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Abstract

The pH value is an invaluable quantity to determine the state and change of numerous
acid-base equilibria, biogeochemical transformations and physiological conditions in
natural waters. The CO, system dominates the acid-base reactions in seawater and has
gained increasing attention in times of climate change, because the world’s oceans take
up a large share of anthropogenic CO; emissions. The oceanic CO. uptake is controlled
by the alkalinity, which is a measure for the buffer capacity of seawater. If the alkalinity
remains unchanged, the dissolution of CO; in seawater results in a predictable decrease
of pH and the calcium carbonate saturation state. This process was termed ocean
acidification and threatens the stability of marine ecosystems. In the Baltic Sea, however,
it is currently impossible to directly assess the acidification process, because reliable pH
measurement techniques and observations are lacking and pronounced pH fluctuations
superimpose long-term trends. This thesis aims to improve our understanding of ocean
acidification in the Baltic Sea by evaluating past acidification scenarios, improving pH
measurement procedures for brackish waters, and investigating the impact of pH

fluctuations on calcifiers.

In the first focus of this thesis, a regional alkalinity trend analysis was performed. In
contrast to the open ocean, increasing alkalinity levels were detected throughout the Baltic
Sea over the past two decades. It was found that the rise in alkalinity significantly
counteracted the CO-induced acidification. It increased the CO, uptake capacity and
promoted stable calcium carbonate saturation states. Further, the pronounced variability
of the Baltic Sea CO, system was investigated in the first focus, and processes that
superimpose the partly counter-balancing long-term trends in atmospheric CO, and
seawater alkalinity were identified. In view of this complexity of the CO, system, the results
of the first focus suggest that a meaningful acidification monitoring requires accurate and

precise pH measurements with a high spatio-temporal coverage.

Spectrophotometric measurements with pH indicator dyes are currently the most reliable
method to determine seawater pH. The second focus provides the scientific basis for the
application of the method in brackish waters like the Baltic Sea. This was achieved by a
coordinated series of characterization experiments that covered (i) the pH determination
of low-saline TRIS buffer solutions by Harned cell measurements in cooperation with the
Physikalische-Technische Bundesanstalt and (ii) the characterization of a suitable pH
indicator dye, m-Cresol Purple, in those buffer solutions. For the first time, the results allow

traceability of pH measurements to a primary pH standard in brackish waters, as well as
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the unambiguous determination of the hydrogen ion concentration on the total scale.
Furthermore, the robustness of the spectrophotometric method to dissolved organic matter
and hydrogen sulfide was verified for the entire concentration range of both substances in
the Baltic Sea. To fill the spatio-temporal gap in environmental pH measurements, an
automated spectrophotometric pH measurement system was developed in cooperation

with an industry partner.

The third focus of this thesis addresses the potential impact of acidification on calcifying
organisms in the Baltic Sea. The studies, performed under the lead of benthic ecologists
at Geomar in Kiel, focused on the quantification of immense diurnal CO, system
fluctuations created by the photosynthetic activity of macroalgae in coastal benthic
habitats. It was found that pH fluctuations offer time windows of favorable conditions during
daytime, in which calcifiers in close proximity are able to maintain high calcification rates,
even under acidified conditions. Macrophyte meadows could therefore represent important

acidification refugia worth protecting in times of ocean acidification.

In summary, this thesis highlights the complexity of ocean acidification in land-influenced
seas, exemplified by processes occurring in the Baltic Sea. It lays the foundation for a
reliable pH monitoring in brackish waters worldwide, which is crucial for a meaningful

assessment of changes in acidity.



Zusammenfassung

Der pH-Wert naturlicher Gewasser ist von besonderer Bedeutung, um den Zustand und
die Veranderung von Saure-Base Gleichgewichten, biogeochemische
Umsetzungsprozesse und physiologische Bedingungen fir Organismen zu beschreiben.
Im Meerwasser dominiert das CO»-System die stattfindenden Saure-Base-Reaktionen.
Die Untersuchung dieses marinen CO,-Systems hat in Zeiten des Klimawandels an
Bedeutung gewonnen, da die Ozeane einen Grolteil der anthropogenen CO,-Emissionen
aufnehmen. Die CO.-Aufnahmekapazitat der Meere wird von der Alkalinitat bestimmt, die
ein Mal} fur die Pufferkapazitat des Meerwassers darstellt. Bei unveranderter Alkalinitat
fuhrt die CO2-Aufnahme zu einer vorhersagbaren Verringerung sowohl des pH-Wertes als
auch des Sattigungsgrades von Kalziumkarbonat. Dieser Prozess wird als
Ozeanversauerung bezeichnet und gefahrdet weltweit die Stabilitdt mariner Okosysteme.
Fir die Ostsee ist es derzeit nicht méglich die Versauerung zu quantifizieren, da es an
adaquater pH-Messtechnik und ausreichenden pH-Messungen in der Vergangenheit
mangelt. Aulerdem erschweren ausgepragte pH-Fluktuationen die Bestimmung
langfristiger Trends. Diese Arbeit soll das Verstandnis mdglicher Versauerungsprozesse
in der Ostsee verbessern. Dafur wurden zurlickliegende Versauerungsszenarien
bewertet, die Grundlagen fur hochgenaue pH-Messungen im Brackwasser gelegt und der

Einfluss von pH-Fluktuationen auf Kalzifizierer untersucht.

Im ersten Schwerpunkt dieser Arbeit wurde eine regionale Trendanalyse der Alkalinitat
durchgefuhrt. Anders als im offenen Ozean wurde in grof3en Teil der Ostsee Uber die
letzten 20 Jahre ein deutlicher Alkalinitatsanstieg festgestellt. Dieser Alkalinitatsanstieg
wirkte der Versauerung durch die Aufnahme von CO: deutlich entgegen. Er erhdhte
aulRerdem die Aufnahmekapazitat fur CO. und stabilisierte den Sattigungsgrad von
Kalziumkarbonat. Neben den sich teilweise ausgleichenden, langfristigen Trends des
atmospharischen CO,-Gehaltes und der Alkalinitat, wurden im ersten Schwerpunkt
Prozesse identifiziert, welche die ausgepragte Variabilitdt des pH-Wertes in der Ostsee
verursachen. In Hinblick auf die Komplexitat dieser Prozesse belegen die Ergebnisse des
ersten Schwerpunktes, dass es fiur eine verlassliche Beschreibung des
Versauerungsgeschehens unumganglich ist genaue und prazise pH-Messungen mit

grof3er zeitlicher und raumlicher Auflésung zu etablieren.

Spektrophotometrische Messungen mit pH-Indikatorfarbstoffen stellen derzeit die
verlasslichste Methode zur pH-Bestimmung in Meerwasser dar. Im zweiten Schwerpunkt

dieser Arbeit wurde daher die wissenschaftliche Grundlage fur die Anwendung dieser
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Methode in Brackwassergebieten wie der Ostsee geschaffen. Daflir wurden eine Reihe
koordinierte Experimente durchgefihrt. Diese umfassten sowohl (i) die pH-Bestimmung
von niedrig-salinen TRIS-Pufferldsungen in Kooperation mit der Physikalisch-Technischen
Bundesanstalt in Braunschweig, als auch (i) die Charakterisierung des pH-
Indikatorfarbstoffes meta-Kresolpurpur anhand dieser Pufferlésungen. Die umfangreichen
Arbeiten erlauben erstmals die Rickflhrbarkeit von pH-Messungen im Brackwasser auf
einen primaren pH Standard, sowie eine eindeutige Bestimmung der
Protonenkonzentration auf der sogenannten totalen Skala. Weiterhin wurde sichergestellt,
dass spektrophotometrische pH-Messungen durch das Auftreten von Schwefelwasserstoff
und geldstem organischem Material selbst bei hohen, ostseetypischen Konzentration nicht
beeintrachtigt werden. Um die raumlich-zeitliche Abdeckung mit pH-Messungen im
Ostseeraum zu erhoéhen, wurde in Kooperation mit einem Industriepartner ein

automatisiertes spektrophotometrisches pH-Messsystem entwickelt.

AbschlieBend behandelt diese Arbeit im dritten Schwerpunkt die potentiellen
Auswirkungen von Ozeanversauerung auf kalkbildende Organismen in der Ostsee. Die
unter der Leitung von Benthosdkologen am Geomar in Kiel durchgefiihrten Studien
quantifizieren ausgepragte tageszeitlicher Fluktuationen im CO»-System, die durch die
Photosyntheseaktivitat benthischer Makroalgen verursacht werden. Es wurde festgestellt,
dass assoziiert lebende Kalkbildner in der Lage sind die tagstber vorherrschenden, guten
Kalzifizierungsbedingungen zu nutzen, um selbst unter versauerten Bedingungen hohe
Kalzifzierungsraten aufrecht zu erhalten. Makroalgenhabitate koénnten demnach
besonders schutzenswerte Lebensrdaume fur Kalkbildner in Zeiten globaler

Ozeanversauerung darstellen.

Zusammenfassend beleuchtet diese Arbeit am Beispiel der Ostsee die Komplexitat des
Ozeanversauerungsgeschehens in Meeresgebieten, die von landbasierten Prozessen
beeinflusst sind und legt die wissenschaftlichen Grundlagen fir ein zuverlassiges
Versauerungsmonitoring in Brackwassergebieten weltweit, ohne das eine aussagekraftige

Bewertung von Anderungen in deren Saure-Base-Haushalt nicht moglich ist.
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Introduction

Significance of pH

The pH value is without doubt a quantity of overriding importance for the understanding of
processes occurring in aqueous solutions, as it allows determining the state and change
of acid-base equilibria. The acidity of natural waters regulates many chemical reactions
including those important to living organisms. In seawater, the equilibrium reactions of
carbon dioxide, CO,, are of particular importance. Any increase in the CO, content of
seawater results in a decrease of pH and vice versa, assuming other conditions remain
unchanged (Zeebe and Wolf-Gladrow, 2001). This coupling between the amount of
dissolved CO; and pH allows using pH to track two processes with significance to the

global carbon cycle and the functioning of marine ecosystems:

(1) Ocean acidification: The oceanic uptake of anthropogenic CO, counteracts rising
atmospheric CO; concentrations and therefore mitigates climate change (Le Quéré
et al., 2016). However, the CO; uptake results in the formation of carbonic acid and
a decrease in seawater pH. This process, termed ocean acidification (Bates et al.,
2012; Doney et al., 2009), shifts acid-base equilibria in seawater. The alteration in
physiological conditions affects the performance of marine organisms, which might
result in currently unpredictable changes in species interactions and ecosystem
functioning (Kroeker et al., 2010). pH is by definition the most direct measure to
track ocean acidification.

(2) Biogeochemical transformations: The primary production (Schneider et al.,
2006) and remineralization of organic matter (Schneider et al., 2010) are inevitably
coupled to the uptake and release of CO, (Schneider and Muller, 2017). Seasonal
and diurnal variability in those processes is therefore reflected in pH fluctuations
(Hofmann et al., 2011) that superimpose long-term trends (Wahl et al., 2016).
Accordingly, the magnitude and timing of primary production and remineralization

can be determined from pH measurements.

Comparison of pH in the open ocean and the Baltic Sea

The simultaneous control of pH by (1) anthropogenic CO, emissions and (2)

biogeochemical transformations in seawater suggests that the detection of long-term pH



trends is complicated by the presence of fluctuations. In the surface water of the Baltic
Sea such pH variability is higher than in the open ocean, because of high productivity
in combination with a lower buffer capacity (alkalinity) in most regions. The latter causes
high pH changes per change in CO, concentration. Figure 1 displays the contrasting pH
conditions in the Baltic Sea (SMHI monitoring data) and the North Atlantic Ocean (Bates
et al., 2012). In the latter, ocean acidification occurs at a rate of around -0.002 per year,
which could unambiguously be detected due to the comparably low amplitude of pH
fluctuations (Bates et al., 2012) and the advanced technology for the determination of CO>
system parameters in seawater (Byrne, 2014). Very similar acidification rates were
identified in the surface water of other open ocean regions (Bates et al., 2014; Byrne et
al., 2010). The observed pH trends agree well with theoretical predictions based on the
atmospheric CO; forcing (Caldeira and Wickett, 2003). The underlying reason for this strict
correlation is the constancy of seawater composition - in particular the constancy of
oceanic alkalinity as the “backbone” of the marine CO. system — on time scales of
ocean acidification, i.e. decades to centuries (Archer, 2005; Bates et al., 2012). In
contrast, pH trends in the Baltic Sea remain understudied and few regional trend analysis

reveal high uncertainty in trend detection (Almén et al., 2017).

8.6
Central Baltic Sea
== Northern Atlantic
8.4+
5
8.2
8.0

1995 2000 2005 2010

Fig. 1: pH time series for the Baltic Sea (Station BY-15, 57°19'N 020°05'E, SMHI monitoring data) and the
North Atlantic Ocean surface water (Bermuda Atlantic Time-series Study, 31°40'N 64°10'W, Bates et al,,
2012).

The absence of significant pH trends in the Baltic Sea may have three reasons: (i) pH
trends may be masked by the interannual variability of pH amplitudes. If this is the
case, even perfect (i.e., continuous and error-free) knowledge on pH would not allow
detecting significant trends. (ii) The pH measurement quality may be too poor to resolve

trends. Poor quality in this respect refers to the analytical quality (i.e., accuracy and



precision) but also to the data coverage (i.e., the spatio-temporal resolution). Indeed, the
pH monitoring data displayed in Figure 1 have to be considered poor quality with respect
to the detection of acidification trends, because they were obtained with questionable glass
electrode measurements and less then monthly resolution. (iii) Acidification driven by the
rise in atmospheric CO2 might be counteracted by other simultaneous changes in
seawater chemistry, e.g., an increase in the buffer capacity. Such simultaneous changes
are plausible for the Baltic Sea due to the large influence of river water discharge on

seawater composition.

Objectives of this thesis

Motivated by those shortcomings in the understanding of long-term changes in the acid-

base system of the Baltic Sea, this thesis emphasizes three foci:

Focus 1 unravels the acidification potential of the Baltic Sea without having access to
pH data of sufficient quality. This is achieved by quantifying alkalinity trends over the past
decades and by putting those into perspective with the atmospheric CO- forcing. The
derived acidification scenarios are discussed in the light of CO, system fluctuations caused
by the production and remineralization of organic matter. Based on those insights,
analytical requirements for pH determinations are derived that have to be met if ocean

acidification in the Baltic Sea is to be tracked.

Focus 2 forms the scientific basis for pH measurements in brackish waters that
fulfill the quality criteria for a meaningful acidification monitoring. It introduces a
series of experiments to establish traceability for pH measurements, which means the
relation of results to an accepted primary reference by an unbroken chain of comparison
measurements. The established traceability chain covers the characterization of primary
pH standards by Harned cell measurements and the determination of molecular properties
of the pH indicator dye m-Cresol Purple, which is required to perform spectrophotometric
pH measurements. Furthermore, perturbation experiments of the latter method with two
common substances in the Baltic Sea - dissolved organic matter and hydrogen sulfide —
are presented. The fundamental chemical characterization work was performed in parallel
and with substantial mutual support to the ambitions of an industry partner to develop a
marked-ready spectrophotometric pH instrument that allows tracking ocean acidification
in the Baltic Sea over the largest range of conditions. Those efforts were embedded in the
EU BONUS project PINBAL.



Focus 3 investigates the impact of acidification on benthic calcifiers under
fluctuating pH conditions. The vast majority of previous experiments addressing the
consequences of ocean acidification for marine organisms was performed under lowered,
but stable pH levels. Focus 3 resolves those methodological shortcomings by quantifying
the seawater CO2 chemistry fluctuations induced by the metabolic activity of macroalgae
in shallow benthic ecosystems. The diurnal fluctuations imply periodically improved
conditions for calcifications. It is presented to which degree calcifying organisms are
capable to shift calcification into those time windows of favorable conditions under current

and future CO; levels.

The following two chapters briefly introduce the peculiarities of the marine CO, system and

the Baltic Sea hydrochemistry essential for the understanding of foci 1-3.

The marine CO, system

Equilibrium reactions

The equilibrium reactions of CO, dominate the acid-base systems in seawater and link the
atmospheric, oceanic and solid phase carbon reservoirs. The hydration of CO,, once

physically dissolved in seawater (CO...q), results in the formation of carbonic acid:
CO3,aq + H,0 = H,CO; (1)
The sum of physically dissolved CO- and carbonic acid is referred to as CO":
CO3 = COy4q + H2CO3 (2)

The dissociation of carbonic acid into bicarbonate (eq. 3) and carbonate ions (eq. 4)

transfers protons, H*, to water molecules and other proton acceptors in seawater:
H,CO; = H* + HCO3 (3)
HCO3 = HY + C0%~ (4)

The equilibrium conditions of those dissociation reactions are described by the equilibrium
constants Ky and Kz (e.g. Millero, 2010):

[H*] - [HCO3]

K, =
! [CO3]



[H*]-[CO3T]

K, =
2 [HCO3Z]

(6)

where brackets denote concentrations. The conventional expression of seawater
equilibrium reactions in terms of concentrations — instead of activities — results in a
dependency of the equilibrium constants on salinity, in addition to temperature and
pressure, because the equilibrium constants implicitly include the salinity-dependent

activity coefficients.

The concentration of CO;" (eq. 2) is directly related to the fugacity of CO; in seawater,
fCO,, by

[COz]
Ko

fCO, = (7)

where Ko is the solubility constant. The direction of CO. gas exchange between
atmosphere and seawater is exclusively controlled by differences in the CO, fugacity in
both compartments, whereas gas fluxes also depend on the state of the sea surface,
typically approximated by wind speed (Wanninkhof, 2014). The increase of atmospheric
fCO., by anthropogenic CO. emissions drives the net CO. uptake by the world’s

oceans.

The oceanic CO; uptake results in the transfer of protons to proton acceptors in seawater
(egs. 3, 4, 9), causing a shift of respective acid-base equilibria towards the protonated
species. This process was termed ocean acidification (Doney et al., 2009). With respect
to CO- equilibria, the resulting changes in speciation can be illustrated by dividing eq. 5 by

eq. 6, which gives:
[HCO3] Ky
CorlTco K. (8)
[CO3]-[CO57] Ky
The equilibrium condition in eq. 8 formally refers to the so-called buffer reaction in

seawater:
CO, + CO3™ + H,0 = HCO3 9)

The buffer equation highlights two peculiarities of ocean acidification: (i) the oceanic CO>
uptake capacity is controlled by the amount of carbonate ions available to buffer the
release of protons and (ii) the carbonate ion concentration decreases with increasing
CO: levels. The largest share of the protons released by the dissociation of an additional

amount of carbonic acid is actually transferred to carbonate ions.



Due to almost constant concentration of calcium ions (Ca?*) in the ocean, changes in the
carbonate ion concentration are directly reflected in changes in the saturation state of
calcium carbonate, which is defined as the product of the carbonate and calcium ion
concentration, divided by the solubility product of calcium carbonate, Kcaco,:

[CO57] - [Ca**]

Qcaco, = T Kewo, (10)
3

Different forms of CaCO3 minerals exists that differ in solubility and therefore have different
saturation states at identical carbonate and calcium ion concentration. Organism typically

precipitate two mineral forms: calcite and the more soluble aragonite.

Measureable parameters and their characteristics

The state of the marine CO, system is characterized by four measurable variables
(Dickson et al., 2007). Those are the total concentration of dissolved inorganic carbon (Cr),
total alkalinity (Ar), the partial pressure of carbon dioxide (pCO2) and the negative decadic
logarithm of protons (pH), which refers to H* activities or concentrations dependent on the

chosen pH-scale (see below).

Cr accounts for the sum of all inorganic CO; species dissolved in seawater and is

defined as:
Cr = [CO3] + [HCO3] + [CO37] (11)

As carbon is the major constituent of living biomass, growing phytoplankton organisms
take up CO; from seawater. Due to the re-equilibration of the CO> system, the primary
production of every unit of organic matter is directly reflected in an equivalent
decrease of Cy, irrespective of the CO, species used as carbon source. Vice versa, the

remineralization of organic matter results in an increase of Cr.

A1 is defined as the excess of proton acceptors over donors with respect to the
chosen zero level of protons (Dickson, 1981; Wolf-Gladrow et al., 2007). Focusing only on

the dominant carbonate contributions to A, a simplified! expression is:

Ar = [OH™] + [HCO3] + 2[CO%~] — [H*] + [minor bases — minor acids] (12)

A more complete definition taking into account other major acid-base systems relevant in oxic, open ocean
seawater is:

Ar = [HCO3] + 2[C0§—] + [B(OH);] + [OH™] + [HPOE_] + Z[POE_] + [SiO(OH)3] + [NH5] + [HS™] — [H*]g
— [HF] — [HSOZ] — [H3PO,] + [minor bases — minor acids]



On a global scale, At in seawater originates from continental weathering processes and is
delivered to the sea by riverine input. The major oceanic Ar sink is the sedimentation of
calcium carbonate formed by marine organism. Ar controls the rate of ocean
acidification, because ApH/ApCO, decreases towards higher Ar. Furthermore, Ar
controls Cr, because under the prevailing conditions equilibrium is achieved when
seawater dissolved as much CO- as required to protonate most of the carbonate ions to
hydrogen carbonate (eq. 8). This results in an A7:Cy ratio in the order of 1, with HCO3

representing the major contribution to both.

Both, Cr and Ar are so called conservative variables of the marine CO2 system, which
means that, being determined in moles per kg solution, they do not change as a function
of temperature or pressure. Like salinity, Ct and Ar also behave conservatively upon
mixing of water masses. The conservative behavior of At and salinity during mixing of river
and seawater typically results in region-specific linear Ar-S relationships in coastal areas
(Friis et al., 2003), with an At intercept at zero salinity that corresponds to the mean At of
the river water. In contrast, pH and pCO, depend on temperature and pressure and do not

behave conservatively during mixing of water masses.

pCO: is closely related to the fCO2 (eq. 7). Both quantities differ only by few patm

because fCO; takes into account the non-ideal behavior of the CO; gas.

pH is defined as the negative decadic logarithm of the H* activity. However, such a
single ion quantity is immeasurable by any thermodynamically valid method (Buck et al.,
2002). Therefore, pH determination requires conventions. For low ionic strength solutions,
IUPAC recommends determination of pH on the activity scale. The required estimate of
activity coefficients relies on the Bates-Guggenheim convention, which applies only for
solutions with ionic strength < 0.1 mol-kg™". However, the ionic strength of oceanic
seawater samples with a salinity of 35 is around 0.7 mol-kg™'. For measurements in
seawater it is therefore convenient to determine pH on concentration scales, which
requires the definition of a standard composition of the seawater matrix for pH buffer
solutions, because hydrogen ions are in equilibrium with other acid-base components in
seawater. The so called pHt scale became a widely accepted convention within the
scientific community. The index T denotes the total hydrogen ion concentration, which
includes the amount of “free” hydrogen ions (H") referring to the sum of protonated water
molecules (HzO") or water molecule clusters, and the protonated form of the sulfate ion,

HSO.%. Accordingly, pHr is defined as:



2_
pHr = —logyo {[H+] <1 + [SKO;]T>} (13)

HSO;

where [S03~]t is the total concentration of sulfate and Kyso; is the dissociation constant

of hydrogen sulfate (Dickson, 1990). The determination of pHr requires the calibration of
instruments in buffer solutions that match the ionic composition of the analyte. The pH of
such buffer solutions should be traceable to a primary method, i.e., Harned cell
measurements (Buck et al., 2002). For seawater with salinity 20-40 this was previously
achieved, but no adequate buffers were available for brackish waters (Dickson et al.,
2015). Brackish waters are a mixture of seawater and freshwater but only loosely defined
in terms of upper and lower salinity thresholds. In this study we consider brackish waters
operationally as those with a salinity between 5 and 20, for which pH buffer solutions were
investigated. The lack of buffer solutions made it impossible to correctly calibrate any pH
instrument for brackish water conditions. The calibration at the salinity of the sample to be
analyzed is required for example for pH glass electrodes, because the liquid junction
potential depends on salinity. Likewise, the dissociation constant of pH indicator dyes used
for spectrophotometric pH determinations needs to be characterized as a function of

salinity (See Focus 2: Theory).

Internal consistency and the ocean acidification paradigm

A fundamental characteristic of CO» equilibrium reactions in seawater is that the CO.
system is fully determined when two out of four parameters introduced above (Cr, Ar,
pH, pCO,) are given. This is a consequence of (i) of the two degrees of freedom of the
coupled system of equilibrium reactions (egs. 5-7) and (ii) the constancy in seawater
composition that includes constant proportions of the various acid-base systems
contributing to Ar. Provided that the equilibrium constants of all involved acid-base
systems are known, any CO; system parameter can be calculated from two others. This
constraint can be used to test the consistency of individually determined parameters by an
overdetermination of the CO, system (Byrne, 2014). However, in coastal waters with
unquantified contributions to alkalinity - like organic matter that carries acidic functional
groups - At may not be suitable to derive other CO, system parameters (Kulinski et al.,
2014).

The constraint in degrees of freedom of the CO, system has an important implication for
the understanding of the ocean acidification paradigm, which states that an increase in

pCO: is directly coupled to a decrease in seawater pH (Doney et al., 2009). This strict



relationship only holds true when another variable remains unchanged. For open ocean
conditions with water residence times ~10° years this criterion is indeed fulfilled, because
Ar concentrations are largely constant on the decadal to centennial timescales of ocean
acidification (Archer and Brovkin, 2008; Bates et al., 2012). However, for enclosed sea

areas influenced by land, this is not necessarily the case.

Marine organisms in a changing CO> world

A major concern of ocean acidification is its impact on marine ecosystems. It was shown
that many living organism in the sea are vulnerable to changes in the CO; system (Kroeker
et al., 2010). A general believe was that calcifying organism are particularly threatened,
because the reduction in the saturation state of calcium carbonates increases the
metabolic costs for calcification. However, the mechanistic control of calcification rates is
still under debate. Recent studies suggest that calcification is rather controlled by the ratio
of [HCO37] to [H*], because HCO3™ serves as inorganic carbon substrate and H* inhibits
calcification (Bach, 2015; Thomsen et al., 2015). The determination of the controlling
factors for calcification is complicated by the proportionality between the saturation state

and the [HCOg37] to [H*] ratio, which is obvious from a rearranged version of eq. 6:

e = (o7 (14)
Although the mechanistic control remains a subject of ongoing discussions, there is little
doubt about the generally impaired calcification conditions at low pH. However, most
studies that investigated the impact of ocean acidifications on organisms compared stable
current and future pH levels. but did not take pH fluctuations into account (Wahl et al.,
2016). This is a severe limitation, because many calcifying organisms experience strong
pH and respective CO; system fluctuations in their specific habitat (Hofmann et al., 2011).
Such fluctuations are often the consequence of intense metabolic activity of primary
producers. Macroalgae in benthic habitats for example take up CO- during daytime and
thereby create pronounced diurnal fluctuations that are by orders of magnitude larger than
expected annual changes in pH (Saderne et al., 2013). Many sessile benthic calcifiers live
on, in between or nearby those macroalgae stands and therefore experience CO, system
conditions completely different from open ocean surface waters. However, only few
studies investigate how calcifiers react upon such large pH fluctuations and associated

changes in calcification conditions.
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The Baltic Sea

Hydrography

The semi-enclosed Baltic Sea is one of the world’s largest estuaries. The sea is divided
into five major sub-regions: the Baltic Proper (BP), the adjacent Gulfs of Bothnia (GB),
Finland (GF) and Riga (GR), and the Kattegat (KA), which includes the transition area to
the North Sea and the Belt Sea (Fig. 2A). The topography features a succession of sills
and basins (Fig. 2B).

The water budget is characterized by strong inputs of river water and saltwater inflow
from the North Sea that enter through the narrow belts and sounds in the Kattegat.
Sporadic Major Baltic Inflow events (Mohrholz et al., 2015) transport dense, high-saline
waters from the North Sea into the deep basins of the Baltic Sea, whereas the low-saline
river water contributions form the surface water layers. Consequently, a permanent
halocline establishes in the Baltic Proper at a depth of around 60 m (Fig. 2B). The surplus
of freshwater input triggers an estuarine circulation. However, before being exported to the
Kattegat, the low-saline surface waters mix with inflowing North Sea waters and thereby
close the salt budget. The mean salinity of the Baltic Sea shows decadal, large-scale
variations of up to 1 salinity unit, but no long-term trend was found during the past century
(Winsor et al. 2001, 2003). The surface salinity increases from a mean in the Gulf of
Bothnia ~3 to ~10 in the south-western part of the Baltic Proper. A strong gradient to the
oceanic salinity of ~35 exists in the Kattegat region. The constancy of ionic composition of
seawater known from the open ocean (Millero et al., 2008) vanishes towards low salinity
and is known as salinity anomaly (Feistel et al., 2009). Regional differences of the salinity
anomaly result from the variety of river water compositions determined by the weathering

processes in the specific drainage basin.
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Fig. 2: Baltic Sea: (A) Surface salinity distribution and major sub-regions (KA: Kattegat, BP: Baltic Proper, GB:
Gulf of Bothnia, GF: Gulf of Finland, GR: Gulf of Riga). The circle indicates the monitoring station BY-15
(57°19'N 020°05'E) at the Gotland deep. Triangles mark locations for vertical salinity profiles displayed below
as (B) interpolated cross section (IOW monitoring data, 2013). Redrawn from Schneider and Mller (2017).
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Biogeochemical peculiarities

The majority of the processes discussed in this thesis refer to the surface waters of the
Baltic Sea, where intense primary production of organic matter takes place. The majority
of this organic material is only remineralized after sinking to deep waters (Schneider and
Muller, 2017), where stagnant conditions favor the occurrence of anoxia. Under anoxic
conditions, when sulfate is used as electron acceptor for the oxidation of organic matter,
hydrogen sulfide accumulates in the deep basins and reaches concentrations of up to 100
umol-kg™ (Fonselius and Valderrama, 2003). Apart from the stratification of the water body
that largely separates primary production and remineralization, the freshwater input also
causes comparable high dissolved organic matter concentrations of 300-400 ymol-kg™ in

the Baltic Sea surface waters (Kulinski et al., 2014).

