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Key Points: 23 

 Swedish fjords bury primarily marine-derived organic carbon under long-term oxic, 24 

seasonally hypoxic, and long-term anoxic water columns. 25 

 Organic carbon burial in Swedish fjords is largely controlled by sediment accumulation 26 

rate which can limit oxygen exposure time.  27 

 Marine-dominated fjords are uniquely efficient sinks of labile organic carbon. 28 
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Abstract 29 

Fjords are net carbon sinks with high organic carbon (OC) burial rates; however, the key drivers 30 

of OC burial in these systems are not well constrained. To study the role of water column redox 31 

condition and OC composition on OC preservation in fjord sediments, we determined OC 32 

accumulation rates (OCAR), OC source, and OC degradation in three Swedish fjords with 33 

variable redox conditions (long-term oxic, seasonally hypoxic, and long-term anoxic). Average 34 

OCARs were variable between and within the fjords studied (2 to 122 g OC m-2 yr-2), but highest 35 

rates were at the mouth for each fjord. Based on a δ13C mixing model, Swedish fjords bury 36 

predominantly marine-derived OC (~83% of the total OC burial) likely because of relatively 37 

gentle slopes, low riverine discharge, and high marine inflow. Using a multi-biomarker approach 38 

(lignin, photosynthetic pigments, and total hydrolyzable amino acids) we found, terrestrially- and 39 

marine-derived OC were moderately degraded under the various redox conditions sampled, 40 

suggesting water column redox and OC source are not primary drivers of OC burial in these 41 

fjords. Rather, high sediment accumulation rates, common to fjords globally, lead to low oxygen 42 

exposure times, thus promoting efficient burial of OC regardless of its chemical composition. 43 

 44 

Plain Language Summary 45 

Fjords are net carbon sinks due in part to very high organic carbon burial rates. Despite being 46 

important in the regulation of earth’s climate, the drivers of organic carbon burial in fjords are 47 

not well constrained. Here, we characterize the organic carbon buried in Swedish fjord sediments 48 

under different oxygen regimes (long-term oxic, seasonally hypoxic, and long-term anoxic) 49 

using bulk elemental and biomarker analyses. These fjords effectively bury organic carbon 50 

regardless of organic carbon source and water column oxygen conditions, likely because of high 51 

sediment accumulation rates. Fjords represent distinctive coastal systems with the capacity to 52 

retain reactive organic carbon, underscoring the importance of exploring these ecosystems in the 53 

context of global change. 54 

 55 
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1 Introduction 56 

Anthropogenic activity has significantly altered the global carbon cycle by increasing 57 

greenhouse gas (GHG) concentrations in the atmosphere (IPCC, 2023). The ocean captures 58 

approximately 25% of this anthropogenic carbon, making it one of the major carbon sinks on 59 

earth (Gruber et al., 2023; Siegenthaler & Sarmiento, 1993). Fjords bury the most organic carbon 60 

(OC) per unit area of marine environments, burying 18-31 x 1012 g OC yr-1 (Cui et al., 2022; 61 

Smith et al., 2015). Such high OC burial rates makes fjords key in the regulation of Earth’s 62 

climate on glacial-interglacial timescales (Cui et al., 2022; Smith et al., 2015). More specifically, 63 

temperate fjords have buried ca. 12% of the sediments deposited on the continental margin over 64 

the past 100 kyr despite comprising only 0.1% of the total shelf sediment volume (Nuwer & 65 

Keil, 2005). Temperate fjords are typically characterized by vegetated watersheds and high 66 

marine primary productivity, so high OC and sediment loads result in generally higher OC burial 67 

rates compared to other fjord types (e. g., subarctic, arctic glaciated, and arctic deglaciated; Cui, 68 

Bianchi, Savage, et al., 2016; Włodarska‐Kowalczuk et al., 2019).  69 

Sources of OC in fjord sediments can be characterized as a mixture of terrestrial (OCterr), 70 

marine (OCmar), and petrogenic (OCpetro) (Bianchi et al., 2020). Based on the source, the OC will 71 

have varying chemical composition and therefore stability in aquatic environments. For example, 72 

OCmar (e.g., benthic macro-micro-algae, and phytoplankton) is composed primarily of amino 73 

acids, carbohydrates, and lipids, while OCterr (e.g., soils and vascular-plant detritus), is rich in 74 

complex biopolymers such as lignin, cutins, and cellulose (Arndt et al., 2013). Consequently, 75 

OCterr is generally regarded as more stable in marine systems than OCmar and is preferentially 76 

buried long-term (Arndt et al., 2013; Burdige, 2005, 2007). Redox state has been suggested as 77 

another key driver of OC burial. For instance, under oxic environments fresh OC is typically 78 

degraded more quickly than stable OC; however, in anoxic conditions fresh OC is degraded 79 

slowly and stable OC only minimally (Bianchi et al., 2016; Burdige, 2007a; Cowie et al., 1995; 80 

Kristensen et al., 1995). Consequently, low oxygen and anoxic environments are expected to 81 

have greater OC preservation than oxic environments (Arndt et al., 2013; Bianchi et al., 2018; 82 

Middelburg & Levin, 2009). This explains the general pattern of OC burial efficiency decreasing 83 

with increasing oxygen exposure time (Hartnett et al., 1998). However, the role of redox on early 84 

diagenesis is a historically contentious topic and consequently the effect of oxygen on OC burial 85 

is poorly constrained (Arndt et al., 2013;  Cowie & Hedges, 1992; Jessen et al., 2017; Van De 86 
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Velde et al., 2023; Vandewiele et al., 2009). High OC burial rates in fjords are, in part, attributed 87 

to high OCterr loads and low oxygen bottom waters. However, recent studies conducted in 88 

temperate North Atlantic and Chilean fjords reported high OC content and burial rates in marine-89 

dominated and well oxygenated systems (Á Norði et al., 2018; Faust & Knies, 2019; Lafon et al., 90 

2014; Sepúlveda et al., 2011;Smeaton et al., 2021; Włodarska‐Kowalczuk et al., 2019), thus 91 

questioning the universal role of these well-studied drivers on OC burial in fjords.  92 

Chemical biomarkers are useful proxies to trace specific OC pools and the early 93 

diagenetic processing of the respective pools in coastal systems. There are numerous chemical 94 

biomarkers that can separate OC sources (e.g., sterols, n-alkanes, glycerol dialkyl glycerol 95 

tetraethers (GDGTs), fatty acids, lignin, photosynthetic pigments), however only a few can also 96 

serve as proxies for degradation state of the respective sources (Bianchi & Canuel, 2011). Lignin 97 

is one of the most abundant biopolymers on earth, is found strictly in vascular plants, and its 98 

degradation pathways and products are well studied which makes it a useful OCterr proxy in 99 

aquatic systems (Hedges & Mann, 1979; Jex et al., 2014). Lignin has been used to determine 100 

OCterr sources, contribution, degradation, and hydrodynamic sorting in fjord sediments (Cowie et 101 

al., 1992; Cui, Bianchi, Hutchings, et al., 2016; Cui, Bianchi, Savage, et al., 2016; Louchouarn et 102 

al., 1997; Walsh et al., 2008). Photosynthetic pigments (e.g., chlorophylls and carotenoids) and 103 

their degradation products (e.g., pheopigments, carotenoid chlorin esters (CCEs), steryl chlorin 104 

esters (SCEs)) can provide taxonomic information on algal communities and degradation 105 

state/pathways of the algal biomass (Chen et al., 2003; Goericke et al., 1999; King & Repeta, 106 

1991). For instance, pigments have been used to reconstruct historical algal community shifts, 107 

determine changes in water column redox, track coastal eutrophication, and assess OC sources 108 

and quality in fjords (Bianchi, Engelhaupt, et al., 2002; Bourgeois et al., 2016; Krajewska et al., 109 

2020; Reuss et al., 2005; Schüller et al., 2013; Smittenberg et al., 2004; Szymczak-Żyła et al., 110 

2017; Włodarska‐Kowalczuk et al., 2019). Amino acids, the building blocks of proteins, are 111 

ubiquitous in the biosphere. While amino acids are not source specific, they are useful to study 112 

OC degradation as they are relatively reactive (Cowie & Hedges, 1992, 1994; Dauwe & 113 

Middelburg, 1998). In particular, the amino acid degradation index along with non-protein amino 114 

acids are widely used in coastal and estuarine systems as indices of lability and degradation 115 

(Dauwe et al., 1999; Gaye et al., 2022). For example, amino acids have been used to study 116 
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changes in OC reactivity resulting from diagenetic processes in fjord water column and 117 

sediments (Alkhatib et al., 2012; Cowie et al., 1992; Haugen & Lichtentaler, 1991). 118 

The global heterogeneity of fjords presents challenges in establishing universal drivers of 119 

biogeochemical cycles in these systems, such as redox control, dynamics of bottom water 120 

exchange, sources of OC, and sill depth, just to name a few (Cui, Bianchi, Savage, et al., 2016; 121 

