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Preface

Most of the chapters of this book were presented as oral communications at the
Seasink conference that was held at University Fernando Pessoa, Oporto, Portugal,
between the 26th and the 28th of June 2008. The main objective of this conference
was to discuss the role of the oceans as a sink for most of the residues from human
activities. The conference had several sessions devoted to such topics as organic
and inorganic compounds and their effects, global changes, regional approaches to
pollution problems and future prospects with respect to the assessment of human
impacts upon the marine environment. Some time before the conference, we were
invited by Springer to prepare a book on part of the conference topics. Considering
the communications presented at the conference and the actuality of issues related
to climate change and all its direct and indirect effects upon the oceans, it seemed
a good opportunity to prepare a book about the role of the oceans as a carbon sink.
In the 2007 synthesis report prepared by the Intergovernmental Panel on Climate
Change (IPCC) it is stated that:

Warming of the climate system is unequivocal, as is now evident from observations of
increases in global average air and ocean temperatures, widespread melting of snow and
ice and rising global average sea level

In spite of the fact that some people within the scientific community remain skeptical
about the causes and the relevance of climate change patterns, there seems to
be, at least, a reasonable doubt about its existence and its consequences upon the
biosphere. Therefore, it seems reasonable to follow the precautionary principle and
try to anticipate and mitigate those consequences. Historically, there is an important
time lag between the environmental alerts raised by the scientific community and
the political response of human society to those alerts, as discussed in the book
“Limits to Growth” by Meadows et al., published in 2004. It is perhaps time to
reduce the mentioned time lag and we hope that this book may give a small, yet
honest contribution to it.

Globally, the oceans act as a CO, sink, as suggested in recent literature. However,
this sink role is based on the quantification of CO, air-sea exchanges with a low
spatial resolution. An important issue is quantifying the source/sink CO, role of con-
tinental shelves, mostly in near shore urban and industrial high density areas, which
emit CO, more intensely to the atmosphere. It has been suggested that worldwide the
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continental shelf acts as a very important CO, sink — “the continental shelf pump
hypothesis”. However, this hypothesis deserves further investigation, due to the very
low spatial and temporal resolution of available data on CO, fluxes and to our limited
knowledge about the benthic contribution to these fluxes.

Another important issue is to understand the way in which the ocean CO, sink
may be impacted both by increasing CO, levels and global warming. It is expect-
able that CO, fluxes are influenced by upwelling, land drainage, sea surface warm-
ing and pH decreasing trends. A pH variation in the ocean could have an important
ecological impact as a result of changes in the marine ecosystem and biogeochemi-
cal cycles of the elements. Processes that may be changed include organism calci-
fication, carbon and nutrient assimilation, primary production and trace metal
speciation. Physiologic and biogeochemical processes tend to be temperature
dependent and, therefore, increasing temperature may induce changes in those
processes and, consequently, on biologic consumption/production CO, processes.
Changing temperature may lead to changes in the geographic ranges of several spe-
cies with potentially important feedbacks to the carbon biogeochemical cycle as
well. Furthermore, on one hand, increasing temperature will contribute to satura-
tion of sea water with respect to CO,, enhancing net efflux from the water to the
atmosphere, on the other hand, the opposite effect takes place upon increase of
atmospheric CO, levels. The awareness raised by the consequences of increasing
the so-called greenhouse gases is stimulating the development of several carbon
dioxide sequestration technologies and there is already a European directive
(Directive 2009/31/EC of the European Parliament and of the council of 23 April
2009) regulating the application of geological storage of carbon dioxide. It is
expected that oceans will be used as a ground for some of the mentioned technolo-
gies and it is important to anticipate their potential impacts.

This book is divided in eight chapters. Chapter 1 describes the climate variabil-
ity in the north-western Iberian Peninsula during the last deglaciation, based on a
high-resolution pollen analysis in cores retrieved from the Douro estuary and it is
also a contribution towards chronologically synchronizing data sets from different
origins. It is important to have knowledge about natural and human-induced climate
variability to improve projections of future climate changes. Chapter 2 addresses
the potential impact of carbon dioxide from a large metropolitan area over the adja-
cent coastal zone, using an atmospheric dispersion model, and it stresses the impor-
tance of having high resolution atmospheric carbon dioxide data to estimate
accurately air-sea CO, exchanges. Chapter 3 is an in-depth review of present- day
carbon dioxide fluxes in the coastal ocean and their potential feedbacks under
global climate change, emphasizing the role of coastal oceans as a CO, sink and
their vulnerability to climate change. Chapter 4 addresses some detailed aspects of
phytoplankton community responses to climate change with emphasis on decreas-
ing pH trends in sea water and its ecological effects. Chapter 5 discusses pH
decrease and its effects on sea-water chemistry from a 10 year time-series at the
ESTOC station, located approximately 100 km north of the islands of Gran Canaria
and Tenerife. Chapter 6 presents results on the effect of pH decreases on metal
bioaccumulation in the sediments. Chapter 7 analyses possible consequences of
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increasing temperatures and pH changes on contaminant cycling. Finally, Chapter
8 presents an application of the Weight-of-Evidence approach for environmental
quality assessment regarding the geological sequestration of CO, in sediments
above sub-seabed geological formations to determine effects of possible leaks.

Results presented and discussed in the chapters of this book suggest that impor-
tant changes may be occurring in the oceans, as a result of the carbon dioxide
increase in the atmosphere, and point to possible effects of these changes over the
next decades and their complex synergies with physical, chemical, biological and
ecotoxicological phenomena. Furthermore, some of the chapters draw our attention
to the necessary precautions regarding the application of some of the technologies
used to mitigate problems arising from CO, increase in the atmosphere. In synthe-
sis, the contents of this book draw our attention to the importance of dealing with
observed global change trends and their effects upon the oceans using an interdis-
ciplinary approach due to their complexity and interlinks between different areas of
knowledge.
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Chapter 1
Climate Variability in the North-Western Iberian
Peninsula During the Last Deglaciation

Filipa Naughton, Teresa Drago, Maria Fernanda Sanchez-Goiii,
and Maria Conceicao Freitas

Abstract Vegetation reconstruction from north-western Portugal estuarine
cores reflects millennial- to centennial-scale climate variability during the Last
Glacial-Interglacial Transition (LGIT) in the Douro basin. These vegetation cover
changes match perfectly the climatic pattern detected in the North Atlantic region
and in Greenland. Changes between high and weak forested phases in the Douro
basin are associated with warm and cold episodes, respectively.

The first warm episode, the Bolling, occurring within the LGIT, follows the Oldest
Dryas episode (terrestrial equivalent of the marine Heinrich 1 event) and was charac-
terised by the expansion of pine, oak and birch. Subsequently, a rapid climate reversal
was revealed by the contraction of that arboreal association and increase of herba-
ceous taxa probably reflecting the centennial-scale Older Dryas episode (one of the
well-known Intra Bolling-Allergd cold events). The Allergd event, representing the
subsequent warming phase, was characterised by the expansion of alder followed by
pine. Afterwards, an abrupt cooling occurred, evidenced by the replacement of tem-
perate trees (pine and oak) by herbaceous plants (compositae and grasses), reflecting
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the Younger Dryas cold event. Finally, the end of the LGIT was characterised by a
maximal expansion of temperate and humid forest (birch, oak, pine, ashes, alder), as
likely being the result of the climate improvement that characterises the present-day
interglacial, the Holocene.

Keywords Climate variability « North-western Iberian Peninsula « Douro estuary
» Sedimentation  Vegetation  Forest « Pollen « Glacial-Interglacial transition
« Deglaciation « Bolling « Dryas episode « Allergd event « Holocene

1.1 Introduction

Human activities have produced substantial changes in the Earth’s climate system
since the last century. Knowledge about natural and human-induced climate vari-
ability is essential to improve projections of future climate changes. Over the last
million years, the earth’s climate system has experienced several cyclic shifts of
different amplitudes, duration and temporal scales. Oscillations between glacial and
interglacial conditions were mainly controlled by changes in the distribution of
sunlight on Earth associated with features of the Earth’s orbit (e.g. Imbrie et al.
1992) while large, abrupt and widespread millennial-scale climatic changes, known
as the Dansgaard-Oeschger events (Dansgaard et al. 1993) were mainly triggered
by North Atlantic oceanographic changes (Broecker 1994; Bond et al. 1999).
During the last deglaciation (20-6 ka), an increase of the Northern Hemisphere
summer insolation resulted in melting of high-latitude ice sheets and, consequently,
in rises of sea-level (Imbrie et al. 1992). Superimposed on this global warming
trend and, in particular, during the Last Glacial-Interglacial Transition (LGIT)
(15-11.5 ka), a millennial-scale climate variability has been detected in the North
Atlantic, European archives and Greenland ice records (e.g. Mangerud et al. 1974;
Lehman and Keigwin 1992; Alley et al. 1993; Dansgaard et al. 1993). Both orbital
and suborbital induced climate variability of the last deglaciation is well expressed
in pollen records from the north-western Iberian margin (core MDO03-2697:
42°09'59N, 09°42'10W; 2,164 m depth and core MD99-2331: 42°09'00N,
09°40'90W; 2,110 m depth) (Naughton 2007; Naughton et al. 2007a). Vegetation
changes in the north-western Iberian Peninsula are synchronous with those reflected
by the marine proxy data (e.g. Sea Surface Temperatures-SST) from the same deep-
sea core (Naughton 2007; Naughton et al. 2007a). In these records, the warm epi-
sode known as Bolling-Allergd (terrestrial equivalent of the Greenland interstadial
1-GIS1: Johnsen et al. 2001; Lowe et al. 2001, 2008) is bracketed by two cold
events: the Oldest Dryas which is the terrestrial equivalent of the marine Heinrich
event 1 (Naughton et al. 2007a) and of the Greenland stadial 2-GS2 (Johnsen et al.
2001; Lowe et al. 2001) and the Younger Dryas which is the terrestrial counterpart
of Greenland stadial 1-GS1 detected in marine and ice cores (e.g. Johnsen et al.
2001; Lowe et al. 2001; Lehman and Keigwin 1992; Naughton et al. 2007a). A sub
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millennial-scale cold episode, named Older Dryas, was firstly identified in northern
European pollen sequences (e.g. Mangerud et al. 1974), occurring in between the
Bolling and the Allergd warm events. The multi-proxy record from the north-
western Iberian margin (Naughton et al. 2007a) did not, however, detect this event.
Indeed, the Older Dryas event is sometimes difficult to identify and its existence in
central and southern Europe has been a subject of debate over the past few decades
(see Sanchez Goiii 1996). The lack of evidence of this particular cold event in several
central and southern Europe pollen records could be due to low time resolution
studies and/or because the vegetation was not sensitive enough to rapidly respond
to this relatively abrupt cold event (Sanchez Goiii 1996). However, recent central
European paleoclimatic records have documented two century-scale cold events
during the Bolling-Allergd warm period (B-A), identified as Older Dryas and intra-
Allergd events (Von Grafenstein et al. 1999; Brauer et al. 2000). High time resolu-
tion (centennial-scale) pollen records from the Paris Basin (north of France) (Pastre
et al. 2000, 2003; Limondin-Lozouet et al. 2002) and lake Lautrey (eastern France)
(Peyron et al. 2005; Magny et al. 2006) permitted identification of a cold episode
within the Bolling-Allergd, which has been attributed to the Older Dryas event.
There are also evidences of two rapid dry episodes within the Bolling-Allergd
interstadial in the western tropical and sub-tropical North Atlantic region (e.g.
Hughen et al. 1996; Willard et al. 2007). In the northern Iberian Peninsula, most of
the well-known pollen sequences (Allen et al. 1996; Pefialba et al. 1997; Mufioz
Sobrino et al. 2004) do not record vegetation cover changes during the Older Dryas
event. However, further south, the Serra da Estrela pollen records (Portugal) show
an abrupt cooling episode which authors associate with the Older Dryas event
(Van der Knaap and Van Leewen 1997).

The Serra da Estrela is the only region of Portugal consisting of lakes with
continuous sedimentation offering the possibility to document the vegetation
history of the Mediterranean biogeographical region since the last deglaciation. No
lake records from northern Portugal are available so far to document vegetation
changes in the Atlantic biogeographical region during the last deglaciation. Only
marine and relatively continuous estuarine pollen records reflecting the regional
pollen signature from the northern hydrographical basins can help us to document
past vegetation changes in that region.

The aim of this work is to document vegetation responses of northern Portugal
to the climate variability that characterises the mid- and end-stages of the last degla-
ciation (16. 5-6 ka) in the North Atlantic region (e.g. Lehman and Keigwin 1992;
Naughton et al. 2007a) and to determine whether the vegetation of this region has
changed during the Older Dryas event. For this, we will perform a high resolution
(centennial- time scale) pollen analysis in two cores retrieved from the Douro estu-
ary. Previous analyses (sedimentological and micropaleontological) on both cores,
have shown several environmental changes in the Douro estuary, such as the
displacement of the river main channel during the last deglaciation which was
mainly triggered by substantial global sea-level changes (Drago et al. 2006;
Naughton et al. 2007b). Furthermore, a detailed description of pollen data reflecting
the Holocene period has been previously published in Naughton et al. (2007b).
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1.2 Environmental Settings

The Douro estuary is located in the north-western Portuguese coast (41°09'00"N;
8°38'00"W) being nourished by several tributaries, such as the Douro, Coa, Tua,
Tamega, Balsemao and Sousa rivers, which compose the Douro hydrographic basin
(Fig. 1.1). This basin is wide (area of 97.682 km?) and characterised by a heterogeneous

Sus1-18

Vila Nova de Gaia

500 m
® Core site —Palaeoisobaths (m) = = Ancient river flow
@ Surface samples E=] Sand bar — Present day river flow

Fig. 1.1 Study area: (a) Iberian Peninsula and Douro basin; (b) Douro estuary. Dark points
represent core sites used in this work; white circles reflect marine pollen sequences (MD03-2697:
Naughton 2007; Naughton et al. 2007a; MD99-2331: Naughton 2007; Naughton et al. 2007a,
MD95-2039: Roucoux et al. 2005; SU81-18: Turon et al. 2003; SO75-6KL: Boessenkool et al.
2001) and squares c, d and e illustrate the well know reference pollen sequences from Iberian
Peninsula (Laguna de la Roya: Allen et al. 1996; Laguna de las Sanguijuelas and lleguna: Mufios
Sobrino et al. 2004; Quintanar de la Sierra: Pefialba et al. 1997 and Serra da Estrela: Van der
Knaap and Van Leeven 1997). Dark lines represent the palaeoisobathic curves defined by Carvalho
and Rosa (1988). The dashed line represents the ancient direction of the river main channel flow
and the bold dark line the present day river main channel flow. This palaeobathymetric map shows
the palaeovalley of the Douro river
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geomorphology which results in a complex climate regime. In the west, the climate
is strongly influenced by the sea, being humid (annual rainfall average ranges from
1,200 to 2,500 mm) and mild (annual temperature average ranges from 11°C to
15°C). The eastern sector is characterised by a more continental climate with large
temperature ranges (cold winters and hot summers), being dryer than the western
sector (average annual rainfall ranges from 400 to 1,200 mm) (Loureiro et al.
1986). These climatic patterns generate a complex distribution of vegetation in the
Douro basin (Pina Manique 1957; Costa et al. 1998). The continental climate
favours the expansion of evergreen oaks (Quercus ilex and Quercus suber),
deciduous oaks (Quercus pyrenaica and Quercus faginea) and Juniperus spp. while
the oceanic influence is the predominating Quercion occidentale assemblage
(Quercus robur and Q. suber) (Braun-Blanquet et al. 1956). The river margins are
colonized by demanding water requirement species such as Alnus glutinosa,
Fraxinus angustifolia, Ulmus spp., Salix spp. and Populus spp. and the estuary
surrounding area is dominated by Poaceae and Ericaceae. The spread of both Pinus
pinaster and Eucalyptus globulus has been induced by man.

The Douro basin is influenced by north-western prevailing winds favouring the
transport of pollen grains, mainly by rivers, until the Douro estuary (Naughton et al.
2007a). The mean annual draining is 22.400 x 10° m?, equivalent to 710 m%s of
mean annual discharge, with a maximum of 3,000 m?*/s and a minimum of 50 m?/s
(Loureiro et al. 1986).

1.3 Material and Methods

Two cores (1B and 2) were retrieved by rotary drilling in the Douro estuary (Fig. 1.1)
using permanent water injection (see Drago et al. 2006; Naughton et al. 2007b).
Core 2 attained 43.49 m (-39.19 m in Ordnance Datum—OD which is a coordinate
system for heights above mean sea level) and core 1B attained 17.40 m (-13.90 m
OD), respectively. Core 2 was retrieved in the paleoriver main channel while core
1B in its southern slope (Fig. 1.1) (Drago et al. 2006).

1.3.1 Radiometric Dating

Six accelerator mass spectrometer (AMS) '“C dates on organic material were
obtained in the Beta Analytic, Inc (Table 1.1). All AMS '“C dated levels were cali-
brated using CALIB Rev 5.0 program and the intcal 04.14c dataset (Stuiver and
Reimer 1993; Stuiver et al. 2005). We used the 95.4% (2 sigma) confidence inter-
vals and their relative areas under the probability curve as well as the median prob-
ability of the probability distribution (Telford et al. 2004) as suggested by Stuiver
et al. (2005). Conventional AMS dates are presented in yr BP (years before present:
AD1950) and calibrated dates in “a” (age).
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1.3.2 Pollen Analysis

Sixty eight (68) and 40 samples from cores 1B and 2, respectively, were treated for
pollen analysis. Sample preparation technique follows Desprat (2005). An exotic
spike (Lycopodium) of known concentration has been added to each sample to
calculate the total pollen concentrations. After chemical treatments (cold 10%, 25%
and 50% HCI; cold 40% and 70% HF), the samples were sieved through a 10 um
nylon mesh screen and mounted in bidistillate glycerine. Pollen and spores were
counted using a Zeiss Axioscope light microscope at x550 and x1250 (oil immer-
sion) magnifications. Pollen identifications were achieved via comparison with
specialist atlases (Reille 1992) as well as with the EPOC-Bordeaux 1 University
reference pollen collection. A minimum of 300 pollen grains (excluding aquatic
plants, spores, indeterminate and unknown pollen grains), 100 Lycopodium grains
and 20 pollen types were counted in each of the 108 samples analysed, to obtain
statistically reliable pollen spectra (Rull 1987; Maher 1981). Seven samples from
the bottom of core 2 were sterile.

Pollen percentages were calculated based on the main pollen sum which
excludes aquatic plants, spores, indeterminate and unknown pollen. We also deter-
mined arboreal pollen (AP) and Non Arboreal pollen (NAP) percentages. AP
includes: Pinus, Alnus, Betula, Corylus, Quercus suber-type, deciduous Quercus-
type, Quercus ilex-type, Salix, Fraxinus, Hedera helix, Olea, Rhamnaceae, Pistacia
and Cistus while NAP is composed of: Ephedra, Chenopodiaceae, Artemisia,
Taraxacum, Aster, Caryophyllaceae, Centaurea Helianthemum, Lamiaceae,
Brassicaceae, Ranunculaceae, Asphodelus, Euphorbia, Fabaceae, Polygonum,
Rumex, Rosaceae, Apiaceae, Boraginaceae, Cyperaceae, Crassulaceae, Primulaceae,
Calluna, Ericaceae, Poaceae and Plantago.

1.4 Results and Discussion

Pollen records from cores 2 and 1B (Figs. 1.2 and 1.3) provide information about
vegetation and climate changes during the mid- and end-stages of the last deglacia-
tion in north-western Portugal. Radiometric dating confirms that the analysed
interval age ranges from 13.730 + 90 to 5.750 + 40 kyr BP (which represent in cali-
brated ages the interval between 16.351 and 6.548 ka).

1.4.1 The Oldest Dryas (Heinrich Event 1)

The interval between the bottom of core 2, i.e. —=39.07 m OD (Ordnance Datum)
(13.730 = 90 kyr BP: 16.351 ka), and —37.7 m OD, is composed of an important
pollen hiatus.
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This hiatus is associated with a coarse-sandy deposit related with fluvial processes
(Drago et al. 2006) which prevents good preservation of pollen grains. It is well known
that the destruction and damage of pollen grains during their fluvial transport is likely
the result of oxidation, desiccation and fragmentation in temporary depositional sites
along the transport path (Campbell 1991) and/or due to the increase of episodes of
clast-pollen collisions (Fall 1987). The deposition of this relatively coarse material in
the Douro paleoriver started at around 13.80 kyr BP (16.35 ka), facilitating the marine
transgression which occurred during the last deglaciation (Drago et al. 2006). Further
south, the infill of both the Santo André lagoon and the Guadiana paleoriver started at
around 14.00 kyr BP (16.50 ka) (Boski et al. 2002; Freitas et al. 2002, 2003; Cearreta
et al. 2003; Santos and Sanchez Goiii 2003) confirming that most of the southern
European river paleovalleys sedimentary filling took place at the end of the last glacial
period (e.g. Dabrio et al. 2000; Shennan et al. 2005; Zazo et al. 2008).

Although pollen grains are not preserved in the basement of the Douro estuary
record, marine pollen sequences MD03-2697 and MD99-2331 from the Galician
margin (Fig. 1.1) provide detailed information about vegetation cover and climate
during the Heinrich event 1 in the north-western Iberian margin and the adjacent
landmasses (Naughton et al. 2007a, 2009). The last episode of massive iceberg
discharges in the North Atlantic region (Heinrich 1988) occurred between 15.1 + 0.7
and 13.4 £ 0.3 kyr BP (Elliot et al. 2002) (18.5 and 15.6 ka: Naughton et al. 2009)
and those icebergs attained the Iberian margin (e.g. Bard et al. 2000; de Abreu et al.
2003; Turon et al. 2003) mainly during the second phase of Heinrich event 1
(Naughton et al. 2007a, 2009). The impact of Heinrich event 1 in the western Iberian
margin was complex and characterised by two main phases: the first phase was
marked by an extreme atmospheric (pine and temperate forest decrease) and oceanic
cooling associated with an increase of precipitation and high river discharges while
the second one was less cold and very dry allowing the development of open land-
scapes with pine (Naughton et al. 2009). The radiocarbon dating obtained in the bottom
of the Douro estuary core 2 (13.80 kyr BP: 16.35 ka) suggests that the beginning of
the Douro estuary infill started during the second phase of Heinrich 1 event
(identified in the adjacent Galician margin deep-sea cores: Naughton et al. 2007a, 2009).
The particular cold conditions detected within Heinrich events in Europe, including
in the Iberian Peninsula, were triggered by a slowdown of the thermohaline circula-
tion leading to the introduction of high quantities of meltwater from icebergs into the
ocean (e.g., Rahmstorf 1995; Broecker and Hemming 2001; Clark et al. 2002;
Vellinga and Wood 2002; Timmermann et al. 2005). On the other hand, the increasing
dry conditions detected after 17 ka are likely the result of a northward displacement
of the North Atlantic jet-stream precluding the arrival of moisture in Iberia associated
to the westerlies (Naughton et al. 2009).

1.4.2 The Last Glacial-Interglacial Transition (LGIT)

In the last decade, great efforts have been made to synchronise chronologically data
sets from ice core, marine and land records for comparing regional palaecoclimatic
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reconstructions of the Last Glacial Interglacial Transition (LGIT) on a common
timescale, in order to understand past ice-sea-atmosphere interactions and feed-
backs (INTIMATE group: INTegration of Ice core, MArine and TErrestrial records)
(Lowe et al. 2008). Several studies have shown that substantial changes of sea
surface temperatures (SST) in the North Atlantic region were probably synchro-
nous with the air temperatures variability in Greenland during the LGIT (Hughen
et al. 1996; Lea et al. 2003). Furthermore, high-resolution studies based on direct
sea-land correlation of deep-sea cores retrieved in the western Iberian margin have
demonstrated that the North Atlantic SST variability was contemporaneous with
vegetation changes in the Iberian Peninsula in the same period (Turon et al. 2003;
Naughton et al. 2007a, 2009). This suggests that Iberian Peninsula vegetation has
probably contemporaneously responded to the climate variability that characterizes
the LGIT in the North Atlantic region and in Greenland. Although there is only one
single radiocarbon date at the top of the LGIT interval in core 2, we will assume,
therefore, that the Douro basin vegetation has synchronously responded to the
North Atlantic and Greenland atmospheric changes between 15 and 11.5 ka follow-
ing the INTIMATE event stratigraphy (Bjorck et al. 1998; Walker et al. 1999; Lowe
et al. 2001, 2008).

The LGIT is right expressed in core 2 between —37.7 and -33.0 m OD
(Fig. 1.2) and is marked by abrupt vegetation changes which are related with
the Bolling, the Older Dryas, the Allergd and the Younger Dryas events (Mangerud
et al. 1974).

1.4.2.1 The Bolling-Allergd Interstadial
The Bolling

The high percentages of arboreal pollen (AP) (60-70%) detected in core 2,
between —37.7 and —36.5 m OD, reflect the beginning of temperate forest expan-
sion in the north of Portugal as likely a response to the first warming phase that
characterises the onset of the Bolling period (at around 15 and 14.1 ka), or the
Greenland interstadial 1e (GIS-1e) following the INTIMATE event stratigraphy
(Bjorck et al. 1998; Walker et al. 1999; Lowe et al. 2001; 2008) (Fig. 1.2). Pine
(Pinus), followed by oak (deciduous Quercus) and birch (Betula) are the main
trees spreading out through this period in the Douro basin (Fig. 1.2). This veg-
etation succession has also been detected in other continental pollen sequences
from the north-western Iberian Peninsula (Laguna de la Roya and Sanabria
March: Allen et al. 1996; Quintanar de la Sierra: Pefialba et al. 1997; Laguna de
las Sanguijuelas: Mufios Sobrino et al. 2004), Serra de Estrela (Van der Knaap
and Van Leeven 1997) and in the pollen sequences from western Iberian margin
cores such as MD95-2039 (Roucoux et al. 2005), SU81-18 (Turon et al. 2003)
and in MDO03-2697 (Naughton et al. 2007a) (Fig. 1.1) at the beginning of the
Bolling-Allergd interstadial. The atmospheric temperature increase that charac-
terises the onset of the Bolling-Allergd interstadial is synchronous with the
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increase of Sea Surface Temperatures (SST) (Naughton et al. 2007a). Both the
orbitally induced increase in northern summer insolation (Berger 1978) and the
strengthening of the thermohaline circulation (McManus et al. 2004; Gherardi
et al. 2005) contributed to the warming of the north-western Iberian margin and
adjacent landmasses.

The Older Dryas

The increase of non-arboreal pollen percentages (NAP) (>60%) at —-36.2 m OD
reflects an episode of temperate forest contraction probably related with a decrease
of atmospheric temperatures (Fig. 1.2). Although there is one single sample
recording this forest contraction, the pollen association observed in the adjacent
layers (at =36.7 and —34.7 m OD) is distinct from that observed at —36.2 m OD.
This suggests that level 36.2 m OD represents a real cooling. The stratigraphic
control provided by core 2 is very weak, consisting of a single radiocarbon date
for the LGIT interval, preventing the establishment of a good stratigraphical
correlation between this cold episode and one specific Intra Bolling-Allergd cold
event (the Older Dryas: 14 ka and the intra-Allergd cold event: 13.2 ka) (Lowe
et al. 2008) detected in the Greenland ice cores. The Older Dryas and the intra-
Allergd cold event correspond to the sub-phases (d) and (b) of the Greenland
interstadial 1 (GIS-1d and GIS-1b) following the INTIMATE event stratigraphy
proposed by Bjorck et al. (1998) and Walker et al. (1999). They are frequently
difficult to identify in low-resolution sedimentary sequences (with more than 100
years of time scale) because such a centennial-scale cold event occurred in a short
time period (less than 100 years) as it is demonstrated in the 3'*0 record from
Greenland ice cores (Lowe et al. 2001, 2008).

However, the vegetation pattern, reflected by a decrease of Pinus, deciduous
Quercus and Betula suggests that this cold event could be more likely related with
the Older Dryas rather than with the intra-Allergd cold event. Indeed, the Serra da
Estrela pollen sequences also detect a decrease of arboreal pollen percentages,
including pine (Pinus) and birch (Betula) during the Older Dryas event (Van der
Knaap and Van Leewen 1997). A similar vegetation pattern is recorded in the
marine pollen sequence from the Galician margin within the Bolling-Allergd
Interstadial (Fig. 1.1) (Naughton et al. 2007a). However, this vegetation signature
has not been correlated yet with the Older Dryas. A higher resolution study, with
less than 100 years of time resolution, of both marine and terrestrial proxy data
from core MD03-2697 together with additional radiocarbon measurements would
be needed to confirm the synchronous decrease of deciduous Quercus trees and
SST values at the time of the Older Dryas event.

Other records from the western subtropical mid-latitudes such as that from
Tampa Bay in Florida reveal two abrupt dry episodes reflected by rapid changes
in the vegetation cover (in less than 50 years) during the Bolling-Allergd inter-
stadial which have been correlated with the Older Dryas and the intra-Allergd
cold period (Willard et al. 2007). All these evidences suggest that such rapid
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cold events occurred not only in the high-latitudes of the northern hemisphere
but also in the sub-tropical North Atlantic region. Although the causes triggering
this relative cooling are still unknown, Renssen et al. (2000) suggest that varia-
tions in solar irradiance could have played a much more prominent role in forc-
ing climate changes during these centennial-scale climate variabilities occurring
within the LGIT.

The Allergd

An increase of arboreal pollen percentages, attaining 80% of the total pollen
content, is detected between —35.3 and —34.0 m OD (Fig. 1.2). The re-expansion
of arboreal faxa indicates an episode of climate improvement which can be associated
with the Allergd period (at around 13.9 and 12.9 ka) related with the sub-phases
(c) and (a) of the Greenland interstadial 1 (GIS-1c/1a) following the INTIMATE
event stratigraphy proposed by Bjorck et al. (1998) and Walker et al. (1999). In
particular, alder (Alnus) percentages increase, attaining a maximum of about 50%
at around —34.7 m OD, being then replaced by pine (Pinus). Alder is a tree of wet
and mild environments such as river sides and flood plains, requiring high light
intensity along with abundant moisture conditions (Bennett and Birks 1990). In the
Greenland ice cores this phase occurred after the well-known meltwater pulse
1A (MWP-1A) (Fairbanks 1989; Bard et al. 1990). The massive and abrupt rise in
sea level by some 16-24 m, followed by a slowdown episode, could have favoured
the high sedimentation found in the Douro river main channel, triggering the flood
of the main channel margins. This situation, jointly with the increase of moisture
conditions and temperatures, could create conditions suitable for the development
of great areas of alder fen-woods in the Douro river valley floodplain. The spread
of Alnus during the Allergd has been detected in other regions such as in the Wolin
Island, north-west Poland (Latatowa and Boréwka 2006), and in lakes in the north
of Russia (Andreev and Tarasov 2007).
Following this, Alnus was replaced by Pinus.

1.4.2.2 The Younger Dryas

The strong decrease in arboreal pollen (AP = 40% to 20%), between —34.0 and
—33.4 m OD, marks the onset of the Younger Dryas (YD) cold episode in the north
of Portugal. Indeed, although the high latitude summer insolation attained its maxi-
mum values at around 13 ka, a sudden extreme cold episode occurred between 12.9
and 11.7 ka reflecting the YD event. The Younger Dryas cold event has been
considered as the most abrupt incident of almost full returning to glacial conditions
during the last deglaciation (Broecker 1994, 2000). This event was first documented
by plant macrofossil analysis from Scandinavia by a brief re-expansion of a cold-
tolerant plant called Dryas octopetala (Jenssen 1935) and then in several lacustrine
sediments of Europe (e.g. Lotter et al. 1992; Goslar et al. 1993), in several North
Atlantic marine deep sea cores (e.g. Bard et al. 1987; Lehman and Keigwin 1992;
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Bond et al. 1993; Rasmussen et al. 1996; Sikes and Keigwin 1996) and in the
Greenland ice cores (e.g. Alley et al. 1993; Dansgaard et al. 1993; Meese et al.
1997). Evidence of the YD event has also been recorded in north-eastern America
and eastern Canada (Peteet et al. 1990; Mott et al. 1986; Levesque et al. 1993), in
the British Columbia (Mathewes et al. 1993) and further south in the subtropics
such as in the Gulf of Mexico and California (Flower and Kennett 1990; Keigwin
and Jones 1990; Teller 1990) and in the tropical region (Colombia, Cariaco basin,
Bolivian Ice cores) (van Geel and van der Hammen 1973; Hughen et al. 1996;
Thompson et al. 1998). This cold episode was defined as the Greenland stadial 1
(GS-1) event, following the INTIMATE event stratigraphy (Bjorck et al. 1998;
Walker et al. 1999; Lowe et al. 2001, 2008). The causes triggering this climate
reversal are still under debate (e.g. Teller et al. 2002; Carlson et al. 2007; Bradley
and England 2008) but there is a consensus about the resulted reduction of the
North Atlantic thermohaline circulation (e.g. Broecker and Denton 1990; McManus
et al. 2004) leading to an abrupt cooling over Europe and north-central America.