Similar, but more pronounced than the salinity anomaly, the alkalinity patterns in the Baltic
Sea are a consequence of the region-specific terrestrial weathering processes. The
Baltic Sea drainage basin can be divided into a northern and southern part that intersect
at the easternmost end of the Gulf of Finland (Hakanson et al., 2003). The bedrock of the
northern part mainly consists of granite, which has low weathering rates and causes low
Ar levels of Scandinavian rivers. The bedrock of the southern part consists of limestone,
clay and sandstone and produces high-alkaline river water. The surface water A7-S pattern
in the Baltic Sea (Fig. 3) results from the mixing of various river water sources and North
Sea water, during which S and Ar behave conservatively. As a consequence, the surface
At decreases with decreasing salinity, except in the Gulf of Riga. Linear Ar-S regimes
exist in the three gulfs (GB, GF, GR) and the Kattegat region, whereas the Baltic Proper
is the “mixing chamber” of waters from the other areas and consequently shows no strictly
linear AT—S relation (Beldowski et al., 2010). The intercepts of the linear Ar-S relationships
represent the river water At signatures of the respective basin. The Ct-S pattern closely
follows that of As, highlighting the strong control of At over Cr (see: Measureable

parameters and their characteristics).
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Fig. 3: Alkalinity (At) and dissolved inorganic carbon (Crt) as a function of salinity in the Baltic Sea. Ct data
are calculated from linear At-S relationships in the four sub-regions and pCO2 = 400 patm. Redrawn from
Schneider and Miiller (2017).

Due to its generally lower alkalinity (except in the Gulf of Riga) the Baltic Sea is believed
to be especially vulnerable to COz-induced acidification. Indeed, for the current
atmospheric pCO; increase of around +2 patm yr' a slightly lower mean pH trend of -
0.0019 yr' can be expected for the open ocean (S=35, T=10°C, Ar=2300 pmol-kg™")
compared to -0.0021 yr' in the Baltic Proper (S=7, T=10°C, Ar=1650 uymol-kg™"). However,
the direct link to riverine At input and the short water residence time of around 30 years
(Helcom, 1993) suggest that significant Ar changes may occur in the Baltic Sea on
timescales similar to that of anthropogenic atmospheric pCO- perturbations (10-100 yr),
e.g., if changes in weathering processes occur (Archer, 2005; Lenton and Britton, 2006).
This implies that a reliable acidification estimate cannot solely be based on the

atmospheric pCO: evolution.
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Focus 1: Long-term changes and variability of the

Baltic Sea CO. system

Background

Open ocean acidification is almost exclusively controlled by the uptake of anthropogenic
CO- due to constant alkalinity levels on timescale of decades to centuries (Bates et al.,
2012; Byrne et al., 2010). The Baltic Sea alkalinity is controlled by the river
endmember Ar signature (Fig. 3, Beldowski et al., 2010). The low water residence time
therefore suggests that the alkalinity might change on ocean acidification timescales, if the
riverine At input changes. Indications for changes in riverine Ar source were previously
reported (Hjalmarsson et al., 2008). Accordingly, ApH in the Baltic Sea cannot be predicted
from ApCO; in the atmosphere. Furthermore, the data quality achieved by past pH
monitoring efforts does not allow for a reliable trend assessment (Almén et al., 2017).
However, extensive Ar measurements were performed in the Baltic Sea region dating back
to the early 20" century (Buch 1945; Hjalmarsson et al. 2008). Preliminary studies indeed
suggested that the alkalinity in the eastern Gotland Sea increased by around 100 pmol-kg"
from 1930 to 2010 (Schneider et al., 2015). Nevertheless, a comprehensive analysis of

the Ar evolution in the Baltic Sea had not been performed.

Scope

Focus 1 aims at evaluating the acidification potential of the Baltic Sea by putting the
atmospheric CO; forcing into the context of long-term Ar dynamics in the various sub-
regions. Resulting changes in other CO, system parameters, such as the saturation state
of calcium carbonate, are presented. Results of this approach are discussed in the light of
the pH variability caused by primary production and mineralization and requirements for a

reasonable acidification monitoring in the Baltic Sea are derived.

Approach and results

Long-term alkalinity trends

Muller et al. (2016) compiled a comprehensive data set that consists - to the best

knowledge of the authors - of all Ar observation available from the Baltic Sea at the
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date of compilation in April 2015. The majority of the data originated from SMHI monitoring
efforts. The analysis was restricted to water depths <20 m to avoid temporary Ar
contributions from sulfide (S%) that is formed in stagnant anoxic bottom waters, but re-
oxidized to sulfate under oxic conditions in surface waters. The analysed data set
comprised 31436 observations. The data quality was found to be high since 1995, when
Certified Reference Materials (Dickson et al., 2003) were introduced to the Swedish
monitoring. Therefore, the summary information given here focus on the 1995-2014

period.

Taking the complex Ar-S distribution of the Baltic Sea into account, two types of sub-
regions were investigated differently: (i) Sub-regions with linear Ar-S relationship (KA, GB,
GF, GR; Fig. 3) and (ii) the Baltic Proper, which - as a mixing chamber for waters from the

adjacent gulfs and the North Sea - reveals no distinct Ar-S relation.

For sub-regions with linear Ar-S relationships, three-dimensional statistical models -
expressing changes of the slope and intercept of the Ar-S relationship with time - were
developed and fitted to the data. The models included the dependency of Ar on salinity,
time, as well as an interaction term of both parameters. Applying the models to the time
period 1995-2014, it was found that Ar rates of change increased consistently towards
lower salinity: In the Kattegat region (Fig. 4) constant Ay was found at high salinities
around 30. In contrast, at salinity 15, Ar increased from 1812 to 1880 umol-kg™, which

corresponds to a rate of +3.4 ymol-kg™"-yr™.

35
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Much higher rates were determined for the Gulf of Bothnia, e.g., +7.4 ymol-kg™ yr' at a
salinity of 3. Results for the Gulf of Finland indicated similar trends, however, associated
with a higher degree of uncertainty. In the Gulf of Riga the data coverage was to poor for

a reasonable application of the model.

For the Baltic Proper At trends were analysed after grouping the data covering the salinity
range 6.5-7.7 into salinity intervals of 0.2. The deviations (AAr) of the individual values
from the mean At were computed separately for each salinity interval. Afterwards, the AAt
values from all salinity intervals were pooled and temporal trends were investigated by
linear regression analysis. A significant positive Ar trend was found in the Baltic Proper
that amounted to +3.4 pmol-kg™ yr' for the 1995-2014 period (Fig. 5A). This is similar
to the trends found at lowest and highest salinity in the Kattegat and Gulf of Bothnia,

respectively.

200 1
(A)
100 .
]
~ o
2 -
© .-‘. .
E 0 . :
B L]
) it
: ¢ .3
..: -_-‘
(] .
-100 A ‘j .r
-200
(B)
390 1 Data
E + |ce core
5 3601 R
S --8I0
2 330 |
e I s

1910 1920 1930 1940 19850 1960 1970 1980 1990 2000 2010

Fig. 5: (A) Alkalinity trends in the Baltic Proper displayed as deviations from the long-term mean (AAr). Linear
regression models were fitted separately within the four time frames indicated by the vertical dashed lines.
Redrawn from Muller et al. (2016). (B) Atmospheric pCOz trajectories (source: NASA, including ice core data
and measurement from Mauna Loa performed by Scripps Institution for Oceanographic (SIO) and the National
Oceanic and Atmospheric Administrations (NOAA)). The combined impact of Ar and pCO: trends shown in
Fig. 6 was computed for the 1995-2014 period (highlighted grey).
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Combined impact of changes in seawater alkalinity and atmospheric CO-»

In the absence of reliable pH data, Muller et al. (2016) computed the acidification potential
for the Baltic Sea from increasing atmospheric pCO, and observed seawater At trends for
the time period 1995-2014 (grey periods in Fig. 5). The estimates are based on a pCO.
trend of +2 patm yr' (IPCC, 2013). For comparison, the changes in the seawater CO,
system were also computed for the same increase in pCO2 but constant Ar levels. It was
found that in the Baltic Proper, the Ar increase mitigates CO--induced acidification
by around 50% (Fig. 6). In the low saline areas of the Bothnian Sea the alkalinity increase

fully compensated the acidification potential during the last two decades.
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Fig. 6: Combined influence of simultaneous changes in atmospheric pCO2 and seawater At on dissolved
inorganic carbon (DIC), proton concentration [H*], and calcium carbonate saturation (Qcaco,) in the Baltic
Proper from 1995 to 2014 (grey periods in Fig. 5). Relative changes were computed for two At scenarios: The
observed At trend of +3.4 umol kg™ yr' was taken into account (green) and the At was assumed to be
constant at mean At (purple). (conditions: S=7, T =10°C, dissociation constants from Millero (2010)).
Redrawn from Muller et al. (2016).

Focusing on the Baltic Proper and the 1995-2014 period, the mean salinity and mean Ar
were 7 and 1587 ymol-kg™, respectively. Taking the positive At trend into account, the Ar
rose from around 1550 to 1620 ymol-kg™'. Assuming equilibrium with the atmosphere, the
simultaneous pCO: increase would have raised the dissolved inorganic carbon Crt in the
Baltic Proper only by ~6 pmol-kg” under a constant mean Ar background (Fig. 6).
However, with Ar and pCO:; rising in parallel, Cr increased by ~70 umol-kg™ (~5%) from
1522 to 1593 pmol-kg™. This is very similar to the absolute change in Arand reflects the
tight control of At on the CO, storage capacity of seawater (compare Fig. 3).

The Ar increase observed in the Baltic Proper over the past two decades also stabilized
the carbonate ion concentration. At constant mean Ar levels the pCO: increase would

have caused a drop in carbonate concentration from 42.7 to 38.8 uymol-kg™, but with Ar
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increasing simultaneously the carbonate concentration decreased only from 40.9 to 40.4
umol-kg™'. Assuming a constant calcium concentration of 2.7 mmol-kg™ (Dyrssen, 1993),
changes in the carbonate concentration were directly reflected in the saturation state of

calcium carbonate (Q¢,co,). With respect to the solubility product of calcite (Mucci, 1983),
the increasing Ar stabilized Q,¢o, at a level of around 1.5. In contrast, the non-mitigated

CO; uptake would have decreased the saturation state by around 0.2, corresponding to
relative change of -9% (Fig. 6). The observed At increase might thus be twofold beneficial
to calcifying organisms, because it helps to stabilize both, pH and the CaCO3; saturation

state.

Drivers for alkalinity trends

An interesting question asks what drives the observed positive Ar trends in the Baltic Sea.
Based on a semi-quantitative plausibility assessment, Miller et al. (2016) suggested that
these trends might be driven by an interplay of acidic precipitation, increasing
atmospheric CO, and liming activities. All of these drivers act upon weathering
processes and the riverine Ar input, whereas significant contributions from changes in the
internal At formation, recently proposed as another major At source to the Baltic Sea
(Gustafsson et al., 2014), were considered unlikely. In agreement with the conclusion of
Muller et al. (2016), Sun et al. (2017) indeed found increasing weathering rates by 10—
20% in the pristine boreal northern drainage basin by analysing a 40-year record of river
water chemistry data. Sun et al. (2017) argued that, among others, an important factor
affecting weathering could be an increase of available soil organic matter, as an

intermediate phase between atmospheric and soil CO..

Mdller et al. (2016) and Sun et al. (2017) agree that increased CO, consumption by
weathering and the resulting elevated At delivery to the ocean might act as a negative
feedback between atmospheric CO: increase and ocean acidification. However, the
still very limited mechanistic understanding of At dynamics in the Baltic Sea region limits
the prediction of future trends. Miiller et al. (2016) emphasized that their findings should
not be misinterpreted as a permanent protection against CO.-induced acidification and
related processes. However, a comprehensive monitoring of large estuarine systems like
the Baltic Sea would not only be beneficial for the understanding of the particular
ecosystem itself, but could also serve as valuable early indicator for changes, e.g., in
weathering processes, that might affect the global carbon cycle on much longer
timescales. The required continued monitoring of coastal seawater chemistry should
ideally be harmonized globally, as increasing alkalinity trends were also observed in other
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large rivers and coastal systems (Kapsenberg et al., 2017; Raymond and Cole, 2003) and

recently on continental scales (Kaushal et al., 2018).

Variability caused by primary production and remineralization

The assessment of simultaneous changes in atmospheric CO, and seawater At by Muller
et al. (2016) served to compare the impact of both drivers on the seawater acid-base
system and to highlight the complexity of ocean acidification processes in coastal
environments. The derived acidification scenarios do not refer to real changes in
mean pH that occurred over the past two decades. The reason for this limitation is the
spatio-temporal variability in primary production and mineralization processes in
the Baltic Sea. Schneider and Miuller (2017) entangled those processes by summarizing
and re-analyzing 15 years of automated pCO; measurements on a cargo ship (Schneider
et al., 2009, 2014) and bimonthly Cr measurements in the Gotland deep (Schneider et al.,
2010). Though acidification detection was not a focus, two implications can be derived
from their findings: (i) The seasonality in the Baltic Sea surface water CO; system is
dominated by primary production processes (Fig. 7). The resulting pH variability (Fig. 1) is
by far larger than annual changes expected from atmospheric CO, forcing. The control of
primary production by an interplay of the radiation dose and nutrient availability suggests
that such seasonal patterns might change over time, e.g, due to the reduction of nutrient
concentrations targeted by HELCOM or the aim of the EU’s Marine Framework Strategy
Directive to establish a good ecological status of the Baltic Sea. Such changes could
override pH trends induced by the atmospheric forcing. A shorter productive period with
high pH conditions could for example cause a lower annual mean pH. (ii) CO, formed by
mineralization of organic matter was found to accumulate in stagnant deep waters of the
Gotland deep. Over the course of a stagnation period the increase in Cr might result
in an increasing Cr flux across the halocline. Such an increased flux of previously
accumulated CO: could favor increasing pCO; and decreasing pH in the surface water.
This could superimpose the atmospheric pCO- forcing with trends related to sporadic deep
water renewal events (Mohrholz et al., 2015). Indeed, Schneider and Muller (2017) found
an increase in surface water pCO- larger than the atmospheric trend, ranging from +4.6 to
+6.1 patm yr' in various investigated areas for the period 2008-2015 (Fig. 7). The first 7
years of this period were part of a deep water stagnation period that lasted from 2004 to
2014.
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Fig. 7: pCO2 time series in the Northern Gotland Sea obtained from autonomous measurements on a cargo
ship. The green line represents a linear regression analysis for the period 2008—2015 based on daily
interpolated data. Redrawn from Schneider and Mdiller (2017).

The complexity of the Baltic Sea CO, system — exemplified in this focus by alkalinity trends
and region-specific patterns in the pronounced production and remineralization processes
— has two implications for a reliable assessment of ocean acidification processes. First,
the acidification assessment should by based on pH observations as the most direct
measure for seawater acidity and changes in atmospheric pCO. are not a reliable
predictor. Second, a meaningful pH monitoring not only requires highly accurate and
precise measurements, but also high spatial and temporal resolution. Otherwise,

there is a high risk of overlooking important, short-lasting processes in this highly variable

system.

Conclusion

The observed Ar trends and the importance of primary production and mineralization
processes highlight the complexity of the CO, system in the Baltic Sea. As a consequence,
the simplified ocean acidification paradigm — ApH in seawater is a direct consequence of
atmospheric ApCO- — though valid for open ocean regions, cannot be applied for enclosed
sea areas influenced by land. In the light of the variability of the system, a reliable
acidification assessment is not possible without a direct pH monitoring that achieves a high

analytical quality and spatio-temporal resolution.
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Focus 2: pH measurements in brackish waters

Background

The CO, system of the Baltic Sea is extremely variable and complex. Potential changes
of pH due to ocean acidification are small compared to seasonal and other fluctuations.
As concluded in Focus 1, a reliable acidification monitoring places highest demands on
the pH determination. Measurements not only need to be of highest analytical quality in
terms of accuracy and precision, further a high spatio-temporal resolution is
indispensable. Among the scientific platforms currently operated in the Baltic Sea those
requirements could be achieved with automated pH measurements on board of voluntary
observing cargo ships (Schneider and Miiller, 2017), which visit large areas of the Baltic
Sea sufficiently often to resolve the seasonality of the CO, system. Deployed pH
instruments must cope with salinities covering almost the full range from marine to
freshwater conditions (Fig 2A), as well as large pH amplitudes spreading more than one

order of magnitude in terms of proton concentration (Fig. 1).

Within the open ocean community spectrophotometric pH measurements became a
widely accepted standard for pH determination (Dickson et al., 2015; Martz et al., 2015).
The method relies on absorption measurements of a pH-sensitive indicator like m-Cresol
Purple (Clayton and Byrne, 1993). The required characterization of the molecular
properties of the dye includes absorption measurements in pH buffer solutions (Liu et al.,
2011). Such buffer solutions, with pH assigned by an accepted primary method like
Harned cell measurements, that achieves the highest level of accuracy (Buck et al.,
2002), were not available for brackish waters with salinities below 20. Consequently, it was
not possible to correctly calibrate any pH instrument for applications in major parts
of the Baltic Sea (Fig 2A). An interim solution was provided by Mosley et al. (2004), who
interpolated the pH of TRIS buffer solutions between salinity 5 and 20 and determined the
dissociation constant of mCP in those solutions. Douglas and Byrne (2017b) corrected the
results of Mosley et al. (2004) for dye impurities and fitted a model for mCP properties to
a combined data set including previous characterizations at salinities 20-40 (Liu et al.,
2011) and O (Lai et al., 2016, 2017). However, other uncertainties associated to Mosley’s
characterization remained unaccounted, namely the (i) interpolation of unknown TRIS
buffer pH values, (ii) the interpretation of TRIS/HCI ionic strength as salinity in the salinity
range 0.06-2, and (iii) the restriction of experimental data to 298.15 K. Due to a lack of

more reliable experimental data, it was previously impossible to estimate the accuracy of
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the mCP model by Douglas and Byrne (2017b), which covers the full salinity (0-40) and
temperature (278.15 — 308.15 K) range.

Another uncertainty associated to spectrophotometric pH measurements in the Baltic Sea
arose from high loads of dissolved organic matter (DOM) and hydrogen sulfide (H.S)
that might disturb the method (see Theory: Disturbance of spectrophotometric pH

determination), but have never been included in any testing.

Scope

Focus 2 aims at establishing the scientific basis for traceable pH measurements in
brackish waters. This includes the characterization of TRIS buffer solutions in artificial
seawater (ASW) for salinities 5 to 20 by Harned cell measurements, as well as a consistent
determination of the dissociation behavior of mCP in those buffers. Further, tests for the
robustness of spectrophotometric pH measurements to DOM and H.S are introduced.
Implications of this fundamental chemical characterization work for the development of an
automated spectrophotometric pH measurement system, based on a flow injection

analysis (FIA) approach, are adressed.

Theory

Electrochemical pH measurements with so called hydrogen electrodes or Harned cells
(cells without liquid junction) represent a primary method for pH determination according
to current IUPAC recommendations (Buck et al., 2002). Primary pH standards (buffer
solutions) can be determined from measurements with such cells. However, Harned cell
measurements are not suitable for the direct analysis of seawater samples, because the
bubbling with pure hydrogen (H2) gas would purge CO; out of the sample and thereby
increase its pH. Furthermore, Harned cell measurements are laborious and require several
days for a single measurement run. Therefore, the calibration of secondary methods by
the use of primary standards is required, which establishes traceability to the primary

method by an unbroken chain of comparisons.

Harned cells as a primary method for pH determination

Harned cells contain a platinum (Pt) electrode in contact with constantly bubbled pure
hydrogen gas and a silver silver-chloride (Ag|AgCl) reference electrode. The cells are
defined by (Buck et al., 2002; Dickson et al., 2015):
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Pt | H, | test solution | AgCI |Ag
The cell reaction is:
0.5-H, + AgCl - Ag+ H* + CI~

The application of the Nernst equation to this cell reaction yields the electromotive force
E:
° bH+ * bC]— RT

E=E°——F-n (W> — 2 In(vsha) (15)
where E° is the standard electrode potential, b¢;- and by+ are the molalities of chloride
and hydrogen ions, b° is the standard molality (1 mol-kg™), v+ uc) is the mean activity

coefficient of HCI, T is the temperature in K, R is the gas constant (8.314 J-mol"-K™"), and
F is the Faraday constant (96485.333 A-s-mol).

To derive some kind of pH information from eq. 15, measurements are performed on two

types of test solutions:

(1) A dilution series of HCI solutions to estimate the standard potential E°

(2) Buffer/HCI solutions to estimate E

For measurements of test solutions (1) and (2) prepared in artificial seawater (ASW) media
two complications arise: First, it is not possible to estimate activity coefficients according
to the Bates-Guggenheim convention, because of the high ionic strength of seawater.
Secondly, Hydrogen ions react with sulfate ions in seawater to form hydrogen sulfate ions.
To circumvent those limitations, it is convenient to define pH in seawater based on the

total hydrogen ion molality (by+), rather than based on activities:
bik_{+ = bH+ + bHSOZ (16)

For the determination of by;+, test solutions (1) and (2) are prepared in ASW solutions of
identical ionic strength (nominal salinity), which is achieved by replacing an equivalent
amount of the ASW salts (NaCl, KCI, CaCl,, MgCl,, Na>SO4) by HCI or buffer/HCI,
respectively. This procedure finally allows to determine pHr defined on an amount content
basis (moles per kilogram solution) according to:

Easw/butfer — E™° bei-
pHy = RTIni0 T 19810 (b_) ~ logio(wn,0) (17)

F

where Easwnufter is the electric Harned cell potential of the buffered seawater solution (test

solution 2), E*® is the standard potential of the Ag|AgCl electrode in pure seawater
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medium, and wy, o is the specific water content of the ASW solution defined as mass water
per mass solution. The wy,o-term in eq. 17 converts the concentration scale from moles

per kg water to moles per kg solution. An excellent summary of the derivation of eq. 17

from eq. 15 including required assumptions is given in Dickson et al. (2015).

E*° in eq. 17 needs to be determined at each salinity by measuring the cell potential
Easwmrc of ASW solutions with varying HCI molalities (test solution 2) and extrapolating to
zero HCI molality:

RTIn10 bHCl . bCl_
togio (M)

F (b°)2 (18)

B = lim (EASW/HCI +

A fundamental shortcoming of Harned cell pH measurements in ASW solutions is the
unaccounted change in y, g (eq. 15) between test solutions (1) and (2), due to
differences in the solution composition. Though the effect is assumed to be in the order of
only a few thousands of pH (Nemzer and Dickson, 2005), correct pHt values can only be
assigned after correction of the activity changes with results from seawater speciation
models (Dickson et al., 2015; Turner et al., 2016), which do not yet meet the required
quality criteria. However, when buffer pHr values are determined at different buffer
concentrations, calibration quantities determined in those buffers can be extrapolated to
zero buffer concentration. In this case, the extrapolated quantity refers exactly to the
hydrogen ion concentration scale defined for the specific composition of the ASW solution.
This procedure has been recommended, but not been performed for any pH measurement
technique. One calibration quantity to which this refers is the dissociation behavior of pH

indicator dyes for spectrophotometric measurements.

Spectrophotometric pH measurements

Spectrophotometric pH measurements rely on the addition of a pH-sensitive indicator
dye to a water sample. A suitable dye for seawater applications is the diprotic acid meta-
Cresol purple (mCP), because the negative decadic logarithm of the second dissociation
constant, pKz, is in the pH range typical for seawater (Clayton and Byrne, 1993). The
sample pH relates to the ratio of the concentrations of the deprotonated (I>) and the

monoprotonated (HI") species of mCP, according to:

_ L}
pH = pK; + log;g [HI] (19)

The concentration ratio [I*] / [HI] can be determined by absorbance measurements,
because HI" and 1> have two clearly distinguishable absorbance maxima (Fig. 8) at

wavelength A1 =434 nm and A2 = 578 nm, respectively (Clayton and Byrne, 1993). Due to
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overlapping absorbance spectra of both species, the total absorbance A, at both
wavelengths needs to be expressed as the added absorbance contributions, A; (127) +

A, (HI7), according to the Lambert-Beer law:
Ay = {&(HI7) - [HIT] + g, (177) - [I*7]} - d (20)

where €)(X) are the molar extinction coefficients of the indicator species X at wavelength

A, and d is the cuvette length.

Normalized absorption

400 500 600
Wavelength (nm)

Fig. 8: Absorbance spectra of mCP as a function of pH at salinity 20. Spectra are normalized to the absorption
at the isosbestic wavelength (488nm). The peak absorbances of HI- and 1> occur at 434 and 578 nm,
respectively. Molecular structures of both protonation species are shown next to the respective absorbance
peaks.

The pH of the solution can be expressed from a combination of egs. 19 and 20 as:

H = pK, +1 ( Ra—er ) 21
pH = PRy + 10810 ey — €3 X R (21)

where Ra = As7s / A4as is the ratio of the absorbance measured at the two peak wavelengths
and e1 = gs7s(HI") / €434(HI"), €2 = €578(1%) / €434(HI") and es = €434(1%) / €434(HI") are the molar
absorptivity ratios (Clayton and Byrne, 1993; Mosley et al., 2004).

The molar absorptivity ratio e> and ez includes molar extinction coefficients of both mCP
species, HI- and 1>. Therefore, their determination would require the combination of
separate measurements obtained in high and low pH solutions. Liu et al. (2011) avoided
this by rearranging eq. 21 to:

Ra—¢

—L 1 22
1-28 xR, (22)
€2

pH = pK;e; + logq
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The salinity and temperature dependence of the term pKze, can be determined from
measurements in buffer solutions with a known pH, provided that e and es/e; are known.
The determined pKze, term refers to the same pH scale assigned to the buffer, i.e., the

total scale.

It was demonstrated that it is essential to use chromatographically purified indicator dye
to achieve pH measurements of highest analytical quality (Liu et al., 2011). Purified mCP
is currently only available in small quantities from a few research groups and not
commercially produced. For measurements with non-purified dye spectral corrections are
required (Douglas and Byrne, 2017a, 2017b), which have not yet been tested for the

conditions in the Baltic Sea.

Potential disturbance of spectrophotometric pH measurements

Disturbance of spectrophotometric pH determinations could result from any difference in
the solution composition between the buffered ASW solutions used for the pKse;
determination and the real seawater sample. One such difference is the absence of the
buffer component in the real seawater sample. However, this difference is taken into
account by extrapolating determined pKae, values to zero buffer concentration. This
requires that well-characterized dilution series of buffer solutions are available, which was

previously the case only at salinity 35.

Another source of uncertainty is the occurrence of substances in natural seawater that are
not included in the buffered ASW solutions. In regard to the presence of DOM and H.S
(which refers also to its dissociation products HS-, S?, and polysulfides), spectral
disturbances need to be expected from chromophoric dissolved organic matter (CDOM),
the fraction of DOM that absorbs light in the UV and visible spectrum (Coble, 2007).
Furthermore, molecular interactions between DOM/H>S and mCP could alter the behavior
of the dye.

Approach and results

pHr of TRIS buffered ASW solutions

Muller et al. (subm.) performed Harned cell measurements on 2-amino-2-hydroxymethyl-
1,3-propanediol (TRIS) buffered artificial seawater solutions in cooperation with the
national metrological institute Physikalische-Technische Bundesanstalt (PTB),
Braunschweig, Germany. Buffer solutions were prepared at salinities 5, 10, 15, 20, and 35
with TRIS/TRIS-H* molalities of 0.01, 0.025, and 0.04 mol-kg-H.O"'. HCI solutions in ASW
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with identical salinities were produced in the molality range of 0.005 - 0.05 mol-kg-H>O"’
to determine the standard potential of the Harned cell, E*°. Measurements were performed
in the temperature range 273.15 — 318.15 K.

At each target salinity, all solutions had to be prepared with identical ionic strength to
achieve comparability between the potentials measured in the buffer solutions and the
determined standard potential. This required reducing the total amount of ASW salts, by
the amount of TRIS/HCI added. In previous experiments at higher salinities this was
achieved by replacing only NaCl. However, at low salinities this would result in solution
compositions with very little to zero NaCl content. To circumvent this, Mller et al. (subm.)
achieved constant ionic strength by a proportional reduction of all seawater salts. This
achieved constant cation ratios, but came at the expense of variable concentrations of

total sulfate, bgyz- 1. The resulting difference in bgyz- 1 between the pure ASW solutions,

for which E™ is determined, and the TRIS containing solutions was corrected according

to:

bg oz +(HC) bgoz- +(TRIS)
S0 T 72 ) —logy, <1 PR L ) (23)

ApHT = lOglo <1 + KHSO—
4

Kuso;
where Kyso; is the dissociation constant of hydrogen sulfate calculated as a function of
temperature and salinity according to Dickson (1990).

