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Abstract In 2024 an anomalous region of low chlorophyll water covering ~721,000 km? or 1.7% of North
Atlantic surface area dominated the Northeast Atlantic. This feature formed during spring, remained identifiable
as aregion of low chlorophyll throughout the summer months in temperate and subpolar waters and, due to low
opal ballasting potential of newly formed biomass, likely impacted ecosystem processes and carbon export
fluxes across a wide sector of the Northeast Atlantic. In situ sampling along the southern edge of this region for
15 days in May—June encountered an unusually deep euphotic layer that shoaled rapidly from >80 to ~40 m
over subsequent days and low surface chlorophyll concentrations (<0.3 mg m™>) despite non-limiting nitrate
and phosphate availability, though silicate was exhausted. Integrated net primary production rates within this
feature ranged between 0.5 and 0.6 ¢ C m™~>d~', NO, ™ uptake rates between 0.8 and 1.3 mmol N m~—>d™~", and
new production rates between 0.08 and 0.13 ¢ C m~2 d™!; rates that on average were 45%—79% lower than rates
outside of this feature. Integrated concentrations of particulate organic carbon (POC), nitrogen (PON) and
phosphorous (POP) were up to 44%—63% lower than surrounding waters. We hypothesize that this region of low
productivity may be the consequence of prolonged and anomalous warming of the wider North Atlantic
throughout 2023-2024 leading to weaker mixing and preconditioning of the surface ocean during winter 2024
with implications for the resident phytoplankton community.

Plain Language Summary This study describes primary production observations collected during
the 2024 Northeast Atlantic spring bloom, a period usually associated with high rates of productivity. Instead,
spring 2024 was characterized with a large and highly anomalous region of low productivity water that occupied
a substantial area of the Northeast Atlantic. Primary production and nitrate uptake rate measurements within this
region were on average 45%—79% lower than the surrounding waters. Such significant decreases in productivity
during a critical time of year, coupled with low sinking potential of newly produced organic carbon, indicate
likely consequences for carbon export to the ocean interior and for energy transference to higher trophic levels.
Subsequent investigation links this feature to shallow and later than usual winter convective mixing. The study
suggests that increased occurrence of warmer than average winters is likely to increasingly disrupt the timing
and intensity of the North Atlantic spring bloom.

1. Introduction

The North Atlantic spring bloom is one of the best studied annually occurring productivity events in the ocean yet
it continues to demand attention due to perceived changes in the timing (phenology) (Asch, 2019; Friedland
et al., 2016, 2024), and magnitude (Martinez et al., 2011), of the bloom in response to both natural climate
variability and anthropogenic climate change (Follows & Dutkiewicz, 2002; Kelly et al., 2025; Sundby
et al., 2016). For the temperate Northeast Atlantic the spring bloom typically begins in March/April, peaks in
May/June, with maximum primary production rates of 1-1.5 g C m~' d™! and total annual productivity is
typically <250 g C m~2 (Longhurst, 1995, 1998; Tilstone et al., 2023). The regular and predictable production of
photosynthetic biomass during the spring bloom is important for higher trophic levels (e.g., zooplankton, fish) and
for carbon sequestration to the ocean interior with around half of the total annual carbon export flux for the North
Atlantic region (0.55-1.94 Gt C yr™ ") derived from the spring bloom (Sanders et al., 2014). Warmer winter and
spring temperatures however lead to lower peak biomass, smaller mean cell size, a shift toward smaller phyto-
plankton size classes and less efficient energy transference to higher trophic levels (Moran et al., 2010; Sommer &
Lengfellner, 2008).
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Figure 1. Map showing nominal location of sampling site (black square) relative to the United Kingdom. The red box in the
larger image represents the area (2° X 2° longitude/latitude) that remote sensing data shown in Figure 3 were averaged over.
The inset map shows the region of the larger image (red box) in context with the wider North Atlantic.

During the 2024 annual cruise in support of the Porcupine Abyssal Plain Sustained Observatory (PAP-SO)
program (49°N, 16.5°W; Hartman et al., 2021), an unusual and extensive body of water with low surface
chlorophyll was encountered. Sampled during the peak timeframe for the spring bloom this provided an op-
portunity to explore the notion that aspects of the North Atlantic spring bloom are changing via the study of net
primary production (NPP), new production and biomass concentrations. Here we explore the possibility that weak
mixing during winter 2024, linked to anomalous warming of the North Atlantic throughout 2023-2024 (Berthou
et al., 2024; Carton et al., 2025; Terhaar et al., 2025), was a key factor impacting the productivity of the spring
bloom, with consequential impacts for carbon export fluxes and trophic level transference.

2. Methods
2.1. General Setting

Observations were collected in the Northeast Atlantic between 20 May and 12 June 2024 aboard RRS James Cook
(cruise JC263) (Gates, 2023). All samples were collected within a 1 km radius around a nominal position of
48.98°N 16.368°W (approx. 800 km southwest of Lands End, UK; Figure 1). Sampling dates place this cruise
immediately before the mean late June timing of the annual spring bloom at the PAP-SO study site (Painter
et al., 2016). Day-to-day variation in sampling position was influenced by the projected position and subsequent
exclusion circle of a surface buoy on a deep-water instrumented mooring (water depth ~4,800 m) (Hartman
et al., 2012, 2015). In the following, we report daily pre-dawn profiles of upper ocean primary productivity
covering a 15-day period, noting that the last station was sampled after a 2-day gap in sampling due to mooring
and other scientific activities.

2.2. Sampling

Water samples for all parameters were collected across the euphotic zone from depths corresponding to irradiance
horizons of 97%, 55%, 33%, 14%, 4.5% and 1% of surface PAR (photosynthetically active radiation) using a
Seabird 9/11+4 CTD and niskin bottle rosette. Sampling depths were adjusted daily based on temporal changes to
the attenuation coefficient which was estimated from a regression of natural log normalized irradiance intensity
(PAR) against depth. Separate PAR profiles were collected within £3 hr of local noon and used to inform the
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following days sampling depths. Seawater was collected directly from the niskin bottles into acid cleaned 10 L
carboys, which were covered with dark screens whilst being processed.

2.3. Nutrients

Seawater samples for nutrient analysis were collected directly from the niskin bottles into acid cleaned 100 ml
Nalgene bottles or sterile 50 ml centrifuge tubes and frozen (—20°C) immediately (Becker et al., 2020; Chapman
& Mostert, 1990; Dore et al., 1996). Subsequent analysis of samples for nitrate, nitrite, phosphate and silicate used
a Seal Analytical (QuAAtro 39) segmented flow-analyzer with XY autosampler and Seal methods; Silicate Q-
066-05 Rev. 5, Phosphate Q-064-05 Rev. 8, Nitrate and nitrite Q-068-05 Rev.11, Nitrite Q-070-05 Rev. 6. On
the day of analysis water samples were defrosted using a water bath (50°C) for a period of 40 min and allowed to
return to room temperature, minimizing loss of reactive silicate (Becker et al., 2020). Analytical detection limits
were 0.08 pmol NO;~ L™, 0.08 pmol Si L™", 0.01 pmol NO,~ L™, and 0.01 pmol PO, L™". Certified reference
standards lot CL, CI and CS (Kanso Technos Co., Ltd, Japan) were used throughout each analytical run to track
accuracy and precision.

2.4. Total Chlorophyll-a

Total chlorophyll-a concentrations (Tchla) were obtained from 250 ml seawater samples carefully measured from
each carboy and filtered onto a 25 mm GF/F grade glass fiber filter. After filtration each filter was immediately
placed into a 25 ml glass vial and immersed in 6 ml of 90% acetone to allow pigment extraction. Samples were
stored in the dark at 4°C for 18-20 hr before the extracted pigment fluorescence was measured on a Turner
Trilogy bench top fluorometer calibrated with a chlorophyll-a (Chl-a) standard (Sigma-Aldrich, UK).

