Impact Objective
• Quantify carbon in the continental shelf
sediments, and determine their importance
over annual to multi-decadal timescales

Shedding light on carbon
stored in the continental shelf
The Shelf Sea Biogeochemistry project is seeking to improve knowledge on the biogeochemical processes
of the shelf seas. The seafloor biogeochemistry, macronutrient and carbon cycling research team of this
project is led by Professor Martin Solan

The Shelf Sea
Biogeochemistry
(SSB) research
programme is
shedding light on
the shelf seas’ fundamental biogeochemical
processes which, at present, are poorly
understood. This work aims to reduce
uncertainty in knowledge of nutrient and
carbon cycling within shelf seas, and of their
role in global biogeochemical cycles.
The five year SSB investigations, which
are drawing to a close at the end of 2017,
are co-founded by the UK’s Natural
Environment Research Council (NERC) and
the Department for Environment, Food &
Rural Affairs (Defra). There are five Work
Packages (WP) in SSB: Carbon and nutrient
dynamics and fluxes over shelf systems
(WP1); Biogeochemistry, macronutrient and
carbon cycling in the benthic layer (WP2);
Supply of iron from shelf sediments to the
ocean (WP3); Integrative modelling for
SSB (WP4); and ‘Blue carbon’ - How much
carbon is stored in UK shelf seas, what
influences storage and could it be used in
carbon trading? (WP5).
Professor in Marine Ecology Martin Solan,
based at the University of Southampton,
is WP2 Project Principal Investigator and
is leading the inputs to SSB on quantifying
pools of carbon in continental shelf
sediments. He says that despite being
considered the most valuable biome on
Earth, the shelf seas are under considerable
stress: ‘The societal importance of the shelf
seas extends beyond food production to
include biodiversity, carbon cycling and

storage, waste disposal, nutrient cycling,
recreation and renewable energy. Yet,
as increasing proportions of the global
population move closer to the coast, our seas
have become progressively eroded by human
activities, including overfishing, pollution,
habitat disturbance and climate change.’

will allow unprecedented understanding
of the changes in naturally assembled
communities, alterations to habitat
condition (cohesive to non-cohesive
sediments) and water column stratification
(stratified versus mixed) that we can expect
in future.

KEY OBJECTIVES FOR WP2
The project emerged in response to a need
for more detailed evidence to support the
management and governance of shelf seas
and WP2 aims to provide some key data
for this. Solan says their main objective
is to ‘directly quantify the concentration
of carbon and macronutrients (such as
nitrogen, phosphorous and silicate) and
carbon across a range of sediment habitats
using an extensive range of physical,
biological, chemical, acoustic and optical
techniques in order to generate a holistic

By completing the WP2 goals, the
researchers hope to generate the toolkit
required to develop model frameworks
to predict carbon and macronutrient
stocks and flows at regional scales. ‘These
will develop new visualisation tools for
predicting biogeochemical condition across
a range of environmental contexts, including
feedbacks and linkages, and how any
directional change may affect macronutrient
and carbon exchange in shelf sea systems,
including responses to human drivers and
climate change,’ Solan explains.

A particularly exciting aspect of the SSB WP2
programme is that we have assembled a consortium of
leading scientists from a range of research fields
understanding of the biogeochemistry of
shelf sea systems’. They also have a second
objective to validate their observations,
which the team is doing by combining
observations with an ‘extensive series
of manipulative laboratory and field
experiments designed to assess multiple
stressors such as ocean warming, ocean
acidification, tidal and storm induced
resuspension and trawling intensity’. This

MULTIDISCIPLINARY TEAM EFFORT
WP2 of the project is the seabed
component, surrounding biogeochemistry,
macronutrient and carbon cycling in the
benthic layer. ‘To achieve our ambition
to quantify carbon storage at contrasting
sites and seasons demands a coordinated
interdisciplinary team,’ Solan says. The
collaboration involves contributions
of researchers from University of
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Southampton, the National Oceanography
Centre (NOC), Plymouth Marine Laboratory
(PML), Centre for Environment, Fisheries
and Aquaculture Science (CEFAS),
University of Portsmouth, University of
Bangor, and the Scottish Association for
Marine Science (SAMS).
The work has been organised into four
related Modules. The goal behind of Module
1 of WP2 is to quantify the seasonal rates
and pathways of carbon and nutrient
element cycling across the range of
sediments encountered in a temperate
shelf-sea ecosystem and identify the
organisms that govern these processes.
Module 2 involves defining the stocks
of carbon in living biomass. Module 3

explores exchanges between macrofaunal
invertebrates and microbes and how these
impact on the nutrient cycles. Module 4
investigates exchanges of carbon and
nutrients between sediments and the
overlying water column. These modules
demand a highly multidisciplinary team to
be able to deliver the desired knowledge to
support the wider SSB project. ‘A particularly
exciting aspect of the SSB WP2 programme
is that we have assembled a consortium
of leading scientists from a range of
research fields – including microbiologists,
ecologists, physical oceanographers,
biogeochemists, mathematical modellers
and policy advisors’, Solan highlights.