Obtained pHt data were combined with results from a previous study covering salinities
from 20 to 40 (DelValls and Dickson, 1998). Excellent agreement of both data sets with
deviations <0.003 was found at salinity 20 and 35, which is within the extended
measurement uncertainty of the method. A model expressing pHr as a function of salinity,

TRIS/TRIS-H* molality and temperature was fitted to the combined data set:

pHT=f{[(1+S+SZ+S3)-<1+T+ln(T)+%)]
(24)

+ [(bTRIS/TRIS-H+ + b%RIS/TRIS-H*‘) “(14+S+T+S- T)]}

The first part of eq. 24 includes a third order salinity polynomial and the physico-chemical
expression of the temperature dependence of dissociation constants. The second part of
eq. 24 accounts for the dependence of pHt on the TRIS/TRIS-H* molality. The fit was
obtained by generalized linear modeling and insignificant terms were removed by stepwise
variable selection. The resulting model and fitted coefficients are given in Muller et al.
(subm.). The pHt model (Fig. 9) differs from the observed pHr data by not more than 0.004.
Deviations from this pHr model and that of DelValls and Dickson (1998), which covers the

salinity range 20-40, are within 0.001. As this is within the expanded measurement
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uncertainty of the method (~0.004), both models describe TRIS buffer pHt equally well in
the high salinity range.
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Fig. 9: Mean pHr of TRIS buffer ASW solutions as a function of salinity, temperature in K (panels) and
TRIS/TRIS-H* molality according to Miller et al. (subm.). Lines indicate the pHT model fitted to the combined
data set including results from this study (circles, salinity range highlighted grey) and DelValls and Dickson
(1998) (triangles).

The pHt model of TRIS-buffered ASW solutions provided by Mdller et al. (subm.) can be
used to reliably calibrate pH instruments in the salinity range 5-40. At salinities 5-20 and
35, the reported dependency of TRIS pH+ on the buffer concentration allows extrapolation
of calibration results to pure synthetic seawater conditions and thereby define a true

hydrogen ion concentration scale in seawater media.

Characterization of the pH indicator dye m-Cresol Purple

Muller and Rehder (subm.) recorded absorption spectra of purified mCP in all TRIS
buffered ASW solutions reported in the previous chapter. The buffer solutions were

prepared and bottled by PTB in parallel to the solutions used for Harned cell
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measurements. This concerted approach is the first of its kind and reduces pH uncertainty

resulting from the preparation of buffer solutions (Nemzer and Dickson, 2005).

Measurements were performed at temperatures ranging from 278.15 — 308.15 K with a
spectrophotometric pH measurement system according to Carter et al. (2013). The
system consisted of an Agilent 8453 diode array spectrophotometer (Santa Clara, US).
The 10 cm, cylindrical, jacketed, flow-through cuvette (custom made by Hellma Analytics,
Millheim, Germany) was temperature-controlled by flushing the mantle with water

supplied from a Julabo F30 heating circulator (Seelbach, Germany).

The determined pKae2 values were linearly extrapolated to zero TRIS/TRIS-H* molality
and therefore represent the first ever reported determination referring to an exact
definition of the hydrogen ion concentration scale without constraints. The impact
of TRIS/TRIS-H* on pKze, was found to depend on salinity and ranged from -0.004 at
salinity 35 to 0.0012 at salinity 5 for the correction of values obtained in buffer solutions
with a molality of 0.04 mol-kg-H.O™".

The pKae: results obtained by Miller and Rehder (subm.) were combined with previous
results at higher and lower salinity reported by Douglas and Byrne (2017), Lai et al. (2016,
2017), and Liu et al. (2011). A pKze2 model similar to that for TRIS buffer pHt values given
in eq. 24, but without dependence on the TRIS/TRISH+ molalitiy was fitted to the combined
data set (Fig. 10). In the salinity range 5-20, the largest offset between the model fitted by
Douglas and Byrne (2017) and that by Muller and Rehder (subm.) amounts to 0.013 at
salinity 5 and 308.15 K. This agreement is surprisingly good, taking into account that the
model of Douglas and Byrne (2017) relied on questionable data restricted to 298.15 K. It
should be noted that the accuracy of the previous results could not have been assessed
without the traceability to a primary pH standard achieved by the combined results of

Muller et al. (subm.) and Muller and Rehder (subm.).

The results presented by Miller and Rehder (subm.) allow well-defined, traceable
spectrophotometric pH measurements in the salinity range 5-40, without loss of quality in
the salinity range 20-40 . The salinity range that had to be bridged with the results of
Mosley et al. (2004) to establish a full salinity pK2e2 model was reduced from 0-20 (Douglas
and Byrne, 2017b) to 0-5. However, at salinities <5 the model by Muller and Rehder
(subm.) remains associated to the same uncertainties (see chapter: Background) as the

model by Douglas and Byrne (2017b).
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Fig. 10: pK2e2 of mCP as a function of salinity and temperature. Results from this study (salinity: 5-20) were
combined with previous results and fitted to a common pK2e2 model (solid lines). Dashed lines represent the
pKze2 model by Douglas and Byrne (2017b). Redrawn from Muller and Rehder (subm.).

A general limitation remains the unknown impact of changes in the ionic composition
of natural waters on the molecular behavior of mMCP. Such changes in ionic composition
are small in ocean water, which was recognized as a prerequisite for spectrophotometric
pH measurements by Clayton and Byrne (1993), who stated that “the relative constancy
of seawater composition throughout the world's ocean basins ... produce only small
medium-induced changes in the physical-chemical characteristics of the indicator dyes”.
However, the constancy in composition decreases towards low salinity as a result of the
variety of natural river water compositions (see Introduction: Baltic Sea). Taking this
salinity anomaly (Feistel et al., 2009) and the strong dependence of pKze, on salinity (Fig.
10) into account, it remains to be tested whether spectrophotometric pH measurement are
the best method to determine pH in very low-saline waters. Approaches to approximate
the sensitivity of the molecular properties of mCP on solution composition at constant ionic
strength involve speciation models (Gallego-Urrea and Turner, 2017) and buffer

experiments performed in variable ionic matrices.

The achieved extension of a traceable mCP characterization in brackish waters from a
single temperature (Mosley et al.,, 2004) to the temperature range 278.15 — 308.15K

(Mdller and Rehder, subm.) allows performing spectrophotometric pH measurements
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near in-situ temperature, which has two advantages: (i) The temperature correction
required to calculate pH at in-situ temperature is small, thereby reducing the uncertainty
associated to the CO; equilibrium constants (egs. 5,6,7). This uncertainty related to the
choice of equilibrium constants can exceed 0.01 for a temperature correction of 20 K,
which is significantly larger than the uncertainty of spectrophotometric pH measurements
at in-situ conditions. (ii) Spectrophotometric pH measurement systems based on flow
injection analysis (FIA) determine pH in a constant flow of seawater. This requires
measurements at in-situ temperature, because the equilibration time of the CO, system
after warming a seawater sample by 20 K requires ~1 min. Such long equilibration times
can hardly be realized in a flow-through approach due to difficulties to establish the
temperature control. Accordingly, the temperature dependency of pK.e; reported by Miller
and Rehder (subm.) is a prerequisite for the successful application of the FIA
spectrophotometric pH measurement system HydroFIA® (Kongsberg Maritime Contros)
developed in the framework of EU BONUS PINBAL in the brackish waters of the Baltic
Sea. More information concerning the development of this system, including the precision
of the method, the correction of the dye pH-perturbation, and field testing results are

available at the project homepage (www.io-warnemuende.de/pinbal-home.html).

Spectrophotometric pH measurements in the presence of hydrogen sulfide and dissolved

organic matter

Muller et al. (2017) tested potential perturbations of spectrophotometric pH measurements
with mCP by spike experiments performed with the pH measurement system according to
Carter et al. (2013). Both tested substances, DOM and H.S, represent acid-base systems
and their addition to a seawater sample changes the pH of the solution. Therefore, the

spike experiments were performed on two types of solutions:

(1) Strongly buffered ASW solution, which did not change pH significantly upon spiking
with the DOM containing stock solutions (pH stability within 0.005 was verified by
potentiometric measurements).

(2) Poorly buffered ASW solutions that changed pH upon spiking with DOM or H>S
stock solutions. Those measurements required comparison measurements with

glass electrodes that were assumed to be undisturbed.

Muller et al. (2017) found no perturbations of spectrophotometric measurements for H.S
concentrations up to 400 umol-kg™', which reflect high levels such as those reported from
the Baltic and the Black Sea. Likewise, natural DOM, represented in this study by humic
and fulvic acids extracted from the Suwannee river in the United States, did not interfere

with the method at concentrations typical for oceanic environments and large estuarine
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systems. However, high-DOM concentrations representing conditions like in black water
rivers of the South American rain forest, caused pH values that were up to tenths of pH
units too low. The reason for those deviations, which were found only for the Carter system
equipped with a 10 cm cuvette, were spectral disturbances (Fig. 11). The spectral
disturbances were due to low light intensities at the detector, caused by the added
absorption of DOM. DOM absorbs light primarily in the low wavelength range of the visible
spectrum. The observed overestimation of the absorbance therefore affected the
absorbance of the acidic species of mCP at 434 nm. The spectral disturbance was less
pronounced when operating the instrument with a strong light source (deuterium lamp) in
the short wavelength range. The finding must thus be considered instrument-specific.
Molecular interactions were excluded as a cause, because no perturbations were
observed for measurements with the HydroFIA® pH measurement system (Almann et al.,
2011), which has a cuvette length of 1 cm and a proportionally higher ratio of dye
absorbance to DOM absorbance.
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Fig. 11: Normalized absorption spectra of m-Cresol purple in TRIS buffer solutions as a function of the DOM
concentration (color, 0-1500 ymol-C L™"). The spectral disturbance at high DOM concentration are instrument-
specific and occur when light intensities at the detector are very low.

Furthermore, Muller et al. (2017) found that the pH disturbance can be eliminated by
switching to undisturbed wavelengths and calculate pH from the absorbances at 488 and
578 nm. Although this approach represents interesting options to circumvent also spectral
perturbations by dye impurities, which affect the absorption at 434 nm (Douglas and Byrne,
2017a), the mCP absorption properties at 488 nm remain poorly characterized and can

therefore currently not be used to compute accurate pH values. Miller et al. (2017)
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therefore recommended to use strong light sources or short cuvette lengths when

performing measurements on strongly absorbing solutions.

Conclusion

The traceability of spectrophotometric pH measurements to a primary pH standard was
extended to brackish waters with salinities as low as 5. This was achieved by calibration
experiments directly linking Harned cell and spectrophotometric measurements. The
reported temperature dependence of the dissociation behavior of mCP allows determining
pH near in-situ conditions, which is essential for measurements performed with a FIA
approach. Combination with previous results allows for spectrophotometric pH
measurements over the full salinity range from 0 to 40, without discontinuity and
compromise compared to previous results at salinities higher 20. However, uncertainties
remain due to uninvestigated changes of the ionic composition of natural waters occurring
at very low ionic strength. The most suitable method to determine pH at salinities well

below 5 needs to be identified.

The achieved molecular characterization of mCP forms the foundation for pH
measurements in most parts of the Baltic Sea, irrespective of the presence of DOM or
H>S. This opens the road towards the implementation of a regular acidification monitoring
in brackish waters. A spectrophotometric pH measurement system (HydroFIA®) was

developed in cooperation with an industry partner and will be launched in 2018.

Remaining practical tasks include the rigorous comparison of commercial systems
available at the market and ensuring the access to sufficient amounts of purified dye or a

validated correction procedure for impurities.
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Focus 3: Impact of acidification and fluctuating pH

conditions on calcification

Background

Ocean acidification impairs physiological conditions for marine calcifying organisms on a
global average (Kroeker et al., 2010). Although alkalinity changes counteracted the CO»-
induced acidification in the Baltic Sea over the past 20 years (Muller et al., 2016), this trend
may stop or even reverse in future times (Focus 1). Accordingly, it is important to
understand the response of marine organisms and ecosystems to ocean acidification in
order to anticipate potential changes. Many studies investigated organism performance
under current and future pH levels. However, the vast majority of these studies did not
take into account that pH and other CO; system parameter fluctuate on shorter time
scales, e.g., with seasonal (Fig. 1) and diurnal frequencies (Hofmann et al., 2011; Wahl
et al., 2016). Such regular pH fluctuations can result from the metabolic activity of
organisms, e.g., the switch between net photosynthesis and respiration during day- and
nighttime, respectively. Photosynthesis improves calcification conditions by removing CO
from seawater. In coastal benthic ecosystems primary producers like macroalgae often
form dense meadows with high biomass and induce intense diurnal pH fluctuations. Many
calcifying organisms like mussels are located directly in or nearby these macroalgae
stands. However, little was known about the amplitude of those CO2 system fluctuations
in typical benthic habitats of the Baltic Sea and the capability of calcifiers to shift

calcification activity to time windows of more favorable conditions.

Scope

Focus 3 aims at the quantification of CO, system fluctuations in coastal benthic
ecosystems of Kiel fjord in the Baltic Sea. Futhermore, the impact of such fluctuations on
calcification rates of benthic calcifiers was investigated at three experimental scales and

under current and future CO; scenarios.
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Approach and results

pH variability in benthic coastal ecosystems

Saderne et al. (2017) placed state-of-the-art pCO, sensors on a mussel patch located in
the middle of a seagrass meadow (Zostera marina) to obtain a high-resolution time series
of CO, system parameters over a two-month period in late summer 2013. A site-specific
alkalinity-salinity relationship was derived from discrete water samples. This Ar-S relation
allowed the reconstruction of an At time series from continuous salinity data, also taking
into account At contributions from dissolved organic material (Kulinski et al., 2014). From
the pCO2 and Ar time series, in combination with salinity and temperature data, other CO,
system parameters were computed with high temporal resolution for the entire study
period (Fig. 12).
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Fig. 12: Time series of CO2 system parameters in a seagrass habitat in Kiel fjord in August/September 2013:
(A) pHr and (B) saturation states for aragonite and calcite with the dissolution threshold Q = 1 highlighted by
a horizontal line. Redrawn from Saderne et al. (2017).

The authors found pHr amplitudes of up to 0.8 day' within the seagrass meadow (Fig.
12). Corrosive conditions for calcium carbonates (Q < 1) centered on sunrise.
Undersaturation for calcite occurred only sporadically, but amounted to 5.7 - 8.8 h per day
for aragonite. In addition, Saderne et al. (2017) estimated that mussels experience

conditions limiting calcification for 12 - 15 h per day, based on a carbonate ion
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concentration threshold of 80 umol-kg™! below which biomineralization rates were found to
decline rapidly (Thomsen et al., 2015). However, whether undersaturation or another
threshold value is the most appropriate descriptor for adverse calcification conditions

remains a subject of ongoing discussions and research.

Above stands of another macrophyte species, the brownalgae Fucus spec., Saderne et al.
(2013) and Wahl et al. (2018) found slightly higher diurnal pHt amplitudes (>1) compared
to seagrass meadows. In addition to fluctuations, Wahl et al. (2018) reported an increase
of the overall mean pH in macrophyte habitats by up to 0.3, but highlighted that the impact
of macrophytes on the seawater CO; system is sensitive to the ratio of biomass to the
volume of the affected water body, and therefore depends on weather and current

conditions.

Relevance of pH fluctuations for calcifying organisms

Wahl et al. (2018) focused on the relevance of diurnal fluctuations for the calcification of
the blue mussel Mytilus edulis. Therefore, calcification rates were determined by
laboratory, mesocosm and field studies. With increasing experimental scale, natural
conditions are better reflected, however, at the cost of less experimental control, e.g., food
supply. In the laboratory experiments individual macroalgae were placed in a sequence of
five aquaria connected in a flow through system. Preconditioned water sampled from those
aquaria represented conditions from the outside to the inside of a macroalgae meadow.
The 12 mesocosm units permanently installed at the Geomar pier in Kiel fjord have a
volume of 1500 L each and can host entire groups of species to rebuild benthic
ecosystems. Details of the mesocosm set-up are given in Wahl et al. (2015). In both
experiments, laboratory and mesocosms, the background CO, content was manipulated
to establish current and future CO; conditions. Diurnal pH amplitudes were created by the
macrophytes. From both experimental set-ups water samples were taken at the end of day
and night periods, respectively. Mussels were incubated in those water samples and the
calcification was determined from the decrease in alkalinity during incubation. In both set-
ups, Wahl et al. (2018) found that biogenic pH modulation allowed mussels to maintain
high calcification rates during daytime, even under acidified conditions, whereas
calcification decreased significantly during night time and acidified conditions (Fig. 13).
Improved calcification conditions by macrophyte activity during daytime can therefore be

considered temporal acidification refugia for calcifiers.
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Fig. 13: Differences between calcification rates at day and night time under acidified (green) and non-acidified
(purple) conditions in a laboratory experiment. The ratio of day-to-night calcification is expressed as log
response ratio where a value of 1 means that calcification is 10 times stronger during daytime. It should be
noted that the trends under high pCO2 conditions are mainly due to a decrease of absolute calcification rates
at night. Redrawn from Wahl et al. (2018).

In the field experiments, 35-days growth rates of mussel were determined as the increase
in shell length and compared between macoralgae and sandy habitats. Background CO;
concentrations were not manipulated. During the survey period, neither mean pH nor pH
amplitudes differed among habitats, likely because the selected habitat patches with a size
of only 1-2 m? were too small to achieve a sufficient biomass to water volume ratio.
Accordingly, mussel growth rates did not differ inside and outside the macroalgae
meadows. These findings indicate that the importance of calcification time windows
created by macrophytes in natural habitats requires more investigations to better
understand the importance of site-specific properties, like currents and the density and

size of the macroalgae meadows.

Conclusion

In dense algae or seagrass habitats, macrophytes may reduce the impact of ocean
acidification on mussel calcification by raising mean pH and providing temporal refuge
from acidification stress. Therefore, the protection of coastal macroalgal habitats - which
are increasingly endangered by various pressures such as coastal construction or
eutrophication - might be considered as an additional measure to mitigate negative
impacts of ocean acidification on marine benthic calcifiers, apart from the required

reduction of anthropogenic CO- emissions as its primary cause.
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Summary and outlook

This thesis highlights that the ocean acidification paradigm, though valid for the surface
waters of the open ocean, cannot be applied to coastal areas like the Baltic Sea. Two
major differences of the functioning of the Baltic Sea CO; system were presented: (i) The
alkalinity increased over the past two decades, at rates high enough to significantly buffer
changes in the CO; system anticipated for the uptake of anthropogenic CO.. (ii) The
magnitude of pH fluctuations on several spatio-temporal scales was found to be orders of
magnitude larger than potential long-term ocean acidifications trends. It was shown that
such pH fluctuations caused by macroalgae in shallow benthic habitats can create

temporal acidification refugia with improved conditions for nearby calcifiers.

The limited understanding of the processes controlling alkalinity trends and pH fluctuations
prevents a reliable prediction of the combined impact of such drivers on the acid-base
system of the Baltic Sea. Those shortcomings make a case for a high-quality pH
monitoring with good spatio-temporal coverage, if we are to reliably track pH changes. The
required quality criteria can currently only be achieved by automated spectrophotometric
pH measurements. This study lays the foundation for the application of this method in
brackish waters, which was achieved by a series of experiments including the
characterization of primary pH buffer standards in the salinity range 5-20 by Harned cell
measurements and the subsequent determination of the dissociation behavior of the pH
indicator dye m-Cresol Purple. Experiments were performed at variable buffer
concentrations, which allowed extrapolating the dissociation constant of mCP to pure
artificial seawater conditions and represents the first access to measurements on a true
total hydrogen ion concentration scale in seawater. Combination with previous results
enables spectrophotometric pH measurements from river to ocean water and a large range
of temperatures. Furthermore, the robustness of spectrophotometric pH measurements
against hydrogen sulfide and dissolved organic matter was verified for the entire
concentration range occurring in the Baltic Sea. In parallel to this fundamental chemical
characterization effort, an automated spectrophotometric pH measurement system was

developed in cooperation with an industry partner and will be launched in 2018.

The achievements of this thesis mean a reliable and meaningful pH monitoring in the Baltic
Sea can start now. Aiming at the implementation of a monitoring networking, few remaining
practical tasks should be tackled. Those include ensuring access to sufficient amounts of
purified dye or providing an alternative correction procedure for impurities, and performing

unbiased tests between the measurement systems available at the market. Finally, it
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should be noted that the achievements of this study are strictly valid only for salinities as
low as five. An unambiguous concept for pH determination, including the choice of the

most appropriate pH scale, at lower ionic strength, or at least a comprehensive
assessment of uncertainty, remains to be completed.
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Long-term alkalinity trends in the Baltic Sea and their implications for
CO,-induced acidification

Jens Daniel Muller,* Bernd Schneider, Gregor Rehder
Department of Marine Chemistry, Leibniz Institute for Baltic Sea Research, Warnemtuinde, Germany

Abstract

Anthropogenic CO, emissions currently decrease open ocean pH, but on multi-millennial time scales
intensified continental weathering is expected to contribute to increasing oceanic alkalinity (Ar) and thus
mitigate the acidification signal. The Baltic Sea is an ideal study site for such A dynamics, due to its direct
link to terrestrial processes, short water residence time and long history of A measurements dating back to
the early 20'™ century. We compiled an extensive A; data set that revealed the highest data quality and cov-
erage for the past two decades. Within that period, surface water At levels increased throughout the Baltic
Sea. The rates of change were highest in the low-saline, northern areas and decreased gradually toward con-
stant levels in the North Sea. The A increase observed in the Central Baltic Sea (+3.4 umol kg~ ' yr ') and
the Gulf of Bothnia (+7 umol kg~' yr™') has compensated CO,-induced acidification by almost 50% and
100%, respectively. Further, the At trends enhanced the CO, storage capacity and stabilized the CaCOj satu-
ration state of the Baltic Sea over the past two decades. We discuss the attribution of the Ar trends to poten-
tial changes in precipitation patterns, continental weathering driven by acidic rain and increasing
atmospheric CO,, agricultural liming and internal A sources.

Introduction water is formed, e.g. in the high latitudes of the North
Atlantic (Lee et al. 2003). When the fossil fuel derived CO,
will invade the entire ocean interior on millennial time
scales, the share of the oceanic uptake will increase to
around 80% (Archer and Brovkin 2008). The oceanic uptake
of CO, is beneficial, because it counteracts the rising atmos-
pheric CO, levels and thus mitigates global warming. How-
ever, it comes at the expense of decreasing seawater pH. This
process, termed ocean acidification (Doney et al. 2009), is
expected to have global and potentially detrimental impacts
on marine ecosystems (Hofmann et al. 2010; Kroeker et al.
2010). When CO, dissolves in water, carbonic acid is formed
and protons are released. The alkalinity of seawater deter-
mines the share of these protons that are neutralized and
thereby controls the CO, uptake and the degree of acidifica-
tion. For a given increase in atmospheric pCO,, more
anthropogenic CO, can be stored in seawater with higher
A7. Although more CO, could be taken up by high-At sea-
water, the degree of acidification would be smaller than at
lower A7. Knowledge about spatio-temporal Ar dynamics is
Additional Supporting Information may be found in the online version of this thus crucial for a comprehensive understanding of the global
article. carbon cycle and the impact of anthropogenic CO, emis-
This is an open access article under the terms of the Creative Commons sions on the mam?e, CO; system.

Attribution License, which permits use, distribution and reproduction in The exact definition of Ay, as the excess of proton accept-
any medium, provided the original work is properly cited. ors over proton donors (Dickson et al. 2007), is expressed by:

Alkalinity: global relevance and characteristics

Total alkalinity (A7) is a measure of the acid-binding
capacity of seawater. As one of four measureable parameters
of the marine CO, system, Ar has gained increasing atten-
tion within the field of climate change research. The impor-
tance of Ay for the carbon cycle can be exemplified by its
control over the CO, uptake and the pH of seawater. Cur-
rently, the oceans absorb around ~30% of the anthropo-
genic CO, released into the atmosphere (Khatiwala et al.
2013; Le Quéré et al. 2015), mainly due to equilibration
between the atmosphere and the surface ocean mixed layer.
The penetration of anthropogenic CO, into the ocean inte-
rior is controlled by the ocean circulation and today the
ongoing process can be observed at locations where deep
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Ar=[HCO;]+2[CO5 |+ [B(OH), | +[OH |+ [HPO; ™|
+2[PO" |+ [SiO(OH)3 | +[NH3]+[HS"|—[H"]|,—[HF] (1)
—[HSO; | = [H3POg4]+[minor bases—minor acids]

where [H" ] is the free concentration of hydrogen ions. This
definition implies that A; is a conservative quantity with
respect to changes in temperature and pressure, although
the share of the various alkalinity components can vary. As
a conservative quantity, A7 behaves exactly like salinity (S)
when two water parcels are mixed (Wolf-Gladrow et al.
2007). This is not the case for non-conservative parameters
of the marine CO, system, like pCO, and pH, which do not
necessarily obey linear mixing relationships. Further, As is
not affected by the release or dissolution of CO,, because the
Ar loss caused by the release of protons (H") from the disso-
ciation of carbonic acid (H,COs3) is balanced by the gain
from produced bicarbonate (HCOj;) and carbonate (CO?)
ions. Among the components that contribute to Ay accord-
ing to Eq. 1, the major share can be attributed to HCO; and
CO?%™ that originate not from the A;-neutral dissolution of
CO,, but from riverine input of continentally weathered car-
bonate and silicate minerals. On oceanic scales this input is
currently balanced by CaCO3; formation, sedimentation and
burial as ultimate sinks (Sarmiento and Gruber 2006).

Zooming in from oceanic to coastal systems

The open ocean surface Ay is surprisingly stable, which
reflects the long water residence time of ~10° yr (Sundquist
1991; Sarmiento and Gruber 2006). Most of the variation in
surface alkalinity can be attributed to precipitation and evap-
oration patterns (Millero et al. 1998; Jiang et al. 2014; Fry
et al. 2015). Because A7 and salinity are affected similarly by
these processes, the salinity normalized alkalinity (nAr=Ar
X 35/S) shows remarkably little spatial variability in the
subtropical gyres of the major ocean basins, e.g., 2291 =4
umol kg~! (mean +SD) between 30 °S and 30 °N in the
Atlantic (Millero et al. 1998; Friis et al. 2003). Likewise, the
surface nAr in the Northern Atlantic did not exhibit signifi-
cant temporal changes over the past three decades (Bates
et al. 2012). Based on this constant A; background in the
open ocean, acidification trends around 0.002 pH units yr !
can be predicted from future pCO, scenarios “without major
uncertainties” (Doney et al. 2009). These predictions match
well with the currently observed pH trends at seven globally
distributed time-series stations (Bates et al. 2014).

However, on longer time scales the oceanic alkalinity is
expected to increase. On millennial time scales (10 yr)
anthropogenic CO, will acidify the ocean interior and thus
liftt the carbonate lysocline. The resulting dissolution of car-
bonate sediments is expected to increase oceanic A7. On geo-
logical time scales (10°—10° yr) increased terrestrial
weathering rates may further contribute to rising oceanic Ar
levels (Lenton and Britton 2006). This postulated alkalinity
gain is expected to increase the share of anthropogenic CO,
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stored in the ocean to 90% (Archer and Brovkin 2008). How-
ever, it may not dampen ocean acidification occurring on
shorter, centennial timescales.

In contrast to the subtropical open ocean, Ar-S rela-
tions in marginal seas are much more variable because
processes like riverine alkalinity input, CaCO3; formation
and denitrification (Cai et al. 2010; Gustafsson et al. 2014;
Jiang et al. 2014) superimpose on evaporation and precipi-
tation effects. The dominant effect of riverine A input in
marginal seas is typically reflected in Ilinear Ap-S§
relationships:

Ar=Aro+ax$ 2)

where Ar corresponds to the river end-member alkalinity at
§=0, and a is the slope representing the alkalinity change per
salinity unit. The direct link of coastal alkalinities to the river-
ine Ar input (which is in turn often impacted by anthropo-
genic activities) and the shorter residence time of alkalinity in
coastal environments (which is basically equal to the water
residence time) suggest that temporal changes in A;-S rela-
tionships may occur on timescales similar to that of CO,-
induced ocean acidification. A more comprehensive under-
standing of alkalinity dynamics in such systems is thus essen-
tial to extent climate change research into the coastal zone.

Focus on the Baltic Sea

The semi-enclosed Baltic Sea can be considered as one of
the world’s largest estuaries. The brackish water system is an
ideal study site for the investigation of alkalinity dynamics,
due to the long history of biogeochemical studies including
decades of alkalinity and salinity monitoring, a diverse, but
well-defined bedrock structure in different parts of its large
drainage basin and a variety of existing biogeochemical
models. For this study we divide the Baltic Sea into five sub-
areas, which accounts for the patterns of the surface Ar—S
distribution (Beldowski et al. 2010). The geographical bor-
ders of the five subareas, which are the narrow Belt Sea and
Kattegat region (Kat), Central Baltic Sea (Cen), Gulf of Both-
nia (Bot), Gulf of Finland (Fin) and Gulf of Riga (Rig), are
displayed in Fig. 1. The hydrography of the Baltic Sea is
characterized by inflowing, high saline water from the North
Sea that enters the deep basins of the Baltic Sea and gener-
ates a permanent halocline. The outflow of low-saline sur-
face waters, caused by river-runoff and positive net
precipitation, slightly exceeds the inflow. The mean salinity
of the Baltic Sea shows decadal, large-scale variations of up
to 1 salinity unit, but no long-term trend was found during
the past century (Winsor et al. 2001, 2003). The surface
salinity is controlled by the mixing of oceanic and river
water and increases from a mean surface salinity around 3 in
the northern-most part of the Gulf of Bothnia to around 10
in the south-western part of the Central Baltic (Fig. 1). A
strong gradient to the oceanic salinity of ~35 exists in the
Kattegat region. With exception of the Gulf of Riga, the
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Fig. 1. Map of the Baltic Sea showing the spatial distribution of associ-
ated salinity and alkalinity observations. The geographical borders of the
subareas Kattegat (Kat), Central Baltic Sea (Cen), Gulf of Bothnia (Bot),
Gulf of Finland (Fin), and Gulf of Riga (Rig) that were assigned according
to the hydrographical mixing regimes are indicated. The color scale rep-
resents the mean salinity and the point size the number of observations,
both on a grid of 0.5° Lon and 0.25° Lat. The grey shading indicates the
elevation of land above sea level.

surface Ar decreases with decreasing salinity (Fig. 2). How-
ever, different A—S signatures can be found in the surface
waters of the various subareas, because the drainage basin
composition - dominated by limestone in the south and
granite in the northern parts — controls the Ay levels in the
river water. Linear Ar—S regimes exist in the three gulfs (Bot,
Fin and Rig) and the Kattegat region (Fig. 2a), whereas the
Central Baltic Sea is the “mixing chamber” of waters from
the other areas and consequently shows no strictly linear
A7=S relation (Beldowski et al. 2010). During stagnation peri-
ods, Ar increases temporarily when anoxic conditions prevail
below the halocline (Edman and Omstedt 2013). In anoxic
bottom waters sulfate (SOF") is used as electron acceptor for
the oxidation of organic material. This reaction produces sul-
fide (S*7) that contributes two moles of Ay per mole of sul-
fate oxidized (Eq. 1), independent on the subsequent
protonation of $*~. However, under oxic conditions in the
surface water, S*~ is reoxidized to SOi_ and the At increase
is reversed. In addition to this reversible A contribution,
recent modelling studies suggest that other significant inter-
nal A7 sources (e.g., denitrification) may exist in the Baltic
Sea (Edman and Omstedt 2013; Gustafsson et al. 2014). Fur-
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ther, it should be noted that planktonic calcifiers, which
constitute the most important alkalinity sink in the oceanic
environment, do not exist in the Baltic Sea (Tyrrell et al.
2008) except in the Kattegat area.

