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Abstract: We analyzed dissolved inorganic and organic carbon as well as dissolved 

inorganic nutrient concentrations in surface waters, bottom waters, water above sediments 

(i.e., core-top water), and sediment porewaters at 19 sites in western Svalbard fjords. 

Multiple Factor Analysis was used to identify common patterns in the water column and 

sediment layers. The analysis revealed a clear separation between surface waters and all 

deep water and porewater layers due to the strong summer stratification. Bottom waters, 

water above sediments, and both upper and lower porewater layers showed strong 

covariation across sites, with some sites consistently exhibiting low concentrations of 

carbon and nutrients, and others high concentrations across these layers. In contrast, surface 
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water concentrations varied more independently from the other layers. Most of the variation 

among deep water and porewater layers was driven by a small number of sites that showed 

enrichment in dissolved inorganic carbon, dissolved organic carbon, and multiple nutrients 

in bottom waters and porewaters. Differences among sites in fjords often exceeded those 

between fjord systems, suggesting that deep water and porewater biogeochemical 

variability is structured more strongly by local basin conditions than by fjord-wide 

gradients. The strong covariation between bottom water and porewater chemistry suggests 

that bottom water concentrations integrate sedimentary signals at sites. This fine-scale, 

basin-level heterogeneity implies that fjord-averaged descriptions overlook 

biogeochemically distinct basins and that resolving individual basins and secondary fjords 

is necessary to anticipate how these systems respond to ongoing Arctic change. The 

patterns are likely shaped by local hydrographic conditions, including winter water 

formation, Atlantic Water intrusion, and freshwater inputs, all of which are changing 

rapidly in Arctic fjords. These changes may alter the persistence of local enrichment 

patterns and complicate predictions of future nutrient and carbon dynamics. 

 

Keywords: Arctic, Spitsbergen, porewater, surface water, bottom water. 

 

Introduction 
Arctic fjords are semi-enclosed transition zones where terrestrial and marine materials are 

transformed, retained, and redistributed under the combined influence of glacial, oceanic, and 

sedimentary processes (Syvitski 1989; Azetsu‐Scott and Syvitski 1999). In Svalbard, fjords are 

density-stratified in summer, and deep water properties vary among fjords depending on sill depth 

and circulation. Some fjords contain Atlantic-influenced water at depth, whereas others, 

particularly silled inner basins, retain cold, locally formed winter-cooled water year-round 

(Cottier et al. 2005; Nilsen et al. 2016; Skogseth et al. 2020). This density stratification limits 

vertical exchange and influences the distribution of nutrients and carbon between surface waters 

dominated by photosynthetic processes and deeper waters where remineralization predominates 

(Sejr et al. 2017). 

While vertical gradients in dissolved inorganic and organic carbon and nutrient 

concentrations in the water column are reported in some Arctic fjords (Ericson et al. 2019b; 

McGovern et al. 2020), recent work has quantified seawater and porewater gradients in western 
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Spitsbergen fjords (Saghravani et al. 2024). Less is known, however, about how these layers vary 

spatially across sites. Sediment porewaters often have elevated nutrient and carbon concentrations 

that far exceed those in overlying waters, creating steep gradients at the sediment–water interface 

and promoting benthic–pelagic exchange (Huettel et al. 2014). However, it remains unclear 

whether nutrient and carbon concentration variability in surface waters, deep waters, and 

sediment porewaters responds to environmental controls, or whether distinct processes dominate 

different layers. 

Freshwater inputs to Arctic fjords, including glacial meltwater, river discharge, and 

submarine groundwater discharge, deliver chemically distinct waters and organic matter to 

coastal environments, contributing pronounced spatial heterogeneity in nutrient and carbon 

concentrations (McGovern et al. 2020; Santos et al. 2021). In the Arctic, the influence of 

freshwater pathways is increasing as permafrost thaw and glacial retreat alter subsurface 

hydrology and create new routes for nutrient and carbon transport (Diak et al. 2023; Kleber et al. 

2023). Where freshwater inputs interact with restricted circulation and limited deep water 

renewal, nutrients and both inorganic and organic carbon may accumulate in bottom waters. By 

contrast, nearby locations with stronger water exchange may remain comparatively low. As a 

result, sites of elevated nutrient and carbon concentrations may occur immediately adjacent to 

less enriched areas within the same fjord, suggesting that biogeochemical variability is structured 

by local hotspots associated with freshwater inputs, restricted deep-water renewal, and sediment 

organic matter supply rather than by fjord-scale gradients. 

In this study, we assess whether dissolved inorganic and organic carbon, as well as 

nutrient concentrations, covary between surface waters, deep waters, and sediment porewaters in 

western Svalbard fjords or whether concentrations are controlled by layer-specific processes. We 

analyze concentrations of inorganic nutrients, inorganic and organic carbon in surface waters, 

deep waters, and sediment porewaters at multiple sites in western Svalbard fjords. To identify 

patterns among layers while accounting for differences in concentration magnitude, we apply 

multiple factor analysis (MFA) (Abdi et al. 2013), to the combined water column and porewater 

dataset. MFA is a multivariate ordination method that extends principal component analysis to 

datasets organized into predefined groups of variables measured on the same observations. MFA, 

which has recently been applied to characterize geochemical variability in Arctic marine 

porewater systems (Saghravani 2026), allows us to evaluate benthic–pelagic coupling and to 
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determine whether spatial variability is primarily organized at the scale of individual sites or 

reflects broader fjord-scale gradients. 

