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1 Supplementary Notes
1.1  Supplementary Note 1: Relationship between light attenuation (Kq) and Secchi disk depth (Zsp)

From 2007 to 2011, vertical light attenuation (Kg4) profiles were weekly estimated at the Stonehaven site based on chlorophyll
‘a’ (Chl) and turbidity profiles sampled using a Saiv SD204 CTD (Saiv A/S Environmental Sensors & Systems) equipped with
a fluorescence and an optical backscatter sensor (for further methodological details, see Heath et al., 2017). As Secchi disk
depths (Zsp) were recorded weekly (Bresnan et al., 2016) during almost the entire period analyzed (2001 to 2017), we used
Zsp to calculate Kg. For this, we estimated the relationship between log-transformed Zsp and K4 averaged from 0 to 10 m depth
(the layer where phytoplankton was sampled) or averaged for the entire water column (i.e., 0 to 48 m; see Figure S1). In both
cases, the coefficients of the relationship were similar and relatively close to those estimated by Devlin et al. (2008) for UK
coastal waters. However, the proportion of variance explained by the relationship was larger when K4 was averaged for the
0—10 m layer. This makes sense considering that Zsp records depend largely on the section of the attenuation profile above
them and that the calculated average Zsp between 2007 and 2011 was 6.61 + 1.89 m (Mean + SD); between 2001 and 2017,

the average Zsp was similar (6.94 +2.15 m).

1.2  Supplementary Note 2: Transformation of sunshine duration records into incoming solar radiation

Daily amounts of sunshine duration recorded at the Dyce meteorological station (57° 12.3' N, 2° 12.2' W, Met Office, 2012)
were transformed into total incoming solar radiation (W m2) using the Angstrém-Prescott model and site-dependent
coefficients from Bojanowski et al. (2013). To estimate incoming solar radiations, we used the R packages suncalc v0.5.0

(Thieurmel and Elmarhraoui, 2019) and sirad v2.3-3 (Bojanowski, 2016).

After 2005 (a year without records), the Campbell-Stokes (C—S) recorder was replaced in 2006 by a new automatic Kipp and

Zonen (KZ) sensor at Dyce, requiring a data correction to avoid any bias. Bojanowski et al. (2013) used sunshine data from
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2005 to 2010, a period when all meteorological stations from eastern Scotland had KZ sensors (Legg, 2014). Thus, before

estimating the incoming solar radiations, we converted C—S records prior to 2005 into KZ sunshine durations.

To convert C—S into KZ sunshine durations, we used information recorded between 2001 and 2005 at three meteorological
stations of eastern Scotland (Kinloss, Aviemore, and Leuchars; see Legg, 2014 for more details). Following Legg (2014), we
first converted sunshine durations measured by both sensors into proportions of maximum possible sunshine hours in a day.
Then, we estimated the relationship between the proportions of maximum sunshine hours measured by each sensor for each

day of the year (dy) using a generalized additive model (GAM, Hastie and Tibshirani, 1986):

KZ =a+te(CS,dy) + ¢ (S1)

Where a represents the intercept, te(CS, dy) is an interaction term included as a 2D smooth (in particular, a tensor product)
that captures how the nonlinear effect of C—S sunshine proportions varies through the seasonal cycle (Wood, 2017), and ¢ is
the error term. The tensor product had as marginal bases a thin-plate regression spline for CS and a cyclic cubic spline for dy,
with maximum effective degrees of freedom (edf) set to 4 and 8, respectively, and optimal edf determined by restricted
maximum likelihood, REML (Wood, 2017). We fitted the model using the R package mgcv v1.8-33 (Wood, 2017) and it had
a p-value = 0.000 and R? = 0.961. Model predictions are shown in Figure S2 and also per month in Figure S3, for comparison
with Legg (2014). Between April and August, this model predicted some negative proportions of KZ sunshine durations for
the lowest C—S proportions (although never below -0.004). As negative proportions cannot occur, we set them to zero. Finally,

KZ estimated proportions were converted back into hours of sunshine duration per day.

1.3  Supplementary Note 3: Estimation of surface and attenuated Photosynthetic Active Radiation (PAR)

To obtain daily amounts of PAR arriving to the water surface (PARst.), estimations of total incoming radiation (W m™2) were
multiplied by 0.43 (Baker and Frouin, 1987). To generate daily K4 for the 0—10 m layer (Kq,10) or for the entire water column
(Ka4as), we linearly interpolated Zsp between sampling dates before applying the linear models shown in Figure S1. Using daily
estimations of PARsr and Ky, we calculated average attenuated PAR (PARAay) as:

VA
PARcs. e KazZ dz
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where z is the depth of the layer for which PARay was estimated (in our case 10 or 48 m). Finally, PARsg and PARay estimated
for both the 0—10 m layer (PAR A« 10) and the entire water column (PAR a4s) were converted from W m™ to umol m™2 s™' using

a conversion factor of 0.217 W m2 =1 umol m? s~! (Carruthers et al., 2001).

1.4  Supplementary Note 4: Phytoplankton carbon (C) biomass calculations using microscopy and flow cytometry
counts

To calculate phytoplankton C biomass concentrations (mg C m~>) based on microscopic observations (2000-2017), we

estimated the cell carbon content (C., pg C cell™") of the different phytoplankton taxa identified. For this, we collected cell

volume information (V, um™>) from the literature (Table S1). Due to limitations in cell identification using a light microscope

at x200 magnification, only diatom and dinoflagellate taxa with a mean cell diameter generally > 10 um (Table S1) were

extensively characterized and thus, we only gathered information for these groups.

