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A B S T R A C T

A detailed analysis of the internal stoichiometry of a temperate latitude shelf sea system is presented which
reveals strong vertical and horizontal gradients in dissolved nutrient and particulate concentrations and in the
elemental stoichiometry of those pools. Such gradients have implications for carbon and nutrient export from
coastal waters to the open ocean. The mixed layer inorganic nutrient stoichiometry shifted from balanced N:P in
winter, to elevated N:P in spring and to depleted N:P in summer, relative to the Redfield ratio. This pattern
suggests increased likelihood of P limitation of fast growing phytoplankton species in spring and of N limitation
of slower growing species in summer. However, as only silicate concentrations were below potentially limiting
concentrations during summer and autumn the stoichiometric shifts in inorganic nutrient N:P are considered due
to phytoplankton nutrient preference patterns rather than nutrient exhaustion. Elevated particulate stoichio-
metries corroborate non-Redfield optima underlying organic matter synthesis and nutrient uptake. Seasonal
variation in the stoichiometry of the inorganic and organic nutrient pools has the potential to influence the
efficiency of nutrient export. In summer, when organic nutrient concentrations were at their highest and in-
organic nutrient concentrations were at their lowest, the organic nutrient pool was comparatively C poor whilst
the inorganic nutrient pool was comparatively C rich. The cross-shelf export of these pools at this time would be
associated with different efficiencies regardless of the total magnitude of exchange. In autumn the elemental
stoichiometries increased with depth in all pools revealing widespread carbon enrichment of shelf bottom waters
with P more intensely recycled than N, N more intensely recycled than C, and Si weakly remineralized relative to
C. Offshelf carbon fluxes were most efficient via the inorganic nutrient pool, intermediate for the organic nu-
trient pool and least efficient for the particulate pool. N loss from the shelf however was most efficient via the
dissolved organic nutrient pool. Mass balance calculations suggest that 28% of PO4

3−, 34% of NO3
− and 73% of

Si drawdown from the mixed layer fails to reappear in the benthic water column thereby indicating the pro-
portion of the nutrient pools that must be resupplied from the ocean each year to maintain shelf wide pro-
ductivity. Loss to the neighbouring ocean, the sediments, transference to the dissolved organic nutrient pool and
higher trophic levels are considered the most likely fate for these missing nutrients.

1. Introduction

The coastal ocean is responsible for 10–20% of global marine pri-
mary production, 8–15% of net oceanic CO2 uptake, and ∼40% of
global particulate carbon sequestration yet covers only ∼7% of global

ocean area (Wollast, 1998; Thomas et al., 2004; Muller-Karger et al.,
2005; Simpson and Sharples, 2012; Chen et al., 2013; Schlesinger and
Bernhardt, 2013; Laruelle et al., 2014). Shallow coastal seas therefore
play a disproportionately important role in many aspects of the global
carbon cycle (Liu et al., 2010; Wong et al., 2014). The coastal ocean is
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also changing rapidly in response to multiple stressors and under-
standing of its role in the global carbon cycle remains incomplete
(Bauer et al., 2013; Regnier et al., 2013; Wong et al., 2014).

As a net sink for atmospheric CO2 the coastal ocean removes 0.2–0.4
Pg C annually (Chen et al., 2013; Laruelle et al., 2014). Ultimately this
carbon, along with carbon transferred to the benthic waters of the shelf
via the biological carbon pump, is exported offshelf into the ocean in-
terior forming the continental shelf pump with only a small fraction
buried in shelf and upper continental slope sediments (Mitchell et al.,
1997; de Haas et al., 2002; Thomas et al., 2005). It is generally accepted
that the continental shelf pump must operate at a similar magnitude to
the net atmospheric CO2 sink in order for the latter sink to occur at all.
However, whether the continental shelf pump operates under a fixed or
variable stoichiometry relative to the oceanic mean has interesting
consequences for the long-term biological productivity of the shelf. If,
for example, the net offshelf carbon flux is associated with a fixed
carbon to nitrogen (C:N) or carbon to phosphorous (C:P) ratio that is
equal to the oceanic inflow a persistent net carbon export due to at-
mospheric inputs would lead to long-term N and P limitation on the
shelf. Consequently, riverine N and P input, atmospheric N deposition
and biological N2 fixation assume a greater importance for balancing
shelf productivity nutritional requirements. Alternatively, if there is
plasticity in C:N or C:P then a net offshelf carbon flux can be sustained
by internal biogeochemical processes that elevate C:N or C:P in the
outflowing waters relative to oceanic waters flowing onto the shelf.
Clearly, which of these two scenarios is correct is important to under-
stand as a fixed ratio assumption may require the identification of ad-
ditional nutrient sources to support shelf wide productivity, whilst the
variable ratio assumption does not. An answer to this question can
subsequently inform the wider debate about the internal biogeochem-
ical functioning of shelf sea systems, numerical model development,
and whether there are missing nutrient source terms or not.

Here we demonstrate that a critical component of the coastal
ocean’s ability to export and potentially sequester carbon in the ad-
jacent ocean is strong plasticity in elemental ratios in both dissolved
and particulate pools driven by biological and physicochemical pro-
cesses. Consequently, greater awareness of the importance of seasonally
variable stoichiometry is recommended for future coastal ocean studies.

2. Methods

2.1. Hebrides Shelf

The Hebrides Shelf (∼55–60°N, 6–10°W), part of the larger
Northwest European Shelf, was sampled in October and November
2014. Six cross-shelf transects were conducted extending from the mid-
shelf past the shelf break and out into the open North Atlantic Ocean
(Fig. 1a). Water samples were collected from between 5 and 24 depths
for a range of analyses including dissolved inorganic nutrients, dis-
solved oxygen, dissolved inorganic carbon (DIC), and particulate frac-
tions, including particulate organic carbon (POC), particulate organic
nitrogen (PON), particulate organic phosphorous (POP), particulate
inorganic carbon (PIC), and biogenic silica (bSi).

Nutrient samples were collected in sterile 25ml plastic vials and
analysed immediately using a Skalar Sanplus autoanalyser, common
methodologies (Kirkwood, 1996; Hydes et al., 2010) and inter-
nationally certified reference materials (http://www.scor-int.org/
SCOR_WGs_WG147.htm).

Dissolved oxygen concentrations were measured in duplicate with
the Winkler whole bottle titration method (Langdon, 2010). Up to 12
depths were sampled at each station with measurement accuracy esti-
mated to be± 0.31 μmol L−1. Apparent oxygen utilization (AOU) rates
were calculated as the difference between saturated oxygen con-
centrations calculated from in-situ temperature and salinity and mea-
sured dissolved oxygen concentrations (e.g. Clargo et al., 2015).

DIC samples were collected and measured following best practice

guidelines (Dickson et al., 2007). 0.6 L water samples were collected in
borosilicate glass bottles with plastic caps and analysed immediately
on-board in a temperature controlled container laboratory using two
VINDTA 3C instruments. All analyses were conducted using certified
reference material (batch 140) and the data is available via Hartman
et al. (2017). Note that in the text below DIC concentrations may be
reported with dual units of μmol kg−1 and μmol L−1. This was due to
aspects of the following analysis being possible only with data reported
in base units of μmol L−1. DIC concentrations were converted from the
preferred units of μmol kg−1 to μmol L−1 using a density conversion
factor based on the sample salinity and analytical measurement tem-
perature.

The particulate fractions were measured on either 1 L water samples
filtered onto ashed/acid washed 25mm glass fibre filters (GF/F, 0.7 μm
nominal pore size) for POC, PON and POP or 0.5 L samples filtered onto
0.8 μm or 0.2 μm 25mm polycarbonate filters for bSi and PIC respec-
tively. Organic carbon and nitrogen content was measured using a
Costech ECS 4010 CHN elemental analyser, organic phosphorous was
measured using the digestion method of Raimbault et al. (1999), bSi
was measured using the method of Ragueneau and Treguer (1994), and
PIC concentrations were measured using Inductively Coupled Plasma
Atomic Mass Spectrometry (ICP-MS) (Green et al., 2003). Further de-
tails of sampling and analytical procedures can be found in Painter et al.
(2016) with access to data via Painter (2017). In the following analysis
we assume a basic premise that measured particulate pools represent
biomass, a working assumption that is explored further in the discus-
sion.

The mixed layer at each station was estimated using a density dif-
ference criteria of 0.03 kg m−3 relative to near surface values (de Boyer
Montegut et al., 2004).

In the following, average nutrient and particulate pool concentra-
tions and elemental stoichiometries for the mixed layer and for the
water column beneath the mixed layer (the “benthic” layer) are pre-
sented. Technically this benthic layer definition includes intermediate
and true benthic waters (those in contact with the seabed) but for
simplicity the term benthic layer is used. Due to significant differences
in water column depth between stations the depth of the benthic layer
was limited to ∼300m off shelf to avoid introducing a deepwater bias
into the calculations (i.e. at stations where the seabed was> 300m
deep the offshelf ‘benthic’ layer stretched from the base of the mixed
layer to a maximum depth of 300m). At four inner shelf stations (B1,
C1, C2 and G1) the water column was fully mixed and no benthic layer
could be identified. For these stations the mean mixed layer con-
centrations were replicated as a benthic layer estimate.

2.2. Historical observations

A supporting reanalysis of historical observations was also under-
taken to provide a broader seasonal and annual context to place the
cruise observations within. This incorporated analyses of satellite
chlorophyll, inorganic and organic nutrients and particulate datasets.

2.2.1. Satellite observations of Chl-a
A time-series analysis of MODIS Aqua surface chlorophyll con-

centrations for the period 2002–2015 based on 8-day composite images
(4 km resolution, reprocessing R2014) was undertaken to provide an
overview of the phytoplankton seasonal cycle for a region of the shelf
(56–58°N, 8–9°W) and for the adjacent ocean (56–58°N, 12–14°W). For
each MODIS Aqua image all valid retrievals within the designated re-
gions were averaged to provide a mean chlorophyll concentration at a
single time point for the shelf and ocean time series respectively.
Further details of the data processing are provided in the supplemen-
tary materials.

2.2.2. Inorganic nutrients
Inorganic nutrient data from the Land Ocean Interaction Study-Shelf
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Edge Study (LOIS-SES; 1995–96 (Leeks and Jarvie, 1998; LOIS-SES
Project Members, 1999)) and from the World Ocean Database (WOD;
1960–2014 (Boyer et al., 2013)) were collated and reanalysed. Nutrient
observations from the upper 20m of the water column and within 30m
of the seabed were used to construct monthly mean nutrient con-
centrations and nutrient stoichiometries for the mixed layer and benthic
layer respectively, providing the seasonal context for the Hebrides Shelf
region (55–60°N, 7–12°W; Fig. 1b). Use of a constant mixed layer depth
and/or benthic layer thickness may simplify seasonal variability in both
layers but the aim here was to provide a simple seasonal index for
comparative purposes. Results are presented from the analysis of the
combined dataset which consisted of 6573 individual observations of
phosphate, silicate or nitrate from 808 unique locations across the shelf,
shelf break and offshelf regions for the period 1960–2014 (Fig. 1b).

2.2.3. Organic nutrients
Organic nutrient observations for the Hebrides Shelf region were

collated from the literature. Such observations are scarce for this region
and strongly biased towards dissolved organic carbon (DOC) and ni-
trogen (DON) measurements, with few dissolved organic phosphorous
(DOP) observations reported previously. Observations were collated
from the LOIS-SES study (LOIS-SES Project Members, 1999), the OMEX
study (OMEX Project Members, 1997) and from Moschonas et al.
(2015). In total between 109 and 446 measurements of DOC, DON or
DOP from 86 unique positions across the shelf, shelf break and offshelf
regions were identified (Fig. 1c). In the majority of cases DON and DOP

concentrations were calculated by difference between reported total
dissolved nitrogen (TDN) or phosphorous (TDP) concentrations and
concurrent measurements of inorganic NO3

− (plus NO2
−) and PO4

3−

pools reported in the original source publication/dataset. There was
insufficient data to calculate monthly average concentrations for either
the surface layer (upper 20m) or the benthic layer (lower 30m) for a
full year thus only a seasonal analysis is presented.