Faust & Knies, 2019; Hinojosa et al., 2014; Smeaton & Austin, 2022). In this study, we utilized 122 

the close proximity (approximately 40 km) of three fjords with distinctly different redox regimes 123 

(e.g., long-term anoxic, seasonally hypoxic, and long-term oxic) to study the role of redox and 124 

OC composition on OC burial in fjord sediments. The primary objective was to determine how 125 

varying water column redox conditions and OC sources affects the degradation state and burial 126 

of sedimentary OC. Recent studies show that the drivers of OC burial are variable between fjords 127 

globally. This warrants further research on OC cycling in fjords as these systems are pivotal in 128 

the global carbon cycle as key aquatic critical zones susceptible to global change (Bianchi & 129 

Morrison, 2018). 130 

2 Materials and Methods 131 

2.1 Study Sites 132 

Samples were collected from three fjords with varying redox conditions located on the 133 

west coast of Sweden (Fig. 1). The By, Gullmar, and Hake Fjords are located at 57-58˚N and the 134 

bottom waters are long- term anoxic, seasonally hypoxic, and long-term oxic, respectively (Fig. 135 

2). The By and Hake Fjords are part of the Orust-Tjörn fjord system (Björk et al., 2000). The 136 

surrounding areas are covered by agriculture, forest, wetlands, and developed areas (Statistics 137 

Sweden, 2023). Given that deglaciation of the region occurred 22 to 9.7 cal kyr BP (Stroeven et 138 

al., 2016) and the predominance of igneous and metamorphic bedrock in SW Sweden (Sadeghi et 139 

al., 2013), we assume negligible OCpetro inputs into the fjords of this study (Cui, Bianchi, Jaeger, 140 

et al., 2016).  141 
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 142 

Figure 1. a) Map of sampling region outlined in the dashed box. b) The region in the dashed 143 

boxed magnified to show fjords sampled (By = red, Gullmar = blue, Hake = green) and each site 144 

within each fjord (circle = head (H), square = center (C), triangle = mouth(M)). The black lines 145 

indicate sill locations for each fjord. Map was made using Ocean Data View, (2023). 146 

By Fjord water column is long-term anoxic below sill depth. The water column is mixed 147 

vertically every three-to-five years, but oxygen is quickly consumed resulting in oxic bottom 148 

waters for only weeks to months (Fig. 2; SMHI, 2023; Viktorsson et al., 2013). For the 149 

remainder of the three-to-five-year time period waters below the sill are anoxic and sulfidic 150 

(Viktorsson et al., 2013). By Fjord is 4 km long with a max depth of 50 m (Viktorsson et al., 151 

2013). There is a sill located at the western-most end at 13 m depth (Viktorsson et al., 2013). The 152 

Bäve River discharges at the head of the fjord with an average rate of 4-8 m3 s-1 (Stigebrandt et 153 

al., 2015; Viktorsson et al., 2013). Starting in 2010, By Fjord was the location of a 2.5 year long 154 

environmental engineering experiment in which surface waters were pumped into deep waters 155 

and resulted in the fjord becoming oxic from December 2010 to August 2013 (Stigebrandt et al., 156 

2015). The fjord has now returned to its long-term anoxic conditions (Fig. 2; SMHI, 2023).  157 

The bottom waters of Gullmar Fjord are seasonally hypoxic (Fig. 2; SMHI, 2023). 158 

Despite the presence of a sill, the bottom waters of Gullmar Fjord are renewed annually, 159 
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typically in late winter/spring when the thermocline is not well established (Filipsson & 160 

Nordberg, 2004; Svansson, 1984). Oxygen concentrations decrease starting in June and drop 161 

below 2 mL O2 L
-1 (89 µM = 2.8 mg L-1) and are considered hypoxic in the deepest part of 162 

Gullmar Fjord by November-January (Fig. 2; Filipsson & Nordberg, 2004; Polovodova Asteman 163 

& Nordberg, 2013; SMHI, 2023). Oxygen levels lower than 1 mL O2 L
-1 (45 µM = 1.4 mg L-1) 164 

can occur if deep-water exchanges do not or only partially occur (Fig. 2; Filipsson & Nordberg, 165 

2004; Polovodova Asteman & Nordberg, 2013; SMHI, 2023). Such low values have been 166 

recorded on multiple occasions and are becoming more frequent (Filipsson & Nordberg, 2004). 167 

Gullmar Fjord is 28 km long and approximately 119 m deep (McQuoid & Nordberg, 2003). The 168 

sill depth is approximately 50 m. The Ӧrekil river drains into the head of the fjord with an 169 

average discharge of 24 m3s-1 (Brinkmann et al., 2022).  170 

Hake Fjord is the southernmost fjord of the Orust-Tjörn system (Björk et al., 2002) with a 171 

water column characterized as long-term oxic (Fig. 2; SMHI, 2023). It is 22 km long, 5 km wide, 172 

and is connected to Havstensfjord at the north end and to the Skagerrak at the south end (Björk et 173 

al., 2002). The maximum depth in this fjord is approximately 65 m. There is a sill at the south 174 

end at 25 m and at 20 m at the north end (Björk et al., 2002). This fjord is understudied 175 

compared to By and Gullmar Fjords. 176 

 177 
 178 
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Fig. 2. Bottom water dissolved oxygen concentrations (µM) for the By (water depth ≥ 40 m), 179 

Gullmar (water depth ≥ 110 m), and Hake Fjords (water depth ≥ 20 m) from 1951 to 2023. The 180 

red line indicates 64 µM. Dissolved oxygen data is from SMHI, (2023).  181 

2.2 Sample Collection 182 

Sediment cores were collected from nine locations within the three fjords aboard the R/V 183 

Skagerrak in September-October 2021. These cores were collected from the head, center, and 184 

mouth stations (H, C, and M, respectively) of the By, Gullmar, and Hake Fjords (Table 1, Fig. 185 

1b). Prior to sediment sampling, a CTD cast was made at each station to measure water column 186 

salinity, water column dissolved oxygen, temperature, and water depth. Approximately 20 cm 187 

long sediment cores were collected using a GEMAX sediment corer (9 cm inner diameter). One 188 

core was collected for radionuclide determinations, a second core was collected for elemental, 189 

lignin, and total hydolyzable amino acid analysis, and a third core was collected for grain size 190 

and sediment surface area analysis. These cores were sliced at 1 cm intervals, from 0 cm to 6 cm 191 

and at 2 cm intervals from 6 cm to 20 cm, placed in Whirlpak bags, and immediately frozen at -192 

20˚C. Sediment samples for pigment analysis were sub-sampled from a fourth core that was 193 

sliced at 0.5 cm intervals to 2 cm, 1 cm intervals to 6 cm, and 2 cm intervals to the bottom of the 194 

core. Pigment samples were placed in 15 mL falcon tubes and immediately stored in liquid 195 

nitrogen. Marine end-member samples were collected using a 20 µm mesh plankton tow outside 196 

the mouth station of Gullmar Fjord. Terrestrial end-member samples, which included vascular 197 

plants and soils, were collected from the watershed shorelines of Gullmar and By Fjords and 198 

were immediately frozen. Sediment and end-member samples remained frozen until arrival at the 199 

University of Gothenburg, Sweden. Sediment samples (except those collected for pigment 200 

analysis) were freeze-dried, transferred to pre-combusted square 60 mL glass bottles, and 201 

homogenized on a roller-mill (Arnold & Schepers, 2004).  202 

2.3 Elemental Analysis and Bulk Sediment Characterization 203 

Bulk sediment samples were analyzed for OC, total nitrogen (TN), and the stable isotopes 204 

of carbon (δ13C) and nitrogen (δ15N). Inorganic carbon was removed from samples by acid 205 

fumigation with 12 N HCl and subsequent drying at 60˚C (Harris et al., 2001). Total organic 206 

carbon (TOC), TN, and δ13C were measured on a Carlo Erba NA1500 CNS elemental analyzer 207 
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coupled to a Thermo Electron DeltaV Advantage isotope ratio mass spectrometer (IRMS) at the 208 

Stable Isotope Mass Spectrometry Laboratory, Department of Geological Sciences, University of 209 

Florida. The standard deviation of replicate standards (USGS40; n = 55) was 0.3% and 0.09% for 210 

%OC and δ13C, respectively. Both OC and TN are expressed as percent of dry sediment mass, 211 

%OC and %TN, respectively, and stable isotope data is reported in δ13C (%) notation relative to 212 

the Vienna Pee Dee Belemnite standard. The molar ratio of organic carbon to nitrogen (C/N) was 213 

calculated as (%OC/12)/(%TN/14).  214 

The relative contribution of OCterr and OCmar in sediments was calculated using a 215 

Bayesian isotopic-mixing model with the MixSIAR package in RStudio (Stock et al., 2018). The 216 

measured terrestrial end-member δ13C input value used was -29.4 ± 0.8% (n = 16). The measured 217 

marine end-member δ13C value was -18.9% (n=1). Additional phytoplankton isotope data for the 218 

marine end-member value were taken from Olofsson et al. (2019) and Waite et al. (2005).The 219 

marine end-member input value used in the model was -20.1 ± 1.6% (n=19). The Markov Chain 220 

