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1. Introduction & Methods

2. Results

The Hebrides Shelf (Figure 1) represents ~8% of the NW European Shelf by area, but is an important region for the
exchange of water with the open ocean with typical onshore/o shore uxes of ~1-2 Sv.
The o shelf ux is dominated by a downslope transport under the
Slope Current, a process known as the “Ekman Drain” (Figure 2)
which is thought to transport signi cant quantities of carbon o shelf but which is poorly constrained observationally.
Between Oct 20th - Nov 6th 2014 six cross-shelf transects were
completed, consisting of full depth pro les of nutrients, DIC, Alklainity and particulate concentrations at 37 stations. Supporting
hydrographic and current velocity measurements were also made
with the aim of quantifying both the Ekman drain and the associated ux of carbon along the Hebrides Shelf

Surface distributions

Air-sea CO2 uxes were also measured and in combination with
wind-driven surface transports and carbon uxes are used to
obtain a carbon budget for the Hebrides Shelf in autumn.
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Strong gradients were seen in
surface waters between the
Figure 3: Surface shelf and the open ocean
distributions of (Figure 3).
measured
The shelf was generally
parameters
warmer and fresher than the
ocean. Nutrient distributions
were patchy and variable. NO3
and PO43- increased seawards
but Si decreased seawards. DIC
and alkalinity concentrations
were higher/lower on the shelf
respectively compared to the
ocean.
Particulate
concentrations
were also patchy but POP and
PIC distributions revealed
strong gradients between the
shelf and the open ocean.
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Figure 1: Cruise survey area and sampled stations. The blue outline denotes the Hebrides Sea
Region.

Ekman Drain
The Ekman drain transport (Tb) was determined for each transect using depth averaged current velocities (V)
derived from ADCPmeasurements as
Tb = Kb V2 / f
[1]
where Kb is the bottom drag coe cient (0.0025) and f is the coriolis parameter. Volume transports (m3 s-1) were
obtained by scaling each transport term to the extent of the Hebrides Shelf edge (516 km) (Table 1).
Wind-driven Ekman Flux
The surface wind-driven Ekman Flux (TE) was determined as
2
2
TE = raCd (W cos q + w' ) / (rwf)
[2]
where ra is the density of seawater, Cd is the drag coe cient (0.0012), W is monthly mean wind speed, q is the
angle of the wind relative to the shelf, w’ is the standard deviation of wind speed along slope and f is the coriolis parameter (Huthnance et al., 2009). Volume transports (m3 s-1) were obtained as above (Table 1).
Carbon uxes
Carbon uxes were calculated using the relevant transport terms and measured concentrations of DIC, PIC and
POCeither averaged across the mixed layer at o shelf stations for the surface ux or within a narrow region of the
water column (180-220 m) at shelf break stations, or more generally beneath the mixed layer for the Ekman drain
ux. Estimates of DOC concentration were taken from the recent global synthesis of DOC in coastal waters byBarron and Duarte (2015). Fluxes are reported in units of Tg Cd-1.
Air-sea CO2 ux
Air-sea CO2 uxes were calculated using a common bulk methodology
CO2 ux = k K’0 DpCO2
[3]
where k is the gas transfer velocity (using Schmidt number formulation of Wanninkhof (1992) and transfer coe cient of 0.26 from Takahasi et al., (2009)), K’0 is the CO2 gas saturation constant (Weiss 1974), and DpCO2 is the difference in partial pressure (pCO2) between seawater and the atmosphere.
Atmospheric pCO2 was calculated as
(pCO2)atm = XCO2 (Pbaro - Psw)
[4]
where XCO2 is the mean atmospheric CO2 concentration, Pbaro is barometric pressure at the sea surface and Psw is
the water vapour pressure at in-situ temperature and salinity (Weiss and Price 1980).
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Seawater pCO2 was calculated using CO2SYS (Pelletier et al., 2007) using measured DIC and alkalinity and recommended best-practice constants.
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Carbon and biogenic uxes
Carbon uxes were highly variable
with up to 15-fold variability in POC and PIC uxes between
transects. The variability in DIC and DOC uxes was less severe.
Fluxes of PON varied 9-fold, POP and bSi varied 4-fold between
transects.

