingdom

€ Department of Biological and Environmental Science, University of Jyvaskyld, Seminaarinkatu 15, 40014 Jyvaskylan yliopisto, Finland

f Ifremer, Unité Halieutique Manche Mer du Nord (HMMN), Laboratoire Ressources Halieutiques, F-62200 Boulogne-sur-Mer, France

8 Centro Oceanogrdfico de Cadiz, Instituto Espanol de Oceanografia (COCAD-IEO), Puerto Pesquero, Muelle de Levante s/n, 11006 Cadiz, Spain

" Marine and Freshwater Research Center, Atlantic Technological University, H91 TSNW Galway, Ireland

! Department of Life and Environmental Sciences (DISVA), Polytechnic University of Marche, Via Brecce Bianche, 60131 Ancona, Italy

J Institute for Marine Biological Resources and Biotechnology, National Research Council (CNR-IRBIM), Largo Fiera della Pesca 2, 60125 Ancona, Italy

K mnstitute of Marine Sciences, National Research Council (CNR-ISMAR), Naples, Italy

! Renewable Marine Resources, Institut de Ciencies del Mar (ICM), CSIC, Passeig Maritim de la Barceloneta, 37-49, 08003 Barcelona, Spain

™ Norwegian Institute for Nature Research, Fram Center, 9296 Tromsg, Norway

™ Section of Oceanography, National Institute of Oceanography and Applied Geophysics - OGS, Via Beirut 2, 34151 Trieste, Italy

© Oceanographic Center of the Balearic Islands (COB-IEO, CSIC), Moll de Ponent s/n, 07015 Palma, Spain

P Institute of Marine Sciences, National Research Council (CNR-ISMAR), Via Piero Gobetti 101, 40129 Bologna, Italy

9 Institute of Anthropic Impacts and Sustainability in marine environment, National Research Council (CNR-IAS), Lungomare Cristoforo Colombo 4521, 90149 Palermo,
Italy

¥ School of Geosciences, University of Edinburgh, The King’s Buildings, EH9 3FE Edinburgh, United Kingdom

® Aix-Marseille University, University of Toulon, CNRS/INSU, IRD, Mediterranean Institute of Oceanography (MIO), UM 110, 163 avenue de Luminy, 13288 Marseille
cedex 09, France

¢ Italian Institute for Environmental Protection and Research (ISPRA), Chioggia, localita Brondolo, 30015 Chioggia (VE), Italy

Y Institute of Anthropic Impacts and Sustainability in Marine Environment, National Research Council (CNR-IAS), S.S. di Capo Granitola, Via del Mare 3, 91021 Torretta
Granitola, Campobello di Mazara (TP), Italy

Y Department of Earth and Marine Sciences, University of Palermo, Via Archirafi 18, 90123 Palermo, Italy

W Institute of Marine Sciences, National Research Council (CNR-ISMAR), Arsenale - Tesa 104, Castello 2737/F, 30122 Venice, Italy

* Department of Marine Sciences, Marine Science and Technology Faculty, Ganakkale Onsekiz Mart University, 17020 Ganakkale, Tiirkiye

Y GRC Geociencies Marines, Departament de Dinamica de la Terra i de I'Ocea, Universitat de Barcelona, Carrer Marti i Franques s/n, 08028 Barcelona, Spain

“ Institute of Marine Sciences, National Research Council (CNR-ISMAR), Area Science Park, Basovizza 10, 34149 Trieste, Italy

2 Department of Evolutionary Biology, Ecology and Environmental Science, Faculty of Biology, University of Barcelona, Av. Diagonal 643, 08028 Barcelona, Spain
> Ifremer, Dy iques des Ecosyste Cotiers (DYNECO), Laboratory of Coastal Benthic Ecology, F-29280 Plouzané, France

¢ Institute of Oceanography, Hellenic Center for Marine Research, 46.7 km Athinon-Souniou Avenue, 19013 Anavyssos, Greece

2 Section of Oceanography, National Institute of Oceanography and Applied Geophysics - OGS, Via Auguste Piccard 54, 34151 Trieste, Italy

¢ Sorbonne Université, Laboratoire d’Océanographie Microbienne (LOMIC UMR 7621 CNRS-SU), Observatoire Océanologique de Banyuls, Avenue Pierre Fabre, F-
66650 Banyuls-sur-Mer, France

af Oceana, 1025 Connecticut Ave NW #200, Washington, DC 20036, USA

%8 Department of Integrative Marine Ecology, Stazione Zoologica Anton Dohrn (SZN-EMI), Villa Comunale, 80121 Naples, Italy

ab rnstitute of Carbon Cycles, Helmholtz-Zentrum Hereon, Max-Planck-Str. 1, 21502 Geesthacht, Germany

al Marine Biodiversity, Exploitation and Conservation (MARBEC), UMR 9190, CNRS, Université de Montpellier, Ifremer, IRD, Place Eugene Bataillon, Case 93, 34095
Montpellier cedex 05, France

4 Laboratory for Fisheries Science, Institute of Oceanography and Fisheries, Set. I. Mestrovica 63, 21000 Split, Croatia

ak National Institute of Oceanography and Applied Geophysics - OGS, Borgo Grotta Gigante 42c, 34010 Sgonico (TS), Italy

al National Institute of Oceanography, Israel Oceanographic and Limnological Research, 3102201 Haifa, Israel

M Centre for Environment, Fisheries and Aquaculture Science, Lowestoft Laboratory, Pakefield Road, NR33 OHT Lowestoft, United Kingdom

4% International Council for the Exploration of the Sea, H. C. Andersens Boulevard 44-46, DK 1553 Copenhagen, Denmark

% Institute of Marine Ecosystem and Fishery Science, University of Hamburg, Grosse Elbstrasse 133, 22767 Hamburg, Germany

@ Institute of Oceanography, Hellenic Centre for Marine Research, Former American Base of Gournes 71500 Gournes, Crete, Greece

24 Institute of Polar Sciences, National Research Council (CNR-ISP), Via Piero Gobetti 101, 40129 Bologna, Italy

" Université de Bordeaux, CNRS UMR 5805, Bordeaux INP, EPOC, Allée Geoffroy Saint-Hilaire, 33600 Pessac, France

s Biology Center of the Czech Academy of Sciences, Institute of Soil Biology and Biogeochemistry, Ceské Budéjovice, Czech Republic

 University of South Bohemia in Ceské Budéjovice, Faculty of Science, Ceské Budéjovice, Czech Republic

% Institute for Geology, University of Hamburg, Bundesstrafe 55, 20146 Hamburg, Germany

& Sorbonne Université, Laboratoire d’Océanographie de Villefranche (LOV UMR 7093 CNRS SU), Institut de la Mer de Villefranche, 181 chemin du Lazaret, F-06230
Villefranche-sur-Mer, France

W Department of Environmental Sciences, Jozef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia

# Sicily Marine Center, Stazione Zoologica Anton Dohrn (SZN), Villa Pace - Contrada Porticatello 29, 98167 Messina, Italy

& Departamento de Oceanografia and Centro de Investigacién Oceanografica COPAS Coastal, Facultad de Ciencias Naturales y Oceanogrdficas, Universidad de
Concepcion, 4070386 Concepcion, Chile

9 Escuela Nacional de Estudios Superiores Mérida, Universidad Nacional Auténoma de México, Tablaje Catastral 6998, Carretera Mérida-Tetiz km 4.5, 97357 Uctl,
Yucatan, Mexico

b3 The Ecosystems Center, Marine Biological Laboratory, 02543 Woods Hole, MA, USA

b School of Natural and Environmental Sciences, Newcastle University, NE1 7RU Newcastle upon Tyne, United Kingdom

be Department of Marine Chemistry and Geochemistry, Woods Hole Oceanographic Institution, 02543 Woods Hole, MA, USA

bd rnstitute of Marine Sciences, National Research Council (CNR-ISMAR), Campus Universitario, Via Archirafi, 90123 Palermo, Italy

be School of Oceanography, University of Washington, 98195 Seattle, WA, USA

Y Department of Earth and Marine Sciences, University of Palermo, Via delle Scienze Edificio 16, 90128 Palermo, Italy

b8 Geosciences Princeton University, Bridger Hall, 11 Ivy Lane, 08544 Princeton, NJ, USA



https://orcid.org/0000-0001-8225-7624
https://orcid.org/0000-0001-8225-7624
https://orcid.org/0000-0002-0031-4726
https://orcid.org/0000-0002-0031-4726
https://orcid.org/0000-0003-3504-4727
https://orcid.org/0000-0003-3504-4727
https://orcid.org/0000-0001-5061-9520
https://orcid.org/0000-0001-5061-9520
https://orcid.org/0009-0000-5646-7759
https://orcid.org/0009-0000-5646-7759
https://orcid.org/0000-0002-8209-1959
https://orcid.org/0000-0002-8209-1959
https://orcid.org/0000-0001-6433-8519
https://orcid.org/0000-0001-6433-8519
https://orcid.org/0000-0003-2171-3299
https://orcid.org/0000-0003-2171-3299
https://orcid.org/0000-0001-8563-099X
https://orcid.org/0000-0001-8563-099X
https://orcid.org/0000-0002-2276-6408
https://orcid.org/0000-0002-2276-6408
https://orcid.org/0000-0003-0366-9116
https://orcid.org/0000-0003-0366-9116
https://orcid.org/0000-0001-9070-8181
https://orcid.org/0000-0001-9070-8181
https://orcid.org/0000-0003-2474-5173
https://orcid.org/0000-0003-2474-5173
https://orcid.org/0000-0002-9131-4675
https://orcid.org/0000-0002-9131-4675
https://orcid.org/0000-0002-0357-1189
https://orcid.org/0000-0002-0357-1189

S. Magozzi et al.

Progress in Oceanography 248 (2026) 103794

R Consorzio Nazionale Interuniversitario per le Scienze del Mare (CoNISMa), Piazzale Flaminio 9, 00196 Rome, Italy

b Museun fiir Naturkunde, Leibniz Institute for Evolution and Biodiversity Science, Invalidenstrasse 43, 10115 Berlin, Germany