2.2.4. Particulate datasets
Measurements of POC, PON and POP concentrations are also rare

for this region. Consequently, a broader analysis of, and comparison to,
coastal and oceanic particulate measurements collated and reported by
Sterner et al. (2008) and Martiny et al. (2013,2014) was undertaken.
These analyses focussed on comparisons of coastal and oceanic POC,
PON and POP particulate concentrations and stoichiometric relation-
ships to the 2014 cruise data to determine significant differences or
notable agreements within the new observations reported here.

2.3. Spatial analysis

Both the new measurements from 2014 and the collated historical
observations were analysed to obtain a mean regional picture of surface
and benthic layers before being split into sub-regions (shelf, shelf break
and ocean) and reanalysed to determine the presence and extent of
intraregional variability in nutrient concentrations and stoichiometry,
differences in timing of the seasonal cycle and region specific
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Fig. 1. Map of the Hebrides Shelf region showing (a) Station positions sampled during the October-November 2014 survey, (b) Distribution of historical (1960–2014) inorganic nutrient
samples collated from the World Ocean Database (WOD) and Land Ocean Interaction Study-Shelf Edge Study (LOIS-SES) datasets, and (c) Distribution of dissolved organic nutrient
samples collated from various sources (see text for details).
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characteristics. The datasets were split by water column depth denoting
shelf (< 150m), shelf break (150–280m) and open ocean (> 280m)
sub-regions with depth ranges determined by approximate shelf break
frontal positions. This separation of data resulted in a 6 box conceptual
model of a coupled shelf-ocean system that allowed identification of
differences in vertical gradients between layers and horizontal gra-
dients between sub-regions with the aim of investigating the relevance
of these for carbon export from the shelf to the ocean.

3. Results

3.1. Hebrides shelf

Surface chlorophyll concentrations by late October 2014 were low,
around 0.4 ± 0.15mg Chl-a m−3 (Fig. S1) placing the cruise in the
post-autumn bloom period (Fig. S2). Mean chlorophyll concentrations
for both shelf and offshelf regions were comparable to mid-winter
concentrations observed in February (∼0.4–0.5 mg Chl-a m−3), and far
lower than typically seen during the spring bloom in May/June
(> 2mg Chl-a m−3) implying a weakly productive or non-productive
system at the time of sampling (see supplementary material for further
information on the phytoplankton annual cycle).

3.1.1. Inorganic nutrient pools
Mean mixed layer NO3

− concentrations for autumn 2014 ranged
from 2.02 to 6.40 μmol L−1 between stations with an overall mean
(± s.d.) of 4.68 ± 1.06 μmol L−1 (Fig. 2a). A north–south gradient
was evident with lower mean mixed layer concentrations towards the
south (Fig. S3; see also Painter et al., 2016 for maps of horizontal nu-
trient distributions). Mean benthic layer NO3

− concentrations ranged
from 2.02 to 13.58 μmol L−1 with the lowest value representing station
G1, where the water column was fully mixed, and the highest value
representing station A4. The mean benthic layer NO3

− concentration of
9.42 ± 3.56 μmol L−1 was ∼2-fold higher than the mean mixed layer
concentration. When grouped into sampled sub-region (i.e. shelf, shelf
break and ocean) the mean mixed layer NO3

− concentration gradually
increased from the shelf (4.25 ± 1.0 μmol L−1) to the ocean
(5.18 ± 0.98 μmol L−1) (Table 1). A similar but stronger gradient was
also evident in the benthic layer with mean concentrations increasing
from 7.15 ± 3.5 μmol L−1 on the shelf to 11.95 ± 1.02 μmol L−1

offshelf.
Mean mixed layer Si concentrations ranged from 0.47 to

2.37 μmol L−1, with an overall mean of 1.49 ± 0.41 μmol L−1

(Fig. 2b). The shelf sub-regional mean concentration of
1.68 ± 0.34 μmol L−1 (Table 1) was significantly higher (t-test,
p < .01) than the mean concentration at the shelf break or offshelf
(1.28 ± 0.43 and 1.27 ± 0.37 μmol L−1 respectively). Si concentra-
tions within the mixed layer therefore increased towards the coast. In
the benthic layer mean Si concentrations ranged from 1.22 to
4.47 μmol L−1 with the lowest value found at station G3. Unusually, at
this shelf station the mean Si concentration in the benthic layer
(30–96m depth range; 1.22 ± 0.09 μmol L−1) was actually lower than
the mean concentration in the mixed layer (0–21m;
1.32 ± 0.06 μmol L−1). The mean benthic layer Si concentration of
3.16 ± 1.02 μmol L−1 was ∼2-fold higher than the mixed layer. De-
spite the clear increase in mean mixed layer Si concentrations towards
the coast the reverse was true within the benthic layer with the shelf
mean concentration of 2.64 ± 1.07 μmol L−1 being ∼30% lower than
the oceanic sub-regional mean of 3.74 ± 0.61 μmol L−1 (Table 1).

Average PO4
3− concentrations in the mixed layer ranged from 0.26

to 0.47 μmol L−1 with an overall mean concentration of
0.36 ± 0.05 μmol L−1 (Fig. 2c). No significant differences between
shelf, shelf break and oceanic sub-regions could be identified due to
negligible differences in the mean mixed layer PO4

3− concentration
between the three sub-regions (Table 1). PO4

3− was thus the least
variable of the three measured macronutrients within the surface mixed

layer. In the benthic layer, mean PO4
3−concentrations ranged from

0.26 to 0.87 μmol L−1 between stations with a cruise mean of
0.61 ± 0.18 μmol L−1. Benthic layer PO4

3− concentrations were thus
generally less than 2-fold (69%) higher than the mixed layer con-
centration. The mean concentration for the shelf sub-region was
0.50 ± 0.18 μmol L−1 and was significantly lower (t-test, p < .01)
than the corresponding mean ocean sub-regional concentration of
0.72 ± 0.07 μmol L−1 indicating that PO4

3− concentrations increased
towards the ocean.

Mean DIC concentrations within the surface mixed layer ranged
from 2155.1 to 2177.1 μmol L−1 with a cruise mean of 2165.1
± 5.02 μmol L−1 (Fig. 2d; equivalent to 2102.7–2123.9 μmol kg−1,
mean 2112.3 ± 4.78 μmol kg−1). Concentration differences between
stations within the mixed layer were ∼1% and no significant differ-
ences could be identified between the three sub-regions (Table 1). In
the benthic layer DIC concentrations were higher ranging from 2156.5
to 2223.8 μmol L−1 (equivalent to 2104.3–2169.5 μmol kg−1) and were
more variable (note that station G1 was fully mixed and hence presents
with a relatively low DIC concentration). The mean benthic DIC con-
centration was 2192.4 ± 20.0 μmol L−1 (2138.9 ± 19.4 μmol kg−1)
and thus 27.3 μmol L−1 or ∼1.3% higher than the mean mixed layer
DIC concentration. Unlike the surface mixed layer significant differ-
ences in the mean benthic DIC concentration were identified between
the three sub-regions (Table 1), with the shelf break (2209.3
± 8.8 μmol L−1) rather than the oceanic (2198.6 ± 7.7 μmol L−1)
sub-region having the highest mean DIC concentration.

3.1.1.1. Nutrient stoichiometry. DIC:NO3
− within the mixed layer was

higher than within the benthic layer at all stations except those where
the water column was fully mixed (Fig. 3a). There was an
approximately 3-fold variation in DIC:NO3

− within the mixed layer
between stations but a ∼7-fold variation within the benthic layer
mostly due to the southernmost Transect G. Mixed layer DIC:NO3

−

decreased towards the ocean (Table 1) and as a result the difference in
DIC:NO3

− between the shelf and the ocean was statistically significant
but only at a reduced significance level (t-test, p < .1). Although the
mean benthic layer DIC:NO3

− (306.3 ± 191.4) was lower than that of
the surface mixed layer (501.4 ± 157.5; Table 1) the contrast between
the three sub-regions was greater within the benthic layer. The mean
shelf ratio of 407.8 ± 222.7 was higher than found at the shelf break
(185.4 ± 24.6) or oceanic (206.1 ± 40.0) sub-regions. Thus despite
increased concentrations of DIC and NO3

− in the benthic layer (Fig. 2),
the seaward decrease in DIC:NO3

− meant that shelf benthic waters
were the most carbon rich waters (relative to NO3

−) across the region
(Table 1).

The same spatial patterns were also broadly present in DIC:PO4
3−

and DIC:Si (Fig. 3b, c), though with some notable exceptions. Both
DIC:PO4

3− and DIC:Si were higher in the surface mixed layer than
within the benthic layer signifying a deficit of Si or PO4

3− in surface
waters compared to deeper waters (Table 1). However, whilst the sta-
tion-to-station variability in DIC:PO4

3− increased vertically from<2-
fold in the mixed layer to> 3-fold within the benthic layer the station-
to-station variability in DIC:Si decreased vertically from>5-fold in the
mixed layer to ∼4-fold in the benthic layer. Despite the vertical
variability, and a weak seaward decrease in surface DIC:PO4

3−, the
mean DIC:PO4

3− in the surface mixed layer was not significantly dif-
ferent between any of the three sub-regions (Table 1). Within the
benthic layer a significant seaward decrease in DIC:PO4

3− was evident
between the shelf and the ocean (t-test, p < .01), however this gra-
dient was non-linear and complicated by the lowest sub-regional mean
DIC:PO4

3− being found at the shelf break (Table 1). Nevertheless, the
presence of a lateral gradient in benthic DIC:PO4

3− and of higher
DIC:PO4

3− with depth across the region indicates that PO4
3− was in-

creasingly scarce in the benthic layer due to the increase of DIC with
depth, a pattern consistent with that diagnosed from DIC:NO3

− dis-
tributions.
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Mean DIC:Si within the two layers revealed opposing seaward gra-
dients. In the surface mixed layer DIC:Si was lowest on the shelf
(1309 ± 236:1) and increased seawards with significant shelf-to-ocean
differences being found (Table 1). In the benthic layer not only was
DIC:Si∼50% lower than in the surface mixed layer but DIC:Si decreased
from the shelf (992 ± 366:1) towards the shelf break and ocean
(718 ± 273:1). These contrasting gradients suggest that the surface
mixed layer was comparatively more Si rich relative to DIC on the shelf
than offshore potentially signifying a terrestrial or riverine source of Si,
but also that the benthic layer was increasingly Si rich in the seaward
direction.

NO3
−:PO4

3− was lower within the surface mixed layer (mean
12.9 ± 1.7) than within the benthic layer (mean 14.8 ± 2.1)
(Table 1). Generally, NO3

−:PO4
3− in the benthic layer was closer to the

Redfield ratio of 16:1 (Redfield et al., 1963) while surface waters were
depleted in NO3

− relative to PO4
3− (lower mean NO3

−:PO4
3−;

Fig. 3d). Within the surface mixed layer NO3
−:PO4

3− increased

seawards from a mean shelf value of 12.07 ± 1.74 to an oceanic value
of 13.88 ± 1.18 indicating the potential for a stronger nitrogen deficit
on shelf. In the lower layer NO3

−:PO4
3− also increased seawards from a

shelf mean value of 13.5 ± 2.2 to an oceanic value of 16.3 ± 0.6. In
both layers the mean shelf and mean oceanic ratios were significantly
different to one another (Table 1). Collectively these results indicate
that shelf waters were generally depleted in NO3

− relative to PO4
3−.