Spotlight on carbon

Laying the foundations
Dr Daniel Mayor, from the National Oceanography Centre, is leading Module 1 which is focused
on quantifying and understanding the rates and pathways of carbon and nitrogen cycling across the
diversity of sediment types encountered in the Celtic Sea

U

nderstanding how
cycles of carbon and
nutrient elements
such as nitrogen and
phosphorus vary in
response to physical
disturbance events associated with intense
storm activity is a further objective of this
module. WP1 Leader Dr Daniel Mayor,
Senior Marine Biogeochemist in the Ocean
Biogeochemistry and Ecosystems Group,
National Oceanography Center at the
Natural Environment Research Council
(NERC) says that the researchers have
employed a range of techniques to do so:
‘Addressing these aims in sediments that
span from soft and sticky mud to coarse
sands and gravel necessitates a range of
observational, experimental and analytical
approaches. To understand the rates of
carbon and nutrient element cycling we
have used a range of incubation techniques,
measuring the consumption of oxygen
and the production of CO2 and various
inorganic nutrient species.’
QUANTIFYING ELEMENTS
Mayor and his team are seeking to
improve the understanding between the
photosynthetic production of organic matter
in the surface ocean and its consumption
and burial/recycling at the seafloor. ‘Our
main contribution to this project has been
to study the rates and pathways of carbon
and nitrogen cycling across the range of
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sediments encountered across the Celtic
Sea using stable isotope ‘pulse-chase’
experiments,’ he says.
The team began by growing marine
phytoplankton cells and enriched these
with carbon-13 and nitrogen-15, naturally
occurring isotopes of these elements that
are rare in the natural world. ‘Adding a
known amount of this isotopically-enriched
organic matter to the seafloor allowed
us to quantify the uptake of carbon and
nitrogen into the biomass of animals and
bacteria that inhabit the sediments,’ Mayor

sediment types present or how they change
over the annual cycle, observes Mayor.
‘This lack of understanding confounds our
ability to represent carbon and nutrient
cycling in the numerical models that
are used to explore the implications of
future environmental change for shelf sea
ecosystems.’
The team’s data consistently shows that the
rates at which carbon and nutrient elements
cycle at the seafloor vary through both space
and time and that the effects of space and
time are seen as changes to the community

Microorganisms are central to the recycling of
nutrients and hence the overall health and
productivity of shelf sea systems

reveals. ‘We also quantified the amounts of
these elements that were returned to their
inorganic states (such as dissolved CO2) in
the overlying water over the duration of our
incubations.’
DEEPER UNDERSTANDING
This module is fulfilling a gap in knowledge
as there is currently a lack of mechanistic
understanding of how the rates of shelf
sea services vary across the diversity of

structure of sediment microorganisms. ‘Our
sediment incubations have consistently
revealed that sediment bacteria are capable
of responding rapidly to a fresh supply of
organic matter. Microorganisms are central
to the recycling of nutrients and hence the
overall health and productivity of shelf sea
systems,’ states Mayor. ‘We are already
beginning to see the fruits of our labour and
expect exciting revelations as we continue to
analyse the resulting data.’

Module 2 involves defining the stocks of carbon in living biomass, which is being led by
Dr Henry Ruhl, of the National Oceanography Centre

I

nvestigating the
stocks of carbon
in living biomass
across diverse range
of body sizes and
how organic carbon
is processed by this benthic life is a key
input into the SSB project, which is being
completed by WP2 Module 2. This team
is led by Dr Henry Ruhl, who is Associate
Head of Ocean Biogeochemistry and
Ecosystems at the National Oceanography
Centre and a specialist in links between
biological carbon cycle processes and
ecology.
The researchers have sampled across a
greater range of body sizes than is usually
accommodated in sampling programmes,
which has enabled them to simultaneously
examine the stocks of carbon held in
specific pools from microbes through
to larger lifeforms such as crustaceans
and bivalves. This is important because
larger fauna are often poorly sampled
and, compared to smaller fauna, their
contribution to the carbon cycle is not well
understood. ‘The work of Module 2 seeks
to define such patterns across the Celtic
sea area and examine those patterns for
links with food demand and carbon burial
and how our observations might improve
quantitative models,’ Ruhl explains.
EMPLOYING A RANGE OF TOOLS
Ruhl and his team have used a combination
of autonomous underwater vehicles (AUVs),
scientific trawling and sediment core
sampling. Access to these types of tools has
allowed the researchers to gather accurate