Y Conservatoire National des Arts et Métiers, Institut National des Sciences et Techniques de la Mer, Cherbourg-en-Cotentin, France
Yk Laboratoire Universitaire des Sciences Appliquées de Cherbourg (LUSAC), Cherbourg-en-Cotentin, France

Y Hirus Vocational School, Department of Medical Services and Techniques, Ataturk University, Erzurum, Tiirkiye

bm Marine Biology Research Center (MBRC), P.O. Box 30830 Tajoura, Libya

b1 National Research Council, Water Research Institute (CNR-IRSA), Area della Ricerca RM1, 000010 Montelibretti (RM), Italy

ARTICLE INFO

Keywords:

Isoscapes

Stable isotopes
Spatial modeling
Bayesian inference
Opportunistic datasets
Sampling design
Mediterranean Sea

ABSTRACT

Isoscapes — spatial models of stable isotope ratios — are powerful tools for understanding biogeochemical cycles,
food web structure, and ecological connectivity. In marine systems, however, broad-scale isoscapes are difficult
to constrain because reference datasets are typically heterogeneous and opportunistic. Bayesian hierarchical
models implemented through Integrated Nested Laplace Approximation (INLA) provide an efficient framework
for modeling spatial patterns while accounting for non-spatial variance. We tested whether broad-scale
geographic baseline isoscapes could be constrained for the Mediterranean Sea using INLA models applied to
an opportunistically compiled dataset from this semi-enclosed basin, where strong environmental gradients are
expected but spatially explicit baselines remain lacking. We assembled the most comprehensive dataset of 5!3C
and 5'°N values to date for low-trophic-level, primarily epipelagic food web compartments (> 6,000 samples
from > 600 sites). Although discrete regions of relatively high and low § values were identified, particularly for
515N, semivariograms and model outputs indicated only short-range spatial autocorrelation (ca. 40 km for §'3C;
65 km for §!°N) within this large dataset. Environmental covariates improved model fit for 5'°N values but did
not enhance predictive performance or alter spatial predictions. Our results demonstrate that even advanced
spatial models may not compensate where sampling design is structurally mismatched relative to unknown but
structured spatial and non-spatial sources of isotopic variation. Coordinated sampling designed to capture spatial
variability while accounting for major sources of non-spatial variance is required to develop robust marine

isoscapes supporting ecological and management applications in the Mediterranean Sea and similar regions.

1. Introduction

Stable isotope ratios of elements often vary systematically across
environments due to biogeochemical and physical processes (Bowen,
2010). These spatial patterns can be expressed as isoscapes — mecha-
nistic or statistical models that explicitly predict isotopic variation
across space (Bowen, 2010; West et al., 2010). Mechanistic models
predict spatial patterns from underlying physical and biogeochemical
processes, whereas statistical models infer spatial patterns directly from
observed data. Isoscapes provide valuable insight into biogeochemical
processes (Schmittner et al., 2013; Schmittner and Somes, 2016;
Buchanan et al., 2019a, 2022) and have broad applications in spatial
ecology (Vander Zanden et al., 2015; Trueman et al., 2017; St John Glew
et al., 2019a; Trueman et al., 2019), trophic ecology (Navarro et al.,
2013; Jennings and van der Molen, 2015; Bird et al., 2018; Pethybridge
et al., 2018a), and forensic traceability (Chesson et al., 2010; Slesser and
Trueman, 2021; Cusa et al., 2022; Martino et al., 2022).

In marine environments, isoscape development has traditionally
lagged behind terrestrial systems due to the logistical challenges of
obtaining reference samples at appropriate spatial and temporal scales
(Magozzi et al., 2017; Trueman and St John Glew, 2019). Mechanistic
models can partly overcome these limitations by predicting isotopic
variation from first principles (Magozzi et al., 2017; Somes et al., 2010),
but sample-based statistical isoscapes remain essential in systems where
spatial isotope patterns emerge from multiple interacting processes that
are difficult to resolve mechanistically.

Statistical isoscapes of carbon, nitrogen, and sulfur have been
developed for several oceanic regions (Trueman et al., 2017; McMahon
et al., 2013; MacKenzie et al., 2014; St John Glew et al., 2019b; Espi-
nasse et al., 2020; St John Glew et al., 2021; Espinasse et al., 2022),
offering opportunities for research and management at regional to basin
scales. These isoscapes are typically generated by spatially interpolating
measured isotope values based on geographic distance (Vander Zanden
et al.,, 2015; Trueman et al., 2017), relationships with environmental
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covariates (Jennings and Warr, 2003; Radabaugh et al., 2013), or both
(MacKenzie et al., 2014). Ideally, reference samples are obtained
through targeted, gridded sampling (e.g., Trueman et al., 2017)
designed to capture spatially structured variation. In practice, however,
most broad-scale marine isoscapes rely on opportunistically collected
data, particularly for offshore or logistically challenging regions
(McMahon et al., 2013; Espinasse et al., 2020; St John Glew et al., 2021;
Espinasse et al., 2022). Such datasets are often unevenly distributed in
space and heterogeneous with respect to time periods, depths, taxa, and
analytical methods. This heterogeneity introduces non-spatial sources of
isotopic variability — arising from temporal (seasonal to decadal scales;
e.g., Espinasse et al., 2022; Schloesser et al., 2009; Banaru et al., 2014;
Liénart et al., 2022; Giraldo et al., 2024; Liénart et al., 2024), vertical
(Saino and Hattori, 1980; Polunin et al., 2001; Koppelmann et al., 2009;
Fanelli et al., 2013; Pavlidou et al., 2020; Chaikalis et al., 2021), and
biological (Vander Zanden and Rasmussen, 2001; McCutchan et al.,
2003; Pecquerie et al., 2010; Canseco et al., 2022) processes — that can
confound spatial patterns. As a result, when sampling is not structured
relative to these sources of variation, underlying geographic signals may
be obscured or difficult to resolve (St John Glew et al., 2019b).

The increasing availability of compiled isotope datasets  (e.g.,
Arnoldi et al., 2023; Berto et al., 2025; IsoBank, 2025; IsoArcH, 2025)
creates new opportunities to develop isoscapes. Addressing this chal-
lenge requires statistical approaches capable of partitioning variance
into spatial and non-spatial components, allowing genuine geographic
structure to be distinguished from variation arising from opportunistic
data compilation (e.g., time periods, depths, taxa, sizes, trophic levels,
methods). Bayesian hierarchical models implemented through Inte-
grated Nested Laplace Approximation (INLA) provide an efficient and
flexible framework for spatial modeling while accounting for systematic
non-spatial variance, provided that spatial coverage is sufficient and
that key sources of non-spatial variation can be constrained (St John
Glew et al., 2019b, 2021; Espinasse et al., 2022). INLA-based methods
therefore offer a means to test whether spatial variance can be reliably
extracted from opportunistic datasets, and under what conditions spatial
and non-spatial sources of variance can be distinguished. This is a
question of broad relevance for large-scale ‘marine isoscape
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development.
1.1. The Mediterranean Sea test case

The Mediterranean Sea is an ideal candidate for isoscape develop-
ment. The region holds major ecological, economic, and geopolitical
significance but faces intense anthropogenic pressure from coastal
development, pollution, habitat degradation, and overfishing (Turley,
1999; Coll et al., 2010; Lotze et al., 2006; Halpern et al., 2008), with
many fish stocks already overexploited (Hilborn et al., 2020). Rapid
warming (Pisano et al., 2020; Kubin et al., 2023; Skliris et al., 2024; EEA
Sea Surface Temperature, 2025) and pronounced tropicalization in the
eastern basin (Vergés et al., 2014; Azzurro et al., 2019; Santana-Garcon
et al., 2023) are reshaping community structure and ecosystem func-
tioning. Lessepsian migrations through the Suez Canal continue to
introduce non-indigenous species, further altering Mediterranean food
webs (Raitsos et al., 2010; Fanelli et al., 2015; Tiralongo et al., 2022).
These ecological changes occur within a fragmented governance
framework that complicates coordinated management and conservation
(Mackelworth et al., 2019).

Stable isotope analyses have long been applied to ecological and
biogeochemical studies in the Mediterranean, yet most applications
remain geographically restricted and locally focused. Developing basin-
scale isoscapes would provide a unifying, spatially explicit framework to
integrate these diverse efforts, enabling isotopic data to be interpreted
consistently across broader geographic contexts. In turn, this would
enhance the capacity of isotope data to inform ecosystem-based man-
agement and spatial planning under accelerating environmental change.
Table 1 summarizes key Mediterranean applications of stable isotopes
that would directly benefit from spatialization through isoscapes.

The Mediterranean Sea consists of two deep basins with restricted
circulation and deep-water exchange. It exhibits pronounced biogeo-
chemical and climatic gradients: temperature and salinity increase
eastward, while nutrient availability and productivity decrease (Coll
et al., 2010; Salgado-Hernanz et al., 2019; Reale et al., 2022; Salgado-
Hernanz et al., 2022; Alvarez et al., 2023). North-to-south gradients
within both basins further reflect decreasing nutrient concentrations and
productivity alongside increasing temperature and salinity. These
environmental contrasts are expected to generate systematic isotopic
variation in pelagic surface primary production, producing predictable
5'3C and 8'°N gradients in macronutrients and low-trophic-level food
web compartments. For carbon, isotopic variability arises primarily
from fractionation during photosynthesis (Rau et al., 1989, 1996, 1997),
which depends on the carbon demand-to-supply ratio in phytoplankton
and is therefore influenced by CO; availability, phytoplankton growth
rate, and temperature (Rau et al., 1996, 1997; Laws et al., 1995, 1997).
Consequently, longitudinal gradients in CO; concentration, nutrient
availability, productivity, and temperature are expected to produce
broad west-to-east differences in phytoplankton §'°C values, as
demonstrated in other marine regions (St John Glew et al., 2019b,
2021). For nitrogen, spatial patterns in '°N values reflect variation in
nitrogen sources and utilization (Ryabenko, 2013): in oligotrophic
eastern regions, enhanced N, fixation and atmospheric deposition are
expected to introduce isotopically lighter nitrogen (Pantoja et al., 2002;
Wald et al., 2025; Mara et al., 2009; Emeis et al., 2010; Krom et al.,
2010), whereas in the more productive western regions, greater
anthropogenic and terrestrial nitrogen inputs contribute °N-enriched
nitrate. In contrast, deep-water gradients are likely to be subtler,
reflecting the basin’s relatively stable physical structure at depth and the
combined influences of remineralization, mixing, and deep-water for-
mation (Pavlidou et al., 2020; Chaikalis et al., 2021; Tecchio et al.,
2013).