The mean NO3
−:Si in the surface mixed layer was 3.37 ± 1.1

though it varied over 4-fold between stations and was above the value
of 1:1 often assumed for balanced diatom growth (Brzezinski, 1985;
Fig. 3e). Surface waters were therefore Si poor relative to NO3

−. Note
however that inter-species variability in optimal cellular N:Si urges
caution when interpreting NO3

−:Si for indications of NO3
− or Si lim-

itation (Tett et al., 2003; Gilpin et al., 2004). A clear seaward increase
in NO3

−:Si was evident between sub-regions with mean ratios of
2.58 ± 0.67 on the shelf, 4.19 ± 0.65 at the shelf break and
4.3 ± 0.82 offshore. Only differences between the shelf and the ocean
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or the shelf and the shelf break were significantly different (Table 1)
suggesting that the ocean and shelf break were chemically similar but
distinct to the shelf. The mean NO3

−:Si within the benthic layer was
2.95 ± 0.56 and ∼13% lower than that of the surface mixed layer but
at many stations there was very little difference between the two layers.
Nevertheless, a seaward increase in the benthic NO3

−:Si ratio was
evident increasing from 2.64 ± 0.49 on the shelf to 3.29 ± 0.47 in
the ocean. The shelf to ocean increase was significant (Table 1).
NO3

−:Si was greater than 1:1 everywhere indicating widespread sili-
cate deficiency, perhaps unsurprising given the autumn sampling dates.

The mean Si:PO4
3− ratio was lower in the surface mixed layer

(4.13 ± 1.01) than in the benthic layer (5.12 ± 0.53) (Fig. 3f).
Within surface waters there was a significant seaward decrease in
Si:PO4

3− from a shelf mean value of 4.82 ± 0.72 to a mean oceanic
value of 3.34 ± 0.64 (Table 1). In the benthic layer there was no
significant difference between shelf, shelf break or oceanic sub-regions
with mean ratios ranging from 4.94 ± 0.36 to 5.18 ± 0.54. Though
based predominately on diatom requirements (Brzezinski, 1985), if a
typical Si:PO4

3− ratio of 15:1 is assumed appropriate for balanced
growth the mean values obtained in both layers were well below this
expectation suggesting severe Si deficiency in the nutrient pools. This is
also not surprising given that observations were made late in the year,
long after the spring bloom, the summer productive period and a
modest autumn bloom (Fig. S2), and there was unlikely to have been
significant recharging of Si concentrations as the water column was still
stratified.

3.1.2. Particulate pools
Layer average concentrations of bSi, POC, PON, POP and PIC are

shown in Fig. 4. The mean mixed layer bSi concentration (reported as Si
not opal) was 0.31 ± 0.08 μmol Si L−1 and there was no significant
difference in the mean concentration for shelf, shelf break or oceanic
sub-regions (Table 2). At some stations however (e.g. stations C3, C7)
there was significant vertical variability within the mixed layer but
these were exceptions rather than the rule. Concentrations of bSi within
the benthic layer were not that dissimilar to the surface layer with a
mean concentration of 0.29 ± 0.06 μmol Si L−1 (Table 2). Variability
in bSi concentrations within the benthic layer was slight but there was
nevertheless a significant difference between the shelf mean con-
centration of 0.32 ± 0.07 μmol Si L−1 and the mean oceanic con-
centration of 0.26 ± 0.05 μmol Si L−1 suggesting a seaward decrease
in bSi concentrations. This gradient could reflect the resuspension of bSi
from shelf sediments.

The concentration of POC in the surface mixed layer averaged
6.5 ± 1.3 µmol C L−1 (Fig. 4b) and concentrations were broadly si-
milar between the shelf, shelf break and ocean sub-regions ranging
from 5.7 to 6.7 µmol C L−1 with the lowest mean concentration mea-
sured at the shelf break (Table 2). Mean POC concentrations in the
benthic layer were lower with a mean concentration of 5.89
± 2.37 µmol C L−1. A seaward decrease from a mean shelf concentra-
tion of 6.74 ± 2.88 µmol C L−1 to a shelf break concentration
of 5.9 ± 1.87 µmol C L−1 to an oceanic concentration of 4.73
± 1.22 µmol C L−1 was evident with the shelf to ocean difference
proving to be significant (p < .05; Table 2).

The mean PON concentration in the surface mixed layer was
0.76 ± 0.16 µmol N L−1 with insignificant differences between shelf,
shelf break and oceanic sub-regions (Table 2). PON concentrations were
∼25% lower in the benthic layer averaging 0.57 ± 0.23 µmol N L−1

but varied almost 2-fold along the cross shelf gradient from a maximum
of 0.69 ± 0.22 µmol N L−1 on the shelf to a minimum of 0.37
± 0.11 µmol N L−1 offshelf. The largest vertical differences in PON
concentration, potentially signifying the strongest remineralization
rates, were found at deeper stations (Fig. 4c).

At individual stations POP concentrations were generally higher in
the surface mixed layer (range 0.03–0.1 µmol P L−1) than within the
benthic layer (range 0.01–0.07 µmol P L−1; Fig. 4d). Consequently, theTa
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mean surface layer POP concentration of 0.05 ± 0.01 µmol P L−1 was
significantly higher than that of the benthic layer (0.03
± 0.01 µmol P L−1; p < .001; Table 2). Within each layer however
different distributions were evident with negligible and non-significant

differences in mean POP concentrations horizontally between the three
sampled sub-regions in the surface mixed layer and small but significant
differences between the shelf and the shelf break or ocean sub-regions
in the benthic layer (Table 2).
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Surface PIC concentrations ranged from 0.01 to 0.39 µmol L−1 with
a mean of 0.11 ± 0.1 µmol L−1 and concentrations were highest at the
most inshore stations along transect A (Fig. 4e). Benthic PIC con-
centrations were poorly constrained but ranged from 0.07 to
0.52 µmol L−1.

3.1.2.1. Particulate stoichiometry. Stoichiometric ratios within the
particulate pools are shown in Fig. 5, with mean values for the two
layers presented in Table 2. The POC:PON ratio was above the Redfield

C:N ratio of 6.6:1 at all stations and in both layers indicating the
widespread presence of carbon rich particulate matter (Fig. 5a). Within
the surface mixed layer the mean POC:PON ratio was 8.7 ± 1.3
(Table 2), but varied from a shelf mean of 8.3 ± 1.1 to an oceanic
mean of 9.8 ± 1.2. The shelf and shelf break mean POC:PON ratios
were significantly lower (t-test, p < .01, p < .05 respectively) than
the mean oceanic POC:PON (Table 2). Variability within the surface
mixed layer was relatively muted with the POC:PON varying ∼2-fold
from 6.7 to 12.2. In the benthic layer POC:PON was both more variable
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between stations, ranging almost 3-fold from 7 to 19.7, and generally
higher with a mean of 11.1 ± 2.9. On the shelf the mean benthic
POC:PON of 9.8 ± 1.7 was significantly higher than measured in the
surface mixed layer, but also significantly lower than measured offshelf,
where the mean POC:PON ratio was 13.7 ± 3.1 (Table 2).

Mixed layer POC:POP varied almost 3-fold from 84:1 to 230:1
(mean 150 ± 32:1) thus POC:POP was generally elevated compared to
the Redfield ratio. A weak cross shelf gradient was present with shelf
POC:POP (148 ± 37:1) being lower than offshore (157 ± 26)
(Table 2). In the benthic layer POC:POP was higher (Fig. 5b) varying
from 86:1 to 560:1 denoting C rich/P poor material at depth. The mean
oceanic POC:POP was 252 ± 125:1 but was not significantly higher
than measured on the shelf (187 ± 103:1) due to the large variability
in both sub-regions.

Mixed layer PON:POP ranged from 10:1 to 29:1 with a mean of
18 ± 5:1 that was slightly elevated above the Redfield ratio (Fig. 5c).
There was limited variation between shelf (18.1 ± 5), shelf break
(17.9 ± 5.9) and ocean (16.4 ± 2.4) sub-regions (Table 2) but the
mean ratios nevertheless suggested the presence of a weak shelf to
ocean gradient. In the benthic layer the mean PON:POP was higher
(20.4 ± 8.5:1) and more variable ranging from 8.8:1 to 43.9:1. Despite
broad station-to-station variability the mean benthic layer PON:POP of
the shelf and ocean sub-regions were only slightly elevated compared to
the Redfield ratio. The mean PON:POP ratio at shelf break stations
(26.3 ± 9.8) was significantly higher (p < .1) than the oceanic value.

bSi:POP was similar between the two layers and generally less than
the typical ratio assumed for diatoms of 15:1 (Brzezinski, 1985)
(Fig. 5d). Mixed layer bSi:POP decreased towards the ocean from a shelf
mean of 7.4 ± 3.1, via an increased shelf break mean of 7.86 ± 2.9 to
an oceanic mean of 6.8 ± 2.6 (Table 2). Meanwhile benthic layer
bSi:POP increased towards the ocean with a mean shelf value of
9.2 ± 3.2, shelfbreak value of 11.9 ± 4.4 and oceanic value of
14.3 ± 5.9. Differences between the shelf and ocean were significant
(t-test p < .05; Table 2) but only at oceanic stations were the vertical
differences between the two layers significantly different.

Overall, only minor differences were evident in the mean particulate
stoichiometry between the surface waters of each sub-region.
Consequently, the mean particulate stoichiometry could be approxi-
mated as 150C:7Si:18N:1P (Table 2). In the benthic waters the mean
particulate stoichiometry was 223C:11Si:20N:1P, but was also more
variable between sub-regions, thus the mean value may be indicative
only (Table 2).

3.2. Relationship between particulate and environmental stoichiometry

The C:N of the particulate pool (i.e. POC:PON) was consistently and
significantly lower than that of the environment (i.e. DIC:NO3) in all
sampled sub-regions resulting in a strong deviation away from the 1-to-
1 line (Fig. 6a). Consequently the high environmental C:N, which in-
dicated a C rich system, cannot be considered as having a direct in-
fluence on the lower equilibrium C:N of algal biomass. In contrast there
was a much closer agreement between PON:POP and NO3

−:PO4
3−

suggesting that the two were more strongly linked (Fig. 6b). There was
however considerably more scatter in PON:POP than in NO3

−:PO4
3−

indicating that the environmental NO3
−:PO4

3− was not an absolute
regulator of algal biomass N:P. PON:POP was generally higher (N rich)
than NO3

−:PO4
3− leading to a movement upward and away from the 1-

to-1 line. This indicates that where deviations from a strict 1-to-1 re-
lationship occurred the biomass was more likely to be N rich (and thus
P poor) compared to the environment. It has been suggested that slow
growing phytoplankton species typically found in surface waters after
the spring bloom may be more susceptible to N rather than P limitation
(Elrifi and Turpin, 1985; Hillebrand et al., 2013). The PON:POP data
generally supports this suggestion because not only was the
NO3

−:PO4
3− generally< 16:1 (i.e. P rich relative to Redfield; Table 1)

but the particulate PON:POP was generally> 16:1 suggesting that theTa
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biomass was preferentially N rich relative to the environmental nutrient
pool (Table 2).