Monte Carlo model was run with uninformative priors, 1,000,000 chain length, 500,000 burn-in 221 

iterations, a thinning factor of 500, and three chains (Stock et al., 2018). The mean and standard 222 

deviation of the posterior distribution of OC source were calculated for each sample. 223 

Percent mud, or the percent sediment grain-size <63 µm, was determined for surface 224 

sediments (0 to 1 cm) for each site via wet sieving. Organic matter was removed from sediment 225 

samples using H2O2, and samples were wet sieved using Calgon through a 63 µm mesh size 226 

sieve. Percentages were determined by mass. Sediment surface area and pore volume was 227 

determined for surface sediments (0 to 1 cm) for each site by N2 gas adsorption and BET data 228 

evaluation for pores >1.5 nm according to the theory described by Kwon & Pignatello, (2005) on 229 

a Quantachrome Autosorb I at the Particle Engineering Research Center, University of Florida. 230 

2.4 210Pb, Mass Accumulation Rates, and Organic Carbon Accumulation Rates 231 

The determination of 210Pb activity was done through its progeny 210Po assumed to be in 232 

secular equilibrium. Polonium analysis require radiochemical separation and measurements in 233 

alpha spectrometer. We used a slightly modified Po separation method earlier described by Flynn 234 

(1968), Ehinger et al. (1986), and Henricsson et al. (2011). See supplementary information (Text 235 

S1) for more details. The support level of 210Pb, assumed to be in secular equilibrium with 226Ra, 236 

was calculated as the average activity of 226Ra daughters (214Pb and 214Bi) in some selected 237 
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sediment slices of each core. The samples were sealed in radon-tight containers and left for three 238 

weeks to ensure the equilibrium between 226Ra and its progenies and to prevent radon leakage 239 

(Mauring & Gäfvert, 2013). The sealed samples were measured for 2 to 3 days on a high-purity 240 

germanium detector (HPGe). 241 

The sediment mass accumulation rate (MAR) for each site was calculated using a 210Pb-242 

dating method assuming constant flux and constant sedimentation (CFCS) of 210Pb to the 243 

sediments (Appleby & Oldfield, 1978). For CFCS modelling a non-linear fitting (NLS) function 244 

was used where the measured total 210Pb data was fitted to gain the MAR results (Törnquist et 245 

al., 2023). To evaluate the MAR uncertainties a Monte Carlo procedure was used simulating 246 

about 1000 data sets for the CFCS modelling (Törnquist et al., 2023). 247 

Average OC content and OC accumulation rates (OCAR) for each site were calculated 248 

using the following equations: 249 𝑂𝐶𝑠𝑖𝑡𝑒 =  ∑ (𝑂𝐶𝑖 × 𝑑𝑟𝑦 𝑚𝑎𝑠𝑠𝑖)𝑛𝑖 ∑ (𝑑𝑟𝑦 𝑚𝑎𝑠𝑠𝑖)𝑛𝑖⁄  

𝑂𝐶𝐴𝑅𝑠𝑖𝑡𝑒 = 𝑂𝐶𝑠𝑖𝑡𝑒 × 𝑀𝐴𝑅𝑠𝑖𝑡𝑒 

where, OCi and dry massi are the OC content and dry mass of slice i within each core at each site. 250 

OCsite and OCARsite are the average OC content and OCAR for each site, respectively. Core 251 

slices 10 cm and deeper were used to calculate OCsite as By-H exhibited decreasing OC content 252 

with depth. Average OC content and OCAR for each fjord and the region of SW Sweden was 253 

calculated following the approach of Cui, Bianchi, Savage, et al. (2016).  254 

2.5 Amino Acids 255 

Total hydrolyzable amino acids (THAA) were determined by hydrolyzing sediment 256 

equivalent to 3 ± 0.5 mg OC dried sediment with 1.0 mL 6 N hydrochloric acid (HCl) at 110˚C 257 

for 20 hours under N2 atmosphere (Shields, Bianchi, Osburn, et al., 2019). The THAA pool was 258 

analyzed using the Thermo Fisher Ultimate 3000 UPLC coupled to the FLD-3100 Fluorescence 259 

Detector (excitation at 330 nm and emission at 418 nm) following the pre-column o-260 

phthaldialdehyde (OPA) derivatization technique, as described by (Lindroth & Mopper, 1979). 261 

Individual amino acids were separated using a C18 reverse-phase column (Adsorbosphere C18; 262 

250 mm x 4.6 mm x 5 µm) following the method described in Shields, Bianchi, Osburn, et al. 263 
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(2019). Individual amino acids were quantified from a 5-point calibration curve of standards of 264 

each amino acid quantified (Pierce Standard-H). Pierce Standard-H did not include the non-265 

protein amino acids β-alanine or γ-aminobutyric acid, so these were individually added to the 266 

mixture.   267 

The amino acid degradation index (DI) is based on changes in mol % of amino acids 268 

(excluding non-protein amino acids) and can be used to quantify the degradation of the organic 269 

matter in sediments (Dauwe et al., 1999). The DI score is calculated with the following equation: 270 

𝐷𝐼 =  ∑[𝑣𝑎𝑟𝑖 − 𝐴𝑉𝐺 𝑣𝑎𝑟𝑖𝑆𝐷 𝑣𝑎𝑟𝑖𝑖  ]  ×  𝑓𝑎𝑐. 𝑐𝑜𝑒𝑓.𝑖 
where, Vari is the mol % from the sample, AVG vari is the mean, SD vari is the standard 271 

deviation, and fac.coef.i is the loadings/scoring on the first principle component from Dauwe et 272 

al. (1999). The DI values are useful in separating differences between fresh (DI > 0.5), 273 

intermediately degraded (0.5 > DI > -0.5), and severely degraded (DI<-0.5) material (Dauwe et 274 

al., 1999). During our analysis, we had issues detecting histidine (His), but excluding His has 275 

been found to not significantly impact DI calculations (Vandewiele et al., 2009). Other THAA 276 

degradation parameters include %N-THAA, where higher values correlate to fresher material, 277 

and mol% non-protein amino acids (e.g. β-alanine (BALA)), where higher percentages 278 

correspond to more degraded material.  279 

 The Ox/Anox index is based on the reactivities of individual amino acids under oxic and 280 

anoxic conditions and is calculated with the following equation using molar % of each 281 

compound:  282 𝑂𝑥𝐴𝑛𝑜𝑥 =  𝐴𝑠𝑝 + 𝐺𝑙𝑢 + 𝐵𝐴𝐿𝐴 + 𝐺𝐴𝐵𝐴 + 𝐿𝑦𝑠𝑆𝑒𝑟 + 𝑀𝑒𝑡 + 𝐼𝑙𝑒 + 𝐿𝑒𝑢 + 𝑇𝑦𝑟 + 𝑃ℎ𝑒 

where, Ox/Anox ratios ≥ 1.5 are indicative of degradation under oxic conditions and Ox/Anox 283 

ratios ≤ 1 are indicative of degradation under anoxic conditions (Menzel et al., 2013, 2015). 284 

While this ratio was initially applied to study redox in lacustrine systems, it has been used in 285 

numerous coastal studies (Gaye et al., 2022; Mai-Thi et al., 2017). 286 
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2.6 Lignin 287 

Lignin phenols were extracted following the cupric oxide oxidation (CuO) method 288 

(Hedges & Ertel, 1982), as modified by Goñi & Hedges, (1995). The lignin oxidation products 289 

(LOPs) were separated with an Aligent DB-5ms column (30 m length, 0.25 mm ID) on a Thermo 290 

Scientific Trace 1310 Gas Chromatogram coupled to a Thermo Scientific TSQ8000 Triple 291 

Quadrupole Mass Spectrometer as outlined in (Shields, Bianchi, Kolker, et al., 2019). All 292 

calculations were done using relative response factors where peak areas were normalized to the 293 

instrument standard (methyl 3,4-dimethoxy benzoate) to account for instrument variability. 294 

Individual lignin phenols were quantified from a log-transformed 7-point calibration curve. A 295 

standard mixture was made from solid compounds purchased from Sigma Aldrich and Acros 296 

Organics. 297 

The eight major LOPs can be subdivided into vanillyl (V), syringyl (S), and cinnamyl (C) 298 

phenols (Hedges & Ertel, 1982). The sum of total V, S, and C phenols normalized to 100 mg OC 299 

is represented as Λ8 and is a proxy for OCterr inputs. Ratios of C/V and S/V phenols can indicate 300 

woody versus non-woody and angiosperm versus gymnosperm sources, respectively (Hedges & 301 

Mann, 1979). Additional LOPs quantified include p-hydroxy (P) phenols and 3,5-302 

dibhydroxybenzoic acid (3,5-Bd). The ratio of 3,5-Bd/V is a proxy for soil inputs (Otto & 303 

Simpson, 2006). P/S+V and (acid/aldehyde)v ((Ad/Al)v) ratios are indicative of lignin 304 

decomposition where higher values (>0.3) indicate greater extent of degradation (Hedges, 305 

