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Primary productivity and subsequent carbon cycling in the coastal zone have a significant impact on the
global carbon budget. It is currently unclear how anthropogenic activity could alter these budgets but
long term coastal time series of hydrological, biogeochemical and biological measurements represent a
key means to better understand past drivers, and hence to predicting future seasonal and inter-annual
variability in carbon fixation in coastal ecosystems. An 8-year time series of primary production from
2003 to 2010, estimated using a recently developed absorption-based algorithm, was used to determine
the nature and extent of change in primary production at a coastal station (L4) in the Western English
Channel (WEC). Analysis of the seasonal and inter-annual variability in production demonstrated that
on average, nano- and pico-phytoplankton account for 48% of the total carbon fixation and
micro-phytoplankton for 52%. A recent decline in the primary production of nano- and
pico-phytoplankton from 2005 to 2010 was observed, corresponding with a decrease in winter nutrient
concentrations and a decrease in the biomass of Phaeocystis sp. Micro-phytoplankton primary production
(PPM) remained relatively constant over the time series and was enhanced in summer during periods of
high precipitation. Increases in sea surface temperature, and decreases in wind speeds and salinity were
associated with later spring maxima in PPM. Together these trends indicate that predicted increases in
temperature and decrease in wind speeds in future would drive later spring production whilst predicted
increases in precipitation would also continue these blooms throughout the summer at this site.

Crown Copyright � 2015 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Photosynthesis by phytoplankton fixes atmospheric CO2 to form
the basis of marine food webs and thus modelling and predicting
this process is recognised as a central requirement for effective
management of coastal resources (Tett et al., 2003). Conventional
monitoring of photosynthetic biomass and production fails to sam-
ple on appropriate temporal scales to determine the impact of
human activity on phytoplankton dynamics (Henson et al.,
2010); as such, a step change in approach in monitoring via optical
or acoustic based instrumentation, coupled to earth observation,
modelling and semi-autonomous sampling, is critical to enhance
the spatial and temporal frequency of observations. In coastal
waters, this goal is particularly challenging as a result of optical
signatures heavily influenced by non-biological particles
(Sathyendranath et al., 1989; Tilstone et al., 2005), physically com-
plex waters (e.g. Sharples et al., 2001) as well as an inherent lack of
long-term observations required to distinguish natural variations
from anthropogenic-driven changes in the underlying phytoplank-
ton dynamics (Araujo et al., 2006; Le Quere et al., 2003). Temporal
variability in primary production is ultimately driven by a com-
plexity of facets operating across a range of scales, notably temper-
ature (Harding et al., 1986), nutrients (Kyewalyanga et al., 1998),
turbulence (Lewis et al., 1984) and irradiance intensity (Cote and
Platt, 1984), as well as biological factors such as community struc-
ture (Cote and Platt, 1984) and physiological state (Platt and
Sathyendranath, 1993), which together are strongly regulated in
coastal systems by the physical structure of the water column
(e.g. Sharples et al., 2001). Whilst the L4 time series in the WEC
provides a means to combine long-term monitoring with
shorter-scale process-studies (Southward et al., 2005) research to
date has focused on characterising temporal variability of optical
characteristics (Groom et al., 2009; Martinez-Vicente et al.,
2010), phytoplankton (Llewellyn et al., 2005; Widdicombe et al.,
2010), zooplankton (Eloire et al., 2010), and fish species
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composition (Genner et al., 2010) but not how these scale to vari-
ability of primary productivity. Seasonal production of phytoplank-
ton in this area has seldom been measured with only recent
observations conducted between 2009–2011 (Barnes et al., 2014)
and during 2001 (Woods, 2003). Consequently, our understanding
of the characteristics and drivers of inter-annual and seasonal vari-
ability in primary production in the WEC remains extremely lim-
ited with most historic observations restricted to
temporally-isolated blooms (Garcia and Purdie, 1994; Holligan
et al., 1984).

Phytoplankton size structure is a key trait governed by resource
availability (irradiance, nutrients; e.g. Bouman et al., 2005) and
grazing pressure (Peter and Sommer, 2012) to inherently deter-
mine the food-web organisation and biogeochemical functioning
of pelagic ecosystems (Maranon, 2009). Measurements of
size-fractionated primary production have been increasingly used
to reveal the varying contributions of different size classes to total
production in both coastal and open ocean systems (Huete-Ortega
et al., 2011; Tilstone et al., 1999). Size-class based approaches to
estimate primary production have been developed in an effort to
better predict temporal and spatial variability relevant to
ecosystem and biogeochemical scale processes (Hirata et al.,
2009; Kameda and Ishizaka, 2005). A major advance in under-
standing community drivers of production is the partitioning of
primary production into different size groups (Sieburth et al.,
1978), which has also been aided by analysis of ocean colour
models of size fractionated production (Brewin et al., 2010b) and
ecosystem models (Araujo et al., 2006). Specific models of
size-fractionated primary production have now been developed
for both open ocean (Uitz et al., 2008) and coastal waters (Barnes
et al., 2014); however, sufficient data sets still do not exist to fully
understand which factors govern the seasonal and inter-annual
variability in production for different size fractions (Uitz et al.,
2008) and efforts to predict carbon transfer through coastal food
webs thus remain exceptionally limited (Bauer et al., 2013).

We have recently demonstrated how a novel ‘‘absorption
based’’ method can derive total as well as size fractionated
(micro- and nano + pico-) phytoplankton production in coastal
waters. Specifically, this method extrapolates the absorption coef-
ficient (the peak at red wavelengths) of phytoplankton and pro-
duction quantified at the sea surface to yield integrated water
column fields of primary production for each size class, and is
accurate to within 8% and 22% for the WEC and North Sea,
respectively. This level of accuracy is unprecedented for primary
production models (see Barnes et al., 2014) and thus our
approach provides a unique means to examine how the environ-
ment regulates temporal variation in primary production where
bio-optical data is readily available. Here, we apply the Barnes
et al. (2014) absorption-based model of coastal primary produc-
tion to an 8-year time series of weekly in situ phytoplankton
absorption measurements to specifically determine what (and
how) environmental factors control the seasonal and
inter-annual variability in surface, depth-integrated and
size-fractionated primary production.
2. Materials and methods