2.5. Particulate Pools (POC, PON, POP, BSi, PIC)

Particulate organic carbon and nitrogen (POC, PON) concentrations were obtained from 2 L seawater samples
filtered onto pre-combusted (450°C for ~6 hr) glass fiber filters (Whatman GF/F). Filters were rinsed with a
0.25 N solution of HCI (Kennedy et al., 2005) to remove particulate inorganic carbon, placed inside petri-slides,
oven dried onboard at 40°C overnight and thereafter stored in sealed petri-slides at ambient room temperature in
the dark. Filters were subsequently pelleted into tin capsules and analyzed for carbon and nitrogen elemental and
isotopic content using an Elementar Vario elemental analyzer coupled to an Isoprime 100 mass spectrometer
(University of Southampton Stable Isotope Ratio Mass Spectrometry laboratory). Final elemental concentrations
are reported in units of pmol L™" with natural abundance isotopic content reported in the permil notation relative
to the bulk atmospheric air standard for nitrogen (Coplen et al., 1992), or Vienna Peedee belemnite (VPDB) for
carbon (Coplen, 1994).

Particulate organic phosphorous (POP) concentrations were measured from 2 L seawater samples filtered onto
pre-combusted and acid-cleaned glass fiber filters (Fisher MF300 filters). Before use, filters underwent repeated
bathing in 10% HCl and ultrapure water solutions to remove contaminants. After filtration filters were placed into
pre-combusted glass test tubes (450°C, >8 hr), oven dried overnight at 40°C before the test tubes were sealed with
parafilm. Samples were stored at room temperature until analysis. In the laboratory the phosphorous content of
each sample was measured using the digestion method of Karl et al. (1991), with the released phosphorous
measured as per standard seawater nutrient methods.

Concentrations of biogenic silica (BSi) were obtained from 0.5 L seawater samples filtered on 25 mm diameter
0.8 pm pore size nucleopore polycarbonate filters. Filters were rinsed with 0.2 pm filtered seawater, placed in
plastic test tubes, oven dried overnight at 40°C before being sealed with a screw cap. In the laboratory the captured
particulate material was digested via addition of 0.2 M NaOH (Ragueneau & Treguer, 1994) with released Si
measured via autoanalyzer as per seawater samples.

Particulate Inorganic Carbon (PIC) concentrations were obtained from 0.5 L seawater samples filtered on to
25 mm 0.8 pm pore size nucleopore membrane filters. Filters were rinsed with borax buffered Milli-Q water,
placed in plastic test tubes, oven dried onboard at 40°C overnight and then sealed with a screwcap. In the lab-
oratory the particulate material was digested over 24 hr via the addition of 5 ml of 0.3 M nitric acid. The acid was
subsequently syringe filtered through a 0.45 pm PTFE filter and the dissolved calcium content analyzed via ICP-
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OES (Green et al., 2003; Poulton et al., 2006). Final PIC concentrations were obtained from the measured calcium
content assuming a 1:1 molar equivalence within calcite (CaCO;) (Mitchell & Godrijan, 2025).

2.6. Primary Production

Primary production was measured using the '*C method (Hama et al., 1983; IOCCG et al., 2022). At each depth 2
L seawater samples were carefully measured into duplicate Nalgene polycarbonate bottles, one wrapped with
optical filters (Lee Filters, neutral density and misty blue) to replicate in situ irradiance depths (light bottles) and
the second with black tape to eliminate all light (dark bottles). Each individual bottle was inoculated with
210 pl L™ of 2 0.500 mol L™" stock solution of '*C labeled sodium bicarbonate (Cambridge Isotope Laboratories,
>99%) to a final concentration of 105 pmol L™, or approximately 5% of ambient dissolved inorganic carbon
(DIC) concentrations (cruise measured mean surface DIC concentration 2127.5 + 5.4 pmol kg™'). Bottles were
placed into a Fytoscope growth chamber (Photo System Instruments, Czech Republic) to control both ambient
light and temperature. The incubator temperature was maintained at 13°C representative of the mixed layer
temperature (mean mixed layer temperature 13.3 = 0.6°C; range 12.7-14.2°C). At this latitude and time of year
the daylength was ~16 hr. Irradiance levels were therefore set to follow a sinusoidal pattern with a light:dark
routine of 16:8 hr with a maximum irradiance of ~1,200 pmols photons m ™2 s™'. After incubation, samples were
filtered onto pre-ashed (450°C for >4 hr) 25 mm glass fiber filters (Whatman GF/F grade) and rinsed with 0.25 N
HCI to remove particulate inorganic carbon (Kennedy et al., 2005) before being washed with 0.2 pm filtered
seawater and oven dried overnight at 40°C. Samples were subsequently pelleted into tin capsules and analyzed via
mass and isotopic content using an Elementar Vario elemental analyzer coupled to an Isoprime 100 mass
spectrometer (University of Southampton). Production rates were calculated following Hama et al. (1983) and
included a correction (subtraction) for any dark carbon uptake (IOCCG et al., 2022) which on average represented
0.9 = 0.2% of the light uptake rate for individual bottles. Integrated daily production rates were obtained via
trapezoidal integration. Final rates are presumed to represent net primary production.

Community growth rates (p; d™') were estimated at all sampled depths following Marafién (2005) and are
presented as depth averaged rates per station to evaluate the temporal change in community growth. Growth rates
were calculated as

PB
H=CicChla
where P? is the chlorophyll normalized carbon production rate (mg C [mg Chl-a]™' d™") and C: Chl a is the
carbon to Chl-a ratio (mg C [mg Chl-a]™).

2.7. Nitrate Uptake and New Production

Nitrate uptake rates were estimated via addition of a '*N-labeled NO;™ isotopic tracer to each individual primary
production bottle (Slawyk et al., 1977). Each bottle (light and dark) was inoculated with 50 ul L™' of a
2 mmol L™ stock solution of '*N labeled sodium nitrate (Cambridge Isotope Laboratories, >99% purity) to a final
concentration of 0.1 pmol L™, In situ nutrient concentrations were unknown at this point. Post-cruise comparison
to the actual nutrient data revealed NO;~ concentrations of 2.6-8.2 pmol NO;~ L™, hence the °N tracer ad-
ditions which ranged from 1.2% to 3.9% of in situ concentrations, and averaged 2 + 1% of ambient pools, were
less than the nominal 10% addition considered necessary to avoid stimulating uptake (Dugdale & Goering, 1967).
Nitrogen elemental mass and isotopic enrichment of the collected particulate material were obtained during dual
elemental and isotopic analysis as described above for primary production. Uptake rates were calculated using the
equations of Dugdale and Goering (1967).

Dark NO;™ uptake rates averaged 3.4 + 2.9% of corresponding light uptake rates in the upper euphotic zone. As
NO;™ uptake was therefore predominantly light driven dark uptake rates were subtracted from the corresponding
light uptake rate to produce a dark corrected uptake rate for each bottle. Total daily NO; ™ uptake was obtained by
scaling the hourly dark corrected uptake rate by the photoperiod (16 hr). Integrated daily uptake rates were
obtained via trapezoidal integration.

New production was approximated for each daily profile by scaling the integrated dark corrected NO;™ uptake
rate by the mean particulate C:N ratio of that profile. This was preferred over use of a fixed C:N as the data set
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indicated a significant shift in particulate C:N with time (see results). Individual profile C:N values could deviate
from the global mean ratio of 6.625 (Redfield et al., 1963) by up to 34% (e.g., 8.94 vs 6.625). A similar temporal
shift was also evident in the C:NO; ™ uptake ratio further arguing against use of a fixed ratio. An integrated f-ratio
estimate was calculated for each station simply as the ratio of integrated new production to integrated primary
production.

2.8. Remote Sensing and Float Data
2.8.1. Satellite Observations

To support the cruise-based observations satellite estimates of sea surface temperature (sst4; (Kilpatrick
et al., 2015), chlorophyll-a (Hu et al., 2019) and particulate inorganic carbon (Balch et al., 2005; Gordon
et al., 2001) at 4 km spatial resolution and at §-day averaging intervals were obtained from the MODIS Aqua
platform via the NASA Ocean Color repository (https://oceancolor.gsfc.nasa.gov). A 20-year mean time series
for the period 2002-2022 was produced for a region covering +1° around the PAP-SO position (i.e., 48-50°N,
15.5-17.5°W; red box in Figure 1) to compare to the 2024 time series averaged over the same geographic region.
The year 2023 was excluded from the long-term mean due to documented impacts of a marine heatwave in the
Northeast Atlantic in that year (Carton et al., 2025; England et al., 2025; Guinaldo & Neukermans, 2025; Jacobs
et al., 2024).

Alternative SST products, the Optimally Interpolated Sea Surface Temperature (OISST; v2.1; (Huang
et al., 2021)) and the Operational Sea Surface Temperature and Sea Ice Analysis (OSTIA; (Good et al., 2020))
were also examined due to concerns over temperature artifacts in the Aqua record (see results). Differences
between these sea surface temperature data sets are described in Gao et al. (2023).