Following Harrison et al. (2015), prior to statistical calculations, we transformed individual V. to equivalent spherical diameter

(ESD) using the below Eq. S3, as ESD shows a more normal distribution than V.:

W

ESD =2 (Z%) (83)

Then, after converting mean ESD to mean V. using the reverse form of Eq. S3, we estimated mean C. using the equation C, =
aV.?, where a and b are respectively 0.288 and 0.811 for diatoms, and 0.216 and 0.939 for non-diatom (Menden-Deuer and
Lessard, 2000).

Finally, we estimated the C biomass for diatom and dinoflagellate taxa with a mean cell diameter usually > 10 pm
(Cdiatom-+dinoflagellate >10um). For this, we summed the observed cell abundance (n) multiplied by the corresponding C. for all

taxonomic entities (N):

n;C, (S4)

N
Cdiatom+dinoflagellate >10um
=1
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As the detection limit for microscopic phytoplankton counts was around 1 x 10 cells m™, there were several zero-abundance
records and, consequently, several Caiatom+dinoflageliate >10pm = 0 mg C m™>. To correct this, in those dates when zero-abundance
records of diatoms or dinoflagellates were registered, we replaced zero-biomass concentrations for each class by half of their
minimum biomass estimated throughout the entire time-series (i.e., half of the minimum Cgiatom >10um >0 mg Cm™> or

-3
Cdinoﬂagellate >10um > 0 mg Cm )

To calculate C biomass concentrations (mg C m™3) using flow cytometer counts (2015-2017), we followed a similar procedure
as the one used for microscope observations. In this case, to estimate for a particular date the C biomass of the different
phytoplankton groups identified (which ESD rarely exceeded 10 um), we multiplied their abundance by their representative
cell carbon content (Ce, pg C cell™") extracted from the literature (Table S2).

1.5  Supplementary Note 5: Estimation of C biomass for the entire phytoplankton community (Cpnyto) based on a
C:Chl seasonality

Although Chl is extensively used as a proxy of phytoplankton biomass, changes in the concentration of this pigment are also

driven by physiological adaptations to the environment (e.g., nutrient concentration and light availability). Thus, it is

recommended to use carbon (C) phytoplankton biomass instead (Behrenfeld and Boss, 2018).

We could estimate C biomass of the entire phytoplankton community (Cphy, mg C m™) using only cell counts from
microscopic analysis and cell C contents based on size information from the literature (Supplementary Note 4 and Table S1).
However, these estimations present some limitations compared to the use of Chl concentration as a proxy for phytoplankton
biomass: 1) species counts at x200 magnification are only available since 2000 (Bresnan et al., 2016); 2) while Chl
concentrations depend on phytoplankton encompassing all groups and sizes, only diatom and dinoflagellate taxa with average
cell sizes generally > 10 um (Table S1) were extensively characterized at the microscope due to limitations in cell identification
at x200 magnification; 3) The detection limit for microscopic phytoplankton counts was around 1 x 10° cells m™, leading to
several zero-abundance records for all taxa, especially in winter (although see supplementary Note 4); 4) using average cell
sizes from the literature rather than in situ size measures might lead to less accurate C biomass estimations for a particular

sampling date.

Alternatively, the use of flow cytometry counts and cell C contents from the literature to estimate Cpnyto (Supplementary Note
4 and Table S2) would also present several issues. For instance, these data are only available since 2015 and phytoplankton

cells counted with the flow cytometry rarely exceeded 10 um.

Considering all the above, we decided to transform Chl concentrations into Cpnyto Using an average seasonality of C:Chl ratios
estimated by combining the available information. However, for this estimation, we excluded 2017 as this year has several
long data gaps and showed an unusually large Phaeocystis spp. bloom in October—December compared to the other years

(Figure S4 and Figure 3 in the main text).
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To estimate the average seasonal cycle of the C:Chl ratio at the Stonehaven monitoring site, we followed several steps. First,
we estimated total C biomass of large (> 10 um) diatoms and dinoflagellates (Caiatom+dinoflagellate >10pm) based on microscopic
analysis and, since 2015, C biomass for the whole phytoplankton community (Cphyto) by adding Ceiatom+dinoflagellate >10um to the C
biomass of all the groups identified with the flow cytometer (Supplementary Note 4). Although some overlap might exist
between the cell size ranges of the phytoplankton identified using the microscope and flow cytometer, we expect this to be

small. Then, for 2015-2016, a model comparison showed that the same seasonal curve should be applied to the Caiatom+dinoflageliate

>10um:Chl and Cphyto:Chl ratios, with a difference of 23.747 in their intercepts (model 2 in Table S3 and Figure S4a). Finally,
assuming that the difference in the intercept remains more or less constant among years and using data from 2000 to 2016, we
fitted a seasonal curve to the Caiatom+dinoflagellate:Chl ratios and added 23.747 to obtain the average seasonality of Cphyto:Chl
(Figure S4b). The shape of the seasonal curve is similar to the one described in Jakobsen and Markager (2016) for another
coastal area of the North Sea, although our estimations are higher probably because we also accounted for the biomass of the

small size (< 10 pm) phytoplankton.