In the north of Portugal, the YD event is characterised by the replacement of trees
such as the pine (Pinus) and oak (deciduous Quercus) with herbaceous plants and in
particular by Poaceae followed by Taraxacum-type pollen (Compositae family)
(Fig. 1.2). This particular change in the vegetation cover, associated with an impor-
tant atmospheric and oceanic cooling episode, has also been documented in some
north-western Iberian margin pollen sequences during previous glacial-interglacial
transitions such as from Marine Isotopic Stage (MIS) 10-9 (Desprat 2005; Desprat
et al. 2009); MIS 8-7 (Desprat et al. 2006), and from MIS 6-5 (Sanchez Goiii et al.
2005), before the major forested phases that characterises MIS 9, MIS 7 and MIS 5
interglacial periods (Desprat et al. 2007). Although there is a substantial contraction
of the temperate forest, Alnus (alder) woodlands played an important role in the
vegetation cover of the Douro region during the YD. Conversely, the marine pollen
sequence from the north-western Iberian margin (Naughton et al. 2007a) does not
detect any expansion of alder but rather of semi-desert plants suggesting an increase
of continental dryness during the Younger Dryas event. Therefore, the expansion of
alder in the Douro basin suggests a flooding episode of the Douro river margins
rather than likely being the result of a climate improvement episode (increasing
temperatures). The expansion of alder during the Younger Dryas cold event has been
largely documented in some French lake sequences (David 1993, 2001). Other lake
sequences from eastern France (Jura Mountains and Pre-Alps) and the Swiss Plateau
shows a substantial lake level rise within the Younger Dryas (Magny and Bégeot
2004). This suggests that the increasing of inundated areas around these lakes would
probably contribute to the expansion of alder in those regions.

1.4.3 The Early-Holocene and the End of the Last Deglaciation

The substantial increase of total arboreal pollen percentages (AP > 60%) at around
—33.4 m OD marks the beginning of the present-day Interglacial period (Holocene)
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in the Douro basin (Figs. 1.2 and 1.3). The expansion of birch (Betula), oak
(deciduous Quercus), pine (Pinus) and other forest compounds such as ashes
(Fraxinus excelcior-type), alder (Alnus) and evergreen oaks (Quercus ilex-type)
reflects an important increase of temperatures and moist conditions in north
Portugal (Figs. 1.2 and 1.3). The continuous presence of Isoetes spores in the Douro
estuary starts at around —33.4 m OD. This further demonstrates the onset of the
present-day interglacial period in the Douro basin. A similar vegetation pattern,
characterising the early-Holocene period, has been recorded in the marine pollen
sequence from the Galician margin (Fig. 1.1) and is contemporaneous with an
increase of sea surface temperatures in the North Atlantic and with still maxima of
high-latitude summer insolation (Naughton et al. 2007a). Most of the Iberian
Peninsula and Iberian margin pollen sequences detect an onset of the major forested
period at around 10.3 kyr BP (Fig. 1.1) (e.g. Allen et al. 1996; Pefialba et al. 1997,
Boessenkool et al. 2001; Turon et al. 2003; Muifioz Sobrino et al. 2004; Naughton
2007). Therefore, the radiocarbon date obtained at —32.32 m OD (10.3 kyr BP) in
core 2 seems to be too old when compared with the vegetation data which delimits
the beginning of the Holocene at around —33.0 m OD. This suggests that the sedi-
ment level (-32.32 m OD) used for dating was probably contaminated with old
organic matter material.

The vegetation evolution in the Douro basin does not, however, show any
millennial-scale variability between 10.3 and 5.75 kyr BP (12.1-6.55 ka).
Although the Holocene has been considered as a period of relatively stable climate
(with no abrupt changes in temperature and precipitation) when compared with the
previous glacial and the LGIT periods, a series of millennial-scale climatic shifts
have been detected in several detailed paleoclimate records from Greenland ice
cores, North Atlantic deep-sea sediments and European Lakes (e.g. O’Brien et al.
1995; Bond et al. 1997; Mayewski et al. 2004; Magny et al. 2006). This millennial-
scale climate variability within the Holocene period is characterised by tempera-
ture changes of about 1-2°C (Wiersma and Renssen 2005; Davis et al. 2003).
Although there are some episodes in which oak (deciduous Quercus) is replaced
by pine, between 10.3 and 9.2 kyr BP (12.13-10.4 ka) (Fig. 1.2) and there is a
slight decrease of arboreal pollen just before 6.0 kyr BP (6.9 ka) (Fig. 1.3) the
quantity of arboreal pollen remains mostly constant. One hypothesis that we can
put forward is that the weak temperature change that characterises this interglacial
period would not substantially affect the vegetation of the Douro estuary. However,
further north in the north-western French margin, pollen-based temperature esti-
mates from a shelf core show that vegetation from western France seems to
respond to the Holocene millennial-scale climate variability (Naughton et al.
2007c). Also, the pollen record from the Guadiana estuary (southern Iberian
Peninsula) detects some short-lived episodes of increasing dryness which have
been correlated with the cold events detected in the North Atlantic region (Fletcher
et al. 2007). At the same latitude, but in eastern North America, pollen sequences
from Chesapeake Bay reflect a quasi-periodic correlation between vegetation
changes and rapid climate coolings documented by various proxies (Willard et al.
2005). This suggests that vegetation from mid-latitude regions of the northern
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hemisphere seems to have responded to the millennial-scale climate variability of
the Holocene. Therefore other hypotheses must be invoked to explain the weak
vegetation change signal recorded in the Douro estuary. It is known that Iberian
Peninsula coastal areas, including their estuaries, have been directly affected by
sea level changes during the Holocene (e.g. Dabrio et al. 2000; Boski et al. 2002,
2007; Freitas et al. 2002, 2003; Drago et al. 2006; Naughton et al. 2007b; Zazo
et al. 2008). Indeed, estuarine transgression can trigger landward margin edge
forward, increasing therefore the capacity of pollen grains input from the estuary
borders. Although it has been previously demonstrated that the pollen signal from
the Douro estuary mainly reflects an integrated image of the regional vegetation
that colonize the Douro basin during the early- and mid-Holocene (Naughton et al.
2007b), it is possible that geomorphological changes in the Douro estuary related
with sea-level fluctuations trigger relative changes in the pollen source area masking
the climate-regional pollen signal.

1.5 Conclusion

The high resolution pollen analysis (centennial time scale) performed in two sedi-
mentary sequences from the Douro estuary (north-western Portugal) allows the
detection of major Douro basin vegetation changes during the Last Glacial-
Interglacial Transition (LGIT) associated with the abrupt climate changes described
for the North Atlantic region and Greenland. An important pollen hiatus is detected
in the bottom of the Douro estuary as likely the result of particular environmental
conditions which preclude pollen preservation during the final stages of the marine
Heinrich 1 event (marine equivalent of the terrestrial Oldest Dryas). Following this,
abrupt vegetation changes are detected during the LGIT in the Douro basin. The
Bolling warm period was marked by the expansion of pine, oak and birch and the
Allergd by alder and pine. An episode of temperate forest contraction (pine, oak
and birch), reflecting an episode of atmospheric cooling, is sandwiched by the two
warmed forested phases (Bolling and Allergd). This episode seems to be associated
with the centennial-scale Older Dryas event. The Younger Dryas cold event is par-
ticularly well expressed in the Douro estuary record, by an episode of temperate
forest contraction and herbaceous plants expansion. The particular vegetation pat-
tern reflected by the replacement of pine and oak by Compositae plants and grasses
is representative of the most extreme cold episode that precedes the major forested
episode of the Holocene. The major early- and mid-Holocene forested phases are
characterised by a strong expansion of pine and birch and temperate trees such as
deciduous oak and ash, alder and evergreen oak reflecting the increase of tempera-
ture and moisture in the north of Portugal. The north of Portugal vegetation
response to the millennial-scale climate variability detected elsewhere in the North
Atlantic region is not recorded in the high resolution pollen analysis of the Douro
estuarine cores. Therefore, a high resolution palynological study in marine deep-sea
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cores would be needed in order to evaluate the impact of Holocene millennial-scale
changes on the vegetation of northern Portugal.
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Chapter 2

Impact of Oporto Metropolitan Area
Carbon Dioxide Emissions over the Adjacent
Coastal Zone

Rogério Carvalho, Nelson Barros, and Pedro Duarte

Abstract Concerns about global warming over the last years have stimulated a
large number of studies regarding atmospheric and oceanic carbon dioxide (CO,)
concentration and its consequences. In spite of the available data on global atmo-
spheric CO,, there is only limited knowledge on CO, variability at regional scales.
Moreover, there is an important gap in our understanding of the contribution of
high CO, emission regions, such as metropolitan areas, to CO, concentrations over
nearby coastal areas—considered by several authors as an important CO, sink.
A possible working hypothesis is that, large littoral metropolitan areas may have a
significant influence on CO, atmospheric concentrations over those areas and exert
an important influence on sea-air CO, exchanges. Therefore, the main objective of
this study is to estimate CO, concentration at a regional scale, under the influence
of Oporto Metropolitan Area (OMA) emissions as a first test of this hypothesis.
To fulfil this objective, an emission database was built and used to force, together
with meteorological synoptic data, a mesoscale atmospheric dispersion model. The
model was used to simulate several weather scenarios and estimate CO, concen-
trations along a ca. 90 km stretch of the Portuguese northern shore. The results
obtained suggest that emissions from OMA have an important influence on CO,
atmospheric concentrations up to 6-12 km offshore, particularly in autumn and
winter. However, this CO, increase does not seem to have the potential to signifi-
cantly affect sea-air CO, exchanges, although this is just a preliminary conclusion
that has to be tested by field work.
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2.1 Introduction

Environmental issues began to be studied, with greater emphasis, at the end of the
1970s, because the scientific community, society and some governments felt the
need to intensify the development of research in this area. In recent decades,
concerns about global warming led to a large number of studies on emissions and
concentrations of greenhouse gases, especially CO,, and their consequences.
Climate has changed in the past due to cyclic variations in the eccentricity of
Earth’s orbit around the sun, Earth’s precessional motion and axis tilt, and in periods
of intense volcanic activity (Jahn 2005). However, it is concern about the potential
contribution of mankind to climate change that is stimulating much of the current
debate on global warming.

In 1988, the UNEP (United Nations Environment Programme) created the IPCC
(Intergovernmental Panel on Climate Change) (United Nations 1998). The first
IPCC report IPCC 1990) pointed out the need to reduce anthropogenic emissions
of greenhouse gases to the atmosphere in order to decrease global warming trends.
This first recommendation was confirmed in subsequent [IPCC reports (IPCC 1995,
2001, 2007). The Kyoto Protocol was created, in 1997, within the United Nations
Framework on Climate Change (UNFCC), leading to a commitment, between 2008
and 2012, of many governments to reduce greenhouse gas emissions to values
below 1990, and drawing more attention to the role of carbon dioxide in the atmo-
sphere (Baliunas 2002). In spite of IPCC claims through their assessment reports
and the apparent political willingness of many governments to reduce carbon
dioxide emissions, the links between the so-called “greenhouse gases” and climate
change is still a matter of debate (e.g. Gerlich and Tscheuschner 2007).

CO, emissions increased throughout the twentieth century and continue to increase,
mostly as a result of energy production followed by changes in land use, especially
deforestation (IPCC 2007). Beginning in the 1950s, an increasing number of CO,
monitoring stations were established worldwide (http://www.esrl.noaa.gov). However,
the average distance between these stations is on the order of thousands of kilometres,
making it difficult to have a clear picture of regional CO, variability. Without this
degree of detail, it is hardly possible to access the influence of important emission
areas, such as highly industrialized and urbanized regions, over nearby coastal zones,
considered to be important CO, sinks according to the “continental shelf pump hypoth-
esis” (Tsunogai et al. 1999; Thomas et al. 2004). Several papers have dealt with the
evaluation of global air-sea CO, fluxes in coastal environments, such as Borges
(2005), Borges et al. (2005, 2006), Cai et al. (2006), Chen and Borges (2009).
Presumably, this role may be influenced by local CO, concentrations, since its par-
tial pressure in the atmosphere will partly determine its exchanges across the sea-air
interface. There are several papers that have shown that there is a local influence of
land masses in atmospheric CO, measured at sea: Bakker et al. (1996), Borges and
Frankignoulle (2001, 2003). Working on Dutch Coastal waters, the first of these
authors found that existence of atmospheric CO, over the sea was influenced by the
nearby land areas, with a high and variable CO, concentration in off shore winds.
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From the above reasoning, a possible working hypothesis is that metropolitan
areas can have a significant influence on atmospheric concentrations of CO, over
adjacent coastal zones and thus exert a significant influence on CO, ocean -atmosphere
exchanges in those zones. Therefore, the main objective of this study was to test this
hypothesis for the Oporto Metropolitan Area (OMA), as a starting point to development
of a more general test.

2.2 Methodology

The first step of this work was to implement a CO, emission database, linked to a
Geographic Information System (GIS). Data was obtained from the National
Inventory of Anthropogenic Emissions by Sources and Removals by Sinks of Air
Pollutants (INERPA) of the Portuguese Environment Agency (APA) (IA2007), from
the European Pollutant Emission Register (EPER) (http://eper.eea.europa.eu/eper)
(current E-PRTR — www.prtr.ec.europa.eu) and from the most recent demographic
survey conducted in Portugal-Census 2001 (http://www.ine.pt). APA is responsible
for conducting annual inventories of national emissions of air pollutants. Under the
European and other international commitments regarding the United Nations
Framework Convention on Climate Change (UNFCCC), Convention on Long-range
Transboundary Air Pollution (UNECE) and the directive on National Emission
Ceilings (EU), participating countries have to update, on a yearly basis, their inven-
tories of greenhouse gases (GHG) and other air pollutants.

The results of the database and larger-scale meteorology provided by synoptic
analyses information, representing different seasons, were used to force the atmo-
spheric model “The Air Pollution Model” (TAPM) (Hurley 2005a) to simulate CO,
dispersion from the OMA towards the nearby coastal area.

2.2.1 Study Area: Oporto Metropolitan Area

The OMA is formed by 14 municipalities (Fig. 2.1). Currently, OMA occupies an
area of 1,575 km?, counting today, with a population of approximately 1,550,000
residents (http://www.amp.pt).

The coast line of the study area has a length of about 90 km and width of c.a.
60 km. The municipalities along the coast line are: Pévoa de Varzim, Vila do
Conde, Matosinhos, Oporto, Vila Nova de Gaia and Espinho. There are three major
rivers and estuaries along this coast line: Ave, Leca and Douro. Table 2.1 shows
population and area of each municipality, its relative contribution to the total area
and population density.

Within the OMA there are industries of particular significance to the country’s
economy, such as a refinery, a power plant, a steel factory, manufacturing industries,
an international airport, a large seaport infrastructure, a large co-generation and an
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Fig. 2.1 Map of Portugal and Oporto Metropolitan Area

Table 2.1 OMA characterization in area and population (Census 2001)

Population

density
Municipality Area (km?) (%) Population (inhab/km?)
Espinho 21.1 1.3 33,701 1,596.6
Gondomar 131.9 8.4 164,096 1,244.4
Maia 83.1 5.3 120,111 1,444.7
Matosinhos 62.2 4.0 167,026 2,683.5
Porto 41.3 2.6 256,574 6,214.2
Pé6voa de Varzim 82.1 52 63,470 773.5
Valongo 75.1 4.8 86,005 1,144.8
Vila do Conde 149.0 9.5 74,391 499.4
Vila Nova de Gaia 168.7 10.7 288,749 1,712.0
Arouca 329.1 20.9 24,227 73.6
Santo Tirso 136.5 8.7 72,396 530.4
Sdo Jodo da Madeira 79 0.5 21,102 2,659.4
Santa Maria da Feira 215.1 13.7 135,964 632.0
Trofa 71.9 4.6 37,581 522.8

Total 1,575 1,545,393 981.2
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urban solid waste incineration facility. The major point sources in OMA are the
Petrogal’s Refinery, power plant Turbogds—Central da Tapada do Outeiro, the
Solid Waste Treatment Facility (LIPOR II), the National Steel Factory of Maia
and the company RAR-Cogeneration (Fig. 2.2).

In this area, apart from seasonal variations in air temperature, there are important
variations in wind regime with predominance from northwest in spring (a) and sum-
mer (b), from southeast in autumn (c) and from northeast/east in winter (Fig. 2.3).

2.2.2 Emission’s Database

The emission’s database that was implemented contains carbon dioxide and carbon
monoxide (CO) data, but in the study area there are no CO, monitoring stations.
Therefore, CO data was used to validate the Air Pollution Model (TAPM) (cf. -2.3).
As mentioned previously, the database was developed taking into account the public
inventory available from APA, submitted to the UNFCCC in 2007, covering the
period 1990-2005. The inventory contains information about the total national
sources and sinks of several greenhouse gases and other pollutants, grouped in sev-
eral categories. These categories were regrouped according to the following activity
sectors: “Commercial and Institutional”, “Residential”, “Agriculture, Forestry and

»z

Legend:
A, Turbogis-Central da Tapada do Outeiro (2 310 000.00 t of CO,)
W Petrogal’s Refinery (1 130 000.00 t of CO,)

() Solid Waste Treatment Facility (LIPOR II) (369 000.00 t of CO:)
. National Steel Factory of Maia (167 000.00 t of COZ)

@ RAR - Cogeneration (CO, emissions not available)

@ Point Sources EPER (2004)

[ Municipalities

0 16.000

o Meters

AROUCA

Fig. 2.2 Location and emissions of CO, point sources
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a Wind direction-spring b Wind direction-summer

Fig. 2.3 Prevailing wind direction in (a) Spring, (b) Summer, (¢) Autumn

Fisheries”, “Transport”, “Energy Industries” and “Manufacturing industries and
construction”. The reason for this regrouping was the need to disaggregate the
results to different spatial scales according to demographic and other variables.

The emissions database includes only the area emissions. Point source emissions
were treated in a different way. Area emissions included the relatively diffuse
homogeneous sources that are difficult to identify separately such as: small indus-
tries, roads located within the urban perimeter, natural sources, etc.

The APA inventory does not distinguish between these area emissions and point
sources. However, EPER has a national registry of industries with the greatest
amount of emissions to the atmosphere, considered as point sources in this work.
Therefore, large point sources (EPER emissions) were subtracted from the national
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Table 2.2 The breakdown of atmospheric emissions in the study area according to sectors
and dates

Activity sector Municipality Parish
Energy industries Consumption of fuel Population (2001)
oil and natural gas
(2004)
Manufacturing industries Number of enterprises Population (2001)
and construction and companies linked

to extractive industry,
manufacturing and
construction (2004)

Transport Staff serving in societies ~ Population (2001)
(2004)
Commercial and Institutional - Number of buildings (2001)
Residential - Population (2001)
Agriculture, forestry - Utilized agricultural area (1999)

and fisheries

emission’s inventory and allocated to their exact location in the emission’s database
and respective GIS files. The sectors of activity covered by this operation were
“Industries of energy” and ‘“Manufacturing and construction”.

The breakdown (Table 2.2) of national emissions to different activity sectors and
to the parish level was based on variables contained in the demographic Census
survey conducted in 2001 (http://www.ine.pt). However, in some activity sectors
(“Energy industries”, “Manufacturing industries and construction” and “Transport™)
it was not possible to disaggregate national emissions directly to the parish level.
The breakdown was made taking into account the proportionality between the vari-
ables at the national level and the variables at the municipality and/or parish. For
example, the breakdown of the “Commercial and Institutional” sector was made
directly to the parish level, taking into account the variable “number of buildings”.
The total number of buildings of the country corresponds to the known total emis-
sions of that sector. By proportionality, the number of buildings of a parish will
have its share of emissions.

The “Energy industries” sector emissions were first disaggregated to municipali-
ties based on oil consumption and natural gas and then to the parish level based on
population. In both cases a proportionality rule was followed (Table 2.2).

2.2.3 Dispersion Model (TAPM)

The results of the database and larger-scale meteorology provided by synoptic
analyses information, representing different seasons (spring, summer, autumn and
winter), were used to force the atmospheric model TAPM.

The TAPM uses the followings approaches: it solves approximations to the
fundamental fluid dynamics and scalar transport equations to predict meteorology
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and pollutant concentrations for a range of pollutants important for air pollution
applications. It consists of coupled prognostic meteorological and air pollution con-
centration components, eliminating the need to have site-specific meteorological
observations. Instead, the model predicts the flows important to local-scale air pollu-
tion, such as sea breezes and terrain-induced flows, against a background of larger-
scale meteorology provided by synoptic analyses. The TAPM is a model of air quality
that allows a realistic assessment of the dispersion of pollutants and their environmental
impact. The model is a versatile tool that can be applied to any location in the world.
It predicts all of the required local meteorology, using global terrain and land-use data
as well as global synoptic analyses. It can be used to predict meteorological and
air pollution parameters at inter-regional, city, or local scales, for simulation peri-
ods from a day to a year or more (Hurley 2005b). The diagram depicted in Fig. 2.4
synthesizes TAPM functioning.

The grid used in the model was the 3,000 x 3,000 m? (31 x 31 cells) grid (Fig. 2.5).
Vertically, the model considers a domain of 8,000 m, spread across 25 levels of uneven
spacing, being closer near the ground, with the first level at a height of 10 m. This was
the level considered in this work, the objective being to assess the significance of the

Database:
topography I:} Meteorological
use of soil Component
synoptic
analysis ﬂ

Results

Emissions ®» 3D field of wind
Characteristics B Temperature
of emission ®» Other meteorological
sources parameters

Il} Air Pollution <:J_—I
Component

®» 3D concentration and / or
pollutants deposition

Results

Fig. 2.4 Schematic representation of the Model TAPM (Adapted from Coutinho et al. 2007)
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Table 2.3 Simulated periods

Seasonal period Time period Predominant wind direction

Spring 02/05/04 to 09/05/04 North (24.7%)/Northwest (30.0%)
Summer 15/08/04 to 22/08/04 North (21.3%)/Northwest (23.6%)
Autumn 21/11/04 to 28/11/04 Northeast (21.4%)/Southeast (28.1%)
Winter 01/02/04 to 29/02/04 Northeast/East/Southeast

increase in CO2 concentrations on the coastal zone and the CO2 flows between the
ocean and atmosphere.

2.2.3.1 Modelling Scenarios

The modelling scenarios considered in this study included all four seasons with
corresponding synoptic forcing for 2004, as depicted in Table 2.3. The start and end
dates for each simulation were selected, taking into account the percentage of the
prevailing wind direction. For example, the prevailing wind direction in spring is
northwest (30.0%). Therefore, the chosen simulation dates corresponded to a time
period with predominantly northwest wind. The meteorological data, such as wind
speed and wind direction, were taken from a meteorological station located in VCI
(Via de Cintura Interna) (Fig. 2.5).

Forcing data corresponds to year 2004, due to data availability constraints. In
order to represent these data spatially, it was necessary to use demographic and
administrative data from 2001-the most recent census done in Portugal.

2.2.3.2 Model Validation

The validation statistic model BOOT (Chang and Hanna 2005) has been used,
mainly, to assess the performance of air dispersion models. However, the same
procedures and approaches implemented in BOOT also apply to other types of
models. In this validation model the following performance statistics are recom-
mended: fractional bias (FB), geometric mean bias (MG), normalized mean square
error (NMSE), geometric variance (VG), correlation coefficient (R) and the fraction
of predictions within a factor of two of the observations (FAC2):

FB= @;
0.5(C,+C,)

MG =exp (m-ln Cp );

NMSE=@;
G,C,

0



2 Impact of Oporto Metropolitan Area Carbon Dioxide Emissions 33

VG = exp [(mc0 ~InC, )2];

G e )

o, O,

@)

FAC?2 = fraction of data that satisfy 0.5 < C_p <2.0;
0

where:

C, :predictions of the model
C, :observations
C: average over the data

O :standard derivation of data.

Park and Seok(2007) proposed ranges of values for these parameters, to allow
classifying model performance as “Good”, “Fair” and “Poor”.

The model was validated with meteorological and carbon monoxide (CO) data.
CO was used in the absence of CO, data because it is a relatively stable pollutant
at the time scale of the simulations and, regarding the available data, the most con-
servative approximation at the present time (Table 2.3).

CO data used in the validation can be accessed at the Internet site of the Portuguese
Agency for Environment, Qualar-Database Online on Air Quality (http://www.qualar.
org). There are three types of stations, according to the type of influence: traffic, back-
ground and industries. The aim of this study is to evaluate the concentrations of CO
without direct influence from industry and traffic. Accordingly, stations selected were:
Vila Nova da Telha, Santo Tirso and Lega do Balio (Table 2.4).

Wind speed, wind direction and temperature data were taken from a meteoro-
logical station located in VCI. Figure 2.5 shows the stations used to validate the
results of TAPM.

2.2.3.3 Approaches for Analysing the Significance
of Model Predicted CO, Changes

The low spatial resolution of CO, monitoring turns the evaluation of significance of
local and regional scale CO, variability into a difficult task. Therefore, in order to
evaluate the significance of model predicted CO, increments over the coastal area
under study, three approaches were followed: (i) Compare predicted spatial concentration
gradients across the land-ocean boundary in the study area, with spatial gradients for
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monitoring stations located at approximately the same latitude; (ii) Compare
differences between predicted CO, levels over the coastal zone and background
concentrations with inter-annual and seasonal variability trends in these concentra-
tions; (iii) Compare differences between predicted CO, levels over the coastal zone
and background concentrations with the accuracy of CO, sensors.

In the first approach, stations located in Azores, Hungary and Romania were
selected for calculating spatial gradients (Table 2.5).

In December 2003, the world average CO, concentration was around 375.7
ppmv (http://cdiac.ornl.gov). Measurements of CO, concentrations were effectively
begun in the year of 1958 in Mauna Loa, Hawaii (NOAA1997). The concentration
of this gas, in that year, was 315.98 ppmv. The average annual increase in this con-
centration has been around 0.41%, which means an annual increase of about 1.44 ppm
(http://cdiac.ornl.gov).

Data for CO, monitoring stations were obtained from the Internet site of the Earth
System Research Laboratory — National Oceanic & Atmospheric Administration
(http://www.esrl.noaa.gov).

In order to perform the above comparisons, two areas were analysed separately:
coastal waters and territorial waters (Fig. 2.6). The former is limited to 1 and the
latter to 12 nautical miles offshore.

2.3 Results

2.3.1 Oporto Metropolitan Area—Emissions Characterization

As mentioned in Section 2.2.2, CO, emissions were grouped into six activity
sectors. Figure 2.7 shows emissions of these activity sectors in 2001 and 2004.

The emissions databases for 2001 and 2004 (Fig. 2.7), suggest that the sectors
with the greatest impact on emissions are “Energy industries”, “Transport” and
“Manufacturing industries and construction”, mainly located in the municipalities
of Gondomar, Maia and Matosinhos. From 2001 to 2004, the emissions of CO2
decreased slightly in some sectors, as well as in some municipalities (Fig. 2.7).

Figure 2.8 shows areas, particularly in Gondomar, Maia, Matosinhos and
Oporto, with a larger amount of emissions, explained by the location of large point
sources such as Petrogal’s refinery, Turbogds power plant — Central da Tapada do
Outeiro, the Solid Waste Treatment Facility (LIPOR II) and the National Steel
Factory of Maia, as mentioned in subchapter 2.1.

2.3.2 Validation of the Results from TAPM

As mentioned in Section 2.2.3.2, the BOOT model was chosen to perform the
validation process. The evaluation of statistical parameters regarding CO
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OMA CO, emissions - 2001
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OMA CO; emissions - 2004
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Fig. 2.7 CO, emissions (Gg) by activity sectors in 2001 (upper formed) and 2004 (middle
formed); CO, total emissions (Gg) in 2001 and 2004 (lower formed)
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Legend:

CO, Total emissions

(Gg.year™)

B 0.614 - 7.238

B 7.239 - 15.188

15,189 - 26.969
26.970 - 43.788
43.789 - 68.486
68.487 - 127.291

W 127.292 - 214.445

N 214.446 - 409.205

B 409.206 - 1195.124 0 16,001(\)/I
L e—
B 1195.125 - 2316.554 eters

Fig. 2.8 CO, total annual emissions from OMA municipalities

concentrations and meteorological parameters simulated for the periods reported in
Table 2.3, were good for the former and fair for the latter, according to the BOOT
classification scheme (cf. 2.3.2). Figures 2.9 and 2.10 show some examples of
observed and simulated data for CO concentration and meteorological parameters

respectively.
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CO concentration - Leca do Balio Station - spring
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Fig. 2.9 Evaluation’s examples between observed and simulated data for CO concentration
2.3.3 TAPM Simulations

Figure 2.11 shows time integrated results from TAPM simulations for different
seasons. From these results, it is apparent that the spring and summer concentration
plumes, influenced mostly by northwest winds, tend to spread more inland than
offshore. However, a weaker southeast wind component explains some offshore
transport and dispersion. In autumn and winter, the predominant southeast and east
winds are responsible for an important offshore CO, transport and dispersion.

It is no surprise that OMA emissions have some influence over the nearby
coastal zone, as shown in Fig. 2.11.
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Fig. 2.10 Evaluation’s examples between observed and simulated data for meteorological parameters

However, the important issue is to evaluate whether or not this influence is
significant. In item 2.3.3, three approaches were mentioned to evaluate the significance
of increases in CO, concentrations compared to the background concentration.

(1) Spatial gradients

Comparing the concentration gradient between stations (Table 2.6) (order of
magnitude 1073 ppm km™) with gradients of concentrations generated by TAPM
(Table 2.7) (order of magnitude 10~'~10-* ppm km™), it appears that the latter are
considerably higher than the former, regardless of the seasonal period, with only a
few exceptions (Table 2.7). In the autumn, model predicted gradient is much higher
for the seasons. As expected, the predicted gradient decreases offshore.
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Fig. 2.11 CO, concentrations in the atmosphere in the study area

Table 2.6 Concentrations gradients between some stations (http://www.esrl.noaa.gov)
Spatial concentrations

Stations Distance (km) gradient (ppm km™)
Azores — Romania 4,618.60 2.40 x 1073
Hungary — Romania 922.11 6.99 x 1073

(ii) Predicted CO, levels and temporal variability

Table 2.8 shows the average concentrations and increased average suffered on
the average tropospheric concentration in 2003, on “coastal waters” and “territorial
waters”, during the season’s winter, spring, summer and autumn.

The inter-annual atmospheric CO, increase is around 1.74 ppm, corresponding
to approximately a 0.41% increase. Model results suggest a potential CO, increase
over the studied area that, on several occasions is larger than those figures, in
winter, summer and autumn, within the 12 mile limit.

However, when the percent increases predicted by the model are compared to
CO, seasonal coefficient variation, it is clear that the latter are much higher
(Table 2.9).
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Table 2.7 Concentrations gradient of TAPM between areas

Seasonal period

Winter Spring Summer Autumn
Zone Spatial concentrations gradient (ppm km™)
Territorial Between the shore 232x 10" 1.21x10" 258 x 10" 3.13x 10"
waters to 3 miles offshore
Between 3 and 877 x 107 3.02x102% 7.76x102% 1.25x 10"
6 miles offshore
Between 6 and 459 x 103 1.75x 102 5.01 x10? 8.11x 10?2
12 miles offshore
Outside the Between 12 and 248 x 107 6.89 x 10 1.95x 102 5.37x 107
territorial 26 miles offshore
waters

Table 2.8 Increasing concentrations of Co, in the zone “coastal waters”,

beyond that zone

”»

territorial waters” and

Seasonal period

Winter Spring Summer Autumn
Zone Average concentration (ppm)/percentage (%)
Coastal Between the shore 379.01/0.88 376.71/0.27 378.22/0.67 381.47/1.56
waters to 1 mile offshore
Territorial Between the shore 378.40/0.72 - 377.60/0.50 380.57/1.30
waters to 3 miles offshore
Between 3 and 377.74/0.54 — 376.91/0.32 379.67/1.06
6 miles offshore
Between 6 and 377.23/0.41 - 376.41/0.19 378.89/0.85
12 miles offshore
Outside the Between 12 and 376.80/0.29 - 375.96/0.07 377.81/0.56
territorial 26 miles offshore
waters

Table 2.9 Temporal variability of CO, concentrations in the stations in 2004 and seasonal varia-
tion coefficient (winter vs. summer) of CO, concentrations in the stations since the beginning

of its activity

Stations

Terceira Canary Mace Head Black Sea

Island Islands County Galway Constanta  Hegyhatsal

Azores Tenerife  Ireland Romania ~ Hungary

Concentration (ppm)
Winter (February) 380.34 378.63 381.74 390.01 392.47
Spring (May) 380.49 379.36 381.21 382.61 376.79
Summer (August) 371.89 373.59 369.48 384.29 368.09
Autumn (November) 376.66 376.75 377.69 396.34 393.79
Seasonal variability 8.45 5.04 12.26 5.72 24.38
Seasonal variation 2.61 1.77 3.57 4.87 7.61

of concentrations
coefficient (%)
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Fig. 2.12 Differences between expected concentrations and the average tropospheric concentra-
tion of atmospheric CO,, higher than the sensitivity of the measuring CO, apparatus

(iii) Predicted CO, changes and accuracy CO, probe sensitivity

The measurement error of currently available CO, probe sensitivity is between
+0.5 and =1 ppm. Figure 2.12 shows the locations where predicted concentrations
are above the indicated accuracy.