To interpret surface water and float trajectories relative to regions impacted by marine heat waves preceding the
2024 spring bloom marine heatwave maps for the region 40-60°N 0-36°W for 20 June 2023 were acquired from
the Coral Reef Watch repository (https://www.star.nesdis.noaa.gov/pub/socd/mecb/crw/data/marine_heatwave/
v1.0.1/category/). Marine heatwave classification followed Hobday et al. (2016, 2018).

2.8.2. Float Observations

Surface drifter float trajectories at 6-hourly resolution for the region 45-55°N, 5-25°W and for the time period 1
June 2023 to 1 June 2024 were obtained from the Global Drifter program (Lumpkin & Centurioni, 2019). Data
were accessed via the NOAA ERDAP server (https://www.aoml.noaa.gov/phod/gdp/interpolated/data/all.php).
These data were examined to allow tracking of surface water advective pathways over the preceding 12 months
prior to sampling.

Profiling float data were obtained from the global Argo array (Argo, 2000) for a region £3° around our study site
(46-52°N, 13.5-19.5°W) and covering 1st Jan to 1st May for each year from 2020 to 2024. These data were used
to examine both the subsurface thermal history of waters around the study site during the winter and early spring
period immediately before sampling and to contrast upper ocean conditions in 2024 with those of recent years.
Mixed layer depths were calculated using a density threshold criteria of +0.03 kg m™ relative to 10 m (de Boyer
Montegut et al., 2004).

2.9. Statistical Analyses and Data Handling

Pearson's correlation was used to determine relationships between key biological and environmental variables
with a significance criterion of 0.05. All statistical analyses were performed in R version 4.4.2 (R Core
Team, 2024).

In the following a distinction is drawn between results for stations 1 to 6 and results from stations 7 to 13. These
two groups of stations can be distinguished due to the passage of a hydrographic/biological front through the study
site between days 6 and 7 (Figure S1 in Supporting Information S1). This places stations 1 to 6 within the low
chlorophyll anomaly, and stations 7 to 13 outside of this feature.
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Figure 2. Modis Aqua timeseries of upper ocean variability showing in the left column the mean annual cycles of sea surface temperature (SST4), chlorophyll (Chl-a)
and particulate inorganic carbon (PIC) for the period 2002-2023 (black line with shading to illustrate the standard deviation) in relation to the time series for 2024 (blue
line). Panels on the right present the 2002—-2024 time series of sea surface temperature, chlorophyll and particulate inorganic carbon. Both the mean annual cycles and
the timeseries cover a 2° by 2° region of the northeast Atlantic centered upon the nominal location of the PAP-SO (49°N, 16.5°W). Black dashed box indicates dates of
in situ sampling.

3. Results
3.1. Seasonal Context From Remote Sensing

Satellite observations of sea surface temperature showed strong fluctuations with temperatures that at times were
1-3°C below the 2002-2022 average (Figure 2). Satellite chlorophyll concentrations both during and immedi-
ately after the in situ sampling period were lower than average (~0.2-0.4 ug L™ vs ~0.6 pg L™"), whilst PIC
concentrations of ~0.3 mmol m™ were above the 2002-2022 average of ~0.2 mmol m™ but within historic
ranges. Unusually, there was no obvious peak in chlorophyll to signify the spring bloom. A large peak in PIC
concentrations was evident in late June but this occurred after sampling had finished. Spring 2024 was therefore
marked by highly variable SST, below average chlorophyll and above average PIC concentrations (Figure 2).

Extensive cloud cover during the cruise period necessitated spatial averaging over a comparatively large area
(~2° X 2°) to obtain the seasonal trends shown in Figure 2. As infrared radiometers are susceptible to clouds,
water vapor, air pollution, and aerosols (Gao et al., 2023; Guan & Kawamura, 2003; Kilpatrick et al., 2015) the
combination of extensive cloud cover and large-scale averaging may explain the erratic behavior of the SST
record, though this impact is not as obvious in the chlorophyll or PIC records. Alternative OISST and OSTIA SST
products for 2024 are also included in Figure 2 which reinforce the presumption that the large swings in MODIS
SST are artifacts rather than real phenomena.

3.1.1. Wider North Atlantic

The weak appearance of the spring bloom in the satellite chlorophyll record shown in Figure 2 prompted further
analysis of monthly averaged surface chlorophyll composite images for the wider North Atlantic region which
indicated the formation and persistence of an anomalous body of water with low chlorophyll concentrations
(<0.25 mg m™) across the eastern North Atlantic between spring and autumn 2024 (Figure 3). This feature was
first evident in May, appearing as two almost distinct regions stretching across temperate and subpolar latitudes
(~48-62°N), before deepening and repositioning to waters west of Ireland. Minimum chlorophyll concentrations
within the central core of this feature were <0.15 mg m™>, thus comparable to waters further south at 35°N. A
region of low chlorophyll persisted in the Northeast Atlantic for almost 6 months from spring into early autumn
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Figure 3. Modis Aqua monthly averages of surface chlorophyll concentration in the North Atlantic during 2024. Note that the images have been scaled to accentuate the
regional anomaly evident between May and September.

and only disappeared when chlorophyll concentrations in surrounding waters reduced removing the spatial
contrast. In June, coincident with the cruise observations reported here, these low chlorophyll waters occupied an
area of ~721,000 kmz, or roughly 1.7% of the North Atlantic surface area (assumed to be 41,490,000 kmz). By
August the spatial extent of these waters had reduced by ~15%—~618,000 km?. The monthly composites suggest
a minor northward movement of the center of this feature over the summer from ~50°N in May to 57°N in
September. This feature was over twice the size of the combined surface area of Ireland and Great Britain. In situ
sampling occurred along the southern border of this feature (Figure 3; Figure S1 in Supporting Information S1).

Further investigation of surface chlorophyll and temperature anomalies for 2024 are shown in Figures S2 and S3
of Supporting Information S1 respectively. Chlorophyll concentrations were lower than the 1997-2023 monthly
climatological mean for the months of March to May at the PAP-SO study site. Within the central waters of the
chlorophyll anomaly, which moved progressively northwards throughout 2024, concentrations were below
monthly climatological conditions until October. Chlorophyll concentrations were most strongly below average
throughout June to August with reductions relative to the climatological mean approaching 90%. Temperature
anomalies indicate sea surface temperatures at the PAP-SO study site were up to 1° warmer than the 1991-2023
climatological mean between January and March, but close to long-term average conditions during April to
August. No obvious temperature anomaly could be associated with the region of low chlorophyll.

3.2. In Situ Environmental Conditions
3.2.1. Hydrography

Upper ocean hydrographic conditions changed from cooler and fresher waters (~12.7°C; ~35.76 g kg™") to
warmer and more saline surface waters (~14.2°C; 35.91 g kg™ ') over the observation period (Figure 4). These
changes were coincident with increases in chlorophyll fluorescence from ~0.2 to ~2 pg L', dissolved oxygen
concentrations from 260 to 270 pmol L™ and turbidity leading to a decline in the optical clarity of the water
column, an increase in light attenuation from unusually low values of 0.055 m™" at the start of sampling to more
typical values of 0.1098 m™' by the end of sampling and a shoaling of the euphotic zone from 84 to 42 m.
Environmental conditions in the surface mixed layer were stable and comparable during days 1-6 before
changing abruptly from day 7 onwards; a transition attributed to the westward advection of a hydrographic/
biological front through the sampling site which placed stations 1 to 6 within the low chlorophyll feature and
stations 7 to 13 outside of the low chlorophyll feature (Figure S1 in Supporting Information S1). This resulted in
several changes to upper ocean hydrographic conditions including an increase in the mean mixed layer con-
servative temperature from 12.8 £ 0.1°C to 13.8 + 0.4°C and an increase in salinity (S,) from 35.76 + 0.02 to
35.85 + 0.04 g kg™
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Figure 4. Time series of upper ocean (0—200 m) hydrographic conditions including (a) conservative temperature, (b) absolute
salinity, (c) chlorophyll fluorescence, (d) dissolved oxygen concentrations, (e) light attenuation and (f) water column
turbidity. Indicated are the surface mixed layer (dashed black line) and euphotic depth (red dashed line).