 
Study area 
Svalbard is a High Arctic archipelago located between 74° and 81°N. The West Spitsbergen 

Current transports warm and saline Atlantic Water northward along the western coast, penetrating 

fjord systems to varying degrees depending on fjord morphology and sill depth (Cottier et al. 

2005). Three fjord systems along western Spitsbergen, the largest island in the archipelago, were 

selected for this study: Hornsund in the south, Isfjorden in central Spitsbergen, and the connected 

Kongsfjorden-Krossfjorden system in the north (Fig. 1). 

Hornsund is a relatively small fjord (~30 km long, 2–5 km wide) with more than ten 

marine-terminating glaciers that deliver large sediment loads via glacial discharge to the fjord 

(Smith et al. 2015; Pawłowska et al. 2016). The fjord consists of an outer basin (~180 m deep) 

and an inner basin (Brepollen) separated by a sill at approximately 50 m water depth. This sill 

limits exchange between the basins, and bottom waters are typically cold throughout the fjord 

(−1.2 to 1.6°C) (Promińska et al. 2018). Bedrock in the Hornsund catchment is dominated by 

Precambrian granitic and metamorphic rocks (Görlich 1986). 

Isfjorden is the largest fjord system in Svalbard and includes several secondary fjords with 

contrasting hydrographic settings. Inner secondary fjords such as Billefjorden and Tempelfjorden 

are characterized by shallow sills that restrict deep-water exchange, whereas outer secondary 

fjords (e.g., Adventfjorden) are more open to the influence of shelf waters (Szczuciński et al. 

2009). Although Atlantic Water influences Isfjorden overall, its penetration varies among fjord 

basins: inner silled fjords such as Billefjorden retain cold winter water, whereas outer areas 

experience warmer conditions due to greater Atlantic Water intrusion (Saghravani et al. 2024). 

The Isfjorden catchment is underlain by complex Paleozoic and Mesozoic sedimentary 

sequences, including hydrocarbon-bearing strata (Roy et al. 2015) that influence organic carbon 

cycling in the fjord’s sediments (Szymczycha et al. 2025). 

Kongsfjorden and Krossfjorden are connected fjords in northwestern Spitsbergen with 

open connections to the continental shelf, allowing frequent intrusions of Atlantic Water, similar 

to the outer parts of Isfjorden (Hop et al. 2002; Piwosz et al. 2009). As a result, bottom waters 

are generally warmer (1.9–2.9°C) than in Hornsund and the inner, silled secondary fjords of 
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Isfjorden (such as Billefjorden). Kongsfjorden and Krossfjorden receive freshwater and sediment 

inputs from marine-terminating and land-terminating glaciers. The surrounding bedrock consists 

of mixed sedimentary and metamorphic sequences, including marble and carbonate-bearing units 

(Svendsen et al. 2002). 

Methods 
Sampling design and water layers 

Sampling was conducted aboard the R/V Oceania between July and September in 2021 and 2022 

as part of the Arctic Expedition (AREX), the long-term multidisciplinary Arctic monitoring 

program of the Institute of Oceanology, Polish Academy of Sciences. A total of 19 sites were 

sampled in the three western Svalbard fjord systems, as illustrated in Fig. 1. Water column depths 

at the sampling sites ranged from 33 to 374 m (Table 1). 

At each site, a single sample was collected from each of five layers: (i) surface water (0-

2 m depth), (ii) bottom water (2–3 m above the seafloor), (iii) water directly overlying the 

sediment (i.e. water contained within the sediment core liner above the sediment-water interface; 

water above sediment), (iv) upper sediment porewater (1–7 cm sediment depth), and (v) lower 

porewater (21.5–280 cm sediment depth, representing the deepest porewater interval recovered 

at each site, depending on core penetration). The upper porewater interval represents near-surface 

sediments influenced by benthic exchange, bioturbation, and bioirrigation, whereas the deeper 

porewater interval reflects more isolated geochemical conditions below the main zone of 

macrofaunal influence. 

Surface and bottom waters were collected using a Sea-Bird Scientific SBE 911 Plus 

conductivity–temperature–depth (CTD) rosette profiler equipped with 10-L Niskin bottles and an 

SBE 43 oxygen module (calibrated prior to the cruise). Sediment cores were collected with a 

gravity corer. Sediment porewaters were extracted through pre-drilled holes in the core liners 

using Rhizon® samplers (Rhizosphere, 2.5 mm diameter, mean pore size 0.15 µm). In addition, 

either a GEMAX or a Niemistö corer were deployed at the same locations to collect water directly 

overlying the sediment (Saghravani et al. 2024). Water overlying the sediment surface in the core 

liner was collected immediately after core retrieval using a syringe carefully inserted into the 

overlying water column within the core liner, avoiding disturbance of the sediment-water 

interface. 
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Sample handling and preservation 

Upon collection, each water sample was sub-sampled into several aliquots for different analyses. 