Due to its generally lower alkalinity the Baltic Sea is
believed to be especially vulnerable to CO,-induced acidifica-
tion. Indeed, for the current atmospheric pCO, increase (+2
patm yr~ ') a slightly lower mean pH trend of —0.0019 yr*
can be expected for the open ocean (§=35, T=10°C,
A7=2300 pmol kg ') compared to —0.0021 yr~! in the Cen-
tral Baltic Sea (S=7, T=10 °C, Ar= 1650 pmol kgfl). How-
ever, the direct link to riverine Ar input (Hjalmarsson et al.
2008) and the short water residence time of around 20 yr
(Helcom 1993) suggest that in the Baltic Sea significant At
changes may occur on timescales similar to that of anthro-
pogenic atmospheric pCO, perturbations (10-100 yr). This
implies that a reliable acidification estimate cannot solely be
based on the atmospheric pCO, evolution. Previous studies
indeed suggested that the alkalinity in the eastern Gotland
Sea increased by around 100 pmol kg*1 (~6%) from 1930 to
2010 (Schneider et al. 2015). Extensive Ar measurements
were performed in the Baltic Sea region with investigations
dating back to the early 20" century (Buch 1945; Hjalmarsson
et al. 2008). Nevertheless, a comprehensive analysis of the Ar
evolution in the Baltic Sea has not yet been performed. More
detailed knowledge about past Ar changes in Baltic Sea is
essential, e.g., to assess the anthropogenic, CO,-based acidifi-
cation potential (Melzner et al. 2012), to validate modelling
approaches of alkalinity dynamics (Kuznetsov and Neumann
2013; Gustafsson et al. 2014) and to obtain more reliable esti-
mates for the Baltic carbon budget (Kulinski and Pempkowiak
2011; Gustafsson et al. 2015).

This work thus aims at:

e Detecting temporal A7 trends reflected in changes of the
A7-S relationship

e Quantifying the implications for CO,-induced acidification

o Attributing the detected Ar trends to biogeochemical drivers

Material and methods

The data handling, quality control, statistical analysis,
and data visualization described in the following were per-
formed with the statistical computing language R Version
3.1.1 (R Core Team 2014). The CO, system calculations were
performed with the seacarb package (Lavigne et al. 2011),
using the carbonate constants for estuarine waters (Millero
2010), Kw from Dickson and Riley (1979) and Ks from
Dickson (1990).

Data compilation

To compile the most comprehensive data set of Ay obser-
vations from the Baltic Sea, we combined data from the fol-
lowing sources:
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Fig. 2. (a) Exemplary A~S relationship in the Baltic Sea for observations from 2008/2009 with linear regression lines for the subareas Kat, Bot, Fin
and Rig and (b) temporal distribution of available data over the past century (binwidth = 2.5 yr) with colors coding for the investigated subareas. The
vertical dashed lines mark the periods (<1980, 1980-1990, 1990-1995, >1995) that were analysed separately.

e CANIBAL data set (Hjalmarsson et al. 2008 and references
therein)

e SMHI monitoring data (extracted from SHARK data base: http://
produkter.smhi.se/pshark/datamap_nationell.php?language=s)

e Baltic-C project (BALTEX Phase II (BONUS+), available at:
https://ecds.se/)

e FMI monitoring data (provided by M. Perttila pers. comm.)

The data set was compiled in April 2015. Identical data
points appearing in more than one of the data bases were
removed prior to analysis. The analysis was restricted to water
depths <20 m to avoid temporary Ar contributions from sul-
fide ($>7) formed in stagnant bottom waters. The analysed
data set comprises 31436 single observations. The spatio-
temporal coverage of the data is presented in Figs. 1, 2b.

Quality control

The applied quality control focuses on the homogeneity
of the Ar measurements as well as the accuracy and preci-
sion of the available data.

The homogeneity of the measurement method is a critical
aspect, because the data used for our trend analysis originate
from different sources and time periods. The oldest observa-
tions date back to the beginning of the 20™ century when
for the first time intense theoretical and experimental work
including comprehensive field studies concerning the marine
CO,, system was performed (Buch 1945). A review of the ana-
lytical methods for the determination of alkalinity — termed
commonly “excess base” at that time — was given by Gripenberg
(1936). For the back titration method that became the stand-
ard procedure for many decades, Gripenberg (1936) reported
a precision of only a few pmol kg~ '. However, a systematic
bias may have been associated with the choice of the indica-
tor for the detection of the titration end-point and could
amount up to 10 umol kg~ ! according to the data presented

by Gripenberg (1936). The alkalinity data from the Swedish
Monitoring Programme, which constitute the bulk of the
more recent data used in our study, were based on the back
titration method until 1995 and after that based on the
direct titration. No significant bias was caused by this change
in method, which was demonstrated for an extensive num-
ber of samples measured in parallel (M. Krysell pers. comm.).
In combination with the use of certified carbon reference
material (CRM, Dickson et al. 2007) the back titration facili-
tates an overall range of bias of =5 pmol kg ! (Dickson
et al. 2007) and is currently state of the art. It was also the
basis for the data collected within the Baltic-C project.

In addition to available information about the analytical
accuracy and precision for the alkalinity determination, one
may use the characteristics of Ar—S relationships to identify
data that are obviously biased by analytical shortcomings.
The precision of Ar observations can be estimated from the
residuals when performing linear regression analysis for the
A7-S relation (Fig. 2a) in the subareas Kat, Bot, Fin and Rig
(Fig. 1). Observations with low precision can be excluded,
when the residual exceeds a predefined threshold. This anal-
ysis was performed separately for data from each cruise
within the CANIBAL data set, which contributes the most
questionable historic data. However, applying a threshold
for the various subareas led to the exclusion of observations
primarily from the period 1975-1995, whereas no precision
deficiency could be identified for the past two decades.
Accordingly, Swedish scientists reported unidentified sources
of error for the observation period 1975-1995 (K. Wesslander
and M. Krysell pers. comm.). However, apparently low preci-
sion can also reflect increased natural variability of the inves-
tigated parameter. By largely removing A7 observations from
the critical 1975-1995 period we risked to discard important
information and thus decided to analyse the critical time
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frames separately, comprehensively report the observed vari-
ability and interpret the respective findings with great care.

In contrast to the precision control described above, it is
not possible to retrospectively test the accuracy of Ar observa-
tions. Since CRMs were introduced for monitoring purposes
around 1995, an accuracy of better than 5 umol kg~ ' can be
assumed (Dickson et al. 2007; Hjalmarsson et al. 2008). With
respect to historic observations from before 1995, somewhat
larger uncertainties are to be expected. However, even when
assuming an inaccuracy twice as large as the current level, the
detected trends are almost an order of magnitude larger than
the potential bias.

Alkalinity trend analysis

The analysis of oceanic Ar trends is typically based on alka-
linities normalized to a salinity of 35 (nAr=Ar X 35/S) to
account for local evaporation, precipitation and circulation
patterns (Millero et al. 1998). Friis et al. (2003) highlighted
that this approach has its limitations already in oceanic envi-
ronments influenced by riverine input of alkalinity or the dis-
solution of biogenic carbonates. For a comprehensive analysis
of Ar trends in estuarine systems, which receive significant
amounts of Ay from freshwater end-members and thus cover a
large range of variable Ar—S conditions, the classical alkalinity
normalization is by no means adequate.

Taking the complex A,-S distribution of the Baltic Sea into
account, two types of subareas had to be investigated differ-
ently: (1) The Central Baltic Sea, which - as a mixing chamber
for waters from the adjacent gulfs and the North Sea — reveals
no distinct A-S relation and (2) the other subareas (Kat, Bot,
Fin, Rig), which feature a linear ArS relationship (Fig. 2a).

Central Baltic Sea: no defined AS relation

A simple regression analysis of Ar trends at a given station in
Central Baltic Sea is not meaningful, because changes in circula-
tion patterns could alter Ar. To identify potential AT changes
driven by biogeochemical processes, it is thus more informative
to analyse Ar trends at specific salinity levels. Therefore, all
observation were grouped into salinity intervals of 0.2 (range:
6.5-7.7). The interval width was chosen as narrow as necessary
to avoid significant salinity dependence of Arwithin the groups,
but as wide as possible to increase the number of observations
within each interval. The deviations (dA7) of the individual val-
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ues from the mean A were computed separately for each salin-
ity interval. The dAt values from the various salinity intervals
were pooled and plotted as a function of time (Fig. 3). Based on
the pooled dAr values temporal trends were investigated by lin-
ear regression analysis. For the trend analysis the whole observa-
tion period was divided into four distinct periods. This division
into up to four periods reduced the mean squared error (MSE),
whereas a larger number of distinct periods did not further
reduce the MSE significantly. The exact breakpoint between two
adjacent time periods was determined with an iterative proce-
dure (Crawley 2007) that we applied to identify the breakpoints
resulting in the lowest MSE. The iterative procedure was repeti-
tively applied to all breakpoints until no change in breakpoint
position occurred. The three breakpoints 1980, 1990, and 1995
were identified with this iterative procedure.

Subareas with linear A;—S relationship

For subareas with linear Ar—S relationships (Kat, Bot, Fin)
a three dimensional (3d) statistical model was applied. The
3d model includes the dependency of Ar on salinity (S),
time (#) and an interaction term of both parameters (S X ),
that accounts for the change of the Ar-S-slope with time,
but can also be interpreted as the dependency of the tempo-
ral A7 trend on salinity. The applied linear 3d model is:

AT(S, t):AT(So,fo) + (A:;ST) X(S*So)

as ’ 3
AAT
+ (A;i:)sox(t—to) + —A<AAtS) X ($—S0)X (t—to)
where £, and Sy are the assigned reference year and salinity,
respectively. The fitted coefficients and their interpretation
are summarized in Table 1.

The 3d models were applied only to the time period
1995-2014, reflecting the usage of CRMs in the monitoring
programs, the last breakpoint found in the Central Baltic Sea
and a high spatio-temporal data coverage. Accordingly, the
beginning of the observation period t, was set to 1995. The
reference salinity Sp was set to 7, allowing a direct compari-
son of the coefficient (AA7/At)so to the slope found in the
Central Baltic Sea (Table 2). It should be noted that the val-
ues assigned to Sy and f;, do change the specific coefficients
obtained from the model, but have no impact on the general

Table 1. Summary and interpretation of the coefficients that characterize the applied 3d model.

Coefficient Unit Interpretation
At(so, to) pmol kg™! At intercept, (at the beginning of the observation period and reference salinity)
(AA—AST) ) pmol kg™! Slope Ar ~ salinity (at the beginning of the observation period to)
0
(A—AtT> 5 pmol kg™ yr™! Slope A7 ~ time (at the reference salinity So)
0
A %) -
Ats umol kg™ " yr~ Interaction term: (change of slope A; ~ salinity, if time increases by 1 yr,

or change of slope A; ~ time, if salinity increases by one unit)
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outcome of the model, i.e., the predicted A at any given §
and t. The fitted 3d models and residuals are displayed in
Figs. 4, 5, respectively.

To test the outcome of the 3d models described above, a
more simplistic and less universal trend analysis was per-
formed for the same time period after 1995. Therefore, linear
regression models (Ay= f(f)) were applied for salinity inter-
vals of 1 unit separately for each subarea. The slopes derived
from these 2d linear regression models are compared to the
slope obtained from the 3d models at the same salinity and
subarea (Fig. 7a, Supporting Information Figs. S2, S3).

Due to insufficient spatio-temporal data records from
before 1995 the 3d model could not be applied. The avail-
able historic data for the regions Bot, Fin, and Kat had thus
to be presented according to the same principle as applied in
the Central Baltic Sea: For area-specific salinity intervals we
computed the deviations from mean Ar. In contrast to the
Central Baltic Sea we did not pool the computed deviations
thereafter, because different rates of change were expected at
differing salinity intervals. We thus display the deviations as
boxplots grouped by salinity intervals and decades for the
subareas Kat, Bot, Fin and Rig (Fig. 6).

Calculation of acidification trends

The annual acidification trend caused by increasing
atmospheric CO, was computed from pCO, and Ay for the
time period 1995-2014. The acidification estimates are based
on a pCO; trend of + 2 patm yr*1 (IPCC 2013). Calculations
were performed for an increase from pCO; ;=380 patm to
pCO, 1 =382 patm, reflecting the annual increase in the
northern-hemisphere pCO, roughly in the middle of the
investigated period. Two Ar scenarios were analysed:

1. Alkalinity was assumed to be constant. For this scenario
the mean Ay (mAp) of the observation period was com-
puted for each salinity interval. Based on this mAT, the
pH trend was computed according to:

dPH(AT:constant) =pH (mAT7 PCOZ,tl)

4
—pH(mAT, pCOZ‘tO) ( )

2. The alkalinity trend (AAr/At) was taken into account and
the pH trend was computed as:

AA
de(AT=variable) =PH ( <mAT+ TIT X 1)”) ] pCOZ,t1>
—pH(mAr, pCO24)

©®)

The alkalinity trend for the second scenario was derived
from the 3d models for the Kattegat region and the Gulf of
Bothnia, and from the 2d model for the Central Baltic Sea
(Table 2). The estimated pH trends for a constant and an
increasing Ar background are displayed in Fig. 7b.
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Results

Within this chapter we first present Ar trends for the time
period 1995-2014 (Figs. 3, 4), for which we found the smallest
mean residual (~20 pmol kgfl, Table 2) and a homogenous
spatial and temporal data coverage (Fig. 5). Further, we present
Ar changes before 1995 (Figs. 3, 6). Data from that period
revealed much higher variability (mean residual ~50
umol kg~ !, Table 2) and the spatio-temporal data coverage is
more fragmentary compared to the recent two decades. Results
from before 1995 should thus be interpreted with greater care.
We therefore focus the following estimation of CO,-induced
acidification trends on the time period after 1995 (Fig. 7b). The
chapter concludes with an evaluation of the applied models
and uncertainties associated to our findings.

Time period 1995-2014

In the Central Baltic Sea we found an increase of the alka-
linity deviations (dA7) by +70 umol kg~ ! for the time period
1995-2014, corresponding to a rate of +3.4 umol kg~ ' yr !
(Fig. 3; Table 2). The deviations of the dAr values from the
applied linear model are evenly distributed over time (Fig. 5)
and the mean residual is below 20 pmol kg~ ' (Table 1).

In the Kattegat region at salinity 15, At increased from
1812 to 1880 pmol kg~ ' over the time period 1995-2014. This
corresponds to a trend of + 3.4 umol kg ' yr~ ' (Fig. 4; Table 2)
and matches the At increase observed in the Central Baltic Sea
at salinities around 7. The positive Ay trend continuously
decreases toward the high saline waters of the North Sea and
levels off at salinity 30. At salinities higher 30, we found a
minor decrease of Ay over time (Fig. 4), which is smaller than
the mean residual of the observed A values from the fitted 3d
model (16 umol kg, Table 2). The observations in the Katte-
gat region are evenly distributed over the salinity range from
15 to 35. Fewer observations cover the salinity range below
15, reflecting the steep salinity gradient and the small num-
ber of monitoring stations in the Belt Sea. Residuals are
evenly distributed over time (Fig. 5).

In the Gulf of Bothnia we found an At increase from 730 to
870 umol kg ' at salinity 3 (+7.4 umol kg ! yr™ '), which is
slightly higher than the increase from 1170 to 1290 pmol kg ™"
(+6.2 umol kg~ ' yr™') observed at salinity 5 (Fig. 4; Table 2).
Most of the observations available from the Gulf of Bothnia
fall within the two salinity intervals 2.5-3.5 and 4.5-6 (Fig.
4), indicating the prevailing surface salinity in the northern
Bothnian Bay and the southern Bothnian Sea, respectively
(Winsor et al. 2001, 2003). However, the At trend is similar
for both predominant salinity levels and should thus also
hold true for the narrow transition zone.

In the Gulf of Finland, most of the available data are
restricted to the salinity range 4-6.5 (Fig. 4) and only in
2001 extensive investigations covered lower salinities down
to 2. The temporal A changes in the Gulf of Finland outside
the salinity range 4-6.5 thus remain speculative. However, at
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Fig. 3. Temporal alkalinity trends in the Central Baltic Sea from 1900 to 2015. Displayed are deviations (dA7) of observed A; from mean Ar. Linear
regression models (red line + 95% confidence interval (red area)) were fitted separately within the four time frames indicated by the vertical dashed
lines. For the coefficients of the regression analysis please refer to Table 2.

salinity 5 we found an At increase from 1340 to 1440
umol kg~ ' (+5.6 umol kg~ ' yr ™).

In the Gulf of Riga, the data coverage is not extensive
enough for a reasonable application of the statistical 3d
model. However, for the salinity range 5-6 and the limited
time period 2000-2011, linear regression of Ar as function of
time indicates a rate of change around + 8 pmol kg ' yr !
(Supporting Information Fig. S1).

Time period before 1995

In the Central Baltic Sea, we found that the increasing alka-
linity trend observed over the past two decades, may have per-
sisted for the entire past century. The alkalinity deviations
increase by about 200 pmol kg ! from early 1900 to the cur-
rent levels, corresponding to an overall rate of change of
about +2 pmol kg~ yr~! (Fig. 3). However, this overall trend
observed in the Central Baltic Sea should be interpreted with

Table 2. Summary of the statistical parameters obtained from the application of the 2d and 3d models to the Central Baltic Sea
and subareas with linear Ar—S relations (Kat, Bot, Fin), respectively.

Time AAr Mean No of
. AAr (%) Al"As > ) .
Area  Model period A1(se, to) AS ) 1) At ) (sy) —AF R residual ~ observations
yr umol kg=™'  umol kg™  pmol kg™ yr™'  pumol kg™ yr™! umol kg™
1900-1980 - - 0.7 - 0.02 44 3876
1980-1990 - - -5.2 - 0.04 51 2591
Cen dAr=f(t) 1990-1995 - - 38.4 - 0.61 27 1713
1995-2014 - - 3.4 - 0.33 20 4080
Kat 1600 26.5 53 -0.2 0.98 16 3333
Bot Ar=1S,t) 1995-2014 1610 220.9 5.1 -0.6 0.98 24 738
Fin 1662 163.0 1.7 -1.9 0.87 34 476
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Kattegat care, because the spread of the observations from before 1995
is much larger (mean residual >40 pmol kg~ ') than for the
last two decades (mean residual <20 pmol kg’l, Table 1).
Despite the large scatter of the earlier observations, we
detected a break in the overall increasing Ar trend: Ar

2200
anomalies seem to have decreased (—5 pmol kg~ ' yr ')
from around 1980-1990, and recovered more rapidly (+38
_— umol kg~ ! yr~') thereafter from 1990 to 1995 (Table 2).

In the Kattegat and the Gulf of Finland, the majority of
A7 observations before 1935 are around 50-100 pumol kg '
below the long-term average (Fig. 6). Ay levels similar to the
1800 long-term mean were first observed in the 1940 decade and
around 1970 respectively for the Kattegat and Gulf of Fin-
land region. In the Gulf of Bothnia, the historic Ar evolution

1600 follows a contrasting trend. Ar residuals in the 1910 decade
1995 2000 2005 2010 2015 are almost entirely positive, but decrease thereafter and
Year become consistently negative at all salinity levels around
1950 (Fig. 6). From the few observations available from Gulf
Gulf of Bothnia of Riga it can be assumed that A; was considerably lower in
A (pmo] kg“) the 1925-1945 period, than in the recent decades.

For around three decades from 1965 to 1995 the At obser-
vations show remarkably lower precision in all three subar-
eas discussed above (Kat, Bot, Fin) and we thus refrain from
interpreting any temporal changes during that time (Fig. 6).
The recent observations from the last decade reveal positive
1250 A7 residuals for the Gulfs of Bothnia and Finland
around + 100 pmol kg~ ! throughout all salinity intervals. In
the Kattegat such positive evolution was only found at the
lowest salinity (Fig. 6), which is in good agreement with the
results from the applied 3d model (Fig. 4).

1000

750

Implications for CO,-induced acidification trends
" When assuming constant alkalinity levels in the Baltic Sea
1995 2000 2005 2010 2015 over the past two decades, the computed mean acidification
Year trend (i.e., decrease in pH over time) caused by an increasing
Gulf of Finland atmospheric pCO; is in a similar order of magnitude as in oce-
anic environments and increases only slightly from —0.0020
pH units yr ! at salinity 35 to —0.0022 pH units yr ' at salin-
! {é60 ity 5 (Fig. 7b). In contrast, if the observed positive A7 trends
are taken into account, the estimated acidification is generally
lower. In the Kattegat region, increasing Ar levels mitigate the
1400 acidification trend to around —0.0015 pH units yr™ ' at salinity
15. Slightly higher mitigation effects of around 50% were
found for the Central Baltic Sea (Fig. 7b). In the low saline
1200 areas of the Bothnian Sea, the alkalinity increase fully com-
pensated the CO,-induced acidification signal during the last

two decades (Fig. 7b).

1000

Fig. 4. Surface water alkalinity as a function of salinity and time in the
; Kattegat, Gulf of Bothnia and Gulf of Finland from 1995 to 2014. The
21995 2000 2005 2010 2015 colors and black contour lines display Ar levels as derived from the best
fitting 3d models. White dots represent the observations included in the
analysis. For the fitting coefficients please refer to Table 2.
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Fig. 5. Residuals of observed surface water alkalinity from the statistical
models over the time period 1995-2014. In the Central Baltic Sea, the
residuals correspond to the 2d linear regression model applied to the Ar
deviations. In the Kattegat, Gulf of Bothnia and Gulf of Finland the resid-
uals correspond to the statistical 3d models. Due to the scaling of the y-
axis 38 (0.9%), 14 (0.4%), 10 (1.4%), and 15 (3.2%) observations are
not displayed for Cen, Kat, Bot and Fin area, respectively.

3d model advantages and uncertainties

The applied 3d models have several advantages, compared
to the simple regression analysis of A as a function of time
within specific salinity intervals: (1) The 3d models are more

Baltic Sea alkalinity trends

robust against outliers, due to the high number of observa-
tions contributing to each fit. (2) The 3d models require only
four fitted coefficients per subarea, whereas simple linear
regression requires 2 coefficients per salinity interval and area.
(3) The 3d models do not group the Ar observations into
salinity intervals as it is required for 2d regression analysis.
Thus, each observation is included into the fitting procedure
with the exact corresponding salinity. This difference explains
the slight deviations between 3d and 2d models (Fig. 7a),
which can best be exemplified for the salinity range 3 + 0.5 in
the Bothnian Sea: Within that salinity interval the 2d model
underestimates the slope by around 1-2 umol kg™ ! yr™?!, due
to a larger number of observations with high salinities and
thus higher A; at the beginning of the period (visualized in
Supporting Information Fig. S3). This limitation of the 2d
model also applies in the Kattegat region (Supporting Infor-
mation Fig. S2), but is less pronounced than in the gulfs,
because the A1—S slope is about fivefold less steep. In conclu-
sion we found the 3d models to be more reliable to analyse
A7 trends in estuarine systems covering large salinity ranges.

Fitting the statistical 3d models (Ar={f (S, t)) to At obser-
vations from the past two decades revealed trends (50-150
pmol kg~' yr!) that were — in the typical salinity range of
the Baltic Sea — by an order of magnitude larger than the
measurement uncertainties.

In the Kattegat, we derived a slightly negative A, trend
for the North Sea end member, which is around -15
umol kg~ ' for the time period 1995-2014 at salinity 33.
Because this estimate is in the same order of magnitude as
the mean residual it was considered to be not significant.

When extrapolating the 3d models for the Kattegat and
Bothnian Sea to the mean salinity 7 of the Central Baltic Sea
an alkalinity trend of + 5.2 ymol kg~' yr~! at salinity 7 was
derived for both areas. This is somewhat higher than the
rate (+3.4 umol kg~' yr') found by direct observations
from the Central Baltic Sea. The deviation can potentially be
attributed to the increasing uncertainty generally associated
to the extrapolation of regression analysis.

Discussion

We found a consistent increase of surface water At in the
Baltic Sea over the past two decades (1995-2014), with
increasing rates of change from the North Sea toward the low-
saline areas in most northern parts. In the Central Baltic Sea,
the A7 trend amounts to + 3.4 ymol kg~ yr~! for the past two
decades. In contrast to this consistent positive trend, the eval-
uation of historic Ar data (1900-1995) suggests regional differ-
ences. The A increase in the Central Baltic Sea, Kattegat and
Gulf of Finland seems to be a persistent long-term trend,
whereas At levels in the Gulf of Bothnia have dropped during
the first half of the century and increased only over the last
two decades. The perception of the historic data is in agree-
ment with previous studies (Ohlson and Anderson 1990;
Kremling and Wilhelm 1997; Hjalmarsson et al. 2008).
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In the following discussion, we will first focus on the
attribution of the detected surface water A trends to biogeo-
chemical processes and subsequently address their implica-
tions for the evolution of the Baltic Sea CO, system.

Attribution of the detected A trends

Within the following chapters the potential drivers for
the observed trends are discussed, but a quantitative attribu-
tion to the numerous possible biogeochemical processes and
anthropogenic impacts is beyond the scope of this study.
The qualitative discussion covers processes that affect terres-
trial weathering rates (changes in precipitation patterns,
acidic rain deposition, and atmospheric CO, increase), lim-
ing activities and finally internal alkalinity generation.

Weathering in the Baltic drainage basin
With respect to terrestrial weathering processes the Baltic
Sea drainage basin can be divided into a northern and south-

ern part that intersect at the easternmost end of the Gulf of
Finland [for details see e.g., Hakanson et al. (2003)]. The Gulf
of Bothnia and the Gulf of Riga are thus drained exclusively
from the northern and southern part, respectively. All other
subareas receive freshwater input from both drainage areas.
The bedrock of the northern part mainly consists of gran-
ite and is covered only with a thin layer of soil. Boreal for-
ests are the predominant vegetation. The terrestrial
weathering process in the northern catchment can be exem-
plified by the reaction of albite with carbonic acid (Berner
and Berner 1987), which produces the secondary mineral
kaolinite, dissolved silica, sodium ions and bicarbonate:

2NaAlSi3zOg+2H,CO3+9H,0 —

6
Al SiyOs +2Na* +2HCO3: +4H,S5i0y4 ©)

The bedrock of the southern part consists of limestone, clay
and sandstone, covered with a thick soil layer that forms the
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foundation for intense agricultural activities. The dominant
weathering process in the southern part is the reaction of
carbonate minerals with carbonic acid, which produces cal-
cium ions and bicarbonate:

CaCO3+H,CO3 — Ca*"+2HCO; (7)

The weathering reactions exemplified in Eqs. 6 and 7 are
driven by carbonic acid. That carbonic acid is produced by
soil respiration processes, and thus ultimately originates
from photosynthetically fixed atmospheric CO,. The funda-
mental difference in both weathering reactions with respect
to the formation of alkalinity is that bicarbonate produced
by the weathering of granite (Eq. 6) is entirely derived from
carbonic acid. In contrast, roughly half of the alkalinity pro-
duced by the weathering of carbonate minerals (Eq. 7) origi-
nates from carbonic acid and the carbonate mineral,
respectively. If the weathering is driven by a strong acid
(e.g., HySOy) instead of by carbonic acid, the weathering of
carbonate minerals produces bicarbonate and the anion
of the strong acid (e.g., sulfate), whereas the weathering of
granite produces only the anion of the strong acid. In con-
trast to bicarbonate ions, the anions of the strong acids do
not contribute to alkalinity. Thus, the weathering of carbon-
ate minerals with a strong acid produces alkalinity, whereas
the weathering of granite with a strong acid does not pro-
duce alkalinity, but neutralizes the delivered protons [for
details see e.g., Berner and Berner (1987)]. This difference in
the weathering processes is essential to understand the
potential impacts of acidic rain on riverine alkalinity in the
Baltic Sea drainage basin.

Precipitation patterns

Increasing precipitation and run-off were found to affect
riverine alkalinity (Aro) in two counteracting ways: The
lower contact time of water with the soil and bedrock
reduces the concentration of weathering products and as
such Aro. However, this effect is generally overcompensated
by an increase in river discharge, which results in an increas-
ing Ar flux (Berner and Berner 1987; Cai et al. 2008). In a
classical estuarine system consisting of an unchanged
marine- and one variable freshwater endmember, increasing
precipitation should thus directly increase the slope and
decrease the intercept of the Ar—S relationship, as both are
controlled by Ar( but independent of the A; flux. In con-
trast, the Baltic Sea has a complex and diverse drainage basin
structure, and the surface water Ar—S$ distribution (Fig. 2a)
also depends on the mixing ratio and thus the Ay flux of the
various discharging rivers.