One of the key means to collect data for larger
fauna is through large-scale photographic
surveying using AUVs
estimates for size-specific biomass from
large megafauna and fishes greater than
1 kg through to microscopic polychaete
and nematode worms, and even bacteria.
‘Large animals are difficult to sample in part
because they are less common than small
animals, where you have to look at a larger
area of seafloor in order to get the same
quality sample as a smaller animal,’ Ruhl
says. ‘The ways in which models partition
food supplies to influence various stocks
and flows of carbon in a benthic community
depend heavily on the proportional
abundance by size or functional type. So, a
key step to modelling is good field data.’
One of the team’s goals is to measure
food demand, which is also defined as
sediment community oxygen consumption.
‘This carbon flow term is one of the two
main terms for carbon to leave the benthic
community as such,’ states Ruhl. ‘The main
food supply for this community is sinking
marine snow, or particulate organic matter.
This particulate organic matter is mainly
either respired back to CO2 in the water
column, or buried. A key goal was to also
quantify both of these terms for the areas of
mud and sand.’
Ruhl is well positioned to lead the team’s
endeavours given that he has long
been researching the contribution of

larger fauna to carbon cycling. ‘One of
the key means to collect data for larger
fauna is through large-scale photographic
surveying using AUVs,’ he highlights. ‘Our
team brought specialist knowledge on how
to collect and analyse the large volumes
of data that can be acquired using AUVs
and translating that data into ecological
knowledge.’
IMPROVED KNOWLEDGE
With the project drawing to a close, the
team is examining its collective data set to
provide better size specific carbon stock
and flow estimates. ‘We are looking at how
this improved knowledge of body size,
biomass, respiration, and burial influence
how the European Regional Seas Ecosystem
Model (ERSEM) functions,’ says Ruhl. The
researchers have made impressive headway,
including the discovery that the benthic
communities are distinct for each of the
various combinations of mud, sand and
rocks that they surveyed. ‘These sediment
combinations also have differing biomass
and other carbon stock and flow features,’
Ruhl adds. ‘However, there are some
consistent relationships between the sites
that allow us to scale up our understanding
to the vast areas of the Celtic Sea shelf seas
that are characterised by these sediments.’
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Investigating
exchanges
Senior Research Fellow Dr Charlie Thompson from the National
Oceanography Centre Southampton is co-leader of Module 4,
which investigates exchanges of carbon and nutrients between
sediments and the overlying water column

Studying exchanges

Understanding macrofauna
and microbes
Exploring exchanges between macrofaunal invertebrates and microbes and how these impact on
the nutrient cycles is the task of Module 3, which is led by Dr Jasmin Godbold of the University of
Southampton

M

odule 3 is focused
on the interaction
between macrofaunal
invertebrates
and microbes
for mediating
nutrient cycling in the seabed and how
human and climatic disturbances affect
this macofauna-microbe relationship and
subsequently nutrient cycling. This work
has two main objectives. Firstly, to identify
how the relationship between microbes
and macrofauna affects biogeochemical
processes across different sediment types
(mud, sand-mud, muddy-sand and sand).
Secondly, to determine how the microbialmacrofaunal-biogeochemical coupling in
sediments is impacted by human activities,
specifically trawling and anticipated climatic
futures in terms of warming and ocean
acidification.
The Module is led by Dr Jasmin Godbold
who is a lecturer in Marine Biology within
Ocean and Earth Science, National
Oceanography Centre Southampton at the
University of Southampton. Godbold’s
research focuses on understanding how
marine communities interact with their
environment, with particular emphasis on:
how environmental complexity, disturbance
and climate change affect community
dynamics; the expression of species-specific
traits; and associated impacts for the
functioning of ecosystems, such as nutrient
cycling in marine sediments.
14 www.impact.pub

THE MACROFAUNAL COMMUNITY
The background to Module 3 is that benthic
trawling may be affecting organic-matter
remineralisation and nutrient cycling by
sediment resuspension and the burial of
organic matter to depth. ‘Human impacts
that disrupt the microbe-macrofaunal
relationship in sediments, by changing
macrofaunal community structure, reduces
the capacity for microbial biogeochemical
cycling in shelf sea benthic environments,’
Godbold explains. Anticipated climate
warming and ocean acidification will
alter macrofaunal community structure

structure of benthic infaunal invertebrate
communities enough to alter microbemacrofaunal relationship in sediments.
This modifies the capacity for microbial
biogeochemical cycling in shelf sea
sediments over the long term. Furthermore,
organic matter remineralisation and
nutrient cycling in sediments subjected
to benthic trawling are likely to be further
disrupted due to sediment resuspension
and the increased burial of organic matter
to depth. ‘Additional to any direct impacts
of human activities on benthic communities
and biogeochemical cycling, our research