2.1. Study site and sampling

Samples were collected from station L4 (50�150N, 4�130W;
Fig. 1) weekly from January 2003 to December 2010 aboard RV
Quest. On reaching the station, a Lagrangian mode was used
whereby the ship was allowed to drift with the water body being
sampled. The tide at the site has a maximum range of 5.4 m and
a current of 0.55 m s�1 (Pingree, 1980). The river Tamar is the main
source of freshwater flowing into the WEC with a range of
5–140 m3 s�1 at its mouth (Uncles and Stephens, 1990). The
sampling regime included different phases of the tidal cycle
depending on the time the ship reached the station. Vertical
profiles of temperature and fluorescence were obtained from
SeaBird SBE19 + CTD casts. Mixed layer depth (MLD) was
estimated from the density profiles following Levitus (1982).
Water samples were collected from 10L Niskin bottles for the
measurement of phytoplankton absorption, pigments and abun-
dance, and primary production. For phytoplankton pigments, 1 L
aliquots of seawater were filtered onto 0.47 lm glass-fibre filters
for pigment analysis by reversed-phase high-performance liquid
chromatography. Samples for phytoplankton species composition
and carbon concentrations were collected from a depth of 10 m
and analysed by light microscopy following Widdicombe et al.
(2010). Cell volumes were calculated using approximate geometric
shapes (Widdicombe et al., 2002) and converted to biomass using
the equations of Menden-Deuer and Lessard (2000).

2.2. Absorption and production

The light absorption coefficient for phytoplankton at 665 nm
(aph, m�1) was determined using the filter-pad
transmission-reflectance technique (Tassan and Ferrari, 1995,
1998). 1 L aliquots of seawater from surface, 10, 25 and 50 m were
filtered onto 0.47 lm glass-fibre filters. Chlorophyll-a (Chl a)
specific absorption coefficients (aph

⁄ (k)) were calculated by
dividing aph(k) by the respective HPLC Chl a concentration.
Photosynthetically active radiation (EPAR) was calculated using
the approach of Gregg and Carder (1990) modified to include the
effects of clouds (Reed, 1977) and using wind speed and percent-
age cloud cover from the European Centre for Medium Range
Weather Forecasting (ECMWF) ERA-40 dataset for the grid point
closest to the location of L4, as in Smyth et al. (2010).

Surface primary production PP0 (mg C m�3 d�1) and
depth-integrated production PPeu (mg C m�2 d�1) were measured
from 2009–2010 using Photosynthesis-Irradiance curves in linear
photosynthetrons following Tilstone et al. (2003). Surface (PP0)
and euphotic depth-integrated production PPeu were also esti-
mated for 2003–2010 from aph(665) and EPAR using the equations
given in Barnes et al. (2014) as follows:

PP0 ¼ 145:3� ðEPAR � aphf665gÞ � 2:6 ð1Þ

Log PPeu ¼ 0:915�
Z
ð0� 50mÞLogðEPAR � aphf665gÞ þ 2:08 ð2Þ

Compared to an independent data set of in situ PPeu, the model has a
high prediction capability, evident by a small RMSE (0.021
Log10(mol C m�2 d�1)) and low scatter from least squares linear
regression (R2 = 0.71), a slope close to 1 (see Fig. 9a in Barnes
et al., 2014) and low relative and absolute percentage difference
indicating minimum bias and uncertainty.

Surface production (mg C m�3 d�1) for micro-phytoplankton
(PPM) and for combined nano- and pico-phytoplankton (PPNP) were
also estimated from aph(665) and EPAR also following the approach
of Barnes et al. (2014):

PP0fMg ¼ 171:5� ðEPAR � aphf665;MgÞ � 5:53 ð3Þ

PP0fNPg ¼ 163:5� LogðEPAR � aphf665;NPgÞ þ 10:4 ð4Þ

where M indicates micro- and NP is nano- + pico-. There was no
significant difference in the relationship between Chl a and



Fig. 1. Station L4 situated in the Western English Channel off the coast of Plymouth and the Tamar estuary.

Table 1
Annual totals of PPeu (g C m�2) and PP0, PPM and PPNP (g C m�3).

2003 2004 2005 2006 2007 2008 2009 2010 Mean

RPPeu 113 105 121 124 99 91 128 118 112
RPP0 15.2 14.8 18.0 17.1 14.6 15.0 16.0 9.9 15.1
RPPM 6.6 6.8 9.5 9.4 8.4 8.5 9.1 5.2 7.9
RPPNP 8.6 8.0 8.5 7.7 6.2 6.6 6.9 4.7 7.1
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aph(665) for total Chl a, micro- and nano + pico phytoplankton
when these size fractions were >50% of the Chl a biomass, indicat-
ing that absorption in these size fractions at 665 nm is linearly
related to Chl a. The relationship between depth-specific produc-
tion PPz and phytoplankton light absorption (EPAR � aph(665))
for both PPM and PPNP is given in Barnes et al. (2014). For both
size fractions a strong linear regression was observed which
explained 82% and 87% of PPM and PPNP, respectively (see
Table 1; Eqs. 13–14 in Barnes et al., 2014). The size limit of PPM

is >10 lm and of PPNP is 0.2–10 lm.
Total annual and spring annual production were calculated

from PPeu data as the integral of linearly-interpolated data for
the whole year and for the spring period from 21st March to 21st

June of each year. Winter and summer seasons were defined from
solstice to equinox; spring and autumn were defined from equinox
to solstice.
2.3. Statistical analysis

Dependence of primary productivity upon biological and envi-
ronmental variables was examined using principal components
analysis (PCA) to enable visualisation of the similarities and differ-
ences between samples, as well as the correlations between the
environmental, biological and photo-physiological variables of
interest. The data matrix was composed of 212 individual



Fig. 2. Climatology of (A) aph(665) and (B) aph
⁄ (665) from 2003–2010. 10-day
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temporally-separated samples and 15 variables. These were PPM,
PPNP, sea surface temperature (SST), salinity, MLD, nitrate, phos-
phate and silicate concentrations, and the carbon biomass of dia-
toms, dinoflagellates, coccolithophores and flagellates. Prior to
analysis, data were mean-centred and normalised to one standard
deviation to allow for comparison of variables with different units
and dispersions.

Stepwise multiple linear regressions were used to identify pre-
dictors of PP0, PPeu, PPM and PPNP from a database of environmental
data that included those parameters listed above but also daily
PAR, wind speed, wind direction and rainfall. All data were checked
for normal distributions using Kolomogrov–Smirnov test and
transformed to normality by log or square root. Kruskal–Wallis
one-way analysis of variance tests were performed on aph to deter-
mine the inter-annual variability.