The precipitation and total river run-off in the Baltic Sea
area do not show a significant long-term trend over the past
100 years, but the recent two decades were relatively wet and
the total runoff increased (The BACC II Author Team 2015).
This recent increase in run-off was pronounced in the Nordic
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countries (Wilson et al. 2010), whereas the southern catch-
ment revealed a contrasting tendency for a decrease in run-off
(Gailiusis et al. 2011; The BACC II Author Team 2015). Due
to the increased run-off in the Nordic countries we would
expect a decrease of Ar,o in the Gulf of Bothnia. Likewise, the
northward shift in run-off should favor decreasing Ay levels
in the Central Baltic Sea, as it reduces the contribution from
the Arrich rivers draining the southern catchment area. Both
expected trends are in contrast to our observations and we
thus do not expect a significant impact of changes in precipi-
tation patterns on the observed Ar trends.

Hansson et al. (2011) report that runoff to the Baltic Sea
is strongly linked to temperature and therefore suggest that
southern regions will become drier and that the northern-
and Gulf of Finland area will experience higher runoff with
rising temperature. It can thus not be ruled out that changes
in precipitation patterns (The BACC II Author Team 2015)
will influence the future A—S distribution in the Baltic Sea.

Impacts of acidic rain

Anthropogenic emissions of sulphur oxides (SOx) and
nitrogen oxides (NOx) cause acidic rain, because both react
with water and form strong sulphuric acid (H,SO4) and nitric
acid (HNOj). European SO, emissions steadily increased to
peak emissions of >50 Mt SO, yr~ ' around 1980. Emissions
decreased thereafter to today’s <10 Mt SO, yr ! with high-
est reduction rates in the 1990-2000 period (Vestreng et al.
2007). NOy emissions showed a much lower decrease rate
(Granier et al. 2011). The decrease of SO and NOy emissions
is reflected by an increased precipitation pH, e.g., in
Germany from 4.3 during 1978-1990 to 4.8 in 1990-2010
(Lajtha and Jones 2013). A recent modelling study revealed
that the history of SOx and NOy emissions is well-mirrored
in the direct atmospheric deposition of acids in the Baltic
Sea basin (Omstedt et al. 2015).

According to the peculiarities of the weathering processes
described above, we expect that increasing acidic precipita-
tion until 1980 enhanced the dissolution of carbonate min-
erals and thus the riverine A input from the southern
drainage basin. In contrast, we expect a decreasing A input
from the northern drainage basin until 1980 that reflects the
direct removal of alkalinity by acidic precipitation. After
1980, the recovery from acid deposition should have an
inverse effect (Stets et al. 2014). Superimposed on the poten-
tially delayed signals from terrestrial weathering processes,
the direct input of acidic precipitation into the Baltic Sea
can be considered an immediate A sink that peaked around
1980 (Omstedt et al. 2015). In the following, we estimate
the upper limits for acidic rain induced Ar changes for two
simplified processes: (1) The potential Ay increase in rivers
from the southern, limestone-dominated drainage basin and
(2) the potential A removal by direct acidic precipitation into
the Gulf of Bothnia.
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1. To quantify the relationship between acidic precipitation
and alkalinity generation in the southern, limestone-rich
catchment area, we first considered the weathering with-
out any acidic precipitation and attributed the reference
At formation solely to the weathering with carbonic acid.
Subsequently, we computed the additional dissolution of
calcium carbonate due to acidic rain that causes higher Ar
levels (for a detailed description of the calculation proce-
dure see the Supporting Information). We performed the
respective calculations for various precipitation pH levels,
temperatures and reference Ar concentrations (Supporting
Information Fig. S4). Assuming a reference river water Ay
of 3000 umol kg~ !, T=10 °C and precipitation pH values
of 3, 4, and 5 we estimated an At increase of 410, 47 and
5 umol kg~!, respectively. Comparing these estimates
with the temporal trends in A as detected in the Central
Baltic Sea and Gulf of Finland, a decline of the precipita-
tion pH to values below 4 would be required. However,
according to Winkler (1983), who analysed precipitation
pH data going back to the late 1930s, such low pH have
not been observed. Hence, increased weathering due to
acidic precipitation might have contributed to the Ar
increase observed over the first half of the 20™ century in
subareas receiving river water from the southern drainage
basin, but it is questionable that this is the major driver.

2. Acidic precipitation has the reverse effect on A7 when the
weathering in the northern, granite-dominated drainage
basin and the direct input into seawater are considered. In
this case, A7 is reduced directly by the excess of proton
donors over proton acceptors in rain water, approximated
by the precipitation pH. The following estimate consti-
tutes an upper limit, because we neglected that protons
may partially be neutralized by increased weathering of
granite rocks, which does however not produce additional
alkalinity. For a precipitation pH of 4, the input of hydro-
gen ions into the Gulf of Bothnia and its drainage basin
was estimated. Based on a precipitation rate of
600 mm yr ! and a surface area of 490,000 km? (The
BACC Author Team 2008), the annual Ar removal
amounts to ~29 Gmol yr . This removal of A7 is in the
same order of magnitude as the mean input of A by river
water into the Gulf of Bothnia (43 Gmol yr !, Hjalmars-
son et al. 2008) and indicates that the observed A+ loss in
the Gulf of Bothnia during the first half of the 20" cen-
tury (Fig. 6) may indeed be attributed to acidic precipita-
tion. Reversely, the increasing Ar in the Gulf of Bothnia
over the past two decades (Fig. 4) may constitute a relaxa-
tion effect from acidic precipitation.

In summary, our estimates support the concept of acidic
rain impacts on the Ar system of the Baltic Sea, as suggested
by previous studies (Ohlson and Anderson 1990; Kremling
and Wilhelm 1997; Hjalmarsson et al. 2008). Hjalmarsson
et al. (2008) compiled the Canibal data set — which contains
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observations from 1911 to 2003 and was also included in
our analysis — and investigated the Ar signature of the rivers
entering the Baltic Sea. They derived the flow-weighted Ao
in rivers entering a specific region from the intercept at
S=0, when extrapolating a regression analysis of Ar vs.
salinity. Hjalmarrsson et al. (2008) found an increase in Ar
in rivers entering the Gulf of Finland (+2.6 ymol L' yr ')
and a decrease in Ay in rivers entering the Gulf of Bothnia
(—2.7 ymol L' yr™!). These rates of change estimated for
river water Ay and the trends we observed in the Baltic Sea
are of similar magnitude. However, it should be noted that
the extrapolated river water alkalinity analysed by Hjalmars-
son et al. (2008) suffers from at least the same uncertainty as
the historic data included in our study. Ohlson and Anderson
(1990) applied a similar principle to the Kattegat region and
derived the flow-weighted calcium and A7 concentrations of
all rivers entering the Baltic Sea. They found that the Ca-Ar
ratio increased from around 0.4 (1938 and 1967) to 0.7 in
1986. This was attributed to an increase in weathering driven
by acidic rain, which increases the ratio of weathered calcium
to produced alkalinity compared to CO,-driven weathering
(Eq. 7). An according trend was found by Kremling and
Wilhelm (1997), who reported a mean Ca concentration increase
of about 4% from 1970 to 1995 in the Central Baltic Sea.

A recent modelling study that focused on the direct depo-
sition of acids into the Baltic Sea indicated that most pro-
nounced A7 changes (—30 pmol kg~ ') may have occurred in
the south-western Baltic Sea around 1990 (Omstedt et al.
2015). This proposed direct acid deposition signal coincides
with the Ar drop that we observed - although with a high
degree of uncertainty — in the Central Baltic Sea around
1990.

Atmospheric CO; impacts on weathering

In contrast to acidic precipitation — that peaked around
1980 - atmospheric CO, concentrations continuously
increased over the whole observation period from ~300
patm at the beginning of the 20" century (MacFarling
Meure et al. 2006) to today’s 400 patm (IPCC 2013). Increas-
ing pCO, decreases the pH of a water mass, but has itself no
direct effect on the alkalinity. Likewise, atmospheric pCO,
should have only a minor direct effect on terrestrial weather-
ing processes, because the high groundwater pCO, levels
and thus the weathering rates are controlled by soil respira-
tion processes, rather than directly by atmospheric pCO,.
However, there is growing evidence that increasing atmos-
pheric pCO, stimulates plant growth and soil respiration
and thus indirectly raises soil pCO, (Andrews and Schlesinger
2001; Oh et al. 2007). Increased soil pCO, finally accelerates
mineral weathering, which increases A irrespective of the
weathered mineral (Egs. 6, 7).

Free-Air CO, Enrichment (FACE) experiments were per-
formed to investigate this effect. In a pine plantation area,
where the bedrock consists mainly of feldspar and should
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thus be comparable to conditions in the northern drainage
basin of the Baltic Sea, Andrews and Schlesinger (2001)
found that under elevated atmospheric pCO, (+200 patm)
the soil respiration increased by 27%. This in turn acceler-
ated mineral weathering and increased alkalinity by 162%.
Likewise, Macpherson et al. (2008) observed steadily increas-
ing A7 levels in limestone-hosted groundwaters in the mid-
continental North American grassland, which is rather com-
parable to the southern drainage basin of the Baltic Sea. The
pronounced alkalinity increase from around 5400 to 6100
umol kg~ ' (~47 pmol kg~ ' yr') over the study period
1991-2005 was attributed to a 20% increase in groundwater
CO; and enhanced weathering rates.

This positive feedback chain - increased atmospheric
pCO,, enhanced plant growth, elevated soil pCO, and finally
raised groundwater Ar — can potentially be amplified by
atmospheric warming. Indeed, the surface air temperatures
in the Baltic Sea region increased during the past 100 yr,
with the strongest warming trend taking place during spring
season (The BACC II Author Team 2015). As the duration of
the cold season has decreased and the duration of the grow-
ing season increased (The BACC II Author Team 2015), it
can be speculated that warming and increasing pCO, favored
primary production on land in concert and act in the same
direction with respect to A changes in the Baltic Sea.

Although a quantitative assessment of the CO,-driven Ar
contribution is currently impossible for the Baltic Sea, due to
various types of landscapes and the lack of experimental
work performed, we suggest that a positive feedback between
atmospheric pCO, and weathering rates might have also
contributed to the long-term increasing Ar trends in our
study area.

Liming activities

In Sweden, a large scale liming programme was imple-
mented to counteract the acidification of sensitive fresh-
water systems caused by acidic rain. Around 0.2 Mt yr ! of
limestone were introduced to Swedish freshwater systems
from 1985 to 1995 (Svenson et al. 1995). Converting this to
an alkalinity equivalent (twice the amount of [CO%‘]) reveals
a potential A; source of around 4 Gmol yr~'. This anthropo-
genic A7 source might have mitigated acidification in
Swedish lakes, but it is an order of magnitude smaller than
the riverine input of Ay into the Baltic Proper (43
Gmol yr~ !, Hjalmarsson et al. 2008) and should thus have
contributed only marginally to the observed A changes in
the Baltic Sea.

Limestone is also applied for agricultural purposes mainly
in the southern drainage area to improve soil pH and facili-
tate the nutrient uptake by plants. We could not compile a
complete overview on agricultural liming statistics for the
whole Baltic Sea drainage basin. However, liming rates in
Germany - of which only a minor portion drains into the
Baltic Sea — could be approximated by marketing of CaCO3
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(Supporting Information Fig. S5). The amount of marketed
limestone rose from around 2 Mt yr~* in 1950 to >5 Mt yr !
in 2014 (Statistisches Bundesamt 2015, www.destatis.de),
with a pronounced drop after the reunification of Germany
in 1990. Similar trends in liming are reported from Eastern
Europe and Russia. At present, the amount of limestone mar-
keted in Germany is equal to 50 Gmol yr ! of CaCOs. In
relation to the annual run-off from this area (~100
km?® yr 1), the complete dissolution of the applied CaCOs3
would be equivalent to an alkalinity contribution of roughly
1000 pmol kg~ !. This estimate constitutes an upper limit,
because it neglects the interdependency to the subsequent
weathering of bedrock minerals, but it highlights the poten-
tially immense contribution of agricultural liming on river-
ine Ar concentrations. We hypothesize that the overall
increase in liming rates over the second half of the 20" cen-
tury significantly contributed to the observed Ar trends in
the Central Baltic Sea. This hypothesis is in agreement with
findings from the intensively agricultural-used watersheds of
the Ohio river basin, where Oh and Raymond (2006) esti-
mated that 29% of the total riverine bicarbonate export
could be attributed to liming activities. Likewise, Raymond
and Cole (2003) reported an alkalinity increase from ~380 to
~440 pmol kg~ ! in the Mississippi river from 1953 to 2002
and attributed it to changes in land-use. The increase rate
(~1.3 umol kg~ ! yr!) estimated for the Mississippi river is
in the same order of magnitude but lower than the trends
we found in the Baltic Sea. Recently, Stets et al. (2014)
extended the analysis and concluded that Ar increase was a
widespread phenomenon in large rivers of the conterminous
U.S. Among the diverse drivers that were investigated, Stets
et al. (2014) highlighted that recovery from acidification and
agricultural liming are important contributions that act in
concert on river water Ar concentrations.

Internal alkalinity generation

In addition to the external Ar sources discussed so far,
recent modelling studies suggest that biogeochemical proc-
esses can act as significant internal alkalinity sources in the
Baltic Sea (Edman and Omstedt 2013; Gustafsson et al.
2014). With respect to Ar trends in the surface water over
the past two decades, we discuss potential changes in Ar
contributions from (1) primary production, (2) denitrifica-
tion, and (3) net sulfate reduction.

1. Primary production increases Ay, mainly because the
uptake of nitrate (NO3) has to be balanced by H" uptake
(Wolf-Gladrow et al. 2007). This A source is reversed
when the produced organic material is remineralized.
Pelagic primary production can however contribute to sur-
face water A7, when the organic matter is exported. With
respect to alkalinity trends in the Baltic Sea surface water,
it is reasonable to assume that nitrate based primary pro-
duction and thus the Ay contribution increased along
with nutrient inputs that peaked around 1980 (Gustafsson
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et al. 2012; Schneider et al. 2015). However, recent model-
ling studies suggest that the previously increasing nitro-
gen uptake by phytoplankton levelled off around 1990
(Gustafsson et al. 2012). Thus, we do not assume that
changes in primary production contributed significantly
to the observed A trends since 1995.

2. Denitrification increases Ar by 1 mole per mole of nitrate
converted (Wolf-Gladrow et al. 2007) and is described by
the reaction:

5CH20+4H++4NO3_ — 2N, +5C0O,+7H,0 (8)

Denitrification is an irreversible process and can conse-
quently contribute to surface water A, changes irrespective
of where it occurs in the water column. However, the deni-
trification of nitrate that was originally introduced to the
system by nitrogen fixation and nitrification has no net
effect on Ar. Since the 1980s the nitrogen input to the Baltic
Sea was continuously reduced, which is reflected in decreas-
ing winter nitrate concentrations in the surface water (Hel-
com 2015). It is therefore plausible to assume that rates of
denitrification not compensated by nitrogen fixation have
rather decreased than increased and thus not contributed to
the positive A trend since 199S.

3. Oxygen deficiency in the bottom waters results in sulfate
reduction, when all nitrate is depleted as alternative elec-
tron acceptor. The reaction produces sulfide, which con-
tributes to alkalinity:

2CH,0+805 — §*~+CO,+H,0 )

However, sulfate reduction is reversed under oxic conditions
and does therefore not contribute directly to surface water
Ar, which was the focus of this study. However, the process
can act as a permanent alkalinity source, if the reduced sul-
fide is buried as FeS,. In this case, the removal of iron -
which represents a negative A contribution when oxidized
to Fe,O3 — constitutes the permanent A source. Unfortu-
nately, no reliable estimate of this removal processes and its
relation to organic matter sedimentation is available by now
and it is thus premature to speculate about the potential
contribution to A trends.

Acidification mitigation

In the Central Baltic Sea, almost 50% of the CO,-induced
acidification trend was mitigated by increasing alkalinities
over the past two decades (Fig. 7b). In terms of proton concen-
tration this corresponds to an increase of 6% instead of
10.5% (Fig. 8). Toward the low-saline and low-alkaline Gulf of
Bothnia — where pH levels are generally lower - the alkalinity
increase fully compensated the CO,-induced acidification.

In addition to the mitigation of CO,-induced acidification,
the observed alkalinity increase has further implications for the
CO, system. Focusing on the Central Baltic Sea from 1995 to
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Fig. 8. Combined influence of simultaneous changes in atmospheric
pCO; and seawater Ar on dissolved inorganic carbon (DIC), proton con-
centration [H™], and calcium carbonate saturation (Qcaco,) in the Cen-
tral Baltic Sea from 1995 to 2014. Based on an atmospheric pCO,
increase from 360 to 400 patm, the relative changes in DIC, [H™], and
Qcaco, were computed for two Ar scenarios: The observed Ar trend
of + 3.4 umol kg™ yr~" was taken into account (black bars) and the Ay
was assumed to be constant at mean A; (grey bars). Computations were
performed for S=7, T=10 °C and with the dissociation constants from
Millero (2010).

2014 the mean salinity and A were 7 and 1587 pmol kg ',
respectively. Taking the positive Ay trend of + 3.4 ymol kg~ ! yr ™!
into account, the At rose from around 1550 to 1620 pmol kg_l.
Over the same time period atmospheric pCO, increased from
roughly 360 to 400 patm. Assuming equilibrium with the atmos-
phere, this pCO, increase would raise the dissolved inorganic car-
bon (DIC) in the Central Baltic Sea only marginally from 1554 to
1560 pmol kg~ ! under a constant mean A background (Fig. 8).
However, with A and pCO, rising in parallel, the DIC increased
from 1522 to 1593 ymol kg~ ', which corresponds to a relative
change of 5% (Fig. 8). The DIC gain of around 70 ymol kg~ ! is
very similar to the change in A and reflects the tight control of
Aron the CO; storage capacity of seawater.

The potentially harmful effect of decreasing seawater pH
on marine organisms has been reported extensively (Kroeker
et al. 2010 and references therein). Consequently, increasing
At levels and the mitigation of CO,-induced acidification
can be judged beneficial to individual organisms and ecosys-
tem stability. Specific concerns were raised about calcifying
organisms, because they are believed to be sensitive not only
to decreasing pH but also to decreasing carbonate concentra-
tions, which may hinder the calcification process (Thomsen
et al. 2015). The A; increase we observed in the Central
Baltic Sea over the past two decades not only mitigated acid-
ification by 50%, but also stabilized the carbonate concentra-
tion. At constant mean Ar levels the pCO, increase from
1995 to 2014 would have caused a drop in carbonate con-
centration from 42.7 to 38.8 umol kg’l, but with Ar increas-
ing in parallel this is reduced to a marginal change from
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40.9 to 40.4 ymol kg '. Assuming a constant calcium con-
centration of 2.7 mmol kg~ (Dyrssen 1993), the changes in
the carbonate concentration are directly reflected in the sat-
uration state of calcium carbonate (Qcaco,), which is defined
as the solubility product divided by the product of [Ca®*]
and [CO3”]. With respect to the solubility product of calcite
(Mucci 1983), the increasing Ar kept the saturation state sta-
ble at 1.5. In contrast, the non-mitigated CO, uptake would
have decreased the saturation state by around 0.2, corre-
sponding to relative change of —9% (Fig. 8). The observed
At increase can thus be judged twofold beneficial to calcify-
ing organisms, because it helps to stabilize both, pH and the
CaCOj saturation state.

Conclusion

We found a consistent Ar increase in the Baltic Sea over
the last two decades. Historic observations indicate that this
positive Ar evolution might have persisted for extended peri-
ods of the 20™ century, except for the Gulf of Bothnia.

We suggest that these trends were driven by an interplay
of acidic precipitation, increasing atmospheric CO, and lim-
ing activities. The fundamental difference between those
drivers is that acidic precipitation decreases the A; input
from the northern catchment and increase the Ar input
from the southern catchment area, whereas increasing
atmospheric CO, and liming activities are entirely positive
drivers. Further, the temporal development of the drivers dif-
fers: Acidic precipitation peaked in the 1980s, atmospheric
pCO; increased steadily since the onset of industrialization
and liming rates, at least in Germany, have increased since
the 1950s, with a drop after 1990. Finally, all three drivers
have in common that they act on the Baltic Sea alkalinity by
changing the freshwater-derived Ar contributions. Because
this freshwater Ar input is delayed by the groundwater resi-
dence time, disentangling the various processes in time and
space will be a future challenge for holistic biogeochemical
models taking the land-sea interaction into account.

Irrespective of the difficulties in attributing the Baltic Sea
Ar trends, we put them into context with increasing atmos-
pheric pCO, and estimated the combined effect of both
parameters on the seawater CO,-system. For the Central
Baltic Sea, we estimated that the At increase over the past
two decades compensated the CO,-induced acidification by
50%, stabilized the saturation state of calcium carbonate,
and increased the CO, storage capacity. However, we
emphasize that our findings should not be misinterpreted as
suggesting a permanent protection against CO,-induced
acidification and related processes in coastal seas. As dis-
cussed above, only a portion of the observed alkalinity trend
might be driven by processes that have a positive feedback
to atmospheric CO, and can thus be expected to proceed in
the course of future CO, emissions.
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We conclude that the predictability of future acidification
processes in coastal seas is limited by the variability of CO,
system constituents, especially the alkalinity, which forms
the backbone of the CO,-pH-interdependency. The contin-
ued monitoring of the carbonate system and the introduc-
tion of automated, high-quality observation techniques are
thus essential requirements for the detection and under-
standing of future changes in the CO, system of estuarine
environments like the Baltic Sea. A comprehensive monitor-
ing of such large estuarine systems would not only be benefi-
cial for the understanding of the particular ecosystem itself,
but could also serve as valuable indicators for expected
changes in the open ocean on geological time scales.
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Abstract

Harned cell pHr measurements were performed on 2-amino-2-hydroxymethyl-1,3-
propanediol (TRIS) buffered artificial seawater solutions in the salinity range 5-20, at three
equimolal buffer concentrations (0.01, 0.025, 0.04 mol-kg-H.O"), and in the temperature
range 278.15 — 318.15 K. Measurement uncertainties were assigned to the pHr values of
the buffer solutions and ranged from 0.002 to 0.004 over the investigated salinity and
temperature ranges. Obtained pHr data were combined with previous results from
literature covering salinities from 20 to 40. A model function expressing pHr as a function
of salinity, temperature and TRIS/TRIS-H* molality was fitted to the combined data set.
The results can be used to reliably calibrate pH instruments traceable to primary standards
and over the salinity range 5 to 40, in particular, covering the low salinity range of brackish
water for the first time. At salinities 5-20 and 35, the investigated dependency of pHr on
the TRIS/TRIS-H* molality allows to extrapolate quantities calibrated against the pHr
values, e.g., the dissociation constants of pH indicator dyes, to zero TRIS molality. The
extrapolated quantities refer to pure synthetic seawater conditions and define a true

hydrogen ion concentration scale in seawater media without constraints.
Keywords

Harned cell, traceability, primary standard, TRIS, pH, total scale, buffer, brackish water,

estuary, seawater.
Introduction

The change of seawater pH is linked to changes in the concentration of dissolved inorganic
carbon and alkalinity. Precise and accurate pH measurements are therefore an ideal tool
to investigate two processes of global importance: (i) Ocean acidification, caused by the
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uptake of anthropogenic carbon dioxide (COz) from the atmosphere (Le Quéré et al.,
2016), can directly be traced by pH measurements in open ocean environments (Byrne et
al., 2010). (ii) The investigation of biogeochemical transformations can be supported by
pH measurements, as any production or mineralization of organic matter is inevitably

coupled to the uptake and release of CO..

According to its definition on the activity scale, pH = —log;¢(ay+), pH involves a single ion
quantity and is as such immeasurable by any thermodynamically valid method (Buck et
al., 2002). Therefore, pH measurements according to the IUPAC recommendation require
conventions which are only valid for ionic strength < 0.1 mol-kg™. For measurements in
seawater with higher ionic strength it is convenient to measure pH on scales that refer to
the hydrogen ion concentration. The definition of such concentration scales requires the
definition of a standard composition of the seawater, because hydrogen ions are in
equilibrium with other acid base components in seawater. The so called pHr, where the
index T denotes the total pH scale, became a widely accepted convention within the
scientific community (Dickson et al., 2015). According to its definition, pHy =
—log;of[H*]- (1 + [SO;17/Kusoz)}, it accounts for the concentrations of both, the free

hydrogen ions, [H*], and bisulfate ions, expressed as the total sulfate concentration
[SOZ ] divided by the dissociation constant of bisulfate Kyso; . The latter contributes to the

acidity of the solution by the potential to transfer further hydrogen ions to other proton
acceptors.

In order to assure comparability of pHt measurement results, internationally accepted
primary pHr standards are inevitable. Currently the de facto standards are TRIS (2-amino-
2-hydroxymethyl-1,3-propanediol) buffered artificial seawater (ASW) solutions (DelValls
and Dickson, 1998; Pratt, 2014) in the salinity (S) range 20-40, whose pHr values have
been measured using an electrochemical setup comprising so called Harned cells. This
setup represents a primary method for pH measurements (Buck et al.,, 2012). In
oceanographic practice, pHr is typically measured by other methods such as
spectrophotometric (Clayton and Byrne, 1993; Liu et al., 2011) and ISFET (Martz et al.,
2010) measurements. The spectrophotometric pHr measurement relies on pH indicator
dyes such as m-Cresol Purple (mCP). Standard buffer solutions with well-defined,
traceable pHr values are required for the physico-chemical characterization of the purified
dyes (Liu et al., 2011). Up to now, Harned cell measurements on TRIS buffered ASW
solutions in the lower salinity range (S<20) were missing. Consequently,
spectrophotometrically obtained pH+ values in this salinity range were not traceable to a
primary pHr standard. Mosley et al. (2004) provided an interim solution by interpolating
the pHr values of TRIS buffered ASW solutions for the salinity range 0-20. The
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interpolation was based on the results for S=20-40 of DelValls and Dickson (1998) and for
TRIS in pure water by Bates and Hetzer (1961). The accuracy of the latter results is
questionable, because measurements were performed on TRIS solutions in pure water
and the buffer ionic strength was interpreted as salinity, although the solutions contained
no other salts. Moreover, non-purified dye was used for the mCP characterization and
measurements were conducted only at 298.15 K. Consequently, spectrophotometric pHr
measurements in brackish waters with salinity below 20 were not traceable to a primary

pHr standard and results were subject to an unknown degree of measurement uncertainty.

To fill this gap, we present Harned cell pHr measurement results in the salinity range 5-20
and, in addition, at 35 for consistency assessment with previous results of DelValls and
Dickson (1998) and Pratt (2014). In particular, we discuss issues of sample preparation in
the low salinity range, which differs significantly from that in the upper salinity range and
affects pHt measurements. Measurements were performed in the temperature range
278.15 to 318.15 K. All buffer solutions were prepared at three equimolal amounts of
TRIS/TRIS-H*, which allows extrapolating calibration parameters determined in these
solutions to pure artificial seawater conditions as recommended by Nemzer and Dickson
(2005). We combined our results with those of DelValls and Dickson (1998) to derive a
consistent pHr model for the salinity range 5-40, which is a prerequisite to compare pHr

values measured in ocean and brackish waters.
Materials and Methods

Scope and concept

We prepared and analyzed TRIS buffered ASW solutions (ASW/TRIS-HCI) with salinities
S =5, 10, 15, 20, and 35. Preparing low-saline buffer solutions for subsequent calibration
of pH instruments includes a general problem: HCI and the buffer substance added
contribute significantly to the ionic strength of the buffer solution. An equivalent amount of
salt components of the ASW matrix has to be removed to ensure constant ionic strength.
Consequently, the solution composition used for the calibration of any pH instrument
differs from the seawater to be analyzed. For a classical equimolal TRIS/TRIS-H* buffer
with a molality of 0.04 mol-kg-H.O" (DelValls and Dickson, 1998), the ionic strength
contribution ranges from 5-10% for salinities of 20-40. The impact of this ionic strength
contribution on the determination of the dissociation constant of mCP was not yet
assessed. Even though it might be negligible within the overall uncertainty of seawater pHr
measurements at salinities above 20, this assumption is critical at lower salinities since
the contribution of the buffer substance increases with decreasing salinity. This problem is
inevitable and counteracting it by reducing the concentration of the buffer component
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comes at the cost of reduced buffer stability. To account for this problem, equimolal buffer
consisting of TRIS and protonated TRIS (TRIS-H*) each at molalities of 0.04, 0.025 and
0.01 mol-kg-H-O"' were prepared and individual pHr values measured. This allows in
subsequent calibration experiments to extrapolate quantities to zero TRIS/TRIS-H*
molality (Mdller et al., subm.).

The relative composition of the salts (NaCl, MgCl., Na-SO., CaClz, and KCI) that form the
ASW matrix is an associated problem. DelValls and Dickson (1998) computed the salt
composition by first scaling a TRIS-free reference composition from S=35 to the target
salinity. Afterwards, the amount of NaCl was reduced by the amount of HCI added to
maintain the nominal ionic strength. If a specific HCI concentration, e.g. 0.04 mol kg™, is
adjusted, this approach implies changing ratios between Na* and other cations at different
salinities. For salinities of 20-40 those changes are small (Fig. 1A). However, toward lower
salinities differences in the cation ratios become more pronounced. At a salinity of ~4,
NaCl would be entirely replaced by HCI when preparing solutions according to DelValls
and Dickson (1998). Therefore, only our buffers at S=35 and the buffer at S=20 with
equimolal TRIS/TRIS-H* molality of 0.04 mol-kg-H-O' have been prepared according to
the recipe of DelValls and Dickson (1998) in order to achieve best comparability to
previous studies. The recipe was modified to achieve constant ratios between the ASW
salts for all other buffer solutions.