3. Provisional carbon budget and previous estimates

Air-sea CO2 ux

Mean carbon uxes and a
provisional carbon budget for
the region are shown in
Figure 6. This shows a net ux
of carbon onto the shelf, a signi cant o shelf ux of organic
carbon (compared to the airsea CO2 ux), and minor contributions from PIC. The net
POC ux was ~zero.
A comparison to the literature
revealed that previous ux estimates (Table 2) are highly
variable and most likely underestimate uxes of some
carbon pools by an order of
magnitude.
Figure 6: Provisional carbon budget for the Hebrides Shelf in autumn

Compared to the best recent
model estimate our total organic carbon ux (DOC +
POC) was ~21 times larger
but our total inorganic
carbon ux (DIC + PIC) was
~20% smaller. DOC represented 95% of the organic
ux.

Figure 4: Cross shelf sections of DICand particulate fractions

Cross shelf distributions (Figure 4) revealed a near sea-bed enhancement in DIC concentration (up to 2170 mmol kg-1)
due to remineralization concurrent with low oxygen waters, elevated POC, PON and POP concentrations at the shelf
break and a reduction in concentration from surface to sea-bed and from inshore to o shore. bSi could be elevated at
depth o shore. Signi cant variability between transects appears characterisitic of the region.
Transect

The regional survey (Figure 5) revealed
Important spatial variability in the air-sea CO2 ux with positive
(outgassing) uxes at inshore stations around the Isle of Lewis.
Some of this related to changes in alkalinity and salinity (Figure
3) but also to shallow station depths and deep mixing.
A mean ux of -3.24 mmol C m -2 d-1 (ingassing) for the Hebrides Sea Region (Figure 1)

Table 2: Literature estimates of carbon export from the Hebrides Shelf and a recent
mean estimate of air-sea CO2 ux for comparison to the results of this study.
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1. Introduction & Methods
Continental shelves are highly productive systems but the processes that regulate cross-shelf carbon export are poorly
quanti ed1. Here we examine the role of elemental stoichiometry as a contributing factor in uencing the e ciency of carbon
export from the Hebrides Shelf.
Between Oct 20th - Nov 6th 2014 six cross-shelf transects were completed across the shelf consisting of full depth pro les of
nutrients and particulate concentrations at 37 stations (Figure 11). Concentrations of inorganic nutrients (NO3, PO4, Si) were
measured with standard autoanalyser techniques whilst dissolved inorganic carbon (DIC) was measured using two VINDTA 3C
instruments following best practice guidelines2. Particulate organic carbon, nitrogen and phosphorous were measured on 1
litre water samples by elemental analysis or chemical digestion, biogenic silica (bSi) by chemical digestion and particulate inorganic carbon (PIC) concentrations by inductivity coupled plasma atomic mass spectrometry.
Historic observations of inorganic and organic nutrient concentrations were collated from the literature and international databases (Figure 1) and examined to provide the seasonal context for the cruise based observations.
2. Results and Discussion
Annual Cycle
The mean annual cycle of inorganic nutrients within surface (0-20 m) and benthic (30 m above seabed) layers of the Hebrides
Shelf is shown in Figure 2. An inverse relationship is evident between the two layers with winter maxima in surface waters coincident with annual minima in the benthic layer and summer minima in surface waters coincident with annual maxima in
benthic waters. This re ects autotrophic consumption in surface waters and bacterial remineralization in benthic waters.

