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The study highlights the critical role of CDOM in coastal light attenuation and its impact on primary production (PP). We investigated the spectral attenuation of light due to water, phytoplankton pigments, detritus and coloured dissolved organic matter (CDOM) along a salinity gradient in the outer Oslofjord, Norway. By examining the effects of these components across different seasons, we aimed to elucidate their relative contributions to light absorption and PP. The findings suggest that increased terrestrial CDOM inputs, driven by climate, changed atmospheric deposition and land-use changes, could significantly affect coastal ecosystems by altering light attenuation and consequently PP and potentially leading to other ecological pressures. CDOM consistently dominated light absorption across all stations and seasons, contributing 50%–80% of the total absorption of photosynthetically active radiation. The absorption by CDOM and detritus decreased with increasing salinity, while phytoplankton absorption followed a seasonal succession. PP estimates show high seasonal variability from maximums in June to minimums in November, mainly attributed to, changes in seasonal light availability and phytoplankton biomass, followed by light attenuation by CDOM and differences in quantum yields of photosystem II (PSII). Nutrient analysis showed a seasonal pattern, with the highest nitrogen concentrations in November and depletion during more productive seasons, as well as conservative mixing throughout the salinity gradient. CDOM absorption played substantial, albeit not leading, role in influencing PP estimates, derived from a bio-optical model. CDOM was the main determinant of light attenuation across most wavelegnths.
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1 INTRODUCTION
Coloured substances in the water column, including water itself, determine light attenuation. Other major light-absorbing components, besides water, are phytoplankton, organic or inorganic particles, as well as dissolved organic matter (DOM). The contribution of these compounds varies among systems and across different parts of the spectrum, but notably coloured dissolved organic matter (CDOM) of terrestrial origin is strongly chromophoric, impacting downwelling photosynthetically active radiation, primarily at shorter wavelengths (Thrane et al., 2014). The molecular size and structure of CDOM may affect its light-absorbing properties, and also iron (Fe), typically associated with allochthonous DOM may add to light attenuation (Kritzberg and Ekström, 2012; Xiao et al., 2013; Weyhenmeyer et al., 2014).
During the past decades, a pronounced increase in CDOM (“browning”) have been observed in boreal freshwaters with subsequent impact also on coastal and marine systems (Creed et al., 2018; Wit et al., 2021; Dupont and Aksnes, 2013). This browning has multiple causes related to climate change: reduced acidification (Monteith et al., 2007), increased forest mass and production (Finstad et al., 2016), increased precipitation and runoff (de Wit et al., 2016); as well as direct anthropogenic causes, such as changes in land use, agricultural and forestry practices and “channelling” of rivers and streams (Kritzberg, 2017; Opdal et al., 2024). Also increased CO2 directly promoting terrestrial C-fixation or indirectly by warming translate into more vegetation notably in the northern ecosystems that are disproportionately affected by climate change (Hansen et al., 2006; Wang et al., 2023). The accumulating plant biomass on land leads to higher rates of organic matter export to aquatic systems (Larsen et al., 2011). As this CDOM enters coastal waters, some is lost by flocculation and the most labile fractions may be lost by oxidation, but the major fraction appears quite recalcitrant to biodegradation, as it partly consists of lignin (Opsahl and Benner, 1997; Nebbioso and Piccolo, 2013), and have caused pronounced “coastal darkening” in northern coastal areas (Opdal et al., 2019; Opdal et al., 2023). When light hits the water surface, some of the light is reflected, while the rest is absorbed by water and coloured compounds. With more turbid waters and an increasing riverine flux of coloured, terrestrially derived CDOM to coastal waters, there will be less light penetrating into the deeper water layers (Opdal et al., 2019). Coastal darkening effects can be especially pronounced in fjords, as they have deep basins, and the cumulative effects of darkening increase with depth. Also the fjords are located on the shoreline, and therefore closer to the sources of CDOM compared to open deep seas (Aksnes et al., 2004; Aksnes et al., 2009).
Darkening has widespread ecosystem consequences; most importantly, the reduced availability of photons in the photosynthetically active radiation (PAR) range will affect photosynthetic depth and reduce both pelagic and benthic primary production (Thrane et al., 2014; Blain et al., 2021). As a consequence, it will also affect vertical gas profiles, increasing the likelihood of deep-water anoxia and affect the overall gas balance (increased CO2:O2; Allesson et al., 2022). It may also have temporal impacts on phytoplankton by affecting the onset of the spring bloom as observed in the North Sea (Opdal et al., 2019), or lead to phytoplankton community changes (Lyche Solheim et al., 2024). Thus, CDOM enrichment could lead to shallowing of critical depth (Sverdrup, 1953), which in turn leads to seasonal delays of phytoplankton bloom (Diehl et al., 2015). Alterations of phytoplankton blooms can cause mismatches with zooplankton and fish spawning seasons. This potentially leads to food scarcity for fish, which, in turn, could result in recruitment failure (Johannessen et al., 2012; Opdal et al., 2024). These cascading effects can impact entire ecosystems and pose socio-economic risks related to negative impacts on commercial fish stocks. Since most of CDOM is of terrestrial origin, the darkening effect should be the most pronounced in the near-coastal areas, where it may have substantial impacts on the ecosystems not only by affecting the phytoplankton communities, but also changing the compensation depth for kelp and other macroalgae. For example, kelp forests along the Swedish Skagerrak coast have been observed to succumb to fast-growing macroalgae and phytoplankton due to limited light availability and other synergistic effects (Frigstad et al., 2013; Eriksson et al., 2002). Darkening also directly affects visual feeders like most fish species (Blain et al., 2021; Eiane et al., 1997). Aksnes et al. (2004) demonstrated that fjords with higher light attenuation had lower fish biomass and increased zooplankton size. This was attributed to murkier waters being a disadvantage for fish that depend on vision for predation, which in turn allowed zooplankton to grow larger in size. Aksnes et al. (2009) further argue that coastal darkening could even lead to regime shifts in deep fjords, i.e., jellyfish (tactile predator) gaining a competitive edge over fish (visual predator).