This figure suggests that in spring and summer the model predicted influence of
emissions from OMA on the adjacent coastal zone is hardly detected with present day
technology. However, the same figure suggests the opposite for autumn and winter.
Particularly in autumn, the “measurable” influence is over most of the model domain.

2.4 Discussion

Model simulations results presented before suggest that the CO, plume pro-
duced over the OMA may have an important offshore shift in winter and
autumn as a result of the dominant wind offshore component. However, the
main challenge here is trying to evaluate the significance of this effect over
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tropospheric CO, concentrations. In the absence of nearby CO, monitoring stations,
comparisons between CO, model predicted increases at various distances offshore,
on one hand, and spatial and temporal CO, variability data, on the other hand, sug-
gest that OMA may produce a local “bump” on CO, levels with increases over the
sea, within the 12 miles limit, that are above inter-annual CO, variability but below
CO, seasonal variability. Furthermore, in winter and, specially, in autumn the pre-
dicted concentration changes are detectable by current CO, measuring technology.
Therefore, it is practicable to empirically test these model results.

From the above reasoning, it seems likely that the OMA may exert, at least,
a measureable change on CO, concentrations over nearby coastal areas within a
limited distance offshore (<12 miles). The next logical step is trying to anticipate
the potential that these CO, increases may have in influencing CO, air-sea
exchanges and the sink-source CO, rate of the coastal area under study.

2.5 Conclusions

Obtained results, based on the atmospheric mesoscale model (TAPM), suggest that
the OMA has a significant impact on atmospheric CO, concentrations over the
adjacent coastal zone up to c.a. 12 miles offshore. Consequently, a similar result
may be expected for other metropolitan areas.

Therefore, obtained results support the initial hypothesis, stressing the need for
further studies about their potential implications on CO, sinking capacity of coastal
zones. A natural follow-up to this study would be an empirical assessment of CO,
concentrations over the adjacent coastal area under different seasonal and synoptic
forcing and their consequences on CO, air-sea exchanges.
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Chapter 3

Present Day Carbon Dioxide Fluxes in the
Coastal Ocean and Possible Feedbacks Under
Global Change

Alberto V. Borges

Abstract The present day contemporary CO, fluxes in shelf seas could be
significant for the global carbon cycle, since available estimates converge to a sink
of ~0.3 PgC yr! corresponding to 21% of most recent estimate of contemporary
sink of atmospheric CO, in open oceans of 1.4 PgC yr'. These estimates are
prone to large uncertainty mainly due to inadequate representation of the spatial
variability and need to be improved based on more data, requiring a concerted
global observational effort. The potential feedbacks on increasing atmospheric
CO, from changes in carbon flows in the coastal ocean could be disproportionately
higher than in the open ocean. The changes in carbon flows and related potential
feedbacks in the coastal ocean could be driven by 3 main processes: i) changes in
coastal physics; ii) changes in land-used, waste water inputs, agricultural fertilizers
and changes in hydrological cycle; iii) changes in seawater carbonate chemistry
(ocean acidification). These potential feedbacks remain largely unquantified due
to a poor understanding of the underlying mechanisms, or lack of modelling to
quantify them. Based on reported evaluations and back of the envelop calcula-
tions, it is suggested that changes of biological activity due the increased nutrient
delivery by rivers would provide by 2100 a negative feedback on increasing atmo-
spheric CO, of the order of magnitude of the present day sink for atmospheric
CO,. This negative feedback on increasing atmospheric CO, would be one order of
magnitude higher than negative feedback due to the decrease of either pelagic or
benthic calcification related to ocean acidification, and than the negative feedback
related to dissolution of CaCO, in sediments. The increase of export production
could also provide a significant feedback to increasing atmospheric CO,, although
based on the conclusions from a single perturbation experiment. Feedbacks on
increasing atmospheric CO, due to effects of C cycling in continental shelf seas
related to changes in circulation or stratification could be important but remain to
be quantified.
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Warming of the climate system is unequivocal based on observational evidence from
all continents and most oceans (increases in global average air and ocean tempera-
tures, melting of snow and ice, and increasing global average sea level) (IPCC
2007a). The observed increase in global average temperatures since the industrial
revolution is very likely due to increasing concentrations in the atmosphere of anthro-
pogenic green house gases (GHG). Global GHG emissions are expected to continue
to grow over the next few decades, and warming and climate change in the near and
long term will have a variety of negative impacts such as: changes in terrestrial and
marine ecosystems (increased risk of species extinction, changes in ecosystem struc-
ture and function, loss of biodiversity, loss of ecosystem goods and services,...),
changes in crop productivity, increasing risks on coasts (coastal erosion, floods,...),
increasing exposure to extreme weather events (heat waves, heavy precipitation
events, incidence of extreme high sea level,...), effects on health status of millions of
people (increases in malnutrition, diseases, injury due to extreme weather events,...),
exacerbate current stresses on water resources,... (IPCC 2007b).

Carbon dioxide (CO,) is the most important anthropogenic GHG accounting for 77 %
of total anthropogenic GHG emissions in 2004 (IPCC 2007a). For the 2000-2006
period, 9.1 PgC year™ (PgC = 10" gC) of CO, were emitted to the atmosphere
mainly from fossil fuel combustion and cement production (7.6 PgC year™') and
land use change (1.5 PgC year™). About 4.1 PgC year™! accumulated in the atmo-
sphere, the land biosphere is supposed to have absorbed 2.8 PgC year™, and the
oceans have absorbed the remaining 2.2 PgC year™' (Canadell et al. 2007). Hence,
oceans are a major component of the global CO, cycle. However, the oceans are
also vulnerable to climate change with potential changes in their capacity to absorb
anthropogenic CO,. These vulnerabilities include surface warming and related
changes in circulation that will impact directly the chemical and physical oceanic
CO, pumps. Changes in ocean physics are also expected to modify the vertical
inputs of inorganic nutrients and light availability (increasing stratification), hence,
affecting primary production and ecosystem structure, and modifying the biologi-
cal CO, pump. The latter is also expected to respond to changes of seawater car-
bonate chemistry (ocean acidification) that could modify the rates and fates of
primary production and calcification of numerous organisms.

Coastal environments only represent 7% of the total oceanic surface area, how-
ever, they are biogeochemically more dynamic, and probably more vulnerable to
climate changes than the open ocean. Whatever the responses of the open ocean
to climate changes, they will propagate on the coastal ocean. Superimposed on this
“background open oceanic forcing”, the coastal ocean will also respond to changes
of fluxes from the land biosphere through rivers, ground waters and atmospheric
deposition of major biogeochemical elements (carbon, nitrogen, phosphorous, silica)
in organic and inorganic forms. Physical settings specific to the coastal ocean (coastal
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upwelling, sea-ice,...) are also expected to respond to climate change probably leading
to unique and local changes in carbon cycling. Finally, due to the shallowness of the
coastal ocean, the benthic compartment will respond to changes of carbon cycling in
surface waters on much shorter time scales than in the open ocean.

This chapter focuses on CO, cycling in the coastal ocean, briefly summarizing
the current knowledge on the present day fluxes, and focussing more in depth on the
possible evolution and feedbacks under global change.

3.1 Present Day Carbon Dioxide Fluxes in the Coastal Ocean

Continental shelf seas receive massive inputs of organic matter and nutrients from
land, exchange large amounts of matter and energy with the open ocean across
continental slopes and constitute one of the most biogeochemically active areas of
the biosphere. The coastal ocean hosts between ~15% and ~30% of oceanic primary
production and ~80% of oceanic organic matter burial (e.g. Gattuso et al. 1998a).
It also hosts most of the benthic oceanic calcium carbonate (CaCO,) production,
~20% of surface pelagic oceanic CaCO, stock (Balch et al. 2005), and ~50% of
oceanic CaCO, deposition (Gattuso et al. 1998a). Hence, carbon (C) flows in the
coastal ocean are disproportionately high in comparison with its surface area (~7%
of total oceanic surface area). Intense air-water carbon dioxide (CO,) exchanges
can then be expected in the coastal ocean and could be significant for CO, flux
budgets at regional (Frankignoulle and Borges 2001; Borges et al. 2006) and global
scales (Table 3.1).

The contemporary flux of CO, between the coastal ocean and the atmosphere
has been evaluated by several authors based on the global extrapolation of a flux
value from a single shelf sea or from the compilation of literature data in several
shelf seas (Table 3.1). The most recent evaluations converge towards a sink of
atmospheric CO, of about 0.3 PgC year™. This CO, sink would be highly signifi-
cant, corresponding to 21% of the most recent estimate of contemporary sink of
atmospheric CO, in open oceans of 1.4 PgC year™' (Takahashi et al. 2009).

Yet, these estimates based on literature compilations suffer from several caveats,
one of the most important being the lack of data to adequately cover the full spatial
extent of the coastal ocean and the diversity of biogeochemical C cycling related to
extremely contrasted physical and biogeochemical settings. Indeed, the distribution
of CO, flux data in shelf seas reported in literature is biased towards the mid-latitudes
of the Northern Hemisphere. Data are lacking in large portions of the coastal ocean
such as the Russian Arctic coast, the Eastern South America coast, the Eastern
Africa coast, large sections of the Western Africa coast and large sections of the
Antarctic coast.

Further, due to the high dynamic range of seasonal and spatial variations of the
partial pressure of CO, (pCO,) in coastal environments (Fig. 3.1), reported air-sea
CO, fluxes can be biased by inadequate spatial or temporal coverage. For instance,
in the Southern Bight of the North Sea where Thomas et al. (2004) reported a
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Table 3.1 Reported estimates of the sink for atmospheric CO, in the coastal ocean (excluding
near-shore environments)

CO, sink
(PgC year™) Reference Comment
-1.0 Tsunogai et al. (1999) Based on the global extrapolation of the average

air—sea CO, flux in the East China Sea
computed from five cruises (February 1993,
October 1993, August 1993, November
1995 and September 1996). The annual
air-sea CO, flux of Tsunogai et al. (1999)
(2.9 molC m™ year™) has been revised to

a lower value (1.2 molC m™ year', Wang
et al. 2000) based on a better coverage of
the seasonal cycle and use of gas transfer
velocities computed from wind speed rather
than a constant value.

-0.40 Thomas et al. (2004) Based on the global extrapolation of the average
air-sea CO, flux in the North Sea (1.4 molC
m~ year') computed from four cruises
(September 2001, November 2001, February
2002, May 2002).

-0.37 Borges (2005) Based on the compilation of annually integrated
air-sea CO, fluxes in 15 shelf seas as reported
in literature using partial pressure of CO,
(pCO,) measurements, scaled by latitudinal
bands of 30° based on surface areas reported
by Walsh (1988). Surface areas between 30°S
and 30°N are under-estimated.

-0.45 Borges et al. (2005) Based on the compilation of annually integrated
air-sea CO, fluxes in 17 shelf seas as reported
in literature using pCO, measurements, scaled
by latitudinal bands of 30° based on surface
areas reported by Walsh (1988). Air-sea CO,
fluxes were recomputed to an uniform gas
transfer velocity parameterization. Surface areas
between 30°S and 30°N are under-estimated.

-0.22 Cai et al. (20006) Based on the compilation of air-sea CO, fluxes in
29 shelf seas, scaled by 7 shelf provinces using
classification and surface areas reported by
Walsh (1988). Not all the air-sea CO, fluxes
have a full annual coverage, and some of the
fluxes are derived from C mass balance and
not pCO, measurements.

—0.33t0-0.35  Chen and Borges (2009)  Based on the compilation of air-sea CO, fluxes
in 58 shelf seas, scaled using a global average
or by shelf provinces using classification
and surface areas reported by Jahnke (2009).
Not all the air-sea CO, fluxes have a full
annual coverage and some of the fluxes are
derived from C mass balance and not pCO,
measurements.
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source of CO, based on a data-set with a lower temporal coverage than the one of
Schiettecatte et al. (2007) who reported a sink of atmospheric CO,. Another example
is in the US South Atlantic Bight, where Cai et al. (2003) reported a source of CO,
based on a data-set with a lower spatial resolution than the one of Jiang et al.
(2008a) who reported a sink of atmospheric CO,.

Inter-annual variations of air-sea CO, fluxes in the coastal ocean can be signifi-
cant although they have been seldom investigated due to the lack of adequate data-
sets. In continental shelf seas, these inter-annual variations can be due to large scale
climate oscillations such as the El Nifio Southern Oscillation (ENSO) (Ianson and
Allen 2002; Friederich et al. 2002) or such as the Southern Annular Mode (SAM)
(Borges et al. 2008a). In the case of the California current, the change of ENSO
phases can lead to a reversal of the direction of annual air-sea CO, fluxes
(Friederich et al. 2002). In near-shore ecosystems, inter-annual variations of air—sea
CO, fluxes can be due to variable river influence (Borges and Frankignoulle 1999;
Gypens et al. 2004; Borges et al. 2008b; Salisbury et al. 2009).

Contemporary air-sea CO, fluxes deduced from field measurements of pCO,
are the combination of natural (pre-industrial) air—sea CO, flux signal and a
perturbation air—sea CO, flux signal related to the anthropogenic increase of atmo-
spheric CO,. The pre-industrial air-sea CO, fluxes can be roughly evaluated by the
mass balance of carbon inputs and outputs for the whole ocean (open and coastal)
at global scale (e.g. Sarmiento and Sundquist 1992). In the open ocean, the inven-
tory of anthropogenic dissolved inorganic carbon (DIC) can be evaluated by
several back-calculation techniques (e.g. Véazquez-Rodriguez et al. 2009) that
allow deriving a pre-formed DIC value that is removed from the observed DIC
value, the difference corresponding to the anthropogenic DIC signal. The evalua-
tion of a pre-formed DIC value relies on the analysis of chemical variables in
water masses that are assumed to be devoid of anthropogenic DIC (deep waters).
Due to the shallowness of the coastal ocean, it is impossible to evaluate pre-
formed DIC values. Further, in the coastal ocean the anthropogenic air-sea CO,
flux signal is expected to be influenced by other perturbations besides the increase
of atmospheric CO,, such as changes in nutrient inputs by atmospheric deposition
or by rivers. The only attempts to evaluate the anthropogenic CO, sink in the
coastal ocean have been made with two modelling studies. Mackenzie et al. (2004)
used a single box model of the coastal ocean and evaluated the sink of anthropo-
genic CO, to 0.17 PgC year™. Bopp et al. (2008) used a high resolution ocean
model (0.5° x 0.5°) and evaluated the sink of anthropogenic CO, in the coastal
ocean to 0.13 PgC year™'. Hence, the coastal ocean presently contributes between
6% and 11% of the sink of anthropogenic CO, in the open ocean, ranging between
1.5 and 2.2 PgC year™' (Sarmiento et al. 2000; Gloor et al. 2003; Quay et al. 2003;
Gurney et al. 2004; Sabine et al. 2004; Patra et al. 2005; Gruber et al. 2009).

The proximal coastal ocean (estuaries, bays, salt-marshes, mangroves, and other
near-shore ecosystems) is directly influenced by terrestrial inputs of DIC, nutrients
and organic carbon. At ecosystem level, the aquatic compartment of these environ-
ments is net heterotrophic, consuming more organic carbon than the autochtonous
gross primary production (GPP) (Odum and Hoskin 1958; Odum and Wilson 1962;
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Heip et al. 1995; Kemp et al. 1997; Gattuso et al. 1998a; Gazeau et al. 2004;
Hopkinson and Smith 2005). Accordingly, the aquatic compartment of these eco-
systems is a source of CO, to the atmosphere (Frankignoulle et al. 1998, Borges
et al. 2003; Abril and Borges 2004; Wang and Cai 2004). The contribution of CO,
inputs by rivers to the overall estuarine emission is generally low (Borges et al.
2006; Jiang et al. 2008b). The overall source of CO, from near-shore ecosystems
has been evaluated to ~0.50 PgC year™', mainly related to the emission of CO, to
the atmosphere from estuaries (~0.36 PgC year™') (e.g. Chen and Borges 2009).
These estimations also suffer from the same caveats as those for continental shelf
seas. Data distribution is biased towards the temperate regions of the Northern
Hemisphere, and most estuaries where CO, fluxes have been evaluated are macro-
tidal estuaries, while data in other types of estuarine environments (fjords, fjards,
lagoons, micro-tidal estuaries,...) are scarce. Further, the dynamic range of pCO,
variations in estuaries is very marked (Fig. 3.1) and issues of adequate spatial and
temporal coverage are even more critical. Also, there is a large uncertainty related
to value of estuarine surface area used to scale the CO, flux data as discussed by
Abril and Borges (2004) and Borges (2005). Yet, the estimate of the emission of
CO, from estuaries based on the scaled CO, flux data is in reasonable agreement
with the estimate based on the input of river CO, and the degradation during estua-
rine transit of particulate (POC) and dissolved organic carbon (DOC) as discussed
by Abril and Borges (2004), Borges (2005) and Chen and Borges (2009).

3.2 Possible Evolution and Feedbacks Under Global Change

Figure 3.2 depicts a conceptual diagram of the different anthropogenic forcings on the
coastal ocean that can modify the sources and sinks of carbon and ultimately provide
a feedback on increasing atmospheric CO,. Hereafter, the impact of these forcings and
potential associated feedbacks will be discussed in relation to air-sea CO, fluxes in the
coastal ocean, when documented, and roughly quantified, when possible (Table 3.2).

e AtMOSpheric CO, Changes of Land use changes
~ Atmospheric hydrolo: gical o cleNitrogen agricultural fertilizer
Climate pollution Y 9 Y Waste water inputs

N —

«—Temperature < Mixing, < Circulation ~ Atmospheric N, P, Si river inputs C river inputs
““““““ O, stratification | deposition

Seawater

Light Nutrients

Carbonate
chemistry \ j

Fig. 3.2 Conceptual diagram of global change forcings on C cycling of the coastal ocean (bold),
and feedbacks on increasing atmospheric CO, (Adapated from Riebesell 2007)
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Table 3.2 Global change forcings on carbon cycling of the coastal ocean and associated feedback
on increasing atmospheric CO, by year 2100. Refer to text for details on evaluation of sign and
quantification of feedbacks

Global change forcings Feedback PgC year! Comment
Changes in coastal physics
Enhanced stratification -? ? 1
Enhanced (?) coastal upwelling +? ? 2
Impact of expanding OMZ in coastal + ? 3
upwelling regions
Enhancement of air-sea CO, fluxes related - 0.002 4

to Arctic sea-ice retreat

Changes in land-used, waste water inputs, agricultural fertilizers and changes in hydrological

cycle

Increase of river organic carbon delivery to + ?
the Arctic Ocean

Increase of river nutrients delivery to the - ?
Arctic Ocean

Global increase in river nutrient and - 0.200 5
organic matter delivery

Global increase in nutrient atmospheric - ? 6
deposition

Expanding hypoxic and anoxic zones + ? 3

Changes in seawater carbonate chemistry (ocean acidification)

Decrease of benthic calcification

Coral reefs - 0.015-0.026
Other benthic - 0.025-0.046
environments
Decrease of pelagic calcification
Coccolithophorids - 0.013-0.019
Other pelagic calcifiers - ?
Dissolution of metastable CaCO, in _ 0.022 7

sediment porewaters

Enhancement of primary production and - 0.108-0.216 8
export production due increasing [CO,]

A~ W

Negative feedback only reported in Tasman shelf assuming pCO, behaviour during warm
years is representative of response to global warming, if extrapolated globally would produce
a negative feed-back of the order of ~0.1 PgC year.

. Assuming exact opposite response of model output with decreasing upwelling favourable

winds.

. Assuming enhanced denitrification leading to decreased primary production.
. Feedback computed for the next decade and not until 2100.
. The enhancement of primary production by nutrient inputs balances the additional CO, pro-

duction by organic matter inputs.

. Not taking into account enhancement of acidification of surface waters by sulphur atmospheric

deposition.

. Based on Andersson et al. (2003).
. Based on a single mesocosm experiment with mixed diatom and coccolithophorid

assemblage.
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Several changes in coastal ocean physics are expected with global warming that
can change C cycling and air-sea CO, fluxes, such as increasing stratification,
enhanced coastal upwelling, expanding oxygen minimum zones, retreat of sea-ice
and changes in freshwater delivery (Section 3.2.1).

Changes in land use, waste water inputs, agricultural fertilizers, hydrological
cycle and atmospheric deposition increase the delivery of inorganic and organic
carbon, and nutrients to the coastal ocean, and modify C flows (enhanced primary
production and hypoxia/anoxia) and air-sea CO, fluxes in the coastal ocean with
potential feedbacks on increasing atmospheric CO, (Section 3.2.2).

Changes in seawater carbonate chemistry in response to increasing atmospheric
CO, content can change the rates and fates of primary production and calcification
at organism and ecosystem community levels, modifying C flows and air-sea CO,
fluxes in the coastal ocean with potential feedbacks on increasing atmospheric
CO, (Section 3.2.3).

Finally, anthropogenic impacts on specific near-shore coastal ecosystems (coral
reefs, seagrass meadows and mangroves) can alter C flows in these ecosystems
(Section 3.2.4).

3.2.1 Changes in Coastal Ocean Physics

It has been hypothesized (Bakun 1990) and modelled (Snyder et al. 2003; Diffenbaugh
et al. 2004) that the intensity and duration of coastal upwelling will increase in future
due to climate change. Increasing land—sea thermal contrasts will increase alongshore
winds driving Ekman upwelling. Locally, other factors such as decadal fluctuations
in surface heat fluxes can modulate the response to increasing upwelling favorable
winds and lead to increased stratification and surface ocean warming, as evidenced in
the California Current in relation to the Pacific Decadal Oscillation (Di Lorenzo et al.
2005; Field et al. 20006). Yet, there is observational evidence in several coastal upwelling
systems that suggest a general increasing trend in upwelling with global warming
(Anderson et al. 2002; Mendelssohn and Schwing 2002; Goes et al. 2005; Santos
et al. 2005; McGregor et al. 2007).

The response of air-sea CO, fluxes to increased upwelling is difficult to predict
and can go both ways. Stronger vertical inputs of DIC would drive the system to
emit more CO, to the atmosphere, while enhanced nutrient inputs would drive
higher primary production, export production and a sink for atmospheric CO,.
Plattner et al. (2004) modelled the impact of decreasing upwelling favorable winds
on C flows in the California Current system. Model results show that a 50% reduc-
tion of wind stress induces a ~50% decrease in net primary production and in export
production; yet, the source of CO, to the atmosphere also decreases by about ~50%
due to the decrease of vertical inputs of DIC and the decrease of the gas transfer
velocity, providing a negative feedback on increasing atmospheric CO,. However,
the increase of upwelling favorable winds does not necessarily imply that the
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ecosystem will respond by an increase of primary production. Increased upwelling
winds can also lead to a reduction of light exposure due to deeper mixed layers and
to anincrease offshore advection of phytoplankton (Largier etal. 2006). Nevertheless,
a time series in Monterey Bay (California) shows since 1993 an increasing trend in
pCO, that is faster than the one expected from the equilibration with increasing
atmospheric CO,, in parallel with a decreasing trend in sea surface temperature
(SST) and an increasing trend in chlorophyll-a (Francisco Chavez and Gernot
Friederich, 2009, personal communication). This would suggest an increasing trend
in upwelling and primary production with an increase in pCO, values, leading to an
overall positive feedback on increasing atmospheric CO,.

Climate change is expected to lead to a decrease of oxygen (O,) content in the
oceans due to the slowing down of the thermohaline circulation and decreasing solu-
bility of O, (due to surface warming) of the source waters of intermediate and deep
layers (Bopp et al. 2002; Matear and Hirst 2003). This will lead to the expansion of
oxygen minimum zones (OMZ) as confirmed by historical observations (Bograd
et al. 2008; Stramma et al. 2008). OMZ are associated to major coastal upwelling
regions such as the Humbolt current, the Benguela current, the Canary current and the
Arabian Sea. The upwelling source waters in coastal upwelling areas associated to
OMZ are sources of CO, to the atmosphere because denitrification leads to lower
concentrations of nitrate and excess of DIC relative to nitrogen (Fig. 3.3). Hence,
coastal upwelling areas associated to OMZ are sources of atmospheric CO, such as
the Arabian Sea (Goyet et al. 1998) and the Peruvian and Chilean coasts (Friederich
et al. 2008; Paulmier et al. 2008). Coastal upwelling areas devoid of OMZ such as the
Iberian coastal upwelling system (Borges and Frankignoulle 2002a) or with deep
OMZ such as the Oregon coast (Hales et al. 2005) are sinks for atmospheric CO,.
The future horizontal and vertical expansion of OMZ is then expected to provide a
positive feedback on increasing atmospheric CO, due to enhanced CO, emissions
from coastal upwelling systems.

Sarmiento et al. (1998) showed that future increase in stratification reduces the
thermohaline circulation and open oceanic uptake of anthropogenic CO,. Yet, the
ocean will also respond to increased stratification by changes in export production
(Sarmiento et al. 1998; Bopp et al. 2001; Le Quéré et al. 2002, 2003) and in the
vertical input of DIC, which potentially can provide feedbacks on increasing atmo-
spheric CO,. The comparison of negative and positive SST anomaly phases of the
large scale climatic oscillations (ENSO, SAM,...) can be used as a natural labora-
tory to determine how marine biogeochemistry could respond to future increase in
SST and stratification in the oceans (Le Quéré et al. 2002, 2003). However, time-
series of pCO, with the adequate temporal resolution and duration to work out
seasonal and inter-annual variations are extremely scarce in continental shelf seas.
Borges et al. (2008a) constructed a time-series of pCO, and air-sea CO, fluxes in
the Tasman continental shelf based on the analysis of anomalies of pCO, and SST
from a data-set of 22 cruises spanning from 1991 to 2003. Over the Tasman conti-
nental shelf, during positive phases of SAM, there is a decrease of wind speed that
leads to increasing SST and stratification (Fig. 3.4). The increase of stratification
leads to a decrease of vertical inputs of DIC and overall decrease in pCO, and
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Fig. 3.3 Vertical profiles in the top 500 m of nitrate (NO,"), dissolved oxygen (O,), dissolved
inorganic carbon normalized to a salinity of 35 (DIC@35), DIC@35 vs NO,, excess DIC (EDIC)
vs NO,™ at the continental shelf break of the Galician (-9.54°E 42.15°N) and Chilean (-77.59°E
—12.45°N) upwelling systems. Chilean data were extracted from the Global Ocean Data Analysis
Project (Key et al. 2004), Galician data are from the OMEX-II project (Borges and Frankignoulle
2002a). EDIC was computed as the difference between observed DIC and DIC computed from
total alkalinity and atmospheric CO,, and provides an estimate of CO, outgassing if the water mass
is upwelled. Asterisks indicate the depths from which water can be upwelled (10-50 m in the
Chilean upwelling system based on Paulmier et al. (2008) and 200 m in the Galician upwelling
system based on Borges and Frankignoulle (2002a)). For a given NO,™ value (indicative of poten-
tial primary production), DIC@35 and EDIC (indicative of potential CO, outgassing) are higher
in the Chilean upwelling system than in the Galician upwelling, probably in relation to denitrifica-
tion associated to the marked oxygen minimum zone in the Chilean upwelling system. This could
explain that the Chilean upwelling system behaves as a source of CO, (Friederich et al. 2008) and
the Galician upwelling system as a sink of CO, (Borges and Frankignoulle 2002a)

increase in the sink for atmospheric CO, (Fig. 3.4). Hirst (1999) modelled an
increase of SST at the latitude of the Tasman continental shelf of about 2°C by
2100. If we assume that the response of air—sea CO, fluxes to inter-annual positive
anomalies of SST are representative of the response of air-sea CO, fluxes under
global warming, this would lead to an enhancement of the sink of atmospheric CO,
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Fig. 3.4 Time-series from 1982 to 2005 of Southern Annular Mode (SAM) index and of deseason-
alized sea surface temperature (SST), partial pressure of CO, (pCO,) and air-sea CO, fluxes (F) in
the Tasman continental shelf (adapted from Borges et al. 2008a). Grey areas correspond to periods
of sustained negative SST anomalies
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in the Tasman continental shelf of about 36%. Assuming all continental shelves
respond similarly this would lead to a major feedback on increasing atmospheric
CO, from a present day sink of 0.3-0.4 PgC year' by 2100. However, it is
extremely unlikely that all continental shelves will respond by an increase in the
sink of atmospheric CO, with increasing stratification. More data acquisition and
analysis are required to characterize the possible responses of air—sea CO, fluxes to
changes in stratification in continental shelf seas.

Climate changes will probably strongly affect C cycling and air-sea CO, fluxes
in the Arctic Ocean that at present time has been evaluated as a sink for atmo-
spheric CO, (Pipko et al. 2002; Murata and Takizawa 2003; Bates 2006; Bates
et al. 2005; 2006; Else et al. 2008; Murata et al. 2008). Bates et al. (2006) found
a positive relationship between air-sea CO, fluxes and the ice-sea cover in the
Chukchi Sea. Assuming that this relationship could be used to predict the evolu-
tion of air-sea CO, fluxes with the future predicted sea-ice retreat, these authors
estimated that the sink of atmospheric CO, in the Arctic Ocean would increase in
the coming decade by 0.002 PgC year™' compounded each year. However, it is also
expected that future changes in temperature will modulate air-sea CO, fluxes
directly through the thermodynamic change of pCO,. Future changes in tempera-
ture will indirectly modulate air-sea CO, fluxes through changes in circulation
(combined with salinity changes due to sea-ice retreat and changes in fresh-water
delivery) that will affect DIC transport (horizontally and vertically) and will also
affect biological activity and C flows.

3.2.2 Changes in Land Use, Waste Water Inputs, Agricultural
Fertilizers, Hydrological Cycle and Atmospheric Deposition

A major change in C flows and air-sea CO, fluxes can be expected from the mobi-
lization of terrestrial matter and transport by rivers to the Arctic Ocean. The Arctic
Ocean receives almost 10% of global river discharge and about 0.025 PgC year™' of
terrestrial DOC (Opshal et al. 1999). Arctic river basins may store up to ~50% of
the global soil organic carbon (Macdonald et al. 2006), with permafrost soils storing
about 400 PgC (Davidson and Janssens 2000). An increase of fresh water discharge
to the Arctic during the last 60 years has been reported (Peterson et al. 2002) and
could continue to increase in future (McClelland et al. 2004). This could enhance
organic carbon delivery by rivers to the Arctic Ocean that could be further increased
by mobilization of soil organic carbon with permafrost thawing (Frey and Smith
2005). The DOC delivered during ice-out is mostly young (Benner et al. 2004;
Raymond et al. 2007) and labile (Holmes et al. 2008). Hence, the degradation of
the additional organic carbon delivered by rivers to the Arctic Ocean with climate
changes would provide a positive feedback on increasing atmospheric CO, that
could be significant but yet unquantified (Frey and McClelland 2009). On the other
hand, the river delivery of dissolved inorganic nutrients (McClelland et al. 2007)
and possibly dissolved organic nutrients (Frey and McClelland 2009) to the Arctic
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Ocean could also increase with climate change. This could stimulate primary
production and provide a negative feedback on increasing atmospheric CO, that
could also be significant and is yet unquantified.

Changes in land use and waste water inputs have increased river nutrient con-
tents (Green et al. 2004; Seitzinger et al. 2005) and are expected to continue to
increase in future (Seitzinger et al. 2002; Galloway et al. 2004). The delivery of
nutrients to the coastal ocean will also be modified by predicted future increasing
global freshwater flow due to changes in the hydrological cycle (Douville et al.
2002; Labat et al. 2004; Milly et al. 2005; Aerts et al. 2006; Huntington 20006).
However, future changes in freshwater flow will show regional differences, in gen-
eral with an increase at high-latitudes and tropical latitudes and a decrease at
mid-latitudes (Milly et al. 2005). The freshwater delivery to the coastal ocean will
be further modulated by damming and other water diversion activities (V&rosmarty
and Sahagian 2000; Vorosmarty et al. 2003).