Blanchette, et al., 1988; Jex et al., 2014; Opsahl & Benner, 1995).   306 

2.7 Plant Pigments 307 

For pigment analysis, 1 gram of wet sediment was extracted with 10 mL 20:80 methanol: 308 

acetone for 24 hours at -20 ˚C. Samples were sonicated for 1 min. and syringe filtered with a 309 

0.45 µm nylon filter. Pigment extracts were analyzed by high performance liquid 310 

chromatography (HPLC; Shimadzu UV/VIS Photodiode array detector SPD-M20A) with a C18 311 

column (Shim-pack GIST C18; 3 μm; 150 x 4.6 mm) according to the method described by 312 

Wright and Jeffrey (1997). Pigments concentrations were determined from a 4-point calibration 313 

curve. Chlorophyll-a, fucoxanthin, zeaxanthin, pheophorbide-a and pheophytin-a standards were 314 

purchased from DHI LAB. Chlorophyll-a was quantified at 436 nm, carotenoids were quantified 315 

at 450 nm, and pheopigments were quantified at 410 nm. Pheopigments here include pheophytin-316 
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a, pheophytin-a-like, and pheophorbide-a-like pigments. Pheophorbide-a was not quantified 317 

because of co-elution with other pigments.  318 

Chlorophyll-a is a pigment found in all photosynthetic organisms which makes it a useful 319 

proxy for total algal biomass (Roy et al., 2011). Pheophytin-a and pheophorbide-a are 320 

degradation products of chlorophyll-a, and the ratio of chlorophyll-a/pheopigments can be used 321 

to quantify degradation state (Roy et al., 2011). Fucoxanthin and zeaxanthin are both carotenoids 322 

found in numerous organisms, but are major pigments in diatoms and cyanobacteria, respectively 323 

(Roy et al., 2011).  324 

2.8 Statistical Analysis 325 

Prior to statistical analysis, linear assumptions were checked using the Shapiro-Wilk test 326 

(p > 0.01) and Levene test (p > 0.05). To compare measured parameters between sites, a one-327 

way ANOVA with Tukey’s test for multiple comparisons was conducted. If the assumption of 328 

normality was met but the data was heteroscedastic, Welch’s ANOVA was used. A p-value<0.05 329 

was the threshold for significance. All data handling was conducted in Excel and R-Studio. 330 

3 Results 331 

3.1 Total Organic Carbon, Total Nitrogen, Stable Carbon Isotopes, and Sediment 332 

Characterization 333 

The %OC in By-H sediments decreased downcore from 2.4% in surface sediments to an 334 

average of 0.5 ± 0.1% at 9-20 cm (Fig. 3a, Table S1). Conversely, %OC in sediment samples for 335 

all other stations showed minimal change with depth and ranged from 2.2 to 2.7% (Fig. 3a, Table 336 

S1). Molar C/N ratios at all sites ranged from 8.8 to 14.6 and were significantly higher at sites 337 

adjacent to rivers, sites By-H (0-5 cm) and Gullmar-H, compared to all other sites (Table S1, Fig. 338 

S2a). Similarly, δ13C values ranged from -26.2% to -21.4% with significantly lowest values at 339 

Gullmar-H and By-H surface sediments (0-5 cm; Fig. 3b, Table S1). δ15N values did not change 340 

with depth and ranged from 6‰ to 7‰, except for at By-H (0-5 cm) and Gullmar-H, where 341 

values were somewhat lower (Table S1, Fig. S2b). 342 

The highest average OCmar contributions were found in Hake Fjord, ranging from 78% to 343 

90% OCmar (Fig 3c, Table S1). Gullmar and By Fjords had a wider range of OCmar contributions, 344 
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ranging from 30% to 79% and 38% to 76%, respectively (Table S1), with lowest contributions at 345 

the head stations (Fig. 3c).   346 

Mud content (% <63 µm) ranged from 91.2% to 95.4% in By Ford, 87.7% to 93.1% in 347 

Gullmar Fjord and 92.5% to 95.4% in Hake Fjord (Table 1). Organic carbon: surface area ratios 348 

(OC:SA) ranged from 1.1 to 2.7 in By Fjord, 0.9 to 1.8 in Gullmar Fjord and 1.1 to 1.2 in Hake 349 

Fjord (Table 1). 350 

  351 

 352 
 353 
Figure 3. Downcore profiles of a) organic carbon content (%OC) and b) δ13C values (%) faceted 354 

by fjord and colored by site id. c) Surface sediment source (1 cm) from the MCMC mixing 355 

model where the gray error bars represent 1 SD. 356 
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Table 1. Sampling Site Information. Site ID, water depth, bottom water dissolved oxygen (DO) at time of sampling, long-term redox 357 

conditions, surface mixed layer (SML) depth, surface mud content (<63 µm), sediment mass accumulation rate (MAR), organic 358 

carbon accumulation rate (OCAR) and marine organic carbon accumulation rate (OCmarAR) are displayed. Averages for each fjord are 359 

reported where possible. * SML depth at By-C and By-M is assumed to be 0, and the apparent SML depth is likely an artefact of 360 

sampling. 361 

Fjord, 

Station 

Site ID Water  

depth  

(m) 

Bottom 

water DO 

(µM) 

Long-term 

redox 

SML  

depth  

(cm) 

Surface 

mud 

content 

(<63 µm) 

Surface 

OC:SA 

(mg OC  

m-2) 

MAR 

(g m-2 yr-1) 

OCAR  

(g m-2 yr-1) 

OCmarAR 

(g m-2 yr-1) 

By, Head By-H 11 260 Oxic 0 91.6 1.1 470 ± 40 2 ± 1 1± 0.1 

By, Center By-C 46.5 0 Anoxic 0* 91.2 2.7 380 ± 10 12 ± 3 8 ± 2 

By, Mouth By-M 23 0 Anoxic 0* 95.4 2.4 840 ± 90 24 ± 3 18 ± 2 

By AVG        560 ± 50 13 ± 5 9 ± 4 

Gullmar, 

Head 

Gullmar-H 26 175 Oxic 10 

87.7 

1.8 670 ± 80 16 ± 2 6 ± 1 

Gullmar, 

Center 

Gullmar-C 118 107 Seasonally 

Hypoxic 

12 

92.0 

0.9 1500 ± 200 39 ± 5 32 ± 6 

Gullmar, 

Mouth 

Gullmar-M 57 164 Seasonally 

Hypoxic 

4 

93.1 

1.4 2220 ± 220 57 ± 6 49 ± 5 

Gullmar 

AVG 

       1460 ± 100 38 ± 12 29 ± 10 

Hake, Head Hake-H 21 213 Oxic 0 93.4 1.1 1150 ± 80 28 ± 2 26 ± 2 

Hake, Center Hake-C 32 199 Oxic 3 92.5 1.1 1640 ± 110 41 ± 3 37 ± 3 

Hake, Mouth Hake-M 41 204 Oxic 4 95.4 1.2 4700 ± 500 122 ± 14 107 ± 12 

Hake AVG        2500 ± 170 64 ± 20 56 ± 18 



manuscript submitted to JGR: Biogeosciences 

 

Total AVG        1500 ± 70 38 ± 24 31 ± 21 

  362 
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3.2 Surface Mixed Layers, Mass Accumulation Rates and OC Accumulation Rates  363 

Excess 210Pb profiles showed clear evidence of a surface mixed layer (SML) at most sites 364 

(Fig. S1). SML depths ranged from 0 to 12 cm (Table 1). Despite being long-term anoxic, By-C 365 

and By-M had evidence of SMLs. However, no macrobenthic organisms were found in the 366 

sediment cores during coring or slicing (pers. obs.), so the SML cannot be from bioturbation. 367 

The apparent SML in this fjord may have been an artifact of coring disturbance due to the 368 

presence of a significant flocculent layer in the surface sediments of By Fjord anoxic basin.  369 

Average mass accumulation rates (MARs) and organic carbon accumulation rates 370 

(OCARs) increased moving from the head to the mouth of each fjord (Table 1, Fig. 4). Highest 371 

MARs and OCARs were found in Hake Fjord with average MAR ranging from 1150 ± 80 g m-2 372 

yr-1
 to 4700 ± 500 g m-2 yr-1 and OCARs ranged from 28 ± 2 g OC m-2 yr-1 to 122 ± 14 g OC m-2 373 

yr-1 (Table 1, Fig. 4). Lowest MARs and OCARs were found in By Fjord with average MAR and 374 

OCAR values ranged from 380 ± 10 g m-2 yr-1 to 840 ± 90 g m-2 yr-1, and 2 ± 1 g OC m-2 yr-1 to 375 

24 ± 3 g OC m-2 yr-1, respectively (Table 1, Fig. 4). 376 

 377 

 378 
Figure 4. Organic carbon accumulation rates (OCAR) for each site and the darker shaded areas 379 

represent marine organic carbon accumulation rates (OCmarAR). Averages for each fjord and 380 
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overall are indicated by AVG. Error bars represent 1SD. Values for NW Europe are from Cui et 381 

al., (2016). 382 

3.3 Total Hydrolyzable Amino Acids  383 

At some sites (e.g. By-H, By-C, By-M, and Hake-H), THAA concentrations were highest 384 

in the top 0-2 cm of sediments, ranging from 1.1 to 3.7 mmol gC-1, but decreased to 2 cm and 385 

stabilized below that depth (Fig. 5a). For inter-site comparison, averages are based on 2-20 cm 386 

concentrations of all cores. The THAA concentrations were significantly lower at By-H (2.1 ± 387 