Despite these expected gradients, no basin-scale isoscapes have yet
been developed for the Mediterranean Sea. This reflects both the lack of
spatially representative reference datasets for statistical modeling and
the challenges of mechanistically modeling semi-enclosed basins with
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Table 1

Summary of key stable isotope applications in the Mediterranean Sea that would
benefit from spatialization through isoscapes, encompassing biogeochemical,
ecological, and applied management contexts. Isoscapes provide spatially
explicit baseline information that supports consistent, basin-scale interpretation
of isotopic data and facilitates the integration of local studies. Where available,
examples of isoscape-based analyses are provided.

Biogeochemistry Trophic Ecology Spatial/ Applied
Movement Ecosystem
Ecology Management
and Forensics
Constraining the Establishing Providing Contributing to
balance of Ny isotopic baselines natural monitoring
fixation vs for spatial georeferenced frameworks (e.g.,
terrestrial/ inference of tags to MSFD; Berto
anthropogenic trophic geography complement et al.,, 2025;
nitrogen inputs and structure ( artificial tagging ~ Fanelli et al.,
in the Jennings and van (Trueman et al., 2022; Breton
Mediterranean der Molen, 2015; 2017; Trueman et al., 2023;
Sea (Pantoja Bird et al., 2018; and St John Liénart et al.,
et al., 2002; Pethybridge et al., Glew, 2019; 2025; Protopapa
Koppelmann 2018a; Arnoldi McMahon et al., et al., 2026)
et al., 2003; et al., 2023) and 2013); isoscapes
Cresson et al., for the remove the need
2016; Liénart parameterization for directed

etal., 2017; Wald
et al., 2025)

Testing and
refining isotope-
enabled
biogeochemical
models (
Schmittner et al.,
2013; Somes
et al., 2010) to
improve
reconstructions
of past (
Schmittner and
Somes, 2016;
Somes et al.,
2017; Buchanan
etal., 2019b) and
projections of
future nutrient
dynamics (
Buchanan et al.,
2019a, 2022)

Evaluating
biogeochemical
consequences of
deep-water mass
formation and its
temporal/spatial
variability

of isotope mixing
models, niche
analyses, and
assessments of
trophic
interactions (
Koppelmann et al.,
2009; Chouvelon
et al., 2012;
Mancinelli et al.,
2013; Reddin

et al., 2018;
MacKenzie et al.,
2019; Matich et al.,
2021; Merquiol

et al., 2023)
Accounting for
isotopic variation
in food web models
introduced by
mobile consumers
transporting
organic matter
across habitats or
trophic levels (
Trebilco et al.,
2016; Travers-
Trolet et al., 2019)

Informing and
testing ecosystem
models, facilitating
development of
isotope-enabled
food web models (
Jennings et al.,
2008; Navarro

et al., 20145
Pacellagéet al.,
2013; Pethybridge
et al., 2018b;

georeferenced
sampling of
target species in
all possible
origin regions (
Wunder, 2010;
Ma et al., 2020)

Coupling with
agent-based
models (
Trueman et al.,
2019;
Carpenter-Kling
et al., 2019),
tagging data (
Vander Zanden
et al., 2015;
Jaeger et al.,
2010; St John
Glew et al.,
2018) or
oceanographic
models (Arcioni
et al., 2025) to
improve
movement
reconstruction
accuracy and
identify feeding
hotspots
Quantifying
functional
connectivity (
McCauley et al.,
2012; Shipley
et al., 2023)

Optimizing
placement and
evaluating
effectiveness of
MPAs (McCook
et al., 2009;
Vizzini and
Mazzola, 2009;
Foley et al.,
2010)

Testing claims of
geographic origin
of seafood and
marine products
(e.g., combatting
IUU fishing and
food fraud, and
enhancing
regional product
protection;
Slesser and
Trueman, 2021;
Cusa et al., 2022)

(continued on next page)
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Table 1 (continued)

Biogeochemistry Trophic Ecology Spatial/ Applied
Movement Ecosystem
Ecology Management
and Forensics
McCormack et al.,
2019)

Quantifying the Tracing nutrient Identifying Supporting
proportional fluxes through routes for isotope
contributions of food webs across pathogen applications in
different organic habitats and depth transport via fisheries
matter sources, layers, including migratory management (
including land-sea interfaces species Jennings et al.,
terrestrial and (Darnaude et al., 2002; Pinnegar
riverine inputs, 2004; Darnaude, et al., 2003;
particularly 2005; Harmelin- Rumolo et al.,
across coastal- Vivien et al., 2018; Agnetta
offshore and 2008), vertical et al., 2024)
land-sea transfers (Polunin
gradients ( et al., 2001; Fanelli
Liénart et al., et al., 2013, 2009,

2017; Tesi et al., 2011; Papiol et al.,
2007; Sanchez- 2013), and

Vidal et al., 2009; benthic-pelagic
Pedrosa-Pamies coupling (Valls

et al., 2015; et al., 2014a;
Rumolo et al., Coppari et al.,
2015; Tesi et al., 2020; Masia et al.,
2013; Ferchiche 2024; Cobain et al.,
et al., 2025) unpubl results)

Tracing the entry Enabling Supporting
and dispersion of retrospective interpretations of
anthropogenic analyses from fundamental
nutrient archived ecological data
pollutants ( biological for data-deficient

Costanzo et al.,
2001; Vizzini and
Mazzola, 2004;
Rumolo et al.,
2011; Jona-
Lasinio et al.,
2015; Rossi et al.,
2018; Signa

et al., 2020;
Thibault et al.,
2020)

materials (
Trueman et al.,
2019;
MacKenzie

et al., 2011)

Investigate
spatial aspects
and
comparisons of
biological
invasions (
Hungate et al.,
2016; McCue
et al., 2020;
Bernardi et al.,
2024)

and high-
conservation-
concern species
(turtles, seabirds,
cetaceans,
elasmobranchs;
non-lethal
sampling;
Vander Zanden
et al., 2015; St
John Glew et al.,
2019a; Bird et al.,
2018; Arcioni

et al., 2025; Di
Lorenzo et al.,
2020; Smith

et al., 2021)

complex circulation dynamics (Magozzi et al., 2017; Somes et al., 2010).
However, the extensive collection of local and regional isotope datasets
provides an opportunity to construct a spatially broad, albeit hetero-
geneous, compiled reference dataset. Here, we leverage this opportunity
and use the Mediterranean Sea as a test case to evaluate the feasibility of
developing broad-scale geographic baseline isoscapes from opportunis-
tically compiled data. We assembled a comprehensive reference dataset
integrating available §'C and §'°N records from diverse sample types
representing low-trophic-level compartments of food webs primarily
fueled by epipelagic production. We then applied INLA models to test
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whether broad-scale isotopic gradients can be resolved from such data,
and to assess the extent to which spatial structure can be distinguished
from non-spatial sources of variation. Our aim is therefore not only to
develop a Mediterranean isoscape, but also to evaluate how sampling
design influences the ability to recover spatial patterns in isotopic data.
In particular, we focus on cases where sampling is not structured to
capture spatial variability, and where additional heterogeneity in sam-
pling conditions may further obscure underlying spatial signals. Ulti-
mately, our goal is to identify the conditions under which isoscape
models can provide robust spatial inference, and to inform future sam-
pling strategies in the Mediterranean Sea and other complex marine
systems.

2. Materials and methods
2.1. Data compilation

To develop isoscapes, we compiled all available georeferenced 5'3C
and 8'°N data from published and unpublished studies in the Mediter-
ranean region. During data compilation, it became clear that the
resulting dataset would unevenly be distributed in space and heteroge-
neous with respect to sample types, metadata, and sampling conditions,
and therefore not appropriately structured relative to expected under-
lying sources of isotopic variation. Constructing a usable reference
dataset under these conditions requires a tradeoff between restricting
inclusion to well-documented samples with standardized metadata, and
maximizing spatial coverage while accepting greater uncertainty (St
John Glew et al., 2019b). As isoscape models require geographically
extensive datasets to resolve spatial gradients, we opted for the latter
and prioritized spatial coverage.

The compiled dataset included a broad range of sample types, each
functionally representative — to varying degrees — of low-trophic-level
compartments of marine food webs primarily sustained by epipelagic
or pelagic production (Tables S1 and S2). Given inconsistencies in
metadata structure, completeness, and granularity across sources, we
classified samples into six broad ecological categories: pico-
nanoplankton, phytoplankton, particulate organic matter (POM),
zooplankton, suprabenthos, and sediment, following study-specific cat-
egorizations when available. Our category ‘pico-nanoplankton’ corre-
sponded to the < 20 pm fraction, ‘phytoplankton’ to identified
phytoplankton and/or the 20-200 um fraction, and ‘POM’ to samples
described as bulk particulate organic material or broad size fractions (<
200 um), with distinction between suspended and sinking material
retained where available. The ‘zooplankton’ category included bulk,
size-fractionated, or taxonomically resolved samples depending on data
availability, with size and taxonomic information retained where pro-
vided. ‘Suprabenthos’ included assemblages or taxa consistent with
suprabenthic ecology, such as caridean and penaeoid decapods, am-
phipods, isopods, and mysids. ‘Sediment’ samples corresponded to sur-
face sediments or upper sedimentary layers (typically < 0.5 cm). More
detailed category descriptions, size classes, and taxonomic levels are
provided in Tables S1 and S2. Sample categories were defined to
maximize within-group comparability and expected between-group
differences while retaining sufficient sample sizes for modeling. This
classification provided a pragmatic framework for partitioning variance,
enabling the full dataset to be used to model spatial isotope structure
while explicitly accounting for systematic differences among categories.
We included sediment samples as a category despite remineralization
processes, as surface sediment organic matter retains a largely epipe-
lagic origin (Pedrosa-Pamies et al., 2015; Rumolo et al.;/2015] Struck
etal., 2001). Similarly, suprabenthic organisms remain closely linked to
pelagic production despite interacting with benthic systems. (Polunin
et al., 2001; Fanelli et al., 2009; Madurell et al.}32008). Only minimal
exclusion criteria were applied a priori. We excluded samples that did not
represent low-trophic-level compartments fueled by pelagic production,
including riverine particulate organic matter, sediment cores (affected
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by diagenetic alteration), strictly benthic infaunal organisms, and
higher-trophic-level consumers with carnivorous diets (e.g., cephalo-
pods, teleosts, and elasmobranchs). Individual baseline samples with
5'3C and/or 8'°N values outside plausible bulk marine environmental
ranges (—40 to —10%o and —5 to 15%o for 5'3C and 8'°N, respectively)
were excluded. Samples from very nearshore locations were excluded
during model construction, as environmental covariate data were un-
available at those sites given the spatial extent and resolution of the
covariate layers (Table S3).

