
A 2,000-years record of eelgrass (Zostera marina L.) colonization shows substantial gains in blue 1 

carbon storage and nutrient retention 2 

 3 

Martin Dahl1*, Martin Gullström1, Irene Bernabeu2, Oscar Serrano2,3, Carmen Leiva-Dueñas4, Hans W. 4 

Linderholm5, Maria E. Asplund6, Mats Björk7, Tinghai Ou5, J. Robin Svensson8, Elinor Andrén1, Thomas 5 

Andrén1, Sanne Bergman9, Sara Braun1, Anneli Eklöf7, Zilvinas Ežerinskis10, Andrius Garbaras10, Petter 6 

Hällberg11, Elin Löfgren7, Malin E. Kylander12, Pere Masqué3,13, Justina Šapolaitė10, Rienk Smittenberg12, 7 

Miguel A. Mateo2,3 8 

 9 

 10 

1School of Natural Sciences, Technology and Environmental Studies, Södertörn University, Huddinge, 11 

Sweden 12 

2Centro de Estudios Avanzados de Blanes, Consejo Superior de Investigaciones Científicas (CEAB-13 

CSIC), Blanes, Spain 14 

3Centre for Marine Ecosystems Research, School of Natural Sciences, Edith Cowan University, 15 

Joondalup WA, Australia. 16 

4Department of Ecoscience, Aarhus University, Aauhus C, Denmark 17 

5Regional Climate Group, Department of Earth Sciences, University of Gothenburg, Sweden  18 

6Department of Biological and Environmental Sciences, University of Gothenburg, Kristineberg, 19 

Fiskebäckskil, Sweden  20 

7Department of Ecology, Environment and Plant Sciences, Stockholm University, Stockholm, Sweden  21 



8Department of Marine Sciences, University of Gothenburg, Gothenburg, Sweden  22 

9The Arctic University Museum of Norway, UiT – The Arctic University of Norway, Tromsø, Norway  23 

10Center for Physical Sciences and Technology, Vilnius, Lithuania 24 

11Department of Geological Sciences and Bolin Center for Climate Research, Stockholm University, 25 

Stockholm, Sweden  26 

12Swiss Federal Institute for Forest, Snow and Landscape Research, Birmensdorf, Switzerland 27 

13International Atomic Energy Agency, Principality of Monaco, Monaco  28 

 29 

*Corresponding author: Martin Dahl (martin.dahl@sh.se) 30 

 31 

Author contributions: MD, MG, MEA, MB, RoS, MAM developed the original research idea; MD, MG, 32 

MB, OS and MAM acquired research funding. IB, CLD, TO, SB, SBr, AE, ZE, AG, PH, EL, MK, PM, JS 33 

performed the analyses with input from OS, HWL, RS, MAM. MD wrote the first draft of the manuscript. 34 

All authors contributed to the drafting of the manuscript and gave the final approval for publication.35 



 36 

Abstract 37 

Assessing historical environmental conditions linked to habitat colonization is important for 38 

understanding long-term resilience, and to improve conservation and restoration efforts. Such information 39 

is lacking for the seagrass Zostera marina, an important foundation species across cold-temperate coastal 40 

areas of the Northern Hemisphere. Here we reconstructed environmental conditions during the last 14,000 41 

years from sediment cores in two eelgrass (Z. marina) meadows along the Swedish west coast, with the 42 

main aims to identify the time frame of seagrass colonization and describe subsequent biogeochemical 43 

changes following establishment. Based on vegetation proxies (lipid biomarkers), eelgrass colonization 44 

occurred about 2,000 years ago after geomorphological changes that resulted in a shallow, sheltered 45 

environment favoring seagrass growth. Seagrass establishment led to up to 20– and 24–fold rise in carbon 46 

and nitrogen accumulation rates, respectively. This demonstrates the capacity of seagrasses as efficient 47 

ecosystem engineers and their role in global change mitigation and adaptation through CO2 removal, and 48 

nutrient and sediment retention. Through combining regional climate projections and landscape models 49 

we assessed potential climate change effects on seagrass growth, productivity and distribution until 2100. 50 

These predictions showed that seagrass meadows are mostly at risk by increased sedimentation and 51 

changed hydrodynamics, while the impact from sea level rise alone might be of less importance in the 52 

studied area. This study showcases the positive feedback between seagrass colonization and 53 

environmental conditions, which holds promise for successful conservation and restoration efforts aimed 54 

at supporting climate change mitigation and adaptation, and the provision of several other crucial 55 

ecosystem services.  56 
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Key points (max 140 characters)  63 

 Decreased hydrodynamics and water depth created a favorable environment for eelgrass 64 

establishment 2,000 years ago 65 

 Carbon and nitrogen burial increased in order of magnitudes following seagrass colonization 66 

 Palaeoecological information on environmental conditions linked to seagrass colonization can aid 67 

conservation and restoration efforts  68 

 69 

 70 
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 73 

Plain language summary 74 

This study investigated the historical colonization of the eelgrass (Zostera marina), an important marine 75 

plant in cold-temperate coastal regions. Sediment cores from eelgrass meadows at the Swedish west coast 76 

dating back up to 14,000 years were examined aiming at understanding the time-course of eelgrass 77 

colonization and the subsequent modification of the environment. 78 

We found that eelgrass colonization began approximately 2,000 years ago, coinciding with the 79 

development of shallow, sheltered conditions that favored eelgrass growth. As eelgrass established, this 80 

led to substantial habitat and sediment changes, leading to up to 20- and 24–fold increase in carbon and 81 

nitrogen accumulation, respectively. This highlights the crucial role of eelgrass as provider of important 82 

ecosystem services, for instance regulation of climate, nutrient retainment, and sediment protection. We 83 

also examined the potential effects of climate change on eelgrass growth and health, predicting that 84 

increased water turbidity and altered water flow pose the greatest risks. 85 

Overall, this study adds valuable insights into the relationship between eelgrass and its environment, 86 

aiding in conservation and restoration efforts to mitigate climate change and maintain essential ecosystem 87 

services. It emphasizes the importance of specific environmental conditions for successful eelgrass 88 

colonization and restoration.  89 

 90 

 91 

92 



 93 

Introduction 94 

Shallow coastal habitats, including seagrass meadows, are highly productive and diverse marine 95 

ecosystems (Barbier et al., 2011). Eelgrass (Zostera marina L.) is globally one of the most prevalent 96 

seagrass species with a geographical distribution spanning the whole cold-temperate zone of the Northern 97 

hemisphere (Short et al., 2007). Seagrass meadows provide a myriad of ecosystem services, such as 98 

biodiversity maintenance, provision of nursery habitats, contribution to climate change mitigation and 99 

coastal protection, and water purification (Nordlund et al., 2016). Thus, seagrasses contribute with 100 

important ecological services for the wellbeing of people and the planet. Through the reduction of 101 

hydrodynamic forces within the seagrass canopy and stabilization of sediment within the root-rhizome 102 

system, seagrasses trap and embed organic and inorganic particles (Lei et al., 2023; Samper-Villarreal et 103 

al., 2016) of both allochthonous and autochthonous origin (Asplund et al., 2021; Kennedy et al., 2010; 104 

Oreska et al., 2018) leading to accumulation of thick organic-rich sediment deposits, which can remain 105 

stable over millennia (Mateo et al., 1997). Through continuous sediment accretion, seagrass meadows 106 

support long-term blue carbon storage, nutrient retention and reduced turbidity (through sediment 107 

stabilization) in coastal areas (Lima et al., 2020; Mazarrasa et al., 2018). 108 

The colonization of seagrasses in cold-temperate regions is highly dependent on the attenuation of 109 

irradiance with increasing water depth, and the lower depth limit of Z. marina distribution is usually 110 

regulated by water transparency and turbidity (Krause-Jensen et al., 2011; Nielsen et al., 2002), which is 111 

often negatively impacted by eutrophication, coastal exploitation (e.g. sedimentation) and climate change 112 