The aph, PPM and PPNP time series were analysed using an
Auto-Regressive Integrated Moving Average (ARIMA) transfer
function model (Bruun et al., 2012; Shumway and Stoffer, 2010).
This method allows the frequency spectrum of the time series to
be examined to identify the dominant repeat cycles in the time ser-
ies. Longer-term trend components, if present, appear in the spec-
trum as a very low frequency term, which indicates a slow steady
change. The magnitude and significance of these terms, including
the presence of a linear trend which was estimated with the trans-
fer function model using maximum likelihood optimisation (Bruun
et al., 2012). To further analyse significant trends in the time series,
an analysis of the seasonal anomalies was performed, where the
anomaly was calculated from the difference between the climato-
logical (2003–2010) and yearly means.
running mean is shown as the black line; the grey area represents the standard
deviation above and below the mean. Data for individual years are also overlaid
details of which are given in the legend.
3. Results

3.1. Seasonality of phytoplankton absorption

At L4 from 2003–2010, aph(665) averaged ca. 0.01 m�1 during
the late autumn and winter and also during June (Fig. 2A).
During the spring bloom, from April to May mean aph(665)
increased to 0.021 (±0.014) m�1 with a peak absorption of
0.071 m�1 in 2006; however, the highest observations of aph(665)
occurred during summer. From July to September, mean aph(665)
was 0.026 (±0.019) m�1 with the 10-day mean reaching
0.037 m�1 during late August. During this period several observa-
tions over 0.060 m�1 were recorded in 2004, 2006, 2007, 2009 with
a peak absorption of 0.88 m�1 in 2008. Two-thirds of summer
observations of aph(665) were below 0.026 m�1 and the highest
variability in phytoplankton absorption occurred during this
period.

In contrast to aph(665), phytoplankton absorption normalised to
chlorophyll a (aph

⁄ ) showed a much less obvious seasonal compo-
nent (Fig. 2B). Across the 8-year time series, mean aph

⁄ was 0.015
(±0.007) m2(mg Chl a)�1 with over 80% of observations <0.019 m2

mg Chl a. Maximum aph
⁄ was observed in September 2006, when aph-

⁄ reached 0.055 m2(mg Chl a)�1. The 10-day running mean showed
little variation reaching a maximum of 0.019 m2(mg Chl a)�1 in
August and a minimum of 0.011 m2(mg Chl a)�1 in October. Such
variability possibly reflects the effect of pigment packaging, which
for samples with high biomass would result in a decoupling
between the concentration of light absorbing pigments (such as
Chl a) and the extent with which these pigments can absorb light.

No significant inter-annual differences in aph(665) were found
for summer (H = 5.58, p = 0.589), autumn (H = 9.98, p = 0.190) or
winter (H = 9.28, p = 0.233). However, spring aph(665) varied sig-
nificantly between years (H = 14.56, p = 0.042) with higher absorp-
tion particularly for 2005 and 2006 (Fig. 3). Although there was a
large variation in the timing of the summer aph(665) maximum
between years (Fig. 3), its magnitude remained comparatively
constant.
3.2. Time series of primary production

Surface water primary production, calculated from aph(665) are
shown for 2003–2010 (Fig. 4). There was a very tight match
between modelled and in situ PP0. Throughout this period, mean
PP0 was 43.3 mg C m�3 d�1 but varied between 3.0 and
279 mg C m�3 d�1. In winter and the latter half of autumn, PP0

was typically <35 mg C m�3 d�1 with a mean PP0 of just 12.7
(±7.1) mg C m�3 d�1. However, during spring mean PP0 increased
to 56 (±43) mg C m�3 d�1 with an average annual maximum spring
production of 140 (±43) mg C m�3 d�1. The initial spring time PP0

maximum occurred between 14th April (in 2003) and 21st May
(in 2007). This PP0 maximum generally corresponded with a bloom
of one species of diatom (e.g. Guinardia sp., Chaetocerosdebilis) or
flagellate (e.g. Phaeocystis sp.) although with varying degrees of
dominance. The highest PP0 in spring was observed in April 2006
equivalent to a carbon fixation of 188 mg C m�3 d�1 during a
mono-specific bloom of Guinardia sp., whilst maximum surface
production in spring 2010 was only 58 mg C m�3 d�1.

Surface production was even higher in summer compared with
spring with a mean PP0 of 74 (±53) mg C m�3 d�1 and a mean sum-
mer maximum of 184 (±62) mg C m�3 d�1. The timing of the sum-
mer maximum varied considerably between 9th July (in 2007) and
12th September (in 2006) as did the dominant species of the major
blooms. In half of the observed years, the dinoflagellate Karenia
mikimotoi contributed most to the carbon biomass amongst the
phytoplankton community (up to 97% of the total carbon) during
at least one summer peak in PP0. Other species also contributed
to one or more summer peaks during the time series including



Fig. 3. Box plots showing inter-annual variability in aph from 2003–2010 for spring (A), summer (B), autumn (C) and winter (D). Means for each season are shown as dotted
line. For each box the median (thick line), first and third quartiles (lower and upper box boundaries) and the minimum and maximum observations (lower and upper vertical
lines) are given. Kruskal–Wallis test statistics for inter-annual variability in aph are shown for each season.

Fig. 4. Temporal changes in modelled PP0 (mg C m�3 d�1) at L4 from 2003–2010. In situ PP0 is shown for 2009 and 2010 (red line). Phytoplankton taxa which contribute to
>25% of the total phytoplankton carbon (and their peak percentage contribution) are shown each year for up to three peaks in PP0 over 100 mg C m�3 d�1. Taxa shown are
diatoms Chaetoceros debilis (CDe), Guinardia sp. (Gui), Rhizosolenia setigera (Rhi), dinoflagellates Ceratium longipes (CLo), Karenia mikimotoi (KMi), Prorocentrum cordatum (PCo),
Prorocentrum triestinum (PTr), Scripsiella trochoidea (STr) and flagellate Phaeocystis sp. (Pha). Shading delimits different seasons. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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diatoms Chaetoceros debilis and Rhizosolenia sp. and dinoflagellates
Ceratium longipes, Prorocentrum cordatum, Prorocentrum triestinum
and Scripsiella trochoidea. The highest summertime PP0 was
279 mg C m�3 d�1 in a July 2008 bloom of Ceratium longipes.
Lower summer peaks of between 75 and 53 mg C m�3 d�1were
observed in 2006 and 2010, respectively, although a
Prorocentrum cordatum bloom occurred in early October 2006 con-
tributing to autumn productivity.