It is established that nutrient delivery by rivers to the coastal ocean has
increased during the past century and is expected to continue to increase in the
future. This could lead to an enhancement of primary production and a negative
feedback on increasing atmospheric CO,. On the other hand, increased organic
matter river loadings are expected to fuel heterotrophic activity in the coastal
ocean and provide a positive feedback on increasing atmospheric CO,. Yet, the
balance between these two processes seems to be a negative feedback on increasing
atmospheric CO, due to the enhancement of net ecosystem production (NEP).
Based on a simple one-box model of the coastal ocean, Mackenzie et al. (2004)
have evaluated the negative feedback on increasing atmospheric CO, by 2100
at ~0.20 PgC year'. Moreover, it has been recently reported that the impact of
anthropogenic nitrogen atmospheric deposition on primary production has been
under-estimated (Duce et al. 2008), hence the future increase in NEP and related
negative feedback on increasing atmospheric CO, could be stronger. Based on a
coupled general circulation model, da Cunha et al. (2007) have shown that variable
river inputs of nutrients have little impact on C cycling in the open ocean, hence,
this impact seems to be confined to the coastal ocean. Gypens et al. (2009) have
shown, based on a regional model, that nutrient reduction policies can lead to a
strong decrease of primary production and NEP and a positive feedback increasing
atmospheric CO,. However, at a global scale, the anthropogenic delivery of nutri-
ents to the coastal zone and concomitant enhancement of NEP and sink of atmo-
spheric CO, is expected to continue to increase. The environmental policies
actually implemented in watersheds of developed countries are not expected to be
implemented for decades in emergent countries.

Changes in land use on watersheds and in freshwater flow can also alter the
delivery of bicarbonate (and total alkalinity (TA)) from rivers to the coastal ocean
(Cai 2003; Raymond and Cole 2003; Raymond et al. 2008; Cai et al. 2008; Gislason
et al. 2009). This in itself constitutes a sink for atmospheric CO, on the watershed
if related to enhanced CaCO3 weathering. However, it is unclear how this could
affect the coastal ocean CO, sink, although an increase of the seawater buffering
capacity can be expected. This will also be probably modulated by the changes in
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DIC:TA ratio in river water (Cai et al. 2008). Also, it has been suggested that TA
generation in near-shore environments (Cai and Wang 1998) could contribute to
enhance the seawater buffering capacity and enhance the sink for atmospheric CO,
in the coastal ocean (Fennel et al. 2008; Thomas et al. 2009).

An important consequence of eutrophication is the development of hypoxic
or anoxic regions in coastal ecosystems (Diaz and Rosenberg 2008). In semi-
enclosed seas permanently stratified, hypoxia is a perennial feature (Baltic Sea
and Black Sea), while in seasonally stratified systems hypoxia is a seasonal
feature, occurring usually in summer when temperature (and stratification) and
organic matter availability are highest (Gulf of Mexico and East China Sea). In
permanently well-mixed continental shelf seas, even highly eutrophicated such
as the Southern Bight of the North Sea, hypoxia does not occur. However, in
well-mixed (macro-tidal) estuaries, low oxygen levels and even hypoxia can
occur mainly in maximum turbidity zones (e.g. Herman and Heip 1999), such as
in the Scheldt estuary in the 1970s when eutrophication was highest (e.g.
Soetaert et al. 20006). In estuaries, hypoxia can occur seasonally but also at daily
time-scales (during the night) (Tyler et al. 2009). Hypoxia and anoxia have
important consequences on benthic biomass and biodiversity with potential
impacts on fisheries (Diaz and Rosenberg 2008). The impact on air-sea CO,
fluxes is difficult to evaluate, yet, by analogy with OMZ (Section 3.2.2) it is
expected that the enhancement of denitrification at low oxygen levels will lead
to a net CO, production due to removal of nitrate and production of CO,.
Denitrification will also increase TA and increase the buffering capacity of sea-
water and decrease the seawater pCO, (Fennel et al. 2008; Thomas et al. 2009).
This can lead to a negative feedback on increasing atmospheric CO,. Yet, the
model of Fennel et al. (2008) in the northwest North Atlantic continental shelf
shows that the contribution of TA generation by benthic denitrification to the
enhancement of the CO, sink (0.07 mmolC m™ year™') is one order of magnitude
lower than the decrease of the CO, sink due to lower primary production related
to the removal of nitrate (0.17 mmolC m™ year™'). Hence, the expansion of
hypoxic or anoxic zones in coastal environments that has been observed since
the 1960s (Diaz and Rosenberg 2008) and could increase in future with sus-
tained eutrophication, can be expected to lead to a positive feedback on increas-
ing atmospheric CO, due to denitrification.

3.2.3 Changes in Seawater Carbonate Chemistry

Ocean acidification of surface waters corresponds to the increase of [CO,] and of
[H*], the decrease of pH, of [CO,*], and of the saturation state (Q2) of calcite (Q)
and aragonite (€2 ), all related to shifts in thermodynamic equilibria in response to
the input of anthropogenic CO, from the atmosphere. The CaCO, production of
benthic and planktonic calcifiers is expected to decrease with decreasing Q) due to
ocean acidification (refer to reviews by Raven et al. (2005), Kleypas et al. (2006),
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Fabry et al. (2008), Doney et al. (2009)). This is expected to provide a negative
feedback on increasing atmospheric CO, since calcification leads to a shift from the
bicarbonate to the CO, pool according to

Ca?+2 HCO, — CaCO+CO,+H,0

Furthermore, ocean acidification is expected to lead to an enhancement of shallow-
water CaCO, dissolution in the porewaters within sediments (Andersson et al.
2003), also providing a negative feedback on increasing atmospheric CO,.

On the other hand, primary production of some pelagic (e.g. Riebesell et al.
1993; Qiu and Gao 2002) and benthic (e.g. Gao et al. 1993; Zimmerman et al.
1997) non-calcifying autotrophs could increase with [CO,]. An increase in primary
production associated to efficient organic carbon export would induce a negative
feedback on increasing atmospheric CO,, according to

CO,+H,05CH,0+0,

Besides changes in primary production and calcification, marine organisms and
communities can also respond to ocean acidification through changes in N, fixation
(e.g. Hutchins et al. 2007), shift in natural assemblages (e.g. Boyd and Doney 2002;
Tortell et al. 2002; Engel et al. 2008) and an increase of export of organic matter to
depth due to enhanced aggregation (e.g. Engel et al. 2004; Delille et al. 2005;
Riebesell et al. 2007). All these processes could also provide a negative feedback
on increasing atmospheric CO,.

Since the coastal ocean hosts a disproportionately more important biological
activity than the open ocean, the potential feedbacks on increasing atmospheric
CO, related to the response of marine organisms and communities to the acidifica-
tion of surface waters are expected to be disproportionately much more important
in the coastal ocean than in the open ocean. Further, in coastal environments the
acidification of surface waters could be enhanced compared to the open ocean due
to anthropogenic atmospheric nitrogen and sulfur deposition (Doney et al. 2007),
influence of river discharge (Gledhill et al. 2008; Salisbury et al. 2008) or related
to upwelling of DIC rich waters (Feely et al. 2008).

During high-runoff, near-shore coastal environments influenced by estuaries can be
exposed seasonally to low Q values. Salisbury et al. (2008) showed that during high-
runoff the plume of Kennebec river (Gulf of Maine) shows very low  values down to
0.4 associated to salinities down to 8. However, most rivers show Q values above 1 for
salinities above 10 (Salisbury et al. 2008), hence, river plumes under-saturated in
CaCO, are not the common feature. Yet, in Arctic rivers Q values are lower (€2 > 1 for
salinities > 25). Hence, the increase of Arctic river runoff under global warming
(Section 3.2.2) could lead to an extension of river plumes with low Q values in the
Arctic Ocean. However, river plumes are also typically eutrophicated, leading to an
increase in primary production with an effect on carbonate chemistry (Gypens et al.
2009; Borges and Gypens 2010). Figure 3.5 shows the decadal changes of carbonate
chemistry in the Southern North Sea. From the 1950s to the mid 1980s when GPP
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increased due to eutrophication, there is an increasing trend in pH, in ©_ and in
Q_ and a decreasing trend in [CO,], while the equilibration of surface waters with
increasing atmospheric CO, would have lead to the opposite trends. After the mid
1980s when phosphorus removal policies were implemented, primary production in
the Southern Bight of the North Sea became increasingly limited by phosphorus avail-
ability, GPP decreased and the ecosystem shifted from net autotrophy to net heterotro-
phy (Gypens et al. 2009). The decrease of pH, 3 and Q_ and the increase of [CO,]
were actually faster then those expected from the equilibration of surface waters with
increasing atmospheric CO, (Fig. 3.5). Hence, the effect of eutrophication on carbon
cycling that counter-acts the effect of ocean acidification could maintain carbonate
chemistry conditions that remain favorable for benthic and pelagic calcification in
near-shore coastal environments. Also, the application of nutrient delivery regulation
policies can lead to transient changes of carbonate chemistry that are faster than those
related solely to ocean acidification. Such regulation policies have been mainly imple-
mented in industrialized countries, while in emerging economy countries, eutrophication
can be supposed to continue to increase unregulated in coming decades.

The response of calcifiers to ocean acidification has been to some extent relatively
well documented. Based on the upper bound value global calcification rate from coral
reefs of 0.11 PgC year! (Milliman and Droxler 1996) and assuming a decrease by
2100 of calcification ranging from 22% (Gattuso et al. 1998b) to 40% (Andersson
et al. 2005), and using a molar ratio of CO, production to calcification (‘t') of 0.6
(Frankigoulle et al. 1994), the negative feedback on increasing atmospheric can be
roughly evaluated to range between 0.015 and 0.026 PgC year'. Benthic calcification
in other coastal environments than coral reefs has been evaluated to 0.19 PgC year!
(Milliman and Droxler 1996), and assuming a similar range of decrease of calcifica-
tion (22-40%) by 2100, the negative feedback on increasing atmospheric can be
roughly evaluated to range between 0.025 and 0.046 PgC year' (using a ¥ of 0.6).

Balch et al. (2007) recently estimated global pelagic calcification to 1.6 + 0.3 Pg
C year”', based on remote sensing data. This implies that coccolithophorids would be
the single most important pelagic calcifier in the oceans, as other estimates of global
pelagic calcification range between 0.7 PgC year™! based on historical accumulation
rates and sediment trap data (Milliman et al. 1999) and 1.4 PgC year, based on
seasonal cycle of TA in the euphotic zone (Lee 2001). A global estimate of pelagic
calcification is unavailable for the coastal ocean, but on first approximation, it can be
evaluated to 0.38 + 0.1 Pg C year ' scaled based on a fraction of the total CaCO,
standing stock in the coastal ocean of 23% compared to the open ocean, based on
remote sensing data (Balch et al. 2005). The decrease of global pelagic calcification
for a doubling of atmospheric CO, has been evaluated to 7% using a general circula-
tion ocean model (Gehlen et al. 2007). If we assume that this decrease also occurs in
the coastal ocean, the negative feedback on increasing atmospheric CO, can be
roughly evaluated to range between 0.013 and 0.019 PgC year' (using a ¥ of 0.6).

The carboxylating enzyme Ribulose-1,5 bisphosphate-carboxylase/oxygenase
(RUBISCO) relies exclusively on CO, as substrate and has a half saturation
constant ranging between 20 and 70 umol kg™' (Badger et al. 1998). This can cause
a rate limitation of phytoplankton photosynthesis, since [CO,] in seawater at
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Table 3.3 Minimum values of the partial pressure of CO, (pCO,), pH, [CO,] reported in various
continental shelf seas

pCO, (ppm) pH(THIS) [CO,] (umol kg™) Comment

Gotland Sea (Baltic) 160 8.413 6.2 1

Northern North Sea 225 8.261 10.9 2

Southern North Sea 125 8.459 5.7 2

English Channel 320 8.127 13.5 3

Celtic Sea 295 8.160 11.6 4

Bay of Angels 330 8.144 12.5 5
(Mediterranean)

East China Sea 280 8.173 12.3 6

Chukchi Sea 70 8.647 4.7 7

US Middle Atlantic Bight 200 8.285 6.1 8

1. Based on Schneider et al. (2003) and Kuss et al. (2004)

2. Based on Omar et al. (2010)

3. Based on Borges and Frankignoulle (2003)

4. Based on Borges et al. (2006)

5. Based on Copin-Montégut et al. (2004)

6. Based on Wang et al. (2000)

7. Based on Bates (2006)

8. Based on DeGrandpre et al. (2002)

atmospheric equilibrium is typically ~10 umol kg'. This can be a significant issue
in near-shore environments where very low [CO,] values can occur during the peak
of the phytoplankton bloom. For instance, in Belgian coastal waters, at the peak of
the Phaeocystis bloom extreme values of pCO, (72 ppm), pH (8.673 in the total
hydrogen ion scale (THIS)) and [CO,] (3 umol kg™") were reported in May 1999
(Borges and Frankignoulle 2002b). However, in continental shelf seas with lesser
influence from nutrient rich estuarine waters, values of the variables of carbonate
system during phytoplankton blooms are not as extreme (Table 3.3).
Phytoplankton species have developed several carbon concentration mecha-
nisms (CCMs) to overcome the potential CO, limitation of primary production
(Raven 1991), leading to a specific sensitivity to CO, availability. Hence, photosyn-
thesis by diatoms and the prymnesiophyte Phaeocystis (Burkhardt et al. 1999,
2001; Rost et al. 2003) is at or close to CO, saturation at typical actual marine CO,
levels. On the other hand, photosynthesis of coccolithophorids is well below CO,
saturation at typical actual marine CO, levels (Rost et al. 2003). However, these
findings are mainly based on laboratory cultures with optimal light and nutrient
conditions. In the real ocean, at the peak of phytoplankton bloom, nutrients are
exhausted, and since CCMs rely in one way or another on enzymes, low nitrogen
availability can lead to a down-regulation of CCMs. Since CO, levels are also low
at the peak of the phytoplankton bloom, increasing levels of seawater CO, with
global change could reduce the limitation of photosynthesis by CO, availability.
In nutrient exhausted conditions, if light conditions remain favorable, phytoplankton
continues to photosynthesize, and extracellular release of organic carbon allows
regulation of the internal C:N:P ratios. This can lead to the formation of transparent
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exopolymer particles that have strong aggregative properties and can enhance
organic carbon export from surface to depth (Engel et al. 2004). Hence, increasing
CO, levels with global change could lead to enhanced carbon export related to
extracellular release of organic carbon in peak phytoplankton bloom conditions.
Riebesell et al. (2007) have estimated that an increase of 27% of C export from
mixed diatom and coccolithophorid assemblages would occur at an atmospheric
pCO, of 750 ppm. Based on the present day estimates of export production from
the coastal ocean ranging from 0.4 (Wollast 1998) to 0.8 PgC year™ (Chen 2004),
the potential negative feedback on increasing atmospheric CO, would range from
0.108 to 0.216 PgC year.

Ocean acidification can also lead to changes in phytoplankton composition
(Boyd and Doney 2002; Tortell et al. 2002), with potential impacts on C cycling
and export, and ultimately on air-sea CO, fluxes. Further, the impact of ocean
acidification will be modulated by the combined effect of other climate change
impacts such as temperature increase and increased stratification. Temperature
increase will directly impact metabolic rates of biota, while increased stratification
will modulate vertical inputs of DIC and nutrients, and light conditions. The com-
bined impact of temperature increase and acidification seems to lead to non-linear
responses from phytoplankton (Feng et al. 2008). Temperature increase could also
potentially modulate the response of coral reefs to ocean acidification (McNeil
et al. 2004), although this has been strongly debated (Kleypas et al. 2005). Finally,
increased stratification will favour phytoplankton communities that have a strong
requirement for light availability and low inorganic nutrient requirements. Tyrrell
and Merico (2004) reviewed the factors that favor the blooming of cocco-
lithophorids and concluded that stratified and shallow mixed layers (inducing
high light availability conditions) were one of the requisites for coccolithophorid
blooming. Temperature increase and stratification could explain the appearance of
not previously documented coccolithophorid blooms in some high latitude areas
such as the Bering Sea (Merico et al. 2003) and the Barrents Sea (Smyth et al.
2004), the possible shift in the North Atlantic of phytoplankton communities
towards coccolithophorids at the expense of diatoms based on the opal:CaCO,
ratio of sedimenting particles (Antia et al. 2001), and the trend since the 1950s
towards increasing pelagic calcification based on mass of CaCO, per coccolith
from sediment cores (Iglesias-Rodriguez et al. 2008), in agreement with a global
increase in stratification with strong impacts on marine productivity (Behrenfeld
et al. 2000).

3.2.4 Anthropogenic Impacts on Specific Near-Shore
Coastal Ecosystems

Specific near-shore coastal ecosystems are in most cases threatened by direct and
indirect human impacts. For instance, losses in seagrass (Short and Neckles 1999;
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Duarte 2002) and coral reef ecosystems (Hughes et al. 2003) are observed and
predicted to continue due to mechanical damage (dredging and anchoring), eutro-
phication and siltation, the latter two leading in particular to light limitation.
Negative indirect human impacts on seagrass and coral ecosystems include
increases of erosion by the rise of sea level, frequency and intensity of extreme
weather events, ultraviolet irradiance and water temperature. Other coastal ecosys-
tems such as mangrove forests or salt-marshes are relatively resilient to the present
and future alteration of hydrology, pollution or global warming, but in some parts
of the world they are being cleared for urban development and aquaculture (Alongi
2002). Furthermore, some coastal habitats are predicted to adapt and survive with
shifts in species composition, as coral reef ecosystems (Hughes et al. 2003; Baker
et al. 2004) but with probable loss of biodiversity and modifications of carbon
flows. It is unclear how these changes will affect carbon flows and ultimately air-sea
CO, fluxes.

3.3 Conclusions

The present day contemporary CO, fluxes in shelf seas could be significant for
the global carbon cycle, since available estimates converge to a value of 0.3
PgC year! (Table 3.1) corresponding to 21% of the most recent estimate of
contemporary sink of atmospheric CO, in open oceans of 1.4 PgC year.
However, these estimates are prone to large uncertainty, mainly due to inade-
quate representation of the spatial variability, and need to be improved based
on more data, requiring a concerted global observational effort (Borges et al.
2009).

The potential feedbacks on increasing atmospheric CO, from changes in carbon
flows in the coastal ocean could be disproportionately higher than in the open
ocean. Yet, these potential feedbacks remain largely unquantified (Table 3.2) due
to a poor understanding of the mechanisms, or lack of modelling to quantify them.
Based on reported evaluations and back of the envelope calculations, it is sug-
gested that changes of biological activity due to the increased nutrient delivery by
rivers would provide by 2100 a negative feedback on increasing atmospheric CO,
of the order of magnitude of the present day sink for atmospheric CO,. This nega-
tive feedback on increasing atmospheric CO, would be one order of magnitude
higher than negative feedback due to the decrease of either pelagic or benthic
calcification related to ocean acidification, and than the negative feedback related
to dissolution of CaCO, in sediments (Table 3.2). The increase of export produc-
tion could also provide a significant feedback to increasing atmospheric CO,,
although based on the conclusions from a single perturbation experiment. Feedbacks
on increasing atmospheric CO, due to effects of C cycling in continental shelf seas
related to changes in circulation or stratification could be important but remain to
be quantified.
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Chapter 4
Aspects of Phytoplankton Communities
Response to Climate Changes

Maria da Graca Cabecadas, Maria José Brogueira, Maria Leonor
Cabecadas, Ana Paula Oliveira, and Marta Cristina Nogueira

Abstract Climate changes concerning shifts in seasonal dominant winds and
increases in atmospheric CO, are underway. Thus, changes are occurring in coastal
upwelling regimes as well as increases in CO, absorption by the ocean/acidification
impacting phytoplankton communities in terms of abundance and diversity.
In order to illustrate these apparent changes we present results obtained from
coastal waters adjacent to the Tagus estuary under different hydrological condi-
tions. Upwelling events prevailed in winter 1994, were absent in winter 2001 and
were present in summer 2002. Chemical and biological properties are examined:
in March 1994, a strong bloom of phytoplankton developed (chlorophyll a up
to 40 mg m~) which was attributed to the combined effect of intense freshwater
runoff and upwelling, leading to the establishment of a strong frontal boundary and
a supply of a considerable amount of nutrients. In March 2001, under an extremely
intense river discharge and absence of upwelling, only values up to 1.5 mg m= of
chlorophyll a were measured. On the other hand, in June 2002, when Tagus river
inflow was reduced and nutrient levels were quite low, chlorophyll a levels attained
5 mg m~ despite the occurrence of upwelling.

Over the same study area, potential impacts of acidification on phytoplankton
communities are discussed. Actually, blooms of calcifying organisms occur often
in Iberian coastal waters linked to upwelling events. In June 2002, a bloom episode
of the Coccolithophore, Coccolithus braarudii, developed attaining up to 60 cells
mL"', being responsible for production of 11.2 mmol CaCO, m™ d"'. In the context
of actual lowering of seawater pH, the expected calcification slow-down as well as
the reduction of buffering seawater ability, a shift of such a phytoplankton group to
other groups is likely to be induced. Thus, the maintenance of biogeochemical
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time-series is crucial for the detection of future changes in the structure and
functioning of this marine ecosystem.

Keywords Carbon dioxide  Climate change « Phytoplankton  Chlorophyll a
« Calcifying organisms « Coastal upwelling « Wind e Estuary  River « Ocean
« Acidification « Nutrients « pH « Calcium carbonate « Marine ecosystem

4.1 Introduction

Climate changes, namely shifts in wind regime and increase in atmospheric CO,
concentrations, impact ocean biota in many ways. In this work we have concen-
trated on aspects of phytoplankton responses to such climate perturbations.

Regarding the recurrence of coastal upwelling during summer, several changes
in this pattern have been reported since the 1970s. While some authors found an
increasing trend in upwelling intensity in response to the intensification and steadi-
ness of favourable northerly winds (Dickson et al. 1988 ; Bakun 1990, 1992), others
reported a decreasing one (Dias 1994; Dias et al. 1996, unpublished; Lavin et al.
2000). A more consistent change in patterns of coastal upwelling off Western Iberia
was during the period of 1947-2001, the increase in frequency and intensity of
northerly winds in winter, favouring upwelling (Dias et al. 1996, unpublished;
Borges et al. 2003; Santos et al. 2005). Some evidence that these alterations are
related to the North Atlantic Oscillation index have been reported (NAO) (Borges
et al. 2003; Santos et al. 2005), and are part of large-scale patterns of the whole
Canary Current Upwelling System (Santos et al. 2005). From the early 1940s until
the early 1970s, NAO index dropped, but over the following 25 years the dominance
of NAO positive phase occurred with unprecedented high values (Hurrell 1995;
Hurrell and van Loon 1997, Jones et al. 1997). Further, it has been noticed that after
1970 changing wind trends were in phase with the NAO index during winter. In
fact, Borges et al. (2003) found highly significant positive correlations between the
NAO index and the frequency and intensity of upwelling favourable wind (norther-
lies) off Western Iberia during winter time.

Besides the upwelling, poleward slope currents carrying warm and saline waters
as well as buoyant plumes from river discharges, are dominant oceanographic features
along the Western Iberia coast in winter (e.g. Peliz et al. 2005; Relvas et al. 2007).
Nogueira et al. (1997) show nutrients enrichment process off the Western coast to be
related to the intensity and persistence of winds, which promote the transport of such
elements to the euphotic zone, allowing phytoplankton growth. Moreover, the higher
availability of nutrients originated from rivers and/or regenerated, contributes as well
to the enhancement of phytoplankton productivity. Actually, the buoyant plumes
induce the seaward transport of land-derived sediments and nutrients. Furthermore,
highly stratified plumes lead to well-defined density fronts along their boundaries,
where high chlorophyll a values are frequent in winter. Peliz and Fiuza (1999)
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hypothesized that, in this period of the year, the stratification of shelf waters induced
by river runoff and the slope circulation could, in part, drive high concentrations and
significant gradients of chlorophyll a at the shelfbreak. Thus, the nutrients discharged
by the rivers at the subsurface waters may be added to the upwelled nutrients, favour-
ing the enhancement of biological productivity, which in turn contribute to local
nutrients depletion. Nevertheless, under intense upwelling, the biota may not have a
chance to grow before the nutrient-rich water is diverged from the upwelling center,
making the biological production actually low near this zone.

As, in winter, some factors such as high nutrient inputs from the rivers and low
surface temperatures may mask the signal of coastal upwelling, diverse indicators
namely the Aging Upwelling Index (Takahaschi et al. 1986) can be used in expressing
the aging status of upwelled waters.

Increasing levels of CO, in the atmosphere is a product of the industrial revolution
and consumption of fossil fuels. Fifty years ago atmospheric CO, levels were roughly
280 patm and have gradually increased to a level of about 370 patm during the past
50 years. The ocean uptake of antrophogenic carbon led to alterations of biogeo-
chemical properties and an average decrease in pH of 0.10 units has occurred since
the pre-industrial era. Currently, the oceans are taking up CO, at a rate of ~7 Gt year™'
giving rise to further acidification. Thus, the gradually increased CO, levels form the
baseline of carbon concentrations in the ocean, producing acidification.

Several models predict that over the next centuries the ocean will, eventually,
take up most of the CO, released to the atmosphere, with expectation of an average
reduction in surface ocean pH between 0.14 and 0.35 units over the twenty-first
century (IPCC 2007). This represents a change beyond the range of seasonal or
spatial variability of environmental conditions that phytoplankton species usually
encounter in the ocean. Further, upwelling events contribute to bringing CO, as
well as nutrients from deeper to surface waters, triggering additional phytoplankton
blooms that continue the process and put more CO, into the system, thus enhancing
acidification. In addition, in eutrophic, highly productive shelf and coastal environ-
ments the biological demands on dissolved CO, coupled with the chemical dynamics
of riverine inputs combine to produce variations of as much as one pH unit (Hinga
2002). The great and rapid changes in the carbonate chemistry of systems may
affect plankton species composition, in particular, calcifying organisms such as
coccolithophores, foraminifera and corals, owing to inhibition of calcification in
waters with high CO, (Riebesell 2004; Engel et al. 2005; Orr et al. 2005; Royal
Society 2005). The decline of carbonate saturation state leads to significant inhibi-
tion of the ability of such species to calcify (Riebesell et al. 2000). According to
Engel et al. (2005), the coccolithophorid Emiliania huxleyi, which forms extensive
blooms in large areas of temperate and subpolar latitudes, is indeed sensitive to
changes in CO, concentrations, in terms of reduction of net specific growth rates
and calcification of cells. Thus, if phytoplankton species composition is vulnerable
to this type of perturbation, one may expect impacts on the higher trophic levels
that have specific trophic links.

This article is organized as follows: in Section 1 we examine the variability of
nutrients and chlorophyll patterns under different hydrological settings and analyse
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the consequences of changes of upwelling patterns on phytoplankton biomass in
Tagus adjacent coastal waters. In Section 2 we provide a view on the development
and biogeochemistry of a bloom of the marine coccolithophorid Coccolithus
braarudii, a phytoplankton species vulnerable to CO,-habitat, in the same area and
discuss the potential impact of increasing seawater acidification on the Portuguese
coastal phytoplankton communities.

4.2 Material and Methods

4.2.1 Study Area and Sampling Locations

The present work was carried out along the Portuguese coast between 38.28°-38.70°N
and 9.10°-9.50°W, in March 1994, March 2001 and June 2002, mainly covering the
continental shelf and shelfbreak of Tagus estuary (Fig. 4.1). The coastline of this
region is interrupted by two capes (Raso and Espichel) and a pronounced embay-
ment, and the bottom topography of the area is dominated by the Lisbon submarine
canyon. The hydrogeomorphological features are deeply marked by the relatively
intense discharge of the Tagus river which amounts to an annual mean flow of
350 m?® s!. Wind-driven upwelling events occur seasonally in the area. All these
features drive a complex water circulation pattern over the study area.

Sampling was carried out on board the RV Mestre Costeiro (March 1994 and
June 2002) and RV Noruega (March 2001). Twenty one stations were sampled for
water chemistry and chlorophyll analysis and as well for phytoplankton identifica-
tion and quantification (Fig. 4.1).

4.2.2 Analytical Methods

Temperature and salinity profiles were obtained with a SeaBird SBE 19-CTD probe
being salinities calibrated using an Autosal (Guildline4 Model 8400B) salinometer.
Discrete water samples were taken using a Seabird rosette sampler (8 L Niskin
bottles) for determination of nutrients (NO,+NO, referred herein as NO,, NH,, PO,
and Si(OH),), total phosphorus (TP), total nitrogen (TN), chlorophyll a (Chl a), pH
and total alkalinity (TA). Nutrient samples were filtered through MSI Acetate Plus
filters and analyses carried out on a TRAACs 2000 Autoanalyser, following methods
of Tréguer and Le Corre (1975). Accuracy of nutrients data was maintained through
the use of Sagami CSK standards (WAKO, Japan). The estimated precision was
0.8% for NO,, 2% for NH,, 1.9% for PO, and 2.5% for Si(OH),. To determine total
phosphorus (TP) and total nitrogen (TN) concentrations persulphate oxidation was
used (ISO methodology 1997) followed by a subsequent measurement of PO, and
NO,. Samples for Chl a determination were collected from surface to bottom at
shallow stations and from surface to 50 m depth at deeper stations. Chl a was
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Fig. 4.1 Map of North Atlantic ocean showing the study region. The expanded view shows bathym-
etry of the study area as well as the distribution of sampling stations. Also shown transect St.1-7

measured by filtering aliquots of 50—100 mL water through Whatman GF/F filters.
The filters were frozen and later extracted in 90% acetone for analysis in a Perkin
Elmer Fluorometer, following Strickland and Parsons (1972). The precision was
1.8%. pH was measured using a Metrohm 704 m and a combination electrode
calibrated against NBS buffers. Precision of pH measurements was 0.14%. TA was
determined by potentiometric titration past the end-point of 4.5, according to
Dickson and Goyet (1994), with a precision of 0.5%. The system was calibrated
using certified reference material (CRM) from A.G. Dickson of Scripps Institution
of Oceanography. Partial pressure of CO,, pCO,, was estimated from pH and TA
data and calculations performed with the PROTALK program (Oliveira 1999).
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Constants were taken from Roy et al. (1993) and Weiss (1974), and the errors
estimated to be less than 5 patm (Lee et al. 1997). Phytoplankton samples for coc-
colithophores identification were filtered through Millipore filters (0.45 um) and
examined with a Zeiss Standard Axioskop Mod-2 microscope.

4.2.3 Calculation of the Degree of Nutrient Consumption

In order to calculate the Degree of Nutrient Consumption DNC we have applied Chen
et al. (2004) nomenclature, a modification of the Aging Upwelling Index proposed by
Takahaschi et al. (1986). The index DNC was estimated taking into account the rela-
tive percentages of biological elements in their inorganic and organic forms. We used
the degree of phosphorus consumption (DNC,), following Chen’s (2000) equation:

DOP + PP

DNC = ———
? DIP+DOP + PP

Where, DOP, PP and DIP are, respectively, dissolved organic phosphorus, particulate
phosphorus and dissolved inorganic phosphorus. Concentration of dissolved
organic P plus particulate P (DOP+PP), was calculated by subtracting dissolved
inorganic P (DIP) from total P (TP).

As newly upwelled water contains high amounts of DIP and little amounts of
organic P (DOP+PP), the DNC, is small. By contrast, in old upwelled water a large
portion of its dissolved inorganic fraction is converted to organic P, which means
that DNC, approaches one.

Phosphorus consumption was evaluated in 1994 at four specific sites: two located in
the estuarine plume (Sts. 13 and 14) and two corresponding to maximum values of
phytoplankton biomass, one at the limit of the plume (St. 7) and the other outside the
plume (St. 16), in the vicinity of Lisbon canyon (Fig. 4.1). In 2002, phosphorus consump-
tion was calculated in three sites, one right at the center of upwelling (St. 4), one at the
frontal boundary (St. 6) and the other site outside the upwelling influence (St. 18).