3.2.2. Nutrients

Surface nutrient concentrations were mesotrophic being above summer minimum concentrations
(~0.1 pmol L™") but below typical winter maximum concentrations for the region. Surface macronutrient con-
centrations ranged from 2.64 to 6.06 pmol NO;~ L™', 0.6-1.71 pmol Si L™, and 0.18-0.36 pmol PO,*~ L™'
(Figure 5).

Mixed layer nutrient concentrations averaged over the observation period were 4.72 + 1.16 pmol NO;~ L™,
1.15 + 0.43 pmol Si L™" and 0.3 # 0.07 pmol PO,*>~ L™ and comparatively depleted compared to winter
conditions (e.g., 8—11 pmol NO;~ L™" (Boyer et al., 2013; Hartman et al., 2010, 2015; Koeve, 2001). Nutrient
concentrations varied temporally in tandem with changes to hydrographic conditions, but also revealed sub-
surface structure linked to water column stratification and to nutrient recycling (e.g., nitrite). As with the hy-
drography, nutrient concentrations were similar and comparatively high for the first 6 days before decreasing
rapidly from day 7 onwards. This was evident as changes in the mean mixed layer concentrations of NO;~ and
PO,*~ which reduced from 5.74 + 0.18 to 3.85 + 0.86 pmol L™" and 0.36 + 0.03 to 0.25 + 0.05 pumol L™
respectively (~30% reductions) but mean Si concentrations diverged from this trend and increased from
0.81 + 0.31 to 1.44 + 0.28 pmol L™ (~80% increase) due to significant variability in subsurface silicate con-
centrations (Figure 5). NO,™ distributions revealed the presence of a patchy subsurface maximum with con-
centrations >0.3 pmol NO,™ L™ that shoaled from ~150 to ~75 m and which remained below the base of the
euphotic zone suggesting a link to local remineralization processes. NO,™ concentrations at the maximum were
generally twice those measured in surface waters.

Nutrient (N:Si:P) ratios within surface waters indicated balanced availability of N and P with respect to a global
mean of 16:1 but severe Si limitation. The cruise average N:Si:P stoichiometric ratio for surface waters was
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Figure 5. Time series of upper ocean (0-200 m) nutrient concentrations showing (a) total nitrate (NO;~ + NO, ™), (b) Nitrite
(NO, "), (c) Nitrate (NO;7), (d) Silicate (Si), (e) Phosphate (PO43_) and (f) surface nutrient stoichiometries. The surface
mixed layer is indicated by the black dashed line and the euphotic depth by the red dashed line in panels (a—e).

15.9:4.4:1, but this mean was not indicative of the temporal variation evident between stations due to changes in
Si concentrations. Stations 1 to 6 therefore had a mean of 16.7:2.4:1 whereas stations 7 to 13 averaged 15.2:6.1:1.

N:P molar ratios were broadly comparable between all stations ranging from 13.8:1 to 17.1:1, and averaging
15.9 = 1.1. No discernible temporal trend in N:P was evident. Ratios of N:Si however, were far more variable
ranging from 1.6:1 to 9.2:1 (mean 5.0 =+ 2.9) with high ratios a characteristic of the earlier stations (Figure 5).
Surface N:Si values at station 1 to 6 consistently exceeded 4:1 reaching as high as 9.2:1 at station 6, whereas for
stations 7-13 N:Si values were lower and typically <3:1. Ambient N:Si ratios >4 have been shown to induce Si
limitation within diatoms (Gilpin et al., 2004), thus the nutrient data implied severe Si stress at stations 1 to 6 and a
transition from high Si stress to low Si stress conditions during the cruise.

3.2.3. Light Field

Maximum incident PAR measured by ship bridge top PAR sensors was typically in the range of 200-
500 W m~2 s~ (Figure S4 in Supporting Information S1). The duration of the daily irradiance cycle was well
recreated by the Fytoscope growth chamber but peak incident PAR around solar noon could exceed the maximum
irradiance levels produced by the growth chamber. Allowing for the imprecision in converting from scalar to
quantum units maximum daily PAR ranged from 1,350 to 2927 pmol photons m~2 s~'. Daily integrated PAR
ranged from 20.4 to 58.3 mols photons m~> d~" and was comparable to 8-day averaged estimates of PAR obtained
from the MODIS Aqua platform.

3.3. Particulate Data

POC concentrations ranged from 3.2 to 16.5 pmol C L™!, PON from 0.2 to 2.5 pmol N L™!, POP from 0.02 to
0.18 pmol P L™", BSi from 0.02 to 3.1 pmol Si L™" and PIC from 0.7 to 9.4 pmol C L™". Concentrations of all
pools generally increased with time though not necessarily in step with one another or to the same extent
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Figure 6. Time series of euphotic zone particulate concentrations and productivity rates including (a) particulate organic carbon (POC), (b) particulate organic nitrogen
(PON), (c) particulate organic phosphorous (POP), (d) particulate inorganic carbon (PIC), (e) biogenic silica (BSi), (f) primary production, (g) nitrate uptake (pNO;),
(h) chlorophyll normalized productivity (Pb) and (i) community growth rates. Indicated are the surface mixed layer (black dashed line) and euphotic depth (red dashed

line).

(Figure 6). Specifically, whilst POC, PON and POP broadly followed the same temporal pattern of increasing
with time, particularly within the mixed layer, PIC did not follow this pattern exhibiting day-to-day variations that
were not replicated within the POC, PON or POP pools. A prominent subsurface maximum in PIC where con-
centrations reached over 9 pmol C L™" also appeared beneath the mixed layer toward the end of the observation
period that was clearly separated from the biomass pools of the mixed layer above. Maximum mixed layer PIC
concentrations occurred on day 9, whilst POC, PON and POP peaked on day 12. Mean mixed layer BSi con-
centrations increased slowly from concentrations <0.4 pmol Si L™ to concentrations of ~0.5 pmol Si L™ but
there was no significant increase comparable to that seen in the POC concentrations on day 7 implying that BSi
and POC were decoupled.

Concentrations of particulate inorganic carbon were equivalent to 9%—157% (mean =+ s.d. 57 £ 31%) of corre-
sponding POC concentrations. POC:PIC ratios (mol:mol) ranged from 0.6 to 11.0 (average * s.d. of 2.45 £+ 1.76).

Euphotic zone integrated POC concentrations ranged from 312 to 553 mmol C m™2, PON from 38 to
78 mmol N m~2, POP from 2.3 to 5.5 mmol P m~>, BSi from 11.8 to 76.6 mmol Si m™> and PIC from 112 to
374 mmol C m™2 (Table 1). Integrated concentrations of POC, PON and POP increased with time despite the
coincident reduction in the depth of the euphotic zone. To compensate for this behavior depth normalized con-
centrations of POC, PON and POP were calculated which increased by 224%, 281% and 340% respectively
(Figure S5 in Supporting Information S1). Integrated PIC concentrations were more variable and exhibited a
decreasing trend with time whilst integrated BSi concentrations remained relatively constant (Table 1). Depth
normalized concentrations of PIC and BSi indicated a weak increase with time for PIC and a weak decrease for
BSi. Integrated particulate concentrations were up to 44%—63% lower at stations 1 to 6 than at stations 7 to 13.

As a result of the various temporal changes to the particulate concentrations the stoichiometry (C:N:P:Si) of
particulate within the euphotic zone also varied (Table 1). This was most clearly evident as a gradual reduction in
the C:N molar ratio from ~8.9 to 6.9 with a clear step-change between stations 6 and 7 but equally evident in N:P
and C:P ratios which also changed at this point. C:Si ratios increased with time from ~15.5 to 28.7 signifying an
increase in POC over BSi. Stoichiometric ratios for the combined particulate pools ranged from 99.3 C: 13.6 N : 1
P:4.4Sit0o 1554 C:17.9N:1P:10.2 Si revealing considerable plasticity (Table 1). The potential for opal to
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Table 1
Euphotic Zone Integrated Particulate Concentrations, Integrated Stoichiometry of the Particulate Pool and PIC:POC Ratio