Depth-integrated primary production PPeu showed similar sea-
sonal profiles to PP0 with similar peaks and contributing taxa (data
not shown). Mean PPeu was higher in summer
(591 ± 296 mg C m�2 d�1) than in spring (363 ± 195 mg C m�2 d�1)
and PPeu was much lower in autumn and winter (data not shown).
Seasonal anomalies of PPeu were less than ±94 mg C m�2 d�1 and
less than ± 38% with the exception of autumn 2006 when mean
PPeu was 261 mg C m�2 d�1 (159%) above the 8-year autumn mean.
There was also a good match between modelled and in situ PP0, PPM

and PPNP (Fig. 5). PPM and PPNP were characterised by very different
seasonal and inter-annual trends. PPM and PPNP exhibited compara-
ble means over the 8-year time series (15.5 ± 18.8 and
14.2 ± 13.3 mg C m�3 d�1 respectively; Fig. 5) suggesting that
micro-phytoplankton and lower size classes contribute almost
equally to PP0.

The harmonic terms of the aph(665) time series explained 31%
of the variability in aph(665), with significant 12, 6 and 4 monthly
terms in the fitted model (Fig. 6B). The sub-annual harmonics were
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quite distinct, indicating the presence of repeating sub-annual
characteristics, explained by the bi-modal peak in the climatology
of aph(665) in Fig. 2A. For PPNP, the harmonic terms explained 44%
of the variability in the time series with significant 12, 6 and 4
monthly terms in the fitted model (Fig. 6D). There was a significant
underlying and negative linear, log10 scale, trend with a value of
10�0.12 (Fig. 6C). The linear trend and the annual harmonic pattern
constitute the majority of the fitted model. For PPM, the harmonic
terms explained 43% of the variability from 2003–2010, with sig-
nificant 12, 6 and 4 monthly terms in the fitted model. The annual
and 4 month harmonic patterns constitute the majority of the fit-
ted model (Fig. 6E), again indicating bi-modal peaks in PPM (spring
– diatoms; summer – dinoflagellates).

On a seasonal basis, mean PPM was higher than PPNP during
spring and summer, whilst PPNP was higher in autumn (Fig. 5).
No difference was found between PPM and PPNP in winter, since
PP was always low. Mean seasonal anomalies for PPM and PPNP

were ±31% and ±21% respectively, suggesting higher
inter-annual variability in PPM than in PPNP. The highest spring
PPM occurred in 2005 (89.3 mg C m�3 d�1) and 2006
(82.6 mg C m�3 d�1) and the highest mean summer PPM was in
2008 (41.6 mg C m�3 d�1). No clear trend was evident for PPM

from 2003–2010. Mean PPNP was particularly high during sum-
mer from 2003–2005 with a maximum of 32 mg C m�3 d�1 in
2006. In both spring and summer of 2010, PPNP was low 2010
(8.7 and 16.1 mg C m�3 d�1 respectively). There was a significant
negative trend in the seasonal anomaly in PPNP from 2003–2010
(F1,32 = 14.86, R2 = 0.33, p = 0.001) indicating a significant decline
in PPNP from 2005 to 2010 (Fig. 7C).

Overall, total annual PPeu (RPPeu) at L4 varied between 91 and
128 g C m�2 y�1with a low coefficient of variance of 12%
(Table 1). RPP0 varied almost twofold between 9.9 and
18.0 g C m�3 with a higher coefficient of variance than RPPeu

(16%). Although instantaneous PP0 and PPeu were strongly corre-
lated, a low RPP0 did not always result in a low RPPeu (e.g. 2010)
Fig. 5. Temporal variation in modelled PP0 (mg C m�3 d�1) in micro- (solid line) and nan
for 2009 and 2010; red circles are micro-PP0, blue circles are nano + pico-PP0. (For interp
web version of this article.)
probably reflecting subsurface blooms. Mean RPPM and RPPNP

were 7.9 (±1.5) and 7.1 (±1.3) g C m�3, respectively.
3.3. Environmental and biological forcing factors on primary
production

The dependence of PP0 and the relative contributions of PPM and
PPNP to PP0 (fM and fNP, respectively) upon biological and environ-
mental variables via the PCA eigenvalues demonstrated that the
first two principal components account for <50% of the variability
in the dataset (Fig. 8A). PC1 explained 34% of the variability in
the dataset and PC2 explained 14%. PC1 explained the seasonal dif-
ference between samples with positive eigenvalues attributed to
spring and summer samples and negative values attributed to
autumn and winter samples (Fig. 8B). The main variables con-
tributing to PC1 positive eigenvalues values were PP0 (R2 = 0.58),
fM and diatom biomass (R2 = 0.54) and to a lesser extent the bio-
mass of dinoflagellates, coccolithophores and flagellates as well
as temperature (Fig. 8C). This is consistent with the seasonality
of stratification and primary production in the WEC, which on
the one hand is potentially governed by temperature control on
enzymatic processes associated with carbon fixation (Eppley,
1972) and on the other by phytoplankton succession (Moore
et al., 2005). PC1 negative values were attributed to nitrate
(R2 = 0.58), phosphate, silicate and fNP. Thus from PC1, PP0 and fM,
in the form of diatoms and dinoflagellates, were negatively corre-
lated with nitrate and phosphate reflecting nutrient reduction or
limitation during high biomass and primary production associated
with micro-phytoplankton dominance. The main variables con-
tributing to PC2 were fNP (R2 = 0.49), temperature (R2 = 0.18),
dinoflagellate biomass (R2 = 0.17) and aph

⁄ (R2 = 0.15) with positive
eigenvalues and also fM, diatoms and MLD but with negative val-
ues. PC2 describes the temporal separation between deeper mixed
layer and diatoms and a warming of the water column and high aph

⁄

associated with dinoflagellates (Fig. 8B and C).
o- + pico-phytoplankton (dotted line) at L4 from 2003–2010. In situ PP0 is also given
retation of the references to colour in this figure legend, the reader is referred to the



Fig. 6. Trend analysis of (A) aph(665), (C) nano- & pico-primary production (PPNP) and (D) micro-phytoplankton primary production (PPM); black line is the data series, blue
line is the model fit. Harmonic periodograms of (B) aph(665), (D) nano- & pico-primary production and (F) micro-phytoplankton primary production from time series data.
Vertical red dashed lines indicate significant harmonics. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Surprisingly, forward stepwise multiple regression further
demonstrated that changes in diatom biomass explained a signifi-
cant proportion of PP0, PPeu and PPM variance during summer,
whereas flagellate biomass was related to PP0 and PPeu during
spring (Table 2). In addition, flagellate biomass was a significant
predictor of production for both size groups during spring, whilst
the relationship between diatom biomass and PPM was only signif-
icant in spring and summer (Table 2). According to PC2, fNP was
primarily associated with dinoflagellates, coccolithophores, flagel-
lates, temperature and aph

⁄ suggesting that these phytoplankton
classes modulate production at L4 via higher light absorption effi-
ciency (Fig. 9). The forward stepwise regression also demonstrated
that in summer, production was controlled by aph

⁄ particularly for
PPNP with higher production by the smaller size classes associated
with higher aph

⁄ , thus also suggesting a higher light absorption effi-
ciency for fNP.