In this study we aimed to quantify the contribution of four major components to total light attenuation (water, phytoplankton pigments, non-algal particles and CDOM) in the PAR range. This was done for various seasons along a transect in the Oslofjord, Norway, from the high CDOM inner estuary at the mouth of Glomma, Norway’s largest river, to the low-CDOM open, oceanic waters. The transect represented a natural salinity gradient with decreasing riverine impact. Secondly, we aimed to estimate on how this might affect primary production. This was done by using a bio-optical model based on the fraction of photons trapped by phytoplankton pigments (Suggett et al., 2010; Thrane et al., 2014) along the same gradient. This allows for predictions of spatial and temporal change in pelagic primary production related to optical properties and CDOM-related darkening.
2 MATERIALS AND METHODS
2.1 Study site and sampling methods
Six stations in the outer Oslofjord were visited on six separate cruises (Figure 1). These stations are selected to represent a salinity gradient with gradual mixing of riverine water with oceanic water from L1 to OF2 (Table 1), where the prevalence of terrestrially derived DOM was expected to be negatively correlated with the salinity. The inner station represents the outlet of river Glomma, the largest river of Norway draining 40,464 km2 of boreal uplands (NVE Sildre, 2024) and contributing over 40% of total freshwater supply to the Hvaler basin (Walday et al., 2023). Water samples were collected at each station from 3–4 m depths and were kept at 2°C until analyses. The 3–4 m depth represents mixed layer, however the top of mixed layer at the more marine stations at times was deeper (7–10 m). Riverine station stratification is highly dynamic, depending on precipitation, and can vary from 5–15 m. The area is undergoing typical fjord mixing, with brackish freshwater on the top moving out to outer fjord and salty water entering the estuary on the bottom (Sætre, 2007). The sampling dates (04.06.2020, 08.09.2020, 26.11.2020, 23.02.2021, 25.03.2021 and 17.06.2021) encompassed different seasons to study the intra-annual changes in water chemistry and flood events in the area and the implications for phases of phytoplankton succession.
[image: Figure 1]FIGURE 1 | Sampling area encompassing six stations and the location of the area on a map of Scandinavia (bottom right corner).
TABLE 1 | Details of the sampling stations.
[image: Table 1]As the area is strongly influenced by the freshwater from Glomma (average daily discharge of 684 m3 s−1; NVE Sildre, 2024), the salinities fluctuate heavily over the year. After periods of snowmelt or heavy precipitation, water masses transport large amounts of CDOM to the fjord, while dry periods are characterized by higher salinities and less CDOM. Two June samplings were included to capture the peak of summer flood periods in two different years (Supplementary Figure 1). March and September cruises were designated to represent the start and the end of the summer flood respectively, while November and February were the start and the end of the low productivity winter season. Typical phytoplankton bloom phenology in the area is characterized by a spring bloom in March, summer bloom in June and autumn bloom in September (Lundsør et al., 2020).
2.2 Bio-optical measurements
Spectral absorption of particulate matter was measured using a filter pad method (Roesler et al., 2018) in a integrating sphere (ISR 2200, Shimadzu scientific instruments, Columbia, Maryland, United States) connected to a Shimadzu UV-2550 UV-VIS spectrophotometer. The method allowed to measure two types of particulate matter–phytoplankton (pigments) and non-algal particles absorbance (NAP). NAP includes both organic and inorganic particles and is hereafter referred to as detritus. Pigment and detritus absorbances could then be compared to the other two absorbance constituents considered in the study—CDOM and water. The integrating sphere allowed to measure the absorbance of the materials which had large scattering properties (i.e., the filter and the particles on it). The procedure followed (Thrane et al., 2014), utilising (Bricaud and Stramski, 1990)’s path length amplification correction. In brief, 500 mL of sample water was filtered through a GF/F glass fiber filter (0.7 μm pore size), after which the filter, along with a blank filter soaked with MilliQ water, were placed inside the integrating sphere for absorbance measurement (Röttgers and Gehnke, 2012). This ensured that nearly all photons scattered by the sample were detected and that the absorbance of the blank filter was automatically subtracted from that of the sample filter, improving accuracy and precision of absorption measurements (Roesler et al., 2018). The filtration occurred on the next day after sampling (water samples were kept at 4°C), while the absorbance measurements happened on the day after this (filters were kept at −20°C). The filters were thawed and hydrated before the analysis. The measured absorbance was limited to PAR region (400–700 nm; Kirk, 1994). After the initial measurement of absorbance by all particles retained on the filter, the filter was bleached with 200 µL sodium hypochlorite according to the method of Tassan and Ferrari (1995). After the filter was bleached for 2 min, removing all the pigments, the absorbance was measured once again to get detritus (not being bleached) absorbance (Ad). The Ad spectrum was subtracted from the total absorbance spectrum, resulting in in vivo pigment absorbance spectrum (Ap). Ap included all absorbances by various pigments collected on the filter. Ad and Ap were corrected for scattering and “instrument drift” (Nelson and Guarda, 1995) - by subtracting average absorbance between 740 and 750 nm from the absorbance at each wavelength.