2 Supplementary Figures
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Figure S1. Relationship between log-transformed light attenuation coefficient (Kq) and Secchi disk depth (Zsp). To estimate K,
attenuation profiles (2007-2011) were averaged between the surface and 10 m depth (left panel) or for the entire water column (right
panel). The shaded area represents the 95% confidence interval associated with the estimated linear correlation (blue line). The equation,
proportion of variance explained (R?), and p-value (P) of the relationships are shown. Additionally, the linear relationship estimated by
Devlin et al. (2008) for UK coastal waters is also included (red dashed line).
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Figure S2. Predicted proportion of maximum possible sunshine-hours in a day measured by the automatic Kipp and Zonen (KZ) between
2001 and 2005 at three meteorological stations of eastern Scotland (Kinloss, Aviemore, Leuchars, see Legg, 2014 for more details).
Predicted values were obtained using a generalized additive model (GAM) that included an interaction between the maximum possible
sunshine-hours in a day measured by the Campbell-Stokes (C—S) and day of year (see Eq. S1).
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Figure S3. Relationship between maximum possible sunshine-hours in a day measured by the automatic Kipp and Zonen (KZ) and
Campbell-Stokes (C—S) sensors for each month (grey filled dots). Records were made between 2001 and 2005 at three meteorological
stations of eastern Scotland (Kinloss, Aviemore, Leuchars, see Legg, 2014 for more details). Blue dots correspond to the predicted
maximum possible sunshine-hours in a day measured by the automatic Kipp and Zonen (KZ) shown in Figure S2 (see Eq. S1). We also
show in red the 1:1 line for reference.
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Figure S4. (a) C:Chl ratios (2015-2017) calculated using C biomass for the whole phytoplankton community (Cphyto, blue symbols) or
C biomass of large (> 10 pm) diatoms and dinoflagellates (Caiatom+dinoflagellate >10pm, black symbols). Lines represent the estimated
seasonality (2015-2016) based on the best generalized additive model (GAM) from Table S3, although fitted using restricted maximum
likelihood, REML. (b) C:Chl ratios (2000-2017) calculated using C biomass of large (> 10 um) diatoms and dinoflagellates
(Cdiatom+dinoflagellate >10um, black symbols). The black line represents the estimated seasonality (2000-2016) based on the first GAM in
Table S3, although fitted using REML. The blue line results from adding 23.747 to this seasonality, which is the difference in the
intercept between the two curves shown in (a). In (a) and (b), triangles correspond to 2017 and dots to the rest of the years, and shaded
areas denote the 95% confidence interval associated to the estimated seasonalities.
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Figure S5. Changes through time in phytoplankton biomass accumulation rates (7, see Methods in the main text) based on estimated C
biomass concentrations for the whole phytoplankton community (Cphyto, blue line) and based on Chl concentrations (black line). The
proportion of variance explained (R?) by the linear relationship between the two time series is also shown.
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Figure S6. Relationship between log-transformed phytoplankton C biomass concentrations in winter (60 days before and after the winter
solstice) estimated using two published C:Chl models, Cmodel (left panel, Geider, 1987; right panel, Cloern et al., 1995), and using the
fixed C:Chl seasonality from this study, Cpnyto (see Supplementary Note 5). To calculate C:Chl ratios, models are fed with estimated
average attenuated Photosynthetic Active Radiations (PAR) for the whole water column (i.e., 048 m depth) and with temperature
averaged between surface and bottom layers. The shaded area represents the 95% confidence interval associated with the estimated

linear correlation (blue line). The equation, proportion of variance explained (R?), and p-value (P) of the relationships are shown. We
also show the 1:1 relationship (red dashed lines) for comparison.
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3 Supplementary Tables

Table S1. Cell volume (V¢; um®) and equivalent spherical diameter (ESD; um) information for the 85 species, 44 genera and 2 classes
identified using a light microscope at 200X magnification. V. was transformed into cell carbon content (Cc; pg C cell™") following Menden-
Deuer and Lessard (2000) recommendations. The number of species aggregated for statistical calculations at genus or class level is indicated
(Nispecies); NA denotes that the exact Nspecies Was not available. For some species, only information at genus level was available and, in those
cases, the Nspecies is shown. (a) Information from Harrison et al. (2015), hrr15; from Olenina et al. (2006), 0106; and from Leblanc et al.
(2012), leb12. For all of these sources, minimum-maximum V. were available. However, in the case of Leblanc et al. (2012), mean V.
corresponds to the mean of minimum-maximum V. and therefore, no coefficient of variation (CV) is reported. Additionally, when Olenina
et al. (2006) was the source, the number of individual cells used for calculations is shown (n). In general, we chose Harrison et al. (2015)
over the other potential sources as the information given in this publication is based on several data sets from coastal areas. (b) For these
species, only length information of cell axes (um) was available. Using this information and selected cell shape formulas from Olenina et al.
(2006), we calculated V.. Only for Nézan et al. (2012) and Gomez et al. (2016) minimum-maximum V. were calculated and, in these cases,
mean V. is also reported.