0.6 mmol gC-1) and Hake-H (4.1 ± 0.5 mmol gC-1) compared to all other sites (Table S1, Fig. 388 

6a). Average %N-THAA is very similar between long-term anoxic sites (By-H, -C), seasonally 389 

hypoxic sites (Gullmar-C, -M), and long-term oxic sites (Hake-C, -M),with averages ranging 390 

from 19% to 43% (Table S1, Fig. S3a).  391 

Average DI values for all sites fell between -0.5 and 0.5 (Table S1, Fig. 6b), however 392 

Gullmar-C had significantly lower DI values than all stations besides Gullmar-M (Table S1; Fig. 393 

5b). There were no clear trends of Ox/Anox ratios as they were not statistically different between 394 

long-term anoxic sites By-C and By-M, seasonally hypoxic site Gullmar-M, and long-term oxic 395 

sites Hake-H, Hake-C, and Hake-M (Fig. S3b). All sites had average ratios < 1.5, excluding By-396 

H (1.5 ± 0.2) and Gullmar-C (1.6 ± 0.1; Fig. S3b, Table S1). 397 

Mol % BALA increased with depth at By-H and therefore do not meet assumptions for 398 

statistical testing, so values are reported as ranges. Mol % BALA was highest at By-H which 399 

range from 1.1 to 8.4%. Gullmar-C also had high mol % BALA with values ranging from 0.4 to 400 

5.4% (Fig. S3c, Fig. S4). Values at all other sites (By-C, By-M, Gullmar-H, Gullmar-M, Hake-401 

H, Hake-C, and Hake-M), including long-term anoxic, seasonally hypoxic, and long-term oxic, 402 

were 0.4 to 3.8% (Fig. S3c, Fig. S4).  403 

 404 
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 405 

 406 

Figure 5. Downcore profiles of a) total hydrolyzable amino acid (THAA) concentrations and b) 407 

degradation index (DI) values. Each subfigure is faceted by fjord id and color coded by site id. 408 

3.4 Lignin Oxidation Products 409 

Values of Λ8 decreased at By-H, which coincides with decreases in OC content. 410 

Therefore, only the top 0 to 5 cm were used from By-H for inter-site comparison of OCterr inputs. 411 

Values of Λ8 were significantly highest at Gullmar-H (2.7 ± 0.1 mg (100 mg OC)-1) and By-H 412 

(2.0 ± 0.3 mg (100 mg OC)-1), both of which are adjacent to rivers (Fig. 5, Table S1). More distal 413 

sites in By Fjord (By-C, -M), had significantly higher Λ8 values (1.3 ± 0.2 mg (100 mg OC)-1) 414 

than those in Gullmar Fjord and all sites in Hake Fjord (Hake-H, -C, and -M) with average Λ8 415 

values ranging from 0.6 to 0.9 mg (100 mg OC)-1 (fig. 5, Table S1) .  416 

Ratios of S/V and C/V change with depth and therefore do not meet assumptions for 417 

statistical testing. Therefore, values are reported as ranges. C/V and S/V ratios ranged from 0.19 418 

to 0.67 and 0.48 to 0.98, respectively (Fig. 5c, Table S1, Fig.S5a-b). Both C/V and S/V ratios 419 

were lower at sites next to rivers including By-H and Gullmar-H compared to all other sites (Fig. 420 

5c, Table S1, Fig.S5a-b). Ratio of 3,5-Bd/V also change with depth, so ranges are reported. 421 

Ratios of 3,5-Bd/V were lowest at By-H (0.07 to 0.2) and Gullmar-H (0.06 to 0.08) and were 422 

similar at all other sites ranging from 0.08 to 0.26 (Fig. S5d).  423 

Ratios of (Ad/Al)v were significantly lowest at head stations adjacent to rivers, By-H 424 

(0.39 ± 0.05) and Gullmar-H (0.26 ± 0.02), compared to other stations within the same fjord 425 

(Fig. 6b, Table S1). There were no clear differences at all other sites with (Ad/Al)v averages  426 

ranging from 0.41 ± 0.08 to 0.53 ± 0.05 (Fig. 6b, Table S1). P/S+V ratios were significantly 427 
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lowest at By-H (0.18 ± 0.03) and Gullmar-H (0.12 ± 0.004) and highest at Gullmar-M (0.40 ± 428 

0.04; Fig. S5c, Table S1). There were no significant differences at all other sites with averages 429 

ranging from 0.26 ± 0.03 to 0.29 ± 0.01 (Fig. S5c, Table S1).  430 

 431 

Figure 6. Downcore profiles of a) Λ8, a measure of total lignin concentration and b) 432 

(acid/aldehyde)v ratios, a lignin degradation parameter. c) Plot of syringyl to vanillyl (S/V) 433 

versus cinnamyl to vanillyl (C/V) ratios and typical values of woody angiosperms (A), 434 

nonwoody angiosperms (a), woody gymnosperms (G), and nonwoody gymnosperms (g) in gray. 435 

Each subfigure is faceted by fjord and color coded by site. 436 

3.5 Plant Pigments 437 

Chlorophyll-a and fucoxanthin concentrations decreased sharply with depth in sediments 438 

at all sites but were much higher at By-C and By-M (315 to 4367 nmol gOC-1
 and 68 to 1357 439 

nmol gOC-1, respectively) than at all other sites (below limit of detection (BLD) to 1801 nmol 440 

gOC-1 and BLD to 834 nmol gOC-1, respectively; Fig. 7a-b). Zeaxanthin concentrations did not 441 

have any clear downcore trends and were higher at By-M and By-C (82 to 1118 nmol gOC-1) 442 

than at all other sites (BLD to 416 nmol gOC-1; Fig. 7c). Pheopigment concentrations were 443 
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higher and relatively stable at By-C and By-M (1242 to 4469 nmol gOC-1) compared to all other 444 

sites where concentrations sharply decreased with depth (115 to 2093 gOC-1; Fig. 7d) 445 

Chlorophyll to pheopigment ratios (Chl-a/pheo) were highest in By Fjord surface sediments with 446 

ratios ranging from BLD to 1.38. in Gullmar and Hake Fjords, Chl-a/pheo ratios ranging from 447 

0.13 to 0.61 and 0.08 to 0.49, respectively.  448 

 449 

 450 
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Figure 7. Downcore profiles of a) chlorophyll-a concentrations, b) zeaxanthin concentrations, c) 451 

fucoxanthin concentrations, d) pheo-pigment concentrations, and e) chlorophyll-a/pheopigment 452 

ratios (Chl-a/ pheo). Each subfigure is faceted by fjord and color coded by site. 453 

4 Discussion 454 

4.1 OC Sources and Burial 455 

The average MAR and OCAR within all three western Swedish fjords increased from the 456 

head-to-mouth (Table 1, Figure 4). Highest MARs in fjords are commonly found adjacent to 457 

terrestrial inflow sources (e.g., rivers) and/or in deep basins where fine particulates (e.g., clays in 458 

soils) accumulate via hydrodynamic sorting (Á Norði et al., 2018; Cowie et al., 1992; Hinojosa 459 

et al., 2014). However, the elevated MARs at the mouth of the Swedish fjords reflects the role of 460 

the coastal ocean as an important source of particulate delivery. High spatial variability in 461 

OCARs in these fjords (Fig.4) agrees with patterns found in other fjord systems (Á Norði et al., 462 

2018; Duffield et al., 2017; Ramirez et al., 2016), emphasizing the importance of head-to-mouth 463 

spatial dynamics in fjords. Average OCARs for By, Gullmar, and Hake Fjords were 13 ± 5 g OC 464 

m-2 yr-1, 37 ± 12 g OC m-2 yr-1, and 64 ± 20 g OC m-2 yr-1, respectively, with a total average of 465 

38 ± 25 g OC m-2 yr-1 (Table 1, Fig. 4). The average OCAR in this study are slightly higher than 466 

estimates for NW Europe (29 g OC m-2 yr-1-; Cui, Bianchi, Savage, et al., 2016) but are relatively 467 

low compared to Norwegian temperate fjords (71 g OC m-2 yr-1; Włodarska‐Kowalczuk et al., 468 

2019). 469 

Fjords along western Sweden are characterized by an open exchange with coastal waters, 470 

minimal riverine inputs, low-relief, and burial of predominantly marine-derived OC. Of the total 471 

OC buried in this study, 83% is marine derived, equating to an average OCmarAR of 32 ± 21 g 472 

OC m-2 yr-1 (Fig. 4). This is much higher than previous estimates for NW Europe which 473 

suggested only 23.5% of the OC buried is marine derived (Cui, Bianchi, Savage, et al., 2016). 474 