2.2. Environmental covariates

Environmental variables previously shown to correlate with 5!°N
and §'3C values (e.g., MacKenzie et al., 2014; St John Glew et al., 2019b;
Espinasse et al., 2022; Jennings and Warr, 2003; Barnes et al., 2009) and
varying across broad spatial gradients in the Mediterranean Sea were
selected for the models. Environmental data encompassing both phys-
ical and biogeochemical variables were obtained from the Copernicus
Monitoring Environment Marine Service (Copernicus Marine Service
(CMEMS), 2025), with monthly averages available at 0.042° x 0.042°
spatial resolution for the period 2009-2019. Physical variables — sea
surface temperature (SST), bottom temperature (BT), sea surface salinity
(Sal), mixed layer depth (MLD), and bathymetry (Bathy) - were
extracted from the Mediterranean Sea Physics Reanalysis product
(MEDITERRANEAN SEA_MULTIYEAR PHY_006_004; Escudier et al.,
2021). Biogeochemical variables — chlorophyll a concentration (Chl),
phytoplankton biomass (phytoC), primary production (PP), and con-
centrations of nitrate (NO3), phosphate (PO%'), ammonium (NHZ), and
dissolved inorganic carbon (DIC) — were obtained from the coupled
Mediterranean Sea Biogeochemistry Reanalysis model (MEDITERRA-
NEAN SEA_MULTIYEAR BGC_006_008; Cossarini et al., 2021).

We used model-derived climatologies rather than observational (e.g.,
satellite) datasets for three main reasons. First, satellite products are
unavailable for several variables relevant to isotope dynamics (e.g., DIC,
nutrients, bottom temperature). Second, model outputs provide inter-
nally consistent fields for both physical and biogeochemical variables at
matching spatial and temporal resolutions. Third, the CMEMS Rean-
alysis products used here have been validated against extensive in situ,
satellite, and climatological observations and show good performance at
basin scales (Escudier et al., 2021; Cossarini et al., 2021). For example,
physical variables show strong agreement with observations (e.g., RMSD
ca. 0.55 °C for SST; ca. 0.17-0.18 PSU for Sal), while biogeochemical
variables effectively reproduce basin-scale distributions and variability
(e.g., RMSD ca. 0.04 mg m~° for Chl in open waters; ca. 0.07-0.19 mg
m~3 for NOj across depth layers). Model-derived climatologies therefore
capture large-scale spatial gradients and vertical structure across the
Mediterranean Sea, although uncertainties increase at finer spatial and
temporal scales. This approach ensures spatial and temporal coherence
among covariates while maintaining ecological relevance across a broad
suite of variables. For integrated surface values, monthly values for each
variable were averaged across depths shallower than 40 m, corre-
sponding to the lower limit of the seasonal thermocline in the Medi-
terranean Sea (Hecht et al., 1988; Benincasa et al., 2024). Monthly
climatologies were then computed across years (2009-2019), from
which annual averages were derived.

In addition to environmental variables, we included the spatially
derived least-cost distance to coast (dCoast) as an additional covariate.
This was computed from each grid cell to the nearest coastline using a
binary cost surface, where movement through sea cells had low and
equal cost (conductance = 1), while land was treated as an impassible
barrier (conductance = 0). The cost surface was generated from a raster
at the same resolution as the modeled climatologies, and distance cal-
culations were performed using the gdistance R package (van Etten,
2017). This metric captures the complex coastal and island geography
of the Mediterranean Sea and provides a more realistic representation of
marine connectivity than straight-line (Euclidean) distance.
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For spatial prediction, we created a regular 50 km resolution grid
based on a custom Lambert Azimuthal Equal-Area (LAEA) projection
centered on the Mediterranean Sea, covering the domain from —4° to
39.5° longitude and from 27.5° to 44.5° latitude. Covariate values were
extracted at each grid point. To avoid extrapolation beyond the range of
observed environmental conditions, we excluded prediction points with
missing covariate values or with values falling outside 5% of the
observed range at sample locations. All covariates were mean-centered
prior to modeling (see Fig. S5 for maps of individual environmental
variables).

2.3. Sample variograms

To independently assess spatial autocorrelation in the reference
samples, we computed empirical semivariograms for §'3C and &'°N
values (Zuur et al., 2017). Instead of Euclidean distances, we used least-
cost distances between sample locations, calculated using the same
approach as for dCoast described above. Semivariograms were gener-
ated using 100 evenly spaced distance bins from 0 to 4000 km, retaining
only bins containing > 500 sample pairs to ensure robust estimates.

To compare basin-scale spatial autocorrelation patterns with those in
areas characterized by denser and more spatially uniform sampling, we
also computed semivariograms for three subregions: the Adriatic Sea,
Gulf of Lion, and Balearic Sea. Bin widths were adjusted to 22.5, 6.25,
and 8.75 km, respectively, to reflect the smaller spatial extent of these
subregions while maintaining sufficient sample support (> 100 pairs per
bin).

While INLA-based models explicitly account for non-spatial, cate-
gory-level differences via random effects, semivariograms were
computed using all reference samples pooled across categories. As a
result, estimates of spatial autocorrelation may be confounded by
between-category variation. Category-specific semivariograms were not
feasible due to limited spatial coverage within individual categories.
Consequently, semivariograms reflect both spatial structure and the
sampling structure of categories. Because categories differ in spatial
clustering and coverage, short-distance bins may be dominated by
within-category comparisons, whereas larger distance bins may
increasingly include between-category comparisons.

2.4. INLA models

To construct isoscape models, we used a Bayesian hierarchical
spatial modeling framework implemented through the INLA method via
the R-INLA package (R-INLA, 2025; Rue et al., 2009). This approach
allows environmental covariates to be included as linear fixed effects,
and both spatial (via a latent Gaussian Markov Random Field; hereafter
spatial field) and nominally non-spatial (e.g., categorical groupings)
factors are modeled as random effects. The application of INLA to iso-
scape modeling is described in detail by St John Glew et al. (St John
Glew et al., 2019b); here we summarize only the elements specific to
this study.

INLA enables flexible modeling of spatial fields using a Delaunay
triangulated mesh that accounts for boundary effects (i.e., land; Fig. 57).
Observation locations served as the initial mesh vertices, with additional
vertices added to optimize triangle size while maintaining higher reso-
lution in areas with denser sampling. To capture broad-scale spatial
structure but avoid interpolation artefacts; the maximum triangle edge
length was set to 100 km.

Each isotope value was modeled as a function of covariates (where
included), sample category, and a spatial field (Eq. (1)):

Y; ~ Intercept + p.X; + f(U;) + f(W;) + &
Ui ~ N(07 czcategory)

W; ~ N(0,9)
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& ~ N(0,0?) €Y}

where Y; is the isotope value (8'°N or §'3C) at location i, X; is a vector of
covariates with associated coefficients f;, U; is the category random ef-
fect, W; represents the spatial field (with Matérn covariance Q), and ¢; is
the independent residual.

In addition to linear fixed effects, covariates were also modeled as
smooth terms. Smooth terms were constructed as second-order basis
splines using a 1D mesh and corresponding projection (A) matrix,
specifying nine equally distributed knots to capture potential non-linear
patterns while minimizing the risk of overfitting. Smooth terms were
preferred over interaction terms due to their flexibility, which improves
predictive performance and facilitates the emergence of non-linear re-
lationships. Non-informative default priors were applied throughout.

We tested a suite of INLA models combining linear or smooth
covariates, sample category, and spatial structure, along with null
models that included only spatial and category random effects. Model
selection was based primarily on Watanabe-Akaike Information Criteria
(WAIC), complemented by evaluation of predictive performance (Pear-
son correlation coefficient, p, between observed and fitted values), and
posterior estimates of the spatial field’s range (spatial autocorrelation)
and variance. Using the selected models, we predicted isotope values at
the mesh vertices. These predictions were interpolated across mesh
triangles using a second-order (quadratic) basis function via Bayesian
kriging to generate spatially continuous isoscapes. For each grid cell, we
extracted mean and variance predictions to map the expected isotopic
composition and associated uncertainty of low-trophic-level compart-
ments of marine food webs primarily fueled by epipelagic production
across the Mediterranean Sea.

2.4.1. Covariate and random effect structure

Preliminary model testing was conducted to identify the most
appropriate covariate set and random-effect structure for subsequent
comparisons among null, linear, and smooth models, and for isoscape
prediction. For covariate selection, environmental variables we first
assessed for collinearity using pairwise correlations and variance infla-
tion factors (VIFs). Collinear variables were then summarized using
principal component analysis (PCA) based on values extracted at each
sample location, including temperature (SST), productivity (Chl, phy-
toC, and PP), and nutrients (NO3, PO3, and NHZ). The first principal
component (PC1) explained > 80% of the variance and represented a
broad west-to-east gradient of increasing temperature and decreasing
nutrients and productivity. PC2 explained only 7-8% (for 8*°N and 5'3C,
respectively) of the variance and primarily captured finer-scale nutrient
contrasts (see Fig. S6 for PCA of full set of environmental variables).
Despite its limited contribution to total variance, PC2 was retained for
testing to assess potential improvement in model performance. We also
compared alternative variables among other collinear pairs (DIC vs Sal,
Bathy vs dCoast). Non-collinear variables (BT, MLD) and PC1 were
retained in all models. The final covariate set used in model comparisons
included BT, MLD, PC1, DIC, and Bathy.