In summary, community structure explained the highest per-
centage variance in PP0 and PPeu at L4, with Phaeocystis sp. in
spring and dinoflagellates, coccolithophores and flagellates in sum-
mer. The taxa that describe most of the variability in PPM and PPNP

are shown in Table 3. Temporal variability of the diatom
Rhizosolenia sp. explained 28.7% of the variation in PPM throughout
the time series, whilst the diatom Guinardia delicatula and
dinoflagellate Dinophysis sp. explained a further 12.7% and 6.6%
respectively. A total of 87% of PPM could be explained by 38 taxa.
The dinoflagellate Karenia mikimotoi accounted for 29.3% of the
variability in PPNP. Rhizosolenia sp. also explained a further 6.8%
in the variability in PPNP and a maximum of 74% could be explained
by 23 taxa.

The only environmental variables that explained a significant
variance in PP0, PPeu and PPM were nitrate in spring and salinity
in summer, which were negatively correlated (Table 2). This sug-
gests that high PP at L4 (and especially in micro-phytoplankton)
is strongly associated with nutrient uptake and fresh water input.
Silicate was also positively correlated with PPNP in summer
(Table 2). Run-off from the River Tamar can result in increased
concentrations of nitrate, phosphate and silicate at station L4
(Rees et al., 2009). Since nitrate and phosphate are used by
nano + pico-phytoplankton, high silicate concentrations remain in
the water column as a tracer of river run-off.

3.4. Forcing factors on seasonal carbon fixation budgets and phenology

To further understand the inter-annual variability in seasonal
carbon budgets for both size fractions, seasonal averages of environ-
mental and community variables were further examined using
regression analyses against total spring and summer PPM and PPNP

as well as the timing of the spring maximum of PPM and PPNP

(Fig. 9). No average seasonal biomass of any of the phytoplankton
classes tested was significantly correlated with either PPM or PPNP

during spring or summer (data not shown). Average spring PPM from
2003–2010 was significantly and negatively correlated with mean
spring irradiance (r = �0.872, p = 0.005) and positively correlated
with mean spring rainfall (r = 0.754, p = 0.031; Fig. 9), illustrating a



Fig. 7. Yearly seasonal anomalies in (A) PPeu (mg C m�2 d�1), (B) PPM (mg C m�3 d�1) and (C) PPNP (mg C m�3 d�1) from 2003–2010. For each production measurement, the
seasonal mean is indicated in parentheses and must be added to the anomaly to get the total production value. A significant negative relationship between the seasonal
anomalies and year was found for PPNP, the statistics of which are shown (C). Sp is spring, Su is summer, Au is autumn and Wi is winter.

M.K. Barnes et al. / Progress in Oceanography 137 (2015) 470–483 477
linkage between rainfall and cloud cover which reduces irradiance.
In contrast, mean spring PPNP was significantly correlated with
mean winter silicate (r = 0.725, p = 0.042) but not nitrate
(r = 0.650, p = 0.081). There were no significant relationships
between mean summer PPM or PPNP and environmental variables.
The timing of the spring PPM maximum (PPM

max), which corresponded
to the first major increase in productivity in all years except for
2008) was positively correlated with salinity (r = 0.730, p = 0.040)
and negatively correlated with mean wind speed (r = �0.862,
p = 0.006). Thus, in years when wind speed was particularly low
and with reduced salinity intrusions from the River Tamar, blooms
occurred much later in the year. In years with low mean spring
SST (e.g. 2006, 2010), the spring bloom occurred earlier although
the relationship between PPM

max and SST could not be satisfactorily
explained by a significant linear regression (r = 0.669, p = 0.069).
During warmer years when the wind speed was low (e.g. 2004 &
2008), which results in stronger stratification, the spring bloom pro-
duction occurred later (Fig. 9E and G), presumably due to a reduction
in the availability of winter nutrients under higher stratification. No
significant relationships were found to explain the timing of PPNP

max.
In summary, on a weekly basis changes phytoplankton community
composition had a significant effect on the temporal changes in PP
(Fig 8, Table 3). On a seasonal basis, PPM was significantly and nega-
tively correlated with mean spring irradiance and positively corre-
lated with mean spring rainfall, whereas PPNP was significantly
correlated with mean winter silicate.

4. Discussion

4.1. Seasonal and inter-annual variability in primary production in the
Western English Channel

Our unique primary production time series acquired from
8 years of phytoplankton absorption observations has enabled a
description of size-class specific phytoplankton production in the
WEC for the first time; importantly we show for this site that
annual productivity has been driven by two or more blooms within
each year, and with one phytoplankton species usually dominating
the carbon biomass (Fig. 4). Our finding contrasts against the ‘‘clas-
sical’’ view for the WEC of a single annual bloom that reaches a
maximum in spring (Boalch et al., 1978) as the major driver of
the annual carbon budget (Joint and Groom, 2000). Instead our
data is more consistent with reports of bi-modal peaks for some
regions of the NE Atlantic (McQuatters-Gollop et al., 2011;
Tilstone et al., 2014); however, for L4 the secondary summer peak
is often higher than the spring peak as a result of periodic dinoflag-
ellate blooms in the summer (Barnes et al., 2015) and an overall
temporal trend of declining diatom biomass in spring
(Widdicombe et al., 2010). A key question at this stage is whether
primary production during spring versus summer has similarly
changed (Henson et al., 2010)?

Station E1 (50�020N 4�220W) in the WEC is further offshore
than L4 but previously the focus of a long-term study of primary
production from 1964–1986 (Boalch, 1987; Boalch et al., 1978).
Throughout this time frame (1964–1986) mean production in
April and May (ca. 1000 mg C m�2 d�1) was >50% higher than that
observed from July–September Boalch (1987). At other stations
further offshore into the Channel, the relative importance of sum-
mer productivity increases and (Boalch et al., 1978) suggest it
may even outweigh carbon fixation during spring in the centre
of the WEC. Short-duration cruises have also observed high pro-
ductivity in the centre of the Channel during summer particularly
during blooms of Karenia mikimotoi (Garcia and Purdie, 1994;
Holligan et al., 1984). Whilst the 1964–1986 E1 time series pro-
vides an indication of mean seasonality from over 23 years of
observations, the temporal resolution is insufficient (between
4–10 measurements per year) to accurately yield coherent infor-
mation on seasonal or inter-annual variability in carbon budgets.