The δ13C mixing model values suggest fjords with no riverine input have high OCmar 475 

contributions throughout the entire fjord (e.g. Hake Fjord with average 90 ± 2% OCmar) while 476 

fjords with significant riverine inputs typically have steeper gradients of OC sources from the 477 

head-to-mouth (e.g. 47 ± 11% to 73 ± 11% OCmar in By Fjord and 40 ± 10% to 87 ± 8% OCmar in 478 

Gullmar Fjord; Fig. 3c). This implies that rivers, while not dominant sources of particulates to 479 

these fjords, are the dominant source of OCterr to these systems. Mass wasting events are 480 
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dominant sources of OCterr in high relief watersheds of New Zealand, Canadian, Chilean, and 481 

Alaskan fjords (Cui, Bianchi, Jaeger, et al., 2016; Cui et al., 2017; Hage et al., 2022; Korup et 482 

al., 2019; Ramirez et al., 2016). Landslides have been recorded in Swedish fjord sediments 483 

(Polovodova et al., 2011), but are likely not an important point source of OCterr inputs to the 484 

fjords because of the relatively low relief of these fjord basins. Low OCterr inputs are further 485 

supported by low Λ8 concentrations as values ranged from 0.5 to 2.3 mg/100 mg OC while in 486 

other fjords (e.g. Saguenay Fjord (CA), Doubtful Sound (NZ), Dusky Sound (NZ), Long Sound 487 

(NZ)), Λ8 concentrations reach 7.7 to 10.8 mg (100 mg OC)-1 (Cui, Bianchi, Savage, et al., 2016; 488 

Louchouarn et al., 1997; Walsh et al., 2008). The dominance of OCmar burial in these fjords 489 

supports the general paradigm that fjords with low riverine inputs and high marine inflow are 490 

typically dominated by OCmar in sediments (Faust & Knies, 2019). In fact, marine inflow rates 491 

are much higher than riverine discharge rates in the fjords of this study. For instance, the Bäve 492 

and Ӧrekil rivers, located at the heads of By and Gullmar Fjords, respectively, have discharges of 493 

4-8 and 24 m3 s-1, respectively (Stigebrandt et al., 2015; Tiselius et al., 2016; Viktorsson et al., 494 

2013). However, the net marine circulation through the Orust-Tjörn fjord system is considerably 495 

higher at 100 m3s-1 and circulates counterclockwise in a northern direction, pushing coastal 496 

waters from the Skagerrak Straight and Kattegat Sea into these fjords (Björk et al., 2000). The 497 

strong inflow of marine water also likely restricts the OCterr from being transported throughout 498 

the fjord while supplying high OCmar loads to the system. 499 

4.2 OC Decay Dynamics: Source Inputs, Redox, and Spatial Variability 500 

4.2.1 Terrestrially-Derived OC 501 

Spatial variability of OCterr sources from head-to-mouth transects suggests that deposition 502 

of terrestrial material, while relatively minimal compared to marine sources, is strongly 503 

influenced by hydrodynamic sorting. For instance, Λ8 values, a proxy for total OCterr inputs, 504 

supports our bulk stable isotopic mixing model and highlights rivers as an important point source 505 

of OCterr into these systems (Fig. 3c, Fig. 5a). Based on C/V and S/V ratios, OCterr in By, 506 

Gullmar, and Hake Fjords is a mixture of woody and non-woody angiosperm and gymnosperm 507 

material (Fig. 5c, Fig. S5a-b). The dominant gymnosperm sources to fjords in this region are 508 

likely from pine trees and spruce trees and angiosperm sources from birch trees (Diekmann, 509 

1999), all of which were observed while collecting terrestrial endmembers. At Gullmar-H and 510 
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By-H stations, which have direct riverine inputs at the head, OCterr is more comprised of woody 511 

and gymnosperm material compared to all other sites (Fig. 5c, Fig. S5a-b). However, at the distal 512 

regions of By and Gullmar Fjords (By-C, By-M, Gullmar-C, Gullmar-M), and in the entire Hake 513 

Fjord, there are higher soil OCterr contributions as reflected by higher 3,5-Bd/V ratios (Fig. S5d). 514 

This distribution of OCterr throughout the fjord can be explained by hydrodynamic sorting, which 515 

has been reported as a key driver of OCterr distribution in temperate fjords (Cui, Bianchi, 516 

Hutchings, et al., 2016; Loh et al., 2008; Smith et al., 2010; Walsh et al., 2008). Larger woody-517 

plant material is deposited near rivers while smaller non-woody and fine soil material is 518 

preferentially transported to the distal regions of the fjord, also reflected by greater <63 µm 519 

fraction at sites not directly adjacent to rivers in Gullmar Fjord (Table 1). Non-point sources of 520 

soil erosion likely contributed to this signature as well, albeit only a minor contribution to the 521 

total OC pool.  522 

Terrestrially-derived OC degradation patterns in sediments of western Swedish fjords are 523 

controlled more by distance from river mouth than water column redox conditions. The (Ad/Al)v 524 

and P/S+V ratios increase from head-to-mouth in Gullmar and By Fjords, while remaining 525 

relatively constant in Hake Fjord, suggesting greater degradation of OCterr further from terrestrial 526 

point sources (e.g. rivers; Fig. 5b. Fig. S5c). Hydrodynamic sorting as previously described, is 527 

likely responsible for the spatial variation in OCterr degradation wherein smaller more degraded 528 

vascular plant material is preferentially transported greater distances throughout the fjord, in 529 

contrast with fresh material being deposited at fjord heads. Elevated soil inputs at sites further 530 

away from rivers may also contribute to the more degraded terrestrial signature as soils typically 531 

display (Ad/Al)v ratios of 0.6 to 0.8 (Ertel & Hedges, 1984). Patterns of increasing OCterr 532 

degradation moving away from terrestrial sources (e.g. riverine input) has similarly been 533 

reported in coastal systems (Bianchi, Mitra, et al., 2002; Prahl et al., 1994; Sampere et al., 2008) 534 

and fjords specifically (Cui, Bianchi, Savage, et al., 2016; Walsh et al., 2008). Stable Λ8 and 535 

P/S+V values and increasing (Ad/Al)v ratios downcore at all sites excluding the By-H station 536 

indicates the relative stability of lignin in the sediments (Fig. 5a-b, Fig. S5c). This shows that 537 

OCterr is not being diagenetically altered within the time scale of the 20 cm of the sediments (20 538 

to 116 years), suggesting minimal post-depositional degradation of OCterr. There is no significant 539 

difference in the degradation state of lignin between the anoxic stations of By Fjord (By-C and 540 

By-M), and oxic Hake Fjord stations (Hake-H, Hake-C, and Hake-M), suggesting pre-541 
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depositional degradation is not controlled by water-column redox. The degraded signature of 542 

lignin likely reflects degradation of OCterr prior to delivery into fjords (Hedges, Clark, et al., 543 

1988; Louchouarn et al., 1997). While a low reactivity of lignin in water columns and sediments 544 

of fjords has been attributed to low oxygen levels (Cowie et al., 1992), we observed minimal 545 

decay of OCterr in oxidizing water columns of West Swedish fjords.  546 

4.2.2 Marine-Derived OC 547 

Swedish fjords bury significant portions of the annual primary production regardless of 548 

water column redox state. The 10 year mean annual primary production in Gullmar Fjord from 549 

1985 to 2008 ranged from 220 to 240 g OC m-2 yr-1 (Lindahl et al., 2009). We assume similar 550 

values for By and Hake Fjords since there are no published production estimates for them. Based 551 

on the average OCmarAR, the anoxic By Fjord, seasonally hypoxic Gullmar Fjord, and oxic Hake 552 

Fjord bury ~4%, ~13%, and ~25% of the total annual primary production in surface waters, 553 

respectively. This agrees with estimates reported on subarctic and arctic fjords of Norway and 554 

Svalbard (10%) and temperate fjords of Norway (20%; Kuliński et al., 2014; Włodarska‐555 

Kowalczuk et al., 2019). Highest OCmar burial efficiencies are in Hake Fjord which also has the 556 

highest MAR (Table 1), further supporting sediment accumulation rate as a key driver of OC 557 

burial in these fjords. 558 

Marine-derived OC is similarly degraded under oxic, anoxic, and seasonally hypoxic 559 

water columns and experiences minimal post-depositional degradation, as reflected by THAA 560 

biomarkers which exhibit comparable profiles between sites and minimal changes downcore. 561 