Inorganic C:P ratios (i.e. DIC:PO4
3−) were distinctly higher than the

corresponding biomass C:P (i.e. POC:POP) again indicating that the
environmental supply of C was not an immediate constraint on the C:P
ratio of the biomass (Fig. 6c). N:Si was also examined (Fig. 6d), which
revealed a strong similarity between nutrient and particulate pools. The
data clustered around the 1-to-1 line with 47% of biomass data points
having a higher N:Si (i.e N rich) than the environment, whilst 53% of
data points had a lower N:Si. The relationship between environmental
N:Si and biomass N:Si was surprisingly strong despite Si being utilised

early in the year which may indicate the presence of longer-term Si
control on algal biomass. Indeed, seasonal diatom distributions for this
region reveal residual diatom communities on the shelf after the spring
bloom thought due to higher ambient silicate concentrations and fa-
vourable N:Si conditions (Fehling et al., 2012; Siemering et al., 2016).

A similar analysis was undertaken for the benthic layer (Fig. 6). The
results mirrored those for the mixed layer indicating that no significant
change in the relationship between the particulate pool and the nutrient
pool occurred with depth. Nevertheless subtle shifts in the relationships
were evident. These were most clearly visible in the N:P and N:Si re-
lationships (Fig. 6b, d) which both revealed larger changes to the
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nutrient pool stoichiometry rather than to the particulate pool stoi-
chiometry of the benthic layer.

To better understand the stoichiometry of the particulate pool and
how it changed with depth between the surface and benthic layers
ratio-ratio plots were used to clarify stoichiometric shifts due largely to
microbial processes (Fig. 7a, b). In the surface mixed layer there was no

clear sub-regional distinction in mean mixed layer PON:POP or
bSi:POP. All stations, except station C3, indicated particulate material
with low Si content relative to P (bSi:POP < 1 5) or to N
(bSi:PON < 1). At station C3 the bSi:POP was elevated but the reason
was not clear. More stations had PON:POP > 16:1 (21 stations)
than<16:1 (15 stations). In the benthic layer there were indications of
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sub-regional differences but also of greater spatial variability. For ex-
ample, whilst all shelf break stations shifted towards higher PON:POP
(i.e. P loss), all ocean stations shifted towards higher bSi:POP (P loss),
and all shelf stations shifted towards lower PON:POP (N loss), there was
also greatly increased scatter such that no single region could be un-
ambiguously distinguished.

An alternative plot focussed on the carbon content of the particulate
pool (Fig. 7c, d) also revealed important stoichiometric shifts with
depth. In the surface mixed layer the measurements were tightly clus-
tered parallel to a C:N of 6.6 and generally revealed high POC:POP. In
the benthic layer there was a clear shift towards higher POC:POP but
with broad retention of a fixed C:N. Oceanic particulate material un-
derwent the largest stoichiometric shift which may indicate stronger
recycling, or more precisely P scavenging, in the oceanic water column
than on the shelf. Shelf and shelf break stations underwent small in-
creases in POC:POP but shelf stations typically also saw reductions in
PON:POP which shelf break stations did not.

3.3. Annual context from historical observations

3.3.1. Inorganic nutrients
Mean monthly PO4

3− concentrations ranged from 0.56 µmol L−1 in
March to 0.09 µmol L−1 in August in surface waters and from
0.44 µmol L−1 in February to 0.78 µmol L−1 in August in benthic waters
(Fig. 8a). Maximum winter and minimum summer PO4

3− concentra-
tions were similar in all three sub-regions ranging from
0.55–0.67 µmol L−1 and 0.06–0.09 μmol L−1 respectively (Fig. 9a).
PO4

3− measurements from the shelf break region in March were sparse
leading to an anomalous and unrealistic decrease of ∼0.3 μmol L−1

between February and March. Notably, minimum PO4
3− concentra-

tions occur earlier on the shelf in July and one month later in August in
shelf break and offshelf waters. The apparent timing of maximum an-
nual PO4

3− concentrations varied more widely occurring in November
at the shelf break, in January on the shelf and in March at oceanic
stations. The most obvious difference between the three sub-regions

therefore was a faster rate of decrease (i.e. shorter time period between
maximum and minimum concentrations) and earlier onset of reduction
in PO4

3− concentrations on the shelf relative to the shelf break and
ocean which is likely connected with earlier bloom onset on the shelf
compared to the ocean (Fig. S2). Strong similarities in concentrations
and timing at shelf break and oceanic stations support the view that the
shelf break is more ocean-like than shelf-like.

Mean monthly Si concentrations ranged from 4.6 µmol L−1 in
January to 0.38 µmol L−1 in August in surface waters and from
3.57 µmol L−1 in December to 4.71 µmol L−1 in July in benthic waters
(Fig. 8b). Benthic Si concentrations varied by only 1.14 µmol L−1 across
the year with Si being the least variable of the three macronutrients.
Maximum winter and minimum summer Si concentrations were
similar in the mixed layer of all three sub-regions ranging from
4.26–4.90 µmol L−1 and 0.27–0.51 µmol L−1 respectively (Fig. 9b).
Concentrations were highest between January and March
(> 4 µmol L−1), decreased sharply between March and May and re-
mained low (<1 µmol L−1) throughout the summer with residual
concentrations being higher on the shelf than in the ocean. Autumnal
mixing in November and December increased concentrations to
∼3 µmol L−1, though concentrations remained at intermediate values
between the summer minimum and winter maximum concentrations
until the onset of winter (i.e. January onwards). It is notable that unlike
PO4

3− (or NO3
−), Si concentrations decreased sharply in spring rather

than steadily, and continuously decreasing into summer indicating that
most Si utilization is restricted to the spring months only. Si con-
centrations reduced earlier and faster on the shelf compared to the
ocean and shelf break (Fig. 9b). Interestingly, annual minimum Si
concentrations were spread over several months occurring in June
(shelf break), August (ocean) and October (shelf) suggesting that there
may be sub-regional differences in the utilization of Si throughout the
year.

Mean monthly NO3
− concentrations ranged from 8.86 µmol L−1 in

March to 0.81 µmol L−1 in August in surface waters and from
6.01 µmol L−1 in January to 11.33 µmol L−1 in August in benthic
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waters (Fig. 8c). In benthic waters a slow but continuous increase in
NO3

− concentrations between January and August was followed by a
small decrease between September and December most likely due to
vertical mixing. Similar, sub-regional winter maximum and summer
minimum NO3

− concentrations were observed in surface waters with
ranges of 8.87–9.3 µmol L−1 and 0.54–0.68 µmol L−1 respectively
(Fig. 9c). Concentrations were highest during late autumn and winter
(November to March), decreased gradually between March and July
and generally remained low (< 2 µmol L−1) during summer (July-
September), before increasing during autumn. Subtle differences in the
annual cycle of NO3

− compared to PO4
3− and Si were evident which

may reflect both the intensity of vertical mixing, wind-driven cross-
shelf exchange with the neighbouring North Atlantic Ocean, pre-
ferential nutrient remineralization rates or potential nutrient sources on
the shelf. For example, NO3

− concentrations reduced faster and earlier
on the shelf than elsewhere with the main drawdown occurring be-
tween March and July. Also, the annual cycle in NO3

− concentrations
on the shelf was distinct from that of the shelf break and neighbouring
ocean, despite similar ranges in nutrient concentrations over the year.

NO3
−:PO4

3− varied from a minimum of 10.3 in September to a
maximum of 25.3 in May in surface waters (Fig. 8d). NO3

−:PO4
3−

above 16:1 occurred between March and May and in December only
and was below 16:1 for the rest of the year. The greatest variability in
the NO3

−:PO4
3− ratio was seen in May and September. The

NO3
−:PO4

3− of the benthic layer ranged from 24.6 in May to 11.1 in
September (Fig. 8d). Excluding the value for May, which has a large
standard deviation associated with it, NO3

−:PO4
3− was broadly stable

across the year ranging from 11.1 to 18.9. Only the months of April,

May and July displayed NO3
−:PO4

3−>16, thus the benthic layer was
predominately PO4

3−rich relative to NO3
−. The three sub-regions dis-

played broadly similar but not identical stoichiometric characteristics.
NO3

−:PO4
3− typically reached its annual maximum in the spring be-

tween March (shelf break) and May (shelf & ocean) but varied in
magnitude from 25.3 – 46.1 whilst annual minimum NO3

−:PO4
3− oc-

curred in summer between August (shelf break) and September
(shelf & ocean) with similar values ranging from 6.6 to 11.6 (Fig. 9d).
NO3

−:PO4
3− exceeded 16:1 in spring between March and May, but

whereas the shelf and shelf break regions displayed elevated
NO3

−:PO4
3− for all of this period the oceanic NO3

−:PO4
3− was only

elevated in May. In fact May was the only month of the year that the
oceanic NO3

−:PO4
3− was> 16, suggesting that offshelf surface waters

were not only comparatively PO4
3− rich (relative to NO3

−) throughout
the year but most likely a significant source of PO4

3− to the shelf break
and shelf regions later in the year.

Surface Si:PO4
3− ranged from 1.7 in June to 11.5 in March with the

greatest change occurring over a 4month period coincident with the
spring bloom (Fig. 8e). Benthic Si:PO4

3− meanwhile ranged from 9.9 in
July to 5.3 in October but more generally decreased throughout the
year with highest Si:PO4

3− in winter and spring and lowest values in
summer and autumn. The ratio for July was associated with a high
standard deviation thus July appeared outside of the general annual
trend. Generally, the benthic layer was Si rich relative to PO4

3−

(Fig. 8e). However, the annual trend in Si:PO4
3− was driven by a

comparatively larger increase (77%) in benthic layer PO4
3− con-

centrations rather than changes in the Si pool (32%). A distinction
could be made between the shelf and the shelf break and ocean sub-
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regions due to elevated Si:PO4
3− on the shelf throughout spring and

summer (Fig. 9e). Across the region (Fig. 8e), Si:PO4
3− displayed two

maxima, one in March (end of winter) and one in August (summer) due
to the shelf break and ocean sub-regions both displaying an annual
minimum in June (Fig. 9e). Si:PO4

3− on the shelf diverged from that of
the shelf break and ocean sub-regions between May and September due
to higher Si and lower PO4

3− concentrations on the shelf at this time
relative to the ocean. Between July and September the majority of
nutrient observations were made on the shelf thus the August Si:PO4

3−

maximum and the large variability associated with the monthly mean
values for these months reflects increased variability in the nutrient
stoichiometry of shelf waters rather than a general resupply of Si (or
removal of PO4

3−) as both Si and PO4
3− concentrations were broadly

constant over these months (Fig. 9a, 9b).
NO3

−:Si ranged from 1.8 in February to 12.8 in June in surface
waters signifying that NO3

− was more abundant than Si throughout the
year (maximum and minimum NO3

− concentrations were ∼2-fold
higher than Si) (Fig. 8f). Thus to first order the Hebrides Shelf may be
viewed as a Si limited system. There was one major peak in the NO3

−:Si
ratio during May and June, and a second minor peak in October with
low values in July and August. The peak in May-June was driven by the
rapid removal of Si relative to NO3

− at this time, whilst the peak in
October was apparently driven by a replenishment of NO3

− but not Si
in surface waters. In the benthic layer NO3

−:Si ranged from 1.7 in
January to 5.6 in September, thus NO3

−:Si tended to increase
throughout the year (Fig. 8f). Despite good spatial coverage the mean
NO3

−:Si for September had a large standard deviation associated with
it indicating significant variability within the data for this month. Mean
benthic layer NO3

− concentrations also appeared lower than expected
for September (Fig. 8c) so if September is excluded, the annual range in
NO3

−:Si reduced to between 1.7 and 2.9, suggesting that benthic layer
NO3

−:Si was rather invariant over the year. Interestingly, NO3
−:Si re-

mained above 1 throughout the year signifying the persistence of NO3
−

rich water across the shelf. Differences in NO3
−:Si between the shelf

break and ocean were small compared to the shelf region which dis-
played the largest variability of the three sub-regions (Fig. 9f). The
highest NO3

−:Si of 18.6 was observed in June at the shelf break.
The stoichiometric character of the Hebrides Shelf surface waters

are summarised via a nutrient ratio:ratio plot (Fig. 10a). This showed

that the region has a broadly balanced provision of NO3
− and PO4

3− in
winter and late autumn, shifts strongly towards PO4

3− deficiency re-
lative to NO3

− in spring and persistent Si deficiency relative to NO3
−

from spring onwards, and then experiences widespread NO3
− defi-

ciency relative to PO4
3− and Si deficiency relative to PO4

3− during the
summer. There is greater stoichiometric variability in the summer
months (August-September) than at any other time of year suggesting
widespread and variable potential for nutrient limitation at this time
due to seasonal stratification and isolation of surface waters from
deeper nutrient reservoirs. Furthermore, the variable stoichiometry
during summer suggests patchy nutrient distributions at this time. The
nutrient ratio:ratio plot for the benthic layer revealed modest varia-
bility over the year with NO3

−:PO4
3−>16:1 from April to July

(Fig. 10b). Compared to surface waters the observations were tightly
clustered showing less variation in the NO3

−:PO4
3−, Si:PO4

3− or
NO3

−:Si ratios except in autumn when a small cluster of datapoints
emerged showing low Si:PO4

3− thus overall there was weaker season-
ality present in the benthic data.