Table Sla
Taxonomic Mean Mean V. Mean
level name Nispecies n ESD Ve min-max (CV%) Cc Comments Source
Species

Bacillariophyceae

Achnanthes longipes NA 15 10.72 150-2750 645 (26.9) 54.7 0l06
Asterionellopsis glacialis 11.50 94-11300 797 (49.0) 64.9 hrr15
Cerataulina pelagica 31.33 2840-102000 16100 (39.0) 743.2 hrr15
Chaetoceros danicus 13.75 113-5080 1360 (33.0) 100.2 hrr15
Chaetoceros socialis 8.79 33-3150 356 (45.0) 33.8 hrr15
Corethron hystrix 57.78 2470-1420000 101000 (78.0) 3295.3 hrr15
Cylindrotheca closterium 9.33 10-5230 425 (54.0) 39.0 hrr15
Dactyliosolen fragilissimus 25.12 1680-143000 8300 (48.0) 434.3 hrr15
Detonula confervacea 12.08 498-2140 922 (19.0) 73.1 hrr15
Detonula pumila 28.48 2360-43700 12100 (28.0) 589.6 hrr15
Ditylum brightwellii 51.95 28100-274000 73400 (22.0) 2543.7 hrr15
Eucampia zodiacus 25.95 737-31800 9150 (28.0) 470.0 hrr15

12



Taxonomic Mean Mean V¢ Mean

level name Nispecies ESD Ve min-max (CV%) Cc Comments Source
Guinardia delicatula 22.51 831-26600 5970 (30.0) 332.4 hrr15
Guinardia flaccida 63.49 16600-349000 134000 (26.0) 4144.5 hrr15
Guinardia striata 40.85 2770-201000 35700 (35.0) 1417.8 hrr15
Leptocylindrus danicus 16.45 95-10400 2330 (30.0) 155.0 hrr15
Leptocylindrus mediterraneus 2691 382-68200 10200 (51.0) 513.3 hrr15
Leptocylindrus minimus 8.41 10-3380 312 (53.0) 30.3 hrr15
Meuniera membranacea 50.12 18850-159043 65923 23315 leb12
Nitzschia longissima 10.46 24-15400 599 (63.0) 51.5 hrr15
Paralia sulcata 23.65 1150-68000 6930 (43.0) 375.2 hrr15
Proboscia alata 34.50 281-306000 21500 (55.0) 939.7 hrr15
Proboscia indica 1 34.50 281-306000 21500 (55.0) 939.7 hrr15
Rhizosolenia hebetata 47.78 439-188000 57100 (46.0) 2075.0 hrr15
Rhizosolenia imbricata 54.12 1360-1560000 83000 (67.0) 2810.4 hrr15
Rhizosolenia setigera 32.52 1480-150000 18000 (44.0) 813.6 hrr15
Rhizosolenia styliformis 69.53 18900-1290000 176000 (48.0) 5170.2 hrr15
Stephanopyxis turris 32.58 6840-47700 18100 (22.0) 817.3 hrr15
Striatella unipunctata 52.40 5773-294524 75345 2598.3 leb12
Thalassionema nitzschioides 13.33 50-143000 1240 (80.0) 929 hrr15
Thalassiosira nordenskioeldii 30.87 193-499000 15400 (79.0) 716.9 hrr15
Thalassiosira rotula 28.40 3450-47000 12000 (25.0) 585.6 hrr15

Dinophycea

13



Taxonomic Mean Mean V¢ Mean
level name Nispecies n ESD Ve min-max (CV%) Cc Comments Source

Amphidinium crassum NA 16 16.69 92-19852 2434 (46.1) 326.7 0l06
Amphidinium sphenoides NA 16 16.69 92-19852 2434 (46.1) 326.7 0l06
Amylax triacantha 27.51 4600-16800 10900 (13.0) 1335.4 hrr15
Archaeperidinium minutum 30.25 25-41600 14500 (40.0) 1745.7 hrr15
Dinophysis acuminata 27.25 1670-40700 10600 (26.0) 1300.8 hrr15
Dinophysis acuta 43.73 1580-105000 43800 (29.0) 4929.4 hrr15
Dinophysis dens 5 43.13 10700-54400 42000 (7.7) 4739.0 hrr15
Gonyaulax digitalis 32.27 2950-43400 17600 (21.0) 2094.1 hrr15
Gonyaulax spinifera 31.33 10700-23800 16100 (9.0) 1926.0 hrr15
Gonyaulax verior 28.33 7120-39300 11900 (23.0) 1450.1 hrr15
Gyrodinium fusiforme 32.58 3520-109000 18100 (35.0) 21499 hrr15
Gyrodinium lachryma NA 30 35.10 72-177606 22637 (43.3) 2652.4 0l06
Gyrodinium spirale 36.61 3160-113000 25700 (38.0) 2988.0 hrr15
Heterocapsa niei NA 18 11.45 103-4179 785 (40.7) 113.0 0l06
Heterocapsa triquetra 16.75 965-5700 2460 (16.0) 330.0 hrr15
Karenia mikimotoi NA 35 29.14 72-177606 12958 (64.2) 1570.8 It belongs to the 0l06

order

Gymnodiniales.