4.3 Results and Discussion

4.3.1 Section 1

4.3.1.1 Hydrological, Chemical and Productivity Features

In March 1994 (winter), a moderately intense river discharge gave rise to a well-
defined river plume showing marked spatial gradients in salinity (Fig. 4.2a) and
nutrients. As a result, surface nutrients reached values up to 1.0 uM PO, (Fig. 4.2b),
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17 uM NO,, 15 uM Si(OH),, 6.5 uM TP and 36 uM TN nearby the estuary mouth.
One week prior to sampling an upwelling event occurred, which was reflected in
lower surface temperatures (13.7-13.8°C) detected close to the coast (Fig. 4.3a).
Also nutrients rising from about 100 m depth to the surface waters were noticed in
the cross-shelf section St.1-7 (Fig. 4.3b), although due to nutrient enriched fresh
water input, upwelled nutrients were masked at surface. A strong boundary was
established between the river plume and the upwelled waters, particularly in the
northern part of Tagus bay as illustrated by the density structure, dominated by the
effect of salinity (Fig. 4.4a). The interaction of water masses all over the area,
estuarine water contribution ranging from 14% to 49% and upwelled water from
51% to 86%, apparently favoured the development of an early and very strong
phytoplankton bloom, reaching values of Chl a up to 40 mg m~ in the upper 10 m
of the water column (Fig. 4.4b). Besides temperature and nutrient distributions, the
Upwelling Aging Index (AUI=DNC,) allowed us to define the center of upwelling
and the outside region. DNC, values (Table 4.1) indicate the presence of more
recently outcropped water in stations 13 and 14 (0.88), the centers of upwelling,
and more aged waters as far away at stations 7 and 16 (respectively 0.95 and 0.99).
Regarding the uptake of nutrients, in particular phosphate (calculated taking into
account the nutrient content of two main water-masses reaching the area), in those
sites, the estimated values varied only between 11% and 15% at the center of
upwelling and between 65% and 91% outside it (Table 4.1). As expected, the highest
phosphate uptake occurred in the region where maxima values of phytoplankton
biomass were attained.

The situation observed in March 2001 is in stark contrast to the one just
described for March 1994, since upwelling was absent and the river discharge was
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Fig. 4.2 Surface salinity distribution (a) and surface phosphate distribution (adapted from
Cabegadas et al. 1999) (b) in March 1994
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Fig. 4.4 Surface density distribution (a) and Chl a (integrated to 10 m depth) distribution
(b) in March 1994

extremely high (1,800 m?® s™'). The estuarine plume extended quite offshore and
relatively low salinity values (34.5) were found all over Tagus Bay (Fig. 4.5a).
Nutrients reached at surface a maximum of 0.74 uM PO,, 25 uM NO, and 27 uM
Si(OH),, while Chl a did not surpass 1.9 mg m™ in the estuarine plume boundary
(Fig. 4.5b).

In June 2002, when river discharge was rather reduced (46 m® s™'), the river plume
was almost imperceptible and salinity was higher than 35. 5 all over the area (Fig. 4.6a).
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Fig. 4.5 Surface salinity distribution (a) and surface Chl a distribution (b) in March 2001

Table 4.1 Phosphate, total phosphorus, chlorophyll a, DNC, and phosphate
uptake in selected sampling stations, from Winter 1994 and Summer 2002

Winter 1994 Summer 2002

St.13  St.14  St.7 St.16  St4 St.6 St.18
PO, (uM) 0.64 0.58 0.28 0.06 042 0.09 0.21
TP (uM) 3.6 4.9 6.2 5.4 0.8 0.4 0.7
Chla (mg m=) 0.3 20 2438 31.6 0.6 32 4.2
DNCp 0.88 0.88  0.95 099 048 076 *
PO, uptake (%) 11 15 65 91 14 84 70

“Not estimated (located out of upwelling influence)

The signature of upwelling was clearly noticeable particularly at the northern margin
(Fig. 4.6b) where cold water reached the surface (minimum temperature of 14.5°C).
Nutrients displayed values up to 0.8 uM PO, (Fig. 4.7a), 9 uM NO,, 3.2 uM Si(OH),,
1.68 uM TP and 49 uM TN at the estuary mouth, and Chl a reached maximum values
up to 4.5 mg m~ (Fig. 4.7b). Concerning the aging of upwelled waters, the calculated
DNC, (Table 4.1) attained a value of 0.48 at station 4 (center of upwelling) and 0.76
at station 6 which indicates younger upwelled waters at St.4. Calculated phosphate
uptake varied between 14% at station 4 and 84% at station 6 (Table 4.1). Precisely
in this last site, a higher amount of phytoplankton biomass developed, attaining
chlorophyll a a value of 3.2 mg m™. Moreover, further outside the upwelling influ-
ence (St.18), a relatively high proportion of dissolved inorganic phosphorus uptake
(70%) occurred, being likely responsible for the development of moderately high
phytoplankton biomass, as Chl a reached values up to 5.0 mg m™.
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Fig. 4.7 Surface phosphate distribution (a) and surface Chl a distribution (b) in June 2002

Our results reveal the biogeochemical implications of distinct hydrological
conditions over Tagus coastal waters, specifically in winter 1994, winter 2001 and
summer 2002. In winter 1994 (March included), an extremely high positive NAO
index was attained and upwelling developed in the study area. River discharge was
considerable and a strong physical boundary was generated between the stratified
river plume and the upwelled waters. The supply of nutrients carried by upwelled
water from deeper layers and transported from the Tagus estuary, contributed to



4 Aspects of Phytoplankton Communities Response to Climate Changes 89

maintain an exceptionally high phytoplankton blooming, favoured by the water
column stability along the established front. Also, values of DNC, index determined
outside the center of upwelling, corresponding to more aged waters, were consistent
with the considerable amounts of phytoplankton biomass developed. By contrast,
the lower index values determined in the center of upwelling corresponded to more
recently outcropped waters and were reflected in reduced phytoplankton biomass.

In winter 2001, following a shift in the NAO pattern from positive to negative,
and under an extremely intense river discharge, the development of phytoplankton
was quite reduced.

Furthermore, in June 2002, when an upwelling event occurred simultaneously
with a reduced river flow, much lower phytoplankton biomass developed than in
winter 1994. Apparently, during this sampling period, more recently upwelled
waters than in 1994, as revealed by the lower index DNC, in the upwelling center
(Table 4.1), occupied the study area, which is in accordance with the moderately
low amounts of phytoplankton biomass attained.

Finally, from our results, it can be concluded that DNC index can be used as a
reasonably good indicator of upwelling events over the study area, even under
changing upwelling regime.

4.3.2 Section 2

4.3.2.1 Phytoplankton and Ocean CO, Uptake

Increasing CO, concentration and continued acidification of surface seawater result
in deterioration of ocean chemical conditions. Such changes, as already mentioned,
are likely to affect the physiology of marine organisms, in particular the shell-
forming and the coccolithophores, this oceanic primary producers group being an
important carbonate producer.

Coccolithophores have been found in upwelling regions of both the northern and
southern Atlantic (Blasco et al. 1980; Girandeau and Rogers 1994). There are
frequent records of the Coccolithophorid species, in particular Coccolithus pelagicus
(= coccolithus braarudii), in the Portuguese shelf associated with the Iberian
upwelling season (Cachdo and Moita 2000). Here we report the presence of a
bloom of C. braarudii which developed in June 2002 in coastal waters adjacent to
the Tagus estuary under the mentioned hydrographic conditions — upwelling and
reduced Tagus river discharge. The phytoplankton bloom extended over the study
area but maximum abundances of C. braarudii (Fig. 4.8a and b) were detected
along the strong frontal region between upwelled and non-upwelled waters.
Densities up to 60 cells mL~' were reached at 30-50 m depth (Fig. 4.8b). Regarding
pCO,, values varied from 750 to 1,650 patm (Fig. 4.9), the saturation of CO, with
respect to atmospheric equilibrium being close to 460% saturation. Maximum
oversaturation of pCO, corresponded to the upwelled waters (Fig. 4.6b) which
transport high amounts of inorganic C from deeper layers (Figs. 4.6b and 4.9). It is



90 M. da Graca Cabecadas et al.

C. Braarudii (cells ml-1) Stations

38.7 1
0 e
N
?5/@3/

38.6 10

E 20
38.5 =

o

2 30
38.4 ] 40

50 T - - -
38.3 4 20 15 10 5 0
= = Distance (km)

-9.5 -9.4 -9.3 -9.2 -91 W

Fig. 4.8 Vertical Coccolithus braarudii distribution along transect St.1-7 (a) and surface
Coccolithus braarudii distribution (b) in June 2002 (Adapted from Cabecadas and Oliveira
2005)
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Fig. 4.9 Surface pCO, distribution in June 2002 (Adapted from Cabegadas and Oliveira 2005)

worth noting that while the main phytoplankton group, the diatoms, proliferated
throughout turbulent waters, coccolithophores developed under more stable
conditions not directly affected by anthropogenic inputs and associated with
relatively low nutrient levels. Apparently, the species C. braarudii found optimal
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growing conditions close to the frontal zone between the upwelled mixed water and
the thermally stratified one which occupied Tagus bay. Actually, based on the inor-
ganic carbon content of C. braarudii, ~5 t of calcite were produced along the
referred cross-shelf transect in the upper 30 m of the water column, which confirms
that a significant deposition of calcium carbonate (CaCO,) can occur in this
coastal ecosystem (Cabegadas and Oliveira 2005). Also, a value of 7.4 mmol CO,
m~ d™!' was calculated to be released by the total population of C. braarudii present,
indicating that the calcification process constitutes an additional source of CO, to
the water and, eventually, to the atmosphere in this area.

The present rise in atmospheric CO, levels and consequent changes in surface
ocean pH and carbonate chemistry may, nevertheless, induce the slow-down of
calcium carbonate production in the ocean surface. This decline of calcium carbonate
production, as predicted by previous studies, will persist for hundreds of years even
when surface waters remain supersaturated with respect to CaCO, (Kleypas et al.
1999; Feely et al. 2004). As a matter of fact, laboratory experiments with monospe-
cific cultures of coccolithophorids Emiliania huxleyi and Geophyrocapse oceanica
have shown that the ratio of particulate inorganic carbon (PIC) to particulate organic
carbon (POC) decreased with increasing CO, concentrations. Such change in PIC/
POC ratios is attributed to a decrease in calcification rates as well as to an increase
in organic carbon production (Riebesell et al. 2000; Zondervan et al. 2001, 2002).
Although, at present, it is not clear whether the reaction of other coccolithophorid
species is similar to that of E. huxleyi, still coccolithophores are likely to change in
the foreseeable future under a changing climate. In fact, the response of unicellular
microalga, particularly coccolithophores, to the change of CO, chemistry in seawater,
might be a shift towards noncalcifying phytoplankton species.

4.4 Final Remarks

Our findings highlight how diverse and complex effects of climate changes can be
detected through various indicators in Tagus bay.

The results presented show that shifts of upwelling regime to winter, to a large
extent attributable to changes in the NAO, lead to short-term effects on the biological
patterns. Simultaneous intense river discharges can be considered an important
driver to the increment of phytoplankton productivity in the coastal waters adjacent
to the Tagus estuary. The excess of nutrients (inorganic and organic forms) supplied
simultaneously by upwelled and Tagus river waters, stimulates, as well, phyto-
plankton growth. Further, physical settings consisting of a strong front established
between the stratified plume waters and the mixed upwelled waters, favour the
development of phytoplankton.

On the other hand, changes in seawater chemistry already emerging and trends
predicted by the end of the century, might well cause shifts in current algal communities
and alter the structure and biodiversity of coastal ecosystems. In particular, in Portuguese
coastal waters, decreasing pH may have detrimental effects on coccolithophores and
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influence competition among main phytoplankton taxa, being expected impacts at
multiple trophic levels.

Although our findings illustrate the sensitivity of the shelf system under study to
climate variations, knowledge about trophic relationships is scarce in the ocean
around Iberia and the direction and magnitude of changes in the algal community
are still not very well understood, predictions therefore being difficult to make.
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Chapter 5
pH Decrease and Effects on the Chemistry
of Seawater

Juana Magdalena Santana-Casiano and Melchor Gonzalez-Davila

Abstract Variation in seawater pH is just one response to the increased CO,
concentration in the atmosphere due to anthropogenic activities. The decrease in
pH has a significant effect on the carbonate chemistry of the ocean and causes a
decrease in the calcium carbonate saturation state (€2). Ten years of experimental
pH measurements at the ESTOC station show a progressive reduction on pH in
the ocean (-0.0017 + 0.0002 year™') and its effects on its carbonate chemistry.
The calcium carbonate saturation state decreases by 0.018 + 0.006 unit year
for calcite and 0.012 + 0.004 unit year™ for aragonite. The direct consequences
of the pH decrease are a decrease in the buffer capacity (-1.99 + 0.25 umol kg™!
year™!) and an increase in the Revelle factor (0.02 + 0.002 year™) of the surface
seawater.

Keywords Carbon dioxide « pH « Alkalinity « Total inorganic carbon « Carbonate
« Seawater « Atmosphere « Borate « Saturation state  Calcite « Aragonite « ESTOC
« Time series station e Buffer capacity « Revelle factor

5.1 Introduction

Distribution of the different components of the CO, system in the oceans has been
studied by many workers. An extensive review has been recently presented by
Millero (2007) about the marine carbon cycle and the effects of excess CO, in
the atmosphere on the carbonate system. Reduction of pH due to anthropogenic
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activities (Orr et al. 2005; Raven et al. 2005) is one of the most important features
of the increased concentration of carbon dioxide in the atmosphere. Calculations,
based on measurements of the ocean surface and coupled with existing knowledge
of the ocean’s chemistry, indicate that the uptake of CO, after pre-industrial time
has led to a reduction of the surface seawater pH of 0.1 units over its pre-industrial
values. This is equivalent to a 30% increase in the concentration of hydrogen ions
(Caldeira and Wickett 2003). By the end of the century, the models predict that pH
will decrease another 0.3—0.4 units (Haugan and Drange 1996), the dissolved
inorganic carbon, C, may increase by over 12%, and the carbonate ion concentra-
tion may decrease by 60% (Kleypas et al. 1999).

In the last years, the term “ocean acidification” has been used to describe the
decreasing pH of the ocean. However, as pointed out by Kleypas et al. (2006), this
terminology must be used to describe the process rather than a chemical state
because the ocean pH is not expected to be lower than 7.

Variation in pH is not an isolated problem. Change in pH has important con-
sequences for most of the biogeochemical processes occurring in the ocean,
including biological activity, toxicity of metals, bioavailability, making it more
difficult for marine calcifying organisms to form biogenic calcium carbonate. A lower
ocean pH has an impact, not only on the carbonate biochemistry, but also on the
chemistry of the other compounds present in seawater, mainly those relating to
biological activity, such as trace metals, which are modified in speciation
(Santana-Casiano et al. 2006). A decrease in pH may affect the solubility of
some minerals (Stumm and Morgan 1981; Liu and Millero 2002) and also the
distribution of chemical species, favouring the free dissolved forms of metals,
and exerting significant physiological, ecological and toxicological effects on
organisms.

In this chapter we study step by step the different consequences that the
reduction of pH has had in the surface inorganic carbon chemistry and in its buffer
capacity in the ocean during the decade 1995-2005. To achieve this fCO, (natm),
pH, total alkalinity (A ) and total inorganic carbon (C,) over 10 years at the
ESTOC site have been examined.

5.2 The Oceanic Time Series Station ESTOC

The ESTOC site (29°10'N, 15°30'W) is located at approximately 100 km north of
the islands of Gran Canaria and Tenerife, and has a depth of 3,600 m (Fig. 5.1). The
time series station was inaugurated in February, 1994 and has continued its monthly
operations through the year 2004. After 2004, the ESTOC site has been visited
seasonally. This station is intended to be representative of the eastern boundary of
the northeast Atlantic Ocean.

During the first 10 years, samples were taken monthly at the station and were
supplemented by current meters and sediment trap moorings, attended by
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Fig. 5.1 Location of the ESTOC site (29°10°N, 15°30"W) in the Eastern North Atlantic Ocean. (AVHRR
Image was provided by SeaS Canarias-Departamento de Biologia ULPGC-Viceconsejeria de Pesca)

German research groups from the Institut fiir Meereskunde, Kiel, and the
Fachbereich Geowissenschaften, at the University of Bremen. Monthly cruises
were conducted by the Instituto Canario de Ciencias Marinas. Additional valida-
tion cruises (2 year™), on board the German vessels, resolved the spatial vari-
ability of the biogeochemical parameters near the ESTOC. From September
1995, registers of the carbon dioxide system variables, including pH in total
scale at 25°C (pH,), total alkalinity (A,), the fugacity of CO, in the atmosphere
(fCO, air) and surface seawater (fCO, ) were added to the monthly determina-
tions for oxygen, nutrients and chlorophyll concentration. During 2004, direct
determination of the total dissolved inorganic carbon concentration (C,) was
also included in the sampling strategy. From 2005 to 2008 the fugacity of CO,
in the atmosphere (fCO, air) and surface seawater (fCO,_ ) have been registered
inside the CARBOOCEAN Project using a voluntary observing ship in the
QUIMA-VOS line.

The hydrograph properties present a seasonal variation that can be observed in
Fig. 5.2. The temperature varies from 18°C to 24°C and the salinity from 36.6 to
37 and consequently the density changes from 25 to 26.4. Convective mixing in
winter and stratification of the water column from May to October controls the
seasonal change. As a consequence the depths of the mixed layer fluctuated from
25 to 200 m reaching maximum stratification in September—October. The deepest
winter values of the mixed layer changed from 120 m in 1998, 2003 to 200 m in
1996, 1999 and 2000 (Santana-Casiano et al. 2007).
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Fig.5.2 Time series of hydrography properties at ESTOC station from 1995 to 2004. Temperature,
Salinity, Potential density o, and mixed layer depth (MLD)

5.3 The Carbon Dioxide System at the ESTOC Site

The carbonate system regulates the pH of seawater and controls the circulation
of CO, between the biosphere, the lithosphere, the atmosphere and the ocean.
The CO, enters in the ocean across the air-sea interface and participates in the
equilibrium processes outlined by Eqgs. 5.1-5.4. The CO, dissolved in the ocean
is also used by plants in primary production and this is taken into account con-
sidering Eq. 5.5.

co,, < CO

2(2) 2(aq)

5.1

CO,,, +H,0 < H" +HCO; (5.2)

2(aq)

HCO; <> H* +CO% (5.3)
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Ca’* +COY ¢ CaCO,, (5.4)
CO, +H,0 <> CH,0+0, (5.5)

To characterize the components of the carbonate system, at least two of the four
measurable parameters must be used: the fugacity of CO, (fCO,), the pH, the
total alkalinity (A ) and the total inorganic carbon (C.). A detailed description
of carbonate system equilibrium, a definition of the components of the carbon-
ate system and the use of different constant sets is given by Millero (2007).

53.1 fco,

5.3.1.1 fCO, Measurements

The fCO, in air and in surface seawater is determined using a flow system described
by Gonzilez-Ddvila et al. (2003). A differential, non-dispersive infrared gas
analyzer (LI-6262 CO,/H,0 Analyzer) measures the concentration of CO, in the air
and in the equilibrated air samples. The system is calibrated by measuring two
different standard gases with mixed ratios of around 350 and 450 ppm CO, in the
air (NOAA), traceable to the World Meteorology Organization Scale. The system
has a precision of +1 patm and its accuracy compared to standard gases of +2 uatm.
The fugacity of CO, in seawater is calculated from the measured x,, following
Dickson and Goyet (1994).

5.3.1.2 fCO, Results

Studies made at the ESTOC site showed that fCO, increased in seawater from 1995
to 2004, at an average rate of 1.55 +0.43 patm year™!, (Santana-Casiano et al. 2007)
similar to the increased uptake in the atmosphere (1.6 £ 0.7 patm year™), obeying
Henry’s law whereby the surface waters mix slowly with deeper waters inside
subtropical areas. Seawater fCO, is strongly correlated with temperature with a
seasonal variability of around 70 patm, with minimum values (320-330 patm) in
Winter and the maximum ones (390—400 patm) in Summer. The correlation with
the temperature is defined by the equation

fCO, =-2924.72 +1.546t +9.5355ST — 2.253sin (21 (t —1995)) R* = 0.89. (5.6)

The average annual increase of fCO, during the first 10 years was 1.55 + 0.43 patm
year™ and considering the values until today the increase reaches values of 1.75
uatm year'.

The atmospheric fCO, presents a seasonal variability of 7 patm with an average
annual increase of 1.6 = 0.7 patm year and actually 1.8 patm year™'.
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53.2 pH

5.3.2.1 pH Measurements

The pH is measured in total scale ([H*], = [H*], + [HSO, ], where [H*], is the free
proton concentration), pH,. A potentiometric technique using a ROSS™ glass pH
electrode and an Orion double junction Ag/AgCl reference electrode was initially used
until June 1997 for the determination of pH, at 25°C. The electrode was calibrated by
using a Tris/HCI buffer in synthetic seawater with salinity 35 SOP 6 (Dickson and
Goyet 1994). Repeated CRM (Certified Reference Material for CO, determinations)
samples (n = 90, batch #34, #42) gave a standard deviation of 0.003 units.

After June 1997, an automated system based on the spectrophotometric tech-
nique of Clayton and Byrne (1993) with the m-cresol purple as indicator is used
(Gonzidlez-Dévila et al. 2003). CRMs pH. reading (batch #42) gave a standard
deviation of 0.0015 (n = 59).

The pH in total scale at 25°C, pH_,,, together with total alkalinity is used to
compute the pH in total scale at in situ temperature conditions, pH,, . following
Millero (2005) and the CO2sys program (Lewis and Wallace 1998).

5.3.2.2 pH Results

The ESTOC site is a long-time series station in the ocean with direct monthly deter-
minations of pH as of October 1995, showing that the Eastern Atlantic Ocean has
suffered a decrease in pH_,, (Fig. 5.3) at a rate of 0.0017 + 0.0004 year™' (Santana-
Casiano et al. 2007). pH has decreased 0.017 units over the last decade. If it is
assumed that the pH is to continue decreasing at the same rate, a variation around
0.2 units in the next century is predicted, and this value should be considered as a
minimum one. This variation confirms the model predictions with respect to pH
changes in the next century (Caldeira and Wickett 2003). However, the prediction
of a continuous exponential CO, emission along this century may increase the rate
over longer periods and consequently the final effect.

533 A,

5.3.3.1 A, Measurements

Samples for A, are potentiometrically titrated with standarized 0.25 M HCI (0.45M in
NaCl) to the carbonic acid end point using two similar systems, described in detail
by Mintrop et al. (2000). The titration of different CRMs (#32, #35, #42, #46) is used
to test the performance of the titration system, given values that are within
=1.5 umol kg™ of the certified value. After 2004, a VINDTA 3C system (Mintrop
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Fig. 5.3 Time series of inorganic carbon parameters at ESTOC station from 1995 to 2004. fCO,,
pH,, A, C.. Dotted line represents linear trend for the experimental data

et al. 2000) was used for alkalinity measurements with a precision of +1.0 umol
kg (www.MARIANDA.com).

5.3.3.2 AT Results

The surface’s total alkalinity shows a variability of 25 pmol kg™ closely linked to
the salinity cycle (r = 0.812) and when it is normalized to the mean salinity value
at ESTOC of 36.8, a constant value of 2409.7 + 2.4 umol kg™ is obtained.

When the total alkalinity is normalized to a constant salinity of 35, a value of
2291.8 + 2.2 umol kg™ is obtained which coincides with the mean value for the
North Atlantic Ocean given by Millero et al. (1998).
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534 C,

5.3.4.1 C_ Measurements

C, is computed from experimental values of pH and A using the carbonic acid
dissociation constants of Mehrbach et al. (1973) after Dickson and Millero (1987).
On average, the C_(pH,-A,) values are 1 umol kg™' higher than certified CRMs values
with a C_ residual of +3 umol kg™ (n = 90). After 2004, a VINDTA 3C system
(Mintrop et al. 2000) with coulometer determination was used with a substantially
increased system precision of +1.0 umol kg™' (www.MARIANDA. .com).

5.3.4.2 CT Results

The dissolved inorganic carbon in the surface presented a seasonal variability of 20-30
pmol kg! with the lowest values in October and maximum values in April and May.
C, has increased 10 umol kg ' in a decade with a seasonal variability inversely
related to SST changes (Gonzalez-Davila et al. 2007), changes in biological production
and gas exchange processes in the area. NC_ has increased at a rate of 0.99 umol kg™

5.4 Inorganic Carbon and Boron Speciation

The pH is the chemical variable that controls the speciation of acid-base equilib-
rium of the carbonic and boric systems. The total inorganic carbon, defined by the
sum of inorganic carbon species, C_ = COz(aq) (+ H,CO,)+ HCO, + CO32‘, and the
relative proportion of these carbon species mainly control the pH of surface
seawater and to a lesser extent the borate —boric acid system. Both systems buffer
the solution and restrict the capacity for changes in the pH. Boric acid together with
the carbonate system significantly contribute to the A of seawater. The total boron
is B, =H,BO, + B(OH),” and the concentration of B(OH)," to the total alkalinity is
determined from [B(OH), ] = B K /([H] + K,) where the total boric acid in seawater
is assumed B, = 0.000412 (S/35) following Dickson (1990).

From the measurements of fCO,, pH_, in situ A and S at the ESTOC site, the
evolution of the different inorganic carbon species (NC_, ., HCO,", CO,*) and
borate (B(OH),") during the 10 years of study have been determined using the
CO2sys program and the Mehrbach et al. (1973) after Dickson and Millero (1987)
set of constants, and presented in Fig. 5.4. Taking into account that the total inor-
ganic carbon concentration normalized to a constant salinity of 36.8, NC_, ., has
increased at a rate of 0.99 + 0.12 umol kg™!' year™ since 1995 (Santana-Casiano
et al. 2007; Gonzalez-Dadvila et al. 2007), the net effect of the increased atmospheric
CO, concentration in the seawater at the ESTOC site is the increase in the concen-
tration of H* or the decrease of pH (0.0017 % 0.0002 year '), the increase in

T,in situ
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the HCO,™ concentration (1.24 + 0.16 umol kg ' year '), the decrease of the CO,*
concentration ( —0.89 = 0.06 pmol kg ' year ') and the decrease of the B(OH),~
concentration ( —0.31 £ 0.02 pmol kg ! year ") (Fig. 5.4). The total alkalinity,
normalized to a constant salinity of 35, kept constant during the study period to a
value of 2291.8 + 2.2 umol kg™' (Santana-Casiano et al. 2007). Figure 5.4 also
shows the annual variation after removing the seasonal variability using the SPSS
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Fig. 5.4 Time series of pH in total scale at 25°C, total dissolved inorganic carbon normalized to
an average salinity of 36.8, NC_, ., inorganic carbon species HCO,", CO,* and borate, B(OH)," in
the upper-ocean surface of the North East Atlantic Ocean, at the ESTOC site (29°10' N, 15°30' W).
To highlight interannual variability, the mean seasonal cycle was removed by subtracting harmonics
with 12-, 6- and 4-month periods from the data. The resulted values (smoothing splines) are the
corresponding seasonal de-trended time series data and dotted lines are the linear regressions for
de-trended data
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program (version 13) and the routine trend cycle, to obtain what we know as
“de-trended” data (Gonzalez-Davila et al. 2003).

5.5 Buffer Intensity

The ability of a solution to accommodate addition of acid or base without appre-
ciable pH change (Stumm and Morgan 1981; Pankow 1991) is measured by the
buffer intensity of the solution, § (umol kg™). In open ocean waters, pH and buffer
intensity are mainly controlled by the carbonate system, and to a lesser effect by
the borate system (Fig. 5.5). An increase in fCO, in seawater produces a change
in the pH which affects the buffer intensity of the ocean (Skirrow 1975). The buffer
intensity is defined as a function of the C, pH and total boron in seawater and
expressed by Eq. 5.7.

B=2303 (C,K;H(HK[K; +4K;H )/ (H* + K;H+ KK} ) 57

+B,K;H (K, +H) +H+OH)

where K* and K°, are the first and second stoichiometric ionization constants of
carbonic acid in seawater, and B, and K~ pare the total concentration and stoichiometric
ionization constants of borate acid in seawater (Dickson 1990; Millero 2007).
Figure 5.5 shows two regions of high buffer intensity (around 1,200 pmol kg ") at
the pH values corresponding with the pK* values of the carbonic acid. The presence
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Fig. 5.5 Total buffer intensity in pmol kg™ computed according to Eq. 5.7 as a function of pH, at

in situ conditions. Carbonate and Borate buffer intensity are also included together with experimen-
tal values (open circles) determined in surface waters at ESTOC site from 1995 to 2004
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of boric acid in seawater with a pK* value of 8.6 (20.7°C) significantly contributes
to the total buffer intensity, reaching values of 250 pmol kg™! in the maximum buffer
intensity of the borate system. As a result of both contributions, the total buffer
intensity (Eq. 5.7) follows a similar behaviour to the carbonate buffer intensity at pH
below 7, being modified at higher pH by the boric contribution. It should also be
pointed out that the pH, in surface seawater (Fig. 5.5) and in the water column
ranges from 8.1 to 7.4 which are located out of the region of maximum buffer intensity
of natural seawater.

The average buffer intensity of surface seawater at ESTOC in the studied period is
662 = 12 umol kg ~'. The seasonal variability of the buffer intensity is affected by
seasonal changes in C, pH and B. As a result, B presents maximum values in
September—October over 670 umol kg™ and minimum ones in February—March with
values below 650 umol kg™'. The buffer intensity values obtained for the ESTOC are
in accordance with values reported for the global ocean (Zhang 2001). As the pH is
decreasing and moving out of the maximum buffer capacity, the increased CO, levels
in the atmosphere will produce higher changes in the pH of surface seawater. The buffer
intensity of seawater has decreased at a rate of —1.99 + 0.16 umol kg !, thereby changing
the ability of the surface seawater solution to accommodate addition of acids from
B = 682 umol kg ' in autumn 1995, to § = 665 wmol kg™ in 2003 (Fig. 5.6).

The buffer intensity is decreasing not only due to carbon chemistry, but also to the
progressive lower contribution of borate (Fig. 5.6) to the buffer capacity of seawater
as a result of pH reduction. The carbonate contribution presents a seasonal variability
of 30 umol kg™ related to the seasonal change in C, (Santana-Casiano et al. 2007)
with decreasing values from . = 507 umol kg*1 in autumn 1995, t0 ., =
497 umol kg ' in 2003. The borate contribution follows a similar pattern with a sea-
sonal variability of 6 umol kg ' and changing from 3, = 175 umol kg ' in autumn
1995, to B, = 169 umol kg ' in 2003. The rate of change in both contributors in
the period 1995-2004 was —1.33 + 0.43 and —0.44 + 0.07 umol kg ' year ! for car-
bonate and borate, respectively. In order to account for the observed changes, Fig. 5.7
shows the annual contribution in percentage of carbonate, borate, and OH™ + H*
systems to the total buffer intensity. As pH,, . change seasonality (Fig. 5.6) with
maximum values in February—March and minimum values in September—October,
the contribution of the different systems is changing. However, the contribution of
carbonate and borate systems presents an opposite trend. This behaviour can be
explained following the rate of change as a function of pH from Fig. 5.5.

The consequences of increased CO, atmospheric concentration in surface
waters at the ESTOC site during the decade can be observed in Fig. 5.8, where the
buffer intensity is plotted vs the pH, at the in situ temperature condition. In 1996,
pHTm . Was in the range from 8.08 (October) to 8.13 (March), while B moved
from 690 to 665 umol kg ', respectively. In 2003, the pH_, . decreased 0.02 units
(8.055 in October to 8.11 in March), and 3 decreased 15 umol kg~ (675-640 umol
kg ). If this similar trend is sustained in the coming years, none of the values
observed for both surface pH and buffer intensity in 1996 will be found after 25
years (around 2021). By the end of this century, the surface ocean pH is expected
to be reduced in 0.3-0.4 units under the IS92a scenario (Haungan and Drange
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Fig. 5.6 Time series of pH in total scale at in situ conditions, total buffer intensity and carbonate
and borate buffer intensities in pmol kg together with Revelle factor R in the surface waters at the
ESTOC site. Seasonal de-trended time series data (splines) are also included

1996; Brewer 1997). If only the change in pH is considered and the 1996 pH,, ..
at ESTOC (8.05) reduces by 0.3 units, B, 8., . and B, will be reduced by
36%, 35% and 38%, respectively. However, as a decrease in pH occurs with an

increase in C_, if we assume a steady rate of increase in C, of 0.99 umol kg' year '
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Fig. 5.7 Time series of data for the carbonate, borate and (OH+H*) percentage of contribution
to the total buffer intensity following Eq. 5.1 considering in sifu conditions

determined in ESTOC, the buffer capacity will decrease by 33% instead of the
above indicated 36%.

5.6 Revelle Factor

The reduction of pH also affects the efficiency of the ocean to take up CO,. To
compute this effect, is necessary to take into consideration the Revelle factor, R.
This factor defines the relationship between the changes in the pCO, (ApCO,) and
the C, (AC,) in the ocean (Revelle and Suess 1957), and is given by
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R= dInpCO, ApCO,
dInC, AC,
The lower Revelle factor is, the better is the buffer capacity of the seawater. When

atmospheric CoO, dissolves in seawater, the pH decreases but, because of the carbonate
buffer capacity, the solution is still slightly alkaline.