For inorganic nutrient analyses (ammonium – NH₄⁺, nitrate – NO₃⁻, phosphate – PO₄³⁻, dissolved 

silica – DSi), up to 5 mL of porewater was transferred into pre-cleaned (rinsed with Milli-Q water) 

high-density polyethylene (HDPE) bottles, and 10 mL of seawater was filtered through 0.45 µm 

cellulose acetate filters into pre-cleaned (rinsed with Milli-Q water) HDPE bottles. All sub-

samples were then stored frozen at −20°C until analysis. Sub-samples for dissolved inorganic 

carbon (DIC) were collected in gas-tight glass bottles (250 mL for seawater, 12 mL for 

porewater), poisoned with a saturated HgCl₂ solution (25 µL for porewater, 100 µL for seawater), 

and stored without headspace to prevent biological activity and gas exchange. For dissolved 

organic carbon (DOC) analysis, 20 mL and 12 mL of seawater and porewater, respectively, were 

filtered through 0.45 μm MN GF-5, acidified with HCl to pH ~2, and stored at 4°C until analysis. 

Approximately 2 mL of sample for chloride (Cl⁻) analysis was transferred to PET vials, which 

were stored at 4°C. Approximately 10 mL of porewater samples for major cation analysis were 

acidified with ultrapure HNO₃ to a pH < 2 and stored at 4°C until measurement. 

Laboratory analysis  

Nutrient concentrations were determined using a SEAL AA500 AutoAnalyzer (Seal Analytical) 

with standard photometric methods (Grasshoff et al. 1999). Quality control included repeated 

measurements of two Certified Reference Materials (QC3179 from Sigma Aldrich, and HAMIL 

from Environment Canada). The accuracy of NO₃⁻, NH₄⁺, PO₄³⁻, and DSi measurements was 

98.8%, 98.8%, 99.0%, and 100.1%, respectively. The precision was 0.01 µmol L⁻¹, 0.02 µmol 

L⁻¹, 0.01 µmol L⁻¹, and 0.03 µmol L⁻¹, respectively (the reported NO₃⁻ values are nitrate only and 

do not include nitrite). Cl⁻ concentrations were determined by potentiometric titration to a 

precision of 0.1 mmol L⁻¹ (Kłostowska et al. 2020). DIC analyses were conducted with Apollo 

SciTech's AS-C6L DIC Analyzer, which features a laser-based CO₂ detector (LI-7815, Li-Cor, 

USA). Measurement accuracy was ensured by analyzing certified reference materials (CRMs, 

batches #190 and #195) from A.G. Dickson (Scripps Institution of Oceanography, USA). 

Precision was assessed from triplicate measurements of individual samples and was no worse 

than ±3 µmol L⁻¹, with an average recovery of 99.0%. DOC analyses were conducted on a TOC-
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L analyzer (Shimadzu) using a high-temperature (680°C) oxidation method with a Pt catalyst. 

The precision of DOC measurements was ±4 μmol L⁻¹. Accuracy was determined by repeated 

measurements of certified reference materials (CRMs) provided by the D. Hansell Laboratory 

(University of Miami, USA), with a recovery of 99%. Major cations were measured using a flame 

atomic absorption spectrometer (AAS; Shimadzu AA-6800 Series). Samples were diluted 10-to 

100-fold with ultrapure water before AAS analysis to bring concentrations within the instrument's 

optimal range. Analytical precision was < 2% relative standard deviation for all cations, with 

detection limits of 0.4 µmol L⁻¹ (0.01 mg L⁻¹) for sodium (Na⁺), 0.26 µmol L⁻¹ (0.01 mg L⁻¹) for 

potassium (K⁺), 0.12 µmol L⁻¹ (0.005 mg L⁻¹) for calcium (Ca²⁺), and 0.21 µmol L⁻¹ (0.005 mg 

L⁻¹) for magnesium (Mg²⁺). Accuracy was verified using a certified reference material (CASS-6 

seawater standard), yielding recoveries of 95-105% for all elements. Cation concentrations were 

converted to mmol L⁻¹ for all subsequent analyses. 

Data organization and multiple factor analysis  

MFA was used to investigate spatial covariation among nutrient and carbon concentrations 

measured in the water column and sediments. In simple terms, MFA was used to assess whether 

dissolved nutrient and inorganic and organic carbon concentrations showed similar spatial 

patterns in the water column and sediment layers among sampling sites. 

Variables were grouped by sampling layer. Accordingly, five groups of active variables 

were defined: surface water, bottom water, water above sediment, upper sediment porewater, and 

lower sediment porewater. Each group contained the same six chemical variables: DIC, DOC, 

NH₄⁺, NO₃⁻, PO₄³⁻, and DSi. This resulted in a dataset comprising 30 active chemical variables 

(6 variables × 5 distinct layers) across 19 sampling sites. 