3.3.2. Organic nutrient analysis
3.3.2.1. Seasonal organic nutrient concentrations. Mean regional surface
(0–30m) DOC concentrations ranged from an autumn minimum of
63.9 ± 7.7 µmol L−1 to a summer maximum of 81.1 ± 7.7 μmol L−1,
an increase of ∼ 17 µmol L−1 over the year (Table 3). DON
concentrations were also highest in summer (6.5 ± 2.0 μmol L−1)
and lowest in autumn (4.7 ± 1.0 μmol L−1). DOP data were absent
for autumn and winter, but concentrations were higher in summer
(0.14 ± 0.09) than in spring (0.09 ± 0.08). The organic pools were
therefore all largest in summer and most likely at their smallest in
autumn. Mean annual concentrations of DOC, DON and DOP
were 70.6 ± 10.8 µmol C L−1, 5.70 ± 2.5 µmol N L−1, and 0.12
± 0.09 µmol P L−1 respectively. The data were inadequate to fully
characterise seasonality in the organic nutrient pool stoichiometry due
to the lack of DOP data but coverage was sufficient to reveal that the
DOC:DON was<16 in all seasons (range of 11.1:1 to 13.7:1; Table 3)
and therefore similar to the average for marine waters of 13.6:1
(Benner, 2002). The mean annual C:N:P ratio within surface waters of
588C:48N:1P indicated a carbon and nitrogen rich nutrient pool
(relative to the Redfield ratio). Compared to marine bulk DOM,
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which has a mean composition of 300C:22N:1P (Benner, 2002), the
mean annual ratio indicated a higher C and N content relative to P but a
ratio of DOC:DON comparable to the average for marine waters (12.4:1
vs 13.6:1).

Mean regional benthic DOC concentrations ranged from an autumn
minimum of 60.1 ± 6.7 µmol L−1 to a summer maximum of
73.5 ± 10.2 μmol L−1, an increase of ∼ 13 µmol L−1 over the year
(Table 3). DON concentrations were highest in winter
(7.2 ± 5.4 μmol L−1), and lowest in autumn (3.8 ± 1.3 μmol L−1).
DOP data was again absent for autumn and winter but maximum
concentrations occurred in summer (0.11 ± 0.07 μmol L−1). Given the
similar timings of seasonal maximum/minimum concentrations for
surface and benthic waters the atypical timing of the benthic DON
winter maximum is curious. Interestingly the seasonal DOC:DON was
∼16 for all seasons except winter when it was lower on account of the
elevated mean DON concentration. The mean annual benthic C:N:P was
746C:54N:1P and therefore larger than the global mean of
330C:22N:1P (Benner, 2002). On an annual basis the mean benthic
layer concentrations of DOC, DON and DOP were 5%, 15% and 24%
lower than in the surface layer revealing a preferential removal of P
relative to N and of N relative to C with depth.

3.3.2.2. Sub-regional organic nutrient concentrations. All sub-regions
displayed similar seasonal patterns and broadly similar seasonal
concentrations to the regional mean described above albeit with some
important differences (Table 3). For example, DOC concentrations
varied by 19–20 μmol L−1 over the year at the shelf break and on the
shelf, but by only 15 μmol L−1 offshelf. Similarly the annual range in
DON and DOP measurements was smaller offshelf (2.45 μmol N L−1

and 0.04 μmol P L−1) than on the shelf (4.75 μmol N L−1 and 0.05 μmol
P L−1). However, on an annual basis mean surface organic nutrient
concentrations were higher at the shelf break than on the shelf or
offshelf. In the case of DOC this appears to be driven by a higher mean
summer concentration (84.6 ± 10.0 μmol L−1) and a near constant
mean concentration of ∼64 μmol L−1 during all other seasons, whereas
the shelf and ocean sub-regions displayed greater seasonal variability.
Seasonal maximum DON concentrations were more variable between
sub-regions and peaked in winter in the ocean, in spring on the shelf
and in summer at the shelf break. DOP concentrations were highest in
summer and the data indicated a higher summer maximum at the shelf
break compared to the ocean. Summer DOP data are absent for the
shelf. Consequently, the lack of summer DOP measurements for the
shelf led to an elevated mean annual C:N:P on the shelf (765C:69N:1P)
compared to the shelf break (523C:46N:1P) and ocean (584C:43N:1P).

Split by layer mean annual benthic DOC concentrations were 5%,
1% and 6% lower for the shelf, shelf break and ocean sub-regions. DON
concentrations were 9%, 17% and 14% lower and DOP concentrations
were 56%, 15% and 25% lower for the shelf, shelf break and ocean sub-
regions respectively. There was thus stronger phosphorous removal
relative to nitrogen and carbon in the benthic waters of all three sub-
regions, but particularly on the shelf. Collectively the data show that
organic nutrient concentrations decrease with depth but that P is re-
moved more strongly than N and N removed more strongly than C
elevating the organic nutrient pool stoichiometry of the deeper waters.

3.4. Apparent oxygen utilization and nutrient remineralization

Apparent oxygen utilization rates provide valuable insight into re-
mineralization rates in deep waters, a process that will ultimately im-
pact the nutrient stoichiometry at depth (Anderson and Sarmineto,
1994; Thomas, 2002). However, in shallow and dynamic coastal waters
the interpretation of AOU rates can be complicated due to multiple
factors impacting oxygen concentrations (Topcu and Brockmann,
2015). Nevertheless, prior to the destruction of a stratified water
column in winter, benthic AOU rates should provide a useful approx-
imation of respiration occurring beneath the mixed layer.Ta
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Within the cruise dataset there was a clear signature of biological
production in the surface mixed layer resulting in a positive AOU of
between 9.7 and 13.7 μmol L−1. A seaward increase in AOU rates in-
dicated stronger productivity offshelf (Table 4) but salinity changes
may also be relevant in driving this gradient (Testa and Kemp, 2011).
Benthic layer AOU rates strongly decreased from -3.3 μmol L−1 offshelf
to -16.9 μmol L−1 at the shelf break and -16 μmol L−1 on the shelf, with
the implication being stronger benthic oxygen consumption on the shelf
than in the ocean. This was due, in part, to a shallow water column
trapping the product of a highly productive shelf system compared to
the ocean where organic material will continue to settle to the deep
ocean seafloor (> 2500m in the Rockall Trough region of this study)
and be remineralized at deeper depths than considered here.

Estimates of nutrient remineralization determined from AOU
rates using the Redfield stoichiometric formula (106C:15Si:16N:1P:-
138O2; Redfield et al., 1963) and the modified Anderson formula
(106C:15Si:16N:1P:-150O2; Anderson, 1995) for typical marine organic
matter were compared to remineralization estimates derived using the
mean particulate stoichiometry reported here (150C:7Si:18N:1P:-
150O2; where we assume the same oxygen content as Anderson, 1995)
to determine the magnitude of error involved in using a fixed stoi-
chiometry. It is now generally acknowledged that the Redfield ratio
underestimated the O2 content of organic matter, which can subse-
quently overestimate the oxidation of organic matter and the release of
nutrients from measured AOU rates. The revised oxidation ratios pre-
sented by Anderson (1995) correct for this. Despite the importance of
correctly accounting for the O2 content of organic matter, in this ana-
lysis final differences of< 5% (as a proportion of the remineralized
benthic nutrient pool) were found between these two widely used
stoichiometric ratios implying minor but important distortions could
arise from use of one ratio in favour of the other.

Estimates of the amount of carbon dioxide, silicate, nitrate and
phosphate released from remineralized organic material based on the
measured AOU rates are presented in Table 4. Under the Redfield for-
mulation the mean remineralized contribution to the benthic layer
nutrient pool was 9.1, 1.3, 1.4 and 0.09 μmol L−1 for carbon dioxide,
silicate, nitrate and phosphate respectively, representing 0.4%, 41%,
15% and 14% of mean benthic layer nutrient concentrations. Under the
Anderson formulation the mean contributions reduced slightly to 8.3,
1.2, 1.3 and 0.08 μmol L−1 for carbon dioxide, silicate, nitrate and
phosphate respectively, representing 0.4%, 37%, 13% and 13% of mean
benthic layer nutrient concentrations. Silicate remineralization was by
far the most significant term with 37–41% of the benthic silicate pool
potentially sourced from the remineralization of organic matter sinking
from the surface waters above. Silicate was also the most sensitive to
the varying O2 content of the stoichiometric formulae. In contrast
∼14% of benthic nitrate and phosphate concentrations may have been
attributable to local remineralization processes.

Use of the mean stoichiometric ratios obtained in this study suggest
11.8, 0.6, 1.4 and 0.08 μmol L−1 of carbon dioxide, silicate, nitrate and
phosphate may have been supplied, representing 0.5%, 17%, 15% and
13% of benthic layer nutrient concentrations. The largest resulting
differences between the three stoichiometric assumptions therefore are
in the quantity and proportion of silicate that could be remineralized
(Table 4).

Spatial heterogeneity in AOU rates was also important with the
higher AOU rate on the shelf potentially accounting for 24–27%,
28–66%, 21–23% and 0.5–0.7% of measured benthic layer nitrate, si-
licate, phosphate and DIC concentrations whilst the lower oceanic AOU
rate accounted for 3%, 4–9%, 3% and 0.1–0.2% of the measured ni-
trate, silicate, phosphate and DIC pools. The shelf break assumed an
intermediate position with 15–17%, 21–49%, 15–16% and 0.5–0.8% of
the measured nitrate, silicate, phosphate and DIC pools potentially
being attributable to localised remineralization (Table 4).