(Rabalais et al., 2009). Today, coastal environments are commonly impacted from compound stressors 113 

(e.g. increased sea surface temperature and nutrients load) that could strengthen the overall impacts even 114 

further through stimulating growth of filamentous– or microalgae, epiphytes and biofilms that will reduce 115 

water clarity and decrease the light attenuation (Moore et al., 2012). The colonization, growth and 116 

distribution of Z. marina is hence driven by environmental conditions, such as hydrodynamic-driven 117 



turbidity and water depth, and human-induced disturbances, affecting water quality. To understand 118 

historical establishment and subsequent colonization of seagrass plants, paleoreconstruction of 119 

sedimentary records has been successfully performed for seagrass meadows (Serrano et al., 2020), 120 

providing insights into the dynamics of ecosystem health status in response to long-term environmental 121 

change (Leiva-Dueñas et al., 2021; López-Sáez et al., 2009; Mateo et al., 2010). As seagrass loss and 122 

recolonization is related to environmental dynamics, information on past environmental conditions linked 123 

to seagrass ecosystem integrity could be of vital help for coastal managers guiding seagrass restoration 124 

efforts as well as to predict impacts on seagrass distribution and provisioning of ecosystem services from 125 

future climate change.  126 

The ongoing climate change is considered a major threat to seagrass habitats (Short and Neckles, 1999) 127 

potentially leading to dramatic changes in the coastal environment, including loss of seagrass meadows 128 

(Orth et al., 2006). The global temperatures have drastically increased during the 21st century (IPCC 129 

2021), which entails the thermal expansion of the oceans and melting of land ice. Therefore, sea levels are 130 

predicted to increase globally (Masson-Delmotte et al., 2021), although regionally the rising sea levels 131 

could offset local sea level regressions from ongoing isostatic uplift (Meier et al., 2004). In addition, 132 

precipitation in the cold-temperate zone has increased and even higher precipitation is expected, with 133 

stronger rainfall events in the near future (Pörtner et al., 2022), which can lead to increased turbidity and 134 

decreased salinity in coastal waters due to higher freshwater runoff from land (Cheng et al., 2020) that 135 

may in turn negatively influence seagrass distribution (Stevens and Lacy, 2012). 136 

For cold-temperate seagrass species, such as Z. marina, using paleoreconstructions for describing past 137 

environmental conditions and to predict future changes is lacking (but see Kindeberg et al., 2019; 138 

Leiva‐Dueñas et al., 2023). There are a number of seagrass paleorecords of the genus Posidonia (López-139 

Merino et al., 2017; Macreadie et al., 2012; Mateo et al., 1997; 2010; Serrano et al., 2011; 2016a), but 140 

these are geographically constrained to Australia and the Mediterranean. Therefore, understanding the 141 

establishment and colonization of the widespread Z. marina is of high relevance and can likely apply to 142 



other seagrass species growing in similar environmental conditions. In this study, we aim to reconstruct 143 

millenary changes in habitat condition in response to environmental change based on biogeochemical 144 

analyses of two sediment cores from Z. marina meadows on the Swedish Skagerrak coast to (1) establish 145 

a time frame for seagrass colonization, (2) assess the climatic and geomorphological conditions that 146 

favored seagrass colonization, (3) describe the biogeochemical changes in the sediment following the 147 

establishment of the seagrass meadows, and (4) predict potential future climate change impacts (from sea 148 

level rise, decrease in salinity and increase in runoff and sea surface temperature) on the seagrass meadow 149 

health status.   150 

151 



 152 

Methods 153 

 154 

Study context 155 

The Swedish coastal zone has been severely impacted by eutrophication and sediment supply from land 156 

over the last century, resulting in a recession in the depth limit distribution of Z. marina (Rosenberg et al., 157 

1996; Boström et al., 2014). Historical reports for Z. marina on the Swedish west coast showed depths of 158 

15–20 m (Loo and Isaksson, 2015; Petersen, 1893), while today eelgrass plants are rarely found below 9 159 

m (Skåne County Administrative Board, 2016; pers. obs. Asplund and Svensson) and generally growing 160 

in water depths from 0.5 to 6 m (Svensson et al., 2021). Because of increased turbidity, widespread 161 

eutrophication and trophic cascades due to overfishing (Burkepile and Hay 2006; Jephson et al. 2008; 162 

Moksnes et al. 2008), the eelgrass cover has drastically declined by about 60% along the Swedish 163 

Skagerrak coast since the 1980s (Baden et al., 2003; Nyqvist et al., 2009). Besides the importance of light 164 

condition and turbidity level, sea water temperature and salinity can also negatively affect Z. marina 165 

performance (Marsh et al., 1986; Rasmusson et al., 2020; Xu et al., 2016). Along the Swedish coast, 166 

fluctuations in sea level, temperature and salinity have occurred over the Holocene (the last ~11.7 cal ka 167 

BP) due to isostatic and eustatic changes following the retreat of the Scandinavian Ice Sheet (SIS) (Berner 168 

et al., 2011; Mörner, 1969; Törnqvist & Hijma, 2012) leading to geomorphological transformations along 169 

the coastline. The warming in early Holocene made the ice sheet to retreat and the westward outlet 170 

opened the drainage of the Baltic ice lake at 11.7 ka BP. The lake level was lowered by 25 m and 171 

freshwater was flowing out of the Baltic basin over period of a few years. Even if this marks the end of 172 

the Baltic ice lake and the waterbody in the Baltic basin was in level with the sea, the freshwater was still 173 

flowing out during additional about 300 years because of the climate warming and the ongoing melting of 174 

the icesheet (Andrén et al., 2011; Björck, 2008; Jakobsson et al., 2007). This was followed by a series of 175 



dynamic changes in hydrographic conditions affecting sedimentation (Gyllencreutz et al., 2006) and at 176 

about 8.5 cal ka BP there was a shift in the ocean circulations following the opening of the English 177 

Channel resulted in higher inflow of marine waters (Conradsen & Heier‐Nielsen, 1995). During the last 178 

~2 cal. ka BP, the Swedish Skagerrak coast has been dominated by Atlantic water conditions (Erbs-179 

Hansen et al., 2012). Periods of increased temperatures occurred during the Roman Warm Period (~ 2.3 to 180 

1.6 cal, ka BP) (Hass, 1996; Neukom et al., 2019) and the Medieval Climate Anomaly (MCA) (~1.2 to 181 

0.9 years cal, ka BP) (Mann et al., 2009), and these warmer periods were linked to less frequent storms 182 

and lower sedimentation runoff in the Skagerrak region (Hass, 1996). 183 

 184 

Study area and sediment core sampling 185 

Field sampling was conducted in two eelgrass (Z. marina) meadows at Gåsö (58°14’10”N, 11°23’40”E), 186 

situated in the vicinity of the Gullmar Fjord mouth on the Swedish Skagerrak coast (Figure 1A) in August 187 

2020. Gåsö is a small island (~3 km2) mainly composed of granitic bedrock (Figure 1B) with grass-type 188 

vegetation in low elevation areas and sparse coniferous trees and bushes scattered in the crevasses of the 189 

bedrock. In the middle of the island, connecting the western and the eastern parts, there is a low-elevation 190 