Date (d/ Lat Lon PON (mmol POC (mmol POP (mmol BSiO2 (mmol PIC (mmol PIC:POC

Stn  mly) CN) (W) Nm™?) Cm™) Pm?) Sim™?) Cm™ C:N:P:Si (molar)
1 26/5/24  48.9750 16.3583 52.2 466.4 - 29.90 308.3 - 0.66
2 27/5/24  48.9752 16.3580 51.2 442.4 3.31 76.57 374.2 133.8:15.5:1:23.2 0.85
3 28/5/24  48.9750 16.3581 375 311.9 225 14.62 112.2 138.9:16.7:1:6.5 0.36
4 29/5/24  48.9747 16.3583 48.0 409.0 2.69 23.07 262.2 152.2:17.9:1:8.6 0.64
5 30/5/24  48.9747 16.3582 41.5 358.3 3.12 11.79 306.9 115:13.3:1:3.8 0.86
6 31/5/24  48.9752 16.3571 42.1 365.2 2.35 23.94 156.6 155.4:17.9:1:10.2 0.43
7 01/6/24 489761 16.3562 66.5 487.3 3.74 16.51 214.5 130.1:17.8:1:4.4 0.44
8 02/6/24  48.9792 16.3615 61.2 441.7 3.93 19.16 295.3 112.3:15.6:1:4.9 0.67
9 03/6/24  48.9870 16.3607 71.9 506.1 4.80 27.41 306.8 105.4:15:1:5.7 0.61
10 04/6/24 489840 16.3589 58.4 4259 4.29 18.87 263.8 99.3:13.6:1:4.4 0.62
11 05/6/24 489883 16.3649 71.3 505.8 4.43 20.21 165.5 114.3:16.1:1:4.6 0.33
12 06/6/24 48.9815 16.3651 77.8 552.7 5.48 23.43 225.9 100.9:14.2:1:4.3 0.41
13 09/6/24  48.9799 16.3805 65.4 452.4 3.88 15.77 191.5 116.6:16.9:1:4.1 0.42

ballast POC flux to depth was evaluated via the molar BSi:POC ratio which ranged from <0.01 to 0.45 and
averaged 0.06 + 0.06. Most ratios in euphotic zone were <0.1 suggesting weak ballasting potential. Integrated
BSi:POC ratios were comparable and low ranging from 0.03 to 0.17.

3.4. Primary Production

Primary production rates within individual bottles ranged from 0.03 to 54.2 ug C L™" d™"! and increased over time
within the mixed layer (Figure 6). Euphotic zone integrated production rates ranged from 0.5 to 1.27 g Cm™>d ™"
and exhibited a sharp increase between days 6 and 7 commensurate with the environmental changes described
above (Table 2). Rates measured during days 1-6 averaged 0.55 + 0.04 ¢ C m™2 d™', whereas integrated pro-
duction rates doubled and averaged 1.0 + 0.18 g C m™> d~" during days 7-13.

Primary production rates integrated across the mixed layer accounted for 68 + 21% of total primary production
integrated across the euphotic layer, implying that around a third of total primary production was occurring in the
depth interval between the base of the mixed layer and the base of the euphotic zone. This mixed layer contri-
bution to total column integrated primary production did not change between the pre-front (stations 1-6) and post-
front (stations 7-13) stations (68 + 25% and 68 + 18% respectively). Deep productivity maxima occurring
beneath the mixed layer were evident only toward the end of our sampling period (Figure S6 in Supporting
Information S1), but are widely reported for this part of the Northeast Atlantic and generally make a significant
contribution to total integrated primary production (Cornec et al., 2021; Hemsley et al., 2015).

Dark carbon fixation rates were measured in parallel but found to be insignificant. Dark carbon fixation accounted
for 1.4 + 0.2% of integrated primary production rates, a result consistent across all mixed layer incubation bottles
where dark carbon uptake represented 0.9 + 0.2% of the corresponding light bottle fixation rates. At the base of
the euphotic zone dark carbon uptake as a proportion of the parallel light bottle rate increased reaching between
34% and 84% of the light bottle rate. This increase was driven by the strong decrease in light driven rates with
depth and not by a change in the dark fixation rate itself which remained constant with depth (Figure S6 in
Supporting Information S1).

Depth averaged community growth rates ranged from 0.09 to 0.16 d~' (Table 2) with maximum growth rates per
station ranging from 0.15 to 0.27 d™'. Mean growth rates for stations 1-6 and stations 7—13 exhibited a small but
significant increase from 0.11 + 0.02 d™' to 0.15 + 0.02 d™" (z-test, p < 0.05).
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Table 2

Euphotic Zone Integrated Rates of Total Chlorophyll, Primary Production, NO;~ Uptake, New Production, f-Ratio and the Depth Averaged Community Growth Rate

Stn  Total Chl-a (mg m™—2)

Primary production (g Cm=>d™")  pNO3 (mmol Nm~2d~")  New production (C m~2>d~') fratio  Growth rate (d~")

19.7
21.6
18.8
21.0
20.8
15.7
33.6
43.0
46.8
10 36.9
11 383
12 47.8
13 29.1

O 00 N N W R W N =

0.54 0.77 0.08 0.15 0.09
0.57 0.94 0.10 0.17 0.10
0.54 1.01 0.10 0.19 0.13
0.62 1.26 0.13 0.21 0.13
0.53 1.21 0.12 0.24 0.12
0.51 1.14 0.12 0.23 0.12
1.13 4.85 0.43 0.38 0.16
0.96 4.50 0.39 0.41 0.16
1.02 5.23 0.44 0.43 0.15
0.81 431 0.38 0.47 0.15
1.06 5.04 0.43 0.40 0.11
1.27 6.62 0.56 0.44 0.16
0.76 3.86 0.32 0.42 0.14

3.5. Nitrate Uptake and New Production

Nitrate uptake rates ranged from ~0 to 17.6 nmol L™" h™", being highest in near surface waters (<20 m) and
decreasing with depth (Figure 6; Figure S7 in Supporting Information S1). Integrated uptake rates ranged from 0.8
to 6.6 mmol NO;~ m~2 d™"' but displayed a marked temporal pattern with lower rates at the first 6 stations (mean
1.06 + 0.18 mmol NO,~ m™> d~') before increasing over 4-fold to an average of 4.91 + 0.88
mmol NO;~ m~2 d~! for the last 7 stations (Table 2).

Rates of new production ranged from 0.08 to 0.56 g C m2d™! (~6.9-47.0 mmol Cm~—2d™") equivalent to an f-
ratio of 0.15-0.47 (mean 0.32 + 0.12) (Table 2) and generally increased with time. This pattern was in line with
increased integrated NO,™~ uptake across the euphotic zone and changes to mean mixed layer NO;™ concentra-
tions which decreased by 46% over the observation period. Rates of new production could be up to 86% higher
outside of the low chlorophyll region (station 7 to 13) than within (stations 1 to 6).

Dark NO;™ uptake was minimal in all incubation bottles with rates ranging from 0.01 to 0.5 nmol N L™" hr™".
Rates were generally invariant with depth (<0.2 nmol N L™" hr™') though the highest dark uptake rates were often
located in the upper 20 m of the water column (the mixed layer). Integrated dark NO;™ uptake rates ranged from
0.03 to 0.1 mmol NO,~ m™2 d~" and appeared to increase slightly with time a feature attributed to changes in
overall water column productivity and perhaps to changes in the phytoplankton community.

3.6. Chlorophyll Concentrations

Total chlorophyll-a concentrations ranged from 0.09 to 1.35 (cruise mean 0.6 + 0.38) pg L™" and for the mixed
layer averaged 0.23-1.23 pg L™". Mean mixed layer concentrations of 0.23-0.34 pg L™ at stations 1 to 6 were in
good agreement with MODIS chlorophyll estimates (~0.3 g L™"; Figure 2) and consistent with weakly productive
waters (Figure 3). From day 7 chlorophyll concentrations increased sharply reaching 1.23 pg L™ and at their
highest were over 5-fold higher than concentrations observed at stations 1 to 6. Euphotic zone integrated chlo-
rophyll concentrations ranged from 15.7 to 47.8 mg m™2 (Table 2) with the mean concentration of 19.6 + 2.1 for
stations 1-6 being half the mean concentration of 39.4 + 6.9 mg m™2 at stations 7—13.