3.4.1. Remineralization contribution to layer differences
An alternative approach based on differences in nutrient con-

centrations between the mixed layer and benthic layer, rather than the
absolute benthic layer nutrient concentrations, may be more appro-
priate for identifying the true significance of remineralization due to
weak cross-shelf exchange (Booth and Ellett, 1983; Huthnance, 1986;
Souza et al., 2001), an approximate 9month residence time for this
shelf (Prandle, 1984; McKay et al., 1986; McCubbin et al., 2002), and
strong vertical partitioning of the water column over seasonal time-
scales. On the shelf benthic DIC concentrations were on average
23.6 μmol L−1 higher than in the surface mixed layer (Table 1; note
however that there was also considerable variability between stations).
Thus based on a shelf mean AOU rate of -16.0 μmol L−1 (Table 4), and
the Anderson stoichiometric formulation approximately 11 μmol L−1

(48%) of the vertical increase may have originated from localised oxi-
dation of organic matter. At the shelf break the mean difference be-
tween surface and benthic layer DIC concentrations was 41.7 μmol L−1

and 11.9 μmol L−1, or 29% of the increase in the benthic layer could
have been accounted for via organic matter remineralisation. Offshelf
the DIC concentration increased by an average of 32.7 μmol L−1 be-
tween the surface mixed layer and benthic layer and 2.3 μmol L−1 or
7% of the increase in DIC with depth could have been attributable to
remineralization. The seaward decrease in the proportion of the benthic
layer DIC pool attributable to local remineralization is most likely due
to proximity to the deep ocean DIC reservoir, but water column depth
likely plays an important role. Similar patterns were identified for both
NO3

− and PO4
3− with 47%, 26% and 5% of benthic layer NO3

− and
53%, 30% and 6% of benthic layer PO4

3− pools in shelf, shelf break and
oceanic sub-regions potentially attributable to remineralization. The
greater proportions of benthic layer PO4

3− attributable to local re-
mineralization compared to NO3

− implies preferential recycling of P
relative to N in a shelf sea setting which is generally supported by the
other data presented here, particularly the seasonal cycles of DOP and
PO4

3−.
Interestingly, in the case of silicate up to 131%, 69% and 13% of

benthic layer Si pools for the shelf, shelf break and ocean sub-regions
could have been supplied from local remineralization. These simple
calculations clearly indicate a larger potential supply of silicate to shelf
benthic waters than actually measured due to use of a mean organic
matter stoichiometry (Anderson, 1995) that did not reflect the parti-
culate stoichiometry observed. In particular the observed particulate
bSi:POP content was typically one-half (∼7:1) of that indicated by the
traditional Redfield ratio (Fig. 5d). The mean mixed layer particulate
stoichiometries on the shelf and at the shelf break were similar
with elevated C:P and N:P but depleted Si:P compared to the
Redfield/Anderson ratio (148C:7Si:18N:1P vs 142C:8Si:18N:1P vs
106C:15Si:16N:1P; Table 2). Thus, when the assumed C:P, N:P and Si:P
of 106:1, 16:1 and 15:1 were replaced with the mean observed C:P, N:P
and Si:P of 150:1, 18:1 and 7:1 respectively the recalculated AOU de-
rived nutrient supply could account for 16.0 μmol L−1 or 68% of the
mean DIC increase of 23.6 μmol L−1 within the shelf benthic layer. Si-
milarly 52%, 53% and 61% of shelf benthic NO3

−, PO4
3− and Si con-

centrations could have originated from remineralization of organic
matter with a mean elemental composition similar to that measured
within the surface mixed layer. Remineralization contributions fell
sharply at the shelf break to 30%, 30% and 32% of benthic NO3

−,
PO4

3− and Si concentrations due to higher nutrient concentrations at
the shelf break. Offshelf the potential contributions were reduced fur-
ther to ∼6% for all nutrients.

3.5. Particulate analysis

3.5.1. Comparison to previous studies
The relationship between carbon, silicate, nitrogen and
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phosphorous in particulate organic material is central to the stoichio-
metric themes explored here. The reliability of the derived stoichio-
metric relationships were assessed via log–log plots of the entire par-
ticulate dataset collected in this study (section 3.1.2) in comparison to
other publically available datasets. For the coastal ocean we have in-
corporated the dataset of POC, PON and POP measurements compiled
by Sterner et al. (2008; hereafter S08), and for the open ocean, the
dataset reported by Martiny et al. (2013, 2014; hereafter M14) and a
smaller oceanic dataset also reported by Sterner et al. (2008).

For the coastal ocean comparison a significant difference in the
relationship between carbon and phosphorous and between carbon
and nitrogen was found between the Hebrides and S08 datasets
(Fig. 11a, c). In both cases the Hebrides dataset deviated away from the
Redfield ratio at low particulate concentrations resulting in elevated
C:P and C:N values (i.e. high C content; Fig. 5). As a result the linear
regressions through the datasets report rather different relationships. As
the Hebrides observations were towards the lower end of values re-
ported in the S08 dataset it is possible that the influence of high C:N and
C:P production under seasonally weak productive conditions, or dif-
ferential remineralization of N and P are resulting in distorted re-
lationships between carbon and nitrogen and carbon and phosphorous.
In contrast a strong agreement exists between the two datasets de-
scribing the relationship between PON and POP (Fig. 11b) with the
regression through the Hebrides dataset almost perfectly matching the
Redfield relationship.

The open ocean comparison produced conflicting results. The re-
lationship between POC and POP in the Hebrides dataset was similar to

that of the S08 oceanic dataset but both were different to that of the
M14 dataset (Fig. 11d). As both the Hebrides dataset and the S08
oceanic dataset were far smaller than the M14 dataset the differences
may be indicative of undersampling, seasonal bias or reflect the balance
between near coastal and open ocean observations within each dataset.
In comparison, the relationships between PON and POP within the S08
and M14 datasets were similar but both were different to the Hebrides
dataset, which produced a relationship very similar to the Redfield ratio
(Fig. 11e). Finally, the relationship between POC and PON indicated
that the M14 dataset produced a mean relationship similar to the
Redfield ratio whilst the S08 dataset was very similar but both were
clearly distinct from the relationship present in the Hebrides dataset
(Fig. 11f). Given the spread of data points within the M14 dataset there
is nothing to suggest that particulate concentrations within the Heb-
rides dataset are atypical thus it is more likely that seasonality may best
explain the apparent deviations between datasets, particularly for the
autumnal dataset reported here for the Hebrides Shelf region.

4. Discussion

A detailed picture of the internal stoichiometry of the Hebrides Shelf
has been presented which revealed strong vertical and horizontal gra-
dients in dissolved nutrient and particulate concentrations and in the
elemental ratios of those pools. Collectively the Hebrides data reveal
increased C:N, C:P and N:P elemental ratios with depth in particulate,
dissolved organic and inorganic nutrient pools due both to the pre-
ferential remineralization of P relative to N and of N relative to C and to

)C)B)A

)F)E)D

Fig. 11. Comparison of the October-November 2014 particulate data with two similar particulate databases reported by Sterner et al. (2008) and Martiny et al. (2014). In all plots we
show Type II major axis regressions (coloured by dataset) with 95% confidence intervals (grey lines) in relation to Redfield relationships (dashed blue lines) through particulate data that
has been log10 transformed. In the upper row we compare the Hebrides Shelf data (red) to the coastal dataset (black) collated by Sterner et al. (2008). In the lower row we compare the
Hebrides Shelf data (red) against the oceanic datasets of Sterner et al. (2008) (black) and Martiny et al. (2014) (blue). (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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the variable biological demand for P, N and C. Similar observations
were reported for the dissolved organic nutrient pool on Georges Bank
(Hopkinson et al., 1997) and more widely across several shelf and
oceanic locations (Hopkinson and Vallino, 2005) suggesting the Heb-
rides results fit to a common principle of stronger biological N and P
recycling but weaker C mineralization (e.g. Officer and Ryther, 1980).
Simultaneously, the widespread occurrence of high POC:POP and
POC:PON particulate matter, relative to the Redfield ratio, in surface
waters during an autumn survey of the Hebrides Shelf and neigh-
bouring ocean may initially be suggestive of N or P deficiency under
strict adherence to the Redfield ratio of 106C:16N:1P (Redfield et al.,
1963). Such an interpretation is in keeping with the autumnal sampling
period when nutrient concentrations were low but beginning to in-
crease (Figs. 3 and 8) and the post-autumn bloom timing of the ob-
servations (Fig. S2). However, whilst mixed layer NO3

−:PO4
3− was<

16:1, indicating PO4
3− depletion relative to NO3

−, concentrations of
both NO3

− and PO4
3− were above potentially limiting thresholds of

∼0.5 μmol NO3
− L−1 (Eppley et al., 1969), and ∼0.03 μmol PO4

3−

L−1 (Riegman et al., 2000; Laws et al., 2011; Grant et al., 2013). Si
concentrations were frequently below 2 μmol L−1 and thus had the
potential to be limiting (Egge and Asknes, 1992; though note that in the
mesocosm study of Egge and Asknes diatom dominance could still occur
when Si was< 2 μmol L−1), however Siemering et al. (2016) actually
report higher diatom abundances onshelf than offshelf during autumn
2014 in response to lower ambient NO3

−:Si; an attribute related to the
higher mean Si concentrations on shelf (Table 1) which may be due to
N-poor/Si-rich inputs originating from the acidic Scottish highlands
(Tett et al., 2003). Dissolved iron concentrations on the shelf were low
at this time with separate measurements from cruises in 2010 showing a
decline from>0.5 nmol L−1 in spring (E. Achterberg et al, unpublished
data) to 0.043 ± 0.019 nmol L−1 in summer (Painter et al., 2014), also
possibly explaining the higher residual Si concentrations. Thus, the
elevated POC:POP (∼150:1) (or POC:PON (∼9:1)) found in particulate
material was unlikely to represent true nutrient limitation and more
likely to be indicative of carbon rich particulate matter being synthe-
sised in the mixed layer with a non-Redfield optimum composition
(Geider and La Roche, 2002; Sterner and Elser, 2002; Sterner et al.,
2008). Subsequent sinking of this material into the benthic layer would
therefore transfer more carbon per unit of N or per unit P than indicated
by a Redfield-like assumption of the elemental composition. However,
the data also revealed significant variability in particulate elemental
ratios between shelf and ocean sub-regions (Table 2), which most likely
reflected variability in the strength of synthesis and remineralization
processes, differences in nutrient availability, and influence of detrital
material (Lancelot and Billen, 1985; Frigstad et al., 2011) as well as
coincident shelf-to-ocean changes within the phytoplankton community
(Siemering et al., 2016). Separately, the analysis of historical nutrient
data for the Hebrides region revealed important seasonality in both
organic and inorganic nutrient pools with the prominent summer
maximum in organic nutrient concentrations reducing DOC:DOP and
DOC:DON (i.e. DOM was comparatively C poor) whilst the summer
inorganic nutrient minimum elevated DIC:NO3 and DIC:PO4 (i.e. com-
paratively C rich). There were thus important seasonal stoichiometric
variations in the inorganic and organic pools of this shelf sea system. As
both pools are exportable to the ocean throughout the year (Wakelin
et al., 2012; Painter et al., 2016), as well as being transferable between
particulate and dissolved pools (Butler et al., 1979), the implications of
this stoichiometric variability on the efficiency of cross shelf export
fluxes, that is the amount of C exported per unit N or per unit P, need to
be carefully considered.

4.1. Annual nutrient cycle in a shelf sea

Winter convective mixing and phytoplankton nutrient utilisation
drive the surface mixed layer nutrient cycle. In contrast, respiratory
processes in the sediments and benthic water column including

bacterial remineralization of sinking organic matter drive the benthic
layer nutrient pattern. The annual cycle of nutrients in the benthic layer
however is the reverse of that seen in the surface layer with a summer
nutrient maximum in the benthic layer coinciding with a summer nu-
trient minimum in the surface layer (Fig. 8). Across the year mean
benthic PO4

3− concentrations increased by 0.34 µmol L−1 (annual
maximum minus annual minimum) a relative increase of 77%, Si con-
centrations increased by 1.14 µmol L−1 (32%) and NO3

− concentra-
tions increased by 5.32 µmol L−1 (84%). These increases were all
smaller than the corresponding drawdown from the surface layer,
which saw PO4

3− concentrations reduce by 0.47 µmol L−1 (relative
decrease of 84%), Si concentrations reduce by 4.22 µmol L−1 (92%) and
NO3

− concentrations reduce by 8.05 µmol L−1 (91%). Consequently,
nutrient increases in the benthic layer represented 72%, 27% and 66%
of surface layer PO4

3−, Si and NO3
− drawdown respectively. A simple

mass balance transfer between the surface and benthic layer nutrient
pools cannot therefore account for 73% of Si drawdown, 34% of NO3

−

drawdown and 28% of PO4
3− drawdown from the surface ocean.