Environmental variables describing hydrographic and site characteristics were included 

as supplementary variables to aid interpretation of ordination patterns. These included water 

depth, sediment core length, bottom water temperature, distance from land, distance from 

glaciers, distance from rivers, Cl⁻ concentrations in surface water and lower porewater, and major 

cation concentrations (Na⁺, K⁺, Ca²⁺, Mg²⁺) measured in water overlying the sediment and in 

porewaters. Supplementary variables were projected onto the MFA ordination space after 

analysis and therefore did not influence the calculation of the MFA dimensions. 

Prior to analysis, all active variables were standardized to unit variance to account for 

differences in concentration ranges across the five sampled layers. Following standard MFA 
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procedures, each layer, treated as a separate group of variables, was weighted by its internal 

variance structure to ensure equal contribution to the overall analysis. Although each layer 

contained the same set of chemical variables, this weighting accounts for differences in the 

correlation structure within each layer, preventing any single layer from exerting a 

disproportionate influence on the results. Consequently, the analysis extracts a set of new axes, 

referred to as dimensions, that represent the main patterns of variation shared across the water 

column and porewater layers. Each dimension summarizes a set of chemical variables that vary 

together in samples. The position of a layer relative to a dimension, referred to as its group 

loading, indicates how strongly that layer reflects the shared pattern, whereas the position of an 

individual variable indicates the direction and strength of its association with that pattern with 

values near 1 indicating close alignment and values near 0 indicating little association. 

Results 
Vertical distribution of chemical concentrations 

Clear vertical gradients were observed for most dissolved carbon and nutrient species in the five 

layers (Fig. 2). DIC, DOC, NH₄⁺, PO₄³⁻, and DSi showed low concentrations in surface and 

bottom waters, modest increases in water above sediment, and higher concentrations in sediment 

porewaters. For example, DIC rose from ~1900–2110 µmol L⁻¹ in surface waters to 2650–21260 

µmol L⁻¹ in lower porewaters; NH₄⁺ from < 0.3–2.4 to 87–773 µmol L⁻¹; DOC from 19–85 to 

230–2690 µmol L⁻¹; PO₄³⁻ from 0.1–0.4 to up to ~75 µmol L⁻¹; and DSi from 0.7–2.8 to up to 

~290 µmol L⁻¹. In particular, DIC and NH₄⁺ concentrations increased sharply from the water 

column to the porewaters. NO₃⁻ showed a different pattern: concentrations were low in surface 

waters (0.3–3.7 µmol L⁻¹), higher in bottom waters and water above sediment (up to ~13–14 µmol 

L⁻¹), and declined in both upper and lower porewaters. 

Cl⁻ and major cations measured in water above sediment and in porewaters showed 

variable distributions without a consistent monotonic vertical pattern. As expected in these marine 

systems, Na⁺ tracked Cl⁻ conservatively; Ca²⁺, K⁺, and Mg²⁺, in contrast, showed site-specific 

variability, particularly in the lower porewaters. 

Across-fjord variability 

Nutrient and dissolved (in)organic carbon concentrations in surface water, bottom water, water 

above sediment, and porewaters were broadly similar across the fjord systems (Fig. 3). For most 
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variables, interquartile ranges and medians overlapped among the three fjord systems. NO₃⁻, 

NH₄⁺, DSi, and PO₄³⁻ concentrations varied considerably among fjords, particularly in Isfjorden, 

but no differences among fjord systems were evident. DOC concentrations showed greater 

variability in Hornsund and Isfjorden than in Kongsfjorden and Krossfjorden, although the 

concentration ranges overlapped. Similarly, DIC and Cl⁻ concentrations showed no clear 

separation among fjords. Major cation concentrations (Na⁺, Ca²⁺, K⁺, Mg²⁺) varied across sites 

but did not differ by fjord. Overall, variability among sites within fjords was comparable to, or 

even greater than, that between fjord systems. 

Multiple factor analysis 

The first three MFA dimensions (composite axes representing the main patterns of chemical 

variation across sites) accounted for 57.4% of the total variance (29.9%, 14.4%, and 13.2% for 

dimensions 1 to 3, respectively). Together, the first five dimensions explained 73.5% of the total 

variance (Table 2). 

Dimension 1 was strongly represented by bottom water, water above sediment, and upper 

and lower porewater layers (group loadings 0.65-0.72, i.e., these layers align closely with this 

axis), whereas surface water showed a weak association with this dimension. Site contributions 

to Dimension 1 were uneven, with SGD9 accounting for 40.8% of the variance, followed by 

SGD4 (18.0%) and SGD3 (14.6%). Dimension 2 is represented mainly by surface water (loading 

0.56) and upper porewater (loading 0.40). Sites SGD27 and SGD5 contributed 23.9% and 11.0%, 

respectively, to the variance explained by this dimension. Dimension 3 was represented primarily 

by surface water (loading 0.50), whereas bottom water showed a weaker association (0.32). SGD5 

contributed 39.2% to the variance in Dimension 3, followed by SGD25 (13.0%). Taken together, 

the first three dimensions indicate that surface water chemistry varied largely independently of 

the deep water and porewater layers. 