Base e absorption coefficients are traditionally used in bio-optical calculations due to mathematical convenience, since they do not introduce a scaling factor in differentiation and integration. Therefore, the pigment absorption coefficients [ap (λ)] were then calculated by transforming base 10 absorbance units (Ap) into base e units and dividing it by dimensions of a cylinder representing the volume of filtered water (V, m3) and the area of used GF/F filter (A, m2) to get m−1 units (Equation 1).
[image: image]
The detritus coefficients were calculated similarly, but solely from the bleached samples (Equation 2).
[image: image]
The filtrate was used for CDOM absorbance measurements. CDOM absorbance was measured on the same spectrophotometer, but without the integrating sphere. Two 5 cm (L = 0.05 m) quartz cuvettes were placed into the spectrophotometer, one containing MilliQ water as a baseline reference and the other containing the sample. The measurement resulted in CDOM absorbance (ACDOM). ACDOM was corrected for scattering using an average absorbance between 650 and 750 nm, as CDOM absorbs miniscule amount of light in this waveband. The absorbance units were transformed into absorption coefficients [aCDOM (λ)] as in Equation 3.
[image: image]
Having three different absorption coefficients, as well as constant water absorption coefficients (aH2O; Morel and Prieur, 1977), allows for adding all four together to get an absorption sum, and consecutively finding fraction absorbed by photosynthetic pigments [Fp(λ); Equation 4]. Detritus [Fd(λ)], CDOM [FCDOM(λ)] and water [FH2O(λ)] absorption fractions were calculated in the same manner. Averaging absorption fraction over PAR range would result in PAR-averaged fractions of absorption by the four components ([image: image], [image: image], [image: image] and [image: image]).
[image: image]
About 500 mL of water samples were filtered through syringe filters for chlorophyll a (chla) concentrations analysis (0.22 μm pore size, Sterivex™). The filters were then frozen in −40°C until the day of analysis. Once the filters were thawed, they were filled with 2 mL of ethanol (90%) to extract chla that was collected on filters. We subsampled ethanol extracts into a well plate (200 μL) and measured chlorophyll fluorescence on a microplate reader (Synergy™ MX, BioTek, Winooski, Vermont, United States), calibrated with a commercial chlorophyll a standard (Sigma-Aldrich C5753). chla concentrations were transformed to μg/L by dividing the concentration measured with the plate reader (μg/mL) by volume of sample water (L) and multiplied by the ethanol volume used to extract the pigments from the filter (2 mL).
Pulse amplitude modulated fluorometry (Schreiber, 2004) allows to estimate quantum yield of photosystem II (QY), which is defined as the number of photons used for photochemistry relative to the total number of photons absorbed by pigment (Raval et al., 2023). This is effectively a measure of the utilization of absorbed photons by the photosynthetic pigments in living cells. The closer QY of a photosynthetic pigment is to 0.8 (theoretical maximum QY), the more efficiently the cells use captured light in photosynthetic pathways. After exposing the water samples to darkness for an hour, QY was measured as a function of light intensity [QY(E)] using AquaPen-C’s (AP-C 100, Photon Systems Instruments, Czech Republic) “light curve 1” protocol with blue light excitation at 450 nm. Based on Cullen and Davis (2003) we tried to run distilled water blanks with Aquapen, but since the resulting QY light curves were very noisy and uninformative, our best blank estimate is close to zero with a large standard error.
2.3 Primary production estimation
Bio-optical primary production estimation (e.g., Smith et al., 1989) involves combining the photon capture rate by photosynthetic pigments with quantum efficiency of photosynthesis on a given depth and time. Integrating this quantity over depth and time gives the daily, area specific bio-optical production rate which can be converted to an estimate of daily, area specific carbon fixation (mg C m−2 day−1).
We extracted time series of hourly surface PAR irradiance averages from the STRÅNG database (STRÅNG, 2024) for each station’s coordinates and each sampling date. Using a conversion factor from Thimijan and Heins (1983), we converted the daily PAR irradiance time series E0(t) from the original energy units (W m−2) to quantum flux (mol quanta m−2 day−1). For consistency with Thrane et al. (2014) we used absorption coefficients averaged across the PAR range instead of integrating wavelength-specific rates. In Supplementary Figure 2 we show that this approximation gives very similar results to a fully spectrally resolved bio-optical model. So, assuming we can represent the PAR-averaged (400–700 nm) vertical light attenuation coefficient [image: image] as the sum of all PAR-averaged light absorption components ([image: image] = [image: image]), we could compute the local PAR irradiance at a given depth (z; m) and time of day (t; fractional day) from Equation 5.
[image: image]
The local, volumetric PAR absorption rate [∆E(z,t); mol quanta m−3 day−1] is the difference between irradiance at the top and the bottom of a layer, divided by the depth of that layer (∆z; m). We have measured the irradiance at surface water and 10 m depth using hyperspectral irradiance sensor (RAMSES, TriOS GmbH, Rastede, Germany) coupled with another sensor installed on deck for reference (atmospheric irradiance) measurements. This ensured that the majority of photosynthetic activity was captured and that the stratification depth was reached in the majority of cases (excluding only riverine station during the highest discharge seasons). ∆E(z,t) is, therefore, calculated using Equation 6.
[image: image]
Local C fixation rate (PP(z,t); mol C m−3 day−1; Equation 7) is the product of PAR absorption rate (∆E(z,t) times fraction absorbed by photosynthetic pigments [Fp(λ)], adjusted for the quantum efficiency at local irradiance {QY[E(z,t)]}, and converted by the C fixation yield per quanta absorbed (QC = 12 mol quanta/mol CO2; Kirk, 1994).