Thus, we used

information for

Gymnodinium  spp.,

which have a similar

cell shape.
Katodinium glaucum 17.19 416-18300 2660 (38.0) 355.2 hrr15
Oxyrrhis marina 15.81 268-6370 2070 (34.0) 280.6 hrr15
Oxytoxum gracilis 1 7.81 78-476 249 (20.0) 38.4 hrr15

14



Taxonomic Mean Mean V¢ Mean

level name Nispecies ESD Ve min-max (CV%) Cc Comments Source
Pentapharsodinium dalei 14.02 497-3454 1443 (32.0) 200.0 0l06
Phalacroma oxytoxoides 1 32.15 499-116000 17400 (41.0) 2071.7 hrr15
Phalacroma rotundatum 32.15 499-116000 17400 (41.0) 2071.7 hrr15
Polykrikos schwartzii 64.27 27300-293000 139000 (28.0) 14579.6 hrr15
Prorocentrum compressum 5 13.37 905-9740 1250 (6.3) 174.8 hrr15
Prorocentrum micans 23.92 71-18600 7170 (31.0) 901.1 hrr15
Prorocentrum minimum 5 13.37 905-9740 1250 (6.3) 174.8 hrr15
Protoceratium reticulatum 31.20 7450-31300 15900 (15.0) 1903.6 hrr15
Protoperidinium bipes 16.06 432-3650 2170 (18.0) 293.4 hrr15
Protoperidinium brevipes 26.82 5450-14900 10100 (12.0) 1243.1 hrr15
Protoperidinium cerasus 17 51.38 11400-455000 71000 (17.0) 7758.6 hrr15
Protoperidinium conicoides 43.83 10700-103000 44100 (25.0) 4961.1 hrr15
Protoperidinium conicum 57.47 6060-345000 99400 (28.0) 10641.4 hrr15
Protoperidinium crassipes 73.39 81300-606000 207000 (29.0) 211909 hrr15
Protoperidinium curtipes 17 51.38 11400-455000 71000 (17.0) 7758.6 hrr15
Protoperidinium depressum 89.63 21900-1330000 377000 (29.0) 37208.2 hrr15
Protoperidinium excentricum 17 51.38 11400-455000 71000 (17.0) 7758.6 hrr15
Protoperidinium mite 17 51.38 11400-455000 71000 (17.0) 7758.6 hrr15
Protoperidinium ovatum 17 51.38 11400-455000 71000 (17.0) 7758.6 hrr15
Protoperidinium pallidum 51.38 2620-244000 71000 (33.0) 7758.6 hrr15
Protoperidinium pellucidum 38.42 6800-78800 29700 (22.0) 3422.7 hrr15
Protoperidinium steinii 33.45 9160-58900 19600 (21.0) 2316.8 hrr15
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Taxonomic Mean Mean V¢ Mean
level name Nispecies ESD Ve min-max (CV%) Cc Comments Source
Protoperidinium subinerme 17 51.38 11400-455000 71000 (17.0) 7758.6 hrr15
Pyrophacus horologium 43.70 8890-182000 43700 (39.0) 49189 hrr15
Scrippsiella trochoidea 20.83 690-16800 4730 (28.0) 609.7 hrr15
Torodinium robustum 18.86 1770-10600 3510 (19.0) 460.8 hrr15
Tripos furca 44.84 3000-123000 47200 (26.0) 5287.9 hrr15
Tripos fusus 3834 6260-283000 29500 (40.0) 3401.1 hrr15
Tripos horridus 9 42.82 13700-70700 41100 (7.6) 4643.6 hrr15
Tripos lineatus 29.76 1110-96300 13800 (32.0) 1666.5 hrr15
Tripos minutum 9 42.82 13700-70700 41100 (7.6) 4643.6 hrr15
Tripos muelleri 49.42 414-814000 63200 (54.0) 6955.5 hrr15
Genus
Bacillariophyceae
Asterionella 3 14.28 235-4783 1525 109.9 leb12
Bacteriastrum 1 28.64 1560-41000 12300 (38.0) 597.5 Information for B. hrr15
hyalinum, present in
the  North  Sea
(Hoppenrath, 2004)
Bellerochea 1 42.04 1360-523000 38900 (77.0) 1520.0 hrr15
Biddulphia 1 5853 7790-440000 105000 (49.0) 3400.8 hrr15
Cerataulina 1 31.33 2840-102000 16100 (39.0) 743.2 hrr15
Chaetoceros 35 17.40 25-13200 2760 (6.7) 177.8 hrr15
Coscinodiscus 7 123.66 4380-5580000 990000 (75.0) 20982.3 hrr15
Detonula NA 40.38 424-190852 34468 1378.0 leb12
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Taxonomic Mean Mean V¢ Mean

level name Nispecies n ESD Ve min-max (CV%) Cc Comments Source
Eucampia 1 25.95 737-31800 9150 (28.0) 470.0 hrr15
Fragilaria NA 13 10.24 69-1581 563 (27.0) 49.0 0l06
Guinardia 3 40.85 4580-163000 35700 (24.0) 1417.8 hrr15
Gyrosigma/Pleurosigma 6 15 40.77 2457-211680 35472 (45.2) 1410.4 0l06
Lauderia 1 37.27 13500-137000 27100 (24.0) 1133.8 hrr15
Licmophora NA 14.77 101-7020 1688 119.3 leb12
Melosira 3 26.99 4580-22800 10300 (7.9) 517.4 hrr15
Nitzschia NA 20 13.48 45-29160 1282 (58.7) 95.5 0l06
Odontella 1 33.79 919-148000 20200 (48.0) 893.4 hrr15
Pseudo-nitzschia 3 1292 200-1290 1130 (3.5) 86.2 hrr15
Rhaphoneis 1 28.72 3240-31250 12403 601.5 leb12
Rhizosolenia 4 50.96 10800-111000 69300 (14.0) 24279 hrr15
Skeletonema 1 8.97 50-1810 378 (35.0) 35.5 hrr15
Thalassionema 1 13.33 50-143000 1240 (80.0) 92.9 Information for T. hrr15