At the variable level, Dimension 1 was characterized by high positive coordinates (0.70–

0.90) for DOC, DSi, and PO₄³⁻ in the bottom water and porewater groups, indicating that these 

variables increase together across sites. By contrast, surface water variables had near-zero 

coordinates on Dimension 1, indicating that they were largely unrelated to deep water and 

porewater patterns. Dimension 2 was associated with surface water NO₃⁻, PO₄³⁻, and NH₄⁺, along 

with selected porewater variables. Dimension 3 was driven mainly by surface water DIC, NO₃⁻, 

and PO₄³⁻ concentrations. The MFA biplots visualize relationships among variables, layers, and 
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sites along the main dimensions of variation (Fig. 4). In the Dimension 1–Dimension 2 projection, 

bottom water, water above sediment, and porewater variables cluster along the positive side of 

Dimension 1, indicating that they increase together across sites, whereas surface water variables 

align along Dimension 2, reflecting a distinct pattern of variation. In the Dimension 1–Dimension 

3 projection, surface-water variables are separated primarily along Dimension 3. Sites 

contributing most strongly to Dimension 1, particularly SGD9, are located at the positive end of 

this axis. 

Discussion 
Deep water and porewater coupling and surface water decoupling 

Across most sites in all three fjord systems, concentrations of carbon and nutrients in bottom 

water, water above sediment, and both porewater layers showed coordinated variation, whereas 

concentrations in surface waters varied independently. This coupling is the dominant pattern 

captured by the MFA: the four deep water and porewater layers load strongly on Dimension 1 

(0.65–0.72), meaning their variables align closely with this axis, whereas surface water does not. 

Dimension 1 separates sites with relatively low versus high concentrations of nutrients and carbon 

in deep waters and porewaters, explaining 29.9% of the total variance (Fig. 4). Variables 

including NO₃⁻, PO₄³⁻, DSi, DOC, and DIC from several layers are similarly distributed along 

this dimension, indicating that enrichment occurs simultaneously across multiple constituents 

rather than in isolated variables. 

The similarity between bottom water and water above sediment on Dimension 1 indicates 

strong covariation between near-bottom water and sediment porewater chemistry. Sites with high 

porewater concentrations of nutrients and carbon showed elevated bottom water concentrations, 

supporting the interpretation that bottom water chemistry reflects integrated sedimentary 

biogeochemical conditions at the site scale (Kostka et al. 1999). This interpretation is supported 

by the concentration profiles (Fig. 2), which show coordinated increases in carbon and nutrient 

concentrations from bottom water through water above sediment into the porewaters. It is further 

supported by their relationships with Cl⁻ (Fig. 5), where porewater DIC, DOC, NH₄⁺, PO₄³⁻, and 

DSi concentrations lie well above the conservative seawater–freshwater mixing line, indicating 

that the enrichment reflects in-situ remineralization rather than physical mixing. Importantly, the 

sites contributing most strongly to this pattern are characterized by concurrent enrichment in DIC, 
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DOC, NH₄⁺, PO₄³⁻, and DSi rather than by elevated concentrations of any single variable. This 

coordinated enrichment across multiple carbon and nutrient species indicates that organic-matter 

remineralization in the sediments is the common driver of these chemical patterns, with its 

products accumulating in the porewaters and the overlying bottom water. 

Sites with deeper water columns often showed elevated concentrations in bottom water, 

water above sediment, and porewaters. The weak relationship (r = 0.42) reflects variation in basin 

ventilation: deep basins behind shallow sills often accumulate remineralization products due to 

limited exchange and long residence times, whereas similarly deep but more open basins are 

better ventilated (Skogseth et al. 2005; Inall and Gillibrand 2010). 

Conversely, surface water had little impact on Dimension 1 but was the primary driver of 

Dimensions 2 and 3. The orientation of surface nutrient variables along these secondary 

dimensions indicates that surface water variability is organized separately from the main deep 

water and porewater pattern. This separation aligns with the strong summer stratification 

observed in Arctic fjords, which restricts vertical mixing and allows surface processes, such as 

biological uptake, atmospheric exchange, and freshwater input, to proceed independently of deep 

water and sediment activities (Cottier et al. 2005; Stigebrandt 2012; McGovern et al. 2020; Meyer 

et al. 2020). 

Biogeochemical hotspots and basin morphology 

A small number of sites account for a disproportionate share of the coordinated deep water and 

porewater enrichment. Three sites (SGD9 in Billefjorden, Isfjorden; SGD3 and SGD4 in the main 

basin of Hornsund), representing 16% of sampled sites, explained 73.4% of the variance in 

Dimension 1. These sites are located in basins with limited deep-water exchange, where water 

depth exceeds the sill depth, promoting prolonged isolation of dense bottom waters (Inall and 

Gillibrand 2010). The site in silled Billefjorden recorded the coldest bottom water temperature 

during the study period (−1.7°C), consistent with locally formed winter water and limited renewal 

(Cottier et al. 2005). SGD3 and SGD4 lie in the main basin of Hornsund, where water depth (181 

and 240 m) exceeds the ~150 m depth at the fjord entrance, favoring isolation of dense bottom 

water. In this case, bottom water is warmer than in Billefjorden (> 1°C) but is overlain and isolated 

by Atlantic Water (Swerpel 1985). In contrast, sites in well-ventilated settings, including SGD32 

at the mouth of Kongsfjorden, showed little deep water and porewater enrichment despite 
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reaching depths of 374 m. Frequent Atlantic Water intrusions at this location probably hinder the 

continual accumulation of remineralization products (Tverberg et al. 2019). 