[image: image]
We parameterized the light response of quantum yield, QY(E), as a log-linear function based on light curve assays with the Aquapen instrument. This implicitly assumes that the quantum yield of photosystem I has the same light response as photosystem II (which the Aquapen measures).
We finally estimated daily primary production (PP) by integrating Equation 7 over depth and time, and converting the result from mol CO2 m−2 day−1 to mg C m−2 day−1. For illustration, we show the depth and time distributions of the outputs of Equations 5–7 for a particular date and station (station L5 on 15.06.2021) in Figure 2. Panels 2A, C and E represent, E(z,t), QY(z,t) and PP(z,t) in the upper 5 m of water column throughout the day. Right column (panels 2B, D and F) shows the surface PAR irradiance time-series E0 (t) as well as the integrals of PP(z,t) over depth (panel 2D) and over time (panel 2F). E (z,t) and PP(z,t) peak at noon and diminishes with depth, while QY(z,t) displays an opposite pattern since it decreases with irradiance. Note that Figure 2 only displays the upper 5 m of water column for clarity, as there is only minimal change below 3 m depth, while the actual calculations extended to 10 m depth. The differences in other seasons are even less pronounced, demonstrating strong light absorbance in the surface layers, even at medium to high salinity.
[image: Figure 2]FIGURE 2 | (A) Irradiation at depth z (Ez) in the upper 5 m layer (μmol quanta m−2 s−1); (B) Surface irradiance (E0) throughout the sampling day (μmol quanta m−2 s−1); (C) Quantum yield at depth z (QYz); (D) Bio-optically estimated PP integrated over depth z [∫PPdz (mg C m−2 day−1)]; (E) PP at depth z [PPz (mg C m−3 day−1)]; (F) PP integrated over time [∫PPdt (mg C m−3 day−1)].
2.4 Nutrient concentration
TOC and total nitrogen (TN) were analysed by high-temperature catalytic oxidation and non-dispersive infrared detection on a Shimadzu TOC-VCPH Analyzer connected to a TNM-1 Total Nitrogen Measuring Unit (Shimadzu scientific instruments, Columbia, Maryland, United States). The CO2 and NO gasses evolving from the water samples after heating to 680°C with platinum catalyst were cooled and dehumidified before detection. Concentrations of TOC/TN were obtained through comparison with a calibration curve.
Particulate N was also measured by firstly filtering sample water through 0.7 μm pore size GF/F glass fiber filters, and then combusting the filters in a FlashEA 1112 Nitrogen and Carbon Analyzer (Thermo Fisher Scientific). The resulting gas in the apparatus was analysed on elemental composition by gas chromatography. Dissolved N was calculated as a difference between TN and particulate N.
2.5 Statistical analysis
Linear models were used to test the relationships between the variables, while ANOVAs were used to test for significance in variables change across salinity and seasons. Statistical tests were conducted using R (version 4.3.1; R Core Developer Team 2024). All the calculations are based on a dataset of 34 samples (n = 34). Figure 1 was created using Stamen maps (Kahle and Wickham, 2013).
The analytical uncertainty is minimal for CDOM absorption measurements [image: image], with SD between PAR-averaged (400–700 nm) absorption coefficients of MilliQ water blanks being ±0.025 m−1 (n = 3). Control runs of filter blanks using integrating sphere method ([image: image] and [image: image] at 400–700 nm) resulted in similar uncertainty level (SD = ±0.026 m−1, n = 4).
3 RESULTS
3.1 Absorption by the four constituents
The relative contribution of absorption of the four components shows substantial spectral differences, with CDOM and particles increasing strongly towards shorter wavelengths (Figure 3; Supplementary Figure 3). CDOM contributed by far most of the wavelength-integrated PAR absorption relative to particles, phytoplankton and water through stations and season, including the outermost, most marine station (Figure 4). PAR attenuation contribution from CDOM ([image: image]) insignificantly decreased with salinity (Supplementary Table 1) yet constituting 50%–80% of total absorption at all stations (∼67%; Supplementary Figure 4B). The one outlier L5, 25.03.2021, had [image: image] of just 40%, however even in this case CDOM remained the major contributor to total absorption. A strong inverse relationship between PAR-averaged CDOM absorption and salinity was present, while seasonality did not play a significant role in distribution of CDOM across the measured gradient (Figure 5; Supplementary Table 1).
[image: Figure 3]FIGURE 3 | Cumulative absorption coefficients (m−1) by four absorbing constituents [aCDOM (λ), ap (λ), ad (λ) and aH2O (λ)] at PAR spectrum. This is an example of absorption in a single sample (station I1, 17.06.2021), see Supplementary Figure 3 for the rest of the samples.
[image: Figure 4]FIGURE 4 | PAR spectrum integrated absorption (m−1) at the six sampling stations grouped by sampling dates. The four absorption constituents were CDOM (dark red), detritus (orange), pigments (green) and water (blue).
[image: Figure 5]FIGURE 5 | The relationship between salinity (PSU) and PAR-averaged absorption coefficient of CDOM (m−1).
Phytoplankton contributed around 1%–25% of absorption in upper water layers, depending on the season and location in the fjord (Figure 4). PAR-averaged in vivo pigment absorption measurements show two distinct trends when plotted against salinity (Supplementary Figure 4C). June 2020, November and March samplings show a decrease in [image: image] with increasing salinities, whereas September, February and June 2021 saw an increase of [image: image] over the salinity range. There are therefore statistically significant deviations in [image: image] between the seasons. [image: image] values at the marine sites were very similar for most seasons, with the exception of February—the most productive season, which were substantially higher, and mid-June 2021, when there was huge site to site fluctuations. [image: image] were more variable at the freshwater end of the gradient, but without clear division of high and low [image: image] seasons, whereas marine samples clearly divide into those two categories.