(less than 1 m a.s.l.) postglacial sand deposit. The island has a relatively low exposure to human activities 191 

with only a few country residences on the eastern part. On the southern coast of the island, there is an up 192 

to 3 m deep elongated cove stretching towards the center of the island, whereas on the northern side there 193 

is a shallow (up to 4 m depth) embayment surrounded by smaller rocks and islets creating a 194 

hydrodynamically sheltered environment. The main wind directions are from the W and SW. Within both 195 

the northern and southern embayments, seagrass meadows are found growing from about 0.5 to 4 m water 196 

depth.  197 

The distribution of eelgrass was determined by encircling the meadows by boat repeatedly crossing the 198 

edge of the meadow, with support of sonar and a sub-surface camera for validation of Z. marina 199 



vegetation. GPX waypoints were collected at the intersections and corrected for geometry errors caused 200 

by drifting prior to vectorization. In the middle of each of the seagrass meadows at Gåsö South (S) and 201 

Gåsö North (N), a sediment core (2 m long and 7.5 cm in diameter) was collected using SCUBA by 202 

hammering a PVC-corer. The sediment cores in Gåsö S and N were collected at 1.8 m and 3 m water 203 

depths, respectively (Figure 1C). Sediment core compression was assessed once during coring by 204 

measuring the inner and outer portions of the corer before core extrusion from the seagrass meadow. 205 

From these values, a compression factor was calculated, which was similar for the two cores (18 and 17% 206 

in Gåsö S and N, respectively). The cores were stored in cold room and were cut lengthwise into two 207 

hemi-cores. One half was sliced into 1 cm intervals and the other half was kept intact for X-ray 208 

fluorescence (XRF) measurements. 209 



 210 

Figure 1. Maps showing (A) the study locations (Gåsö South (S) and Gåsö North (N)) in the vicinity of 211 

the Gullmar Fjord, (B) substrate types at Gåsö, and (C) water depth ranging from 0 to 6 m and current 212 

distribution of eelgrass. 213 

 214 

Sediment chronology The concentrations of 210Pb were analyzed by measuring its decay product (210Po) 215 

in equilibrium using alpha spectrometry (Sanchez-Cabeza et al. (1998) and aimed to obtain age models 216 

for the two cores. Details of the 210Pb analysis are presented in Dahl et al. (2023). Nine radiocarbon (14C) 217 

dates were obtained along the cores (6 in Gåsö N and 4 in Gåsö S; Table 1). Prior to 14C measurements in 218 

a single-stage Accelerator Mass Spectrometer (AMS), samples were digested using the standard acid-219 



base-acid method (Molnár et al., 2013). The background values of measurements were estimated to be 220 

0.25 pMC using phthalic anhydride with the NIST-OXII (134.06 pMC) standard used as reference 221 

material. The 14C/12C ratio was measured with an accuracy of >0.3%. For the isotopic fractionation 222 

correction, the ratio of 13C to 12C was used. The 14C ages were calibrated using the Marine20 calibration 223 

curve (Heaton et al., 2020) and corrected for a local marine reservoir effect (ΔR = –208 ± 57 years) based 224 

on map no. 77, 681–684 and 674 (Håkansson, 1970, 1987; Olsson, 1980) in the Marine20 reservoir 225 

database. Core age models based on both 210Pb– and 14C–dates were estimated using the R-package Bacon 226 

(Blaauw and Christeny, 2011). The sediment accumulation rates (SAR) and mass accumulation rates 227 

(MAR) were calculated using CRS (Constant Rate of Supply) models for the top 210Pb-dated sediment 228 

cores, and from the Bacon models based on cumulative mass vs. age (Belshe et al., 2019) for the older 229 

sediment layers. Sediment accumulation rates were later calculated by dividing the Bacon-derived MARs 230 

by the soil dry bulk density. 231 

 232 

Sediment biogeochemical analyses  233 

All sediment slices (n = 166 and 148 for Gåsö N and S, respectively) were dried at 60°C until constant 234 

weight to estimate dry bulk density (DBD, g cm-3). Samples (n = 21 and 22 for Gåsö N and S, 235 

respectively) for organic carbon (OC) and nitrogen (N) contents and C and N stable isotopic composition 236 

(δ13C and δ15N) were analyzed using a Carlo Erba NC2500 elemental analyzer connected to a Thermo 237 

Scientific Delta V Advantage Isotope Ratio Mass Spectrometer (EA-IRMS). Acetanilid (δ13C = −26.14 ± 238 

0.15‰, δ15N = 0.38 ± 0.12‰) was used as reference material and the standard deviation was 239 

approximately 1% for C and N concentrations and 0.1 ‰ for both C and N stable isotope ratios. The 240 

isotopic compositions were expressed in delta notation (per mil) relative to the VPDB (Vienna PeeDee 241 

Belemnite) for δ13C and to the atmospheric nitrogen standard for δ15N. Prior to the OC and N analysis, the 242 

sediment was ground using a mixer mill (Retsch MM 400), weighted in silver capsules and treated with 1 243 

M HCl to remove inorganic carbon (direct addition using a pipet) (Dahl et al., 2016). Carbon 244 



accumulation rates (CARs) and nitrogen accumulation rates (NARs) were calculated using the weighted 245 

mean of OC and N contents and MAR (Ariane Arias-Ortiz et al., 2020). Calcium carbonate (CaCO₃) 246 

contents were estimated from an aliquot of dry sediment (n = 28 and 14 for Gåsö N and S, respectively) 247 

through loss on ignition combustion at 450ºC for 6 h followed by 2 h at 950ºC following Heiri et al. 248 

(2001) and Bengtsson & Enell, (1986). Grain size distribution following the classification of Wentworth 249 

(1922) was performed using a laser diffraction particle size analyzer (Mastersizer 2000 MALVERN). 250 

Prior to analysis, the samples (n = 28 and 24 for Gåsö N and S, respectively) were sieved by 2 mm and 251 

the fraction < 2 mm treated with 30% H₂O₂ to remove organic matter. Mean grain size (μm) and sorting 252 

coefficient were calculated using the Gradistats program (Blott & Pye, 2001) based on Folk and Ward 253 

(1957).  254 

Lipid analysis was applied to trace seagrass plant-derived material in the sediment record. For the 255 

analysis, 14 samples from each core as well as above- (n = 3) and belowground biomass (n = 3) of 256 

seagrass were freeze-dried and milled. A mixture of dichloromethane (DCM) and methanol (MeOH) (9:1 257 

v/v) was added to the dried sediment, and samples were placed in a sonic bath for 15 min (Poynter & 258 

Eglinton, 1990). Samples were then centrifuged at 800 rpm for 10 min. and the lipid extract was placed in 259 

a glass tube. This was repeated three times and the lipid extracts were combined. Activated copper 260 

powder was added to the lipid extracts for removal of elemental sulfur, and the lipid extracts were dried 261 

under a N2 blowdown system and later re-dissolved in <1 ml DCM. Deactivated 95% silica gel was added 262 

to adsorb the lipid extract and the adsorbed samples were placed in glass pipettes that had been packed 263 

with pre-combusted (400°C, overnight) and deactivated (addition of 5% H2O by weight) silica gel, and 264 

the fractions of non-polar hydrocarbons were eluted using hexane. These fractions were dissolved in 400–265 

1000 μl hexane depending on the expected concentration on a Shimadzu QP2010 Ultra GC–MS, 266 

equipped with an AOC–20i auto sampler and a split-splitless injector operated in splitless mode. A 267 

Zebron ZB-5HT Inferno GC column (30 m × 0.25 mm × 0.25 μm) was used for separation. An external 268 

standard containing a mixture of C20-C40 n-alkanes with known concentration was analyzed in 269 



conjunction with the samples and used for quantification based on peak areas. The average chain length 270 