Basin isolation alone, however, does not fully explain enrichment patterns. For example, 

SGD1 in Brepollen, the inner deep basin of Hornsund, lies behind a shallow sill, has cold bottom 

water, yet shows slight enrichment in deep water and porewater. One possible explanation is that 

increased exchange is linked to submarine groundwater discharge, indicated by Cl⁻ depletion in 

lower porewaters (Table 1) and by previous reports of hydrological connectivity in Arctic fjords 

(Taniguchi et al. 2019; McGovern et al. 2020). Although the co-occurrence of Cl⁻ depletion and 

nutrient/carbon enrichment at SGD3 and SGD4 is consistent with a groundwater contribution, 

submarine groundwater discharge is characteristically low in DIC and nutrients and cannot, by 

itself, account for the magnitude of enrichment observed; in-situ remineralization is therefore 

required, with groundwater discharge potentially modulating the physical environment. 

Alternatively, the inner part of Hornsund may experience a reduced influence from Atlantic Water 

relative to SGD3 and SGD4, potentially limiting the supply of labile marine organic matter to 

sediments and thereby constraining remineralization rates despite physical isolation. Although 

these mechanisms cannot be determined from the present dataset, contrasting behavior among 

morphologically similar basins suggests that basin restriction and organic matter supply influence 

hotspot formation. 

Secondary dimensions revealed distinct surface-dominated patterns. SGD5 in inner 

Hornsund accounted for 39.2% of the variance in Dimension 3 due to elevated surface DIC and 

nutrient concentrations, whereas SGD27 in Nordfjorden (Isfjorden) drove Dimension 2. These 

two sites stood out for surface-layer enrichment rather than subsurface coupling: SGD5 in inner 

Hornsund, with markedly elevated surface DIC and nutrient concentrations, and SGD27 in 

Nordfjorden (Isfjorden). These surface signals defined the secondary MFA dimensions 

(Dimensions 3 and 2, respectively), confirming that surface-water variability is organized 

independently of the subsurface pattern. 

Mosaic structure of biogeochemistry in western Svalbard fjords 

Our data showed that deep water and porewater enrichment varied markedly among the inner 

sub-fjords of the Isfjorden system. Billefjorden and Dicksonfjorden are shallow-silled inner 

basins with less influence from Atlantic Water than the outer Isfjorden. Yet, they exhibit markedly 

different enrichment patterns, indicating that local basin morphology and circulation exert a 
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stronger influence on deep water and porewater biogeochemistry than the broader fjord-scale 

setting. 

The fine-scale heterogeneity aligns with previous observations that Arctic fjords exhibit 

strong spatial variability driven by local hydrographic and geomorphological factors (Cottier et 

al. 2005; McGovern et al. 2020). Western Svalbard fjords display a mosaic spatial structure, a 

patchwork in which adjacent basins within the same fjord system have distinct biogeochemical 

conditions rather than a smooth fjord-wide gradient. This pattern is consistent with the established 

understanding of systems such as Isfjorden, where secondary fjords differ markedly in 

temperature, circulation, and biogeochemistry depending on sill depth, access to Atlantic Water, 

and proximity to land- and marine-terminating glaciers (Skogseth et al. 2020). In the same 

western Spitsbergen fjords, the distribution of inorganic carbon and the carbonate system is 

governed by the relative contributions of Atlantic Water, colder coastal-current water, and glacial 

freshwater (Fransson et al. 2015, 2016), consistent with the water-mass and freshwater controls 

on deep water and porewater biogeochemistry inferred here. Deep water and porewater 

enrichment develop where physical isolation and biogeochemical production coincide, whereas 

nearby sites in the same fjord can carry different chemical signatures even at similar depths or 

comparable proximity to land-based inputs. The role of proximity to freshwater sources such as 

river mouths and glacier fronts remains unclear in this dataset, since distance alone does not 

capture differences in discharge or freshwater composition among sources. Overall, however, the 

results indicate that deep water and porewater enrichment is more strongly controlled by restricted 

deep-water renewal than by proximity to land. 