While amino acids are ubiquitous in all living matter, they constitute the majority of the 562 

biomolecules in OCmar compared to OCterr, meaning they can be more representative of the 563 

marine end-member (Burdige, 2007; Wakeham et al., 1997). Based on mixing model results, we 564 

assume amino acids primarily derive from marine phytoplankton in this study. Amino acid 565 

biomarkers have not been extensively used in fjord systems, but the values reported here are 566 

comparable to values previously reported in Saanich Inlet, an intermittently anoxic fjord (Cowie 567 

et al., 1992), and St. Lawrence Estuary, a hypoxic fjord (Alkhatib et al., 2012). Bulk OCmar is 568 

stable in the sediments post-deposition as the OC content and enriched δ13C values are distinctly 569 

vertical at all sites (excluding By-H) to basal ages in sediment cores, ranging from 20 to 116 570 

years (Fig. 3a-b). Moreover, minimal changes in amino acid biomarkers downcore at all sites 571 
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(excluding By-H) exhibit only slight degradation of OCmar in sediments throughout the 572 

timeframe captured by these sediment cores (Fig. 6, Fig. S3, Fig. S4). Similarly, DI values are 573 

not statistically different between oxic (Gullmar-H, Hake-C, Hake-M) and anoxic sites (By-C 574 

and By-M). Despite small differences between all sites, average DI scores fall between -0.6 to 575 

0.1 (the DI scale ranges from -2 to 2; Dauwe et al., 1999), suggesting OCmar is intermediately 576 

degraded at all sites. This is contrary to other estuarine and coastal studies which reported higher 577 

(fresher) amino acid DI scores in sediments under low oxygen and hypoxic water columns 578 

(Alkhatib et al., 2012; Vandewiele et al., 2009; Wang et al., 2018). Amino acids have been found 579 

to be reactive in fjord water columns, suggesting the THAA DI can reflect pre-depositional 580 

degradation as material sinks through the water column (Cowie et al., 1992). Concentrations of 581 

THAA in surface sediments are remarkably similar between long-term oxic sites (Hake-C and 582 

Hake-M), seasonally hypoxic sites (Gullmar-C), and long-term anoxic sites (By-C and By-M; 583 

Fig. 6a). Assuming similar primary production rates (and therefore amino acid inputs), as 584 

mentioned above, such similar THAA concentrations and DI values of sediments under different 585 

water-column redox states and depths suggest OCmar is similarly processed under various water 586 

column oxygen conditions. Therefore, OCmar is similarly preserved under long-term oxic, 587 

seasonally hypoxic, and long-term anoxic water columns in these settings.  588 

 Interestingly, pigment concentrations (another labile OC biomarker), showed variable 589 

preservation across different water column redox conditions that were not observed with amino 590 

acids. At the anoxic stations within By Fjord, pigment concentrations are one order of magnitude 591 

higher and therefore better preserved down to 20 cm sediment depth than in the seasonally 592 

hypoxic and oxic stations of Gullmar and Hake Fjords (Fig. 7a-c). Chlorophyll-a/pheopigment 593 

ratios also suggest greatest preservation of OCmar at the anoxic stations (By-C and By-M; Fig. 594 

7d), agreeing with the importance of anoxia on pigment preservation (Bianchi et al., 2000; Jessen 595 

et al., 2017; Reuss et al., 2005; Sun et al., 1993; Szymczak-Żyła et al., 2017). Large differences 596 

in pigment concentrations between anoxic and seasonally hypoxic/oxic stations suggest greatest 597 

OCmar contributions and preservation in By Fjord. However, this contradicts bulk OC, stable 598 

isotope, and amino acid biomarker profiles at oxic and seasonally hypoxic stations of Hake and 599 

Gullmar Fjords. The discrepancy between pigment biomarkers versus bulk OC and amino acid 600 

biomarkers is likely due to the lability of pigment biomarkers and their susceptibility to both 601 

biotic and abiotic degradation. Previous work in the fjords of New Zealand (Schüller & Savage, 602 
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2011) and the fjords of the Baltic Sea (Bianchi, Engelhaupt, et al., 2002) have proven disparities 603 

between water column phytoplankton communities and sedimentary pigment concentrations. 604 

Such discrepancies may arise from a variety of factors including but not limited to different 605 

reactivities of pigment classes, bioturbation, oxygen levels, grazing, microbial decay, sediment 606 

resuspension, and photooxidation (Bianchi, Engelhaupt, et al., 2002; Schüller & Savage, 2011). 607 

However, are useful in conjunction with other proxies and may still be applicable to determine 608 

the presence of certain phytoplankton classes (Bianchi, Engelhaupt, et al., 2002; Schüller & 609 

Savage, 2011). The presence of fucoxanthin in surface sediments of our study sites confirms 610 

diatom biomass is being delivered to the benthos and the presence of zeaxanthin suggests 611 

cyanobacterial contributions to the sediments. Numerous studies in Gullmar Fjord identify 612 

diatoms and dinoflagellates as the main phytoplankton species (Belgrano et al., 1999; Waite et 613 

al., 2005) and they are likely the main sources of OCmar in By and Hake Fjords as well as they 614 

are in close proximity to Gullmar Fjord.     615 

4.3 Drivers of OC Preservation in Fjords 616 

4.3.1 Water Column Redox and Oxygen Exposure Time 617 

Overall similarities in OC degradation state in surface sediments and downcore and at all 618 

sites, despite variable water column redox states, suggest water column redox is not a primary 619 

driver of OC degradation in these systems. Based on bottom water oxygen concentrations and 620 

sediment oxygen uptake rates measured using benthic chamber landers during the same Sept.-621 

Oct. 2021 cruise, the fall oxygen penetration depth (OPD) was shallow at 0 mm, 16.7 to 20.0 622 

mm, and 10.7 to 12.3 mm in By, Gullmar, and Hake Fjord center stations, respectively. 623 

Calculating the sedimentary oxygen exposure time (OET; Text S2) from linear sedimentation 624 

rates and OPDs, the OET in fall in By, Gullmar, and Hake Fjords is 0 months, 5.1 to 6.1 months, 625 

and 3.7 to 4.2 months, respectively. It is important to note these calculations are available for 626 

center stations only and are only applicable to the time of sampling. These OETs are shorter than 627 

those reported for the St. Lawrence Estuary (1 to 14 years; Alkhatib et al., 2012). With such 628 

short sedimentary OETs due to high OC loads and high sediment accumulation rates (Alkhatib et 629 

al., 2012), it is likely that the OC in these systems is not exposed to the water column redox 630 

conditions long enough for differential degradation to occur. The material appears to be quickly 631 

removed from the water column redox conditions—whether anoxic, oxic, or seasonally 632 
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hypoxic— to an anoxic environment in surface sediments where degradation occurs slowly. 633 

High OC:SA ratios (>1 mg OC m-2, except at Gullmar-C where the OC:SA ratio is 0.9 mg OC m-634 

2) reported for surface sediments at oxic, hypoxic, and anoxic sites further supports minimal 635 

decomposition across the redox gradient due to low OET (Table 1; Blair & Aller, 2012). 636 

Moreover, Ox/Anox ratios are not statistically different between sites with long-term anoxic, 637 

seasonally hypoxic, and long oxic water columns with all averages being less than 1.5 (excluding 638 

site Gullmar-C), suggesting the material was minimally degraded in aerobic settings at all sites; 639 

Fig. S3b). Therefore, water column redox state is not an important driver of OC degradation in 640 

these fjords. The low OC content, Λ8 concentrations and THAA concentrations and higher 641 

degradation reflected by mol % BALA and (Ad/Al)v at By-H compared to all other sites (Fig. 5a-642 

b, Fig. 6a, Fig. S3) is likely due to the oxic water column but low MAR which does not result in 643 

a low OET. Similar findings by Cowie and Hedges (1992) showed remarkably similar 644 

preservation of numerous biochemicals in Dabob Bay (oxic) and Saanich Inlet (anoxic), 645 

suggesting sedimentation rate rather than bottom water O2 concentration controls preservation. 646 

High sediment accumulation rates and high OC loads are common in fjords globally (Bianchi et 647 

al., 2020), so other well-ventilated fjords, such as those recorded in Scotland, Norway, New 648 

Zealand, Chile, Canada (Carter, 1976; Faust & Knies, 2019; Jackson et al., 2021; Silva & 649 

Vargas, 2014; Smeaton et al., 2021), likely also have shallow OPDs and short OETs which 650 

promotes high OC burial efficiencies, even of labile marine-derived OC.  651 

Comparable degradation states of OC, as indicated by THAA and lignin biomarkers, are 652 

observed across sites with surface mixed layers (SMLs) ranging from 0 to 12 cm (Table 1, Fig. 653 

5b, 6b). This implies that the intensity and frequency of sediment mixing in these fjords, caused 654 

by physical or biological processes, does not stimulate OC degradation in these sediments. 655 

Bioturbation and SMLs can greatly influence OC degradation as it can re-oxidize the sediments 656 

thus increasing the OET, cause oscillations in redox state that stimulate microbial communities, 657 

and mix labile OC deeper which may cause priming effects (Bianchi, 2011; Middelburg, 2018). 658 

The importance of priming, while difficult to identify in aquatic systems (Bengtsson et al., 2014; 659 

Bianchi, 2011; Guenet et al., 2010), has been shown to exist in coastal sediments (Aller & 660 

Cochran, 2019; Van Nugteren et al., 2009). Using the linear sediment accumulation rate and 661 