It is possible that most Si (as opal) is lost to the sediments or
transported downslope. The inference therefore is that a substantial
proportion of the Si pool must be lost from the shelf system each year.
Thus to first order the cross-shelf resupply of Si from the ocean during
winter may be a more significant factor for the subsequent productivity
of this shelf than the resupply of NO3

− or PO4
3−.

In contrast N and P were more efficiently recycled and retained
yet although approximately two-thirds of the annual surface layer nu-
trient decrease can be accounted for by the benthic layer nutrient in-
crease (Fig. 8a,c), approximately one-third of the removed nutrient pool
remains unaccounted for. As it is generally thought that little carbon
biomass from annual primary production is buried in shelf sediments
(< 5%; Thomas et al., 2005) the missing nutrients are most likely
transferred to higher trophic levels, transferred to the dissolved organic
pool (Butler et al., 1979) or transported offshelf to the adjacent ocean.
Estimates of offshelf particulate organic carbon flux reported for this
shelf by Painter et al. (2016) equated to 22% of annual primary pro-
duction, comparable to estimates of ∼20% reported for other shelf
systems (Mackenzie et al., 2004) but larger than estimates of 10–20%
reported for Long Island (Falkowski et al., 1988), ∼6% for the eastern
North American continental margin (Biscaye et al., 1994; Falkowski
et al., 1994) or 6–10% based on global mass balance calculations of
coastal exchange (Chen et al., 2003; Chen, 2010). Thus, of the 34% of
nitrate drawdown and 28% of phosphate drawdown unaccounted for
via a simple mass balance calculation most could be transferred to the
continental slope and ocean via the particulate phase. Such a fate is
supported by the presence of thick phytodetritus layers on the slope and
deep seafloor in this region (Mitchell et al., 1997; Bett, 2001). In con-
trast, long-term nutrient observations from the English Channel by
Butler et al. (1979) clearly show that as NO3

− and PO4
3− are drawn

down by phytoplankton in spring there is a subsequent and similar in
magnitude increase in the concentration of DON and DOP in summer
thus indicating transference from the inorganic to organic nutrient
pools. In the western Irish Sea however Moschonas et al. (2015) found
that only 38% of total dissolved nitrogen was transferred to the DON
pool between spring and summer. Thus whilst it is possible that the
missing NO3

− (as DON) and PO4
3− (as DOP) remain present in the

water column having been transferred to the organic pool significant
uncertainty over the magnitude of the transference precludes a defini-
tive answer. Elsewhere, Williams (1995) documented a seasonal change
in the concentration of dissolved organic matter (DOM) in coastal wa-
ters leading to the accumulation of carbon rich DOM by late summer
which may potentially be linked to the production of nutrient poor
DOM by phytoplankton under nutrient stress (Kepkay et al., 1993). The
analysis of extant organic nutrient data for the Hebrides Shelf region
revealed a summer maximum and an autumn minimum in DOC, DON
and, most likely, in DOP concentrations (Table 3). Though DOP mea-
surements remain scarce for this shelf, DOP observations from Loch
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Creran, a sea loch on the west coast of mainland Scotland, support the
timing of a summer maximum and autumn minimum in the annual
cycle of DOP (Lønborg et al., 2009). In shelf benthic waters the annual
cycle resulted in higher DOC:DON during summer (Table 3), as shown
by Williams (1995). At the shelf break and ocean regions however
DOC:DOP and DOC:DON decreased in summer, in contrast to Williams
(1995), and potentially signifying the influence of nitrate and phos-
phate inputs to the organic pool via phytoplankton excretion or an
oceanic influence. Thus whilst the absolute concentration of organic
nutrients may be at a maximum in summer the organic pool becomes
comparatively carbon rich on shelf but comparatively carbon poor at
the shelf break compared to other seasons. Thus any loss of the organic
nutrient pool from the shelf at this time may see more carbon per unit
nitrogen or per unit phosphorous lost than at other times of year
making the cross-shelf flux comparatively efficient for carbon export.

By autumn dissolved organic nutrient concentrations are at their
annual minimum most likely driven by a combination of strong bac-
terial demand (Joint and Pomroy, 1987) and reduced phytoplankton
production of DOM due to seasonal nutrient stress (Kepkay et al.,
1993). At the Celtic Sea shelf break Joint et al. (2001) reported a sea-
sonal increase in DOC concentrations from ∼64 μmol L−1 in winter to
∼73 μmol L−1 in summer; an average increase of ∼8–9 μmol L−1 over
the year. For the Hebrides Shelf region a mean increase of
∼17 μmol L−1 from autumn (∼64 μmol L−1) to the following summer
(∼81 μmol L−1; Table 3) has been calculated. Joint et al. (2001) esti-
mated that an 8 μmol L−1 seasonal increase in DOC concentration could
represent a sink for about 9% of the carbon fixed by phytoplankton over
the same time period (estimated as ∼94 μmol C L−1). Based on a
median annual productivity rate of ∼200 g C m−2 yr−1 for the Heb-
rides Shelf (derived from the typical productivity range reported by
Sharples, 2010) an increase in DOC concentrations of 17 μmol L−1

would therefore represent a comparable ∼10% of total annual pro-
duction if averaged over a 100m thick water column. DOC con-
centrations for the Hebrides region decreased rapidly from the summer
maximum of 81.1 ± 7.65 µmol L−1 to the autumn minimum of
63.9 ± 7.65 µmol L−1. As this decrease is based on seasonal averages
it therefore occurred over a period of ∼90 days. If this decrease were
due to biological demand alone (rather than reflecting the true balance
between supply and demand, which we cannot quantify) this would
imply a mean daily rate of consumption of ∼0.19 μmol C L−1 d−1.
Based on the data presented by Joint et al. (2001) for the Celtic Shelf,
which indicated mixed layer bacterial production rates decreasing from
∼150mg Cm−2 d−1 in October to ∼10mg Cm−2 d−1 in December as
the surface mixed layer deepened from ∼30 to> 100m, an autumnal
(Oct to Dec), mean bacterial production rate averaged over the mixed
layer of 0.1 µmol C L−1 d−1 can be estimated. This is similar though
lower than the mean daily DOC consumption rate calculated above of
0.19 µmol C L−1 d−1, but given the difference in study location, dif-
ferences in sampling dates, and assumptions over the time period and
nature of the time-varying rate of DOC decrease, the similarity is highly
encouraging. Moreover this similarity suggests that an approximate
autumnal bacterial productivity rate for the Hebrides Shelf can be ob-
tained based on knowledge of the seasonal removal of DOC with a re-
sult that is not greatly dissimilar to the average bacterial production
rate of between 0.25 µmol C L−1 d−1 (Oct) and 0.01 µmol C L−1 d−1

(Dec) calculated from the data reported by Joint et al. (2001). The
presence of active bacterial production coupled with knowledge of
bacterial inorganic nutrient demand (Kirchman, 1994, 2000; Fouilland
et al., 2007) makes it highly likely that a proportion of the missing N
and P may ultimately be found in bacterial biomass in addition to being
exported from the shelf in the particulate phase.

Comparisons of the inorganic nutrient seasonal cycle in the surface
layer for the shelf and shelf break and ocean sub-regions (Fig. 8) did not
reveal significant differences in the magnitude of nutrient drawdown
but did show that nutrient drawdown starts earlier and proceeds faster
on the shelf compared to the neighbouring ocean. Earlier onset of

productivity on shelves compared to neighbouring oceans has long been
recognised and is typically linked to earlier stabilization of the water
column on the shelf (Colebrook and Robinson, 1965; Robinson, 1970;
Colebrook, 1979). Thus the nutrient cycle of the shelf break region, as
defined here, was more similar to the ocean than to the shelf. This has
long been considered due to the role of the European Slope Current
acting as an effective barrier to the direct cross shelf exchange of water
(Booth and Ellett, 1983; Huthnance, 1986; Souza et al., 2001; Simpson
and McCandliss, 2013). Nevertheless, recharging of the nutrient
pools during winter when shelf nutrient concentrations reach
similar concentrations to the open northeast Atlantic Ocean
(∼0.7 µmol PO4

3− L−1, ∼5 µmol Si L−1, ∼9 µmol NO3
− L−1; Bot

et al., 1996; Hydes et al., 2001), suggests that the shelf Si pool is more
dependent upon inputs from the ocean than is the case for N and P
pools, which, based on the discussion above, can be largely sustained by
internal remineralization and recycling.

4.2. Annual stoichiometry of a shelf sea

The internal stoichiometry of the coastal ocean ultimately provides
important information on transformations that occur within it and can
lead one to infer the presence/absence of specific processes. However,
this is often achieved from a particular point of reference such as the
assumption of a fixed stoichiometric framework (e.g. Redfield et al.,
1963), which can be used to infer nutrient limitation. What has become
clear from the data presented here is that the (pre-determined) as-
sumption of a fixed stoichiometric ratio is highly imprecise, as the
stoichiometry varies horizontally from shelf to ocean, vertically from
mixed layer to benthic layer and with time over the year. These gra-
dients in dissolved nutrient and particulate pools clearly reflect mul-
tiple processes including organic matter synthesis, bacterial reminer-
alization, and nutrient supply thus any inferences from the
interpretation of the observed elemental ratios relative to an assumed
stoichiometric standard must be carefully considered.

Whilst the mean shelf and shelf break POC:PON ratios were com-
parable to one another and distinctly lower than measured offshore
(Table 2), the mean surface NO3

− concentration at the shelf break was
more comparable to that measured in the adjoining ocean and higher
than measured on the shelf (Table 1). Thus, there was a distinct spatial
difference and decoupling between a major environmental factor
(NO3

− concentration) and the resulting biological expression
(POC:PON ratio) of nutrient availability. Precisely why the shelf break
appeared chemically similar to the ocean but shelf break particulate
material appeared similar to that on the shelf is unclear, but the offshelf
gradient in POC:PON ratios appear to follow the offshelf gradient in
DIC:NO3

− (Table 1) suggesting that the measured POC:PON ratio was
largely reflective of the environmental gradient in DIC:NO3

−, despite
non-limiting mixed layer NO3

− concentrations in all three sampled
regions (Table 1). Phytoplankton distributions during the autumn
survey revealed a marked community difference between shelf and
shelf break locations (Siemering et al., 2016) thus the similarity in
particulate matter characteristics in these two regions was not ob-
viously due to widespread similarities in the plankton community. Note
however that the phytoplankton abundances reported by Siemering
et al. (2016) were considerably lower than those reported previously
for the same region and season by Fehling et al. (2012).

POC:POP ratios also exhibited a strong cross shelf gradient in-
dicating increased phosphorous deficiency offshelf comparable to the
gradient of increased nitrogen deficiency offshelf. However, vertically
there was a difference in the way in which nitrogen and phosphorus
behaved. Beneath the surface mixed layer the POC:PON ratio increased
from 8.2 to 9.8 indicating the preferential remineralization of nitrogen
resulting in increasingly carbon rich particulate material with depth.
The POC:POP ratio also increased beneath the mixed layer from 148 to
187 but the increase was proportionately larger than for the change in
the POC:PON ratio. Thus vertically PON and POP were preferentially
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remineralized faster than POC, and POP was remineralized faster than
PON. This observation supports the general interpretation from the
nutrient observations (Figs. 2 and 3), which showed that the shelf en-
vironment was generally depleted in NO3

− relative to PO4
3−(low

NO3
−:PO4

3−) which the pattern in the particulate data suggests was
due to the faster recycling of phosphorous.