Because sampling was distributed across two summers (2021 and 2022), with each site 

visited only once, spatial and inter-annual variation cannot be fully separated in this dataset, and 

the pattern reported here should be interpreted in light of the inter-annual variability documented 

for these fjords. In Kongsfjorden, Fransson et al. (2016) found that a shift in the balance between 

Atlantic Water and the colder, CO₂-rich coastal current between 2013 and 2014 lowered summer 

pH and aragonite saturation in the year with weaker Atlantic inflow, and that the biological 

imprint on the carbonate system varied more between years than the freshwater imprint. In 

Tempelfjorden, Fransson et al. (2015) showed that an anomalously mild winter with delayed sea-

ice formation during 2012 produced the highest freshwater fractions and the lowest saturation 

states in their record. Sea ice contributes directly: brine rejected during ice formation generates 
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dense, DIC-enriched water that can sink into the deeper basins, while the coastal current carries 

CO₂-rich, sea-ice-influenced water of Storfjorden origin into the western fjords. These processes 

act mainly on the surface and bottom waters and on the external source waters, rather than on the 

porewater enrichment described above, which is set by in-situ remineralization; they nonetheless 

imply that absolute concentrations, though not necessarily the layer-to-layer covariation structure, 

would differ in a year with contrasting ice cover or Atlantic inflow. 

Implications for fjords under changing Arctic conditions 

Projected changes in winter water formation, Atlantic Water intrusion, and freshwater inputs may 

alter the persistence of isolated bottom waters and the associated enrichment patterns. Reduced 

winter renewal, already observed in parts of the Svalbard fjords (Cottier et al. 2005), may prolong 

isolation in silled basins, whereas increased Atlantic inflow could enhance ventilation and disrupt 

locally accumulated deep water and porewater signals (Tverberg et al. 2019). Concurrent changes 

in primary production and terrestrial inputs due to glacial retreat and permafrost thaw (McGovern 

et al. 2020; Diak et al. 2023) may further influence whether fjord basins with restricted water 

renewal develop coordinated deep water and porewater enrichment. 

The pronounced site-scale heterogeneity documented in this study suggests that responses 

to climate forcing will vary locally, complicating fjord-scale predictions of future nutrient and 

carbon dynamics (Fransson et al. 2015, 2016; Ericson et al. 2019a). The spatial organization 

revealed here indicates that predictive models of Arctic fjord biogeochemistry need to account 

for basin-scale heterogeneity and variations among secondary fjords and inner basins within 

larger systems, rather than relying solely on fjord-wide averages. 

 

Conclusion 

MFA of dissolved carbon and nutrient concentrations across five water column and sediment 

layers in western Svalbard fjords revealed strong covariation among bottom water, water above 

sediment, and porewaters, decoupled from the overlying surface water, which is set apart by 

summer stratification. Bottom water chemistry closely tracked porewater chemistry at the site 

scale, indicating that near-bottom waters integrate the sedimentary biogeochemical signal. Most 

deep water and porewater variability was driven by a few sites in restricted, poorly ventilated 

basins, where enrichment in DIC, DOC, NH₄⁺, PO₄³⁻, and DSi, as confirmed by concentration 

profiles and their relationships with Cl⁻, reflected in situ remineralization rather than physical 
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mixing, producing local biogeochemical hotspots. Differences among sites within fjords were as 

great as, or even greater than, differences between fjord systems, pointing to a mosaic structure 

governed by local basin morphology and circulation rather than fjord-wide gradients. As winter 

water formation, Atlantic Water intrusion, and freshwater inputs shift under continued Arctic 

warming, this fine-scale heterogeneity implies that fjord-averaged predictions will miss 

biogeochemically important basins, and that resolving individual basins and secondary fjords will 

be essential for anticipating future carbon and nutrient dynamics. 
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Table 1. Selected environmental characteristics of sampling sites in four Svalbard fjords 

Site Fjorda Date 

Water 
Depth 

Core 
penetration 

depth 

Bottom 
water 
Temp 

Distance 
from 

Glacier 

Distance 
from 
Land 

SW Cl⁻ LP Cl⁻ 

(m) (cm) (°C) (km) (km) (mmol 
L⁻1) 

(mmol 
L⁻1) 

SGD1 HR 2022 124 142.5 -1.2 5.0 2.2 490.5 399.9 
SGD2 HR 2021 83 55 1.1 13.0 2.5 456.1 456.0 
SGD3 HR 2021 240 280 1.6 6.7 2.7 502.7 505.9 
SGD4 HR 2021 181 268.5 1.4 5.3 3.5 468.3 320.5 
SGD5 HR 2021 53 90 1.5 3.7 1.7 477.7 335.4 

JMW25 ISF 2021 33 85 3.1 2.5 1.1 486.0 455.6 
IT3 ISF 2021 39.4 41.5 1.8 1.9 1.0 470.2 502.5 

JMW4 ISF 2021 72 180 1.5 15.2 0.9 500.9 364.3 
Yol2 ISF 2021 71 21.5 1.5 11.8 4.8 469.5 549.1 
SGD9 ISF 2021 146 234 -1.7 13.1 1.9 528.8 525.8 
SGD11 ISF 2022 65 130 2.4 1.7 1.7 503.4 562.5 
DCK ISF 2022 17 100.5 5.0 7.0 2.5 414.0 555.1 