3.7. Environmental Correlations

Total chlorophyll correlated positively with primary production, nitrate uptake and with concentrations of POC,
PON and POP (+* > 0.55, p < 0.05; Figure S8 in Supporting Information S1). Total chlorophyll was negatively
correlated with concentrations of NO3, NO, and PO,*~ (* > 0.46, p < 0.05) but positively correlated with Si
(r* =0.36, p < 0.05). Primary production and nitrate uptake were highly correlated (+* = 0.95, p < 0.05) confirming
the autotrophic nature of nitrate uptake. In addition, primary production and nitrate uptake were highly correlated
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with POC, PON and POP (production 2> 0.73, p < 0.05; pNO;, ?> 0.81, p < 0.05). POC, PON and POP were
significantly linearly correlated with one another (+* > 0.90, p < 0.05). BSi and PIC did not correlate with pro-
duction, nitrate uptake or with the organic particulate pools suggesting a decoupling of the biomineral pools from
the major organic particulate pools. This decoupling could indicate the presence of detrital or lithogenic material.
Strong negative correlations were identified between POC, PON, POP and ambient nutrients pools. These cor-
relations were POC (+* > 0.66, p < 0.05), PON (+* > 0.69, p < 0.05) and POP (+* > 0.64, p < 0.05). BSi and PIC
exhibited no correlation with ambient macronutrient pools. Strong negative correlations existed between pro-
duction, nitrate uptake and the nutrient pools, with the exception of Si. Excluding Si nutrient concentrations
explained >43% of the variance in productivity rates (> > 0.43, p < 0.05), whereas NO;™ alone explained 60% of
the variance in nitrate uptake (+* = 0.6, p < 0.05). Less than 11% of the variation in either primary production or
nitrate uptake could be attributed to variation in ambient Si concentrations. This is interpreted to indicate a lack of
silicifying plankton contributing to either primary production or nitrate uptake, a reasonable assumption given the
low BSi biomass, low ratio values for BSi:POC, low ambient Si concentrations and high N:Si values.

4. Discussion
4.1. The 2024 Spring Bloom in Context

Annual sampling of the Northeast Atlantic spring bloom within the objectives of the PAP-SO program
(Hartman et al., 2021) coincided with the presence of a large low chlorophyll feature identifiable in satellite
data. In situ sampling within this feature revealed atypical conditions characterized variously by a deep
euphotic layer, moderate to low surface nutrient concentrations and low surface chlorophyll concentrations.
Mean rates of primary production and nitrate uptake were 45% and 79% lower respectively within this feature
(stations 1 to 6) compared to stations sampled outside of this feature (stations 7 to 13). Integrated particulate
pools were also up to 44%—63% lower confirming weak productivity characterized this expansive low chlo-
rophyll feature.

Yet not all measured variables align with the characterization of a weak bloom. Low surface silicate concentrations
(<2 pmol L™") suggest prior removal though there is limited indication from the remote sensing timeseries that
surface chlorophyll peaked early or widely to support extensive prior nutrient drawdown (Figures 2 and 3), whilst
the monthly chlorophyll anomaly maps do not indicate elevated chlorophyll biomass (Figure S2 in Supporting
Information S1). Moreover, the presence of severe Si limitation in surface waters, as indicated by high ambient N:Si
ratios may actually have inhibited widespread or early productivity (Gilpin et al., 2004; Figure 5). Previous ob-
servations of low silicate and high nitrate concentrations during the spring bloom have been associated with shifts in
the phytoplankton community from diatoms toward small flagellates (Sieracki et al., 1993). Particulate concen-
trations, though variable, were nevertheless comparable to previous observations from this region. For example,
Leblanc et al. (2009) reported concentrations of POC < 15 pmol C L™!, PON < 2.5 pmol N L7,
POP < 0.3 pmol P L™", and BSi < 0.25 pmol Si L™" during the late spring bloom period in 2005, which with the
exception of BSi are all comparable to the maximum concentrations reported here. Elsewhere, Leblanc et al. (2005)
reported peak BSi concentrations of 0.61-0.88 pmol Si L™ during the peak of the Northeast Atlantic spring bloom,
which is still considerably lower than the maximum BSi concentration observed here (>3 pmol Si L_l). Air-mass
back trajectory modeling (Text S2 in Supporting Information S1) provides credible grounds to infer lithogenic dust
inputs from Greenland early in the observation period which may explain the high BSi measurements, particularly
as the BSi method is known to be susceptible to lithogenic silica (Ragueneau & Treguer, 1994; Ragueneau
etal., 2005; Figure S9 in Supporting Information S1). Despite this source of contamination, the observed BSi:POC
ratios were low implying both weak contribution by silicifying phytoplankton to surface POC pools and limited
potential for ballasting of POC fluxes with opal. The maximum PIC concentration was high by global standards
(Diaz-Rosas et al., 2025; Mitchell et al., 2017; Mitchell & Godrijan, 2025) but at over 9 pmol C L~! was still lower
than concentrations of over 11 pmol C L™ reported from neighboring waters by Daniels et al. (2012) and Leblanc
et al. (2009). The apparent mismatch between high in situ PIC concentrations versus low surface PIC concen-
trations observed by satellite (Figure 2) argues for PIC contributions from non-coccolithophore sources. Limited in
situ surface sampling of the coccolithophore community during the cruise indicated low cellular abundances (data
not shown).
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Table 3

Selected Literature Estimates of Primary Production in the Northeast Atlantic

Integrated production (mmol

Sampling date Location Cm™2d™) Reference Notes
Aug 1988 38—46°N, 20°W 16-54 Frazel and Berberian (1990) Total size fraction
Apr/May 1989 47°N, 20°W 90-130 Chipman et al. (1993) Total size fraction
May/Jul 1989 47-59°N, 20°W 20-96 Joint et al. (1993) Sum of fractions
May 1990 48.5-50°N, 17-19°W 38-164 Bury et al. (2001) Sum of fractions
Jul 1990 37-57°N, 20°W 8-106 Donald et al. (2001) Total size fraction
Jan-Sep 2001 38-45°N, 16-22°W 35-103 Fernandez et al. (2005) Mean seasonal observations
over annual cycle (winter to summer)
May 2004 49°N, —16.4°W 33 Painter et al. (2007) Single profile
May/Jun NADR province 86 Tilstone et al. (2009) NADR province maximum (multi-year estimate)
Jun/Jul 2006 ~49°N, 16.5 W 33-111 Painter et al. (2010) Eddy influenced
Jun 2013 48.6°N, 16.1°W 96-323 Painter, previously unpublished Unusually high,
but so was surface chlorophyll in 2013
May to Jul 1989/ 46-48.5°N, 15-20°W 19-157 Mattei and Scardi (2021) Database—various sources
1990 but all May to July in 1989 or 1990
May 2021 48.7-49.3°N, 15°W 25-119 Meyer et al. (2024) Total size fraction
Jul NE Atlantic including part of 95 Tilstone et al. (2023) Satellite based estimate
NADR of peak productivity in NE Atlantic
May—Jun 2024 48.98°N 16.36°W 41-103 This study Total size fraction

4.2. Historic Productivity Observations

Literature estimates of integrated primary production rates for the open waters of the Northeast Atlantic are
summarized in Table 3. These selected rates obtained using a variety of techniques and over different time and
spatial scales indicate typical maximum rates of <150 mmol C m~> d~"' coincident with the spring bloom, but
with a range in productivity rates of 8—323 mmol C m~2 d™~". The new estimates of primary production reported in
this study compare well with these previous observations. This cross section of literature estimates is broadly
encapsulated within the mean daily productivity rates derived for the North Atlantic Drift (NADR) province by
Longhurst (1995) which peak in May and via the Vertically Generalized Production Model (VGPM) satellite
model (Behrenfeld & Falkowski, 1997) as applied to MODIS Aqua data which peaks in June, but there can be
significant interannual variability in productivity estimates around the peak timing of the spring bloom (May/
June) (Figure 7). Several high productivity rates (>200 mmol C m~2 d™") have also been reported, which in the
case of the June 2013 observations (Painter, previously unpublished) were made during a year with an unusually
strong spring bloom (Figure 2).

Similarly, the new nitrate uptake rates reported here remain comparable to previous observations from the
Northeast Atlantic (Table 4). We note that some of the variability shown in Table 4 derives from comparison of
studies conducted across a relatively large geographical region which may experience different environmental
forcings and contain different phytoplankton communities.

4.3. Interannual Variability
4.3.1. Winter Mixed Layer Depth and Seasonal Nutrient Drawdown

The winter mixed layer depth obtained from Argo floats passing through the region between 1st Jan and 1st May
2024 indicated a maximum winter mixed layer depth of 400 m but also significant spatial heterogeneity between
float estimates (Figure 8; Figure S10 in Supporting Information S1). The comparison of 2024 to previous years
suggests that 2024 had a shallower and later winter mixing period than previous years (Figure 8; Table S1 in
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Figure 7. Selected literature estimates of primary production in the northeast Atlantic Ocean. The Longhurst-95 record (green
line) is the mean annual cycle for the North Atlantic Drift Province (NADR), the VGPM record (black line; (Behrenfeld &
Falkowski, 1997)) represents the mean annual cycle (2002-2020) for an area ~100 km in radius around 49°N, 16.5°W
(MODIS product sourced from the Ocean Productivity site, http://orca.science.oregonstate.edu/index.php). Details of other
studies listed in Table 3.