Fig. 8. Results of Principal Component Analysis showing the eigenvalues associated
with the first five principal axes (A), the projection of the individual samples
(categorised by season) on the plane formed by the first two principal axes (B) and
the related correlation circle.

Table 2
Significant environmental and community predictors of spring and summer produc-
tion as determined by multiple regression.

R2 = 0.19 df = 39 Coeff. T Sign.

(A) PP0 (Spring, n = 56)
Intercept �214.1
Flagellates 79 3.55 p = 0.001
R2 = 0.32 df = 39

(B) PPeu (Spring, n = 56)
Intercept �810.7
Flagellates 336 �2.94 p = 0.005
Nitrate �25.3 �2.60 p = 0.012
aph
⁄ 7977 2.55 p = 0.014

R2 = 0.26 df = 48

(C) PP0 (Summer, n = 65)
Intercept 2442
Salinity �70 �3.11 p = 0.003
aph
⁄ �2913 3.41 p = 0.001

Diatoms 19.3 2.39 p = 0.020

R2 = 0.43 df = 48

(D) PPeu (Summer, n = 65)
Intercept �8521
aph
⁄ �27,403 6.65 p < 0.001

Diatoms 94 2.40 p = 0.019
Salinity �243 �2.24 p = 0.028
R2 = 0.22 df = 39

(E) PPM (Spring, n = 56)
Intercept �119.1
Flagellates 40 2.65.65 p = 0.010
Diatoms 7.7 2.05 p = 0.046
R2 = 0.22 df = 39

(F) PPNP (Spring, n = 56)
Intercept �67.1
Flagellates 28.1 �3.04 p = 0.004
Nitrate �1.27 �1.64 p = 0.047
R2 = 0.31 df = 48

(G) PPM (Summer, n = 65)
Intercept 1479
Diatoms 15.1 2.74 p = 0.008
Salinity �41 �2.81 p = 0.007
Coccolithophores �13.8 �2.44 p = 0.017
R2 = 0.37 df = 48

(H) PPNP (Summer, n = 65)
Intercept �14.62
aph
⁄ �1172 3.59 p = 0.001

Silicate 5.6 4.04 p < 0.001
Nitrite �43 �2.07 p = 0.042
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Recent research from weekly sampling at L4 has shown fluctua-
tion between winter when station L4 acts as a CO2 source to
the atmosphere, and spring and summer when it acts as a CO2

sink (Kitidis et al., 2012).
Estimates of total annual production have also previously been

made for the WEC. Notably, Joint and Groom (2000) applied a sim-
ple empirical algorithm to estimate primary production at E1
based on satellite-derived chlorophyll concentrations; however,
their analysis was restricted to the period April to September inclu-
sive to reduce the effects of suspended particulate material on
chlorophyll retrieval during winter. Even so these authors report
production estimates of 122 and 124 g C m�2 in 1998 and 1999,
respectively, with the highest carbon fixation in spring. Based on
mixing rates and the transfer of inorganic phosphate through the
thermocline, Pingree and Pennycuick (1975) similarly estimated
ca. 100 g C m�2 annually at E1. The only estimate at station L4 to
date has been from 2001 where 14C in situ measurements yielded
ca. 82 g C m�2 (Woods, 2003). Thus our estimates (91–
124 mg C m�2) are more in line with past E1 estimates and suggest
previous estimates for L4 have been underestimated, most likely
since Woods (2003) data were based on a non-standard 24 h incu-
bation method which, given dark loss of fixed carbon, is expected
to under-estimate gross production. Importantly, our results build
on such past estimates to demonstrate substantial inter-annual
variability in the timing and magnitude of the spring bloom,
(Figs. 2A, 4 and 5). The two years with the highest annual carbon
fixation budgets (2005 and 2006) also had the highest total spring
budgets (Fig. 8). Furthermore there was no significant difference in
mean summer aph biomass between years (Fig. 3B) although sum-
mer blooms varied substantially in their temporal profile. As such,
whilst the summer period is responsible for most of the annual car-
bon fixation at L4, variability in the spring bloom ultimately
appears to drive the total annual productivity given the higher
variability in total nutrient supply for spring blooms than for sum-
mer blooms.



Fig. 9. Significant predictors of seasonal carbon fixation budgets and the timing of the spring maximum. Regressions between total spring PPM (g C m�3) and both mean
irradiance (mol photons m�2 d�1, A) and mean rainfall (mm d�1, B) for the same period; spring PPNP (g C m�3) and both mean nitrate (lmol L�1, C) and silicate winter
concentrations (lmol L�1, D); timing of the spring PPM

max (day of year) and mean spring SST (�C, E), salinity (psu, F) and wind speed (m s�1, G). Year numbers are indicated for
each point.

Table 3
Phytoplankton taxa explaining >3% of the variability in PPM (A) and PPNP (B) at L4, as
determined by a multiple regression. Approximate size range is indicated according
to Tomas (1996).

Species Group T p R2 (%) Size range (lm)

(A) PPM

Rhizosolenia sp. Diat 7.70 <0.001 28.7 4–25 (width)
Guinardia delicatula Diat 5.87 <0.001 12.7 9–22

(diameter)
Dinophysis acuta Dino 5.87 <0.001 6.6 43–60 (width)
Guinardia flaccida Diat 5.07 <0.001 3.9 42–90

(diameter)
Thalassiothrix sp. Diat 4.50 <0.001 3.8 >100 (length)
Karenia mikimotoi Dino 4.35 <0.001 3.3 14–35 (width)
+32 taxa <0.050 +28.4

(B) PPNP

Karenia mikimotoi Dino 10.26 <0.001 29.3 14–35 (width)
Rhizosolenia sp. Diat 4.12 <0.001 6.8 4–25 (width)
Diploneis crabro Diat �4.03 <0.001 5.2 30–50 (width)
Prorocentrum

cordatum
Dino 6.07 <0.001 4.5 8–22

(diameter)
Haslea cf warwickae Diat �5.77 <0.001 5.3 >100 (length)
Heterocapsa sp. Dino 4.24 <0.001 3.4 8–12 (width)
+17 taxa <0.050 +19.4
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4.2. Dependence of primary production on phytoplankton community
composition