(for homologues between C17 and C35) was calculated following ACL = ∑ (n x Cn) / ∑ Cn, where n is the 271 

number of carbon atoms and Cn is the concentration (mg g DW-1) of the n-alkane.  272 

Magnetic susceptibility (MS) was used as a proxy to assess the abundance of ferromagnetic minerals 273 

derived from terrestrial soil erosion (López-Merino et al., 2017). MS was analyzed in 37 and 40 samples 274 

from Gåsö N and S, respectively, using a Multi Sensor Core Logger (LABCORE, University of 275 

Barcelona). Samples were packed in 7 cm3 cubicle and analyzed with a low frequency (~0.1 mT) 276 

volumetric MS. Each sample was analyzed 5 times and calibration was manually performed before 277 

starting each measurement. Mass specific magnetic susceptibility (χ; cm3 g-1) was calculated as = , 278 

where ρ is sample density (cm3 g-1) (Hatfield et al., 2013).  279 

XRF measurements were performed on the intact hemi-cores using an ITRAX XRF core scanner from 280 

Cox Analytical Systems, which produces digital imageries of the cores and μ-XRF elemental profiles (Si, 281 

S, Cl, K, Ca, Ti, Mn, Fe, Ni, Cu, Zn, Br, Rb, Sr, Zr and Pb). The core scanner used a Mo tube with the 282 

setting of 30 kV and 50 mA, and a step size of 500 μm with a dwell time of 25 sec. Before data handling, 283 

the μ-XRF elemental profiles were normalized using centered log ratio (CLR) transformation, which also 284 

accounts for non-linear effects of the elemental matrix (Weltje & Tjallingii, 2008). 285 

 286 

Climate modelling 287 

The future changes in sea level were extracted from the IPCC AR6 SLR Projections (Fox-Kemper et al., 288 

2021; Garner et al., 2021). The medium-confidence projections of the integrated sea level rise over all 289 

components, including Antarctic ice sheet, Greenland ice sheet, glaciers, land water storage, ocean 290 

dynamics (including thermal expansion), and vertical land motion (non-climatic processes), were utilized. 291 

Although the projections were available for the period CE 2020–2150 at a 10-year resolution, with the 292 

baseline period of 1995-2014, we limited our projection to 2100. Historical simulations and future 293 



projections of sea surface temperature (SST), sea surface salinity, and surface runoff were derived from 294 

global climate models (GCMs) in the Coupled Model Intercomparison Project Phase 6 (CMIP6) (Eyring 295 

et al., 2016) (Table S1). The historical simulations cover the period 1850-2014 and all forcings were 296 

included. The future projections for the period 2015-2100 are from the Scenario Model Intercomparison 297 

Project (ScenarioMIP) for CMIP6 (O’Neill et al., 2016), in which future greenhouse gas emission 298 

scenarios are derived from the Shared Socioeconomic Pathways (SSPs) with different climate policies. 299 

Projections from the four SSPs in Tier 1 of the ScenarioMIP for CMIP6 are adopted in the current work, 300 

namely SSP5-8.5, SSP3-7.0, SSP2-4.5, and SSP1-2.6. The four SSPs cover the major range of emission 301 

scenarios, from sustainability to fossil-fueled development. Time series of sea-level change and the three 302 

selected variables are from the GCM grid closest to the study area.  303 

 304 

GIS analyses 305 

Coastal geomorphology reconstruction based on eustatic sea level change and isostatic change for the last 306 

11 cal. ka BP was analyzed using a shore displacement model from the Geological Survey of Sweden 307 

(SGU) (freely available at https://www.sgu.se/produkter-och-tjanster/geologiska-data/oppna-308 

data/jordarter-oppna-data/strandforskjutningsmodell/). Data from the model was extracted for Gåsö and 309 

analyzed in ArcGIS pro (v. 2.9). From this data, bay exposure in terms of effective fetch was calculated 310 

for the seagrass sites following the calculations outlined in Rogala (1997) by creating sight lines each 12° 311 

for a full circle (360°) with a maximum distance of the lines set to 3 km. The effective fetch was 312 

calculated for every 1,000 years over the past 11 cal. ka BP. Based on the predicted sea level rise for the 313 

four different climate change scenarios (i.e. SSP5-8.5, SSP3-7.0, SSP2-4.5, and SSP1-2.6), the future sea 314 

levels and the resulting changes in shoreline were modelled in ArcGIS pro and calculated from digital 315 

elevation models (based on 0.1 altitude resolution LiDAR data from the Swedish National Land Survey) 316 

using the raster calculator function. Based on the predicted future sea levels, the effective fetch was also 317 



calculated for the different climate change scenarios. The water depth curves of Gåsö were extracted from 318 

publicly available nautical charts obtained from the Swedish Maritime Administration.  319 

 320 

Statistical analyses  321 

All statistical analysis were performed in R (v. 4.2.2). Principal component analysis (PCA) was used to 322 

explore common patterns in the different biogeochemical properties (i.e. OC, C/N, δ13C, δ15N, Br, Ca, 323 

Cl, Fe, K, Mn, Rb, Sr, Ti, Zr, MS, ACL, mean grain size and sediment sorting,) analyzed along the cores. 324 

Prior to the PCA, the missMDA-package was used to impute missing values in the sediment profiles as 325 

not all biogeochemical analyses were performed in each sediment layer. We assessed the uncertainty 326 

associated to the data included in the PCA through multiple imputations with the function MIPCA. The 327 

results showed that the over-imputed values were acceptable and the PCA results were worth interpreting 328 

(Figure S1). The first two principal components (PC1 and PC2) explained a high proportion of the 329 

variance but showed a “horseshoe effect” that is an artifact typical of PCA when the PC-curves correlate 330 

to each other (Goodall, 1954), which was addressed by calculating the arc-length distance of PC1 and 331 

PC2. Finally, change point modeling (CPM) was used to identify change points along the arc length 332 

distance profiles using the Beast-package (Zhao et al., 2019).  333 

334 



 335 

Results 336 

Sediment age models  337 

The calibrated radiocarbon age ranges for the bottom of the cores were 14.6 ± 0.2 and 12.3 ± 0.1 ka BP 338 

(mean ± SD) for Gåsö S and N, respectively, and an overall mean (min-max) MAR of 0.0101 g cm-2 339 

(0.0094 – 0.0107) and SAR of 0.0151 (0.0140 – 0.0159) for Gåsö S and MAR 0.0060 (0.0057 – 0.0062) 340 

and SAR 0.0114 (0.0108 – 0.0118) for Gåsö N (Figure 2; Table 1). For Gåsö S, a large stone was 341 

encountered in the sediment core at around cumulative mass of 24 g cm-2 (corresponding to 70 cm 342 

sediment depth; Figure 3) and this section was excluded in the Bacon model. In Gåsö N, one 14C date was 343 

omitted in the age model due to inversed age (Table 1).  344 

 345 

 346 



Figure 2. Sediment age models based on cumulative mass vs. combined 210Pb and 14C ages obtained with 347 

Bacon for (A) Gåsö S and (B) Gåsö N. The solid lines show the best “fitted” model based on 210Pb-348 

derived ages and calibrated 14C-dates and the dashed lines are 2 σ range (equal to 0.95). Note the 349 

difference in scale on the axes.  350 

 351 

Table 1. Radiocarbon dates used for estimating sediment age models in Gåsö S and N. AMS = 352 

Accelerator Mass Spectrometry. BP = Before present.  353 

Site Laboratory code Material type Sediment 
depth (cm) 

Cumulative 
mass (g cm-2) 

14C age (yr BP) Mean cal. age (yr 
BP) (1 σ range) 