The ratio of bSi to POP was generally lower than estimated from the
Redfield/Brzezinski estimate for diatoms of 15:1 (Redfield et al., 1963;
Brzezinski, 1985). Diatoms are not a major component of the oceanic or
shelf break community of this region during autumn (Fehling et al.,
2012; Siemering et al., 2016) most likely explaining the low bulk par-
ticulate bSi:POP measured offshelf. Diatoms were however were widely
distributed across the shelf in autumn 2014 (Siemering et al., 2016) but
bSi:POP was still low on the shelf suggesting weak silicification rates.
The elemental composition of bulk particulate material is widely taken
as indicative of the elemental composition of bulk autotrophic phyto-
plankton biomass. However, bulk particulate material can contain au-
totrophic and heterotrophic plankton species, which have varying ele-
mental compositions, as well as variable quantities of detrital material
(Lancelot and Billen, 1985; Frigstad et al., 2011). Thus, measured
particulate POC:PON, PON:POP or POC:POP ratios must be carefully
considered as bulk particulate elemental composition may not provide
an unambiguous indication of the composition of autotrophic biomass.
In coastal waters there is likely to be a larger impact from detrital and
heterotrophic plankton on the composition of bulk particulate material
than in the open ocean. Observations of mixed layer particulate stoi-
chiometry (Fig. 7a, c), support this with a wider range of PON:POP and
bSi:POP ratios at shelf stations than at shelf break or oceanic stations.
Consequently, the observed difference between autumnal mixed layer
nutrient stoichiometry (N-deficient; Fig. 10a) and autumnal particulate
stoichiometry (predominately P deficient; Fig. 7a) could be due to the
presence of detrital material with a high N:P ratio, due to preferential
bacterial remineralization of P, distorting the overall N:P ratios.

That the particulate material of the mixed layer displayed a greater
tendency towards P deficiency (58% of samples) than N deficiency
(42%) and comparatively broad variability in PON:POP ratios,
despite the nutrient data unambiguously revealing N deficiency
(NO3

−:PO4
3−<16:1; Fig. 3d), and narrow variability in NO3

−:PO4
3−

in all areas, suggests either that the nutrient fields are a poor indictor of
the potential for (N or P) nutrient limitation, that the observed parti-
culate elemental composition was set by homeostatic regulation
(Sterner and Elser, 2002), set in response to some other environmental
variable independent of nutrient concentrations (e.g. light (Leonardos
and Geider, 2004; Thrane et al., 2016), or temperature (Thrane et al.,
2017)) or that the bulk particulate pool elemental stoichiometry re-
flected the relative balance of autotrophic, hetrerotrophic and detrital
material (Frigstad et al., 2011). Clarity on this matter can be obtained
from the results of Ptacnik et al. (2010) who demonstrated that parti-
culate PON:POP ratios are in fact the weakest predictor of autotrophic
nutrient limitation in coastal regions due to the mixed contribution of
autotrophic, heterotrophic and detrital material within bulk particulate
pools. However, Ptacnik et al. (2010) also found that the ratio of dis-
solved inorganic nitrogen (NO3

− + NO2
− + NH4

+) to dissolved
phosphate (PO4

3−) was a comparatively better indicator of nutrient
limitation. In this study this was approximated via the NO3

−:PO4
3−

ratio due to an absence of data on NH4
+ concentrations. However,

Ptacnik et al. (2010) also suggest that the NO3
−:PO4

3− ratio does not
simply allow for the identification of N or P limitation around a
threshold value of 16:1 due to the transition to N limitation occurring at
a lower ratio, and the transition to P limitation occurring at a higher
ratio; a conclusion reinforced by the work of Geider and La Roche
(2002). Thus, Ptacnik et al. (2010) argue that there is a range of
NO3

−:PO4
3− ratios around the canonical value of 16:1 that may better

indicate N and P co-limitation (see also Sterner and Elser (2002) where
this is discussed further). Some credence to this viewpoint is provided
by the nutrient ratio-ratio plot (Fig. 10), which demonstrated a cyclical

and therefore predictable pattern in the stoichiometry of the inorganic
nutrient pool. Specifically, the inorganic pool shifts towards a high N:P
state in spring when coincidentally Si concentrations typically begin to
decrease due to the diatom dominated spring bloom (Fig. 2b; S1b). This
change in the stoichiometry of the nutrient pool can only occur if the
biological nutrient preference (i.e. uptake or draw-down ratio) differs
from that presented in the substrate. Thus low NO3

−:PO4
3− uptake

(analogous to luxury PO4
3− uptake; Geider and La Roche, 2002; Ågren,

2004) in spring by fast growing (diatom) species shifts the inorganic
nutrient pool towards a high N:P state whilst high NO3

−:PO4
3− uptake

(luxury NO3
− uptake) in summer shifts the inorganic nutrient pool back

towards a lower N:P state. Coupled with known successional changes in
phytoplankton community composition (e.g. Colebrook, 1979) the cy-
clical pattern in the ambient NO3

−:PO4
3− suggests that there is an

inverse relationship between the inorganic nutrient pool stoichiometry
and autotrophic nutrient uptake. This then argues for an increased
likelihood of P limitation in spring (due to luxury PO4

3− uptake) when
fast growing species dominate the community and of N limitation in
summer when slower growing species dominate, comparable to the
pattern predicted by Elrifi and Turpin (1985). More recently, Thrane
et al. (2017) also identified a temperature induced shift in the limiting
N:P ratio such that phytoplankton populations become more prone to N
limitation at higher temperatures (i.e. warmer seasons), a result also in
agreement with the observations reported here.

In summary, significant variability in the stoichiometry of the major
dissolved and particulate pools appears to be a common and wide-
spread feature of this shelf system both spatially and seasonally.
Consequently, extrapolations from limited observational datasets using
a fixed stoichiometric assumption are likely to lead to significant error.
This is an important result because mass balance calculations of coastal
ocean carbon fluxes do not normally consider the impact of variable
elemental stoichiometry when assessing the trophic status of shelf
systems. It is, for example, common practice to estimate the proportion
of shelf wide net primary production supported by terrestrially derived
P via Redfield scaling arguments (e.g. Smith and Hollibaugh, 1993;
Ducklow and McCallister, 2004). As a result, even minor deviations in
the C:P ratio could easily introduce errors into conclusions of auto-
trophy or heterotrophy derived from mass balance approaches.

4.3. Stoichiometry of cross shelf flux

Models and observations show that offshelf carbon fluxes associated
with an “Ekman Drain” (Souza et al., 2001; Holt et al., 2009; Huthnance
et al., 2009; Simpson and McCandliss, 2013) operating along the
Hebrides shelf break are far larger for DIC than DOC and larger for DOC
than POC reflecting the hierarchy of pool sizes (DIC > DOC > POC)
(Wakelin et al., 2012; Painter et al., 2016). Based on data for the
shelf break region in autumn 2014 the stoichiometry of the offshelf
inorganic nutrient flux was 2960C:5Si:16N:1P, the particulate flux
260C:12Si:26N:1P, and the mean seasonal organic nutrient flux
381C:40N:1P (Fig. 12). Thus, the inorganic nutrient pool represents the
most efficient vector for carbon export, and the particulate pool the last
efficient relative to phosphorous. Interestingly however, the same is not
the case if nitrogen loss from the shelf is considered (again relative to
phosphorous) when the N:P of the pools increases from 16:1 in the
inorganic pool, to 26:1 in the particulate pool and to 40:1 in the organic
pool, suggesting that nitrogen loss from the shelf via the inorganic pool
is the least efficient whilst nitrogen loss via the organic nutrient pool is
the most efficient. Consequently, the cross shelf flux of organic nu-
trients assumes greater significance for longer-term shelf wide pro-
ductivity as it removes comparatively more nitrogen relative to phos-
phorous than other pools (note that this does not have to imply greater
total N loss via the organic pool).

If the offshelf flux via the Ekman Drain were constant throughout
the year the changing stoichiometry of the benthic nutrient pools would
become an important factor controlling the efficiency, but not
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magnitude, of the offshelf carbon flux. In reality the Ekman Drain varies
seasonally being strongest in winter and weakest in summer due to
seasonal changes in the intensity of the northward flowing Slope
Current (Dickson et al., 1986; Huthnance, 1986; Carter et al., 1987; Xu
et al., 2015). Thus, knowledge of how the stoichiometry of the nutrient
pools varies over the year should be more fully incorporated into stu-
dies focussed on the offshelf flux of nutrients and the continental shelf
pump, as the efficiency of this offshelf flux is a critical aspect of shelf
sea biogeochemistry with long-term consequences for the productivity
of the shelf region. High efficiency transport (high C:N or C:P) implies
internal recycling and retention of N and P elevating the C content of
pools, whereas low efficiency (low C:N or C:P) implies long-term loss of
N and P from the shelf. Whether there are regional patterns in shelf
export efficiency at the global scale remains to be determined.

4.4. Stoichiometric gradients

The internal stoichiometry of the Hebrides shelf during autumn is
summarised in Fig. 12. As already described above, there were sig-
nificant stoichiometric differences within the surface mixed layer and
benthic layer between the three pools examined in this study but here
the focus is on several notable gradients. For example, within the sur-
face mixed layer DIC:PO4

3− increased towards the coast largely in re-
sponse to decreased nutrient concentrations on shelf (Table 1). Verti-
cally however, the overall DIC:PO4

3− stoichiometry decreased despite
increased DIC concentrations, due to proportionately larger increases in
Si, NO3

− and PO4
3− concentrations with depth than in DIC con-

centrations (Table 1). NO3
−:PO4

3− also increased with depth relative
to the surface ocean signifying greater NO3

− availability relative to
PO4

3−. In the particulate pools the elemental stoichiometry increased
with depth resulting in material that was increasingly C rich relative to
N and N rich relative to P signifying that P was remineralized faster
than N and N remineralized faster than C. Interestingly the increase
with depth differed with proportionately larger increases in elemental
stoichiometry at the shelf break and offshelf than on the shelf which
may be related to differences in bacterial communities and/or bacterial
productivity rates, regional differences in processes that repackage
particulate material, or influence from the ocean. It is noteworthy that
the highest benthic POC:POP and lowest DIC:PO4

3− were both located
at the shelf break suggesting more intense recycling of P here than
elsewhere. Finally, the organic pool broadly indicated carbon and ni-
trogen enrichment with depth, and also relative to the global average
ratio of 300C:22N:1P for marine waters (Benner, 2002), once again
signifying a remineralization hierarchy of P being remineralized faster
than N and of N being remineralized faster than C. However, the lim-
itations of extant organic nutrient measurements, at least for this shelf,
prevent more detailed investigation of shelf to ocean gradients.

Stronger remineralization of P relative to N and of N relative to C
with depth is now well established (e.g. Hopkinson et al., 1997, 2002;
Hung et al., 2003; Lønborg et al., 2009; Lønborg and Alvarez-Salgado,

2012; Davis et al., 2014). This study has shown that this reminer-
alization hierarchy can be found in the inorganic, organic and parti-
culate pools of a temperate latitude shelf sea. It seems less clear from
the literature however whether horizontal gradients in remineralization
intensity are widespread nor how the presence of such gradients ulti-
mately influences shelf edge export fluxes. This study has shown that
horizontal stoichiometric gradients are present, particularly between
the shelf and the shelf break, which has implications for the efficiency
of shelf sea carbon export, for the effectiveness of N and P retention
within the coastal ocean and for longer-term shelf wide productivity.
Greater awareness of such gradients and better focus upon the under-
lying mechanisms creating such gradients may ultimately help reduce
the uncertainties associated with cross shelf carbon fluxes and is
therefore recommended for future studies.
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