(5.8)

CO, +CO* + H,0 & 2HCO; (5.9)

An increase in oceanic fCO, produces an increase in the calcium carbonate dis-
solution (Eq. 5.9) and a decrease in the amount of CO,* dissolved (Fig. 5.4). The
interannual variability of the Revelle factor at the ESTOC site shows an increase
of 0.02 £ 0.002 year ' (Fig. 5.6). From the global estimate of the cumulative oce-
anic sink of anthropogenic CO, for the period 1800-1994 (Sabine et al. 2004), the
current Revelle factors are about one unit higher than they were in the pre-industrial
ocean. The ESTOC site data indicate that, in the Eastern Atlantic, the Revelle
factor has increased by 0.2 units in the last decade alone. This increase in R means
that a change in CO, is followed by a 0.02% increase in the total inorganic carbon
per year. The capacity of the ocean to take up CO, from the atmosphere is inversely
proportional to the value of R. The Revelle factor increases with CO, atmospheric
partial pressure and decreases with rising seawater temperature. As the carbonate
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ion concentration decreases, R increases, and the ability of the ocean to absorb
more CO, from the atmosphere decreases, and the higher the atmospheric CO, partial
pressure gets (positive feedback). For a given atmospheric perturbation of CO,, an
increase in the Revelle factor indicates that the oceanic equilibrium concentration
of anthropogenic CO, will be lower than in previous times.

5.7 Calcium Carbonate Saturation State

Calcium carbonate plays a dual role in regulating carbon sequestration by the
oceans. An increase in the dissolution of CaCO,dissolution in the upper ocean will
produce a more uniform alkalinity profile (Millero 2007). A decrease in carbonate
precipitation in surface waters will increase CO,*concentration in solution, will
decrease the Revelle factor and will consequently increase the capacity of the
oceans to take up CO, from the atmosphere. The data at ESTOC shows a reduction
of 9 umol kg ' of , in the last decade, from 224 to 215 umol kg ' (Fig. 5.4). This
follows the same trend as described for the global ocean, but with annual values
slightly higher than the global figures and lower than the tropical figures reported
(Orr et al. 2005).

The invasion of anthropogenic CO, has already reduced the present-day surface
[CO,*] by over 10% in relation to pre-industrial conditions. This is a reduction of 29
umol kg ' in the Tropics and 18 umol kg ~! in the Southern Ocean (Orr et al. 2005).
The predictions are that the average tropical surface [CO,*] will decline to 149 + 14
umol kg ' by the year 2100 according to the IPCC (International Panel for Climate
Change) 1S92a scenario (Hougton et al. 2001). This is a reduction of 45% relative to
pre-industrial levels (Orr et al. 2005; Kleypas et al. 1999; Broecker and Peng 1979).

The increase in the Revelle factor and the decrease in buffer capacity of the
seawater are also followed by an ocean response to excess CO, in order to avoid a
greater pH change through calcium carbonate dissolution. This can be followed by
studying the evolution of the state of calcite and aragonite saturation (Fig. 5.9).
A decrease in the calcium carbonate saturation state is observed at the ESTOC site
over the period studied. The Q_ .~ (Fig. 5.9) decreases at a rate of 0.018 + 0.006
unit year ' (0.2 units in a decade). These results were related mathematically, after
decomposing the series by trend, seasonal components and errors, using harmonic
functions and fitted to

—4184-1.821072

 Leite date —0.1697sin (27 (date —1995))

5.10
—4.0851072 cos (27 (date — 1995)) 10

(standard error of estimate 0.062).
Seasonal variability accounts for a 0.4 change in Q_, . while the interannual

change makes the Q_ . decrease from 5.5 in autumn 1995 to 5.3 in 2003. The
Q decreases at a rate of 0.012 + 0.004 unit year™', following the equation.

aragonite
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Fig. 5.9 Time series of calcite and aragonite saturation state in surface water at the North-East
Atlantic Ocean. Seasonal de-trended time series data (splines) are also included

. =27.75-1211072 date - 0.131sin (27 (date ~ 1995))
aragonite (5 11)
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(standard error of estimate 0.042).

Surface values of Qamgnmm were 3.6 at the end of 1995 and 3.5 in 2003. A seasonal
variability of 0.3 units is observed.

Most of the ocean’s surface waters are saturated, at present, in their levels of
calcite and aragonite, Q) > 1, and carbonate chemistry was not a limiting factor in the
biogenic calcification. Recent studies (Feely et al. 2004) show that the degree of
super-saturation has an important effect on the rates of calcification of the various
organisms, especially calcareous plankton (Broecker and Peng 1979) and coral reef
communities (Caldeira and Wickett 2003; Feely et al. 2004; Urban-Rich et al. 2001).
They show a decrease in the rate of calcification in response to the decreased CaCO,,
even when the system is saturated. The impact of ocean acidification on the marine
ecosystem is unclear, but it will most probably be dependent on species adaptability,
with the range of change of seawater pH relative to its natural variability. As it was
shown above, around 25 years are needed to change the acid—basic characteristic of
surface seawater to conditions never before presented in the seasonal cycle.
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Experimental evidence indicates that calcifying rates will decrease in low latitude
corals (Kleypas et al. 1999; Gattuso et al. 1998; Langdon et al. 2003) and in phyto-
plankton (Riebesell et al. 2000; Zondervan et al. 2001).

5.8 ESTOC Data Under Two IPCC Scenarios

To quantify futures changes in the ocean carbonate chemistry at ESTOC station
two, atmospheric CO, scenarios from the Intergovernmental Panel on Climate
Change (IPCC) were used: the IPCC 1S92a, a continually increasing scenario (788
ppmv in the year 2100) and the IPCC S650, a stabilization scenario (563 ppmyv in
the year 2100).

The ESTOC data show that under an IS92a scenario Q_ . - will reach values of 2.97
while ngme will be 1.93, assuming constant alkalinity (Santana-Casiano et al. 2007)
and negligible sea surface temperature change. In a more conservative stabilised sce-
nario S650, Q_ . will be 3.81 and ngmm, 2.48 (26% lower than the present values).

A recent study (Orr et al. 2005) suggests that the Southern Ocean surface waters
will become more depleted of aragonite, probably within the next 50 years. In 100
years, this under-saturation may extend over the entire Southern Ocean and into the
sub-Artic Pacific Ocean. The model predictions for low and intermediate latitudes
seem to evolve at a slower rate for subtropical areas, however, the ESTOC data

show that this variation is, effectively, taking place.

5.9 Environmental Consequences

The changes in the surface ocean pH are rapid when the CO, is absorbed from the
atmosphere, but the CO, however is slowly transferred to the deep ocean and sediments
by mixing, advection and through the biological pump. The time scales for mixing of
surface waters downward into the deep ocean may amount to centuries. In the past, in
the mid-Eocene, the levels of CO, were higher (Petit et al. 1999) and the oceans had the
capacity to adapt to an increase in CO, levels, because the rate of change took place
during periods that enabled sufficient mixing of deep waters and sediments. On a higher
scale, the geological scale, balance has been reached through the geological reservoir
over hundreds of thousands of years (Ridgwell and Zeebe 2005). The ocean has actually
reached high levels of CO, over the last 200 years. As in the past, the ocean is reacting
to this change. However, as opposed to the past, the period over which the change is
now occurring is extremely short and insufficient for deep ocean participation to occur,
meaning that most of the CO, is accumulated in surface water. The immediate oceanic
response is the pH reduction of surface waters and the reduction of the state of satura-
tion in the upper waters. These changes are so rapid that they are reducing the buffering
capacity of the natural processes that have moderated changes in ocean chemistry over
most of geological time. The pronounced shoaling observed for both aragonite and
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calcite saturation in all oceans (Feely et al. 2004), mainly in the polar areas (Orr et al.
2005) and the results obtained in ESTOC station confirm this fact.

How this response may affect marine organisms and the biological pump is a
question that remains to be solved. There is some evidence with respect to the
impact on calcifying organisms (Orr et al. 2005; Feely et al. 2004). A reduction in
CO, emissions and efficiency carbon sequestration technology look like the only
solutions to avoid increasing a problem which is causing significant consequences
in the physical, chemical and biological behaviour of the ocean, together with the
development of marine calcifying organisms.

5.10 Conclusions

Uncontrolled increase of anthropogenic CO, in the atmosphere over the last 200
years, and future increases, will affect the buffer capacity and the saturation state of
calcium carbonate in the surface ocean, as shown in this study from the ESTOC
site. Considering actual rate of change, a decrease of pH in the upper waters of the
ocean of 0.002 pH units per year will reduce the saturation state of calcite and
aragonite by 0.018 and 0.012 per year. In the year 2100 with an expected atmo-
spheric partial pressure of CO, of 788 ppmv, surface Q. will reach values of 2.97

calcite

while Q.. will be 1.93. The pH decrease will also affect the buffer capacity of
the ocean (-1.99 = 0.25 umol kg ! year ') and will increase the Revelle factor (0.02
+ 0.002 year ') of the surface seawater changing the efficiency of the ocean to
accommodate acids and take up CO,. These findings are the results of ESTOC site
trends during 1995-2004. Similar trends for the positive rate of increase in both the
SfCO, and C, and the corresponding decrease in the seawater pH have been deter-
mined in both Bermuda time series station BATS (Gruber et al. 2002) and Hawaii
time series site HOT (Brix et al. 2004) indicating that the effects on the saturation
state of calcite and aragonite, buffer capacity and Revelle factor in the Subtropical

gyres move towards the same direction.
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Chapter 6

Effects of Sediment Acidification
on the Bioaccumulation of Zn

in R. Philippinarum

Inmaculada Riba, Enrique Garcia-Luque, Judit Kalman, Julian Blasco,
and Carlos Vale

Abstract Acidification resulting from the increase of carbon dioxide in the ocean
is one of the main effects of global warming. Models predict that a decrease of pH
in surface sediments results in higher mobility of metals in sediment pore water and
overlying water. This hypothesis has been tested in an exposure sediment bioassay
using the clam R. philippinarum. Different sediment samples (toxic mud from a
mining spill; estuarine samples from the Ria de Huelva and Guadalquivir rivers,
and sediments located in the Bay of Cadiz, all in Spain) were used to address the
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influence of pH values (6.5-8.5) in bioaccumulation of the metal Zn. Results show
that there is a significant (p <0.05) increase in bioaccumulation of this metal at
lower values of pH (6.5 and 7.5) compared to the 8.5 value. These results indicate
that modification of one unit in pH produces a significant effect in Zn bioavailability,
which is also associated with adverse biological effects such us mortality. The
results point out the importance of addressing the influence of sediment acidifica-
tion and their implications in risk assessment in estuarine sediments or in special
areas selected for carbon dioxide capture in marine environments.

Keywords Ocean acidification « Bioaccumulation « Metals ¢ Zn « Carbon dioxide
« Global warming « Estuarine sediments « Bioavailability ® Clams « Carbon dioxide
capture « Sediment quality

6.1 Introduction

The urgent need to reduce greenhouse emissions to the atmosphere has led
researchers to study new systems for capture and storage of carbon dioxide (CCS).
The sequestration of CO, in marine geological formations is one of these systems,
proposed at an international level, to effectively reduce the concentration of atmo-
spheric CO, (IPCC 2005). Although permanent containment is intended, it is
necessary to determine the risk of leakage to the marine environment. In particular,
we need to establish the magnitude of risk associated with potential leakages in the
area of injection and storage, including their surrounding areas. One of the main
impacts expected in this scenario is a limitation on pH values that provoke acidifica-
tion of the sediments located in the area. In this sense, different international conven-
tions, associated with the CCS (OSPAR Convention 2005, 2007; London Convention
and Protocol 2006; London Protocol 2007) have agreed on the principle and recom-
mended different approaches to determining the mechanism of these potential leak-
ages and other related risks. Monitoring is one of the key enabling technologies for
CO, storage (Benson 2006). It is necessary to define the precision and detection
levels that the chosen technology should provide to not only guarantee safety of the
environment and maintenance of human health, but in order to assure proper
accounting for inventory and trading of carbon credits. In this sense, it is necessary
a correct monitoring measurement to control injection and storage of CO,.

The UNESCO Intergovernmental Panel on Climate Change (IPCC 2007) stressed
our limited experience with processes of monitoring, verification and information of
the rates of leakages and uncertainties associated with storage of CO,. In order to
monitor the effects of storage in the marine environment, it is necessary to properly
understand the processes and mechanisms that control leakages in different types of
geological formations in which it is possible to store CO,. Besides, it is necessary to
understand the behaviour of the environment, species and ecosystems when they are
exposed to CO, and the incidental associated substances. One of the deficiencies to
be addressed (among other lines of evidence to address environmental degradation



6 Sediment Acidification Increases Bioaccumulation of Zn in Clams 117

Contamination

opH

Laboratory effects
Bigaccumulation Biomarkers
Bigmagnification (exposure &
effects)

In situ effects
Biomarkers (eff

Fig. 6.1 Synoptic representation of a weight-of-evidence method to address the environmental
degradation associated with the potential leakages of carbon dioxide in sediments located in areas
for injection and storage of this gas. The different lines of evidence, including bioaccumulation
must be adapted to the new conditions of variable pH and acidification

effects) is the influence of sediment acidification produced by these leakages on the
bioaccumulation of contaminants such as metals (Fig. 6.1).

Anthropogenic inputs of various trace metals to aquatic systems have been increas-
ing in recent years. Marine sediments represent the final repository of most contami-
nants, such as trace metals, because metals are mainly transported to the marine
environment by rivers through estuaries and can be deposited and incorporated into the
sediments. As estuaries are among the most ecologically sensitive ecosystems in the
world, assessments of estuarine sediments are strongly recommended (Chapman and
Wang 2001). Besides, estuarine and coastal sediments with high contents of organic
matter producing CO, and pH values of 6.5 or below are commonly registered in
organically rich coastal sediments. If those sediments are contaminated by metals, the
ecosystem will have a combined effect of low pH and high metal availability. Furthermore,
sediments influenced by the discharge of mining activities also presented low pH.

The bioavailability of trace metals bound to sediments depends on the physical
and chemical forms of the metal (Luoma 1983). Dissolved or weakly adsorbed
contaminants are more bioavailable to aquatic biota compared to more structurally
complex mineral and/or organic-bound contaminants. In aqueous systems, bio-
availability is often correlated with free metal concentration, because the free ions
have been considered as the most bioavailable forms of dissolved metals (Chapman
et al. 2003). It is generally believed that an increase of free ion concentration will
increase bioavailability and thus increase metal accumulation and toxicity
(Blackmore and Wang 2003). As H* may compete with trace metals for aquatic
ligands, at low pH value metals tend to be found as free ionic species (Rensing and
Maier 2003) (Fig. 6.2). However, although it is known that the pH has significant
influence on the partitioning and bioavailability of contaminants, few studies have
reported on the effects of pH changes on metal toxicity and bioaccumulation to
aquatic organisms (Riba et al. 2003a, 2004).
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Fig. 6.2 Equilibrium between a metallic ion inside and outside an organism cell

Fig. 6.3 Photograph for R. philippinarum (http://www.fao.org/fishery/culturedspecies/Ruditapes_
philippinarum/es#tcN9003F)

Most of the species commonly used in marine and freshwater sediment toxic-
ity/bioaccumulation assays are inadequate for testing estuarine sediment quality
because they have a narrow pH tolerance or are not indigenous estuarine species.
Estuarine sediment toxicity/bioaccumulation tests should incorporate estuarine
organisms tolerant to changes of abiotic factors, such as pH. The commonly used
clam, Ruditapes philippinarum (Fig. 6.3) allows a more complete and realistic
assessment of metal contaminants in estuarine environments (DelValls and
Conradi 2000). These estuarine organisms are able to adapt to the wide range
of estuarine salinity and pH values. Moreover, clams are filter-feeder bivalves
and, therefore, may accumulate metals in their tissues (Shin et al. 2002; Lee
et al.2005).

The acidification resulting from an increase of carbon dioxide in the ocean is one
of the main effects of global warming. Models predict that decrease of pH in
surface sediments results in higher mobility of metals in sediment pore water and
overlying water. This hypothesis has been tested in an exposure sediment bioassay
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using juveniles of the clam R. philippinarum. Different sediment samples (contami-
nated material from a mining spill; estuarine samples from the Ria de Huelva,
Guadalquivir river and the Bay of Cadiz, Spain) were used to address the influence
of pH values (6.5-8.5) in bioaccumulation of the metal Zn.

6.2 Material and Methods

6.2.1 Approach

In order to test the influence of sediment acidification on the bioaccumulation of
Zn, sediment samples were collected in estuarine areas of the Guadalquivir estu-
ary (GR) that was impacted by an acute mining spill (April, 1998) caused by the
breakage of a tailing pond in a pyrite mine located in ‘Aznalcéllar’ (Gémez-
Parra et al. 2000; Riba et al. 2003b), of the Ria de Huelva (H), which is a heavily
industrialized area located at the mouth of two estuaries defined by the rivers
Tinto and Odiel, and of the Gulf of Cadiz (Ca), an area with a low contamination
(Fig. 6.4).

The area of Huelva receives acidic fluvial water discharges with high concentra-
tions of metals from the Roman Empire times, several centuries ago (Cabrera et al.
1992; Garcia-Luque et al. 2003). Samples were prepared from different dilutions of
contaminated sediment collected in the proximity of the mine (Riba et al. 2003b)
and using clean sediment from the Bay of Céadiz (0.3% and 5% of contaminated versus
99.7% and 95% of clean sediment). These two samples were named DIL0.3 and DILS
respectively. Dilutions were selected based on previous experiences with these sedi-
ments and organisms (Riba et al. 2003a, 2004).

Sediments were collected with a 0.025 m? Van Veen grab and transferred to the
cooler. When sufficient sediment was collected from a particular station, the cooler
was transported to the laboratory. The contents of the cooler were homogenized
with a Teflon spoon until no colour or textural differences could be detected. The
sediments were sub-sampled for chemical quantification (1.5 L aliquots). Then the
sediment samples were kept in the cooler at 4°C in the dark until they were used
for sediment toxicity assays, but in no case for longer than 2 weeks. Prior to sample
collection and storage, all beakers were thoroughly cleaned with acid (10% HNO,),
and rinsed in double-deionized (Milli-Q) water.

6.2.2 Bioassay

Juveniles of clams (Ruditapes philippinarum; shell length about 1 cm, average
weight about 0.42 g) were obtained from an aquaculture farm (AMALTHEA, S.L.,
Cédiz, Spain) and kept in our laboratory for 1 month before being acclimated to the



120 I. Riba et al.

A Treatment pond

Iberian
Peninsula

Sanlucar
de

Area of Huelva Barrameda

w 5 Km

-

Guadalquivir
estuary

Bay of Cadiz

Barbate river

Atlantic
Ocean

Odiel
Salt-Marshes }

Fig. 6.4 A schematic map of the studied area in the south of Spain showing the locations of the
environmental sampling stations selected in the three estuarine ecosystems, Bay of Cadiz (Ca) Ria
de Huelva (H) and Guadalquivir estuary (GR). It also shows the location in the mining area at
which the contaminated sediment was collected

pH values selected for the assays. During this period, clams were fed on a mixture
of micro algae (Tetraselmis chuii, Isocrhysis galbana, Chaetoceros gracilis).
Different values of pH (6.5, 7.5 and 8.5) were spiked in overlying water prior to
exposure of the organisms to the sediment samples. Sea water salinity was used in
the bioassays (S = 36). The overlying sea water used in the pH dependent assays
was set up to permit a pH control using the buffer capacity of the carbonate system
in oceanic waters as reported by Mount and Mount (1992). Briefly, we manipulate
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the carbon dioxide concentration in the atmosphere over the assay solutions, as well
as adding about 10 mM of HCO-, to increase the buffer capacity of sea water. The
pH was adjusted using HCI and NaOH (Merck, Darmstadt, Germany). Once the
various pH values selected for each assay treatment had been separately fixed, this
sea water was used during the acclimation period (15 days) of the organisms prior
to performing the assays. During this period, the animals were maintained in tanks
of about 20 L capacity, fed on a mixture of micro algae as described above, the
water was continuously aerated and replaced (80% v/v) every 3 days with fresh sea
water of pH values adjusted to those required. The pH, salinity (36), temperature
(20°C) and the concentration of dissolved oxygen (>5 mg L', 60% saturation) were
measured and controlled every day.

After the acclimation period the bioassays were performed in replicate using
different values of pH. The assays were performed in whole sediment (2L per
assay) using a water to sediment ratio of 1:4 v/v, at constant temperature (20°C), as
reported by DelValls et al. (2002) using vessels of 15 L capacity. Briefly, 40 organ-
isms previously acclimated to each particular set of pH values were added to each
vessel and exposed for 28 days (Fig. 6.5). The percentage of mortality at the end of
the experiment was recorded together with the metal concentration in the clams.
Individuals were dissected and analysed at day O to control the bioaccumulation of
metals during the different treatments.

Water replacement (80%) was performed on day 5 of the experiment, except for
those assays where mortality was measured, in which it was performed on the same
day as the mortality detection (DelValls et al. 2002).

6.2.3 Chemical Analyses in Organism Tissues: Bioaccumulation

Laboratory-exposed organisms were depurated for 48 h before processing to avoid
any sediment contamination. Then, organisms were dissected and damped out.

Fig. 6.5 Photographs of the clams R. philippinarum used in the bioaccumulation assay. On the
left, the juveniles of the clams used. On the right, the aquarium with the clams and the sediments
contaminated by metals
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The samples of the juveniles Ruditapes phillipinarum correspond to soft body
organisms. Organisms were divided, in general, into three pools of five to ten speci-
mens and then lyophilized in a VIRTIS lyophilizer (Casado-Martinez et al. 2006).

The concentration of Zn was determined on lyophilized samples that were crushed
and homogenized to a fine powder in an agate bowl with a Planetary Mono mill
(Pulverisette 6, Fristch). Then, samples were digested with nitric acid (Suprapur) and
hydrogen peroxide (Suprapur) for 1 h at 95°C. The total volume was raised to 5 mL
by adding distilled water and analyzed by inductively coupled plasma mass spectrom-
etry (ICP-MS) (Amiard et al. 1987). The analyzed concentrations were validated by
performing metal analyses on reference material NRCC-TORT-2 lobster hepatopan-
creas (National Research Council of Canada, Ottawa, ON, Canada). Agreement
between the chemical concentration and the standards was approximately 90%. Metal
concentrations in soft tissues are expressed as micrograms per kilogram dry weight.

6.2.4 Sediment Analysis

For sediment grain size, an aliquot of wet sediment was analyzed using a laser
particle-size Fristch analyser (model Analysette 22, Laval lab, Lavel, PQ, Canada) by
following the method reported by DelValls and Chapman (1998) and DelValls et al.
(1998). The remaining sediment was dried at 40°C prior to chemical analysis. Dried
sediments were gently homogenized. The organic carbon content was determined
following the method reported by El-Rayis (1985). For Zn analysis, the sediments
were digested as described by Loring and Rantala (1992). Zn concentrations in the
extracts were determined with a Perkin-Elmer 2100 Flame Atomic Absorption
Spectrophotometer. Results are expressed as milligrams per kilogram dry sediment.
The analytical procedures were checked using reference material (MESS-1 NRC and
CRM 277 BCR) and present agreement to more than 90% with the certified values.

6.2.5 Water Analysis

The pH (SWS or sea water scale) was measured with a potentiometric analyzer
(Metrohm, 670, Berchem, Belgium) with a glass combination electrode (Metrohm,
ref. 6.0210.100). Salinity and oxygen concentration were measured as reported by
GoOmez-Parra and Forja (1994).

6.2.6 Data Calculation and Statistical Analysis

The metal and metalloid concentration in the clams from the replicated assays and
the controls were compared using ANOVA and Tukey’s F tests to identify significant
differences in sensitivity between media (p< 0.05 and p < 0.1).
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Adequate quality assurance/quality control (QA/QC) measures were followed
in all aspects of the study, from field sampling through to laboratory and data
entry as described by Chapman (1988), Luoma and Ho(1992)and the ASTM
(1991a, b).

6.3 Results and Discussion

6.3.1 Sediment Chemistry

The summarized concentrations of Zn, Fe, Mn, organic carbon and percentages of
fine sediments analyzed in the five sediments used in the bioaccumulation test are
given in Table 6.1. The amount of organic carbon, Fe and Mn are in the normal range
of estuarine and littoral ecosystems in the area of study (Casado-Martinez 2006;
Campana et al. 2005). The organic carbon concentration is lower in the dilution
treatments and at the station located in the Bay of Cadiz than those from the Ria de
Huelva and the Guadalquivir river.

Sediments from the Bay of Cadiz (Ca) showed the lowest concentration of Zn.
The concentrations of Zinc in sediments located in Huelva (2,551 mg kg™') were the
highest. The station located at the Guadalquivir estuary showed intermediate con-
centrations of metals between Huelva and the area located in the Bay of Cadiz.

6.3.2 Sediment Bioassay Bioaccumulation

Significant mortality (p < 0.1) was recorded only in the highest dilution of contaminated
material (about 5% of contaminated material and 95% of clean sediment) for pH values
7.5 (28% — average mortality recorded) and 6.5 (55% — average mortality recorded).
The rest of the treatment shows no significant mortality compared to that at the control
station, although higher values were measured at the Huelva station.

Figure 6.6 shows the metal concentrations in the total body of the clams exposed to
the five different sediments and the tissue concentrations in pre-exposure conditions
(horizontal line, day 0, clams maintained in flowing sea water and fed with a mixture

Table 6.1 Summarized results for sediment physico-chemical
characteristics used in the bioaccumulation test. All concentra-
tions expressed as mg kg™ dry weight, except the organic
carbon content (OC), fines and Fe in %

Station Zn Fe Mn ocC Fines
Ca 6.28 0.5 163 1.07 49
DIL5 1,700 39 166 1.06 48
DIL0.3 100 5.6 155 0.97 49
H 2,551 4.1 354 3.20 85

GR 152 32 812 2.10 90
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Fig. 6.6 Zn concentrations analyzed in this study in clam tissue for the bioaccumulation test of
individuals exposed to sediments sampled in the Gulf of Cadiz (Ca, H, GR) and dilution of con-
taminated mining sediments (DIL0.3 and DILS) at the three pH values selected to address the effect
of acidification in the bioaccumulation of metals. The horizontal red line shows the background
concentration of metals measured in the clams on day 0 before the start of the bioassay

of microalgae). The metal background concentration in the pre-exposure conditions
shows high levels although lower than the concentrations measured in the bioassay.
The background level could be related to potential sources of low contamination asso-
ciated with aquaculture activities and related to food or water conditions. In any case,
they show a kind of background conditions for the clams used in the bioassay. In this
sense, comparison to the concentration of metals measured in the clams exposed to the
sediments showed, independently of its contamination, an increase in all metal concen-
trations. In all the treatments a significant (p < 0.05) enrichment of metals in the juvenile
clams was measured.

In general, the highest concentration of Zn was measured in clams exposed to
the highest dilution of contaminated sediment (DILS), the lowest measured in the
sediments being located in the Bay of C4diz. The comparison of metal bioaccumu-
lation among the sediments collected in estuaries along the Gulf of Cadiz with
different origins of contamination (GR and H) shows that Zn bound to sediments
impacted by an accidental mining spill (GR) are more bioavailable than the same
metal from sediments located at Huelva affected by low, albeit continuous spills.

The proportions of metal that organisms accumulated from different exposure
routes (e.g., ingestion versus water for aquatic organisms) are variable, probably
depending on the degree of contamination of those different exposure routes.
Metal-accumulation tends to be both organism- and situation-specific (Chapman



6 Sediment Acidification Increases Bioaccumulation of Zn in Clams 125

et al. 2003; Riba et al. 2005a, b). In this sense, the highest concentration of Zn
measured in sediments (Ria de Huelva, H) was not reflected in bioaccumulation by
clams. This fact could be related to the easier mobility of Zn bound to the contami-
nated sediment dilutions (DILO.3 and DILS) compared to Zn bound to sediments
from the Gulf of Cadiz, namely the area of Huelva in which concentration of metals
in sediments are significantly higher than in the dilution of contaminated sedi-
ments. These results are, in accordance with previous findings, obtained using this
kind of material suggesting a higher mobility of metals for this kind of sediments
(Riba et al. 2003a, 2004).

The concentration of Zn analyzed in juveniles of the clam exposed to no contami-
nated sediments (Bay of Cadiz, Ca and lower dilution, DIL0.3) are in agreement
with the baseline accumulation observed in this kind of study for uncontaminated/
low-contaminated sediments reported in previous studies (Casado-Martinez 2006).
Furthermore, they are generally in agreement with the values available in the literature
for adults (Ji et al. 2006; Martin-Diaz et al. 2008) for those sediment samples
collected in estuarine areas (Guadalquivir estuary, GR and Huelva, H). However,
tissue concentrations of Zn obtained in this study for the highest dilution of contami-
nated material considered (DILS) are in the highest range of values available in the
literature (Ji et al. 2006).

When determining the contribution of sediments as sources of metals, in this
case Zn, the bioavailability of this metal is an important tool to understand the
bioaccumulation that can occur in exposed organisms. There are, however, several
biotic and abiotic parameters that affect metal bioavailability and accumulation in
the soft tissue of organisms. It is therefore more appropriate to evaluate bioavail-
ability by direct measures of bioaccumulation of specific compounds within organ-
isms. Such bioavailability studies have been conducted in several countries for
sediment assessment (Catsiki et al. 1994), and relationships between bioavailability
and bioaccumulation for sediment toxicity assessment have been developed by
many authors (Campana et al. 2005; Otero et al. 2005; Martin-Diaz et al. 2006).
When a contaminant is bioavailable and accumulated in biological tissues, it may
produce toxicity or not. Toxicity occurs when the rate of metal uptake from all
resources exceeds the combined rates of detoxification and excretion (if present) of
Zn (and other metals, e.g., Wang and Rainbow 2005). In this sense, it has been
demonstrated that juveniles of the clam R. phillipinarum are adequate organisms to
address bioaccumulation of Zn without a significant toxicity measured (except a
moderate mortality in one of the treatments, p < 0.1) even using high-contaminated
sediments, either contaminated from a mining spill or those collected in estuaries
along the Gulf of Cadiz.

The bioaccumulation can provoke the uptake of metals in the trophic chain and
consequently associates a risk to the environment and potentially for humans by
consumption of contaminated species. The bioaccumulation of Zn and other metals
in estuarine and marine species has been demonstrated in previous studies, two
examples of it are: (a) Marinduque, Philippines. In 1996, a severe spill occurred
from a tailings pond at Marcopper Mine, Marinduque. Coastal sediments near the
river outflow contain high amounts of copper, manganese, lead and zinc and there
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are concerns that the toxic metals are persisting and may be taken up into bottom
dwelling organisms and hence into the food chain (David 2002). (b) Aznalcdllar
mining spill (Spain, 1998). The spill affected the Guadalquivir estuary and part of
the coastal area surrounding the National Park of Dofiana (Gémez-Parra et al. 2000;
Riba et al. 2002).

6.3.3 Influence of Acidification in Zn Bioaccumulation

The concentration of Zn in clams exposed to sediments at the three different values
of pH tested in this study (6.5, 7.5 and 8.5) is shown in Fig. 6.6. The concentrations
of Zn measured in tissues were affected by the change in pH. A negative trend was
recorded for Zn as a decrease in pH value resulted in higher concentration of this
metal in the organisms. To address the influence of the pH values, the statistical
differences among all the treatments using different ‘p’ values are shown in Fig. 6.7
(p <0.05 and p < 0.1).

The results confirm that acidification significantly increase the bioaccumulation
of metals bound to the sediments utilized in the juveniles of R. phillipinarum.
For most of the treatments, the variation in one unit of pH produces a significant
(p < 0.1, 0.05) effect in the increase of Zn bioaccumulation in clams. The variation
of two units in the value of pH produce an influence in the bioaccumulation of metals
significantly higher (p < 0.05, 0.1). In general, the influence of pH values is lower in
field collected samples than in the dilution of contaminated material using sediments
from the Bay of Cadiz.

Zn

6.5 7.5 85
CA p<0.05 — — —

p<0.1 — — —

DIL5 p<0.05 — — —
p<01 — ——

DIL0.3 p<0.05 — ——
p<01 — —

Fig. 6.7 Summary of the sta-
tistical results obtained in sedi- H p<0.05 ————
ment bioaccumulation assays

: p<0.1 ——
at different pH values.
Treatments not underlined by
the same line are significantly GR p<0.05 ——

different at p < 0.05 and/or
p < 0.1 (Tukey’s F tests) p<0.1 —— —
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Data obtained from the pH dependent bioassay demonstrate that the acidification
of samples has been associated with the mobilization of Zn. In acidic pH, Zn exists
as free ions, but at alkaline pH the ions precipitate as insoluble oxides or hydroxides
(Fig. 6.8). Therefore, the availability depends upon the pH; at lowest values metals
bound to sediments are often more bioavailable and thus toxic for test organisms
(Chapman et al. 2003; Riba et al. 2003a, 2004). The clams in acidified environ-
ments are exposed not only to high concentration of hydrogen ions themselves, but
also to elevated concentrations of more than one metal.