SGD21 ISF 2022 100 129.7 0.8 2.2 2.2 482.8 512.2 
SGD27 ISF 2022 35 146 3.0 28.8 1.7 425.8 488.6 
SGD23 KG 2022 153 128 2.5 3.4 2.2 468.5 565.2 
SGD32 KG 2022 374 71.5 1.3 5.2 12.0 492.3 530.6 

V1 KG 2022 98.4 113.5 2.9 2.2 1.8 490.5 547.2 
SGD25 KR 2022 146 74.5 2.9 6.0 1.5 457.3 539.8 

KL1 KR 2022 287 129.5 1.9 11.1 1.2 446.2 508.3 
a HR - Hornsund; ISF - Isfjord; KG - Kongsfjord; KR - Krossfjord. SW - surface water; LP - lower 
porewater. 
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Table 2. Summary of MFA results for the first five retained dimensions. Eigenvalues and percentages 

of explained variance are shown for each dimension. “Main Contributing Groups” identify layers with 

group loadings > 0.40, indicating strong association with the corresponding dimension. “Key Site 

Contributors” represent sampling sites with the largest percentage contributions to each dimension’s 

variance. 

Dimensio
n 

Eigenval
ue 

Varianc
e (%) 

Cumulative 
(%) 

Main Contributing 
Groups (Loading > 0.40) 

Key Site 
Contributors 

1 2.92 29.9 29.9 

Bottom water (0.70)  
Water above sediment 

(0.72)  
Upper porewater (0.65) 
Lower porewater (0.72) 

SGD9 (40.8%) 
SGD4 (18.0%) 
SGD3 (14.6%) 

2 1.41 14.4 44.3 Surface water (0.56)  
Upper porewater (0.40) 

SGD27 (23.9%)  
SGD5 (11.0%) 

3 1.29 13.2 57.4 Surface water (0.50) SGD5 (39.2%) 
SGD25 (13.0%) 

4 0.89 9.1 66.5 None > 0.40 DCK (34.0%) 

5 0.69 7.0 73.5 None > 0.40 SGD11 (21.4%) 
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Fig. 1. Bathymetry of western Svalbard showing Atlantic (red) and Arctic (blue) current pathways and 

sampling sites in Krossfjord (yellow), Kongsfjorden (orange), Isfjorden (grey), and Hornsund (blue). 

Basemap data from GEBCO (Jakobsson et al. 2024), IBACO (Jakobsson et al. 2012), and PlotSvalbard 

(Vihtakari 2020). 
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Fig. 2. Vertical concentration profiles of dissolved inorganic carbon (DIC), dissolved organic carbon 

(DOC), PO₄³⁻, DSi, NH₄⁺ and NO₃⁻ in the five sampled layers from surface downward: SW - surface 

water, BW - bottom water, WAS - water above sediment, UP - upper porewater, and LP - lower 

porewater. Thin lines are individual stations and bold lines are the median profile for each fjord; colors 

denote the fjords: HR - Hornsund (blue), ISF - Isfjorden (grey), KG - Kongsfjorden (orange), and KR - 

Krossfjorden (yellow).  
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Fig. 3. Distributions of dissolved nutrients and carbon in water types and fjords. Box plots show NO₃⁻, 

NH₄⁺, DSi, PO₄³⁻, Cl⁻, DIC, DOC, and the major cations including Na⁺, Ca²⁺, K⁺, and Mg²⁺. The upper 

three rows group samples by water type, SW (surface water), BW (bottom water), WAS (water above 

sediment), UP (upper porewater) and LP (lower porewater), and the lower three rows group the same data 

by fjord: HR (Hornsund), ISF (Isfjorden), KG (Kongsfjorden) and KR (Krossfjorden). Cations are shown 

only for the WAS, UP and LP layers. Boxes span the interquartile range (IQR) with the median marked, 

whiskers extend to 1.5 × IQR, and points beyond the whiskers are plotted as outliers. 
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Fig. 4. Multiple factor analysis biplots in left panel: Dimension 1 (Dim 1) versus Dimension 2 (Dim 2); 

in right panel: Dimension 1 versus Dimension 3 (Dim 3) illustrating relationships among sampling sites 

and chemical variables in the first three ordination dimensions. Sampling sites are shown as colored 

points according to fjord system, with point size proportional to their cumulative contribution to the 

displayed dimensions. Larger points indicate sites with higher contributions to the variance of the 

corresponding dimensions. Site labels are shown in gray boxes. Variables are represented as arrows 

originating from the origin, with arrow direction indicating the gradient of increasing values and arrow 

length reflecting the strength of association with the ordination axes. Variables are color-coded by layer: 

SW - surface water (blue), BW - bottom water (green), WAS - water above sediment (purple), UP - 

upper porewater (brown), and LP - lower porewater (pink). 
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Fig. 5. Variables–chloride mixing diagrams for DIC, DOC, PO₄³⁻, DSi, NH₄⁺, and NO₃⁻. Each point is 

a sample plotted against its Cl⁻, used here as a conservative tracer of seawater–freshwater mixing; colors 

denote the water type including SW - surface water (blue), BW - bottom water (green), WAS - water 

above sediment (purple), UP - upper porewater (brown), and LP - lower porewater (pink). 
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