Figure 1: Hebrdies shelf region showing sampling locations in October 2014
and distribution of historic inorganic and organic nutrient observations

Predictiable stoichiometric shifts
A cyclical seasonal shift in inorganic nutrient stoichiometry exists (Figure 3) which is driven by autotrophic and heterotrophic processes. In
particular, the surface ocean shifts towards high N:P in spring and low N:P in summer and autumn. We relate this pattern is to fast-growing
phytoplankton species in spring with low N:P (high P) demands and slower-growing species in summer with high N:P (high N) demands. In
winter this shelf is approximately in balance with the Red eld ratio3 but exhibits persistent Si de ciency.
Figure 3: Nutrient ratio-ratio plots
for a) the surface layer and b) the
benthic layer. The vertical red lines,
horizontal blue lines and diagonal
black lines represent the standard
Red eld ratio (106C:15Si:16N:1P).
White squares indicate DY017
cruise data for comparison. Note
the reduced magnitude of seasonal stoichiometric shifts in the
benthic layer.
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A regional ux of -0.0021 Tg C d-1 implying net autotrophy
Figure 5: Map showing air-sea CO2 ux
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Particulates
Particulate data collected in autumn 2014 reveal important sub-regional variability in selected elemental stoichiometry (Figure 4).
The particulate pool was C-rich relative to N (high C:P), P poor relative to C (high C:P) , Si poor relative to P (low Si:P) and predominately
P poor relative to N (high N:P). Comparison to global particulate datasets4,5 (not shown) revealed minor but important di erences to
global mean values demonstrating either regionally or seasonally important perturbations.
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Figure 2: Mean annual cycle of inorganic nutrients and stoichiometry for the Hebrides Shelf region (see Figure 1b for
data distribution)

Figure 4 (below): Mean particulate stoichiometries during autumn
2014 left) the mixed layer and right) benthic layer. Note the distinct
groupings of individual sub-regions.

Organic nutrients
Organic nutrient observations from this region are sparse (Figure 1c) and currently only allow calculation of seasonal means (Table
1). The organic nutrient pool undergoes seasonal variation in concentration and stoichiometry but the timing and signi cance di ers
from the inorganic pool. Maximum organic nutrient concentrations occur in summer and minimum concentrations in winter/spring.
Table 1: Mean seasonal organic nutrient concentrations for the Hebrides
Shelf

3. Conclusions
s Non-Red eld stoichiometry characterised all pools in autumn 2014 (Figure 5).
s Stoichiometric di erences between pools, vertically between layers and horizontally between regions indicate important shelf to
ocean gradients
s Cross shelf gradients suggest more e cient N loss via the organic pool and more e cient C loss via the inorganic pool relative to P.
s Si de cient waters appeared widespread both seasonally and annually. Could Si limit productivity in this region?

4. Conclusions
On the Hebrides Shelf during Autumn 2014
 The mean o shelf carbon ux (2.18 Tg C d-1) was 6% less than the mean onshelf carbon ux (2.32 Tg C d-1)
(though note this is an instantaneous balance not a net annual balance)
 Shelf edge carbon uxes were highly heterogeneous between transects indicating the importance of small
scale variability in cross-shelf exchange.
 The mean o shelf POC ux (0.007 Tg C d-1) was 3-fold larger than regional air-sea CO2 ux (0.0021 Tg C d-1)
 The onshore organic carbon ux represented 3.3% of the total onshore carbon ux
 The o shelf organic carbon ux represented 6.4% of the total o shelf carbon ux (twice as large)
 DOC represented 95% of the o shelf organic carbon ux
 Shelf derived DOC is probably an important term in the open ocean carbon cycle but the age and lability
of the DOC is unknown.
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Figure 5: Mean autumnal stoichiometic patterns and gradients for a) the inorganic nutrient pool, b) the particulate pool and c) the orgainc nutrient pool (n.b. blue numbers are
annual mean values)
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Elemental stoichiometry (C, Si, N, P) of the Hebrides Shelf
1) Opposing annual cycles in
surface and benthic water
inorganic nutrients – auto/heterotrophic activity

~70% of Si, ~30% of NO3 &
PO4, “lost” from system

2) Cyclical trends in nutrient
stoichiometry – inversely
linked to autotrophic
demands

Potential P limitation in spring,
N limitation in summer.
Widespread Si deficiency

3) Significant lateral and
vertical gradients in
stoichiometry