nitzschioides

Thalassiosira 10 29.97 54-87100 14100 (15.0) 667.4 hrr15
Triceratium NA 82.12 64-2116273 289990 7751.5 leb12
Dinophycea
Alexandrium 3 2895 5810-38800 12700 (10.0) 1541.4 hrr15
Amphidinium NA 16 16.69 92-19852 2434 (46.1) 326.7 0l06
Dinophysis 5 43.13 10700-54400 42000 (7.7) 4739.0 hrr15
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Taxonomic Mean Mean V¢ Mean
level name Nispecies n ESD Ve min-max (CV%) Cc Comments Source
Diplopsalis 1 40.35 10800-106000 34400 (24.0) 3929.0 hrr15
Gonyaulax 5 32.27 8080-25900 17600 (4.2) 2094.1 hrr15
Gymnodinium NA 35 29.14 72-177606 12958 (64.2) 1570.8 0l06
Gyrodinium NA 30 35.10 72-177606 22637 (43.3) 2652.4 0l06
Heterocapsa NA 18 11.45 103-4179 785 (40.7) 113.0 0l06
Katodinium 1 17.19 416-18300 2660 (38.0) 355.2 hrr15
Mesoporos 1 1591 1150-3940 2110 (17.0) 285.7 hrr15
Oblea 1 24.88 4190-14100 8060 (14.0) 1005.8 hrr15
Oxytoxum 1 7.81 78-476 249 (20.0) 38.4 hrr15
Polykrikos 1 64.27 27300-293000 139000 (28.0) 14579.6 hrr15
Pronoctiluca 1 19.29 905-10500 3760 (29.0) 491.5 hrr15
Prorocentrum 5 13.37 905-9740 1250 (6.3) 174.8 hrr15
Protoperidinium 17 51.38 11400-455000 71000 (17.0) 7758.6 hrr15
Scrippsiella 1 20.83 690-16800 4730 (28.0) 609.7 hrr15
Tripos 9 42.82 13700-70700 41100 (7.6) 4643.6 hrr15
Class
Bacillariophyceae 114 35.08 27-5480000 22600 (107.0) 978.5 hrr15
Dinophycea 79 33.16 177-377000 19100 (50.0) 2261.2 hrr15
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Table S1b

ESD or
Ccor
Taxonomic mean V. or Comments (d, d1, d2 and
level name ESD Ve min-max mean Vc mean C h are dimensions in pm) Source
Species

Bacillariophyceae

Mediopyxis helysia 54.18 83252 2817.3 -Dimensions: 100 (d1), 20 (d2)  Kiihn etal. (2006)
and 53 (h)
-Geometric shape: oval cylinder

Dinophycea

Azadinium caudata 19.87 2422-6430 4106 533.9 -Dimension ranges for Sottish ~ Nézan et al
waters: 18.9-25.8 (d) and (2012)
25.9-36.9 (h)
-Geometric shape: Cone with
half sphere

Genus Bacillariophyceae

Lennoxia 4.18 38 5.5 -Mean  dimensions  from  Thomsen et al.
Greenland and Danish waters: (1993)
1.5 (d) and 65 (h)
-Geometric shape: Double cone

Dinophycea

Corythodinium 42.50 8181-113097 40194 45474 -Dimension ranges  Gomez et al
(approximated): 25-60 (d) and (2016)
50-120 (h)

-Geometric shape: Cone with

half sphere
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Table S2. Cell carbon content (Ce; pg C cell™!) information for the different phytoplankton groups identified using a flow cytometer.

Phytoplankton group Cc Comments and Source
Synechococcus spp. 0.1 Zubkov etal. (1998)
Pico-eukaryotes (0.2-2 pm) 15 Zubkov et al. (1998)
Nano-eukaryotes (2-10 pm) 24.9 Assuming an equivalent spherical diameter (ESD) of 6 um (Pan et al, 2007), we estimated a cell
volume (Vc) of 113 pm3. Then, we transformed V. into C. using a conversion factor of 0.22 pg C pm-3
(Booth, 1988).
Coccolithophores 16.3 As Emiliania huxleyi is the dominant coccolithophore species in shelf areas of the North Sea
(Charalampopoulou et al, 2011; Poulton et al, 2014), we transformed its mean V. of 100 um3
(Harrison et al,, 2015) into C. following the conversion factor recommended by Menden-Deuer and
Lessard (2000).
Cryptophytes 23.7 We transformed the mean V. of 149 pm3 for the class Cryptophyceae (Harrison et al., 2015) into C.
following the conversion factor recommended by Menden-Deuer and Lessard (2000).
Phaeocystis spp. single cells 135 Rousseau etal. (1990)

145  Table S3: Results for different models to describe the effect of day of year (dy) on C:Chl ratios based on information from years 2015 and
2016 (see Supplementary Note 5 and Figure S4a). The categorical variable group has two levels, one corresponds to C biomass estimations
for the whole phytoplankton community (Cphyto) and the other only for large (> 10 um) diatoms and dinoflagellates (Cdiatom+dinoflagellate >10um)-
All models include an intercept (a) and an error term (g). Additionally, the generalized additive models (GAMs) can include the effect of
predictors through 1D smooth function (f) or an interaction term f(dy|group) to allow a different seasonality for each group. The smooth

150  function (f) corresponds to a cyclic cubic spline with maximum effective degrees of freedom (edf) set to 5, and optimal edf determined by
maximum likelihood, ML (Wood, 2017). For each model, we show the Akaike Information Criterion (AIC) and its associated weight
(Burnham and Anderson, 2002), and the proportion of variance explained (R?). In all cases, the overall model had a p-value < 0.001. The
results for the model with the lowest AIC (model 2) are in bold.