Supporting Information S1). The Argo mixed layer depth climatology of Holte et al. (2017) illustrates the long-
term variability in the depth of winter mixing at the PAP-SO site which varies from 334 m (winter 2002) to 703 m
(winter 2014). This climatology produces a mean winter mixed layer depth of 487 m for the period 2002-2022.
Thus, a winter mixing depth of 400 m for winter 2024 is toward lower estimates and shallower than the
climatological average which may have impacted pre-bloom nutrient concentrations.

4.3.2. Seasonal Nutrient Consumption

Surface nutrient concentrations in early spring, prior to bloom development, were assumed equal to nutrient
concentrations at the depth of maximum winter mixing. Seasonal nutrient drawdown was calculated as the dif-
ference between these assumed winter values and the mean observed mixed layer conditions in June 2024. Six
deep nutrient profiles (0-3,000 m) conducted during the cruise indicated average concentrations at 400 m of
11.7 + 0.9 pmol NO;~ L™, 0.7 + 0.1 pmol PO,*>~ L™" and 4.8 + 0.5 pmol Si L™". Reported winter nutrient
concentrations for this region are ~9 pmol NO,~ L™!, ~0.5 pmol PO,*>~ L™, and ~3 pmol Si L™ 'respectively
(Boyer et al., 2013; Hartman et al., 2010, 2015; Koeve, 2001). Thus, if in winter 2024 surface waters re-
equilibrated with those at 400 m depth, surface nutrient conditions at the start of the growing season would
have been 30%—60% higher than previously reported despite a shallower than average winter mixed layer depth.

The mean seasonal nutrient drawdown rates were 7.0 pmol NO,~ L~', 041 pmol PO,*~ L~', and
3.6 pmol Si L', equating to drawdown rates of 60%, 57% and 76% of initial concentrations. This implies a
significant proportion of annual nutrient consumption had already occurred prior to in situ sampling. This is only
partially supported by the satellite timeseries of surface chlorophyll which shows a short lived but intense peak in
chlorophyll immediately before in situ sampling commenced (Figure 2). However, this timeseries also indicates
below average chlorophyll concentrations throughout March and April arguing against significant nutrient
consumption. The monthly chlorophyll composites shown in Figure 3 also argue against an early bloom.

4.3.2.1. Comparison to 2023

To understand the year-to-year variability in seasonal nutrient drawdown rate we compare conditions measured
1 year earlier in May 2023 (RRS James Cook cruise JC247) (Gates, 2023). Surface nutrient concentrations for 8—
18th May 2023 averaged 2.4 + 0.7 pmol NO;~ L™, 0.19 + 0.04 pmol PO,*~ L™, 2.1 £ 0.3 pmol Si L™", and
0.05 #+ 0.03 pmol NH,* L~ and for nitrate and phosphate were lower than observed in May 2024. The maximum
winter mixed layer depth in 2023 was 500 m (Figure 8), with mean nutrient concentrations at 500 m of
12.9 + 1.7 pmol NO;~ L™',0.78 + 0.1 pmol PO,>" L', and 5.4 + 0.8 pmol Si L™". This suggests surface nutrient
concentrations could have been 1.2 pmol NO;~ L™', 0.08 pmol PO,*~, and 0.6 pmol Si L™ higher in 2023
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Table 4

Selected Literature Estimates of Nitrate Uptake in the Northeast Atlantic

Sampling Integrated NO;™ uptake (mmol
date Location Nm2d™ Reference Notes
May 1989 46.35°N, 18.67°W 2.9 (Lowry et al., 1994; Wood, 1992) UK BOFS study
May 1990 48.5-50°N, 17— 2.5-13.6 Bury et al. (2001) UK BOFS study
19°W
May 1990 48.5-50°N, 17— 2.0-30.7 Lowry et al. (1994) Additional UK BOFS
19°W data not in Bury et al., 2001
May-Jun 47-48.5°N, 15.5— (Lowry et al., 1994; Wood, 1992) UK BOFS study
1990 17.5°W
Jun—Jul 48.3-49.5°N, 10.5— 4.0-7.4 (OMEX Project Members, 1997; OMEX OMEX-I study (multi-ship; near shelf edge)
1993 12°W Project Members and I. Joint, 2013)
Apr-May 49.3-49.4°N, 11- 5.5-21.0 Rees et al. (1999) OMEX-I study (multi-ship; near shelf edge)
1994 13.4°W
Sep-Oct 49.0-49.7°N, 10— 1.1-4.9 (OMEX Project Members, 1997; OMEX OMEX-II study (multi-ship; near shelf edge)
1995 16.5°W Project Members and 1. Joint, 2013)
Jul 1996 37-57°N, 20°W 0.2-2.4 Donald et al. (2001) UK Prime study
Jun 1997 42.5°N, 10.0°W 2.3 OMEX Project Members, 1997; OMEX OMEX-II study (multi-ship; near shelf edge)
Project Members and I. Joint 2013)
Jun 1998 48.5°N,9.7°W 4.0 Rees et al. (2006) Mean value NADR province (AMT6)
Sep 2000 NADR province 05+03 Varela et al. (2005) Mean value (AMT11)
Jan-Sep 38-45°N, 16-22°W 0.9-3.5 Fernandez et al. (2005) Mean seasonal observations over
2001 annual cycle (winter to summer)
Jun 2003 47.1°N, 13.9°W 0.8 Painter et al. (2008) 12 hr photoperiod (AMT12)
May 2004 46.4—49°N, 16.4— 8.1-13.8 Painter et al. (2007) 12 hr photoperiod (AMT14)
17.3°W
Jun-Jul ~49°N, 16.5 W 2.0-8.0 Painter et al. (2010) Eddy influenced
2006
May—Jun 48.98°N 16.36°W 0.8-6.6 This study
2024

compared to 2024 due to deeper winter mixing. By May 2023 nutrient drawdown had removed
10.45 pmol NO; ™ L™ (81%), 0.59 pmol PO,*~ L™ (76%) and 3.3 umol Si L™ (60%). This indicated a potentially
faster removal of NO;~ and PO43_ in 2023 (~80%) compared to 2024 (~60%), but slower seasonal drawdown of
Si (60% vs 76%)

Surface NO,~ and PO,>~ concentrations in May—June 2024 were higher than in May 2023, suggesting slower
nutrient drawdown by the same point in the year particularly as winter 2024 starting concentrations were lower
than in 2023. In contrast, surface Si concentrations were lower in May 2024 than May 2023. The slower rate of
NO;™ and PO,*~ removal in 2024 is consistent with the satellite surface chlorophyll record which showed a
weaker than average bloom (Figure 3) and may reflect interannual differences in winter mixing intensity and
timing (Figure 8) or to changes in the phytoplankton community. The resulting stoichiometry (N:Si:P) of the
nutrient drawdown in 2023 was 17.6:5.5:1 whereas in 2024 it was 17.3:8.9:1. The comparatively faster drawdown
of Siin spring 2024 is not obviously explained but may be due to overestimation of the initial winter 2024 starting
concentration, or to a difference in the phytoplankton community between years.

4.4. Surface Ocean Circulation

To better understand the history of waters sampled in May and June 2024 the trajectories of Lagrangian drifters
from the global drifter program were examined (Lumpkin & Centurioni, 2019). For the region 40-60°N, 5-36°W
and for the time period 1 June 2023 to 1 June 2024 8 drifters were identified that passed within 25 km of the
nominal sampling location with a further two drifters that traversed the region to the north of the sampling site
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Figure 8. Argo float based estimates of mixed layer depths for the period 1st Jan to 30th April for years 2020-2024. Upper plots show float profile positions and are
colored by the mixed layer depth. Lower plots show the temporal evolution of mixed layer depth. The black line is for illustrative purposes to highlight the year-to-year
variation in maximum depth and timing of maximum depth of winter mixing.