To evaluate random-effect structure, we tested alternative groupings
of isotopically similar or ecologically related categories (e.g., combining
pico-nanoplankton and POM, and phytoplankton and POM based on
expected partial overlap between size fractions; and combining pico-
nanoplankton and sediment based on observed §'3C similarity). We
also explored reduced dataset configurations (e.g., excluding supra-
benthos or retaining only POM without a category effect). In addition,
we tested the inclusion of season and year as additional random effects
using both crossed (Category + Season; Category + Year) and nested
(Season within Category) structures in restricted datasets with complete
temporal metadata. Across all tests, these alternative structures did not
improve predictive performance, spatial structure, or interpretability.
For completeness, Category + Season models are reported for compar-
ison. Subsequent analyses therefore focus on the most parsimonious and
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informative structure, including category as the sole random effect with
all six category levels and the full dataset.

3. Results
3.1. The Mediterranean Sea reference dataset

The compiled dataset comprised 5,428 samples from 595 locations
for 5'°N and 6,034 samples from 610 locations for §!°C across the
Mediterranean Sea (Tables S1 and S2). Despite its size, spatial coverage
was highly uneven. Sampling density was highest in the Gulf of Lion and
Balearic Sea, moderate in the Adriatic, Ionian, and Aegean-Cretan Seas,
and sparse in the southern and southeastern Mediterranean, particularly
in the southern Levantine Basin (Fig. 1 and S2A, B).

The distribution of sample categories also varied spatially (Fig. 1 and
S2C, D). POM and zooplankton accounted for over 75% of samples in
most areas, although their relative contributions differed regionally.
Zooplankton dominated datasets from the Adriatic (58-65% for 5'3C
and 615N), Ligurian (60-63% for 5'°N and 6136), and Balearic Seas
(52-55% for 513C and 615N), whereas POM was most prevalent in the
Aegean Sea (91-95% for 8'°N and 6'3C) and eastern Mediterranean
(0.53-64% for 8'°N and &'3C). Pico-nanoplankton, phytoplankton,
suprabenthos, and sediment were less frequently sampled and more
unevenly distributed. Sediment samples were more common in the
Tyrrhenian (16-17% for 5'3C and §!°N), Adriatic (19-27% for 5'°N and
813C), and Tonian Seas (3-19% for 5'3C and 615N); pico-nanoplankton
and phytoplankton were concentrated in the Ligurian Sea (17-18% for
55N and 5'3C); and suprabenthos was represented only in the western
Mediterranean (2-3% for 5!°N and 613C) and Balearic (20-22% for 513C
and 8'°N) and Ionian Seas (22-30% for §'°N and §'3C).

Vertical and seasonal sampling structure varied among sea areas and
categories. Approximately 61-66% of samples (for 5!°N and &'°C,
respectively) were collected from epipelagic depths (< 200 m), pri-
marily comprising pico-nanoplankton, phytoplankton, POM, and
zooplankton (Fig. $3). Deeper samples contributed 21-23% (5!°C and
515N) from mesopelagic, 8-10% (5'3C and 5'°N) from bathypelagic, and
< 1% (both isotopes) from hadal depths, and were mainly represented
by POM, zooplankton, and sediment in the Balearic, Adriatic, Ionian and
Aegean Seas, as well as in the eastern Mediterranean. Suprabenthos
samples originated primarily from mesopelagic depths.

Total sampling period spanned from October 1993 to March 2022 for
515N and from July 1995 to March 2022 for 8'C. Seasonal coverage was
uneven across sea areas and categories, with many category x season
combinations underrepresented or absent (Fig. S4). Metadata on depth,
year, and season were frequently incomplete or inconsistently reported.
Together, these patterns highlight the uneven and heterogeneous
structure of the reference dataset.

3.2. Isotopic variability in the Mediterranean Sea

Values of §!°N in the reference dataset had a mean + SD of 3.6 +
2.3%o, with 95% of values ranging from —1.1 to 8.4%.. Values of 5'3C
had a mean + SD of -22.6 + 2.7%., spanning a 95% interval from —27.3
to —15.7%.. Within-category variability (red diagonal values in
Table S4) ranged between 0.4 and 1.9%. (mean SD) for 5'°Nrand be-
tween 0.2 and 1.7%. for 5'°C. Sediment exhibited the lowest variability
for both isotopes, whereas pico-nanoplankton and suprabenthos showed
the highest variability for 8'°N and 8'3C, respectively. Overall, 5'°N
values showed slightly greater variability than 5'3C values; except in
phytoplankton and suprabenthos:

Between-category mean absolute differences (black off-diagonal
values in Table S4) ranged from 0.3 to 3.5%o for 5°N and from 0.1 to
4.1%o for 5'3C. On average, sediment was enriched in °N by 0.3%o
relative to POM (the smallest difference), while suprabenthos was
enriched by 3.5%o relative to sediment (the largest). Zooplankton was
also °N-enriched by 3.2%. compared to pico-nanoplankton but
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unexpectedly depleted by 2.7%o relative to phytoplankton. For 8!C, the
smallest difference (0.1%0) was between zooplankton and sediment,
with zooplankton slightly enriched in 3C relative to sediment. The
largest difference (4.1%0) occurred between sediment and phyto-
plankton, with phytoplankton enriched relative to sediment.
Zooplankton was 13¢_enriched relative to both POM (2.2%0) and pico-
nanoplankton (2.1%q). Overall, between-category differences were
often comparable in magnitude to within-category variability.

3.3. Sample variograms

Least-cost distance semivariograms showed that category-pooled
variance in both 8!°N and &'3C values increased sharply at small
spatial scales (within a few hundred kilometers; Fig. 2). For 515N,
semivariance increased steeply within the first 250 km, continued to
increase until ca. 600 km, and then fluctuated inconsistently thereafter
(Fig. 2A). The 8'3C semivariogram showed a similarly steep increase
within the first 250 km until ca. 750 km, followed by a noisy plateau and
a marked decrease between ca. 1,600 and 2,000 km (Fig. 2B). Spatial
autocorrelation in both isotopes was therefore limited to short distances
— on the order of a few hundred kilometers or less — beyond which
isotope values became statistically independent. Subregional semi-
variograms exhibited similarly weak or shorter-range spatial autocor-
relation than at the basin scale (Fig. S8), with some regions showing no
detectable autocorrelation. This indicates that small-scale variability
persisted even in regions with denser and more spatially uniform
sampling.

Because semivariograms were computed across pooled categories,
these patterns reflect both spatial structure and differences in sampling
among categories. Categories differed markedly in spatial support, with
mean nearest-neighbor least-cost distance ranging from 12.5-12.7 km
(for 8'°N and 5'3C, respectively) for suprabenthos to 138.5-144.5 km
(for 5'3C and §'°N) for pico-nanoplankton. As a result, short-distance
bins are dominated by comparisons among spatially clustered samples
within categories, whereas comparisons at larger distances increasingly
include samples from more spatially dispersed categories and between-
category contrasts. Consequently, semivariance reflects a mixture of
spatial and category-related variability that varies with distance.

Table 2
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3.4. INLA models

3.4.1. Model comparison

Comparisons of spatial vs non-spatial models showed that including
a spatial field substantially improved both model fit (WAIC) and pre-
dictive accuracy (p) for 515N and §'3C. For 8'°N null models, WAIC
decreased from 23,453.29 in the non-spatial model (MO) to 21,945.75 in
its spatial counterpart (MO0.SF), while p increased from 0.43 to 0.66. For
8'3C, WAIC decreased from 26,490.21 (MO) to 24,215.33 (MO.SF), with
p increasing from 0.59 to 0.79 (Table 2). Similar improvements were
observed when comparing non-spatial covariate-based models (M1lin,
M1sm) with their spatial counterparts (M1lin.SF, M1sm.SF; Table 2).

Within the spatial model set, the inclusion of environmental cova-
riates improved model fit for 8'°N relative to the null spatial model
when included as smooth terms, but not as linear fixed effects. For §'3C,
the inclusion of covariates — either as linear or smooth terms - did not
improve model fit relative to the null spatial model. For §!°N, the lowest
WAIC values were obtained for the smooth covariate model (M1sm.SF:
21,873.78), compared to 21,945.75 for the null spatial model (MO0.SF)
and 21,948.82 for the linear covariate model (M1lin.SF). In contrast, for
5'3C the lowest WAIC values were obtained for the null spatial model
(MO.SF: 24,215.33), with higher values for models including covariates
(M1lin.SF: 24,257.29; M1sm.SF: 24,264.02). Based on WAIC, the best-
performing models were therefore M1sm.SF for 8'°N and MO.SF for
513C. Predictive accuracy, however, remained nearly unchanged across
models (5'°N: p = 0.66-0.67; 6!3C: p = 0.79; Table 2), indicating that
improvements in WAIC were not accompanied by gains in predictive
performance. Thus, while smooth covariate terms improved model fit
for 5'°N, they did not enhance predictive accuracy despite increased
model complexity. Consistent with this, smooth covariate effects were
weak and poorly constrained, with no clear or consistent trends
(Fig. S9).

3.4.2. Spatial field random effect

Estimated spatial fields were characterized by short ranges and high
variances across models (Fig. 3 and S10), indicating that spatial isotope
variability in the dataset non-attributable to environmental covariates
(when present in the models) was dominated by strong small-scale
structure. For 615N, the smooth covariate model (M1sm.SF) yielded a
mean spatial field range of 65.4 km (95% credible interval: 48.4-85.8
km). Similar ranges were obtained for the null spatial model (MO.SF:
75.5 km; 57.8-99.1 km) and the linear covariate model (M1lin.SF: 72.7

Model comparison results for the 5'°N and 5'3C models. Models tested the inclusion of a spatial field as a random effect and environmental covariates as either linear
fixed effects or smooth terms. All models included category as a non-spatial random effect. Model fit was evaluated using the Watanabe-Akaike Information Criteria
(WAIC), and predictive accuracy was assessed from the Pearson correlation coefficient (p) between observed and fitted values. The effective number of parameters (Eff.
n parms) and most influential covariates (i.e., significant linear fixed effects or smooth terms with the largest attributed variance) are also reported. For correlations,
the t, p, 95% confidence interval, and degrees of freedom (df) are shown. All correlations were statistically significant (p-value < 0.001). Models are listed in order of

increasing WAIC for each isotope, with AWAIC reported relative to the best model.