Model Model description AIC AIC weight  R2?
(1) c:Chla=a+ f(dy) +¢ Effect of day of year 1488.86 0.00 0.207
(2) C:Chla = a + group + f(dy) + ¢ Effect of day of year and different 1453.76 0.92 0.374
intercept for each group level
(3) C:Chla = a + f(dy|group) + & Effect of different day of the year for each ~ 1458.72 0.08 0.374

group level
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	From 2007 to 2011, vertical light attenuation (Kd) profiles were weekly estimated at the Stonehaven site based on chlorophyll ‘a’ (Chl) and turbidity profiles sampled using a Saiv SD204 CTD (Saiv A/S Environmental Sensors & Systems) equipped with a fluorescence and an optical backscatter sensor (for further methodological details, see Heath et al., 2017). As Secchi disk depths (ZSD) were recorded weekly (Bresnan et al., 2016) during almost the entire period analyzed (2001 to 2017), we used ZSD to calculate Kd. For this, we estimated the relationship between log-transformed ZSD and Kd averaged from 0 to 10 m depth (the layer where phytoplankton was sampled) or averaged for the entire water column (i.e., 0 to 48 m; see Figure S1). In both cases, the coefficients of the relationship were similar and relatively close to those estimated by Devlin et al. (2008) for UK coastal waters. However, the proportion of variance explained by the relationship was larger when Kd was averaged for the 0– 10 m layer. This makes sense considering that ZSD records depend largely on the section of the attenuation profile above them and that the calculated average ZSD between 2007 and 2011 was 6.61 ± 1.89 m (Mean ± SD); between 2001 and 2017, the average ZSD was similar (6.94 ± 2.15 m).
	Daily amounts of sunshine duration recorded at the Dyce meteorological station (57° 12.3' N, 2° 12.2' W, Met Office, 2012) were transformed into total incoming solar radiation (W m−2) using the Ångström–Prescott model and site-dependent coefficients from Bojanowski et al. (2013). To estimate incoming solar radiations, we used the R packages suncalc v0.5.0 (Thieurmel and Elmarhraoui, 2019) and sirad v2.3-3 (Bojanowski, 2016).
	After 2005 (a year without records), the Campbell–Stokes (C–S) recorder was replaced in 2006 by a new automatic Kipp and Zonen (KZ) sensor at Dyce, requiring a data correction to avoid any bias. Bojanowski et al. (2013) used sunshine data from 2005 to 2010, a period when all meteorological stations from eastern Scotland had KZ sensors (Legg, 2014). Thus, before estimating the incoming solar radiations, we converted C–S records prior to 2005 into KZ sunshine durations.
	To convert C–S into KZ sunshine durations, we used information recorded between 2001 and 2005 at three meteorological stations of eastern Scotland (Kinloss, Aviemore, and Leuchars; see Legg, 2014 for more details). Following Legg (2014), we first converted sunshine durations measured by both sensors into proportions of maximum possible sunshine hours in a day. Then, we estimated the relationship between the proportions of maximum sunshine hours measured by each sensor for each day of the year (𝑑𝑦) using a generalized additive model (GAM, Hastie and Tibshirani, 1986):
	Where 𝑎 represents the intercept, 𝑡𝑒𝐶𝑆, 𝑑𝑦 is an interaction term included as a 2D smooth (in particular, a tensor product) that captures how the nonlinear effect of C–S sunshine proportions varies through the seasonal cycle (Wood, 2017), and 𝜀 is the error term. The tensor product had as marginal bases a thin-plate regression spline for 𝐶𝑆 and a cyclic cubic spline for 𝑑𝑦, with maximum effective degrees of freedom (𝑒𝑑𝑓) set to 4 and 8, respectively, and optimal 𝑒𝑑𝑓 determined by restricted maximum likelihood, REML (Wood, 2017). We fitted the model using the R package mgcv v1.8-33 (Wood, 2017) and it had a p-value = 0.000 and R2 = 0.961. Model predictions are shown in Figure S2 and also per month in Figure S3, for comparison with Legg (2014). Between April and August, this model predicted some negative proportions of KZ sunshine durations for the lowest C–S proportions (although never below -0.004). As negative proportions cannot occur, we set them to zero. Finally, KZ estimated proportions were converted back into hours of sunshine duration per day.
	To obtain daily amounts of PAR arriving to the water surface (PARSfc), estimations of total incoming radiation (W m−2) were multiplied by 0.43 (Baker and Frouin, 1987). To generate daily Kd for the 0–10 m layer (Kd,10) or for the entire water column (Kd,48), we linearly interpolated ZSD between sampling dates before applying the linear models shown in Figure S1. Using daily estimations of PARSfc and Kd, we calculated average attenuated PAR (PARAtt) as:
	where 𝑧 is the depth of the layer for which PARAtt was estimated (in our case 10 or 48 m). Finally, PARSfc and PARAtt estimated for both the 0–10 m layer (PARAtt,10) and the entire water column (PARAtt,48) were converted from W m−2 to µmol m−2 s−1 using a conversion factor of 0.217 W m−2 = 1 µmol m−2 s−1 (Carruthers et al., 2001).
	To calculate phytoplankton C biomass concentrations (mg C m−3) based on microscopic observations (2000–2017), we estimated the cell carbon content (Cc, pg C cell−1) of the different phytoplankton taxa identified. For this, we collected cell volume information (Vc, µm−3) from the literature (Table S1). Due to limitations in cell identification using a light microscope at x200 magnification, only diatom and dinoflagellate taxa with a mean cell diameter generally > 10 μm (Table S1) were extensively characterized and thus, we only gathered information for these groups.