Gåsö S D-AMS 045674 Bulk sediment 33 5 1,618 ± 21 1,215 
(1,136 – 1,302) 

 D-AMS 045678 Bulk sediment 105 43 4,957 ± 25 5,328 
(5,246 – 5,448) 

 FTMC-FK29-14 Carbonate shells 132 84 7,986 ± 35 8,509 
(8,395 – 8,591) 

 D-AMS 045681 Bulk sediment 188 125 10,778 ± 37 12,307 
(12,186 – 12,465) 

Gåsö N FTMC-FK29-15 Seagrass  
rhizome 34 5 1,312 ± 26 903 

(800 – 990) 

 FTMC-FK29-9* Carbonate shells 75 20 2,139 ± 27 1,794 
1,695 – 1,899) 

 D-AMS 049686 Carbonate shells 76 22 3,652 ± 30 3,648 
(3,535 – 3,765) 

 D-AMS 045671 Bulk sediment 91 34 5,670 ± 34 6,094 
(5,991 – 6,196) 

 D-AMS 049685 Bulk sediment 121 58 7,137 ± 41 7,629 
(7,538 – 7,722) 

 D-AMS 045672 Bulk sediment 165 88 12,699 ± 51 14,567 
(14,390 – 14,784) 

*Not included in the Bacon model. 354 

 355 

Stratigraphy and lithological units 356 

The bottom lithological units in both Gåsö S and N cores were composed of homogeneous brown clay 357 

(from 195 to 140 cm in Gåsö S and from 173 to 141 cm in Gåsö N) (Figure 3). In Gåsö S, brownish clay 358 

with shell fragments and pebbles was found from 140 to 104 cm, whereas homogeneous gray clay 359 

(without shell fragments) was recorded in Gåsö N from 141 to 106 cm. A layer of gray clay with shell 360 



fragments was found from 106 to 69 cm, which was also present in Gåsö S (104 to 85 cm). A 7 – 12 cm 361

layer of gravel mixed with shells and clay was found between 72 and 60 cm in Gåsö S and between 69 362

and 60 cm in Gåsö N. The uppermost section in both cores (from ~60 cm to the surface), corresponding to 363

the last ~2.0 cal ka BP, contained organic-rich and dark brown sediment with seagrass rhizomes (Figure 364

3).  365

366

 367

Figure 3. Sediment stratigraphy of the cores. The shifts between the distinct layers were identified by 368

visual inspection and from the digital imagery obtained from the XRF-core scanning. The dashed lines 369

indicate the 14C-dates (see Table 1).  370

371



Physical and biogeochemical sediment properties  372 

The oldest sediment layers (14 to 8 cal. ka BP) had relatively higher magnetic susceptibility (80 – 100  373 

cm-3 g-1) associated to lithogenic material and δ13C values below –20‰ indicating terrestrial origin, which 374 

transitioned towards more marine signatures in shallower sediment layers (Figure 4A). At the bottom of 375 

the cores, the sediment was finer grained and well sorted between 14 to 8 cal ka BP and shifted towards 376 

coarser and more poorly sorted after 8 cal ka BP (Figure 4A), likely reflecting changes in the source 377 

material and deposition of finer grain-sized material (Figure 4). In the mid-section of the sediment 378 

profiles, the sediment was to a large degree composed of biogenic carbonate shells, and the highest 379 

carbonate content was found between 8 and 4.5 cal. ka BP (Figures 3 and 4A). For the last 2 cal. ka BP 380 

(from 60 – 62 cm to the surface), there was a change in the biogeochemical profiles with higher OC, N 381 

and silt-clay content, and lower DBD (Figure 4B), which was noticeable during the last ~1 ka BP (Figure 382 

4B). From ~2 cal ka BP until present, the n-alkane depth profiles showed a higher contribution of C17, C19 383 

and C21 homologues, which are characteristic of Z. marina (Fig. S2). The introduction of marine 384 

macrophytes was also reflected in an initial increase in average chain length, ACL, of the n-alkanes 385 

(Figure 4B).  386 

 387 



 388



Figure 4. Summary of the physical and biogeochemical properties of the sediment, including organic 389 

carbon (OC), nitrogen (N), stable carbon isotopes (δ13C), proportion of carbonate content (CaCO3), dry 390 

bulk density (DBD), proportion of silt-clay content, degree of sorting (sorting coefficient), magnetic 391 

susceptibility (MS), average chain length (ACL) of n-alkanes (for homologues between C17 and C35) and 392 

seagrass biomass associated n-alkanes (i.e. C17, C19 and C21) (A) along core depths and ages, and (B) 393 

zoomed in on the transition period of seagrass colonization (upper ~80 cm). Note that panel B is shown 394 

with sediment depth on the primary axis for better representation of the last ~2 ka cal. BP. The black line 395 

in panels A and B indicate the first appearance of seagrass-derived sediment in the paleorecord, as evident 396 

by the introduction of Z. marina biomass associated n-alkanes (Figure S2).   397 

 398 

Principal component analysis and change point modelling 399 

Two principal components explained 58% of the variability for which PC1 accounted for 36% and PC2 400 

for 22% of the variance (Figure 5A). PC1 showed positive loadings (>0.6) for XRF-elements Rb, Fe, K, 401 

Mn and Ti, and negative loading (<-0.6) for δ13C, OC, Cl and Br, whereas PC2 showed positive loadings 402 

(>0.6) for OC, Br and Zr, and negative loadings (<-0.6) for CN, Sr and Ca (Table 2). The CPM applied to 403 

the arc length distance profiles for the two sites identified three change points in the core from Gåsö S at 404 

48 cm, 68 cm and 164 cm. At Gåsö N, 5 change points were suggested at 52 cm, 68 cm, 128 cm, 134 cm 405 

and 146 cm (Figure 5B). Based on identified change-points of the arc-length distance of PC1 and PC2, 406 

three main sections were distinguished that reflect the time frame of main interest for seagrass 407 

colonization (Figure 5 and Table 3). Section 1 is the time period prior to seagrass colonization; Section 2 408 

marks the period for seagrass colonization while Section 3 is defined as the seagrass stabilization period. 409 

Section 3 had up to 6–fold higher SAR than Section 1, whereas MAR was about 30-50% faster in Section 410 

3 than in Section 1 (Table 3). The CAR and NAR were also up to 24–fold higher in Section 1 (CAR; 8.2 411 

± 1.2 and 5.5 ± 1.7 g OC m-2 yr-1, NAR; 0.75 ± 0.11 and 0.50 ± 0.31 g N m-2 yr-1) compared to Section 3 412 

(CAR; 0.5 ± 0.1 and 0.3 ± 0.1 g OC m-2 yr-1, NAR; 0.05 ± 0.01 and 0.02 ± 0.04 g N m-2 yr-1).  413 



414

 415

Figure 5. Changes in sediment characteristics shown as biplot of PC1 and PC2 scores in relation to 416

sediment depth indicated by colors (A), and arc length distance with age (cal. ka BP) (B). The horizontal 417

orange (Gåsö S) and green (Gåsö N) lines in B show the change point probability for the arc-length 418

distance of PC1 and PC2 for each core. The black line indicates the first appearance of seagrass-derived 419

sediment in the paleorecord. Section 1 shows the time frame prior to seagrass establishment (as a 420

baseline), whereas Section 2 presents the period around seagrass colonization and Section 1 presents the 421

seagrass stabilization phase (see Table 3). 422

423



Table 2. Factor loadings of the Principal Component Analyses (PCA) based on the biogeochemical data 424 

obtained from both sediment cores. Bold numbers show factor loadings of > 0.6 for positive loadings and 425 

<-0.6 for negative loadings for PC1 and PC2. The data included in the PCA were organic carbon (OC), 426 