Model Model formula WAIC AWAIC Eff. n parms t p 95% confidence interval df Significant covariates
5'°N

M1sm.SF Smooth + f(Category) + SF 21,873.78 na 251.73 66.04 0.67 0.65-0.68 5,426 Bathy, DIC, MLD, PC1
MO.SF f(Category) + SF 21,945.75 71.97 245.63 64.90 0.66 0.65-0.68 5,426 na

M1lin.SF Linear + f(Category) + SF 21,948.82 75.04 247.40 64.90 0.66 0.65-0.68 5,426 MLD

M1sm Smooth + f(Category) 22,895.48 1,021.70 42.25 45.08 0.52 0.50-0.54 5,426 All

M1lin Linear + f(Category) 23,346.84 1,473.06 14.19 36.93 0.45 0.43-0.47 5,426 Bathy, BT, MLD, PC1
MO f(Category) 23,453.29 1,579.51 9.63 34.93 0.43 0.41-0.45 5,426 na

8'3C

MO.SF f(Category) + SF 24,215.33 na 464.18 99.31 0.79 0.78-0.80 6,032 na

M1lin.SF Linear + f(Category) + SF 24,257.29 41.96 507.26 99.83 0.79 0.78-0.80 6,032 Bathy, MLD

M1sm.SF Smooth + f(Category) + SF 24,264.02 48.69 575.72 101.56 0.79 0.78-0.80 6,032 Bathy, DIC, MLD, PC1
Mlsm Smooth + f(Category) 25,717.11 1,501.78 45.76 67.88 0.66 0.64-0.67 6,032 All

M1lin Linear + f(Category) 26,220.12 2,004.79 17.53 60.57 0.61 0.60-0.63 6,032 Bathy, BT, DIC, PC1
MO f(Category) 26,490.21 2,274.88 12.27 56.87 0.59 0.57-0.61 6,032 na

Model notation: MO = null model (no environmental covariates); M1lin = model with linear covariates; M1sm = model with smooth covariates; “.SF” indicates in-

clusion of a spatial field.
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Fig. 3. Posterior probability distributions of the spatial field range parameter for 8'°N (A) and 8'>C (B) models. All models include the spatial field and category as
random effects. Models shown are: (i) null spatial models without covariates (MO0.SF), ii) models with covariates as linear fixed effects (M1lin.SF), and iii) models
with covariates as smooth terms (M1sm.SF). Thicker lines indicate the best-performing models based on WAIC (M1sm.SF for 8'°N and MO.SF for 5'3C).

km; 54.4-96.7 km,; Fig. 3A). Thus, including covariates resulted in only a
marginal reduction in spatial range relative to the null model when
modeled as smooth terms, and no reduction when modeled as linear
effects. For 8'3C, spatial field ranges were even shorter and similarly
unaffected by the inclusion of covariates: MO.SF: 38.3 km (29.0-50.8
km), M1lin.SF: 32.4 km (23.6-44.2 km), and M1sm.SF: 33.6 km
(24.2-46.2 km; Fig. 3B). Mean spatial ranges were only slightly greater
than half of the maximum mesh edge length (100 km) for 615N, and less
than half for 5!3C. For reference, the mean nearest-neighbor distance
among unique sample locations was 22.2 + 28.1 km (median 13.2 km)
for 5!'°N and 19.0 + 38.7 km (median 7.0 km) for s'3c.

3.4.3. Non-spatial random effects

Marginal posterior distributions of the category random effect are
shown in Fig. 4. Substantial isotopic variability among categories (ca.
4%o for both 5!°N and §!3C) persisted across models, indicating this
variation was largely independent of environmental covariates and
continuous spatial structure. For &!°N, pico-nanoplankton had the
lowest values, phytoplankton and suprabenthos the highest, and POM,
sediment, and zooplankton were intermediate (Fig. 4A). For 5'3c, poM,
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pico-nanoplankton and sediment showed the lowest values, followed by
phytoplankton and zooplankton, with suprabenthos highest (Fig. 4B).
Posterior distributions overlapped more for 5'°N than for §!3C. For §'°N,
strong overlap occurred among POM, sediment, and zooplankton, and
between phytoplankton and suprabenthos. In contrast, §'C posteriors
showed clearer separation, with overlap mainly among POM, sediment,
and pico-nanoplankton, and between phytoplankton and zooplankton,
while suprabenthos remained distinct (Fig. 4).

The inclusion of season as an additional random effect, using a
reduced dataset (88-89% of samples for §'°N and §'3C) with complete
seasonal metadata, marginally improved WAIC values for both isotopes
(8'°N: WAIC: Category + Season = 19,092.34 vs Category = 19,189.84;
513C: WAIC: Category + Season = 21,129.12 vs Category = 21,167.19).
However, predictive accuracy and spatial range remained unchanged
(Table S5). Posterior variability among seasons was substantially
smaller (ca. 1%o for 615N, 0.5%o for 5'3C) than among categories, and
seasonal posteriors overlapped extensively (Fig. S12), with limited in-
fluence on category estimates.

Category

== Pico_nanoplankton
Phytoplankton

Zooplankton
Suprabenthos
Sediment

00
8'%c

Fig. 4. Marginal posterior distributions of the category random effect for §'°N (A) and §'3C (B) models. Each distribution ( | D) represents the probability density of
the deviation of a given category from the overall mean isotope value, conditional on the data. Distributions are derived from the best-performing models (M1sm.SF

for 8'°N and MO.SF for 5'3C).
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Fig. 5. Predicted isoscape surfaces for 8'°N (A, C) and 6'3C (B, D) across the Mediterranean Sea. Panels show posterior means (A, B) and posterior variances (C, D)
predicted by the best-performing models (M1sm.SF for §'°N and MO.SF for §'3C). Variances are displayed on a log; color scale for visualization. Points indicate
sampling locations. Predictions represent geographic baseline isoscapes derived from six sample categories representing low-trophic-level food web compartments
primarily supported by epipelagic production. Category was included as a non-spatial random effect to account for systematic differences among groups.

3.4.4. Predicted isoscapes

Isoscapes predicted using the best-performing models (M1sm.SF for
5'°N and MO.SF for 5'3C) showed that predictions were spatially con-
strained around areas with high sampling density (Fig. 5). In regions
farther from sampled locations, predicted values rapidly reverted to the
model’s global mean: 4.1 £+ 0.8%o (mean + SD) for 515N (Fig. 5A) and
—22.5 4 0.6%o for '3C (Fig. 5B). Prediction uncertainty was high across
the domain, with mean + SD predicted variances of 1.5 + 0.6%o for 5'°N
(range: 0.5-7.1%0) and 1.6 + 0.9%o for 53¢ (range: 0.4-7.8%o). The
spatial distribution of uncertainty closely mirrored that of the predicted
means, with lowest uncertainty at sampled locations and consistently
high uncertainty across unsampled areas (Fig. 5C, D).

In both isoscapes, mean spatial variation in predicted values (0.8%o
for 8'°N and 0.6%o for 5!°C) was smaller than mean posterior uncer-
tainty (1.5%o and 1.6%o, respectively), indicating that spatial differences
were weak relative to model uncertainty. The §'°N isoscape showed
apparent differences among discrete, well-sampled regions - for
example, lower predicted values in the Gulf of Lion and Aegean Sea
compared to higher values in the Balearic and Adriatic regions (Fig. 5A).
These differences exceeded local prediction uncertainty within well-
sampled regions, but did not persist across the distances separating
those regions, such that spatial differences were not maintained across
poorly sampled areas.

Predictions from models including covariates showed greater
apparent structure than those from null spatial models (Fig. S13-515).
However, this structure primarily reflected the spatial distribution of the
covariates used for prediction rather than improved recovery of isotope
gradients. Relative to null models, predictive accuracy remained un-
changed, spatial ranges did not decrease, and uncertainty remained high
across the domain. Overall, covariate-based models did not produce
more accurate or more spatially resolved predictions than the null
spatial models.
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4. Discussion

This study represents a first attempt to construct basin-scale iso-
scapes for the Mediterranean Sea using a large, opportunistically
compiled dataset of §!°N and 8'3C values from low-trophic-level com-
partments. Using a Bayesian INLA framework (St John Glew et al.,
2019b), we evaluated whether environmental covariates and spatial
autocorrelation could resolve broad-scale (hundreds of kilometers)
geographic structure in baseline isotope values while accounting for
sample heterogeneity through a category random effect.

Our main finding is that spatial variance in the dataset was domi-
nated by small-scale structure for both isotopes (ca. 40 km for §!3C and
65 km for 5'°N; Fig. 3), while the inclusion of environmental covariates
did not improve predictive performance (Table 2). This contrasts with
expectations for systems structured by broad-scale, environmental gra-
dients, where covariates explain large-scale variation and the spatial
field captures only weak, localized variance that cannot be attributed to
the covariates or other nominally non-spatial random effects. Instead,
both null and covariate-based models consistently produced short-
range, high-variance spatial fields, indicating that the spatial compo-
nent primarily fitted strong, localized non-attributable variance, rather
than coherent, basin-scale structure.

This pattern reflects a mismatch between the spatial structure of
isotopic variation and the sampling design. While isotopic variation is
expected to follow environmental gradients, the compiled dataset is not
structured to resolve these gradients or to separate spatial from non-
spatial sources of variation. Sampling is uneven relative to expected
spatial variation, and non-spatial sources of variability (e.g., category,
season, year, depth, taxonomy, method) are not only heterogeneous but
also spatially clustered. As .a result, non-spatial -effects become
confounded with space, and the spatial field absorbs variability arising
from true fine-scale heterogeneity and unresolved, spatially structured
non-spatial variation. This explains why spatial models outperformed
non-spatial ones (Table 2) despite failing to resolve broad-scale
gradients.
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Consequently, predicted isoscapes are constrained to short distances
and revert to near-uniform mean values outside well-sampled areas,
limiting their ability to represent continuous basin-scale patterns. That
is, predicted isoscapes primarily reflect the structure of the underlying
dataset rather than spatially resolved isotopic baselines. Apparent
regional differences — such as lower 5!°N values in the Gulf of Lion,
Liguro-Provencal basin, and southeastern Mediterranean, and higher
values in the Catalan-Balearic, Adriatic, and northern Aegean regions —
likely reflect real contrasts among discrete, well-sampled regions.
However, these differences cannot be reliably extrapolated beyond
sampled areas. They are captured as localized features rather than
components of a continuous spatial gradient, and their broader spatial
extent and connectivity across poorly sampled regions remain
unresolved.