SML depth to calculate residence time in the SML, particle residence times in the SML range 662 

from ~4 to ~42 years throughout the three fjords. Even spanning decadal differences in residence 663 
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times within the SML (including no SML), OC degradation state (e.g., DI and (Ad/Al)v), OC:SA 664 

ratios) fall within the same broad categories which suggest sediment mixing does not alter OC 665 

preservation in these systems. Negligible effects of SML depth on OC content has been reported 666 

in other fjords (Cui, Bianchi, Savage, et al., 2016). This may be linked to the shallow OPD in 667 

fjord systems globally—there is a high oxygen demand in the sediments due to high OC loads, 668 

thus any oxygen introduced into the sediments is quickly consumed. Similar Ox/Anox ratios 669 

between sites regardless of SML depth and water column redox supports the notion that surface 670 

mixing did not increase OET in sediments (Fig. S3b). 671 

Quick sinking of phytoplankton material through Swedish fjord water columns shortens 672 

pre-depositional OETs and likely contributes to efficient OCmar burial. Large differences of 673 

surface sediment pigment concentrations between anoxic sites (By-C and By-M) versus 674 

oxic/seasonally hypoxic (Hake-H, -C, -M, Gullmar-H, -C, -M) sites during the fall sampling 675 

campaign suggests some degree of pre-depositional processing of phytoplankton material is 676 

occurring as material sinks through oxidizing water columns (Fig. 7a-c). While redox and 677 

pigment preservation are clearly coupled (see section 4.2.2), another plausible explanation may 678 

be enhanced zooplankton heterotrophy during the time of sampling which promotes OC sinking 679 

in Hake and Gullmar Fjords. However, in the absence of sediment trap data, we can only 680 

speculate at this time. Inflows of Skagerrak into Gullmar Fjord have been linked to higher 681 

zooplankton biomass in fall (Lindahl & Hernroth, 1988), and Gullmar and Hake Fjords are much 682 

more connected to the Skagerrak than By Fjord (Fig. 1). Previous work in Gullmar Fjord has 683 

highlighted the importance of zooplankton grazing on phytoplankton-derived carbon fluxes to 684 

the benthos in summer and fall (Calliari & Tiselius, 2009; Tiselius et al., 2012; Vargas et al., 685 

2002), accounting for approximately 11.4% of the primary production export (Vargas et al., 686 

2002). Such grazing by copepods would alter pigment structures to more stable carotenol chlorin 687 

esters (CCEs) and steryl chlorin esters (SCEs) (Chen et al., 2003; Goericke et al., 1999; 688 

Harradine et al., 1996) while also facilitating sinking of phytoplankton material. Efficient burial 689 

of OCmar just after the spring bloom is also plausible and likely also contributes to high 690 

OCmarAR. Previous research in Gullmar Fjord identified diatoms as the main sinking material in 691 

spring with 63 to 189% of primary production sinking ungrazed from surface waters because of 692 

aggregation and quick sinking of diatom material (Tiselius & Kuylenstierna, 1996; Waite et al., 693 
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2005). Variable mechanisms of quick sinking of OCmar year-round likely contributed to high 694 

sediment and OC accumulation rates. 695 

4.3.2 Marine-Dominated Fjords: Implications for Carbon Burial 696 

Marine-dominated fjords are particularly efficient carbon sinks when compared to OCterr 697 

or OCpetro dominated fjords as the carbon stored in sediments, deriving from both autochthonous 698 

and allochthonous phytoplankton biomass, is “new” carbon that follows a more direct path from 699 

CO2 to phytoplankton biomass (even in the form of zooplankton pellets or houses) to burial in 700 

sediments. In marine-dominated fjords, significant portions of primary production are effectively 701 

buried (~14% to 20%; this study and Włodarska‐Kowalczuk et al., 2019) whereas only a very 702 

small fraction is effectively buried in other marine and coastal systems (0.25% and <1.3%, 703 

respectively; Burdige, 2005). While OCterr is also minimally degraded in the fjord system, the 704 

allochthonous carbon has been removed from the atmosphere elsewhere and has a long residence 705 

time in an oxidizing terrestrial biosphere where it is susceptible to aerobic decomposition and 706 

mineralization prior to deposition/burial in fjords. Moreover, OCterr is likely to be stored in 707 

coastal sediments regardless of deposition in fjords because of its propensity for high burial 708 

efficiency in continental margin and marine sediments (44 and 36%, respectively; Burdige, 709 

2005). Similarly, allochthonous OCpetro buried in fjord sediments is carbon that has already been 710 

removed from the atmosphere over geologic timescales. The reintroduction of OCpetro to the 711 

modern carbon cycle via erosion may actually allow OCpetro to be a net carbon source, based on 712 

recent work showing that microbes are capable of consuming OCpetro along the aquatic 713 

continuum (Kim et al., 2023; Ruben et al., 2023). In this case, storage of OCterr and OCpetro in 714 

fjord sediments, while still important in carbon sequestration, is secondary burial as it is carbon 715 

that has already been removed from the atmosphere. Early work predicted that fjords of NW 716 

Europe are terrestrially dominated (Cui, Bianchi, Savage, et al., 2016). However, as more 717 

research is conducted on the fjords of NW Europe, including in Sweden (this study), Norway, 718 

Scotland and the Faroe Islands, there is growing evidence that many fjords in the region are 719 

burying mostly OCmar (Á Norði et al., 2018; Faust & Knies, 2019; Smeaton et al., 2021; 720 

Włodarska‐Kowalczuk et al., 2019). With such high OCmar burial rates, fjords of NW Europe are 721 

likely hotspots for carbon sequestration, via phytoplankton at the air-water interface, to 722 

subsequent burial.  723 
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5 Conclusions 724 

This study examined the effect of water-column redox on OC burial in Swedish 725 

temperate fjord sediments using a multi-biomarker and stable isotopic approach to characterize 726 

the sources and degradation state of OC in these sediments. The fjords in this study, including 727 

the By, Gullmar, and Hake Fjords, had average OCARs that are comparable to other temperate 728 

fjords. Rivers are important point sources of OCterr into Swedish fjords, but these systems bury 729 

primarily OCmar under various redox conditions. It is likely that OCmar burial rates are 730 

underestimated in fjords globally. Lignin and THAA biomarkers reflect similar degradation 731 

states of OCmar and OCterr in fjords with long-term anoxic, seasonally hypoxic, and long-term 732 

oxic water columns which results in similar bulk OC content downcore. The key drivers of OC 733 

burial in Swedish fjords are therefore high sediment accumulation rates and high OC loads which 734 

result in short sediment OETs and quick burial of OC. It is important to note that other forms of 735 

OC stabilization not discussed here, such as mineral associations, may also play an important 736 

role in OC preservation and burial in fjords. The results presented here illustrate a decoupling of 737 

system redox and OC source with OC degradation state which emphasizes fjords as hotspots of 738 

labile OC burial. With anthropogenic induced global change, we can expect to see changes in  739 

coastal oxygenation, terrestrial sediment and OC delivery, as well as marine primary production, 740 

so it is imperative to study how such drivers influence the role of aquatic critical zones in the 741 

global carbon cycle (Bauer et al., 2013; Bianchi & Morrison, 2018; Breitburg et al., 2018). 742 
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Station 

Site ID Water  

depth  

(m) 

Bottom 

water DO 

(µM) 

Long-term 

redox 

SML  

depth  

(cm) 

Surface 

mud 

content 

(<63 µm) 

Surface 

OC:SA 

(mg OC  

m-2) 

MAR 

(g m-2 yr-1) 

OCAR  

(g m-2 yr-1) 

OCmarAR 

(g m-2 yr-1) 

By, Head By-H 11 260 Oxic 0 91.6 1.1 470 ± 40 2 ± 1 1± 0.1 

By, Center By-C 46.5 0 Anoxic 0* 91.2 2.7 380 ± 10 12 ± 3 8 ± 2 

By, Mouth By-M 23 0 Anoxic 0* 95.4 2.4 840 ± 90 24 ± 3 18 ± 2 

By AVG        560 ± 50 13 ± 5 9 ± 4 

Gullmar, 

Head 

Gullmar-H 26 175 Oxic 10 

87.7 

1.8 670 ± 80 16 ± 2 6 ± 1 

Gullmar, 

Center 

Gullmar-C 118 107 Seasonally 

Hypoxic 

12 

92.0 

0.9 1500 ± 200 39 ± 5 32 ± 6 

Gullmar, 

Mouth 

Gullmar-M 57 164 Seasonally 

Hypoxic 

4 

93.1 

1.4 2220 ± 220 57 ± 6 49 ± 5 

Gullmar 

AVG 

       1460 ± 100 38 ± 12 29 ± 10 

Hake, Head Hake-H 21 213 Oxic 0 93.4 1.1 1150 ± 80 28 ± 2 26 ± 2 

Hake, Center Hake-C 32 199 Oxic 3 92.5 1.1 1640 ± 110 41 ± 3 37 ± 3 

Hake, Mouth Hake-M 41 204 Oxic 4 95.4 1.2 4700 ± 500 122 ± 14 107 ± 12 

Hake AVG        2500 ± 170 64 ± 20 56 ± 18 

Total AVG        1500 ± 70 38 ± 24 31 ± 21 
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