Our research has shown that anticipated climate
warming and ocean acidification will alter
macrofaunal community structure
sufficiently to impact microbial functioning
and subsequently the availability of
nutrients in shelf sea waters. ‘However, little
is known about how these activities impact
sediment faunal community composition,
their behaviour and associated implications
for microbial communities and nutrient
cycling.’
THE EFFECT OF HUMAN ACTIVITIES
According to Godbold, disturbance through
anthropogenic activities, such as benthic
trawling, changes the composition and

has shown that anticipated levels of climate
warming and ocean acidification will alter
macrofaunal community structure and
the expression of functional traits that
are important in influencing microbial
functioning and subsequently the availability
of nutrients’ she explains.

of carbon and
nutrients between
the sediments and
the overlying water
column, particularly
exchanges driven by the resuspension of
sediments, is tasked to the WP2 Module 4
team. This Module is co-led by Dr Charlie
Thompson, a Senior Research Fellow in
Sediment Dynamics within Ocean and
Earth Science, National Oceanography
Centre Southampton at the University of
Southampton.
Thompson’s research focuses on
experimental and process based sediment
dynamics, ‘including measuring and
predicting the stability of the seabed and
sediment resuspension processes in situ
and in the laboratory; measurements of
fluid and solid-transmitted stresses during
sediment transport; and understanding
the complex feedbacks between boundary
layer dynamics, benthic structures and
turbulence,’ she explains. This expertise
includes specialising in the use of annular
flumes in the laboratory and in situ, to
generate controlled resuspension events
in order to assess their dynamics and the
exchange processes that occur during them.
‘Traditionally, the sediment-water interface
is often viewed as a static or solid boundary,
and the complex dynamics of this layer are
often overlooked, or are poorly understood.
This is despite the fact that sediment
resuspension events are likely to be frequent
in the relatively shallow waters of the shelf
seas, and can be significant in volume,
particularly in stormy, winter conditions,’
Thompson observes. She points out that by
studying a range of sediment types, under
different seasonal conditions, it will be
possible to ‘assess diffusive, pumped and
resuspension driven exchanges; determine
how they are controlled or affected by bed
characteristics or seasonal processes, and
investigate their relative importance on
shelf-seas biogeochemical cycling’.

MODELLING CARBON STORAGE
The team’s main aim is to improve
understanding of sediment-water column
exchanges, including the differently driven
exchanges in terms of biogeochemical
cycling. ‘Specifically, our aims have been
to quantify exchanges of nutrients and
carbon over a range of different sediment
types and seasonal conditions, and to
assess how both natural (flow drive) and
human induced sediment movement
or resuspension alters these exchange
processes, and how this may change in the
future,’ reveals Thompson.
Part of Module 4 involves modelling
long-term carbon storage under different
scenarios. ‘As part of this module, we
assess the likelihood and frequencies of
resuspension events in order to scale their
effects and associated carbon cycling in the
sediments,’ she states. ‘By using predictions
of storminess and changing hydrodynamic
conditions we are able to predict how
this may change under a range of climate
scenarios.’ The reason behind this is to allow
the team to assess whether sediments are a
source or a sink of carbon on shelf seas, and
whether this might change in the future.
A VARIABLE EFFECT
The researchers involved in Module 4 have
discovered that the effect of resuspension
on exchanges across the sediment water
interface is highly variable, and dependant
on both sediment type and season. ‘Within
site replication of experiments has shown
high variability associated with a strong,
small-scale, spatial heterogeneity which
is clearly a key factor controlling these
exchanges. Seasonal conditions appear
to be important in determining whether
exchanges of nutrients are significantly
altered during resuspension periods,’
concludes Thompson. ‘And there are
indications that more stable (harder to
erode) beds may experience higher fluxes of
inorganic nutrients once they do eventually
fail, than those undergoing more
frequent resuspension events.’

Project Overview
Sea Shelf Biogeochemistry project –The
Shelf Sea Biogeochemistry (SSB) is a £10.5
million, six year (2011 – 2017) research
programme, jointly funded by the Natural
Environment Research Council (NERC)
and the Department for Environment,
Food and Rural Affairs (Defra). The aim of
the research is to reduce the uncertainty in
our understanding of nutrient and carbon
cycling within the shelf seas, and of their
role in global biogeochemical cycles. SSB
will also provide effective policy advice
and make a significant contribution to
the Living with Environmental Change
programme.
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