Both PPM and PPNP exhibited bi-modal peaks in production
throughout (Fig 5), but importantly had different seasonal and
inter-annual trends from 2003–2010 with smaller size group con-
tributing 48% of the carbon fixation in surface waters and even
higher relative contribution in autumn. Globally PPNP has recently
been shown to account for between 95% (Brewin et al., 2010a) and
68% (Uitz et al., 2010) of total annual carbon fixation. Contribution
of micro-phytoplankton to total carbon fixation is considerably
greater in temperate and coastal ecosystems (Uitz et al., 2010),
including the North Atlantic (McQuatters-Gollop et al., 2011).
However, nano- and pico-phytoplankton appear to have relatively
low biomass at station L4 (Tarran and Bruun, 2015), but signifi-
cantly higher photosynthetic efficiency likely yielding higher pho-
tosynthetic rates (Barnes et al., 2014). Previous studies have
reported pico-phytoplankton biomass and production to be consis-
tently low and much less variable than larger size classes (Uitz
et al., 2010), only contributing high proportions of productivity
in oligotrophic gyres (Maranon et al., 2001; Moreno-Ostos et al.,
2011). Nano-phytoplankton on the other hand often enhance pro-
duction particularly in coastal upwelling regions (Hirata et al.,
2009; Tilstone et al., 1999), due to a higher efficiency of light util-
isation (Tilstone et al., 1999). In the WEC, a significant decline in
PPNP was observed throughout the time series (Fig. 6C), primarily
driven by high summer and spring anomalies from 2003–2005
and low anomalies from 2008–2010 (Fig. 7), and replaced by PPM

dominance.
Long-term community dynamics of phytoplankton functional

types in the WEC are relatively well understood. For example, from
1992–2007 at L4, flagellates were the numerically dominant func-
tional group (Widdicombe et al., 2010), yet diatoms and dinoflag-
ellates have much higher cellular carbon concentrations
(Menden-Deuer and Lessard, 2000) and thus contribute more to
total carbon fixation (Figs. 4 and 5); however, our study showed
that PPM was primarily driven by diatoms whilst PPNP and not
linked to a particular group, but instead associated with higher
light absorption efficiency. Widdicombe et al. (2010) reported a
decrease in diatoms and Phaeocystis sp. over the 15 years from
1992 to 2007 in the WEC, and an increase in dinoflagellates and
coccolithophorids. The decrease in Phaeocystis sp. observed by
Widdicombe et al. (2010) was particularly marked from 2004 to



480 M.K. Barnes et al. / Progress in Oceanography 137 (2015) 470–483
2007 and the cell abundance was also low in 2008 and 2009. This
may be exerting a significant effect on PPNP. Though Widdicombe
et al. (2010) have observed a steady decline in diatoms, there
was no apparent impact on PPM, since this appeared counter bal-
anced in the micro-phytoplankton with an increase in dinoflagel-
lates during summer over the time series. When PPM was high,
PPNP was low (Fig. 10), presumably due to competition for
resources.

Numerous studies have shown that variability of aph
⁄ is essen-

tially driven by pigment packaging, which in turn is altered by phy-
toplankton community size structure and taxon-specific pigments
(Bricaud et al., 2004). As noted above, L4 has seen significant long
term changes in diatom and coccolithophore abundance over time
(Widdicombe et al., 2010) and spring productivity over the past
decade has been primarily linked to flagellate biomass (Fig 8).
Consequently, the fact that changes in mean seasonal abundance
of diatoms, dinoflagellates, flagellates or coccolithophores were
unrelated to inter-annual changes in seasonal budgets of primary
production (Fig. 9), therefore suggests that variability of productiv-
ity we observe (and hence a⁄ph) is generally more strongly linked to
phytoplankton functional groupings than phytoplankton size classes.
Point variability in primary production over the time series, how-
ever, could be explained by individual species of diatoms and
dinoflagellates (Table 2). Summer Karenia mikimotoi blooms have
been recently shown to result in the highest contribution of any spe-
cies to carbon fixation over an annual cycle in the WEC (Barnes et al.,
2015). K. mikimotoi is typically 30 lm in size and usually considered
a member of the micro-phytoplankton size class (Tomas, 1996);
however, the fact that it explains the greatest proportion of the vari-
ance in PPNP is surprising but could reflect (i) the close association
between K. mikimotoi and nano-phytoplankton blooms (above)
rather than a direct contribution to PPNP, and or (ii) possible
co-occurrence of phytoflagellates sustained by the dissolved organic
matter from K. mikimotoi blooms. Furthermore, during the summer
presence of Rhizosolenia sp. was also strongly related to primary pro-
duction to make a significant contribution to the variance in PPM

and, to a lesser extent, in PPNP. However, whilst diatoms often form
large chains that are typically retained in the 10 lm filters, single
cells can still pass through this pore size and potentially introduce
bias in PPNP. Such explanations are presently impossible to fully
resolve and clearly warrant further investigation; however, funda-
mentally, long term decline in either of these species has been found
and thus cannot ultimately explain the observed patterns in PPNP.

4.3. Dependence of primary production on abiotic factors

The dependence of phytoplankton photo-physiological proper-
ties on abiotic factors, such as irradiance, temperature and nutri-
ents has been extensively documented (Geider et al., 1996;
Stramski et al., 2002) but few direct observations have been made
in the field (Babin et al., 1996; Bouman et al., 2003; Maranon et al.,
2003; Moore et al., 2005). From the PCA, higher PP0 and PPM were
linked to the seasonal increase in temperature (Fig. 8) whilst from
the stepwise multiple regression, decreases in salinity in summer
lead to higher PPeu, PP0 and PPM. During summer low saline intru-
sions have previously been shown to alleviate nutrient limitation
and induce an increase in phytoplankton biomass in coastal waters
(Smayda, 1997) which in turn may affect the density structure, and
hence the circulation of phytoplankton. However, whilst salinity
was a significant predictor of L4 production during summer, it only
explained a small proportion of the variance in productivity whilst
temperature was not found to be a significant predictor of instan-
taneous production for specific seasons (Table 2).