C:N-ratio (CN) and stable isotopes of C (δ13C) and N (δ15N), XRF-elements (Cl, Br, Zr, Sr, Ca, Rb, Fe, K, 427 

Mn, and Ti), n-alkanes (average chain length, ACL), mean sediment grain-size distribution and sorting, 428 

and magnetic susceptibility (MS). 429 

Biogeochemical 
variables PC1 PC2 
δ

13
C -0.93 0.21 

Cl -0.82 0.36 
Br -0.64 0.70 
OC -0.55 0.73 
Zr -0.35 0.82 
C/N -0.14 -0.85 
Sr 0.01 -0.57 
δ

15
N 0.12 -0.09 

ACL 0.12 -0.32 
Mean grain size 0.17 0.33 
Sediment sorting 0.18 -0.32 
Ca 0.43 -0.62 
MS 0.46 -0.01 
Rb 0.68 -0.16 
Fe 0.81 0.33 
K 0.90 -0.29 
Mn 0.93 -0.26 
Ti 0.95 0.03 
 430 

Table 3. Sediment core thickness, age, sediment accretion rates and OC and N accumulation rates for 431 

three sediment sections identified based on change point modelling analyses of arc-length distance for 432 

PC1 and PC2 in Gåsö S and Gåsö N cores. Section 1 shows the period before establishment of the 433 

seagrass (as a baseline), whereas Section 2 are showing the time around seagrass colonization and Section 434 

1 presents the period for seagrass stabilization. Cal ka BP = calibrated thousand years before present; 435 



SAR = sediment accumulation rate; MAR = mass accumulation rate; CAR = organic carbon accumulation 436 

rate; NAR = nitrogen accumulation rate. All accumulation rates are presented as mean ± SD. 437 

  

Section 1 (Prior to seagrass 
establishment) 

Section 2 (Seagrass  
colonization) 

Section 3 (Seagrass 
stabilization) 

Gåsö S Gåsö N Gåsö S Gåsö N Gåsö S Gåsö N 
Sed. layer thickness 
(cm) 120 100 20 14 48 52 

Age (cal ka BP) 12.1 ± 0.2 14.3 ± 0.3 2.7 ± 0.4 2.6 ± 0.4 0.7 ± 0.3 1.1 ± 0.3 

SAR (cm yr-1) 0.012 ± 0.008 0.008 ± 0.001 0.010 ± 0.003 0.009 ± 0.002 0.079 ± 0.021 0.058 ± 0.019 
MAR  
(g cm-2 yr-1) 0.010 ± 0.002 0.006 ± 0.001 0.008 ± 0.001 0.005 ± 0.001 0.014 ± 0.002 0.009 ± 0.003 

%OC (weighted mean) 0.49 0.78 1.09 1.43 5.94 6.21 

%N (weighted mean) 0.05 0.04 0.09 0.12 0.55 0.56 
CAR  
(gOC m-2 yr-1) 0.51 ± 0.07 0.28 ± 0.05 0.51 ± 0.09 0.87 ± 0.12 8.18 ± 1.24 5.51 ± 1.68 

NAR  
(gN m-2 yr-1) 0.05 ± 0.01 0.02 ± 0.04 0.04 ± 0.01 0.06 ± 0.01 0.75 ± 0.11 0.50 ± 0.31 

 438 

 439 

Coastal geomorphology and isostatic changes during Holocene 440 

Based on the GIS analysis, the effective fetch (km) for the Gåsö sites has decreased during the last 6 ka 441 

BP due to the isostatic uplift (Figure 6), and in particular over the last 2 cal ka BP when Gåsö was above 442 

the water level creating a relatively sheltered environment (with 58 – 72% lower effective fetch compared 443 

to the conditions prevalent about 7 to 11 cal ka BP). At 2 cal ka BP, the shore-level was about 5 m a.s.l. 444 

compared to current level, and over the last millennium, the effective fetch has stabilized, and Gåsö had a 445 

similar coastal geomorphology as today (Figure 6).  446 



 447

Figure 6. Changes in effective fetch and shore-level over the last 11 cal ka BP. Modelled data on shore 448

displacement was downloaded from the Swedish Geological Survey and the modelled shore-level curve 449

was adapted from Påsse and Andersson (2005).  450

451

Modelling the impacts of climate change to 2100452

The climate models predict a sea-level increase ranging from 0.20 to 0.53 m for the different SSP 453

scenarios by 2100 that could result in the immersion of the center of the Gåsö Island where postglacial 454

sands are deposited (Fig. 7). In the high emission scenarios (SSP3-7.0 and SSP5-8.5), the sea level rise 455

will create an opening in the middle of the island by 2100 and potentially change the hydrodynamics of 456

the southern embayment. The predictions revealed a maximum of 3% increase in effective fetch by 2100 457

due to SLR (based on SSP5-8.5). The sea surface temperature (SST) is predicted to increase in all SSP 458

scenarios by 1.3–4.5 °C (mean over the year) in 2100 compared to present SST (calculated as an average 459

of the SST for 2004–2014). The salinity will decrease in all SSP scenarios from around 27 – 28 at present 460

down to 25 – 26 (Figure 8). However, large variation and no clear trends were seen in the regional models 461

for surface runoff (Figure 8).  462



 463

Figure 7. Predicted regional (A) sea level increase from 2020 to 2100, and (B) terrestrial area loss in 2100 464

for the different SSP scenarios (Fox-Kemper et al., 2021; Garner et al., 2021). 465

466



 467

Figure 8. Predicted annual mean SST (A), salinity (B), and surface runoff (C) changes until 2100. Data 468

are ensembled means from CMIP6 GCMs (global climate models), retrieved for the closest grid point to 469

Gåsö (Eyring et al., 2016; O'Neill et al., 2016). For information on GCMs included in the historical and 470

scenario ensembles, see Table S2. 471

472



 473 

Discussion 474 

The reconstruction of the past ~14 – 12 ka BP revealed that the colonization of eelgrass around 2,000 475 

years ago transformed the rate and shape of the biogeochemical sink through ecosystem stabilization and 476 

sediment accretion, leading to higher concentrations of finer (mud) grain size particles, and an increase in 477 

accumulation rates of up to 24–fold for organic carbon and nitrogen. The onset of seagrass establishment 478 

was likely related to the change in coastal geomorphological during this period resulting in decreased 479 

water depth and hydrodynamic exposure of Gåsö, which created a favorable environment for seagrass 480 

growth. After the initial colonization period, the most drastic biogeochemical changes occurred between 481 

1.1 and 0.7 ka. This period, corresponding to the Medieval Climate Anomaly, was characterized by 482 

warmer temperatures and lower storm activity (Hass 1996), and these changes in climate could also have 483 

further stimulated seagrass productivity and seagrass meadow stability, which in turn enhanced the 484 

accumulation of organic-rich sediment even further. This underscores the significance of both abiotic and 485 

biotic factors in facilitating seagrass establishment and sustaining the essential ecosystem services 486 

furnished by healthy seagrass meadows. 487 

 488 

Environmental conditions conductive to seagrass colonization 489 

The deglaciation of Northern Europe during the early Holocene resulted in an isostatic uplift  (Rosentau et 490 

al., 2021; Stroeven et al., 2016) that led to coastal geomorphology changes at Gåsö. Sediment derived 491 

from the melting ice sheet and outflow of freshwater and associated clay-rich sediments from the Baltic 492 

basin through south-central Sweden deposited in coastal settings (Bergsten & Dennegård, 1988; 493 