Detritus, being the particulate fraction of TOC, follows the mixing trend of CDOM, as the PAR-averaged absorption coefficient of detritus ([image: image] decreases along salinity gradient (Supplementary Figure 4E). [image: image] was ∼8%, yet ranging from 1% to 27% of total absorption. [image: image] was also significantly influenced by the seasonality in the area, with March having the highest combined [image: image] and June 2020 having the minimal [image: image]. The contribution from detritus to total absorption matches that of phytoplankton (∼9%), however while detritus have a higher fraction of absorption at inner, more freshwater-impacted stations, the [image: image] increases with salinity. PAR-averaged water absorption ([image: image]) was considered to be constant irrespective of salinity, however if we consider fraction of total absorption by water ([image: image]), there is a strong positive linear correlation with salinity (Supplementary Figure 4H), primarily reflecting a decreased absorption by the other three constituents.
CDOM absorbs primarily at shorter wavelengths, with a log-linear decrease of aCDOM(λ) with wavelength (Figure 3). Violet-blue light is absorbed by all photosynthetic pigments, however there are additional peaks of ap(λ)in other parts of PAR depending on the pigments (Yacobi, 2012). Pigment absorption peaked at around 670 nm and 430 nm, which is characteristic for chla (Supplementary Figure 5). Two smaller peaks were also present at the yellow-orange part of the spectrum (580 and 630 nm), which corresponds to absorption signature of carotenoids and chlc2. The relative contribution of water to total absorption gets progressively higher from shorter to longer wavelengths (Figure 3).
3.2 Chlorophyll a concentrations
Chlorophyll a (chla) peaked during June 2020, when it averaged 6.7 μg/L (Figure 6), followed by September and February with concentrations of 4.6 and 4.5 μg/L respectively. The second summer season, June 2021, had however less than half of chla concentration of its 2020 counterpart (2.6 μg/L). The lowest chla concentration seasons were November and March (0.8 and 0.3 μg/L respectively).
[image: Figure 6]FIGURE 6 | Chlorophyll a concentrations (μg/L) at stations and grouped by sampling dates. The stations order represents the gradient of increasing salinity from L1 to OF2.
There was no definitive trend of chla concentration distribution across the salinity transect, although L1, the inner station, generally had the lowest chla concentrations compared to more open water stations on most sampling dates. Both open sea (OF1 and OF2) and intermediate stations (L5, I1 and O1) have comparable chla concentrations, with seasonality determining the spatial patterns of peak phytoplankton concentration. Chla concentration and [image: image] were positively correlated (Supplementary Table 2), yet with a pronounced scatter (Supplementary Figure 6A).
3.3 Bio-optical primary production estimates
Most of the PP estimates lie below 1,000 mg C m−2 day−1 (Figure 7). There are three very high values exceeding 1,000 mg C m−2 day−1, all recorded on the 17.06.2021 sampling. The broad fluctuation in PP values between the sites on this date was mainly due to non-uniform distribution of phytoplankton across the sampling transect. 17.06.2021 saw the highest mean PP of all dates (1,270 mg C m−2 day−1), almost twice that of the second highest PP recording on 04.06.2020. It was also sunny prior to the sampling date in June 2020, but pigment absorption was considerably lower. The February maximum in chla concentrations and pigment absorption coefficients did not translate to maximal PP (only 180 mg m−2 day−1 on average), likely due to the low winter irradiation (Supplementary Figure 7). March and September samplings had comparatively higher PPs (460 and 333 mg m−2 day−1 respectively), despite lower chla concentrations. Primary production reached its minimum in November, when phytoplankton numbers were dwindling and solar irradiation was low (44 mg m−2 day−1 on average). Overall, E0 and [image: image] seem to be the best predictors to PP, with a higher degree of correlation than with [image: image] and salinity (Figure 7, Supplementary Table 1). Counterintuitively, TN is in inverse proportion to PP, however, this might be primarily an effect of CDOM (see Discussion).
[image: Figure 7]FIGURE 7 | Relationship between log (10) transformed PP (mg C m−2 day−1) and (A) salinity (PSU), (B) PAR-averaged CDOM absorption (m−1), (C) chla concentration (μg/L) and (D) TN concentration (mg/L). Datapoints are grouped by shapes (stations) and colours (sampling dates).
Yet another important variable influencing PP was QY0 (quantum yield at E = 0). We fitted a log-linear model of QY as function of E, with a common slope and additive effects of sampling date and station on the intercept. The model explained only 29% of the total variance but gave a reasonably precise estimate of the common slope (Supplementary Figure 7). If we write the model as QY (E) = QY0 exp (-E/E’) then the estimate for E’ becomes 933 µmol quanta m−2 s−1 (95% CI = [648, 1,670]). Figure 8 shows the seasonal variation in the estimated intercept (QY at E = 0). QY0 estimates generally were under 0.5 mark, with the exception of February, when QY0 reached 0.6 (Figure 8). QY0 correlated well with chla concentration, approximately following the same seasonal trend.
[image: Figure 8]FIGURE 8 | Quantum yields of photosystem II at E = 0 (QY0), grouped by sampling dates.