(Figure 9). Drifter trajectories indicated a common eastward movement along comparable pathways with floats
passing to the south of our sampling site heading toward the Bay of Biscay and floats passing to the north heading
toward Ireland. These displacements were in keeping with prevailing westerly winds and several floats ultimately
grounded along regional shorelines. Not all drifters persisted within the region for the full time period and
horizontal displacements differed markedly between individual floats. For example, float WMO1801678 moved
~1,600 km between 1 Jan 2024 and 1 June 2024 passing directly through our sampling site implying that surface
waters sampled in May and June 2024 were likely sourced from a remote western origin. In contrast float WMO
4101656 moved only 380 km in the same period remaining <270 km from our sampling location for ~6 months
implying a more localized origin for the sampled waters. Only four floats (WMO 4101656; 4402735; 4402881
and 6202597) provided adequate temporal coverage to estimate a likely origin and with the exception of WMO
4101656 indicated displacement distances of ~1,100-1,600 km thus making a remote western origin more likely.

The surface drifter results were consistent with Lagrangian particle tracking experiments using a forced ocean
model (Text S3 in Supporting Information S1). These model results not only showed similar North Atlantic
circulatory features during spring 2024 that compared well to recent years (Figure S11 in Supporting Informa-
tion S1), but also indicated that wider North Atlantic circulatory pathways in the year preceding spring 2024 were
consistent with previous years (Figures S12-S14 in Supporting Information S1). These latter results rule out a
southern origin for the waters sampled in May 2024 and suggest that observed conditions were instead the result
of regional forcings rather than being imported into the region.

4.5. Thermal Preconditioning of the 2024 Spring Bloom

Since April 2023 global sea surface temperatures have been significantly elevated above historic ranges (Terhaar
et al., 2025). For the North Atlantic region temperatures have been over 1°C warmer than historic records
(Climate Reanalyzer, 2025) and in 2023 widespread warming led to an intense but ultimately short-lived marine
heatwave in the eastern North Atlantic (Berthou et al., 2024; Carton et al., 2025; England et al., 2025; Jacobs
et al., 2024; McCarthy et al., 2023). Waters to the west of Ireland were impacted by a Category IV marine
heatwave in June 2023 (Hobday et al., 2016, 2018; NOAA Coral Reef Watch, 2021) at which time the sea surface
temperature anomaly exceeded 4°C above the long-term (1983-2012) 90th percentile SST (Jacobs et al., 2024).
Whilst this heatwave was intense and unusual for the region it was also short lived (2 weeks) with only minor
impacts on surface chlorophyll reported (Jacobs et al., 2024). Elevated sea surface temperatures were however
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Figure 9. Trajectory plots of selected surface drifter floats passing within 25 km of this study's sampling site (indicated by the black square). The upper map shows all float
trajectories within the space and time constraints (blue lines) with key selected floats highlighted in black. Separate subplots show the individual float trajectories for the
selected floats (black lines) along with contours indicating the extent and severity of the 2023 marine heat wave on 20 June 2023. In all subplots the initial float positions are
indicated by the green circles, the final position by the blue circles and where possible the float position on 1 Jan 2024 is indicated by the pink circles. Marine heat wave
contours designate waters impacted by category II (green), category III (blue) and category IV (red) sea surface temperature anomalies. WMO ID number and dates of
deployment indicated above each subplot. Data accessed via https://www.aoml.noaa.gov/phod/gdp/interpolated/data/all.php (last access 26 Feb 2025).

recorded across a much wider area of the North Atlantic and over several months (Carton et al., 2025). The MHW
classification scheme of Hobday et al. (2018) suggests that category II and occasionally category III conditions
would have impacted those waters that ultimately reached our sampling site in spring 2024 (Figure 9).

The longer-term year-to-year consequences of marine temperature anomalies on subsequent regional marine
productivity however remain unclear due to the intervening period of seasonal cooling and deep winter
convective mixing which resets water column temperatures. Yet despite seasonal cooling both global tempera-
tures and North Atlantic temperatures during boreal winter 2024 remained high relative to long term records
(Climate Reanalyzer, 2025; Terhaar et al., 2025). Convective mixing in winter 2024 was shallower and later than
normal compared to recent years (Figure 8) suggesting changes to stratification intensity.

Sampling in spring 2024 occurred following an extended and unusual period of elevated temperatures which
included widespread surface temperature anomalies between January and March (Figure S3 in Supporting In-
formation S1). Whilst the intense heat wave west of Ireland in 2023 is unlikely to have directly preconditioned the
phytoplankton community or the waters that subsequently fueled the 2024 spring bloom, spatially more extensive
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Figure 10. Argo float based assessment of the mean ocean temperature and salinity between 1st Jan—30th Apr for the years 2020-2024. Upper maps show positions of all
Argo float profiles identified within +3° of the study site, and the mean surface (0—10 m) temperature. The red square indicates the nominal position of this study. The
lower plots show (left) the mean 0—1,000 m and (right) 0—100 m profiles of temperature and salinity (solid lines) along with standard deviation of the mean (dashed lines)
for each year. Gray shading highlights the standard deviation for conditions during 2024.

but less severe warming across remote western waters and specifically prolonged warming of the wider North
Atlantic during winter 2024 may have. Li et al. (2024) found that anomalous winter warming in the NW Medi-
terranean Sea led to reductions in phytoplankton carbon biomass of up to 70% and reductions in productivity of up
to 80% during the subsequent spring bloom; magnitudes comparable to the reductions in productivity and biomass
concentrations reported here. It was also reported by Li et al. (2024) that warming increased water transparency due
to a shift toward smaller phytoplankton cells. Anomalously low irradiance attenuation coefficients were a char-
acteristic of our early sampling thus anecdotally implying shifts within the phytoplankton community.

4.5.1. Thermal History of the Northeast Atlantic

The mean seasonal surface (0—10 m) temperature and salinity for 2020-2024 ranged from 11.47 + 0.24°C to
12.75 # 0.03°C and 35.538 =+ 0.068 to 35.712 + 0.012 g kg~" with conditions in winter 2024 warmer and more
saline than previous years (Table S1 in Supporting Information S1). The mean temperature in 2024 was more than
0.3°C warmer than the next warmest year (2022; coincidentally another year with shallow winter mixing
Figure 8), whilst salinity was higher by ~0.1 compared to 2020. Elevated surface temperatures compared to
climatological conditions were also evident between January and March in satellite SST data (Figure S3 in
Supporting Information S1). Lagrangian model results reveal no unusual circulatory pathways in the year prior to
June 2024 (Figure S11 in Supporting Information S1), implying that the observed conditions were the result of
local forcings rather than being due to an influx of waters from a southern or subtropical location. The mean
temperature and salinity profiles demonstrate 2024 was warmer and more saline than previous years, particularly
within the upper 100 m (Figure 10). Strong persistent thermal anomalies related to significant warming of the
North Atlantic throughout 2023 and 2024 may therefore have contributed to the formation of a large low pro-
ductivity region in the Northeast Atlantic in 2024.

5. Conclusions

An extensive and persistent region of low chlorophyll concentrations was identified in the northeast Atlantic
throughout 2024 from satellite data and in situ sampling. A warm winter preceded the 2024 spring bloom with
weaker than average winter mixing. Our results suggest that weak mixing, following a period of prolonged North
Atlantic warming may have led directly to a weaker spring bloom. In situ measurements timed to coincide with the
peak of the annual spring bloom sampled the southern edge of this feature where surface Chl-a concentrations of
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~0.2-0.3 pg L™' were less than half of concentrations observed across the wider North Atlantic region
(~0.5 pg L™Y), and around one-quarter of concentrations considered typical for the spring bloom period. Initial
environmental conditions indicated (a) relatively deep mixed layer depths (60—80m), (b) weak vertical gradients in
temperature, salinity and Chl-a, and (c) optically clear water with Kd of 0.05-0.07 (unusually low for the region
where 0.1 is more typical). Despite conditions appearing comparable to the late winter period, surface nutrients
were potentially reduced by 60%—76% compared to estimated winter maximum concentrations yet measurements
of net primary production (0.5-0.6 g C m~>d™"), new production (0.08-0.13 g C m~>d™") and nitrate uptake (0.8—
1.3 mmol N m™2 d™") were between 2 and 5-fold lower than found in surrounding waters. The persistence of this
region of low productivity across the Northeast Atlantic for several months, and the limited availability of opal as a
key ballast mineral is likely to have had implications for carbon export fluxes derived from the 2024 spring bloom.
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