	Following Harrison et al. (2015), prior to statistical calculations, we transformed individual Vc to equivalent spherical diameter (ESD) using the below Eq. S3, as ESD shows a more normal distribution than Vc:
	Then, after converting mean ESD to mean Vc using the reverse form of Eq. S3, we estimated mean Cc using the equation 𝐶𝑐=𝑎𝑉𝑐𝑏, where a and b are respectively 0.288 and 0.811 for diatoms, and 0.216 and 0.939 for non-diatom (Menden-Deuer and Lessard, 2000).
	Finally, we estimated the C biomass for diatom and dinoflagellate taxa with a mean cell diameter usually > 10 μm (Cdiatom+dinoflagellate >10μm). For this, we summed the observed cell abundance (n) multiplied by the corresponding Cc for all taxonomic entities (N):
	As the detection limit for microscopic phytoplankton counts was around 1 x 106 cells m−3, there were several zero-abundance records and, consequently, several Cdiatom+dinoflagellate >10μm = 0 mg C m−3. To correct this, in those dates when zero-abundance records of diatoms or dinoflagellates were registered, we replaced zero-biomass concentrations for each class by half of their minimum biomass estimated throughout the entire time-series (i.e., half of the minimum Cdiatom >10μm > 0 mg C m−3 or Cdinoflagellate >10μm > 0 mg C m−3).
	To calculate C biomass concentrations (mg C m−3) using flow cytometer counts (2015–2017), we followed a similar procedure as the one used for microscope observations. In this case, to estimate for a particular date the C biomass of the different phytoplankton groups identified (which ESD rarely exceeded 10 μm), we multiplied their abundance by their representative cell carbon content (Cc, pg C cell−1) extracted from the literature (Table S2).
	Although Chl is extensively used as a proxy of phytoplankton biomass, changes in the concentration of this pigment are also driven by physiological adaptations to the environment (e.g., nutrient concentration and light availability). Thus, it is recommended to use carbon (C) phytoplankton biomass instead (Behrenfeld and Boss, 2018).
	We could estimate C biomass of the entire phytoplankton community (Cphyto, mg C m−3) using only cell counts from microscopic analysis and cell C contents based on size information from the literature (Supplementary Note 4 and Table S1). However, these estimations present some limitations compared to the use of Chl concentration as a proxy for phytoplankton biomass: 1) species counts at x200 magnification are only available since 2000 (Bresnan et al., 2016); 2) while Chl concentrations depend on phytoplankton encompassing all groups and sizes, only diatom and dinoflagellate taxa with average cell sizes generally > 10 μm (Table S1) were extensively characterized at the microscope due to limitations in cell identification at x200 magnification; 3) The detection limit for microscopic phytoplankton counts was around 1 x 106 cells m−3, leading to several zero-abundance records for all taxa, especially in winter (although see supplementary Note 4); 4) using average cell sizes from the literature rather than in situ size measures might lead to less accurate C biomass estimations for a particular sampling date. 
	Alternatively, the use of flow cytometry counts and cell C contents from the literature to estimate Cphyto (Supplementary Note 4 and Table S2) would also present several issues. For instance, these data are only available since 2015 and phytoplankton cells counted with the flow cytometry rarely exceeded 10 µm.
	Considering all the above, we decided to transform Chl concentrations into Cphyto using an average seasonality of C:Chl ratios estimated by combining the available information. However, for this estimation, we excluded 2017 as this year has several long data gaps and showed an unusually large Phaeocystis spp. bloom in October–December compared to the other years (Figure S4 and Figure 3 in the main text).
	To estimate the average seasonal cycle of the C:Chl ratio at the Stonehaven monitoring site, we followed several steps. First, we estimated total C biomass of large (> 10 µm) diatoms and dinoflagellates (Cdiatom+dinoflagellate >10μm) based on microscopic analysis and, since 2015, C biomass for the whole phytoplankton community (Cphyto) by adding Cdiatom+dinoflagellate >10μm to the C biomass of all the groups identified with the flow cytometer (Supplementary Note 4). Although some overlap might exist between the cell size ranges of the phytoplankton identified using the microscope and flow cytometer, we expect this to be small. Then, for 2015–2016, a model comparison showed that the same seasonal curve should be applied to the Cdiatom+dinoflagellate >10μm:Chl and Cphyto:Chl ratios, with a difference of 23.747 in their intercepts (model 2 in Table S3 and Figure S4a). Finally, assuming that the difference in the intercept remains more or less constant among years and using data from 2000 to 2016, we fitted a seasonal curve to the Cdiatom+dinoflagellate:Chl ratios and added 23.747 to obtain the average seasonality of Cphyto:Chl (Figure S4b). The shape of the seasonal curve is similar to the one described in Jakobsen and Markager (2016) for another coastal area of the North Sea, although our estimations are higher probably because we also accounted for the biomass of the small size (< 10 µm) phytoplankton.
	2 Supplementary Figures
	3 Supplementary Tables
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