4.1. Are there continuous isotopic gradients in the Mediterranean Sea?

Our results indicate that isotopic variation in the compiled dataset in
both 8!°N and 8'3C is dominated by localized structure rather than clear
basin-scale gradients. This pattern could arise from two non-mutually
exclusive scenarios: broad-scale isotope gradients may be genuinely
weak or absent in the Mediterranean Sea, or they exist but are not
resolved given the characteristics of the compiled dataset.

Regarding the first scenario, several independent lines of evidence
suggest that broad-scale isotope gradients do exist in the Mediterranean
Sea. Key environmental drivers of 3'3C and 5!°N - temperature, nutrient
availability, productivity, and nitrogen sources — differ markedly be-
tween the cooler, more eutrophic western basin and the warmer,
oligotrophic eastern basin (Fig. 1 and S5; Coll et al., 2010; Salgado-
Hernanz et al., 2019; Reale et al., 2022; Salgado-Hernanz et al., 2022;
Alvarez et al., 2023). These variables underpin mechanistic isoscape
models at global scales (Schmittner et al., 2013; Magozzi et al., 2017;
Somes et al., 2010) and are established predictors in sample-based iso-
scapes (e.g., St John Glew et al., 2019b; Espinasse et al., 2022). The
pronounced longitudinal gradients in these variables provide a strong
theoretical basis for expecting corresponding isotope gradients in
organic production. Empirical observations further support this expec-
tation. Basin-scale variation in §'3C DIC has been documented (< 0.5%o;
Pierre, 1999; Sisma-Ventura et al., 2016), consistent with productivity
and temperature gradients. Regional differences in §'°C and/or 5!°N
values have also been reported across a range of taxa and ecosystem
compartments, including POM (Chaikalis et al., 2021), crustaceans
(Cartes et al., 2014), cephalopods (David Wells et al., 2021), fishes
(Andrews et al., 2023), and sea turtle hatchlings (Cardona et al., 2014),
as well as at finer spatial scales in coastal fishes (Jennings et al., 1997;
Rumolo et al., 2016). Even within our dataset, winter POM samples
show consistent, albeit subtle, differences between the western and
eastern basins (3'°N: 0.4%o, W = 46206, p-value < 0.05; 5'3C: 1.2%o, W
= 41350, p-value < 0.05). Similarly, the full 515N dataset (and corre-
sponding isoscape) supports differences among discrete, well-sampled
regions, although spatial modeling cannot determine whether these
represent continuous gradients or isolated regional signals (Fig. 5).
Taken together, these observations indicate that isotopic gradients likely
exist at both basin and regional scales in the Mediterranean Sea.

Nonetheless, basin-scale gradients may be relatively weak. For car-
bon, the longitudinal temperature gradient is modest (ca. 5 °C across the
basin; Fig. 1 and S5) compared to the stronger latitudinal contrasts (2-3-
fold larger) that drive pronounced 8'3C isoscapes in larger oceanic
systems (Espinasse et al., 2020; St John Glew et al., 2021), though
comparable to variation in UK shelf seas (St John Glew et al., 2019b).
Similarly, chlorophyll a concentrations in the Mediterranean (ca. 0.2 mg
m’g; Fig. 1 and S5) are substantially lower (ca. 1-2 orders of magnitude)
than in more productive systems (St John Glew et al., 2019b; Espinasse
et al., 2020, 2022; Cobain et al., unpubl results), potentially resulting in
weaker isotope gradients. Moreover, environmental controls can act in
opposing directions — for example, cooler temperatures in the west tend
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to lower phytoplankton §'3C values (Rau et al., 1989), whereas higher
nutrient availability can elevate it through increased growth rates (Rau
et al.,, 1996, 1997; Laws et al., 1995, 1997). For nitrogen, contrasts in
source contributions between the two basins (Pantoja et al., 2002;
Koppelmann et al., 2003; Struck et al., 2001) may be dampened by
overlapping processes (Wald et al., 2025; Mara et al., 2009; Emeis et al.,
2010; Krom et al., 2010; Ibello et al., 2010; Benavides et al., 2016),
including N fixation in both basins (Bonnet et al., 2011; Rahav et al.,
2013; Ridame et al., 2022) and variable anthropogenic inputs. Basin-
scale circulation and mixing further homogenize surface baselines,
reducing the isotopic expression of underlying biogeochemical gradients
(e.g., Chaikalis et al., 2021; Merquiol et al., 2023). Interannual vari-
ability in circulation and Atlantic inflow may additionally disrupt or
weaken persistent large-scale patterns (Millot and Taupier-Letage,
2005).

4.2. Dataset limitations and implications for modeling continuous isotopic
gradients

While environmental gradients and biogeochemical processes may
constrain the strength of isotope patterns, the ability to detect such
gradients ultimately depends on how the data are structured relative to
those processes. In this study, the compiled dataset was not suitably
structured to resolve spatial isotopic variation expected along environ-
mental gradients. Sampling was uneven in space and confounded mul-
tiple sources of variability (e.g., category, season, year, depth,
taxonomy, method), which were not independently represented across
the basin and were, to varying extents, themselves spatially structured.
Although hierarchical models are designed to accommodate unbalanced
sampling, the co-occurrence of these sources of variability in space
limits the ability to separate spatial from non-spatial effects. As a result,
spatial and non-spatial sources of variation could not be effectively
disentangled.

The key limitation is not simply uneven sampling, but that non-
spatial sources of variation are themselves spatially structured. When
non-spatial factors are spatially clustered or covary with environmental
gradients, they become confounded with space. Under these conditions,
non-spatial variability can be expressed as spatial signal, and the spatial
field absorbs variance arising from both true geographic structure and
unresolved, spatially structured non-spatial effects. Consequently, the
spatial component does not represent purely geographic variation, but
reflects the combined structure of the data.

The issue is further amplified by the spatial distribution of sampling.
Observations are strongly concentrated in coastal environments, while
offshore regions — particularly in the southern and eastern Mediterra-
nean — are comparatively underrepresented. Coastal environments are
inherently more isotopically variable due to localized biogeochemical
inputs (e.g., river plumes, lagoons), short-term temporal fluctuations,
complex trophic interactions, and anthropogenic influences (e.g.,
Banaru et al., 2014; Liénart et al., 2017; Signa et al., 2020; Darnaude
et al., 2004; Cresson et al., 2012; Miller et al., 2013; Chen etfal., 2023),
reducing signal-to-noise ratios in the data. In contrast, offshore regions
typically exhibit lower variability and provide the spatial context
necessary to resolve basin-scale gradients. This imbalance does not
simply reduce coverage, but disproportionately weights model fitting
toward highly variable, spatially clustered observations, | further
increasing the likelihood that non-spatial variability is expressed as
spatial structure.

Among non-spatial effects, sample category was the only factor that
could be consistently modeled across the full dataset, yet it captured
only part of the variability, accounting for ca. 32.8-38.5% (for '°N and
813C, respectively) of the combined category and residual variance.
Substantial differences among categories (ca. 4%o for both 8'°N and
5'3C) persisted across models, confirming that category represents an
important source of isotopic variation independent. of environmental
covariates and spatial structure. If unaccounted for, such variability
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could bias inference, as differences of this magnitude represent a major
portion of the spatial variance typically observed in marine isoscapes.
While the category random effect captured some structured differences
among groups, posterior distributions often overlapped between
ecologically distinct categories or deviated from expected trophic pat-
terns (Fig. 4), particularly for 5'°N, which is typically trophically
structured due to substantial trophic discrimination (DeNiro and
Epstein, 1978, 1981; Post, 2002). For instance, zooplankton, as con-
sumers, would be expected to exhibit higher §'°N than phytoplankton,
yet the reverse was observed (Fig. 4A). These inconsistencies likely arise
because category distributions covary with location and other unmod-
eled factors, rather than reflecting purely ecological differences.
Consequently, the category effect absorbed both true group-level dif-
ferences and spatially confounded or non-categorical variability,
limiting its interpretability.

Other key sources of variation — particularly season and depth —
were likely among the strongest drivers of isotopic variability (e.g.,
Polunin et al., 2001; Fanelli et al., 2013, 2011; Papiol et al., 2013;
Cresson et al., 2012; Savoye et al., 2003; Valls et al., 2014b) but could
not be reliably incorporated due to incomplete or inconsistent metadata
and their uneven, spatially structured representation. For instance,
sampling season was often missing or not comparable across regions
with differing climatic and oceanographic regimes (e.g., eastern and
western basins) and among sample types with different isotopic incor-
poration rates (e.g., phytoplankton vs suprabenthic invertebrates).
Critically, season and depth were not sufficiently represented across
space and categories to support their inclusion as random effects in the
full dataset. Including season as an additional crossed random effect in a
reduced dataset with complete metadata marginally improved model fit
but did not enhance predictive performance or alter spatial predictions
(Table S5), indicating that additional model complexity described in-
ternal dataset structure rather than resolving underlying processes.
Under these conditions, season likely functions in part as a sampling
block (e.g., reflecting individual surveys or cruises) rather than repre-
senting a coherent temporal signal, as also suggested by the lack of
consistent patterns in posterior distributions (Fig. S12). Similarly, depth-
related processes — including subsurface production, vertical transport,
and remineralization — introduce additional variability, as reworking
extends trophic pathways before incorporation into sampled pools (e.g.,
POM), thereby modifying 5'°N and 5'3C values relative to surface pro-
ducers (Saino and Hattori, 1980; Pavlidou et al., 2020; Chaikalis et al.,
2021; Pasqual et al., 2015). Such variability cannot be separated from
surface signals under the available sampling design. Limited vertical
resolution further constrains the ability to resolve these effects, which
would likely require fully three-dimensional modeling approaches.

We argue that, taken together, these factors result in a low signal-to-
noise ratio, in which spatially structured variation is obscured by un-
resolved local and non-spatial variability. The short spatial ranges and
weak predictive performance observed across models therefore reflect
the interaction between structured sources of variation and a sampling
design that is not aligned with them, rather than the absence of isotopic
gradients in the system.