Some authors have proposed that the bioavailability of a dissolved metal is
related to its free ion activity (e.g., Morel 1983). The first step in the uptake of
metals by an organism comprises the transport of the cation through the plasmatic
membrane (Fig. 6.2). For many dissolved metals, including Zn, entry into mollusks
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involves passive diffusion, perhaps facilitated by carrier molecules, and passage
along a gradient maintained by intracellular ligands of increasing binding strength
(Langston et al. 1998). Nevertheless, changes in the composition and conditions of
the medium may modify the structure of the plasmatic membrane and the number
of available ligand groups present in the carrier proteins, hence affecting their
chemical speciation and their bioavailability (Van Ginneken et al. 1999).

The bioaccumulation of Zn by the clam R. philippinarum in estuarine areas is of
particular concern due to their permanent interaction with sediments. If their assimilation
efficiency is high, metals are accumulated and toxicity can be produced. Once assimi-
lated, metals represent an obvious risk not only of contamination transference to
predatory species or even to human populations, but also, a risk to the ecosystem
structure. The results obtained pointed out that Zn and potentially other metals
bound to contaminated sediment samples, located in areas of the estuary in which
the pH values are determined by marine influence (higher than 7.5) and that are not
uptaken by clams or are toxic, can became toxic, or be accumulated by clams, if pH
values decrease and reach values of around seven or lower. These increases in the
bioaccumulation of metals can be associated with the potential leakages in sediment
above carbon dioxide storage in sub-seabed geological formations. For this case, the
acidification of the sediments associated with leakages of CO, can produce the
uptake of metals that were safely stored in sediments. In this sense, the results
obtained in this study point to the importance in conducting bioaccumulation stud-
ies of addressing the potential risk associated with these leakages. Risk assessment
during the selection of sites for carbon capture storage in sub-seabed geological
formations must consider this kind of studies to address potential impacts, not only
to the surrounding benthic and pelagic ecosystems, but also to the marine/aquatic
food chain, possibly causing long term health effects on marine life and potential
risk to human health by consumption of contaminated species.

6.4 Conclusion

This study presents results of the acidification of sediments on the bioaccumulation
of Zn under laboratory conditions, using both contaminated material from a mining
spill and field collected sediments in three estuarine areas located along the Gulf of
Cadiz. It is a snapshot to determine the influence of variation of pH using
environmental samples in the bioaccumulation of that metal. Also, the implications
of this bioaccumulation are considered in relation to the variation of pH provoked
by mitigation techniques such us CCS or natural variability such as that associated
with estuaries. The conclusions are summarized below, based on the utilization of
three different pH values of 6.5, 7.5 and 8.5 that can be measured in estuarine natural
waters and that can be expected under potential low and/or moderate leakages in
sediments above carbon dioxide storage in sub-seabed geological formations:

1. Sediment acidification increases bioaccumulation of Zn in all the stations. It can
increase the adverse effects to the biota associated with an originally not toxic
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sediment area, either natural (estuaries) or artificial (sediments above CO, storage
in sub-seabed geological formations).

2. The metal Zn from the mining spill bound to the dilution of the contaminated
material (DILO.3 and DIL5) show more bioaccumulation at low pH values
than metals bound to sediments collected in the estuaries located in Gulf of
Cadiz (H, GR and Ca). Although the concentrations of metals in the dilutions
of contaminated material are much lower than those monitored in the Ria de
Huelva, they produce lethal toxicity. This gives an interesting indication of
the fundamental difference between the long-term effects of continuous
metal discharge over centuries and the effect of an isolated, albeit very large,
single discharge.

It has been demonstrated that the acidification of sediments produce changes in the
biological availability of contaminants such as Zn, considered in this study. Besides,
the increase in the bioaccumulation of Zn associated with the acidification of sedi-
ments can have implications not only on the ecosystem health but also potentially
in human health by consumption of contaminated species such as the commercial
clam considered in this study.
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Chapter 7
Contaminant Cycling Under Climate
Change: Evidences and Scenarios
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Abstract Marine ecosystems are influenced by many factors related with human
activity, such as eutrophication, chemical contamination, selective overfishing, bottom
trawling and blast fishing. However, various regions have shown at least some changes
that were likely to be attributable to recent climate change. Although various works
have pointed to repercussions of climate change on ocean processes at physical and
biological levels, a few thoughts were highlighted on contaminant pathways in concert
with the predicted and confirmed climate changes. Human activities released during the
last century a cocktail of contaminants that are stored in soil, coastal sediments and
ice. Predicted alterations under climatic changes raise pertinent questions on this
topic. Are hazardous substances stored in those compartments released to cycling
within the ecosystem under climate changes? To what extent are quantities injected in
the ecosystems toxic to marine organisms? Does it affect ecosystem functioning?
This article reviews relevant aspects of contaminant cycling under climate changes
and gives examples of evidences and scenarios. The selected examples are: melting of
ice in the Arctic and the already observed increase of trace metals availability in water;
temperature increase and the enhanced production of methyl mercury, a potent neuro-
toxin; prolonged periods of UV radiation and mercury release from soils and air-exposed
sediments; sea-level rise and coastal erosion and the release of metals and organic pol-
lutants from salt marshes; heavy rainfall events and abrupt input of historical and
present contaminants from agriculture fields, obsolete industrial and urbanised areas.
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7.1 Introduction

Natural processes, such as solar variability and volcanic outgassing, are the dominant
forces that produce long-term climate changes (Hambrey and Harland 1981).
However, there is now convincing evidence that recent human activities, resulting
in increasing concentrations of greenhouse gases, have become a major agent of
climate change (Philippart 2007). Greenhouse gases affect the global climate by
retaining heat in the troposphere, thus raising the average temperature of the planet
and altering global atmospheric circulation and precipitation patterns. A great con-
cern emerged that climate change may rapidly and extensively modify the equilib-
rium of the most sensitive ecosystems with unknown consequences. Research has
shown that the Northern Hemisphere has been warmer since 1980 than at any other
time during the last 2000 years (Philippart 2007). Evidences of increasing
temperature have been registered both in air (Tett et al. 1999) and in water (Barnett
et al. 2005).

Climate change influences the oceans and coasts in various ways (Philippart
2007). The observed increase of temperature under climatic change resulted in
acceleration of the melting of glaciers and the Greenland ice cap (Teng et al. 2006).
Coupled ocean-atmosphere models pointed out that sea levels rise and seas become
stormier, increasing the risk of coastal flooding, including large cities and industrial
zones. Hurricane intensity appears to be greater. Precipitation is more variable with
more frequent intense rainfall events leading to extensive flooding (Frei et al.
2006). Springtime is occurring earlier. Duration and severity of droughts has
increased, leading to the migration of humans to cities in undeveloped regions.
There is a poleward shift in the distribution of many species (Beaugrand et al. 2002;
Brander et al. 2003). The number of harmful algal blooms in coastal regions
appears to have increased. Many of these events are thought to be a consequence of
predominantly human-induced climate change.

Although marine ecosystems are influenced by many factors related with human
activity such as eutrophication (Goolsby 2000), chemical contamination (Libes
1992), selective overfishing (Myers and Worm 2003), and destructive practices like
bottom trawling and blast fishing (Meysman et al. 2006; Morton and Blackmore,
2001), various regions have shown at least some changes that were likely to be
attributable to recent climate change (Philippart 2007). For the most northern seas,
such as the Arctic Sea, the most obvious temperature-related change is the decline
in sea-ice cover and a decrease in surface salinity. For most open seas there is evi-
dence of geographic displacement of species populations northwards. The
enclosed seas have noticeably undergone dramatic changes as a consequence of
changes in the frequency of inflow (e.g. Baltic Sea) or in temperature (e.g.
Mediterranean Sea).

In an overview of the research needs and future scientific challenges of climate
change, a panel of experts (Philippart 2007) conjectured physical responses and
impacts, including alterations to the Artic-sea cover, near-surface stratifica-
tion related to elevated summer temperatures, and loss of coastal habitats as a
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consequence of coastal flooding. Biological responses and impacts predicted by
current models point to progressive increase of primary production with
possible influences on recruitment processes, changes in geographic distribu-
tion of marine species, local alterations on the interaction between species
and its competitors, predators, prey or pathogens. Few works highlighted the
anthropogenic impacts, e.g. contaminant pathways, acting in concert with the
predicted and confirmed changes mentioned above (MacDonald et al. 2005;
Schiedek et al. 2007).

During the last century, human activities caused the release of a cocktail of
contaminants to the soil that via rivers and atmosphere reached the ocean,
where they have accumulated and recycled through water, sediments and organ-
isms. Many of these contaminants are referred to as hazardous substances, as
they accumulate in the marine food web to levels that are toxic to organisms,
including fisheries populations and therefore affecting humans. Whether cli-
mate changes affect major factors that influence the availability of contami-
nants in excess of threshold levels somewhere in the marine ecosystem, is a
matter of future research. This paper reviews relevant aspects of contaminant
cycling under climate changes and gives examples of evidences and scenarios.

7.2 The Effect of Temperature

One of the most evident aspects of climate change is the rising of temperature.
The number of “tropical nights” (nights with minimum temperatures above 20°C)
in southern European regions is one of the temperature indices that presented a
larger variation since 1976, the start of the warming period. In Lisbon, Portugal, the
number of tropical nights has increased from an average value of 7 days, in the
1970s, to around 20 days by the end of the twentieth century. This increase is
clearly related to the positive trend of minimum temperatures registered from 1976
(Miranda et al. 2002).

Temperature has long been known to modify the chemistry of a number of
chemical pollutants resulting in significant alterations in their toxicities, e.g. for
fish. It is also generally accepted that a higher temperature increases the rate of
uptake of pollutants via changes in ventilation rate in response to an increased
metabolic rate and decrease in oxygen solubility (Kennedy and Walsh 1997;
Schiedek et al. 2007). For a variety of freshwater fish species it has been shown
that the upper temperature tolerance limits are decreased in the presence of
certain organic chemicals (Cossins and Bowler 1987; Patra et al. 2007; Schiedek
et al. 2007). Additionally, contaminant pathways that will become altered by
climate change include volatilisation, adsorption, hydrolysis, biodegradation,
photodegradation, photo-enhanced toxicity, uptake and metabolism. Whilst rates
of some of these processes are increased with increasing temperature, quantitative
predictions and assessments of interactions are complex (Schiedek et al. 2007).
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7.2.1 The Arctic and Mercury Cycling

The Arctic epitomizes the globe’s sensitivity to climate change and, due at least
partly to albedo feedback, it is projected that temperature rise within the Arctic will
be double that of the global average (Schiedek et al. 2007). Therefore, we may
expect all of the same issues with thermal thresholds to pertain in the Arctic. The
Arctic (and probably the Antarctic) is not only in the vanguard of global change
(ACTA 2005), it is also in the vanguard of model-interactions between ecosystem
change and contaminants imported from other parts of the world (AMAP 1998;
Macdonald et al. 2000; Schiedek et al. 2007). However, it is not temperature, per se,
but the 0° isotherm that forms the tipping point-basically the difference between
liquid and solid water (Schiedek et al. 2007). This phase boundary offers a variety
of opportunities to alter the transport of contaminants to, and within the Arctic
(Macdonald et al. 2005). For example, the exchange of gases between air and water
is controlled by ice cover, particulate deposition to the ocean is impeded by ice, and
materials that deposit on ice are transported with the ice drift and become deposited
only when the ice melts. Often this occurs in productive marine regions (Schiedek
et al. 2007).

Among the contaminants, mercury is a special case. Mercury has a natural cycle
that has been overloaded by human activities over the past two centuries (Mason
et al. 1994). As a consequence, fluxes and burdens of mercury in air and surface
water have generally risen, perhaps by a factor of two to three, and one may infer
that the global risk from mercury has risen (e.g. MacDonald et al. 2000, 2005).
While Hg sources are often localized in industrial and urban regions, dispersion of
Hg through the atmosphere or through the hydrological cycle has resulted in the
contamination of ecosystems that are remote from point source inputs (Moreno
et al. 2005).

Mercury contamination in the Artic region has raised substantial concerns,
especially since the first report of Atmospheric Mercury Depletion Events
(AMDES) in the Arctic (Schroeder et al. 1998). Indeed, the Arctic is believed to
be an important global sink for atmospheric Hg, especially during the AMDEs
that occur in spring time (Schroeder et al. 1998; Lindberg et al. 2002; Poissant
et al. 2002; Ariya et al. 2004). During AMDEs, deposited Hg may enter the eco-
system, resulting in elevated Hg levels in Artic food chains. Moreover, some
evidence has been accumulating during the past decade to indicate that global
change may alter exposure risks to contaminants, such as Hg, delivered in the
Arctic. It is estimated that 90-450 t of Hg are deposited annually in the Arctic
due to AMDEs (Ariya et al. 2004; Skov et al. 2004). This deposition term is gener-
ally well accepted, but the fate and processes of deposited Hg are strongly debated
(Lindberg et al. 2002; Outridge et al. 2007; Douglas et al. 2008). Douglas et al.
(2008) pointed out the importance of the formation and post-deposition crystal-
lographic history of snow and ice crystals in determining the fate and concentra-
tion of mercury in the cryosphere in addition to AMDESs. Data from Ellesmere
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Island shows that total Hg concentrations of surface snow samples were 5-22 ng
L' and increased to 121-182 ng L' following AMDE:s (Steffen et al. 2002). The
same trend has been observed at Barrow where total Hg snow concentrations
increased from the typical background level of 1-90 ng L' following AMDEs
(Lindberg et al. 2002; Brooks et al. 2006). AMDESs recorder at Ny—Alesund,
Svalbard (Norway) showed an increase also in total Hg snow concentration from
the background concentration of 1 ng L' to levels of 30 ng L' (Berg et al. 2003)
and in Kuujjuarapik and Churchill (Canada), where total Hg concentrations
increased from 1-5 to 60-80 ng L' following AMDESs (Poissant 2000; Kirk et al.
2006).

One of the most environmentally troubling aspects of mercury cycling is its
methylation to produce methylmercury (MeHg), a strong neurotoxin that tends to
accumulate in aquatic organisms. Methylmercury toxicity is mainly related to its
high mobility in living organisms due to the formation of a complex with the amino
acid cysteine. The structure of this complex resembles that of a large neutral amino
acid, methionine, and thereby gains entry into cells on the large neutral amino acid
carrier (Clarkson and Magos 2006).

Since AMDESs add bioavailable Hg to the snow cover of Polar Regions, investi-
gations have been conducted to detect the presence of MeHg in the snowpack.
Indeed, the analysis of MeHg concentration in snowmelt water discharges on
Ellesmere Island revealed that snowmelt water was the most important source of
MeHg for the Arctic ecosystems (Loseto et al. 2004a, b). Further investigations
showed that MeHg detected in the snow represented up to 7.5% of the total Hg
(Ferrari et al. 2004; Lahoutifard et al. 2005; St. Louis et al. 2005; Constant et al.
2007). On Cornwallis Bay snow, MeHg concentrations were between <10 and
140 pg L' (Lahoutifard et al. 2005), while levels of up to 280 pg L' have been
reported for samples collected on Ellesmere Island (St. Louis et al. 2005, 2007). At
Station Nord, Greenland, MeHg concentrations between <10 and 113 pg L™ have
been detected in the snow cover (Ferrari et al. 2004). Interestingly, snow samples
collected at Kuujjuarapik (Canada) revealed a significant rise of MeHg concentra-
tion during the snow melting period, with the detection of concentrations as high as
700 pg L' (Constant et al. 2007).

An enhancement of contaminant concentrations was also found in ice cores col-
lected at Kuujjuarapik (Canada) compared to the concentrations determined in
water. In a field campaign performed in April 2008 concentrations of As, Cd, Cr,
Cu, Ni, Pb and U were found to be up to two orders of magnitude higher in snow
than in the underlying water (Fig. 7.1) in four stations along Great Whale River
and Hudson Bay (Candrio and Poissant unpublished). The results obtained in
Kuujjuarapik ice were similar to those observed in the frozen Saint-Louis Lake near
Montréal (Canada), a heavy industrial zone, and we may estimate that, a similar
pattern should be observed in the ice covering the Arctic. An environmental
concerning question is what happens during ice melt, but an increase of the con-
taminant concentrations in the water is expected with direct consequences to the
aquatic biota, especially on coastal zones where most of the biota are living. It is
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well known that marine environment is far more productive in the Arctic. Ice edges
and associated waters are key areas of productivity in all regions of the Arctic
(UNEP 1997). Hence fauna associated with the ice edge form an important pathway
for contaminants, especially mercury (Hg) to enter the food web between primary
producers and fish, sea birds, and mammals (UNEP 1997), they are very fragile to
climate changes.

In a climate change scenario with an increase of temperature and the consequent
melting of ice and snow a release of contaminants to the aquatic environment is
expected.

Another consequence of a warming climate is related to melting of permafrost.
There is an increasing concern about the effects of climate change on the melting
of permafrost at high latitudes and the movement of carbon, nutrients, and metals
within and from watersheds underlain by permafrost. Rising temperatures are
beginning to melt the Arctic permafrost as potential driving factors for releasing
contaminants and carbon into water and air. For example, permafrost contains mer-
cury and as it melts some portion of the mercury could migrate into the aquatic
system and be transformed into methylmercury (AMAP 2006; IPCC 2007). As a
result, the permafrost melting can promote an additional input of contaminants that
could have serious consequences for marine and aquatic life and to further accelerate
global warming in the North.

7.2.2 The Effect of Increasing Temperatures
in Mercury Methylation

The conversion of inorganic Hg into MeHg is a critical step in its pathway and
toxicity. The net MeHg concentrations result from the balance between methyla-
tion and demethylation processes, which are not completely understood (Mason
and Benoit 2003). The most important factors influencing biological methylation
are the availability of inorganic mercury and the nature of the microbial com-
munity (Mauro et al. 1999), although influenced by physical and chemical
parameters such as temperature, pH, salinity, organic carbon, and redox potential
(Gilmour and Henry 1991; Barkay et al. 1997; Mason and Benoit 2003). Despite
the paucity of information concerning sources, in situ production, biogeochem-
istry and bioaccumulation of MeHg in marine organisms and sediments appear
as potentially significant sources of MeHg to food webs in the coastal zone
(Mason et al. 1999; Gill et al. 1999; Covelli et al. 1999; Langer et al. 2001;
Hammerschmidt et al. 2004) and possibly to the open ocean via hydrological or
biological transport.

Climate change scenarios predict strong alterations in estuaries, particularly
related to the physical-chemical factors that affect methylation. Increases of air
and water temperature which may turn the microbiological community more
active and the increase of salinity within the estuaries enhancing the availability
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of Hg are possible scenarios for predicting an increase of Hg methylation in
contaminated areas.

Two confined areas of the Tagus Estuary are historically contaminated by
mercury from industrial sources (Figueres et al. 1985). High levels of mercury
(Figueres et al. 1985; Canario et al. 2003a, b) and of MeHg (Canario et al.
2005) have been reported in surface sediments from the two hot spots. In order
to compare the MeHg budgets in estuarine sediments at different temperatures,
40 surface sediments were collected in the Tagus Estuary in July and December
2004 and analysed for MeHg (Candrio et al. 2007). Although MeHg levels
ranged within similar intervals, significant differences were found between
July and December (Fig. 7.2). In 86% of the samples, both MeHg concen-
trations and proportions to total Hg were higher in July, including the most
contaminated area. On the basis of these values and considering an area of
320 km? (estuary total area) one may estimate that approximately 7 kg of MeHg
increased in the first 2-cm of surface sediments of the entire estuary (26 kg in
July minus 19 kg in December). This corresponds to a 37% increase. The
results of this work suggest that methylation processes were more efficient in
July (up to 20°C warmer) than in December. Although the full explanation of
the MeHg variation was not found in this study one may conclude a possible
seasonal fluctuation of Hg methylation rate in other temperate ecosystems.
Interestingly, the process tends to occur either in contaminated sediments or in
lower contaminated areas, which gives it more relevance in environmental
terms, because benthic invertebrates may increase the uptake of MeHg in
summer. These results are consistent with the effect of climate change scenarios
(e.g. Heugens et al. 2001).
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Fig. 7.2 Methylmercury distribution in surface sediments of the Tagus Estuary determined in July
and December 2004 (Adapted from Canario et al. 2007)
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7.3 The Sea Level Rising

The sea-level rise is a consequence of oceanic thermal expansion and melting of
Antarctic and Artic glaciers (Carlson et al. 2008). There is great uncertainty about
the global sea level rising. Estimates made by several authors range from 9 to 88 cm
in global sea level by 2100 (Titus et al. 1991). The uncertainty appears to result
from difficulties in predicting the rates of temperature increase and melting of
glaciers and small ice caps (Simas et al. 2001; Philippart 2007). Recent forecasts
report that sea level rise from greenhouse-induced warming of the Greenland ice
sheet could double or triple the estimates of [IPCC over the next century. A study
on a long-melted ice sheet pointed out that the sea levels could rise more than 1 m
per century (Carlson et al. 2008). The foreseen consequences of sea level rising
could be increasing of storms, coastline erosion and habitats destruction, and
impacts in urban areas surrounding estuaries and coastal lagoons.

7.3.1 The Effect on the Dynamic of Salt Marshes

Salt marshes are coastal ecosystems occupied by halophytic vegetation and exposed
to low hydrodynamic conditions and tidal flooding. These ecosystems are charac-
terised by their high biological productivity (Mitsch and Gosselink 2000). In addi-
tion, they serve as nurseries for fishes and crustaceans, and feeding and nesting sites
for waterfowl and shorebirds. Tidal amplitude, flooding regime, topography and
wind are factors determining marsh development. These characteristics are particu-
larly vulnerable to climate change, since as sea level rises the outer salt marsh
boundary tends to erode and new marsh areas form inland (Simas et al. 2001).
The ecosystem response to the sea-level rise depends upon their ability to maintain
their relative elevation through sedimentation. In cases where the sedimentation
rate exceeds sea-level rise a positive balance is expected, while the opposite situa-
tion would result in erosion (Hackney and Cleary 1987; Reed 1990; Reed and Foote
1997). The loss of salt marsh areas may have implications for the decomposition
rate of organic matter, litter quality, sediment properties, and bacterial and fungal
populations (Nyman et al. 1993, 1994; Caldwell et al. 2006).

7.3.2 The Predicted Effects on Metal Cycling

An elevated plant biomass in salt marshes leads to the retention of large quantities
of contaminants uptaken from sediments and water (Windham et al. 2003). Plant
biomass reaches high values during the growing season and subsequently degrades
in the fall and winter. Decomposing plant tissues may be either a source of metals
that are released through leaching and mineralization, or sink through adsorption
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on litter (Weis and Weis 2004; Pereira et al. 2007). The consequence of losing salt
marsh areas as sea level rises (Simas et al. 2001) may result in additional quantities
of dead biomass. Since metals are likely to persist within tissues after plants die,
metal leaching in decaying litter over time may be an additional contribution to the
metal budgets at the estuarine ecosystem level (Banus et al. 1974; Dorgelo et al.
1995; Zawislanski et al. 2001; Du Laing et al. 2006). Metal-containing litter from
aboveground biomass will be retained and/or exported from the marsh according to
the flooding regime, elevation gradient and topography of the marsh and wind
(Halupa and Howes 2004; Neckles and Neill 2004). A large majority of salt marsh
ecosystems exports energy-rich substances (reduced nitrogen compounds, dis-
solved and particulate organic matter) to deeper waters (Mitsch and Gosselink
2000; Valiela et al. 2004). Several authors have highlighted that a substantial export
of metals associated with litter from halophytes are removed by tides from the
marsh surfaces (Banus et al. 1974, 1975; Burke et al. 2000; Valiela et al. 2004).
In particular, Cacador et al. (2009) estimated that over a growing season 68 kg of
Zn, 8.2 kg of Cu, 13 kg of Co and 0.35 kg of Cd were washed out from a 200 ha
marsh area of the Tagus estuary, Portugal, which is daily inundated by tides. These
results suggest that, as salt marshes are destroyed under climate changes, the
amount of metals associated to leaves and stems that are exported to the adjoining
areas increases. This effect may have a considerable magnitude in macro- and
meso-estuaries containing extensive inter-tidal areas and salt marshes, like the
Tagus estuary (2,000 ha of wetlands). Storms and sea level rising by increasing tidal
energy will favour a wide dispersion of organic detritus through the branched system
of channels and its export to the adjoining areas. Under these circumstances, the
metal-containing litter acts as a source of metals before being buried in sediments
since they are easily degraded by decomposers and weathering (Weis and Weis
2004; Du Laing et al. 2006). Moreover, these predicted alterations will lead to a
reduction of the role of salt marshes in detoxifying the estuarine system.

In salt marshes of temperate regions, belowground biomass often exceeds the
aboveground biomass, generating large amounts of litter in sediments (Zawislanski
etal. 2001). It is well documented that belowground biomass contains higher metal
concentrations (Fig. 7.3) than aboveground biomass (e.g. Weis and Weis 2004).
The decay of the generated litter depends on a number of external factors, such as
temperature, frequency of tidal inundation, chemical characteristics of sediments,
litter composition, detritus-feeding animals and microorganisms (Wilson et al.
1986; Hemminga and Buth 1991; Foote and Reynolds 1997; Sundby et al. 2003).
Litter degradation, which occurs over different rates, leaches out the most soluble
fractions of the plant material including contaminants (Valiela et al. 1985; Wilson
et al. 1986; Benner et al. 1991; Pereira et al. 2007). By varying the most important
variables that control the degradation rates, climate changes may have direct con-
sequences on the release of contaminants to the salt marsh area. The rise of sea
level will influence the temperature of submerged sediments and the penetration of
UV-radiation. Temperature has a direct effect on degradation of litter and therefore
in the metal release, while UV-radiation has an indirect effect by changing species
composition of microbial communities. Although sunlight scarcely penetrates the
sediment surface, the supplemental UV-B radiation decreases mycorrhizae, fungi
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Fig. 7.3 Depth profiles of Pb, As and Cd (ug g') concentrations in sediments colonised by
Spartina maritima and in belowground biomass from Tagus salt marsh (SW Europe)

and bacteria associated with roots (Caldwell et al. 2007) affecting plant nutrition
and metal cycling (Caldwell et al. 2007). Moreover, the migration of the salt marsh
to inland as sea level raises results in additional amounts of litter and consequently
increases the leaching out of metals to the ecosystem, making them available to the
trophic web or entering the estuarine water (Breteler and Teal 1981; Larsen and
Schierup 1981; Zawislanski et al. 2001; McFarlane et al. 2003).

7.3.3 The Predicted Effects on Polycyclic Aromatic
Hydrocarbons

The few works on Polycyclic Aromatic Hydrocarbons (PAHs) in salt marshes have
pointed to high retention of heavier PAHs in sediments colonised by halophyte
plants, and lighter ones in aboveground parts of the plants (Martins et al. 2008a).
As plants uptake water, dissolved solutes in pore water and overlying water migrate
towards the roots. This pumping mechanism explains the retention of metals, PAHs
and other organic contaminants in rooting sediments (Martins et al. 2008b).
However, the smaller retention of lighter PAHs in rooting sediments appears to
result from a faster degradation rate of these compounds by bacteria activities.
The marshes have therefore been seen as a natural environment to decompose the
most labile PAH compounds. Destruction of salt marshes by erosion or sea level
rising will imply a reduction of that role in detoxifying the ecosystem.

7.4 The Rainfall Events

Classic works have pointed out the importance of river floods on the transport of
suspended particulate matter to estuaries and adjoining coastal waters (e.g. Meade
1972; Avoine et al. 1981; Castaing et al. 1981; Bale et al. 1985; Vale et al. 1993).
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In macro- and meso-tidal estuaries characterised by a turbidity maximum zone, the
seaward substantial escape of suspended sediment occurs in short periods of excep-
tionally high river flows (Avoine et al. 1981). Under these circumstances, the tur-
bidity maximum zone moves seaward and the suspended load that reaches the
adjoining coastal zone does not return to the estuary.

The Tagus River, which drains an area of 86,000 km?, is the principal source of
freshwater to the Tagus estuary, Portugal. Tagus estuary is the largest meso-tidal
estuary in Western Europe (320 km?), with a residence time of freshwater ranging
from 65 days, at a discharge of 100 m® s™!, to 6 days, at a discharge of 2,200 m? s
(Martins et al. 1984). Because of the construction of several reservoirs along the
course of the river, the suspended sediment load was estimated at 4 x 10° t (Vale and
Sundby 1987), one order of magnitude less than the suspended-sediment load of a
comparable river, such as the Gironde (Allen et al. 1980). However, during a cata-
strophic flood in 1979 (average daily freshwater discharge estimated in 13,000 m? s™),
a large pulse of fluvial sediment amounting to about 1 x 10° t over a 10-day period
was produced (Vale 1981). This amount is equivalent to several years of normal river
sediment discharge. The increase in the frequency and intensity of rainfall events
under climate changes will imply the transport of huge amounts of sediments to
estuaries and adjacent coasts in short periods of time.

7.4.1 Transport of Particulate Metals

The elemental composition of the suspended load by the Tagus river under an excep-
tional flood pointed to concentrations (Vale 1981) only slightly above the pre-
industrial values and comparable to the suspended load composition of the major
world rivers (Martin and Meybeck 1979). Possibly, eroded particles from the exten-
sive cultivated fields in the drainage river basin diluted metal-rich particles from
industrial and urban areas. A similar situation was registered in the Guadiana estuary
during a major flood in 2001 (Caetano et al. 2006). The Guadiana River, located in
the south Iberian Peninsula with a drainage basin dominated by rural activities and
forest, is a typical example of southern European systems highly influenced by short
periods of runoff. In both fluvial systems, river floods caused a considerable dis-
charge of metals to the estuary and adjoining coast. Increase of the frequency and
intensity of these events under climate changes may represent, therefore, pulse
inputs of large amounts of metals to the estuary and adjoining coastal area. However,
the suspended load may contain relatively low metal concentrations in rivers crossing
less industrialised areas due to the substantial erosion of rural areas.

7.4.2 Transport of Particulate Organic Pollutants

The situation of organic compounds used in agriculture may be rather different.
Despite restrictions on the use of most toxic pesticides in the last decades
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(e.g. DDT in Europe), they have been quantified in biota, suspended particles
and sediments of estuarine and coastal environments (Lee et al. 2001; Olsen
et al. 1993; Phillips 1986). The values registered in certain regions are still a
matter of concern due to their toxicity. In fact, most of these compounds have
short residence time in water, being rapidly adsorbed onto suspended particulate
matter and accumulated organisms. The increasing frequency and intensity of
runoff periods under climate change may result in additional amounts of con-
taminants derived from soil erosion to the estuarine and coastal ecosystems.

Estuarine systems receiving low freshwater discharges in most times of the year
and abrupt inputs in short periods of heavy rain can be used as an ecosystem model.
The Sado estuary, Portugal, is a good system to test the hypothesis of storms influ-
encing the transport of organic contaminants to the coastal environments and the
potential impact in target aquatic organisms. In favour of this choice is the seasonal
and inter-annual variations of freshwater discharge, agriculture being practically
the only human activity in the Sado river basin, and the presence of wild oyster
grounds in the upper part of the estuary. The compound pp’-DDE, a metabolite of
pp’-DDT, was used as a model contaminant used in agriculture (Ferreira and Vale
1995; Vale et al. 1993).

7.4.3 Example of a Historical Pollutant: pp’-DDE

Figure 7.4 shows the seasonal variation of river discharges and of pp’-DDE concen-
trations in suspended particulate matter (SPM) and in whole soft oyster tissues over
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two annual periods with a contrasting hydrological cycle. In summer and autumn,
river flows were lower than 2 m® s7!, in winter 1990 a mean daily flow of 14 m? s
(average year) was reached, but in winter 1989 it went up to 250 m?® s~ (exceptional
wet year). In periods of higher river flows the levels of pp’-DDE were elevated both
in SPM and in oysters, reaching a maximum of 21.4 ng g and 2.2 ug g~',respectively
(Ferreira and Vale 2001). These levels exceeded largely the values reported for the
dry season of this year (max of 1.1 ng g7, and 0.3 ug g', respectively) and the
values found for the same period of the dry year (max of 1.3 ng g”!, and 0.3 ug g,
respectively). Levels reported for oysters were normalised to lipids in order to mini-
mise the physiological effect on the accumulated values. In fact, the accumulated
levels of lipophilic compounds tend to increase in pre-spawning periods due to the
enrichment of lipids in tissues. These results evidenced that, despite the prohibition
of DDT use in agriculture, runoff appears as a major vehicle to transport this his-
torical pollutant to the estuary. On the basis of these observations one may predict
that an increase in the number of runoff episodes associated with storms under
climate change will pulse several contaminants, retained in the river basin soil, to
the coastal environments. Furthermore, the similar pattern in suspended particles
composition and in oyster accumulated levels indicated the possible repercussion
of these episodes on the wellbeing of wild target organisms.