3.4 Nutrient concentrations
The very early spring bloom (which typically occurs in late February to mid-March in the fjord) can be attributed to high nutrient concentrations, in addition to water column stability due to low average wind speeds as well as low freshwater inflow (NCCS, 2024; Supplementary Figure 1). Nitrogen followed conservative mixing (Supplementary Figure 9A), and the highest concentrations of TN were recorded in November (Figure 7D), when nitrogen have accumulated after the autumn bloom, however there is insufficient light to support phytoplankton production. An increase in chla concentration was observed at the marine stations in late February in conjunction with a fast depletion of TN concentrations (to 0.14–0.27 mg/L levels, as opposed to 0.45–0.69 mg/L in November; Figure 7D). The same trend was not seen in the inner, riverine station however, where TN concentrations were consistently higher than in the outer stations due to constant supply of riverine water. The fluctuations in TN related to PP should be judged with caution however, since TN also includes the particulate and organic fractions of N. TN was consisting on average of 87% of dissolved N (ranging from 60% in June 2021 to 97% in November). TN levels stayed at similar levels throughout March (0.15–0.23 mg/L) and decreased over the spring to June 2021 levels, when the average TN concentration among all stations was the lowest (0.19 mg/L). There is a stark contrast between June 2020 and June 2021 TN averages (0.38 and 0.19 mg/L accordingly).
TOC concentrations (Supplementary Figure 6B) were quite similar at marine stations in February, March, June 2020 and September (1.91–2.95 mg/L). The riverine station consistently had the highest TOC concentrations measured on any single day, marking Glomma as a source of OM in the studied area. June 2021 had the highest mean TOC concentration (3.80 mg/L) and PP on that day was exceedingly high. Moreover there was a small degree of fluctuation in TOC concentrations between all 6 stations (3.60–4.00 mg/L), hinting at the estuary being horizontally well-mixed this time of year. November had the second highest TOC levels that were accumulated during autumn, which in conjunction with absence of chla contributed to low PP.
4 DISCUSSION
4.1 Attenuation coefficients
As a result of non-phytoplankton attenuation, the euphotic zone (1% of surface PAR penetration) in the Norwegian coastal waters is reduced to around 14 m, while being 112 m deep in the clear North Atlantic Ocean (Aksnes, 2015). CDOM enrichment of an aquatic system will lower the compensation depth, and narrow the euphotic zone thereby reducing the area-specific primary production. CDOM was found to consistently be the dominant contributor to attenuation of downwelling PAR in the Oslofjord, influencing the estimated PP. Sverdrup’s critical depth is the depth interval over which integral phytoplankton growth matches losses (Sverdrup, 1953). This critical depth influences also the onset of the spring phytoplankton bloom, such that changes in critical depth can lead to changes in bloom timing (Opdal et al., 2019; Diehl et al., 2015). Terrestrially derived compounds may make euphotic zone shallower, thus playing a major role for light climate and photosynthesis in coastal areas.
Both [image: image] and [image: image] show linear decrease with salinity (Figure 5, Supplementary Figure 4E). Unlike [image: image], the organic matter mixing pattern is consistent between seasons. Nevertheless, there is low correlation between [image: image] and [image: image], i.e., seasons with high [image: image] do not correspond to high ad. [image: image] stays mostly constant throughout the salinity range, even though [image: image] decreases. As all constituents, excluding water, CDOM absorbs less light in open sea, yet it remains the major absorber even at the most offshore station. Absorbance by the particulate detritus fraction, [image: image], decreased with salinity, likely reflecting sedimentation or breakdown of particulate matter towards open waters. Decreasing [image: image] would result in increasing [image: image], if not for the compensation effect of increasing [image: image] at higher salinities. [image: image] was also significantly related to seasonality, unlike CDOM, suggesting that the amount detritus carried from the river mouth is more dependent on discharge driven by snowmelt or rainfalls. Still, [image: image] is continuously decreasing offshore due to progressive dilution plus microbial and/or solar breakdown (Chen et al., 2015; Dempsey et al., 2020). Photobleaching has been shown to increase the rate of TOC loss with decreasing pH. Simultaneously, when pH is over 7 and increasing, photodegradation reduces colour of CDOM more rapidly (Williamson et al., 2014). Since salinity directly affects pH, photodegradation is an important factor influencing DOC throughout the estuarine salinity gradient.
[image: image] has two contrasting trends when tested against salinity, it could be explained by the patterns of distribution of phytoplankton in the outer Oslofjord (Supplementary Figure 4C). There is a cluster of [image: image] data points between 20 and 30 PSU, shared between the four sampling dates. It seems that phytoplankton is always present at low abundances (between 0.025 and 0.075 m−1) in open sea, with a substantial peak during late winter to early spring bloom (i.e., February with ∼ 0.175 m−1). This shows how seasonality plays an important role in the study area, which is typical for a temperate sea (Acevedo-Trejos et al., 2015). Stratification and temperature changes are known to impact the magnitude and succession of phytoplankton blooms greatly (Berger et al., 2010). The most productive season (February) shows increase of [image: image] with salinity, but this is mainly due to the outer sea having a deep pycnocline this time of year, with all outer and intermediate stations having similar salinities and abundant nutrients, making the freshwater station a less favorable site for photosynthesis in comparison.