Importantly, these limitations do not reflect poor data quality. The
compiled dataset integrates high-quality observations from numerous
studies (Table S1) and is large relative to many existing marine isoscapes
(> 6000 samples from > 600 sites), comparable to or exceeding that of
datasets used in isoscapes for the Southern Ocean (N > 3000 samples; St
John Glew et al., 2021), North Atlantic (N = 570; Espinasse et al., 2022),
or UK shelf seas (N = 627; St John Glew et al., 2019b). Metadata
incompleteness or inconsistency should not be interpreted as a defi-
ciency: in studies not designed for spatial analysis, such information is
often unnecessary. Similar gaps are widespread - for example, Skinner
et al. (Skinner et al., 2022) reported that 17% of isotope studies in coral
reef ecosystems lacked sufficient detail to identify sampling time or
location. Rather the limitation lies in the lack of alignment between
sampling design and the requirements of spatial modeling. There is clear
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structure in the data — and thus potential to generate informative iso-
scapes — but the opportunistic nature of sampling prevents meaningful
separation of spatial and non-spatial components of isotopic variation.

More broadly, this case illustrates a general limitation of applying
variance-partitioning spatial models to opportunistically compiled
datasets. Isoscapes can be derived when sampling designs allow key
sources of variation to be represented across space in a way that enables
their effects to be distinguished statistically. When this condition is not
met, variance is partitioned according to the structure of the data rather
than underlying processes, and resulting isoscapes cannot be interpreted
as true geographic signals. These challenges are not unique to the
Mediterranean, but are likely to arise in any system where sampling is
unstructured relative to spatially and ecologically structured sources of
variation. For spatial isotope applications, reference datasets must be
built from spatially explicit, coordinated, and appropriately replicated
sampling efforts — such as basin-scale epipelagic surveys or Continuous
Plankton Recorder-type programs (Richardson et al., 2006). High-
quality data alone are not sufficient; alignment between sampling
structure and modeling requirements is essential.

4.3. Implications for spatial inference from compiled datasets and future
sampling design

Broad-scale gradients in 5!°N and 8'3C values have been successfully
identified in several marine systems using opportunistic or mixed-source
datasets (e.g., McMahon et al., 2013; Espinasse et al., 2020; St John
Glew et al., 2021; Espinasse et al., 2022). However, these cases were
generally more amenable to spatial modeling than the Mediterranean
Sea. Samples were typically more homogenous and often restricted to
specific epipelagic compartments (e.g., POM; St John Glew et al., 2021;
copepods; Espinasse et al., 2020, 2022; or gelatinous plankton; St John
Glew et al., 2019b), and in some cases were explicitly collected for
isoscape construction (St John Glew et al., 2019b). This allowed models
to more effectively separate spatial structure from species- or time-
related effects and recover coherent isotope patterns. In contrast, the
Mediterranean dataset integrates a broader range of sample types across
an environmentally complex and dynamic basin. While this increases
ecological relevance and spatial coverage, it also introduces multiple,
interacting sources of variability that limit the ability of spatial models
to accurately partition variance.

These findings have broader implications as compiled isotope data-
sets become increasingly available (e.g., Berto et al., 2025; IsoBank,
2025; IsoArcH, 2025; see also Arnoldi et al., 2023; Silva et al., 2022) and
are applied to spatial modeling (Perga et al., 2026). When key sources of
variance are uncontrolled or spatially confounded, even advanced
Bayesian spatial models cannot compensate for limitations in sampling
design. This has consequences not only for isoscape construction but for
any analysis relying on hierarchical or spatial inference from opportu-
nistic data.

Several diagnostic indicators can help assess whether a dataset is
suitable for spatial applications: (i) semivariograms showing only short-
range autocorrelation; (ii) spatial fields with short estimated ranges and
high variances; (iii) random effects (e.g., category) with posterior dis-
tributions that deviate from ecological expectations; and (iv) environ-
mental covariates that fail to improve predictive performance or to
reduce the spatial field’s range and variance. Together, these signals
indicate that spatial isotope structure is unresolved. In such cases, iso-
scape predictions should not be extrapolated beyond sampled locations,
and even local predictions should be interpreted cautiously, as the
spatial field may primarily reflect non-attributable variance rather than
genuine local signals. More broadly, these limitations extend beyond
spatial analyses. In non-spatial analyses (e.g., mixing models, niche
analyses, or time-series), it may be even more difficult to determine
whether a lack of predictable structure reflects true ecological vari-
ability or an artefact from uncontrolled variance in opportunistic
datasets.
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To support robust spatial inference, sampling design must be aligned
with the structure of isotopic variation. This does not require uniform
coverage, but key sources of variability must be represented across space
in a way that allows their effects to be distinguished statistically. In
practice, this means ensuring that different levels of important factors (e.
g., category, season, depth, etc.) are not systematically clustered in
specific regions or confounded with spatial gradients.

Future efforts in the Mediterranean and similar systems should pri-
oritize systematic, targeted, and coordinated sampling strategies. To
separate spatial from non-spatial effects, key sources of variance should
be represented across space at scales comparable to observed or ex-
pected autocorrelation ranges. Replication does not need to occur at
every location, but variation must be structured such that contrasts can
be estimated independently of location. Stratified designs (e.g., inshore
vs offshore systems; see Fanelli et al., 2022; Tesan-Onrubia et al., 2023)
may also be effective when environmental drivers operate at different
scales. Without such structure, increasing sample size alone will not
improve inference, as unresolved variability will continue to be absor-
bed into spatial components. In contrast, fine-scale, structured sampling
- particularly in spatially heterogeneous areas such as coastal and island
systems — would allow non-spatial variance to be explicitly modeled,
reduce overfitting by the spatial field, and improve the detection of
meaningful gradients. That said, resolving spatial variation across
multiple scales simultaneously remains logistically constrained:
capturing kilometer-scale variability across the entire Mediterranean
would require sampling densities that are not realistically achievable.
Where full standardization is not feasible, comprehensive, high-quality
metadata remain essential to ensure that data structure can be incor-
porated into models.

Large-scale coordinated programs such as GEOTRACES (2025)
demonstrate the feasibility of spatially extensive, intercalibrated sam-
pling. In the Mediterranean, similar progress could be achieved by
integrating isotope analyses into existing monitoring programs (e.g.,
MEDITS; Spedicato et al., 2019; MEDIAS; Giannoulaki et al., 2021;
PELMED; Ifremer, 2022). Embedding isotope sampling within ongoing
surveys would also align with ecosystem-based monitoring frameworks
(de Boois, 2019). Adding §'3C and 8'°N analyses to routine sampling of
low-mid trophic level organisms — such as benthic filter feeders (e.g.,
bivalves; Jennings and Warr, 2003; Liénart et al., 2025; Barnes et al.,
2009; and pelagic species, e.g., forage fish, scyphomedusae; St John
Glew et al.,, 2019b) — would provide spatially coherent proxies for
baseline variation at relatively low cost, complementing efforts under
Descriptor 4 (“Marine Food Webs”) of the EC Marine Strategy Frame-
work Directive (MSFD; EU, 2008) to assess trophic structure. Such taxa
offer advantages for isoscape development: primary producers and POM
are often too dynamic to resolve large-scale patterns, zooplankton often
include mixed trophic strategies, and higher trophic levels integrate
signals over too broad spatial and temporal scales. In contrast, shorter-
lived forage fish and similar organisms provide a balance between
spatial coverage, ecological integration, and limited mobility (Rumolo
et al., 2025; Ortiz et al., 2024).

Ultimately, progress toward reliable isoscapes in the Mediterranean
region and elsewhere will depend not on data volume alone, but
alignment between sampling strategies and modeling objectives.

5. Conclusions

We compiled thousands of stable isotope measurements from across
the Mediterranean Sea, revealing substantial isotopic variation and
spatial structuring at multiple ecological and spatial scales across the
region. These patterns indicate that meaningful isotopic heterogeneity
exists within Mediterranean food web baselines and confirm that iso-
topic variation in the basin contains a spatially informative signal.
However, advanced Bayesian models were unable to reliably resolve this
heterogeneity into a single continuous isoscape from the available
opportunistic dataset, despite its size and the high quality of the
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individual studies. This does not imply isotopic homogeneity or the
absence of spatial gradients across the Mediterranean, but rather an
inability to resolve and reliably generalize those gradients given the
mismatch between sampling design and the requirements of spatial
inference. Our results demonstrate that even sophisticated hierarchical
models do not yield reliable isoscapes when sampling is not structured
relative to the underlying spatial and ecological gradients (Rumolo
et al., 2025).

The compiled dataset nevertheless represents a valuable resource
and diagnostic framework. Beyond documenting basin-wide isotopic
variability, it provides empirical insight into the conditions under which
spatial inference succeeds or fails, and therefore informs future sampling
strategies. Assembled from thousands of measurements spanning the
Mediterranean basin, it represents one of the most comprehensive stable
isotope syntheses currently available for the region. Reliable isoscape
development will require systematic, spatially explicit, and targeted
sampling designs integrated with coordinated monitoring programs to
constrain key sources of variability. In the Mediterranean, this challenge
is amplified by oceanographic and ecological features that promote
strong fine-scale variability, including oligotrophy, restricted circula-
tion, localized inputs, mesoscale processes such as fronts, eddies, and
upwelling, and complex habitat mosaics (Darnaude et al., 2004; Fanelli
et al., 2011; Rumolo et al., 2018; Cartes et al., 2024; Bury et al., 2024),
representing an ecological limit to the generalization of isotopic base-
lines. More broadly, as large datasets become increasingly available,
caution is warranted (see Kerr et al., 2025). Opportunistic datasets are
often biased (St John Glew et al., 2019b, 2021; Espinasse et al., 2022;
Courtiol and Rousset, 2017), and sophisticated hierarchical models are
no substitute for well-structured sampling. Robust ecological inference
therefore depends not only on data availability, but on critically eval-
uating dataset structure and aligning sampling design with analytical
objectives.

6. Data availability

All data and R code used in this study are publicly available on
Zenodo (Magozzi and Cobain, 2026).
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