Preparation of the TRIS-HCI and HCI solutions in artificial seawater

We have chosen the composition proposed by DelValls and Dickson (1998) for S = 20 and
HCI molality bhci = 0.04 mol-kg-H-.O" as the reference composition of ASW (Table 1).
Reported salinities therefore refer to the nominal scale according to DelValls and Dickson
(1998). Based on the reference composition at S=20, the concentrations of all ASW salts
were varied proportionally to compensate the HCI ionic strength contribution and achieve
the target salinity.

This proportional variation of the molality b of any salt component x (NaCl, MgClz, Na>SOu,
CaCl, and KCI) was computed as a function of S and buc according to:

I(S) — byqa

1(20) = 0.04 mol - kg-H,0-1  Dx(20,0.04 mol- kg=H,07") (1)

by (S, bucl) =

where bici is the target molality of HCI in mol-kg-H2O"" (which is identical to brgys/rris.u+)s
0.04 mol-kg-H-O" refers to buci in the reference solution, by (20, 0.04 mol-kg-H.O") is the
molality of salt x in the reference solution summarized in Table 1, and | is the ionic strength

calculated from the target salinity S by:
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s) = 19.919-S @
~1000 — 1.00192-S

Based on the reference composition of ASW according to DelValls and Dickson (1998),
equation (2) achieves proportional scaling of ionic strength in moles per kg solution with
salinity (nominator) and conversion to ionic strength in moles per kg water (denominator).

Coefficients in equation (2) are based on IUPAC 2013 atomic weights (Meija et al., 2016).

Table 1: Reference solution composition computed according to DelValls and Dickson (1998) for S=20 and
bhci = 0.04 mol-kg-H20"".

Component Molality (mol-kg-H.O")

NaCl 0.20061
Na2SO, 0.01647
KCl 0.00595
MgCl2 0.03080
CaClz 0.00605

For measurements of pHr with Harned cells it is necessary to determine the standard
potential of the silver-silver chloride (Ag|AgCl) electrodes. This can be achieved by
measurements of a serial dilution of HCI in the respective solution (see chapter
“Determination of pHt” below). Therefore, HCI solutions were prepared in ASW (ASW/HCI)
at buci of 0.0025, 0.005, 0.01, 0.02, 0.03, 0.04 and 0.05 mol-kg-H-O™" at each target salinity
according to equations (1) and (2) and table 1.

Our preparation method of ASW/TRIS-HCI and ASW/HCI solutions has the following

implications at salinities < 20:

e Constant ratios of the ASW salt components at all salinities and HCI molalities,

which is reflected in the by,c : bugcl, ratio (Fig. 1A).

e Variable chloride and sulfate molality at a given salinity, because more sulfate is
removed at higher HCI (Fig. 1B). This change in sulfate molality requires

corrections (see “Sulfate correction for effective E*° values” below).
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Fig. 1: Characteristics of artificial seawater solutions prepared in this study: (A) Cation composition
represented by byaci : bumgc, ratios for ASW solutions with a HCI molality of 0.04 mol-kg-H20"". The cation
ratios as prepared in this study (red) are compared to those proposed by DelValls and Dickson (1998) - actually
prepared: blue circles and solid line; recipe hypothetically applied for lower salinities: dashed blue line. (B)
Sulfate molality, bgqz-, as a function of HCI molality and salinity. Squares represent HCI solutions in ASW to

measure the standard potential of the Harned, E*°. Circles indicate the three investigated TRIS/TRIS-H*
molalities.

All solutions were prepared from stock solutions of NaCl, KCI, CaCl., MgClz, Na>SOs, TRIS
and HCI that have been gravimetrically prepared with ultrapure water (cf supplement). All
weighings were performed using an analytical balance (Sartorius Genius) and were
buoyancy corrected. The air density for buoyancy correction was calculated from the
atmospheric conditions measured with a combined humidity and temperature sensor
(Almemo) as well as a barometer (Setra Systems).
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The various salts, NaCl, KCIl, CaCl;, MgCl. (originating from MV laboratories Inc.,
Frenchtown, NJ, USA and kindly supplied from METAS, Switzerland), and Na>SOs
(originating from Merck), were characterized by coulometric measurements (cf
supplement: Tab. S1 and S2.1). NaCl and KCI were dried at 383 K for 2 hours before use.
CaCl. and MgCl. are hygroscopic. Hence, stock solutions were prepared and
characterized using ion chromatography (cf supplement: Tab. S2.1). TRIS was purchased
from NIST (SRM 723e). No losses of TRIS weight on drying over magnesium perchlorate
could be detected in the range of weighing uncertainty. The HCI stock solution was
prepared from Titrisol ampoules (Merck). The HCI stock solution molality was assayed by
potentiometric titration against the stock solution of TRIS SRM 723e (cf supplement). The
titration of the HCI- against the TRIS stock solution ensures equimolal TRIS/TRIS-H* ratios
in the produced buffer solutions. All dilutions were carried out with ultrapure water obtained
from a Milli-Q system. Actual salinities of the ASW/TRIS-HCI solutions were calculated
from actual ionic strength based on weighings according to equation (2).

Harned cell measurements:

The pHr values of the ASW/TRIS-HCI solutions have been calculated from measured
potentials using Harned cells (Harned and Owen, 1958), which consist of a platinum
hydrogen electrode and an Ag|AgCl reference electrode. Both electrodes are placed into
a U-tube measurement cell. Both electrodes are in direct contact with the solution
measured, i.e. there is no electrolyte bridge or a similar junction necessary to connect the
electrodes electrically. The cells also comprise a unit for humidification of the hydrogen
gas (see picture of the utilized Harned measurement cell in the supplement). The cell
voltage was measured after temperature stabilization using a digital voltmeter (Agilent
A3458) and corrected for the actual partial pressure of the hydrogen gas pn2 (Hills and Ives
1951). Details of the Harned cell setup and the cell voltage correction are given in the
supplement.

Measurements of the artificial seawater solutions containing TRIS-HCI were always
measured in triplicate while artificial seawater solutions containing different HCI molalities

were measured only once in most of the cases (cf. table S5.1 and S5.2 in the supplement).

Determination of pHr:

pHr is defined on an amount content basis (moles per kilogram solution). However, the
electrochemical measurement of pHr is established via the molality based expression of

pHp (DelValls and Dickson, 1998) according to:
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Easw/tris-uct — E*° bci-
pHp = RTIn10 10810 (b_) (3)
F

with the electric Harned cell potential Easwrris-Hor Of the buffered artificial seawater
solution, the standard potential E*° of the Ag|AgCl electrode in pure ASW of the same
nominal salinity, the molality bg;- of chloride in the solution and the standard molality b°=1
mol-kg-H-O'. The expression of pHs, in equation (3) assumes that the activity coefficient
of HCI is the same in the buffer solution as its trace value in the pure artificial seawater

(see discussion).

E*° was determined at each salinity and temperature from measured potentials Easwci of
7 ASW solutions with HCI molalities ranging from 0.0025 mol-kg-H-O"' to 0.05
mol-kg-H2O"'. Therefore, E” values were calculated from measured Easwrci according to
equation (4):

RTIn10 bHCl . bCl_
Togo (10 o)

E" = Easw/nal + —F (b°)2 (4)

with brci the molality of HCI. E*° was determined as the intercept at zero HCI molality of a
second order polynomial fitted to E” as a function of byc; .

The pHy, value derived from equation (3) is molality based, while pH~ is defined in terms of
the amount content (moles per kg solution). Therefore pHt has to be calculated from pHp
(DelValls and Dickson, 1998) according to:

pHy = pHy, — log1o(1 — 0.00106 - S) (5)

where the term 1-0.00106-S expresses the relation between salinity and the water content
of the pure ASW solution, wy,,. The latter is defined as mass water per mass solution

(See discussion).

12 Harned cells have been used to measure the potential of 12 solutions synchronously
to reduce measurement time. Measurements of ASW/HCI solution to determine E*° were
not carried out in the same measurement run as the potential measurements of the
ASW/TRIS-HCI solutions for practical reasons. To ensure that the electrochemical
properties of the Ag|AgCl electrodes is, within the uncertainty limits, the same for all
solutions, the potentials of these electrodes were measured against a master Ag|AgCl
electrode. The master electrode was always stored in 0.005 M hydrochloric acid and was
considered to be stable in potential with time. The comparison measurements of all
electrodes against the master electrode were performed in the same HCI solution before
each measurement run and found to differ not more than 85 pV, corresponding to around
0.0015 in terms of pH.
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The uncertainties of the measured pHr values were determined for all temperatures,
salinities and TRIS/TRIS-H* molalities according to the Guide to the expression of
uncertainty in measurement (https://www.bipm.org/en/publications/guides/) using a Monte
Carlo method in Mathematica (for details see supplement).

Sulfate correction for effective E*° values

E*° of an Ag|AgCl electrode that is immersed in artificial seawater containing sulfate can
be expressed as (DelValls and Dickson, 1998):

2RT RT bgz-
E* = E°— = Iny,(HCI) + —1In <1 + 0% ’T> (6)
F - F Kyso;

where E° is the potential of the Harned cell under standard conditions, y;. (HCl) is the trace

activity coefficient of HCl in ASW, bgqz- 1 is the total sulfate molality and Kyso; is the

limiting molality quotient for bisulfate in artificial seawater medium.

It is assumed that E*°, determined at a particular salinity and temperature, remains
unchanged if some of the artificial seawater salts are replaced with TRIS-HCI such that
the ionic strength is unchanged. However, in this study the TRIS-HCI addition was
compensated by a proportional reduction of all ASW salts to keep the ratios of cations
constant. Consequently, the sulfate concentration was also reduced. The change in sulfate
concentration requires a correction so that the effective E*° corresponds to the respective
ASW/TRIS-HCI solutions (E*°(ASW/TRIS-HCI)) and not to the infinite dilution of HCI
solutions to pure ASW condition (E*°(ASW)). According to equation (3) the required
correction can be expressed as:

F
- *0 __ E*o _ 7
o (E*°(ASW) — E*°(ASW/TRIS-HCI)) (7)

ApHr
E*°(ASW) and E*°(ASW/TRIS-HCI) in equation (7) can be expressed by applying
equation (6), where bgqz- 1 is replaced by bgqz- +(ASW) and bggz- +(ASW/TRIS-HCI),
respectively. The former describes the sulfate molality in pure ASW and the latter
describes the sulfate molality in ASW containing TRIS-HCI. Kyso; is assumed constant
for a given temperature and salinity according to Dickson (1990). Thus
bgpz- 1 (ASW) bggz- 1 (ASW/TRIS-HCI)

o r0) (1

Kuso;

ApHT = 10g10 <1 +
Kuso;

The values of ApHr calculated for the solution compositions of this study are displayed in
Figure 2 and referred to as sulfate corrections hereafter. This correction does not

account for any changes in the activity coefficients implicit in eq. 6 (see discussion).
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Fig. 2: Correction of pHr terms due to changes in the total sulfate concentration as a function of TRIS/TRIS-H*
molality. Panels represent the four investigated salinities indicated at the top. Lines indicate the linear behavior
at various temperatures.

Fitting combined pHr results for the salinity range 5-40

In order to derive a common expression of pHt as a function of salinity, temperature and
TRIS/TRIS-H* molality over the largest range of conditions, the sulfate corrected pHr data
from this study in the salinity range 5-20 were combined with previous pHr data in the
salinity range 20-40. The latter were calculated from potentials given in Table 2 of DelValls
and Dickson (1998) and corresponding E*° values from Dickson (1990) according to
equations (3) and (5). Only measurements in the temperature range investigated in this
study (278.15-318.15 K) were included in the combined data set.

The following expression of pHr as a function (f) of S, T and brg;s/rrss.u+ Was specified

as a full model and fitted to the combined data set:

plin =f{[(1+s+sz +53)'(1+T+ln(T)+%)]
(9)

+ [(bTRIS/TRIS~H+ + b%RIS/TRIS.HO (14+S+T+S- T)]}

The first part of this full model includes all combinations of the terms of a third order salinity
polynomial with the terms of the physico-chemical expression of the temperature
dependence of dissociation constants. This first part of equation (9) deviates from the
model fitted by DelValls and Dickson in their equation (18) only by the higher order of the
salinity polynomial. The second part of equation (9) accounts for the dependence of pHr
on the TRIS/TRIS-H* molality. The total number of terms of the full model given in equation
(9) is 24.
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The fit of the full model was obtained by generalized linear modeling with the “stats”
package of the statistical programming language “R” (R Core Team, 2014). The model
was fitted to the mean pHr values at each combination of target salinity, temperature, and
TRIS/TRIS-H* molality. Mean pHr values were weighted by the respective standard
measurement uncertainty (Tab S6) as 1/u(pHr)2. The temperature dependency of
measurement uncertainty found in this study at salinities 20 and 35 was fitted with a linear
model and the same uncertainty was assigned to the data of DelValls and Dickson (1998).
After fitting the full model (eq. 9), insignificant terms were removed by stepwise variable
selection in both directions based on the Akaike information criterion. The removal of
insignificant terms was performed with the “stepAlC” function from the R package “MASS”,
and resulted in an expression with 19 terms given below in equation (10).

Results

pHr of TRIS buffers

The pHr values of the equimolal TRIS buffered ASW solutions at salinities 5, 10, 15, 20
and 35, temperatures from 278.15 to 318.15 K in intervals of 5 K, as well as equimolal
TRIS/TRIS-H* molalities 0.04, 0.025 and 0.01 mol-kg-H-O" are given in table S6, the
corresponding electric potentials of all solutions measured are given in table S5.1 in the

supplemental material.

Figure 3 shows mean pHr values (triplicate measurements) of ASW/TRIS-HCI solutions
as a function of temperature (278.15 — 318.15 K), for salinities 5, 10, 15 and 20 and at
equimolal TRIS/TRIS-H* molality 0.04 mol kg™.

8.7
8.6
8.5
8.4
8.3
8.2
8.1
8.0
7.9
784 * 10
7791 - 15
7.6
7.5

278.15 288.15 298.15 308.15 318.15
Temperature (K)

pHr

Salinity
- 5

-o- 20

Fig. 3: pHr values as a function of temperature. Circles represent mean measured pHr for brgs/tris.u+ =
0.04 mol - kg™t and salinities 5-20 (color). Lines indicate the fitted pHr model at respective conditions.
Measurement uncertainties are <0.005 and cannot be visualized due to the scaling of the y-axis.
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pHr decreased almost linearly from around 8.7 to 7.5 with increasing temperature
(around -0.03 K'). The investigation of the pHr dependence on temperature at other
TRIS/TRIS-H* molalities showed no significant difference from the results shown in Figure
3.

Figure 4 displays in more detail the dependence of pHt on salinity and TRIS/TRIS-H*
molality, including previous results from DelValls and Dickson (1998). pHr values shown
in Figure 4 were corrected for minor difference (<0.06 K) between the actual measurement
temperature (Tab. S6) and the target temperature indicated at the top of the panels to
achieve a consistent presentation with the model results. At low temperatures pHr
decreased with decreasing salinity. Towards higher temperatures lowest pHr values were

found at intermediate salinities.
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Fig. 4: Mean pHr values as a function of salinity (x-axis), temperatures (in K, indicated at the top of the panels)
and TRIS/TRIS-H* molalities (color). Circles represent results from this study, triangles refer to DelValls and
Dickson (1998). Lines represent the pHt model (eq. 10) fitted to the combined data set.

The expanded measurement uncertainty (coverage factor k=2) of pHr was found to range
between 0.002 and 0.004, with the highest uncertainties at salinity 5 and 15 (Fig. 5). The
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uncertainty of pHr significantly increased with temperature at salinity 5 (Fig. S3), whereas
the temperature dependence of the measurement uncertainty was much less pronounced
at higher salinities.

It was found that the uncertainty of the pHt values was dominated by the uncertainty
contributions of the standard potential of the silver-silver chloride electrodes, E*°, with
relative contributions of 55-95% (Fig. S4). The determination of E* was found to be
sensitive to the extrapolation to zero HCI molality. The highest uncertainties of E*° were
found at salinities 5 and 15 (Fig. S4) explaining the fact, that the highest pHt uncertainties
were found at these salinities (Fig. S3).

The second most important uncertainty contribution was that of the cell potential measured
in the buffer solutions, EaswrrisHe, ranging between 5% and 35% (Fig. S4). The
uncertainty of the measurement temperature T contributed 1% - 4% and the molalities of
the NaCl, and MgClz stock solutions contributed in sum 1% -7% to the pHr measurement

uncertainty. All other contributions to the measurement uncertainty were <1%.

pHr model

The pHt model fitted to the combined data set including results from this study and
DelValls and Dickson (1998) is expressed in equation (10). The parameters T and
brris/rris-u+ in €quation (10) were multiplied with 1/K'and and 1/mol-kg-H20", respectively,

to derive unitless quantities. Corresponding unitless coefficients are given in Table 2.

pHr values predicted by this model are displayed along with mean pHr values in Figures
3 and 4. Residuals of triplicate pHtr measurements from the model are shown in Figure 5,
along with expanded measurement uncertainties (coverage factor k=2). No uncertainties
have been available for the results of DelValls and Dickson (1998). Therefore, we
interpolated our uncertainties determined at salinity 20 and 35 to roughly estimate the
consistency between measurement results and residuals in the salinity range 20-40. The
dependency of the measurement uncertainty on brg;s,rris.u+ iS Negligible (Fig. S3) and
therefore not displayed in Figure 5. The residuals are within the range of the expanded
measurement uncertainty, except for a few results at lowest TRIS/TRIS-H* molality and
salinities 15 and 20 (Fig. 5).
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pHT=a+(b1'S+b2'52+b3'S3)
+ (1 THey S THcez S THcy S T)
+(d;-In(T) +d, - S-In(T) + d5 - S? - In(T) + d, - S3 - In(T))

1
+(e-3) (10)
+ (fl ' bTRIS/TRIS-H+ + 12 bTRIS/TRIS~H+ S+ f3- bTRIS/TRIS-H+
T+ fy- bTRIS/TRIS»H*’ "S- T)
2 2
+ (91 : bTRIS/TRIS-H+ +92- bTRIS/TRIS»H*' ' S)

Table 2: Coefficients for the pHr model (eqg. 10). Test value: pHr=8.0703 at S=20, T=298.15 and brg;s rris.u+
= 0.04.

Coefficient Value

a -327.3307
bi -2.400270
b. 8.124630-102
bs -9.635344-10
¢ -9.103207-102
ce -1.963311-10%
cs  6.430229-10°
ca -7.510992:107
di  56.92797

d2 5.235889-10"
ds -1.7602:102
ds 2.082387-10*
e 11382.97

fi  -2.417045

fo 7.645221-102
fs  1.122392-102
fs -3.248381-10
g1 -4.161537

g2 6.143395-102
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Fig. 5: Residuals of pHr values from the model (eq. 10, Tab. 2, Fig. 4), ApHt = pHT,measured — PHT,model, @s a
function of salinity (x-axis), temperatures (in K, indicated at the top of the panels) and TRIS/TRIS-H* molalities
(color). Circles represent results from this study, triangles refer to DelValls and Dickson (1998). The grey areas
indicate the expanded (coverage factor k=2) measurement uncertainty of pHr.

Discussion

Measurement uncertainty and pHt model

The deviations of measured pHr values from the pHr model (eq. 10, Tab. 2) agree well
with the range of the expanded measurement uncertainty (Fig. 5), i.e., they are not
significantly higher or lower. This indicates that the model represents the experimental
results well, and does not overfit the data.

The deviations from the model reveal a minor salinity-dependent pattern. In the salinity
range 5-20, there is a tendency towards positive offsets at S=15 and negative offsets at
S=20. As this tendency exists for the pHr of all TRIS/TRIS-H* molalities and replicates, the
patterns must have a common cause, which is the determination of the standard potential
of the silver-silver chloride electrodes, E*°. The determination of E*° represents the major

contribution to the measurement uncertainty (55-95%, Fig. S3) and was only performed
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once for each combination of temperature and salinity. The uncertainty in the E*°
determination is presumably related to the extrapolation to pure ASW conditions, which is
especially sensitive to the E” measurements (eq. 4) at lowest HCI molalities. The model
deviations reveal slightly positive offsets at S=25 and 30, which is very similar to the
patterns displayed in Figure 2B of DelValls and Dickson (1998).

No pronounced temperature-dependence of the residuals exists, except at salinity 5 and
brris/rris-u+ = 0.04 mol-kg-H20"', where a positive offset increases to a maximum of 0.004

at highest temperatures.

Comparison to previous studies

The highest deviation between pHr values measured in this study and by DelValls and
Dickson (1998) across all temperatures, at salinities 20 and 35, and brgis/tris-u+ =

0.04 mol - kg~! is 0.0025 at S=35 and T=288.15K. The deviations are therefore within the
extended measurement uncertainty of the method.

At salinities 2 20, excellent agreement was found between our pHr model at brg,s/rrys.u+ =

0.04 mol - kg~1 and the model defined in equation (18) of DelValls and Dickson (1998).
Differences are <0.001 for the entire salinity range 20-40 and the temperature range
278.15-318.15K (Fig. S4). Within the range of the extended measurement uncertainty both
models do not differ. The residuals from the model fitted in this study are larger than those
presented in Figure 2 of DelValls and Dickson (1998), presumably a result of the larger
range of salinities and the included dependency of pHr on TRIS/TRISH+ molality in our
model.

Our pHr model at brg;s/rris.u+ = 0.04 mol - kg™ and 298.15 K and the model by Mosley
et al. (2004) agree within 0.002 in the salinity range 20-40, which is not surprising, because
both models are based on the same results of DelValls and Dickson (1998). However, in
the salinity range 5-20, where Mosley et al. (2004) interpolated the pHr of TRIS buffer
solutions between the results of DelValls and Dickson (1998) for S>20 and the results of
Bates and Hetzer (1961) in pure water, deviations increase up to 0.009 and highlight the

shortcomings of the interim solution.

Correction of E*° for changes in sulfate concentration and activity coefficients

Changes in the sulfate concentration between pure ASW and ASW/TRIS-HCI solutions
were corrected in this study according to equation (8) (Fig. 2). However, determined E*°
values do not exactly correspond to the values required for pHr calculation in equation (3),
because changes in activity coefficients between pure ASW and ASW/TRIS-HCI solutions

remain unaccounted for, namely:
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(1) Changes in the value of Kygo; arising from changes in the activity coefficients of
H*, SOz~ and HSO;,

(2) Changes in the activity coefficients of H* and CI

This limitation was previously discussed (e.g., Dickson et al., 2015; Nemzer et al., 2005)
and applies to all currently available experimental pHr measurements of TRIS buffered
ASW solutions. The activity changes can only be corrected with estimates from a
speciation model. Gallego and Turner (2017) have recently developed optimized Pitzer
coefficients for TRIS in artificial seawater at 298.15 K, using the artificial seawater model
of Waters and Millero (2013). According to Gallego and Turner (2017), pHr correction
terms, addressing the above mentioned effects (1) and (2), were calculated for the results
of this study at 298.15 K. Those [pHr values from the speciation model differed from the
applied sulfate corrections shown in Figure 2 by less than 0.002, indicating that changes

in sulfate concentration dominate over the effect of changes in the activity coefficient.

However, the Pitzer coefficients for TRIS buffered ASW solutions are restricted to 298.15
K (Gallego and Turner, 2017) due to scarcity of experimental data for other temperatures
and can therefore not be applied consistently to the full temperature range covered in this
study. The development of accurate Pitzer models for TRIS in artificial seawater over an
extended temperature range is a main focus of the SCOR Working Group 145 “Modelling

Chemical Speciation in Seawater to Meet 215t Century Needs” (http://marchemspec.org/).

It should be noted that the neglected effect of changes in activity coefficients does not
impact the calibration of pH instruments, if those are performed at variable TRIS/TRISH*
molality and extrapolated to zero TRIS (see chapter: Calibration of pH instruments).

Conversion between pHy and pHy

The conversion of pH from the molality to the amount content scale (from pHy to pHr) was
calculated as the negative decadic logarithm of

w0 =1—0.00106- S (11)

according to DelValls and Dickson (1998). wy,, represents the mass of water per mass
solution and the given relationship between wy,, and salinity refers to the composition of
pure ASW. As pointed out by Pratt (2014), wy,, in pure ASW is not exactly identical to
wp, o Of the corresponding ASW/TRIS-HCI solution, due to the difference of the total mass

of solution per amount of water after replacing some of the ASW salts with TRIS/HCI. As
a result, for solutions with a TRIS molality of 0.04 mol-kg-H-O", the pH conversion based
on the actually weighed buffer composition gives 0.003 and 0.004 higher pHr values at
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salinity 35 and 5, respectively, compared to those using equation (4). Obviously, the
conversion error decreases towards lower TRIS molality. To be consistent with the pHr
results measured previously and to perform the pHr-fit on a consistent data base we have
also used equation (4) for the correction, even though we deem the conversion based on
the actually weighed buffer composition more appropriate.

It should be noted that preliminary results obtained with the speciation model by Gallego
and Turner (2017) indicate that the correction of changes in activity coefficients between
pure ASW and ASW/TRIS-HCI solutions, which has been neglected in this study due to
the restriction of model results to 298.15 K, is around -0.005 at S=35 and brg;s/rris.u+ =

0.04 mol-kg-H.O". This is in a similar order of magnitude, but with opposite direction
compared to the effect of pH scale conversion according to equation (11). Therefore, if
adequate activity coefficients will be available, superposition of the pH scale conversion
using the actually weighed buffer composition and the correction of changes in activity
coefficients will presumably provide pHr values that are within the range of uncertainties
of the pHr value we have presented here.

In any case, the choice of the scale conversion does not impact the calibration of pH
instruments, if they are performed at variable TRIS/TRISH* molality and extrapolated to
zero TRIS (see chapter: Calibration of pH instruments).

Calibration of pH instruments

We recommend to use TRIS buffered ASW solutions as prepared in this study as pHr-
standards for future calibration of pH instruments in the salinity range 5-20, with assigned
pHr values according to equation (10) and table 2. Moreover, this model also allows for a
consistent assignment of pHr values without discontinuity and significant differences to
previous results in the salinity range 20-40 when buffer solutions are prepared according
to DelValls and Dickson (1998).

As discussed in the previous two chapters, the composition of TRIS buffer solutions differs
from that of pure ASW. The contribution of TRIS-HCI to the total ionic strength increases

toward lower salinities and:

(1) affects the pHr values of the buffer solutions (Fig. 4),

(2) requires corrections of the E*° differences between pure ASW and ASW/TRIS-HCI,

(3) affects wy, o and therefore the scale conversion between pHy, and pHr, and

(4) impacts the calibration quantity of any pH instrument, such as the determination of
dissociation constants of pH indicator dyes.
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Uncertainties in (2) and (3) result in uncertainties of the assigned pHr values of the buffer
solutions. However, it must be emphasized that effects (1)-(4) do not affect the calibration
of pH instruments, if they include the extrapolation of calibrated parameters, e.g., the
dissociation constant of mCP (Muller et al., subm.), to pure ASW conditions. The
extrapolated quantity refers to an exact definition of the total hydrogen ion concentration
scale without constraints (Nemzer and Dickson, 2005; Dickson et al., 2015). Therefore, it
is recommended to perform the calibration of pH instruments in the salinity range 5-20 at
the three TRIS/TRIS-H* molalities reported in this study and extrapolate the results to zero
TRIS/TRIS-H* molality. However, the dependence of pHr on TRIS/TRIS-H* in equation
(10) is strictly valid only for salinities 5-20 and 35, due to the lack of experimental data at
other salinities. It must further be noted that no uncertainties have been calculated for the
coefficients listed in table 2, since no uncertainties have been available for the results of
DelValls and Dickson (1998). We recommend to assign uncertainties to pHr values
corresponding to those given Table S6 if equation (10) is used to calculate pHr values.

Recommendations for the preparation of TRIS buffer solutions

To replicate the TRIS buffer solutions characterized in this study, it is recommended to
produce stock solutions for the salt components of the ASW matrix. The impact of salt
impurities on buffer pHr was not yet systematically studied. Therefore, we recommend to
use salts of highest purity grade, although the contribution of ASW composition to the
measurement uncertainty budget is assumed to be small. The stock solution of HCI should
be titrated against the TRIS stock solution with potentiometric or colorimetric (e.g., methyl
red) endpoint detection. This ensures an exact equimolal TRIS:TRIS-H* ratio, which is
essential to reproduce the pHr value. Finally, all TRIS containing solutions should be
handled in a way to avoid uptake of atmospheric CO.. Ideally, the headspace of the
containers should be flushed with humidified argon.

Solution composition concept and relevance to natural waters

Alternative strategies for the solution composition applied in this study would result in
pronounced changes in cation ratios at low salinity (Fig. 1). Based on current knowledge
it is impossible to quantify the effect of such changes of cation ratios on TRIS buffer pHr,
because information is missing about the sensitivity of the TRIS-H* dissociation constant
on the ionic composition of the matrix. An experimental approach to this open question
might be the electrochemical pHr measurement of TRIS buffered solutions in variable
ASW matrices.

Characterized buffer solutions in various ASW matrices would further allow studying the

impact of solution composition on the measurement signals of any other pH instruments,
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including the dissociation behavior of mCP. Such experiments could shed light on the
ultimate question of how representative pHr measurements are for various natural

brackish and freshwaters that differ in ionic composition (Feistel et al., 2010).
Conclusion

This study extends the characterization of TRIS buffer solutions by Harned cell
measurements to brackish waters and provides a consistent pHr model for the salinity
range 5-40. It was emphasized that minor assumptions and uncertainties remain in the
pHr assignment and restrict the accuracy of all currently available TRIS buffer
characterizations. However, these limitations do not affect the calibration of other pH
instruments, if calibration results are extrapolated to zero buffer molality, which is
especially important at low salinities. This study provides the required characterization of
buffer solutions with variable TRIS molality in the salinity range 5-20. Measurements with
pH instruments that have been calibrated against the buffer concentration represent
currently the only access to the total hydrogen ion concentration without constraints.
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Purity of salts and molalities of the stock solutions

Table S1: Purities of reference salts and associated standard uncertainties (k=1) used for the preparation of
the artificial seawater solutions.