4.2 Chlorophyll a concentrations
Our study found high chla concentrations in late February and low concentrations in late March, indicative of a very early spring bloom. This is consistent with the onset of spring phytoplankton bloom in the Oslofjord (Braarud, 1969; Lundsør et al., 2020). Moreover, Skeletonema spp. have even been observed to bloom as early as January in the Oslofjord (Dittami et al., 2013). The spring bloom in the fjord is always early, yet variable, and may also occur in late March (Poste et al., 2021). The fjord typically has a second spring bloom in May-June, which can be seen in the amplified June chla levels (Figure 7C). The captured early spring bloom seems like an outlier in the progressively delayed onset of spring bloom trend that was observed in Norwegian coastal waters over the last century (Opdal et al., 2019; Lundsør et al., 2022). Lundsør et al. (2020) reported decreasing chla concentrations since 1970s, when chla levels during spring bloom were reaching 20 μg/L to under 6 μg/L concentrations in the 2010s. Our study revealed an average of 4.5 μg/L during the bloom season (Figure 6), reflecting the reduction of nutrient efflux to the fjord and possibly also increasing grazing pressure from smaller zooplankton (180–1,000 µm) in early spring associated with higher temperatures (Lundsør et al., 2021).
Chla was lowest in the innermost, river impacted station, while intermediate sites generally had the highest chla concentration. This could reflect two contrasting drivers: CDOM-load and nutrient availability. While nutrients are more abundant in near-shore environments and get diluted further out in the sea, the darkening associated with CDOM is also the highest in the innermost station and could override the impact of nutrient supply (Lyche Solheim et al., 2024). The darkening effect of river water on chla concentrations seems to be stronger than the accompanying nutrient availability, meaning that there is a net negative impact on the marine primary production of the CDOM-rich freshwater input. This is in support of studies from freshwater, suggesting a break-point with a transition from positive to negative impact on primary production with increased CDOM (Karlsson et al., 2009; Thrane et al., 2014).
4.3 Bio-optical primary production estimation
The estimates of PP based on the bio-optical model in general yielded rates comparable to previous estimates based on radiolabelling (14C; Smith et al., 1989). The reason for the very high PP of the three extreme values (I1, OF1 and O1 on 17.06.2021) was relatively clear water (high [image: image] and low [image: image]) and intense sunshine. At the same time phytoplankton abundance (both pigment concentration and absorbance) was not particularly high, hinting at the importance of CDOM in limitation of photosynthesis. The fluctuations in PP between the stations on that day were large due to varied pigment absorption coefficients. High [image: image] measured on some station (I1, OF1 and especially O1) combined with high surface irradiance values resulted in particularly high PP. Coincidentally, chla concentrations were not out of ordinary for these data points (Figures 7B, C). This suggests that the reason for the very high PP could be low absorption by other absorbing elements (Figure 4), leaving more light available for photosynthesis. High production at comparatively low phytoplankton biomass in June could indicate high turnover rate.
The difference that bright sun makes is reflected in PP values from February. Pigment concentrations and absorption in February were both particularly high, but the resulting PP values were in line with those seen in other seasons. Effective photosynthesis at other seasons, however, was limited more by pigment and quantum yield of PSII, rather than by light per se (i.e., September and March). When comparing to previous literature on productivity in the Oslofjord, peak PP of 3 g C m−2 day−1 in the current study resembles peak PP measured in the inner fjord in 1974 (2.8 g C m−2 day−1; Throndsen, 1978). Both peaks occurred in June. Average May PP in the Kattegat-Skagerrak area (where the outer fjord falls into) varied from 575 to 908 mg C m−2 day−1 in 1987–1993 (Heilmann et al., 1994), while our average PP estimates in June 2020 and 2021 are 650 and 1,271 mg C m−2 day−1 respectively. We did not find a linear increase in PP with salinity, possibly due to both salinity and seasonality contributing to the fluctuations in PP. For example, low productivity November and high productivity June had good spread of salinities, but similar PP levels among the stations, flattening out the common trend (Figure 7A).
A study of a long, 110 km salinity gradient in a Greenland fjord found that PP increases 10-fold from turbid inner to marine outer fjord (Sejr et al., 2022). Same goes for [image: image] – PP correlation, there are high and low discharge seasons translating into seasonal separation of [image: image] (Figure 5; Supplementary Figure 1). Nevertheless, a weak trend of reduction of PP with increase [image: image] can be observed (Figure 7B). Contrary to this, a controlled mesocosm experiment showed that PP is not influenced by brownification to a significant degree (Spilling et al., 2022). However, they highlighted that phytoplankton community composition shifted towards smaller species. In their study, nutrient enrichment stimulated plankton growth in both clear and murky water; however, another study by Lyche Solheim et al. (2024) reports that browning counteracts positive effects of nutrients. In this case, the plankton community underwent changes, with mixotrophic cryptophytes outcompeting cyanobacteria and chlorophytes. The ecological impacts of CDOM enrichment on phytoplankton may therefore be less obvious than a straightforward competition for photons with dissolved matter. Moreover, our model included only PAR irradiance, excluding harmful UV irradiation from the equation. CDOM absorbs the most light in UV spectrum, thereby shielding plankton from some of the harmful UV radiation. In fact, CDOM presence was even reported to enhance primary productivity in the shallow water (<30 m) due to this effect, counteracting the reduction of photosynthetically useable radiation (Arrigo and Brown, 1996).
Calculated PP in June 2021 were generally higher than that of June 2020. This could be attributed to the fact that June 2021 sampling was done after heavy freshwater influx from the main inlet, the Glomma River, while June 2020 sampling was set right at the beginning of the flood. Nutrients were therefore more available for the phytoplankton in the later year, which reflected on much greater Epp values especially at the outer sites. Another reason for much higher Epp in 2021 is light conditions—substantially sunnier weather in the later year (average E0 of 530, as opposed to 411 μmol/m2/s). The only exception to the rule was OF2 station, one of the more open sea stations, where pigment absorption during the winter was minimally higher than the June 2020 counterpart. QY0 was quite similar between the two seasons and have likely not contributed to the variability of PP much (Figure 8).