7.4.4 Example of Polychlorinated Biphenyls Compounds

Restrictions placed internationally on manufacture and use of polychlorinated
biphenyls (PCBs) implied that their discharges by industry became less common
(Connell et al. 1998). However, trace quantities of these contaminants are still
found in the coastal environment supplied through rivers (Van Zoest and Van Eck
1990), atmospheric deposition (Sanders et al. 1996) and dumping of dredged material
(Tang and Myers 2002). Despite the high chemical stability of PCB congener mol-
ecules, it has been proved that chlorine might be replaced mainly in meta- and
para-position in the rings by hydrogen (Bedard et al. 1996). This dechlorination
process may occur with slow kinetics in particles by microbial activity (Chang et al.
2001) and by photodegradation with a faster rate (Chang et al. 2002).

The levels of PCB congeners in topmost sediments of the Guadiana River estuary
before and after an exceptional river flood following a week of heavy rains differed
significantly (Ferreira et al. 2003). Nevertheless, the largest differences were regis-
tered in the tri- and tetra-chlorinated congeners. Figure 7.5 compares the median
values of tri+tetra-CB and hexa-chlorinated CB in topmost sediments. This study
permitted us to conclude that flood material contains different CB compositions from
near the PCB point sources, where higher chlorinated compounds tend to be predomi-
nant (Lee et al. 2001). The absence of industries in the drainage river basin suggests
that the increase in the proportion of less chlorinated congeners resulted from inputs
to the river by atmospheric deposition, directly or followed by runoff. In fact these
compounds exhibit a higher mobility in the atmosphere and aquatic milieu
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(Dannenberger 1996). In addition, we should not exclude the possibility of higher
chlorinated compounds incorporated in the soil being degraded to lower CB by pho-
todegradation (Chang et al. 2002). On the basis of these results one may predict that
increase of the number of episodic rainfall events under climate changes would result
in additional river inputs of degraded compounds transported by the atmosphere from
distant sources to estuaries. Depending on the intensity of these events, alterations
may also occur in the adjoining coastal zone, as in the case of the Guadiana River
estuary. Figure 7.6 presents the depth profile of Si/Al ratio and tri+tetra-CB/hexa-CB
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ratio in the first 17-cm of a sediment core from the adjoining area to the Guadiana
estuary (Ferreira et al. 2003; Martins et al. 2005). Maximum of Si/Al ratios (a proxy
of coarser sediments) marks the episodic transport of coarser particles to the coast
associated with river runoff. The parallelism between the depth profiles of tri+tetra-
CB/hexa-CB ratio and Si/Al ratio indicated the extension of the runoff effect to the
adjoining coastal zone. If intensity and frequency of these episodes tend to increase
the compounds stored in soils will reach the coast more effectively.

7.5 Duration of Droughts (Effect of UV Radiation)

Conversely, the decrease of precipitation may also alter the transport, transfer,
deposition and fate of contaminants. Climate change scenarios for the UK indi-
cate annual average temperature increases from 2°C to 3.5°C by 2080s and,
consequently, the existence of larger summer periods (DEFRA 2002). In southern
European countries, this scenario could be more pronounced. The last 10 years
were one of the driest decades in the last centuries with extended periods of
drought. In 2003, during a big heat wave, summer temperatures in Portugal
increased up to 5°C above average (Santos et al. 2006). One of the consequences
of prolonged summers could be the duration of UV radiation on the ecosystems.
The enhanced of UV radiation annual exposure results also from the depletion
of ozone layer due to halogen-containing contaminants in the stratosphere,
which has been especially worrisome in Polar Regions (Schiedek et al. 2007).

The alterations in UV radiation background could have a strong effect in the path-
way and fate of contaminants. Macdonald et al. (2005) found growing evidence that
certain PAHs may pose a greater hazard to aquatic organisms when exposed to ultraviolet
light due to photo-enhanced toxicity (phototoxicity). Laboratory studies have also
showed that the toxicity of anthracene, fluoranthene and pyrene to marine invertebrate
larvae and embryos is significantly increased (Pelletier et al. 1997) in the presence of
environmentally realistic levels of UV-radiation, compared with embryos exposed to
PAH alone, at levels previously deemed to have little acute biological effect (Lyons
et al. 2002).

Mercury is other contaminant extremely susceptive to UV radiation. Among
the volatile forms of mercury, Hg® is the major constituent of the dissolved gaseous
mercury in open ocean waters (Mason et al. 2001), and several works have shown
its transference to the atmosphere (Hudson et al. 1995; Fitzgerald and Mason
1997; Beucher et al. 2002). In last decade there was an increasing evidence of the
primary importance of photochemical reactions in the mercury reduction pro-
cesses (Schroeder et al. 1991; Munthe and McEloy 1992; Xiao et al. 1994;
Beucher et al. 2002). The ability of many Hg(II) compounds to absorb part of the
solar radiation — mainly UVB radiation — (Lin et al. 1999; O’Driscoll et al. 2007)
and the importance of Fe(Ill) in the reduction processes (Zhang and Lindberg
2001) are mechanisms proposed for the reduction of Hg(II). Even solid surfaces
such as HgS can also be photochemically reduced (Nriagu 1994). Soils naturally
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tions (nmol g™') in sediments exposed to solar radiation in contaminated and uncontaminated areas
(Adapted from Candrio and Vale 2004)

enriched in Hg have been considered important sources contributing to the atmo-
spheric Hg load (e.g. Rasmussen 1994). Recent field investigations indicate that
these natural sources may be comparable to the anthropogenic sources in their
impacts on regional and global atmospheric Hg pools (Gustin et al. 1999). Several
works have indeed proved that UV radiation is the key factor for understanding
these processes.

In freshwater systems, Amyot et al. (1997) found that UVB radiation is particu-
larly important for mercury photo-reduction in low DOC temperate lakes and other
researchers have also identified UV radiation as the principal driver of DGM
(dissolved Hg®) production in freshwaters (Garcia et al. 2005; O’Driscoll et al. 2007).

In a recent work in the inter-tidal areas of the Tagus Estuary it was observed a
rapidly decrease in Hg concentrations when sediments were exposed to the atmo-
sphere and solar radiation (Candrio and Vale 2004). Moreover this process was
registered in both contaminated and non-contaminated sediments (Fig. 7.7).
The transformations, which occurred in the short period of time that solar radia-
tion was more intense (3—4 h), pointed out to the possibility of mercury escaping
to the atmosphere when sediments are exposed to solar radiation. The escape
may be quite substantial occurring in all intertidal areas independently of the
degree of sediment contamination, as can be inferred from the high proportion
(>50%) of mercury that escape from low- to high-contaminated sediments used
in the field experiments. The authors suggested that the transfer of Hg® to the
atmosphere can occur frequently in physically dominated estuaries and coastal
lagoons with extensive inter-tidal areas. Strong tidal currents, winds or benthic
organisms can renew the topmost layer of sediments, exposing fresh surface of
inter-tidal sediments to solar radiation. This transfer of Hg to the atmosphere
until Hg complexes susceptible of being destroyed by UV radiation are
present.

In a climate change scenario with prolonged summer it is expected that these
process tend to occur more frequently. For example, the predicted scenarios point
to increase of almost 100% of the number of summer days in south-west of Portugal
(Santos et al. 2006). This factor could contribute to the increase of Hg release to
atmosphere from inter-tidal areas and the consequent input of this contaminant on
a regional and global scale.
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Abstract The need for short-term measures to reduce the amounts of CO, in the
atmosphere has led to consider CO, sequestration as an essential measure to be able
to meet nowadays targets. However, uncertainties related to this option, in particular
in relation to control on impurities of the stored gas stream, site selection and char-
acterization, monitoring, allowed leakage rates, estimation of potential impacts and
remediation of local damages in the short and long term, etc. have led the inter-
national community to develop some guidelines and frameworks within which to
regulate this activity. Permanent containment of the storage sites is expected, however
it is necessary to determine the risk of leakage to the marine environment and its
effects. The application of the Weight-of-Evidence approach for environmental
quality assessment in sediments above sub-seabed geological formations for the
storage of carbon dioxide can be of paramount importance to determine the effects
and potential consequences of the leakage of CO,. This methodology satisfies the
requirements set by the 1992 OSPAR Convention and 1996 London Protocol to
ensure permanent containment and to guarantee the integrity of the marine environ-
ment and human health.

Keywords Carbon dioxide ¢ Storage ¢ Weight of evidence ¢ Risk assessment
* Sediments ¢ Carbon dioxide sequestration * Monitoring ¢ Mitigation ¢ Storage
* Marine environment

T.-A. DelValls Casillas (><), D.F. de la Reguera Tayd, M.I. Riba Lépez, and J.M. Forja Pajares
Cétedra UNESCO UNIT/WIN/WiCoP, Departamento de Quimica Fisica, Facultad de Ciencias
del Mar y Ambientales, Campus Rio San Pedro s/n, 11510 Puerto Real, Cadiz, Spain

e-mail: angel.valls@uca.es; diana.reguera@uca.es; inmaculada.riba@uca.es; jesus.forja@uca.es

M.I. Riba Lépez

Instituto de Ciencias Marinas de Andalucia, CSIC, Campus Rio San Pedro s/n, 11510 Puerto
Real, Cadiz, Spain

e-mail: inmaculada.riba@uca.es

P. Duarte and J.M. Santana-Casiano (eds.), Oceans and the Atmospheric Carbon Content, 157
DOI 10.1007/978-90-481-9821-4_8, © Springer Science+Business Media B.V. 2011



158 T.-A. DelValls Casillas et al.

8.1 Introduction

The IPCC Fourth Assessment Report (IPCC 2007) concluded that ice cores have
shown that global atmospheric carbon dioxide (CO,), methane and nitrous oxide
from human activities have been increasing since 1750, particularly from fossil fuel
burning and land use change. The concentration of CO,, the most important green-
house gas nowadays, increased from 280 to 379 ppm in 2005. Although annual
growth rates vary, the rate of growth annually in the last 10 years has been the greatest
since instrumental records of CO, started in 1960. In addition, the use of coal by
emergent economies as the main source of energy together with an increasing
demand on transport and energy worldwide will continue increasing the level of
CO, in our atmosphere if no further actions are taken. The IPCC (2007) warn that
global climate warming is now ‘unequivocal’ and that urgent measures to reduce
greenhouse gases in the atmosphere need to be taken.

The emission reduction of greenhouse gases is going to be costly. However,
according to Stern (2007), if no measures are taken and climate change continues
to be ignored, it will finally affect the long-term economic growth of all countries
and it will be either impossible or extremely difficult to revert the changes gener-
ated. Therefore, any early action will fully overcome the costs. Also, as stressed in
the 14th conference of parties to the UN Framework Convention on Climate
Change and fourth meeting of parties to the Kyoto Protocol the transition to a low
carbon society entails not only costs but also important economic opportunities.

At the international level, different measures to reduce atmospheric CO, are
being proposed. Apart from the economic and political viability of these measures
there is a global concern about their environmental viability. CO, sequestration in
marine geological formations is among the measures that are under study.
Nowadays, there are several currently ongoing projects and more than 3 million
tonnes of CO, are injected annually for the purpose of sequestration (Benson 2006
and references therein). Even though there is a general scientific agreement on the
economic and environmental viability of this option in the short-term, there is con-
cern about the potential long-term impacts and their economic cost. Those concerns
have led to the 1996 London Protocol to the 1972 Convention on the Prevention of
Marine Pollution by Dumping of Wastes and Other Matter and the 1992 OSPAR
Convention for the Protection of the Marine Environment of the North-East Atlantic
to regulate this activity. Both Conventions have been amended to allow the storage
of CO, in sub-seabed geological formations and have developed a comprehensive
risk assessment and management framework and guidelines to guarantee the
integrity of the marine environment.

In the same vein, the European Commission proposed a new Directive to regulate
the geological storage of carbon dioxide and to recognise stored CO, as non-emitted
in emissions trading. However this Directive is still under discussion among the
European Countries because a number of regulatory gaps and ambiguities persist
(EU Directive CCS 2008). Due to the growing number of ongoing projects and
interest in this activity, at national and state level new legislation is also being
proposed (e.g. Australia, USA).
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A proper site selection and characterization is a key step to ensure permanent
containment (London Protocol 2007). However, an adequate monitoring program is
a requirement to guarantee that no leakage occurs. Also, in the case of leakage,
monitoring will be necessary to determine possible impacts on the environment and
human health as a decision-making management tool, but also for the purpose of
appropriate accounting for inventory and trading of carbon credits.

The main objective of this work is to describe the importance of environmental
monitoring in the CO, sequestration under the seabed as part of the monitoring
program. In addition, it is proposed that sediment quality assessment using weight-
of-evidence approaches be used, as well as modifying and adapting different lines
of evidence of the integrated method. This initiative is in agreement with the moni-
toring requirements set in the international conventions.

8.1.1 Carbon Dioxide Storage in Sub-Seabed
Geological Formations

According to the IPCC (2005), carbon dioxide storage in sub-seabed geological
formations consists in the capture and separation of CO, from industrial and
energy-related sources, transport to a storage site and long-term storage in a forma-
tion placed under the seabed. As the CO, is still emitted, even though it is isolated
from the atmosphere, there is a general controversy to consider this process in the
Joint Implementation Projects or the Clean Development Mechanisms of the Kyoto
Protocol. However, the IPCC (2007) warned that evidence shows that current
mitigation policies for climate change and related sustainable development prac-
tices are still insufficient to stop the growth of greenhouse gases over the next
decades. There is strong evidence that a portfolio of greenhouse gases emissions
mitigation options (e.g. shifting to more nuclear power, carbon dioxide sequestra-
tion, bio-energy, bio-energy together with carbon sequestration, moving to
renewable energy generation, increasing energy efficiency and better land-use
practices etc.) will be more effective than relying too heavily on one or a few
options (IPCC 2007). Reasons for this include: reduced investment risk (Laurikka
and Springer 2003), limitations of particular options or technologies, different
regions and sectors need different approaches, and over-dependence on one resource
will eventually incur higher costs due to depletion (Van Vuuren et al. 2007).

In addition, many models suggest that the primary source of energy will con-
tinue to come from fossil fuels until at least the middle of the century. CO, storage
offers the possibility of reducing the cost of meeting stabilisation targets as well as
increasing the flexibility by which this can be achieved, as it enables the continued
use of fossil fuels with low emissions. However, it should not be regarded as the
sole mitigation option but rather as part of a range of mitigation options that should
include increasing energy efficiency, switching to lower carbon options like natural
gas, renewable energy and nuclear energy, enhancing natural biological sinks and
reducing non-CO, greenhouse gas emissions (IPCC 2005).
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8.2 Requirements

8.2.1 Risk Assessment and Management

In order to protect the environment and human health, CO, sequestration in sub-seabed
formations needs to be regulated. At the present date this activity has been regulated
at an international level by the 1992 OSPAR Convention and the 1996 London
Protocol. Both conventions have developed Guidelines and a Framework for Risk
Assessment and Management of storage of CO, in sub-seabed geological forma-
tions. These Guidelines are legally binding for the contracting parties of these
Conventions for the protection of the marine environment. Also, there is the com-
promise of the Barcelona Convention to develop similar guidelines and framework
(Almeria Declaration of the Barcelona Convention 2008). Therefore, there is an
agreement within the requirements developed by different international conventions
to establish and protect the environmental quality in the marine environment.

A brief schematic of the contents of this risk assessment and management frame-
work developed in the London Convention and Protocol and OSPAR Convention is
included in the Table 8.1 (OSPAR Convention 2007).

This framework is considered an iterative process, the intensity of which will
decrease with time for well-selected and managed storage sites (OSPAR Convention
2007). A similar framework was included in the proposed EU Directive on carbon
capture and storage (2008). A brief description of the steps of the risk assessment
and management framework is included below (London Convention and Protocol
2006; OSPAR Convention 2007; EU Directive CCS 2008; Reguera et al. 2008):

1. Problem Formulation: Defines the area and the scope of the activity.

2. Site selection and Characterization: Assesses how much CO, can be stored at a
site and demonstrates permanent containment. Also it helps to establish a baseline
for management and monitoring.

3. Exposure Assessment: Determines exposure processes and pathways, the likeli-
hood of exposure and the scale of exposure.

Table 8.1 The different steps of the risk assessment and management framework applicable to
each phase of the CO, storage project (OSPAR 2007)
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4. Effects Assessment: Demonstrates that, in the event of leakage, storage does not
lead to significant adverse consequences for the marine environment and human
health. In addition, it determines the sensibility of species and communities and
the scale of exposure.

5. Risk Characterization: ldentifies potential hazards related to the activity, esti-
mates the probability of these hazards occurring and the severity of effects posed
to exposed species and ecosystems and the risks to human health, and describes
the risk estimate in the context of the significance of any adverse effects. It also
identifies and summarizes the uncertainties, assumptions and qualifiers in risk
assessment.

6. Risk Management (including Monitoring and Mitigation): Demonstrates how an
event of leakage would be managed in order to prevent significant adverse con-
sequences for marine environment and human health, maximizes the intended
isolation and minimizes the effects of possible leaks of CO,, incidental associated
substances and substances mobilized by the CO,stream.

It is important to remark that, in all phases of these frameworks, monitoring is
mandatory to verify the integrity of the environment and for accounting purposes.
In addition, in the proposed EU Directive for CO, capture and storage (2008),
article 13 is about requirements for monitoring of the injection facilities, the storage
complex (including the CO, plume), and the surrounding environment. However, in
any of those regulations there are no references about the monitoring systems that
should be used, the frequency or the resolution that they should have. As monitoring
is one of the key enabling technologies for CO, storage (Benson 2006), it is neces-
sary to define the precision and detection levels that this technology should provide
to not only guarantee the environment and human health but for the purpose of
appropriate accounting for inventory and trading of carbon credits. The geological
characteristics of the possible places of storage are widely variable and at the present
time there is a small number of monitoring programs capable of either identifying
or quantifying leaks of CO, from the storage operations in geological formations
(IPCC 2007; Klusman 2003; Wilson and Monea 2004).

8.2.2 Main Risks to the Marine Environment

The main risk of the storage of CO, in sub-seabed geological formations to the
marine environment is leakage of the injected CO, stream. High CO, levels in the
environment may impair respiration in organisms (asphyxiation), lower the pH in
animal body fluids (acidosis) and increase the concentrations of CO, in body fluids
(hypercapnia) (OSPAR Convention 2005). In addition, the changes in ocean chem-
istry due to the increased concentration of CO, from leakage may negatively affect
the calcification rates of calcareous organisms (e.g. phytoplankton, corals, shell-
fish, etc.). The acidification of the environment might enhance the toxic effects of
the contaminants and make them more bioavailable (Riba et al. 2003a, 2004).
A conceptual model of potential environmental pathways and effects is represented
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Fig. 8.1 Conceptual model of potential environmental pathways and effects (London Convention
and Protocol 2006)

in Fig. 8.1 (from London Convention and Protocol 2006). At low pH, species might
be killed if they are very sensitive to pH changes and other species will then prosper.
For those that tolerate broader ranges of pH they might change their behavior,
decrease the reproduction rates, etc. Therefore the composition and the ecological
function of the ecosystem will change. The capacity of an ecosystem to recover
from a leak of CO, will depend on the spatial and time scale of the leakage and the
sensitivity of the ecosystem. However, the ecological function will probably return
before biodiversity (Findlay et al. 2008). Nevertheless, in comparison with atmo-
spherically driven acidification, the effects of leakage will be regional instead of
global (Blackford et al. 2008).
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Nowadays, effects data from exposures to increased CO, concentrations is available,
but is mostly scarce, scattered and limited in detail (IPCC 2005). Existing field data
are mainly limited to deep-sea situations although currently also research is being
carried out in shallow waters (OSPAR Convention 2007) The international conven-
tions on the protection of the marine environment stated that the qualitative assess-
ment of environmental effects is currently possible, but further research is needed for
quantitative assessments (OSPAR Convention 2007; London Convention and Protocol
2006). Besides, the effects of global acidification on the marine environment might
differ from those from acidification due to leakage of CO, as there are other sub-
stances added to the CO, stream, which may cause also adverse environmental effects.
Those substances are considered incidentally associated substances derived from the
source material and the capture, transport and storage processes used, consisting of:

* Source and process derived substances; and

* Added substances (i.e. substances added to the CO, stream to enable or improve
the capture, transport and storage processes) (London Protocol 2007; OSPAR
Convention 2007).

According to the IPCC 2005, the amount of these substances can be very small but
the stream composition varies depending on the fuel characteristics, the industrial
process involved, the choice of capture technology and the level of fuel cleaning. At
the international level there is no limit on the amount of these substances in the
injected stream or the minimum percentage of CO, that it should have.

However, the need to better understand the effects of leakage to marine organisms
has led internationally to some research groups to simulate in laboratory conditions
different leakage scenarios (Riba et al. 2003a, b, 2004, 2006; Miles et al. 2007,
Findlay et al. 2008; Widdicombe and Needham 2007; Spicer et al. 2007).

In addition, there are also other risks such as migration of methane (CH,), which
has a stronger potential as a greenhouse gas than CO,, or seismic events due to the
changes in pressure in the geologic formation originated by the injection process
and brine displacement (Damen et al. 2006). For stored streams with a high percentage
of CO, it is expected that some of the CO, will leak due to the buoyancy effects of
the separated fraction of CO,, the induced pressure gradients of the injection and the
nature of the strata that stop the migration of CO,. Leakage could also impact aqui-
fers, superficial waters and lands (Bruant et al. 2002). Also, Wallmann (2008)
determines that during the operational phase (short-term) of the storage site the risk
of leakage is small but the risk of leakage of natural gas (mainly methane) and for-
mation waters (mainly brine or seawater) increases considerably. The (long term)
post-operational phase of the storage site increases the risk of leakage of CO, and
associated substances. Nevertheless, according to the IPPC 2005 for well-selected,
designed and managed storage sites, the vast majority of the CO, (99%) is very
likely' to be retained over 100 years and the fraction retained is likely? to exceed

"'The expression ‘very likely’ used in this statement indicates a probability between 90-99%
(IPCC 2005).

2 The expression ‘likely” indicates a probability between 66-90% (IPCC 2005).
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Table 8.2 Information included in the guidelines for risk assessment and management of storage
of CO, streams in sub-seabed geological formations, developed by the London Convention
Protocol (2006) and OSPAR Convention (2007). The intention is to be able to demonstrate that the
site characteristics are consistent with the ultimate objective of permanent containment and protec-
tion of the marine environment, human health and other legitimate uses of the maritime area

Issues to include in the
risk assessment
Characterisation of the
injected CO, stream
Location and
geographical factors
Existence of amenities,
biological features
and legitimate uses
of the maritime area

Regional geological
setting

Historical uses of the
area

Reservoir/seal
evaluation

Parameters to identify, qualify and — where possible — quantify in

the risk assessment

Type and properties of other substances

Concentrations of other substances

Water depth, formation depth

Human health and safety

Areas of special ecological, economical or scientific importance, e.g.,:

European marine sites

OSPAR MPA’s,

Sanctuaries

(Sensitive) species, communities or habitats

Breeding areas

Potable or irrigation water resources

Fishing areas

Regional geology, hydrogeology, hydrology, stratigraphy and structure

Regional tectonics and seismicity

Faults and fractures

Man-made structures, including:

e Integrity of active and abandoned wells with respect to CO, that
are likely to be affected by the injection process
o Proximity to other wells (hydrocarbon producers, former or

present) or fields

Proximity to potable, irrigation or industrial water producing wells

Proximity to other injection wells

Age, depth and condition of the wells

Geometry of plugs and casing and composition of plugs of

abandoned wells

Conversion of existing well for injection: information is needed on
well age, its construction details, and its history

Geological interpretation

e Stratigraphic interpretations and well-log cross sections of the
reservoir intervals

e Reservoir/seal heterogeneity

e Temperature, pressure, fluid characteristics (salinity)

Geophysical mapping

e 3-D maps of potential migration pathways (faults)

e Structure and thickness of formations and cap rocks

Petrophysics

e Permeability, relative permeability (injectivity)

e Porosity

e Capillary pressure

e Mineralogy

Hydrodynamics

e Displacement of formation water

e Vertical hydraulic gradient

Sealing capacity of cap rocks

o Seal thickness

e Capillary entry pressure

O O O O

(continued)
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Table 8.2 (continued)

Faults

e [Location, orientation and properties of faults or fractures that are
likely to intersect the formation

Geomechanics and geochemistry

e CO, stream — water — rock interaction

o Stress, stiffness and strength

e Potential of the injected fluid to cause plugging of the formation

e Compatibility with injected formation chemistry

e In-situ stress profile in the various layers

Other components in the input-stream

Reservoir simulations

e Short-term behaviour: formation response (pressure changes for
a given injection rate)

e Long-term behaviour: formation containment

e Sufficient capacity of the formation for planned CO, storage

Data quality

e History, current status and age of information available on the
geological formation

Marine environment Ocean current and see floor topography in the region
characterization Physical, chemical and biological characteristics of seabed,

sediments and overlying waters:

e Natural fluxes of CO, in the seabed and across the seabed surface

e Chemical characteristics of the seawater

o Nutrients and other substances (potential contaminants/
pollutants)

e Biological communities and biological resources
o composition, structure, dynamic

Economic/regulatory Economic feasibility
factors Impact on other sub-seabed resources such as oil and gas extraction

and other natural gas/CO, storage sites

Regulatory framework

Applicable regulations, codes and standards, and regulatory
restrictions and restraints

99% over 1,000 years. In Table 8.2, there are some of the suggested parameters that
should be considered for an adequate site selection and characterization, according
to the international conventions of the protection of the marine environment, that
could contribute to reducing the risks of leakage (OSPAR Convention 2007; London
Convention and Protocol 2006).

There is a strong debate among the scientific community and the policymakers
on the need to establish a maximum acceptable leakage rate to abate long-term
global warming and also to protect marine life. The global average emission of CO,
from the marine floor is +150 TCO /km* year (Luff and Moll 2004). Therefore,
Wallman (2008) proposes 10% of the natural benthic CO, emission rates. This
maximum leakage rate would guarantee the integrity of the marine environment and
would give greater credibility to the CO, storage projects in sub-seabed geological
formations, as the CO, stored would then be considered as non-emitted.
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8.2.3 The Integrated Method as a Monitoring Tool
of the Marine Environment

There has been limited experience of the processes of monitoring, verification and
information of the rates of leakages and uncertainties associated with the storage
of CO, (IPCC 2007). Even though there is a wide range of monitoring systems,
there is no regulation in relation to which monitoring systems should be used, their
frequency or their minimum detection limit. Depending on the purpose of the
monitoring, different monitoring systems are available. In order to monitor the effects
of the leakage of CO, streams in the marine environment, it is necessary to under-
stand the processes and mechanisms that control those leakages in the different
types of geological formations in which it is possible to store CO,. Besides, it is
necessary to understand the behavior of the environment, species and ecosystems
when they are exposed to CO, and the incidentally associated substances. Several
previous studies have used the integration of different lines of evidence as an effective
methodology to identify polluted areas (Matthiessen et al. 1998; Thompson et al.
1999; Martin-Diaz et al. 2005; Riba et al. 2006; Morales-Caselles et al. 2007).
Therefore it is necessary to apply an integrated method (DelValls et al. 1998;
Delvalls and Chapman 1998) to be more effective and capable of detecting minor
and diffuse leaks of CO,. This method will allow control of those leaks in considerable
extensions of the seabed and will contribute to reduce impacts on the environment
and human health. Also, it will help to improve our knowledge of the effects of
leakage of CO, and incidentally associated substances in the marine environment
in the short and long-term (DelValls 2007). Likewise, it can be a system for early
alert of leakages and other impacts of the storage of CO,. Furthermore, it can con-
tribute to verifying the permanent containment of the CO, sequestration in geological
formations for accounting purposes.

The use of weight-of-evidence integration of the different lines of evidence
(LOESs) to monitor the sediment quality in the areas selected to store CO, will fulfill
the requirements of the international conventions for protection of the marine envi-
ronment set in the framework and guidelines developed. The leakage of CO, will
progressively acidify the sediments and therefore the mobility of metals will also
increase. In this sense, the LOEs of the integrated method will be contamination of
sediment, speciation of metals, bioaccumulation of metals, toxicity, etc. The inte-
grated method is based on the application of a weight-of-evidence approach
(WOE). The WOE includes the physicochemical and ecotoxicological character-
ization of sediments, the determination of biomarkers of contamination and the
bioavailability of contaminants measured using laboratory and field bioassays and
identifying biomagnification processes in a synoptic approach using field collected
sediment and biological samples. A schematic of the different WOEs of the inte-
grated model is included in Fig. 8.2 (DelValls 2007). If leakage of CO, is observed
or suspected to extend to the seafloor in sensitive or endangered habitats and eco-
systems, this method will allow us to determine to what extent this leakage is affecting
the marine environment. Besides, this method will allow measuring the effect of
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Contamination

dpH

Effects in
laboratory

Bioacumulation
Biomagnification

In situ effects

Fig. 8.2 Integrated method adapted for the monitoring of CO, storage projects (DelValls 2007)

small and diffuse leakage in the short and long-term (DelValls 2007). Moreover the
effects of the incidental associated substances and the substances mobilized by the
injection and storage of CO, streams can also be assessed.

The results of the application of this method can be integrated in two different
ways: (a) a classical use of statistical analysis with ANOVA and multivariate analysis
(MMA) or (b) by neural network analysis (NNA) which allows predictive identifi-
cation of non-linear relationships (DelValls et al. 1998; DelValls and Chapman
1998). Also, it develops sediment quality values (SQGs) by linking the set of data
on contamination, toxicity and field effects. In addition, tissue quality values
(TQGs) can also be obtained by linking the body burdens and the sublethal effects
using biomarkers of exposure and effects in the tissue of different organisms. All
these results will help to design a Tier testing for the development of a decision-
making tool in the risk assessment and management of CO, storage sites. Also, they
will provide useful information when remediation and mitigation procedures are
required.

The degree of toxicity of the sediments caused by the leakage should be deter-
mined by the performance of bioassays in situ and in laboratory conditions. Those
bioassays will allow us to determine and quantify the exposure pathways of the
contaminants and their negative effects (changes in reproduction or growth patterns,
mortality, biomarkers of effect, etc.). In addition, the determination of the degree of
bioaccumulation and biomagnification of the different contaminants will be a key
parameter to establish the risk of contaminant transference through the trophic
chain and therefore the risk for human health.

In relation to the in situ bioassays, so far no leakage rates have been detected in
the ongoing projects of CO, sequestration (Benson 2006). Therefore, no information
of the effects of leakages in the environment is yet available. The integrated method
purposes different approaches that can be used depending on the characteristic of
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the environment under study: (a) In situ releases of CO, streams to observe the
behavior of the stream (Adams et al. 2006; Brewer et al. 2006) and its effects on
the marine environment; (b) Use natural analogues to understand the consequences
of the release of significant amounts of CO, (Benson et al. 2002; Summers et al.
2004); or (c) to realize in situ experiments in either natural analogs or in environments
with a specific pH variation (e.g. estuaries, natural acidic environments).

Some examples of the results of the integrated application of WOEs have been
reported by different authors (DelValls and Chapman 1998; Riba et al. 2003b;
DelValls 2007; Martin-Diaz et al. 2008). This method gives very valuable informa-
tion for management of the site so as to provide environmental quality criteria that
allow a rapid and reliable identification of risks.

8.2.4 Final Remarks

The need to reduce greenhouse emissions rapidly has led many countries to begin
CO, storage projects on land and offshore even though there are numerous aspects
that still need to be investigated, processes that must be understood and technologies
that must be developed (IPCC 2005). Determination of the safety of CO, storage in
sub-seabed geological formations is based on a proper site selection and character-
ization and an appropriate monitoring of the stored CO,. Even though there is a lack
of requirements for the methodology, frequency and accuracy of the monitoring
systems that should be used to guarantee the integrity of the marine environment
and for accounting purposes of emissions, application of the integrated method as
a monitoring tool will provide the necessary information about the behavior of this
gas and its effects on the surrounding environment and will provide useful informa-
tion when remediation and mitigation procedures are required. In relation to the in
situ bioassays, more research is required to gain knowledge about the different
options proposed for this method. Moreover, the application of the integrated
method can be a key step for an adequate environmental risk assessment and man-
agement of storage sites and will fulfill the requirements set in the guidelines and
framework developed by the London Protocol and the OSPAR Convention.
Although, further research is required on the different monitoring systems of the
marine environment, the exposure pathways and the effects on marine organisms,
the WOEs can be applied in current CO, projects to determine their effects on the
marine environment.
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