Salt Purity

NaCl* 0.9971 + 0.0007
KCI* 0.9965 + 0.0007
Na2SO4 0.99997 + 0.00014

* the bromide content was determined at METAS to be less than 50 mg-kg"

Table S2.1: Molalities of stock solutions used for the preparation of the measurement solutions.

Stock solution | Compound | b/ mol-kg-H-O""
1 HClaq 0.20050 = 0.00007
2 NaClaq 2.54464 = 0.00152
3 NazSO4aq 0.466512 + 0.000059
4 CaClzag 0.14056 + 0.00030
*0.13986 + 0.00030
MgClzaq 0.71603 + 0.00149
*0.71248 £ 0.00148
KClaq 0.138283 = 0.000192
*0.137598 + 0.000191
5 TRISaq 0.470973 = 0.000240

* used only for the preparation of the 0.025 M TRIS buffers of salinity 10 and 15, and 0.01 M TRIS buffer of
salinity 35

Table S2.2: Molalities of stock solutions used for the preparation of stock solution 4 (table S2.1).

Stock solution b/ mol-kg-H.0
CaCIZaq 0.5642 + 0.0012
MgClazg 2.1677 £ 0.0045
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Molalities of prepared solutions

Table S3: Overview of the molalities in mol-kg-H20"" of all hydrochloric acid in ASW solutions for the
determination of the Ag|AgCI standard electrode potential.

S
nominal |buc bnaci bkci bna2sos bcaci2 bugci2
5 0.00250 0.05343 0.00158 0.00439 0.00161 0.00821

0.00500 |0.05206 |0.00155 |0.00427 |0.00157 |0.00800
0.01000 |0.04932 |0.00146 |0.00405 |0.00149 |0.00758
0.02000 |0.04382 |0.00130 |0.00360 |0.00132 |0.00674
0.03000 |0.03838 |0.00114 |0.00315 |0.00116 |0.00589
0.04000 |0.03290 |0.00098 |0.00270 |0.00099 |0.00505
0.04999 |0.02743 |0.00081 0.00225 |0.00083 |0.00421
10 0.00250 |0.10879 |0.00323 |0.00893 |0.00328 |0.01671
0.00500 |0.10740 |0.00319 |0.00882 |0.00324 |0.01650
0.01000 |0.10465 |0.00311 0.00859 |0.00316 |0.01608
0.02000 |0.09917 |0.00294 |0.00814 |0.00299 |0.01524
0.03000 |0.09372 |0.00278 |0.00769 |0.00283 |0.01440
0.03999 |0.08824 |0.00262 |0.00724 |0.00266 |0.01356
0.04999 |0.08276 |0.00246 |0.00679 |0.00250 |0.01271
15 0.00250 |0.16467 |0.00489 |0.01352 |0.00497 |0.02531
0.00500 |0.16330 |0.00485 |0.01340 |0.00493 |0.02509
0.01000 |0.16064 |0.00477 |0.01318 |0.00484 |0.02468
0.02000 |0.15508 |0.00460 |0.01273 |0.00468 |0.02383
0.03000 |0.14962 |0.00444 |0.01228 |0.00451 0.02299
0.04000 |0.14414 |0.00428 |0.01183 |0.00435 |0.02215
0.04999 |0.13865 |0.00411 0.01138 |0.00418 |0.02130
20 0.00250 |0.22113 |0.00656 |0.01816 |0.00667 |0.03398
0.00500 |0.21978 |0.00652 |0.01804 |0.00663 |0.03377
0.01000 |0.21703 |0.00644 |0.01781 0.00655 |0.03334
0.02000 |0.21156 |0.00628 |0.01737 |0.00638 |0.03250
0.03000 |0.20609 |0.00611 0.01692 |0.00622 |0.03166
0.04000 |0.20062 |0.00595 |0.01647 |0.00605 |0.03082
0.04999 |0.19511 0.00579 |0.01602 |0.00588 |0.02998
35 0.00250 |0.42511 0.01058 |0.02927 |0.01075 |0.05478
0.00500 |0.42265 |0.01058 |0.02927 |0.01075 |0.05478




Supplementary Material to:

pH Measurements in Brackish Waters:

Extending the Electrochemical pHt Determination of TRIS buffers to Salinities 5 — 20

0.01000 |0.41760 |0.01058 |0.02927 |0.01075 |0.05478
0.02000 |0.40759 |0.01058 |0.02927 |0.01075 |0.05478
0.02982 |0.39517 |0.01051 0.02909 |0.01069 |0.05444
0.04000 |0.38761 0.01058 |0.02927 |0.01075 |0.05479
0.05000 |0.37761 0.01058 |0.02927 |0.01075 |0.05478

Table S4: Overview of the molalities in mol-kg-H20"" of all equimolal TRIS buffered ASW solutions.

S WH20 bc bnaci bkci bna2sos | bcacr2 bwgci2 brris

5 0.99470 |0.03997 |0.03287 |0.00098 |0.00270 |0.00099 |0.00505 |0.07995
0.99470 |0.02500 |0.04111 |0.00122 |0.00337 {0.00124 |0.00632 |0.05000
0.99470 |0.00999 |0.04927 |0.00146 |0.00404 |0.00149 |0.00757 |0.01998

10 0.98940 |0.03998 |0.08818 |0.00262 |0.00724 |0.00266 |0.01355 |0.07995
0.98941 |0.02500 |0.09644 |0.00285 |0.00792 |0.00289 |0.01475 |0.05000
0.98940 |0.01000 |0.10465 |0.00311 |0.00859 |0.00316 {0.01608 |0.02000

15 0.98411 |0.03998 |0.14405 |0.00427 |0.01183 |0.00435 |0.02213 |0.07995
0.98412 |0.02500 |0.15234 |0.00450 |0.01251 |0.00457 |0.02329 |0.05000
0.98410 |0.01000 |0.16057 |0.00476 |0.01318 |0.00484 |0.02467 |0.02000

20 0.97881 |0.03998 |0.20050 |0.00595 |0.01646 |0.00605 |0.03081 |0.07996
0.97880 |0.02500 |0.20882 |0.00620 |0.01714 |0.00630 |0.03209 |0.05000
0.97881 |0.00999 |0.21686 |0.00644 |0.01780 |0.00654 |0.03332 |0.01998

35 0.96290 |0.04000 |0.38759 |0.01058 |0.02927 |0.01075 | 0.05478 |0.08000
0.96295 |0.01000 |0.41761 |0.01053 |0.02927 {0.01070 |0.05451 |0.02000
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Harned cell measurements

Figure S1: Picture of a Harned cell utilized for the measurements performed in this work.

In this work, the utilized electrodes were in-house made. The platinum hydrogen electrode
was prepared by weldering a platinum plate to the free end of a glass covered platinum
wire. The resulting platinum electrode was platinized for 9 minutes with 45 mA-cm? in an
aqueous solution of HzPtClg:6H-O and Pb(CHsCOO0)2-3H.O and afterwards cleaned in
distilled water. Ag|AgCl electrodes have been prepared using the thermal-electrolytic
method (Bates 1973).

The Harned cells were filled with the solution to be measured and placed into a
thermostatting bath controlled by two thermostatting units (DLK 45 and PV 36 from Lauda).
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The temperature inside the bath is measured at four positions using PT100 probes
connected to a thermometer (ASL F250 MKII), switched by a Multi Switch module (ASL
SB250). The air surrounding the cells is temperature-controlled using a thermostat (Lauda
Proline RP 855) inside a temperation box. The temperature inside the thermostatting bath
is kept constant within + 0.005 K. The cells are equipped with a hydrogen gas supply and
two humidification units. The hydrogen gas used is of 6.0 purity. The cell voltage was
measured using a digital voltmeter (Agilent A3458) after temperature stability was reached
and corrected for the actual partial pressure of the hydrogen gas py, according to equation

(S1):

AEz%-ln(%) (S1)

With R: gas constant (8.314 J-mol'-K"), T: temperature (K), F: Faraday constant
(96485.333 A-s'mol), pu,- partial pressure of hydrogen gas at the position of the
electrode immersed into the measurement solution (Pa), p°: standard pressure (101325
Pa)

PH, = Patm T Phydrostatic ~ Pwater (S2)

With pam: hydrogen gas pressure above the measurement solution measured with a
barometer (Setra Systems),

Phydrostatic = 042-p-g- h (SS)

with p: Density of the measurement solution, g: gravity constant, h: immersion depth of the
platinum hydrogen electrode, and the empiric factor 0.42 for the correction of the
hydrostatic pressure (Hills and Ives, 1951), and

Pwater: Saturated vapor pressure of water calculated from the Clausius-Clapeyron equation.
The calculation of pwater performed in this study refers to pure water. In reality, pwater IS
decreased due to the decreased water activity in solutions containing salts. Actual values
of pwater have to be calculated by multiplying the Clausius-Clapeyron expression with the
activity of water. However, at salinity 35 and 298 K the water activity is around 0.98, hence
the water vapour pressure decreases by around 2%. This results only in around 8 uV lower
corrected measured Harned cell voltages and hence around 5-107 lower pHr values,
which is far below the limits of uncertainty. At lower salinities the effect is even lower.
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Measured potentials in ASW/TRIS-HCI and ASW/HCI solutions

Table S5.1: Overview of the electric potentials E/V of the TRIS (molality in mol-kg-H20 ') buffered artificial seawater solutions measured with the Harned cell and corrected according
to equation S1.

S |T 278.205 283.201 288.193 293.187 298.176 303.172 308.165 313.159 318.147

brris

5 0.04 0.784618 0.782839 0.780964 0.779008 0.776976 0.774869 0.772684 0.770424 0.768082

0.784606 0.782831 0.780953 0.778996 0.776963 0.774855 0.772670 0.770411 0.768067

0.784603 0.782839 0.780953 0.778998 0.776974 0.774872 0.772691 0.770436 0.768097

0.025 0.785466 0.783672 0.781852 0.779915 0.777899 0.775804 0.773629 0.771377 0.769034

0.785489 0.783741 0.781881 0.779937 0.777918 0.775822 0.773649 0.771398 0.769060

0.785469 0.783715 0.781860 0.779924 0.777915 0.775826 0.773660 0.771410 0.769070

0.01 0.786293 0.784548 0.782705 0.780780 0.778785 0.776721 0.774583 0.772378 0.770096

0.786304 0.784573 0.782725 0.780802 0.778812 0.776753 0.774620 0.772420 0.770139

0.786283 0.784546 0.782705 0.780780 0.778785 0.776720 0.774583 0.772379 0.770096

10 | 0.04 0.772368 0.770375 0.768299 0.766135 0.763903 0.761600 0.759220 0.756767 0.754231

0.772397 0.770409 0.768322 0.766158 0.763927 0.761626 0.759247 0.756796 0.754266

0.772372 0.770393 0.768316 0.766158 0.763934 0.761636 0.759261 0.756812 0.754285

0.025 0.772781 0.770796 0.768714 0.766562 0.764342 0.762050 0.759683 0.757247 0.754734

0.772778 0.770787 0.768705 0.766551 0.764330 0.762036 0.759666 0.757226 0.754708

0.772756 0.770775 0.768685 0.766538 0.764322 0.762033 0.759670 0.757235 0.754723

0.01 0.773104 0.771104 0.769059 0.766919 0.764708 0.762425 0.760065 0.757642 0.755146

0.773196 0.771225 0.769153 0.767007 0.764791 0.762505 0.760142 0.757711 0.755207

0.773080 0.771109 0.769043 0.766908 0.764703 0.762431 0.760081 0.757663 0.755173

15 | 0.04 0.764975 0.762856 0.760635 0.758346 0.755994 0.753573 0.751076 0.748507 0.745861
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0.764971 0.762849 0.760626 0.758340 0.755989 0.753570 0.751076 0.748512 0.745867

0.764970 0.762852 0.760634 0.758341 0.755982 0.753565 0.751070 0.748500 0.745850

0.025 0.765243 0.763122 0.760906 0.758624 0.756274 0.753857 0.751367 0.748805 0.746167
0.765251 0.763133 0.760915 0.758635 0.756289 0.753877 0.751392 0.748837 0.746204

0.765246 0.763121 0.760909 0.758627 0.756278 0.753863 0.751374 0.748817 0.746184

0.01 0.765292 0.763154 0.760964 0.758693 0.756352 0.753943 0.751468 0.748927 0.746316
0.765352 0.763241 0.761036 0.758757 0.756415 0.754005 0.751530 0.748989 0.746376

0.765321 0.763204 0.760999 0.758729 0.756395 0.753994 0.751521 0.748988 0.746379

20 | 0.04 0.759642 0.757414 0.755099 0.752720 0.750277 0.747767 0.745183 0.742532 0.739808
0.759631 0.757408 0.755090 0.752708 0.750254 0.747747 0.745167 0.742515 0.739785

0.759622 0.757409 0.755085 0.752702 0.750256 0.747753 0.745176 0.742530 0.739803

0.025 0.759787 0.757569 0.755255 0.752883 0.750435 0.747927 0.745350 0.742709 0.739990
0.759781 0.757556 0.755249 0.752871 0.750431 0.747920 0.745344 0.742704 0.739985

0.759763 0.757538 0.755233 0.752860 0.750424 0.747920 0.745351 0.742718 0.740006

0.01 0.759759 0.757514 0.755229 0.752858 0.750418 0.747917 0.745347 0.742714 0.740010
0.759778 0.757559 0.755258 0.752882 0.750444 0.747944 0.745378 0.742749 0.740050

0.759767 0.757544 0.755244 0.752875 0.750439 0.747945 0.745387 0.742765 0.740070

35 | 0.04 0.748673 0.746230 0.743708 0.741115 0.738476 0.735778 0.733009 0.730179 0.727279
0.748665 0.746218 0.743696 0.741111 0.738455 0.735755 0.732983 0.730149 0.727243

0.748658 0.746218 0.743688 0.741096 0.738461 0.735767 0.733000 0.730170 0.727270

0.01 0.748304 0.745852 0.743327 0.740741 0.738101 0.735407 0.732647 0.729829 0.726950
0.748372 0.745918 0.743394 0.740805 0.738156 0.735456 0.732694 0.729876 0.726996

0.748306 0.745854 0.743331 0.740750 0.738118 0.735428 0.732672 0.729868 0.726999
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Table S5.2: Overview of the mean electric potentials E/V of the unbuffered artificial seawater solutions at different HCI molalities (in mol-kg-H20 ') measured with the Harned cell
and corrected according to equation S1.

S |T 278.205 283.201 288.193 293.187 298.176 303.172 308.165 313.159 318.147

bhc

5 |0.0025 0.451591 0.453091 0.454465 0.455745 0.456939 0.458064 0.459138 0.460174 0.461173

0.0050 0.434560 0.435739 0.436787 0.437730 0.438580 0.439350 0.440058 0.440713 0.441308

0.0100 0.417419 0.418265 0.418964 0.419550 0.420028 0.420409 0.420706 0.420929 0.421067

0.0200 0.399869 0.400355 0.400678 0.400881 0.400962 0.400928 0.400790 0.400550 0.400185

0.0300 0.389236 0.389499 0.389604 0.389572 0.389410 0.389122 0.388718 0.388203 0.387562

0.0400 0.381463 0.381579 0.381520 0.381322 0.380990 0.380527 0.379945 0.379245 0.378426

0.0500 0.375289 0.375273 0.375095 0.374769 0.374306 0.373711 0.372992 0.372155 0.371195

10 | 0.0025 0.437718 0.439083 0.440352 0.441554 0.442699 0.443803 0.444888 0.445968 0.447043

0.0050 0.420982 0.422034 0.422983 0.423858 0.424667 0.425427 0.426156 0.426864 0.427557

0.0100 0.404004 0.404720 0.405325 0.405844 0.406283 0.406653 0.406971 0.407244 0.407475

0.0200 0.386680 0.387043 0.387264 0.387390 0.387420 0.387359 0.387217 0.386999 0.386685

0.0300 0.376389 0.376524 0.376520 0.376402 0.376173 0.375838 0.375406 0.374875 0.374235

0.0400 0.368959 0.368932 0.368758 0.368460 0.368048 0.367521 0.366888 0.366146 0.365288

0.0500 0.363055 0.362905 0.362603 0.362167 0.361610 0.360933 0.360143 0.359238 0.358209

15| 0.0025 0.429361 0.430666 0.431892 0.433069 0.434206 0.435320 0.436432 0.437558 0.438703

0.0050 0.412798 0.413797 0.414702 0.415555 0.416361 0.417137 0.417906 0.418677 0.419449

0.0100 0.395811 0.396467 0.397033 0.397532 0.397967 0.398355 0.398716 0.399058 0.399377

0.0200 0.378710 0.379017 0.379203 0.379313 0.379341 0.379299 0.379196 0.379035 0.378809

0.0300 0.368534 0.368620 0.368572 0.368429 0.368189 0.367859 0.367451 0.366967 0.366392

0.0400 0.361165 0.361078 0.360860 0.360532 0.360098 0.359566 0.358943 0.358227 0.357406
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0.0500 0.355354 0.355135 0.354785 0.354312 0.353726 0.353030 0.352230 0.351334 0.350333
20 | 0.0025 0.423596 0.424865 0.426074 0.427246 0.428392 0.429527 0.430681 0.431862 0.433073
0.0050 0.406806 0.407762 0.408652 0.409498 0.410306 0.411108 0.411913 0.412738 0.413592
0.0100 0.389938 0.390561 0.391109 0.391605 0.392046 0.392466 0.392875 0.393284 0.393693
0.0200 0.372888 0.373162 0.373332 0.373440 0.373480 0.373468 0.373414 0.373322 0.373192
0.0300 0.362702 0.362743 0.362682 0.362533 0.362300 0.361997 0.361631 0.361197 0.360694
0.0400 0.355362 0.355238 0.354996 0.354658 0.354229 0.353713 0.353118 0.352448 0.351696
0.0500 0.349661 0.349401 0.349024 0.348538 0.347948 0.347262 0.346485 0.345623 0.344664
35| 0.0025 0.409902 0.411049 0.412156 0.413246 0.414336 0.415449 0.416597 0.417794 0.419046
0.0050 0.393204 0.394044 0.394835 0.395603 0.396372 0.397160 0.397975 0.398826 0.399720
0.0100 0.376519 0.377032 0.377498 0.377929 0.378351 0.378780 0.379220 0.379679 0.380161
0.0200 0.359653 0.359825 0.359935 0.359995 0.360027 0.360041 0.360043 0.360040 0.360032
0.0300 0.350022 0.349987 0.349878 0.349708 0.349484 0.349231 0.348944 0.348629 0.348284
0.0400 0.342674 0.342430 0.342190 0.341832 0.341409 0.340946 0.340436 0.339879 0.339280
0.0500 0.337104 0.336779 0.336364 0.335867 0.335293 0.334657 0.333962 0.333209 0.332394
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pHr values

Table S6: Measured pHr values and corresponding standard measurement uncertainties of equimolal TRIS/TRIS-H* (in mol-kg-Hz20 ') buffered artificial seawater solutions at
salinities 5, 10, 15, 20 and 35. Actual measurement temperatures between 278.205 and 318.147 K are indicated in the first row.

S | T 278.205 283.201 288.193 293.187 298.176 303.172 308.165 313.159 318.147
brris
5 |0.040 8.6938 +|85304 +|83733 +|8.2223 +|8.0769 +|79364 +|7.8006 +|7.6689 +|75412
0.0013 0.0013 0.0013 0.0013 0.0014 0.0015 0.0016 0.0018 0.0021
0.025 8.6877 +£|85236 +|83662 +|8.2143 +£|8.0680 +|7.9264 +|7.7892 +|7.6559 +|75264
0.0013 0.0013 0.0013 0.0013 0.0014 0.0015 0.0016 0.0018 0.0021
0.010 8.6793 +|85149 +|83565 +|8.2039 +|8.0568 +|79144 +|7.7764 t|7.6422 +|75118
0.0013 0.0013 0.0013 0.0014 0.0014 0.0015 0.0016 0.0018 0.0021
10 | 0.040 8.6975 +|85316 +|8.3718 +|8.2172 +|8.0679 +|7.9231 + | 7.7821 +|7.6448 +|75107
0.0011 0.0011 0.0011 0.0011 0.0011 0.0011 0.0011 0.0012 0.0013
0.025 8.6923 +|85260 +|8.3654 +|82104 +|8.0606 +|7.9151 +|77735 +|7.6353 +|7.5004 %
0.0011 0.0011 0.0011 0.0011 0.0011 0.0011 0.0011 0.0012 0.0013
0.010 8.6870 +|85208 +|83596 +|8.2042 +£|8.0538 +|79077 +|7.7653 +|7.6265 +|7.4908
0.0011 0.0011 0.0011 0.0011 0.0011 0.0011 0.0011 0.0012 0.0013
15| 0.040 8.7074  +£|85397 +|83777 £|8.2209 | 8.0691 +|79215 +|7.7775 +|7.6367 £|7.4989
0.0014 0.0014 0.0013 0.0013 0.0013 0.0013 0.0013 0.0014 0.0014
0.025 8.7036 +|8.5356 +|8.3731 +/182160 +|8.0637 +|7.9156 £ |7.7711 +|7.6297 +|74913
0.0014 0.0014 0.0013 0.0013 0.0013 0.0013 0.0013 0.0014 0.0014
0.010 8.6971 +|85287 +|83662 +|8.2087 +|8.0561 +|79076 +|7.7627 +|7.6210 +|7.4822 +
0.0014 0.0014 0.0013 0.0013 0.0013 0.0013 0.0013 0.0014 0.0014
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20 | 0.040 8.7140 +|85450 +|8.3813 +|8.2228 +|8.0690 +|79194 *|7.7731 +|7.6298 +|74892
0.0011 0.0011 0.0011 0.0010 0.0010 0.0010 0.0010 0.0010 0.0010

0.025 8.7103 +|85410 +|8.3771 +182183 +|8.0642 +|79140 +|7.7673 +|7.6237 +|7.4827 %
0.0011 0.0011 0.0011 0.0010 0.0010 0.0010 0.0010 0.0010 0.0010

0.010 8.7034 +£|8.5336 +|83696 +|8.2105 * | 8.0561 +|79056  +|7.7586 *+|7.6146 +|7.4734
0.0011 0.0011 0.0011 0.0010 0.0010 0.0010 0.0010 0.0010 0.0010

35| 0.040 8.7544  +| 8.5821 +18.4149 +|82526 +|8.0948 +|7.9406 +|7.7897 *|7.6416 £ |7.4961 *
0.0011 0.0011 0.0010 0.0010 0.0010 0.0010 0.0010 0.0010 0.0010

0.010 8.7477 +|85754 +|84083 +|8.2462 +|8.0886 +|79346 *+|7.7839 +|7.6362 +|7.4912 =
0.0011 0.0011 0.0010 0.0010 0.0010 0.0010 0.0010 0.0010 0.0010
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Measurement uncertainty of pHr:

The uncertainties of the measured pHr values were determined for all temperatures,
salinities and TRIS/TRIS-H* molalities according to the Guide to the expression of
uncertainty in measurement (GUM) using a Monte Carlo method in Mathematica.

If input quantities are correlated, these correlations should be taken into account in the
calculation of the measurement uncertainty in order to meet the requirements of the GUM
strictly. In this work, however, correlations between input quantities were not taken into
account due to the complexity of the dataset and due to the fact that correlation data were
not available in most of the cases.

An example measurement uncertainty budget is given in table S7. An illustrative
representation for the determination of the standard potential, E*° is shown in Fig. S2.
Standard measurement uncertainties (covariance factor k=1) are given with mean pHr
values in Tab. S6. Extended measurement uncertainties (covariance factor k=2) are
displayed in Fig. S3. The salinity dependence of the two largest contributions to the

measurement uncertainty are show in Fig. S4.

Table S7: Details of pHt uncertainty analysis for TRIS 0.04 M buffered artificial seawater of salinity 10 and
318 K.

Input Estimate u(xi) unit Distributio | sensitivity | unit u(pHr)
quantity | xi n coefficien
tlcl
E*° 0.2320172 | 0.0000712 | V Gaussian 16 v 11-10*
E 0.7529549 | 0.0000335 |V Gaussian 16 v 5.3-10*
T 318.147 0.0060 K Gaussian 0.025 K- 1.5-10*
XHual 0.20050 0.00007 mol-kg-H20 Gaussian 0.54 kg-H20 -mol"! 0.38-10°
4
XNacl 2.54464 0.00152 mol-kg-H20 Gaussian 0.094 kg-H20 -mol! 1.4-10
XMgcl, 0.71603 0.00149 mol-kg-H20 " Gaussian 0.10 kg-H20 -mol" | 1.5-10*
Combined standard uncertainty of pHr 0.0011
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Figure S2: Determination of the standard potential of the Ag|AgCl electrodes E*° by extrapolation E” values
according to eq. 4 (see manuscript) to zero HCI molality for salinity 10 and 318 K. Error bars denote the
standard measurement uncertainties of the functional values according to eq. 4. The vertical distance between
grey lines is 560 pV, which corresponds to 0.01 in terms of pH.
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Figure S3: Extended measurement uncertainty, U(pHr), of pHT measurements performed in this study as a
function of salinity (x-axis), temperatures (color) and TRIS/TRIS-H* molalities (in mol-kg-H20"") indicated at
the top of the panels).
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Figure S4: Relative contributions to the pHt measurement uncertainty (Fig. S3) by the determination of the
standard potential of the silver-silver chloride electrodes, E*°, and the cell potential measured in the buffer
solutions, Easwrris-Hol. Results are displayed as a function of salinity (x-axis), temperatures (color) and
TRIS/TRIS-H* molalities (in mol-kg-H20") indicated at the top of the panels).
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pHr model comparison to previous results
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Figure S5: Deviation of the pHt model fitted in this study (eq. 10, Tab. 2) from the models published by DelValls
and Dickson (1998) and at 298.15 K by Mosley et al. (2004). Results are displayed at TRIS/TRIS-H* molalities
of 0.04 mol-kg-H20""
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Abstract

Spectrophotometric pH measurements allow for an accurate quantification of acid-base
equilibria in natural waters, provided that the physico-chemical properties of the indicator
dye are well known. Here we present the first characterization of purified m-Cresol Purple
(mCP) directly linked to a primary pH standard in the salinity range 5-20. Results were
obtained from mCP absorption measurements in TRIS buffer solutions. The pHr of
identical buffer solutions was previously determined by Harned cell measurements in a
coordinated series of experiments. The contribution of the TRIS/HCI component to the
ionic strength of the buffer solutions increases towards lower salinity: This was taken into
account by extrapolating the determined pK:e> to zero buffer concentration, thereby
establishing access to a true hydrogen ion concentration scale for the first time. The results
of this study were extended with previous determinations of pKze> at higher and lower
salinity and a pKze> model was fitted to the combined data set. For future investigations
that include measurements in the salinity range 5-20, pHt should be calculated according
to this pKze> model, which can also be used without shortcomings for salinities 0-40 and
temperatures from 278.15 — 308.15 K. It should be noted that conceptual limitations and
methodical uncertainties are not yet adequately addressed for pHr determinations at very

low ionic strength.

Keywords: m-Cresol Purple, brackish water, estuaries, spectrophotometric pH
measurements, traceability, primary standard, TRIS buffer

Introduction

pH is a master variable of seawater analysis. It allows the tracking of numerous
biogeochemical processes, including organic matter production and mineralization, and is
the most direct measure for ocean acidification (Byrne, 2014; Byrne et al., 2010). Several
methods were developed to determine pH, ranging from glass electrodes (Easley and
Byrne, 2012), to ISFET sensors (Martz et al., 2010) and to pH optodes (Clarke et al., 2015).
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However, spectrophotometric pH measurements have proven to be the most precise and
accurate method and are often considered to be a reference method (Byrne, 2014; Liu et
al., 2011). Mueller et al. (2017) recently demonstrated that the method works reliably in
the presence of high concentrations of dissolved organic matter and hydrogen sulfide and
therefore supports full CO2 system characterizations even under challenging conditions
typical for brackish waters.

Spectrophotometric pH measurements rely on the addition of pH-sensitive indicator dyes,
like m-Cresol Purple (mCP), to a water sample. The dye changes its color with sample pH.
Those color changes are reflected in the absorbance spectra of the dye as changes in the
peak absorbance ratio R, which depends on physico-chemical properties of the dye
molecule (Clayton and Byrne, 1993; Liu et al., 2011). The accurate determination of acid-
base equilibria in seawater — including the speciation of the CO, system — and the
determination of long-term acidification trends require knowledge of the dye’s dissociation
constant and absorbance behavior. In order to ensure comparability of pH measurement
results, the determination of the dissociation constant should be traceable to a fully
characterized primary pH standard, e.g., by Harned cell measurements (Buck et al., 2002;
Dickson et al., 2015).