Bio-optical PP estimation method relies on absorbance measurements and is thus affected by the associated uncertainties such as photon scattering in the spectrophotometer (Kirk, 1994) and discrepancies in fluorometry measurements (e.g., imperfect dark exposure prior to PAM measurements, leading to relatively low QY0 values). Additionally, PP tends to be overestimated due to the assumption that CO2-fixation is proportional to the electron transport rates, which, in practice differ depending on phytoplankton species and environmental factors (Lawrenz et al., 2013). Another source of overestimated PP values could be the fact that we use a theoretical factor of 0.08 (1/12) of mol CO2 fixed per mol of photons absorbed (Kirk, 1994), while in reality this factor is closer to 0.03–0.05 mol C per mol photons in eutrophic waters (Babin et al., 1996). However, conventional isotope uptake methods also come with some assumptions and challenges, particularly due to the enclose effect (cf. Gieskes et al., 1979; Peterson, 1980). Fluorescence measurements for bio-optical PP estimation are convenient, rapid and continuous, without the need for incubations, thus avoiding the “bottle effects” (Kolber and Falkowski, 1993). The bio-optical PP model is also advantageous because parameters, such as absorbance in the water column, PAR penetration and phytoplankton production are mechanistically linked (Smith et al., 1989).
4.4 Nutrients
PP in temperate coastal waters is most commonly N-limited (Howarth and Marino, 2006), or eventually co-limited with phosphorus (Andersen et al., 1991; Elser et al., 2007). The nutrient analysis in our study should be judged with some caution, since N-species and the fractions or concentrations of DIN was not analyzed. However, N-limitation seems to be prominent in the Oslofjord (Lundsør et al., 2020), and this is known to lower the photochemical energy conversion efficiency of PSII (Kolber et al., 1988). This might thus have had a negative effect on QY’s seen in the current study (Figure 8). Late autumn and early spring were the two least optimal seasons for photosynthetic activity. While low phytoplankton production in November was mainly attributed to low solar irradiation, PP in March was possibly stifled by low nitrogen availability (Figure 7D). And while February and March N concentrations are on par, the late February sampling captured the peak of phytoplankton bloom when the nutrients were already depleted, but the phytoplankton concentrations were still high. The relation between total N and phytoplankton should however be judged with caution. PP being negatively correlated to N concentration could in fact be an effect of CDOM in disguise (Supplementary Figure 9B), due to dissolved organic N associated with CDOM (e.g., Lyche Solheim et al., 2024). As TN is dominated by dissolved N (x̄ = 87%), the TN dynamics is not due to particulate N. The stark differences between June 2020 and June 2021 TN concentrations can be attributed to different timing of phytoplankton blooming.
Nitrogen in the outer Oslofjord in 2020 was mainly of natural origin (38%), followed by runoff from agriculture (34%), population (24%) and industry (3%; Walday et al., 2023). A significant increase in TN transport in Glomma has been observed since 1999, with average annual increase of 108 tonnes per year (Kaste et al., 2022). While nitrate transport still increases at a rate of plus 47 tonnes per year, ammonia transport saw a reduction (−17.2 tonnes per year), likely due to reduced air pollution and increased vegetation uptake (as a result of global warming driven greening). Nitrogen is bioavailable primarily as dissolved, inorganic nitrogen, nitrate or ammonia. Riverine nutrient loading promotes light attenuation not only by directly increasing particles that absorb light, but also indirectly by stimulating algal growth (Wallhead et al., 2021). A total of 15,007 tonnes of nitrogen were transported in 2020 from Glomma into the studied area of which 10,136 tons was NO3 and 192 tons was NH4 (68% and 1% respectively; Kaste et al., 2022). This means that the Glomma freshwater had an average daily concentrations of 511 μg/L of TN influencing the coastal ecosystems, of which the major part was inorganic (336 μg/L of NO3 and 7.6 μg/L of NH4). Riverine water held high concentrations of organic carbon–4.2 mg/L of TOC (120149 tonnes in 2020), most of which was likely terrestrially-derived DOM, contributing to coastal darkening directly. Additionally, a loading of 384 tonnes of PO4 was recorded, which likely also promoted phytoplankton growth.
4.5 Conclusion
Among all the four major light absorption components in the water column (CDOM, pigment, detritus and water), CDOM consistently was the major light absorber in the PAR spectrum, increasing towards shorter wavelengths. DOM contributed 50%–80% of total absorption of integrated PAR in coastal waters of the Oslofjord across season and station along a salinity gradient (0–30 PSU). PAR-averaged CDOM absorption showed a significant inverse relationship with salinity; however, relative absorption fraction by CDOM remained mostly constant. CDOM played an important, but not the main role in regulating PP estimates derived from the bio-optical model. PP estimates were primarily controlled by pigment absorption and concentration, quantum yield of PSII and light intensity. The bio-optical model produced realistic PP estimates, consistent with previous measurements conducted in the area. PP in the area exhibited substantial seasonal variability ranging from 30 to about 3,000 mg C m−2 day−1, as well as a weak salinity signal. The highest pigment absorption and chlorophyll a concentrations observed in late February indicate an early spring bloom.
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SUPPLEMENTARY FIGURE 7 | Sum of PAR irradiation (mol quanta m−2 day−1). This is an example for the coordinates of O1 station. Data from STRÅNG (2024).
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