Gyllencreutz, 2005; Gyllencreutz & Kissel, 2006), as observed in the deepest layers of the Gåsö cores 494 

composed of terrestrial lithogenic material rich in mud as indicated by elemental composition, δ13C 495 

isotopic signatures below –20 ‰ and increased magnetic susceptibility values. The outflow of freshwater 496 



through south-central Sweden also brought clay-rich sediment from the Baltic Sea basin (Gyllencreutz, 497 

2005). This is likely reflected by the brown clay (with high mud content) seen at this sediment section in 498 

our cores. Freshwater outflow decreased around 10.7 cal ka BP (Gyllencreutz & Kissel, 2006) and the 499 

opening of the English channel about 8.5 cal ka BP (Conradsen & Heier‐Nielsen, 1995) resulted in higher 500 

hydrodynamic activity and a larger inflow of marine waters from the Atlantic that carried coarser 501 

sediments into Skagerrak (Gyllencreutz, 2005). This coarsening of sediment was also clearly visible in the 502 

cores from Gåsö at that time and with more poorly sorted sediment reflecting a higher hydrodynamic 503 

activity. There were also two change points identified in Gåsö N at ~9.7 and ~8.6 ka BP, which might 504 

reflect this change in oceanic circulation with the inflow of Atlantic water. Gåsö N also had a more 505 

pronounced shift in magnetic susceptibility values compared to Gåsö S, indicating a change from 506 

terrestrial to marine influence (López-Merino et al., 2017).  507 

A general gradual increase in the marine influence from 14 –12 cal ka BP until present was marked by 508 

shifts in both cores around 2.7 – 2.6 cal ka BP (Section 2) that resulted in enhanced sediment, OC and N 509 

accretion likely due to the isostatic uplift with the shore-level being around 9 m a. s. l. (Påsse & 510 

Andersson, 2005) that created a more sheltered and stable environment. Seagrass colonization was 511 

detected around 2 cal ka BP based on shifts in δ13C, n-alkanes (with the appearance of the seagrass-related 512 

C17, C19 and C21 n-alkanes; Chevalier et al., 2015; Rosenbauer et al., 2006; which were absent prior to this 513 

time period), clay-silt content, elemental composition (including higher Br and Cl associated to the 514 

increased organic matter content) and sediment density, which shows alteration of the sediment 515 

characteristics similar to pedogenesis in terrestrial soils (Piñeiro-Juncal et al., 2020). The transformation 516 

of the sediment was likely triggered by the higher depositional rate linked to the reduction in 517 

hydrodynamic exposure. These levels of hydrodynamic exposure are prevalent within the range of 518 

contemporary Zostera spp. distribution (Dahl et al., 2020; Prentice et al., 2020; Short et al., 2007). The 519 

colonization period of the seagrass meadows also coincided with the Roman Warm Period, which was 520 

characterized by regionally warm temperatures (Neukom et al., 2019). Zostera marina can tolerate a large 521 



range of temperatures with an upper limit of approximately 25 – 30°C (Nejrup & Pedersen, 2008), and 522 

while the optimum water temperature for plant growth is likely site-specific, it has been shown that 523 

productivity of Z. marina increases with temperature (within the upper thermal limit) (Rasmusson et al., 524 

2019), which could have stimulated the spread of seagrasses. During the time of seagrass establishment, 525 

the water conditions also changed, being more dominated by Atlantic waters and less turbidity (Erbs-526 

Hansen et al., 2012). After the colonization phase (Section 2), a shift in the CPM was identified for both 527 

cores due to the higher presence of marine-derived organic matter and more well-sorted sediments of 528 

finer grain size composition (Section 3). This change in the biogeochemical trends with enhanced OC and 529 

N accumulation occurred at 1.1 – 0.7 cal ka BP, which coincides with the Medieval Climate Anomaly, a 530 

period of higher temperature (Mann et al., 2009) that may have favored seagrass productivity and growth 531 

even further. The last millennium constituted a stable period suitable for seagrass growth at Gåsö, which 532 

is suggested by the more consistent hydrodynamic exposure and shore-level.  533 

 534 

Ecosystem services related to seagrass colonization 535 

The shifts seen in the sediment record following eelgrass establishment and stabilization phases consisted 536 

in enhanced sediment and mud accretion, and organic matter accumulation that could be related to both 537 

changes in the coastal geomorphology (a shallower and more sheltered environment) and through 538 

enhanced seagrass biomass and productivity across the region. Indeed, the effect of the seagrass canopy 539 

likely reduced water turbidity resulting in an overall increase in ecosystem stability and productivity, and 540 

associated increases in the accumulation of OC and N. The establishment of the seagrass was a crucial 541 

requirement for the modification of sediment biogeochemical properties, with approximately 47 – 48% of 542 

the organic matter originating from the seagrass biomass itself, while most of the remainder (43 – 45%) 543 

was of macroalgae origin (Dahl et al. 2023). However, the carbon– (CAR: 6 – 8 g OC m-2 yr-1) and 544 

nitrogen accumulation rates (NAR: 0.5 – 0.8 g N m-2 yr-1) at Gåsö for the last ~0.7 to 1 ka cal. BP 545 

(Section 3) are still lower than accumulation rates in Zostera spp. meadows in general (Martins et al., 546 



2021; Prentice et al., 2020) and in the lower range compared to other studies in the Skagerrak-Kattegat 547 

region, which estimated CAR between 6 and 134 g OC m-2 yr-1 and NAR from 0.7 to 14 g N m-2 yr-1 548 

(Dahl et al., 2023; Leiva‐Dueñas et al., 2023). However, these studies only assessed accumulation over 549 

shorter time periods (the last decades to century) while long-term accumulation rates tend to be lower for 550 

seagrass in general due to diagenesis and remineralization of the organic matter over time (Belshe et al., 551 

2019). This indicates that while the organic matter has been gradually accumulating since the onset of 552 

seagrass colonization (Section 2), it has done so at a comparatively faster rate (20– to 24–fold) since 553 

seagrass stabilization (Section 3 in comparison to Section 1). Although sediment tend to have a lower 554 

density at the surface due condensation with depth, the clear decrease in dry bulk density and increased 555 

sorting of finer sediments components following the onset of the organic-rich seagrass sediment build-up 556 

after the seagrass establishment shows the effect of the sediment stabilization by the seagrass structure. 557 

The gradual increase in carbonate levels in the cores (up to ~4.5 cal ka BP) was likely related to the 558 

increase in input in marine sediments and the following decrease (at ~3 to 2 cal ka BP) could be related to 559 

higher hydrodynamic activity due to isostatic uplift of Gåsö. During the period of seagrass colonization 560 

the carbonate levels increased again. This could be related to an enhancement of calcifying organisms 561 

(both epiphytic and benthic) owing to the increased habitat structural complexity provided by seagrasses 562 

(Serrano et al., 2016b) and through higher pH from seagrass meadow primary productivity (Ricart et al., 563 

2021a; Semesi et al., 2009). Although our results cannot depict if this increase is due to higher diversity 564 

of calcifying organisms or that the higher carbonate content is a response of higher abundance of specific 565 

species, the finding indicates that seagrass meadows have the potential to increase ecosystem lateral 566 

subsidy processes, including biodiversity, and can function as a refugia for ocean acidification (Ricart et 567 

al., 2021b; Unsworth et al., 2012). 568 

 569 

Climate change impacts on seagrass plant health status 570 



The predicted sea level rise by 2100 alone will likely not impact the present seagrass distribution at Gåsö. 571 

In fact, with an increase of about 0.5 m (for SSP5-8.5 in 2100) the seagrass meadow in the southern bay 572 