Temperature controls the enzymatic processes associated with
photosynthesis, and in water temperatures below 20 �C such as
those at L4, the optimum daily photosynthetic rate increases
linearly as a function of temperature (Behrenfeld and Falkowski,
1997; Eppley and Renger, 1974). Whilst the relationship between
temperature and photosynthesis has been used to parameterise
the physiological state variable in many satellite based in many
primary production models (Behrenfeld and Falkowski, 1997;
Morel, 1991), these are inaccurate at L4 (Barnes et al., 2014), pos-
sibly since the variability in PP0 and PPeu at weekly time scales is
driven principally by the phytoplankton community composition
rather than temperature, even though these parameters can be
coupled. New parameterisation of photosynthetic parameters
based on size classes (Uitz et al., 2008) and/or temperature specific
relationships at L4 (e.g. Xie et al., 2015) may therefore improve
these relationships, but require further testing in coastal waters.

Spring productivity was highly variable over the time series yet
several significant relationships were found between abiotic fac-
tors and total spring production. PPNP was significantly positively
related to mean winter silicate and, apart from in 2010, was
strongly related to winter nitrate (Fig. 9). Furthermore both winter
nitrate and silicate were higher during 2003–2005 than from
2006–2010 and thus potentially explain the temporal decline in
PPNP from 2003–2010. Whilst high nutrients are generally thought
to promote larger cells such as diatoms (McAndrew et al., 2007;
Poulton et al., 2006), recent studies have observed a stimulating
effect of nitrate on the growth rates of smaller cells
(Huete-Ortega et al., 2011). In the presence of decreasing winter
nitrate, micro-phytoplankton may dominate the uptake of nitrate
compared to nano- + pico-phytoplankton, which would also cause
a decline in PPNP (Fig. 10). Changes in nutrient concentrations in
the WEC in the past decade have therefore had a significant effect
on PPNP and carbon fixation as a whole (Fig. 8, Table 2).

Climate change induced warmer SST are expected to result in
changes in stratification in the North Atlantic and could result in
earlier spring blooms of higher magnitude (Behrenfeld et al.,
2006; Sarmiento et al., 2004). These blooms may then extend
throughout the summer (Raitsos et al., 2014) especially in areas
with thermal fronts and bathymetric ridges (Tilstone et al., 2014)
which act as a nutrient supply to the photic zone. In our study,
increased SST and decreased wind speeds were associated with
later blooms and mixed layer depth was unrelated to either the
timing of the blooms or the annual carbon fixation. Later timing
of the spring bloom coupled with increases in precipitation forced
by changes in the jet stream (Francis and Vavrus, 2012; Rahmstorf
and Coumou, 2011) would lead to spring blooms that continue into
the summer in these coastal waters; a situation which occurred in
both 2011 (Queirós et al., 2015) and 2012 (Zhang et al., 2015) at
station L4. During years with high summer precipitation, there
was an increase in both micro- and total primary production (e.g.
2004, 2008, 2009; Figs. 4, 5, and 9B). Longer bloom duration would
enhance the drawdown of CO2 in coastal regions of the WEC.
However, this is highly dependent on the dominant phytoplankton
group; for example increased precipitation can trigger the poten-
tial HAB Karenia mikimotoi (Barnes et al., 2015), and in this case
the fixed carbon maybe released back to the atmosphere or accu-
mulate in the sediment causing potential anoxic effects. Even so,
our observations for L4 contrast with other regions (such as the
North Sea, e.g. Wiltshire et al. (2008), suggesting that long term
effects of increases in temperature may be somewhat localised.

Changes in production may ultimately be more related to
altered community structure (Richardson and Schoeman, 2004)
than abiotic factors (see also above for point measurements).
Meteorological variables such as rainfall and irradiance were also
observed to affect the total spring production budget between
years (Fig. 9). Higher mean spring irradiance was however, associ-
ated with lower absolute PPM. This relationship seems
counter-intuitive, but it could be possible that the turbulent condi-
tions associated with high winds and clear skies, i.e. high



Fig. 10. Size fractionated primary production data collected from the Western English Channel during 2009–2011 for micro- (solid line) and nano + pico-phytoplankton
(dashed line).
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irradiance, inhibit the onset of PPM. Higher PPM was associated
with high rainfall and therefore cloud cover and lower irradiance,
which is associated with lower wind speeds and promote the tran-
sition from winter mixing to spring stratification of the water col-
umn to trigger PPM. In this case knowledge of physiology that is not
accounted for by a⁄ph (i.e. the quantum yield), and how it varies
amongst taxa and in response to short-term environmental fluctua-
tions (e.g. Moore et al., 2006) is likely critical to reconcile our obser-
vations. Additionally, it is possible that during years with high
irradiance, blooms develop much quicker and have a much shorter
duration (Cushing, 1989), which could be missed by the weekly sam-
pling periodicity. To further enhance the frequency of sampling,
optical based algorithms of primary production such as that of
Barnes et al. (2014), could be used in conjunction with autonomous
measurements of absorption from WetLabs ac9 or acS type instru-
ments deployed on mooring or in continuous data acquisition mode
on ships.
5. Conclusions

We have demonstrated how phytoplankton absorption can pro-
vide an important means of estimating coastal primary production,
and can be successfully applied to measurements of aph(k) to
derive long-term time series of both surface and
depth-integrated primary production. Combined with knowledge
of size-fractionated phytoplankton absorption, this method can
also be used to derive production time series for different size
classes, which can then be used to investigate the drivers of
long-term trends in primary production. Over the past decade at
station L4, PPeu varied between 91–128 g C m�2 d�1 whilst PP0 var-
ied between 9.9–18 g C m�3 d�1. Nano- and pico-phytoplankton
contributed equally to the annual primary production as
micro-phytoplankton. The weekly variability in primary produc-
tion was related to phytoplankton species community composi-
tion. Species such as Karenia mikimotoi and Rhizosolenia sp.
(micro-phytoplankton size class) explained much of this variabil-
ity. Significant repeat cycles in PPNP and PPM were evident at 6
and 4 months, illustrating bi-modal peaks in the production of
both micro- and nano + pico-phytoplankton, which were stronger
in some years (e.g. 2007, 2008) than others years (e.g. 2004,
2005, 2006 & 2010). PPNP and PPM were decoupled, and only when
PPNP was low did PPM become higher (Fig. 10). A decline in PPNP

over the 8-year time series was observed, which was related to a
decrease in winter nitrate and silicate and Phaeocystis sp. from
2003–2010. On a seasonal basis, PPM remained stable from 2003
to 2010, and was enhanced in summer during periods of high rain-
fall and river run-off. An increase in SST and salinity, and decrease
in wind speeds were associated with later maxima in PPM. The dec-
adal variability in primary productivity at L4 would suggest that
future increases in temperature and decrease in wind speeds,
would induce the spring peak in production to occur later. This
in conjunction with increased summer precipitation forced by
changes in the jet stream, could continue throughout the summer
at this coastal site.
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