(Gåsö S) has the potential to colonize an extended area, primarily the inner part of the bay that is currently 573 

too shallow (less than 0.4 m) for Z. marina. The lateral expansion of the rhizomes from an established Z. 574 

marina meadow has been estimated at about 16 cm yr-1 (Olesen and Sand-Jensen, 1994), which would 575 

allow the seagrass meadow to adjust to the predicted SLR and likely thrive along the deeper part of the 576 

bays owing to the current depth range of Z. marina on the Swedish Skagerrak coast. In contrast, the GIS-577 

modelled SLR leads to a submerging of the middle part of the island, creating a channel connecting the 578 

southern and northern bays, that will likely remobilize postglacial sands that could result in smothering of 579 

the seagrass meadow. Following the opening of the channel, this might also change the hydrodynamics of 580 

Gåsö and increase the hydrodynamic activity, although SLR alone would not affect the hydrodynamic 581 

exposure with a calculated maximum increase of 3% in effective fetch in 2100 for the highest climate 582 

scenario (SSP5-8.5) and increased sediment transport in a north-south direction could lead to increased 583 

turbidity locally. Reduced water quality due to sedimentation and eutrophication is one of the most 584 

pressing threats to seagrasses globally (Dunic et al., 2021; Orth et al., 2006; Waycott et al., 2009) and 585 

with increased turbidity locally, this might negatively affect the contemporary distribution of seagrass 586 

meadows at Gåsö. 587 

The projected regional SST increase until 2100 (with a predicted annual mean ranging from 11 to 14°C 588 

and mean summer maximum temperatures of 18 to 21°C in 2100 for the different climate scenarios) is 589 

within the growth range for Z. marina, which generally has a high tolerance for increased temperatures 590 

(Rasmusson et al., 2020). Nejrup and Pedersen (2008) identified the optimum water temperature for Z. 591 

marina to range from 10 to 20°C, with increase in mortality and decrease in photosynthetic activity and 592 

growth occurring at 25 to 30°C. However, the SST data do not account for extreme events such as heat 593 

waves, which are expected to increase in the future. Such heat wave events could substantially increase 594 

the water temperature for short periods of time, and result in major seagrass loss and negatively affect 595 



ecosystem services (Arias-Ortiz et al., 2018; Serrano et al., 2021). Although an increase in water 596 

temperature, either as a short-term single event or as a gradual increase over time, might not strongly 597 

affect seagrass productivity and growth in the Skagerrak region, a higher temperature can lead to reduced 598 

water quality through stimulation of filamentous– or microalgae growth (Moore et al., 2012), which likely 599 

have a stronger impact on the seagrass health status than the increased SST alone. Furthermore, reduced 600 

water quality (either through increased productivity in the water column or through land runoff) together 601 

with higher water temperature could in combination lead to severe stress that will negatively affect the 602 

seagrass plants (Orth et al., 2010).  603 

Precipitation is predicted to increase (Pörtner et al., 2022), leading to freshwater dilution of the ocean 604 

water and with modeled salinity levels reaching around 25 for SSP3-7.0 and SSP5-8.5 in 2100. This 605 

decrease in salinity is also within the tolerance limit for Z. marina, which shows large plasticity in 606 

response to salinity as the species can grow in brackish environments down to around 5 to 6 (Boström et 607 

al., 2014). However, the salinity tolerance is also population-specific with Z. marina growing in the 608 

marine environment (as the seagrass at Gåsö) being more affected by low salinities (Salo et al., 2014). 609 

The projected salinity decrease is still within the tolerance limit and will likely not affect the seagrass 610 

plant health to a large extent (Hellblom & Björk, 1999; Zhang et al., 2022).  611 

 612 

Opportunities for seagrass conservation and restoration 613 
 614 

Reconstructing the interactions between environmental conditions and the colonization and establishment 615 

by seagrasses together with the prediction of potential climate change impacts provides important 616 

information for seagrass conservation and restoration, which could help guide management. This provides 617 

further evidence that the sediment characteristics and somewhat sheltered conditions (leading to reduced 618 

turbidity) are of importance for successful Z. marina replantation and re-colonization, as shown from 619 

several restoration projects (Orth et al., 2010). A positive feedback likely occurred following the 620 



establishment of seagrasses throughout enhanced water quality and irradiance, by reducing resuspension 621 

and increasing the deposition of suspended particles, which resulted in enhanced clay and silt, and OC 622 

and N accumulation. Moksnes et al. (2021) proposed that suitable restoration sites in the Skagerrak-623 

Kattegat area should have mud contents of less than 34% and OC levels below 5%. If the mud content 624 

and resuspension of sediment are high and the seagrass meadow is in an early stage of establishment, 625 

likely the seagrass plants cannot stabilize the sediment enough for sufficient irradiance to support plant 626 

growth and reproduction (Moksnes et al., 2016) and the Z. marina meadows at Gåsö established in coarse 627 

sediment with low mud (~5 – 6%) and OC contents (0.5 – 1.5 %). This finding aligns with the ongoing 628 

replantation projects on the Swedish Skagerrak coast, where several tons of sand have been added to the 629 

bottom within a km-wide project area in order to stabilize the sediment prior to replantation of Z. marina 630 

shoots (https://www.havet.nu/algrasplantor-frodas-i-sand). 631 

This study shows critical coastal geomorphology requirements for the success of seagrass establishment 632 

and colonization, including a low hydrodynamic exposure (with an effective fetch of < 1.3 Lf [km]), and 633 

an overall stability of the environment. This confirms the findings of previous studies showing that site 634 

selection for restoration projects needs to be carefully evaluated for a successful outcome of the 635 

restoration effort (Van Katwijk et al., 2009; Short et al., 2002). As long-term monitoring of coastal 636 

habitats is commonly lacking, paleoreconstruction could help identify areas that are environmentally 637 

stable, which could be more suitable for habitat conservation, and to assess carbon and nitrogen 638 

abatement following seagrass establishment (i.e., estimated at between 63 and 68 Mg OC ha-1; Dahl et al., 639 

2023; and 5 and 7 Mg N ha-1 over the past 2 cal. ka BP) related to e.g. National Determined 640 

Contributions. The historical paleorecord in combination with regional climate models is useful in the 641 

assessment of risk related to climate change for cold-temperate Z. marina and provides insights into 642 

potential impacts linked to climate change scenarios (e.g., sea level rise, precipitation and storminess), 643 

such as the enhanced build-up of sedimentary organic matter during relatively warmer periods of 644 

increased temperature in the late Holocene. Zostera marina in cold-temperate Northern Europe inhabits at 645 



the lower end of its thermal tolerance range and therefore, it has the potential to thrive under predicted 646 

warming scenarios owing its thermal tolerance. However, seagrass areas are subjected to multiple threats 647 

including marine heatwaves (Dunic et al., 2021; Orth et al., 2006; Waycott et al., 2009), and other human-648 

induced disturbances (both from single events or through cumulative impacts) that might weaken its 649 

resilience against climate change threats (Björk et al., 2008; Unsworth et al., 2015). This multiplicity of 650 

potential disturbances needs to be considered to ensure successful habitat conservation.   651 

 652 

Successful restoration and re-vegetation of seagrass meadows has been shown to increase ecosystem 653 

services derived from the build-up of sediment deposits (Greiner et al., 2013; Marbà et al., 2015) and the 654 

provision of habitat for biodiversity including species relevant to fisheries, among other benefits for the 655 

people and the planet (Orth et al., 2020). However, many restoration projects failed owing to the 656 

environmental conditions not being suitable for seagrass growth (van Katwijk et al., 2016). This study 657 

provides further evidence of the importance of environmental conditions for natural seagrass colonization 658 

and this knowledge could thus help to identify sites suitable for successful seagrass conservation and 659 

restoration efforts.  660 

 661 
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