In previous studies, reliable determinations of the dissociation and absorption behavior of
mCP have been established in the salinity range 20-40 (Liu et al., 2011) and for river water
conditions (Lai et al., 2016, 2017). The characterization experiments involved
measurements of buffer solutions with pH assigned by Harned cell measurements (e.g.,
DelValls and Dickson, 1998) to determine the dissociation constant. Such buffer solutions
were previously not available for salinities between 0 and 20. Mosley et al. (2004) provided
an interim solution for this brackish water gap and characterized mCP for the full salinity
range. However, the uncertainty of this characterization remained large, mainly due to (i)
the interpolation of unknown TRIS buffer pH values between salinity 5 and 20, (ii) the lack
of seawater salts in the salinity range 0.06-2, and (iii) the use of non-purified mCP. Further,
the characterization was restricted to 298.15 K. Douglas and Byrne (2017b) combined the
previous characterizations of purified mCP (Lai et al., 2016, 2017; Liu et al., 2011) with the
results of Mosley et al. (2004) and modelled mCP properties over the full salinity and
temperature range after correcting for dye impurities (Douglas and Byrne, 2017a).
Nevertheless, a direct experimental characterization of purified mCP in brackish waters
traceable to a primary pH standard was still missing, making it impossible to quantify the
accuracy of spectrophotometric pH measurements in brackish waters. Uncertainties
remained especially large at temperatures different from 298.15 K, due to the absence of

experimental data.
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To overcome these limitations, a concerted series of experiments was performed, which
included two work packages:

1. Preceding Harned cell measurements of TRIS buffered artificial seawater
(ASW) solutions to determine pH values on the total scale (pHr) at salinities
ranging from 5-20, temperatures from 278.15 — 318.15 K and equimolal
TRIS/TRIS-H* molalities of 0.01, 0.025, and 0.04 mol-kg-H-O" (Mdller et al,
subm.).

2. Determination of the mCP dissociation behavior in brackish waters based on
spectrophotometric measurements performed with the newly available TRIS
buffers (this study).

The obtained characterization of mCP in the salinity range 5-20 was combined with
previous results at higher and lower salinity, to derive a model for the dissociation behavior
covering the full salinity and temperature range. This model was evaluated in comparison
to previous characterizations, with special emphasizes to remaining uncertainties for

spectrophotometric pH measurements at very low ionic strength.

Material and methods

Theory

The basic principles of spectrophotometric pH measurements have been described
extensively before (Clayton and Byrne, 1993; Liu et al., 2011; Mosley et al., 2004). In brief,
the measurements are based on the addition of a pH-sensitive indicator dye to a water
sample. The second dissociation constant, pKz, of the diprotic dye mCP lies in the pH
range typical for seawater. In this case, the solution pH can be expressed as:

_ [1%7]
pH = pK; +log, —[HI‘] (1)

where [HI] and [I?] are the concentrations of the monoprotonated and deprotonated
species of the indicator dye, respectively. The concentration ratio [HI] / [I?] can be
determined by absorbance (A) measurements, because HI and 1> have two clearly
distinguishable absorbance maxima (Fig. 1) at wavelength A; = 434 nm and A2 = 578 nm,
respectively (Clayton and Byrne, 1993). However, the absorbance spectra of both indicator
species overlap. Therefore, at both wavelength A+ and Az the absorbance A\ needs to be
expressed by the Lambert-Beer-law describing the additive absorbance contribution,
A;(I#7) + A3 (HI), of both species as:

Ay = (HIT) - [HIT]+ U?7) - [1*7]) - d (@)
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where €,(X) are the molar extinction coefficients of the indicator species X at wavelength

A, and d is the cuvette length.
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Fig. 1: Absorbance spectra of mCP recorded in TRIS ASW solutions (S=10,
brris/tris-u+ = 0.04 mol-kg-H20"") as a function of temperature. Spectra are normalized to the absorption at
the isosbestic wavelength at 488nm. Dashed lines mark the wavelengths of HI- and 1> peak absorbances.

After combining equations (1) and (2), and with algebraic manipulation, the pH of the
solution can be expressed as:

pH = pK; + logy, (£> (3)
ez — e3 ‘R

where R = As7s / Asz4 is the ratio of the absorbance measured at the two peak wavelengths
(dashed lines in Fig. 1) and e = &s7s(HI") / €43a(HI), €2 = €575(1%) / €434(HI") and e; =
€434(1%) / €434(HI") are the molar absorptivity ratios (Clayton and Byrne, 1993; Mosley et al.,
2004).

The molar absorptivity ratio ez includes molar extinction coefficients of both mCP species,
HI- and 1. Therefore, the separate determination of e, and es would require the
combination of measurements obtained in high and low pH solutions. Liu et al. (2011)
avoided this by rearranging equation (3) to:

pH = pKje; +log,o 1T (4)

The salinity and temperature dependence of the term pKse, can be determined from
measurements in buffer solutions with a known pH, provided that e; and es/ez are known.
Previously, the required seawater buffer solutions with pH values assigned on the total
scale were only available at salinities = 20 (DelValls and Dickson, 1998).
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Buffer solutions

TRIS buffered ASW solutions were prepared at salinities 5, 10, 15, 20, and at 35 for
consistency assessments with previous results, according to Mdller et al. (subm.). At each
salinity, three buffer solutions contained equimolal TRIS/TRISH* molalities (brg;s/tris.u+)

of 0.01, 0.025, 0.04 mol-kg-H-O". This allows the impact of the solution composition on
the pHr of the buffers and on the dissociation behavior of the dye to be corrected by
extrapolation the determined pKze: values to zero TRIS/TRISH* molality. The preparation
and bottling of the buffer solutions was performed by the national metrological institute of
Germany, Physikalisch-Technische Bundesanstalt (PTB), in parallel (same lab, day, stock
solutions, and person, but separate weighings) to the preparation of identical buffer
solutions for Harned cell pHt measurements (Muller et al., subm.). Solutions prepared at
PTB were stored in 500 mL glass bottles (Schott DURAN, GL 45 polypropylene screw
caps). The headspace was filled with humidified Argon gas in order to avoid CO. uptake
from the atmosphere. Solutions were shipped to the Leibniz-Institute for Baltic Sea
Research in Warnemiinde (IOW) for spectrophotometric measurement. The headspace
was refilled with humidified Argon whenever bottles were opened to take subsamples.

Spectrophotometric measurements

In the buffer solutions described above, absorbance spectra of mCP were recorded at
seven temperatures from 278.15 — 308.15 K in intervals of 5 K. Measurements were
performed with an instrument set-up as described by Carter et al. (2013). The system
consisted of an Agilent 8453 diode array spectrophotometer (Santa Clara, US) and a 10-
cm, cylindrical, jacketed, flow-through cuvette (custom made by Hellma Analytics,
Mullheim, Germany). The mantle of the cuvette was permanently flushed with water from
a Julabo F30 heating circulator (Seelbach, Germany). Temperature was measured with a
Pt resistance thermometer (Burster Kelvimat 4306 equipped with needle probe 42905,
Gernsbach, Germany) calibrated at IOW’s calibration lab with an uncertainty of 0.02 K.
The needle probe was inserted in the water stream just behind the cuvette. Measured
temperatures were within £0.05 K of the target values. Before analysis, buffer solutions
were brought to within 1 K of the analysis temperature in a separate temperature bath.
The cuvette was filled and emptied with a computer-controlled syringe pump. The Agilent
8453 spectrometer was operated with both the tungsten- and the deuterium lamp switched
on. More details on the measurement procedure are given in Carter et al., (2013).

All measurements were performed with purified mCP (Liu et al., 2011) kindly provided by
the lab of Robert H. Byrne, Univ. of South Florida. A 2 mM stock solution of the dye was
prepared by dissolving 0.08 g mCP in 100 mL deionized water. For better dissolution and
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pH adjustment, the stock solution was sonicated and 3.25 mL of 0.1 M NaOH were added
to achieve a pH of around 8.

Spectrometers are known to behave non-linearly at high and low absorbances. For mCP
absorbance spectra, this is critical for the strong absorbance of 1> at 578 nm (Fig. 1),
especially at high pH in cold TRIS buffer solutions. To avoid non-linear behavior,
absorbances at 578 nm were limited to values around 1 by adjusting the added amount of
mCP. However, this may result in low absorbance at 434 nm. The most critical conditions
were encountered at salinity 35 and 278.15 K with an absorbance ratio around 5
(Supplementary information Fig. S1).

The spectrometer performance was verified by running the self-test of the instrument
(deuterium lines test for wavelength accuracy and reproducibility; as well as noise-,
baseline flatness-, and stability tests). Wavelength accuracy was further verified by
measurements of Holmium oxide standards. Furthermore, spectrophotometric comparison
measurements were performed under conditions with well-defined solution pH and dye
characteristics. This refers to measurements of TRIS buffer solutions (batch T27 and T30)
and CRM standards (batch #146) provided by the lab of Andrew G. Dickson (Univ. of
California) at 298.15 K. Further, measurements performed on own TRIS buffer solutions
at salinity 20 and 35 were compared with previous results of Liu et al. (2011), who
performed identical experiments, at temperatures from 278.15 — 303.15 K.

Determination of pK»e»

pHr values of TRIS buffer solutions used in this study to calculate pKze. were assigned by
Harned cell measurement (Table S1) and according to Miuller et al. (subm.). The
determination of pKze2 from known pHr values and corresponding R ratios according to:

pKze; = pHr —logsg 1T3 (5)

requires knowledge of the absorptivity ratios e and ez>/es. As proposed by Douglas and
Byrne (2017b), the absorptivity ratios by Liu et al. (2011) according to equations (6) and

(7):

e; = —0.007762 + 4.5174-107>-T (6)

e

e—3 = —0.020813 + 2.60262 - 10* - T + 1.0436 - 10~* - (S — 35) (7)
2

, were applied for the salinity range 5-20, although originally determined for salinities >20.

Deviations between the salinity-dependent ez/es of Liu et al. (2011) extrapolated to S=0,
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and ex/es determined by Lai et al. (2016) for freshwater conditions are presumably related
to differences in the determination procedure. Only Liu et al. (2011) applied an iterative
process to derive es/ez values that account for all absorbing species in solution, (R.H.
Byrne, pers. comm.).

pKze2 values were determined from measured R and pHr data for all buffer solutions
described above. At each combination of salinity and temperature, the change of pKsze»
with TRIS/TRISH* molality was determined by linear regression analysis. The determined
slope was used to correct individual pKzez values to zero TRIS/TRIS-H* molality (Fig. S2

in supplemental information).

Fitting a pK>e> model to a combined data set including previously published results

pKzez results determined in this study at salinities 5-20 were combined with previously
published results to derive a complete characterization of mCP from ocean to river water.
In order to include the measurement uncertainty of previous work, we calculated pKze»
values from individual data rather than fitted equations given in the respective publications.
The following data were included:

o For salinities 20, 30, 35, and 40 and temperatures from 278.15 — 308.15 K, pKze2
values were calculated from Table S4 in the supporting information of Liu et al.
(2011).

e For salinities between 0.06 and 4.03 and 298.15 K, impurity-corrected results
based on Mosley et al., (2004) were taken from Table 1 in Douglas and Byrne
(2017b). An offset of +0.0065 pH units was observed at S=5 between the results
of Douglas and Byrne (2017b) and this study. This offset was added to all pKze>
values at salinities from 0.06 to 4.03. This correction is smaller than the uncertainty
in the data (see discussion) and allows for a pKze: fit without a discontinuity.

e For salinity 0 and temperatures from 281,2 — 303.2 K, pKze> was calculated from
the measured dissociation constant at infinite dilution, pK? (Chun-Ze Lai and
Michael DeGrandpre, pers. comm.), and e, (Table 2 in Lai et al. (2016)) as pK° —

log1o(e2).

The following full model, expressing pKze: as a function (f) of S, T, was fitted to the

combined data set:

1
pKye, =f {(1 +50% 4+ 5485 + 52 4 §25) - (1 + T+ In(T) + T)} (8)
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Equation (8) includes 24 terms representing all combinations of the terms of a fifth order
S%5 polynomial and the terms of the physico-chemical expression of the temperature
dependence of dissociation constants. The salinity polynomial in equation (8) is identical
to that fitted by Douglas and Byrne (2017). Expressions with identical temperature
dependence were previously fitted to pKze:z results (Liu et al., 2011) and TRIS buffer pHr
data (DelValls and Dickson, 1998).

The fit was obtained by generalized linear modeling with the “stats” package of the
statistical programming language “R” (R Core Team, 2014). After fitting the full model (eq.
8), insignificant terms were removed by stepwise variable selection in both directions
based on the Akaike information criterion. The removal of terms was performed with the
“stepAIC” function from the R package “MASS” and resulted in a pK.e> model with 19
terms (eq. 9).

Results

Extrapolation of pKse» to zero buffer concentration

At each combination of temperature and salinity, pKz-e> was determined at three different
TRIS/TRISH* molalities, 0.01, 0.025 and 0.04 mol-kg-H>O"'. The pKae. values were
extrapolated linearly to zero TRIS/TRISH* molality (Fig. S2). The mean slope of this
extrapolation ranged from 0.3 to -0.07 mol'-kg-H-O at salinities 5 and 35, respectively.
For a TRIS/TRISH* molality of 0.04 mol-kg-H-O, this slope corresponds to a mean pKe:
correction ranging from 0.012 to -0.003 at salinities 5 and 35, respectively (Fig. S3). The
standard deviation of the residuals from the linear extrapolation fit was <0.001 for all
combinations of temperature and salinity. The pKze. value determined at S=20 and a
TRIS/TRISH* molality of 0.025 mol-kg-H.O" deviated from the value interpolated between
the results at TRIS/TRISH* molalities of 0.01 and 0.04 mol-kg-H-O" by more than three
times the standard deviation of all measurements, and was removed for further analysis

without knowing the source of error.

pKqoeo results and model

The extrapolated pKze: values of mCP determined in this study for salinities 5-20 ranged
from 7.57 to 8.08 (Fig. 2A). The salinity-dependence of pKzez increases towards lower
salinity. The dependence on temperature is almost linear at constant salinity. The pKze»
model fitted to the combined data set, including results from this study and from that of
Douglas and Byrne (2017b), Lai et al. (2016, 2017), and Liu et al. (2011) is given in
equation (9) with respective coefficients given in Table 1.
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pKzez =a+b1'50'5+b2'51'5+b3'32+b4'52'5
e T 4cy ST T 43 S T ¢y §2°- T
+d; - In(T) + dy - S¥° - In(T) + d3 - S? - In(T) + dy - S° - In(T)

+e T+ey, S T+e;:S T+e, S - T+eg-S? T+eg ST

Table 1: Coefficients of equation 9 fitted to the combined data set displayed in Fig. 2A. Control value for pKze2
at S=20 and T=298.15 K is 7.6920.

Coefficient Value

a 1.08071477-10°
b/ -1.35394946-10"
b2 -1.98063716-10?
bs 6.31924397-10"
b4 -5.18141866
C1 -2.66457425-10*
C2 5.08796578-103
C3 -1.62454827-10°
Cs4 1.33276788-10?
ds -1.89671212-10?
do 3.49038762-10°
ds -1.11336508-10'
ds 9.12761930-10"
e1 3.27430677-10"
e -7.51448528-10*
es 3.94838229-10*
€4 -6.00237876-10
€5 1.90997693-10

€6 -1.56396488-10°
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Residuals from the fitted pKze> model (Fig. 2B) are within £0.005 for the entire salinity and

temperature range.
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Fig. 2: (A) pKze2 of mCP as a function of salinity and temperature. Results from this study (salinity range 5-
20) were combined with previous results and fitted to a common pKze2 model (solid lines). Dashed lines
represent the pKze2 model by Douglas and Byrne (2017b). (B) Residuals from the model fitted in this study.

Agreement with previous studies

In the salinity range 5-20, the pKze2> model of Douglas and Byrne, (2017b) agrees with the
new model presented in this study within 0.008 at 298.15 K (Fig. S4). At salinity 20,
deviations are within 0.004. At salinity 5 and 308.15 K, the largest offset between both
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models was observed with 0.013 higher pKze: values predicted by the model fitted in this
study.

In the salinity range 20-40, the pKze> model of Liu et al., (2011) agrees with the model
presented in this study within 0.002 across all temperatures (Fig. S4). At freshwater
conditions, pKze: calculated according to Lai et al. (2017) agrees with the model presented
in this study within 0.006 across all temperatures (Fig. S4).

The residuals from the model (Fig. 2B) are larger at salinities <20, compared to the
residuals at salinities > 20. However, the precision achieved within each group of salinity,
temperature and TRIS/TRISH* is <0.001 and comparable for the results of this study and
those of Liu et al. (2011). The higher residuals at lower salinities reflect the uncertainty in
the pHr determination by Harned cell measurements (compare residuals in Fig. 5 of Mdller
et al., subm.), which was not included in previous studies when pHr values of buffer
solutions were calculated from fitted models.

For a direct comparison to previous results, spectrophotometric pHr values calculated
according to Liu et al. (2011) were determined in TRIS buffer solutions (batch T27 and
T30) and CRM standards (batch #146) purchased from the laboratory of Andrew G.
Dickson (Scripps Institution of Oceanography). Results were highly reproducible and
consistently 0.005-0.006 pH units lower than theoretical values (TRIS pHr calculated
according to DelValls and Dickson (1998); CRM pH~ calculated from certified Cr and Ar
according to Lueker et al. (2000)). For own TRIS buffer solutions at salinity 20 and 35,
spectrophotometric pHr values calculated according to Liu et al. (2011) were 0.002 to
0.008 pH units lower than pHt values determined by Harned cell measurements over the
temperature range from 278.15-308.15 K.

Discussion

Advantages of a coordinated experimental concept

The experiments presented here were part of a coordinated measurement program
covering the preparation of TRIS buffered ASW solutions, pHr determination by Harned
cell measurements and subsequent recording of mCP absorption spectra. This reduces
uncertainties included in all previous experiments, in which the required analysis of the
buffer solutions (e.g., DelValls and Dickson 1998) and subsequent mCP characterizations
(e.g., Liu et al. 2011) were performed in separate experiments. Nemzer and Dickson
(2005) found TRIS buffer pH to vary by up to 0.0034, even when carefully prepared in the
same laboratory, and argued that an error of only 0.23% in the TRIS/TRISH* ratio will
result in an error of 0.001 in pH. Miller et al. (subm.) and this study reduced this uncertainty
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by titrating the TRIS- against the HCI- stock solution and subsequently preparing all buffers
from the same stock solution. Further, in this study we determined pKze»> based on pHr
values individually assigned by Harned cell measurements to the same batch of buffer
solution, whereas previous studies had to rely on pHr values calculated from fitted models.

Correcting the contribution of TRIS and HCI to the ionic composition of the buffer solutions

The ionic composition of buffered ASW solutions differs from that of pure ASW solutions,
due to the replacement of seawater salts by TRIS and HCI at a given ionic strength. The
relative contribution of the buffer components increases towards lower salinity. This can
only to a certain degree be circumvented by lower buffer concentrations, because
solutions with lower buffer concentrations are less stable and reproducible. The inevitable
difference in solution composition has two effects: (i) The pHr of the buffer solution
changes with the concentration of the buffer and assigned pHr values do not exactly
correspond to the total hydrogen ion concentration scale (see discussion in Dickson et al.,
2015; Nemzer and Dickson, 2005; Muiller et al., subm.). (ii) The difference in solution
composition affects the pKze2 of mCP. However, both effects (i) and (ii) are corrected when
calibration results are extrapolated to zero buffer concentration, as done in this study for
the first time.

At salinity 35, we found the pKze. correction to be <0.005 for a 0.04 mol-kg-H.O"
TRIS/TRISH* molality. Although this effect might be small in comparison to other sources
of uncertainty, similar extrapolation experiments as performed in this study are required to
accurately determine pHr at salinities 20-40. More pronounced pKze: corrections need to
be applied at lower salinity and amounted up to 0.02 for a TRIS/TRISH* molality of 0.04
mol-kg™' (Fig. S3).

Performing the required extrapolation, this study presents the first attempt to determine
pKzez values that allow the measurements of pH on a true hydrogen ion concentration
scale referring to the reference ASW composition in the salinity range 5-20. In contrast,
the mCP characterization by Mosley et al. (2004) did not account for the ionic strength
contribution of TRIS/TRISH*, despite covering salinities as low as 0.06. Furthermore, at
salinities below 2, TRIS/TRISH* represented the only contribution to ionic strength but was
still interpreted in terms of salinity, based on the results of Bates and Hetzer (1961). In
view of these uncertainties, the currently available characterization of pKze: is strictly valid
only for salinities as low as 5 and the ASW solutions composition reported in this study.
For salinities below 5, the pK.e> models reported in this study and that of Douglas and
Byrne (2017) are associated with similar uncertainties, going back to the limitations in the
study of Mosley et al. (2004).
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Spectrophotometric pH measurements at very low ionic strength

Similar to the pKze2 extrapolation performed in this study, Lai et al. (2016) determined
changes of the dissociation constant of mCP of ~0.02 when decreasing the phosphate
buffer concentration by only ~0.005 mol-kg™" under freshwater conditions. This highlights
the strong sensitivity of the dissociation behavior of mCP on the ionic composition of the
sample at low ionic strength. It remains to be studied, whether the dissociation behavior
of mCP is controlled only by the ionic strength of the solution or whether the ionic
composition plays a significant role. If the latter is the case, it would be questionable,
whether an accuracy in the order of a few thousands of pH units can ever be achieved at
very low ionic strength, without knowing the ionic composition of the sample. This is a
consequence of the more general problem to determine salinity from conductivity
measurements in low-saline water with variable composition (Feistel et al., 2009; Wright
et al., 2011).

Lai et al. (2016) compared spectrophotometric pH measurements with two different
indicator dyes, phenol red and mCP, on seven different freshwater samples and found pH
results that agreed within £0.01. Those results indicate same ionic interactions of both
dyes, i.e., similar activity coefficients in similar media, but do not allow for an independent
assessment of the accuracy of the results. Accordingly, more comprehensive mCP
characterizations are required to unravel the impact of ionic composition. Potential
approaches to improve the understanding of mCP behavior in very low-saline and river
water conditions include: (i) traceable characterization experiments at variable buffer
concentrations and ionic composition of the salt matrix, and (ii) estimation of the effects of
solution composition changes on the dyes dissociation behavior with Pitzer models (Turner
et al., 2016).

Observed offsets in pHt comparison measurements

Performing comparison measurements with TRIS buffers and certified reference materials,
our pHr values calculated according to Liu et al. (2011) were consistently lower by 0.005
at 298.15 K. Over the full temperature range, pHr values determined in own TRIS buffer
solutions were 0.002 to 0.008 lower. Similar offsets were reported by Carter et al. (2013),
but the reason for this offset could not be determined so far. Lower determined pH~ values
result from a lower R-dependent log-term in equation (4). Vice versa, lower log-terms in
equation (5) lead to slightly higher determined pKze: values compared to previous results
(Liu et al., 2011), when identical pHr values are assigned to the buffer solutions.
Interestingly, our extrapolation to zero TRIS/TRISH* molality compensates for this offset
to the results of Liu et al. (2011) at salinity 20. In contrast, at salinity 35 the correction has
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an opposite sign and observed pHr differences do not cancel out. Due to the scarce
amount of data at salinities >20 obtained in this study, we included only the results by Liu
et al. (2011) into our combined data set.

Model evaluation and recommendation

The pKze> model by Douglas and Byrne (2017) agrees surprisingly well with the results
presented in this study, although previous experimental data in the salinity range 5-20,
going back to the results of Mosley et al. (2004), were limited to 298.15 K and associated
to several uncertainties. However, differences between both models (>0.01) are larger
than the measurement uncertainty of the method (Carter et al., 2013). In addition, the
pK2e2 model presented in this study fits the results of Liu et al. (2011) almost as well as
the original model (residuals within £0.002), and therefore better than the model of Douglas
and Byrne (2017), who found residuals >0.003.

Therefore, we recommend to use the pKae: model presented in this study for all
spectrophotometric pH measurements in brackish water that cover salinities below 20.
Due to the excellent agreement with the results of Liu et al. (2011), the pKze> model
presented in this study can also be applied for pH calculations at salinities >20 without
constraints. However, the uncertainty of this model is as large as that of (Douglas and
Byrne, 2017b) for salinities well below 5.

Conclusion

In this study, we provided the experimental basis to directly link spectrophotometric pHr
measurements in the salinity range 5-20 to Harned cell pHt determinations of TRIS
buffered artificial seawater solutions. We combined the derived pKqe» estimates of mCP
with the results from previous studies and fitted a pKze2 model as a function of temperature
and salinity to the combined data set. We recommend using the new pKze2 model for all
measurements in brackish waters that include samples with salinities below 20.
Measurements under fully marine conditions can be performed without compromise
compared to previous pKze> models. For S< 5, the model faces the same problems as in
previous work, but is potentially better suited for pH measurements near 5. For near river
water conditions, the impact of ionic composition on spectrophotometric pH determination
remains to be studied to answer the question whether spectrophotometric measurements
can produce accurate pH results without knowledge of the exact ionic composition of the
sample.
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Figure S1: mCP absorbance ratios R in TRIS buffered artificial seawater solutions as function of salinity,
temperature and TRIS/TRISH* molality.
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Figure S3: Linear regression slope of pKze2 extrapolation to zero TRIS/TRISH+ molality (shown in Fig. S2)
as a function of salinity and temperatures (color). Error bars indicate the standard error of the regression
intercept. Note that the absolute values on the y-axis correspond to the correction applied to pKze2 values
determined in 0.04 mol-kg-H20" TRIS buffers.
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(2011), and Douglas and Byrne (2017b).
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Table S1. Experimental results of this study: Nominal salinities and TRIS molalities (brg;s/rrss.u+) Of the
buffers solutions prepared according to Miiller et al. (subm.). Temperature recorded during spectrophotometric
measurements. pHr values of TRIS buffers, corrected for minor difference (<0.1 K) between the measurement
temperature during Harned cell measurements (Tab. S6 in Mller et al. (subm.)) and the temperature recorded
during spectrophotometric measurements. R values determined by spectrophotometric measurements.

Salinity brris/TrIS H* Temperature pHT R
mol-kg-H20"" K
5 0.01 278.14 8.6813 3.357315
5 0.025 278.14 8.6897 3.401491
5 0.04 278.13 8.6960 3.409187
5 0.01 283.19 8.5152 2.696398
5 0.025 283.19 8.5239 2.745707
5 0.04 283.2 8.5305 2.768608
5 0.01 288.16 8.3576 2.196929
5 0.025 288.16 8.3672 2.221552
5 0.04 288.16 8.3743 2.237790
5 0.01 293.18 8.2041 1.779782
5 0.025 293.19 8.2142 1.803389
5 0.04 293.18 8.2225 1.814800
5 0.01 298.13 8.0582 1.456799
5 0.025 298.12 8.0697 1.474943
5 0.04 298.12 8.0785 1.486515
5 0.01 303.13 7.9156 1.183075
5 0.025 303.11 7.9282 1.204038
5 0.04 303.11 7.9382 1.212915
5 0.01 308.17 7.7762 0.975945
5 0.025 308.17 7.7890 0.988495
5 0.04 308.17 7.8004 0.997054
10 0.01 278.14 8.6891 3.900920
10 0.025 278.14 8.6943 3.933452
10 0.04 278.15 8.6991 3.958607
10 0.01 283.18 8.5210 3.163536
10 0.025 283.2 8.5260 3.195515
10 0.04 283.19 8.5319 3.213577
10 0.01 288.15 8.3610 2.586284
10 0.025 288.17 8.3661 2.608743
10 0.04 288.16 8.3727 2.624376
10 0.01 293.19 8.2041 2.105310
10 0.025 293.18 8.2107 2.128686
10 0.04 293.19 8.2171 2.147315
10 0.01 298.13 8.0552 1.731753
10 0.025 298.13 8.0620 1.749701
10 0.04 298.13 8.0693 1.762160
10 0.01 303.1 7.9099 1.413715
10 0.025 303.11 7.9170 1.433998
10 0.04 303.11 7.9249 1.447479
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10 0.01 308.16 7.7655 1.169369
10 0.025 308.16 7.7736 1.183034
10 0.04 308.16 7.7823 1.193039
15 0.01 278.13 8.6995 4.247623
15 0.025 278.14 8.7056 4.279102
15 0.04 278.13 8.7096 4.306907
15 0.01 283.18 8.5293 3.464424
15 0.025 283.19 8.5359 3.500540
15 0.04 283.18 8.5403 3.511220
15 0.01 288.16 8.3672 2.842487
15 0.025 288.15 8.3745 2.871055
15 0.04 288.16 8.3787 2.880670
15 0.01 293.18 8.2089 2.322994
15 0.025 293.18 8.2162 2.349730
15 0.04 293.19 8.2208 2.359748
15 0.01 298.12 8.0578 1.922835
15 0.025 298.12 8.0654 1.937263
15 0.04 298.12 8.0708 1.948240
15 0.01 303.12 7.9091 1.570804
15 0.025 303.12 7.9172 1.591972
15 0.04 303.12 7.9231 1.601744
15 0.01 308.13 7.7637 1.306756
15 0.025 308.15 7.7715 1.318853
15 0.04 308.14 7.7783 1.325910
20 0.01 278.12 8.7060 4.498299
20 0.04 278.12 8.7166 4.574945
20 0.01 283.18 8.5343 3.685731
20 0.04 283.18 8.5456 3.745668
20 0.01 288.16 8.3707 3.034941
20 0.04 288.16 8.3823 3.083136
20 0.01 293.18 8.2107 2.489037
20 0.04 293.18 8.2230 2.534067
20 0.01 298.12 8.0578 2.064414
20 0.04 298.12 8.0708 2.094459
20 0.01 303.1 7.9079 1.696082
20 0.04 303.12 7.9210 1.728344
20 0.01 308.17 7.7584 1.409458
20 0.04 308.16 7.7732 1.433810
35 0.01 278.12 8.7505 5.000099
35 0.04 278.12 8.7571 5.067886
35 0.01 283.19 8.5757 4.119820
35 0.04 283.19 8.5825 4.180463
35 0.01 288.17 8.4091 3.432154
35 0.04 288.16 8.4160 3.481869
35 0.01 293.18 8.2464 2.828156
35 0.04 293.2 8.2522 2.878979
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35 0.01 298.12 8.0904 2.363981
35 0.04 298.13 8.0963 2.395338
35 0.01 303.1 7.9369 1.942415
35 0.04 303.11 7.9427 1.987336
35 0.01 308.18 7.7834 1.627207
35 0.04 308.17 7.7896 1.655656
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Abstract

Spectrophotometric pH measurements were first introduced for oceanic environments and they facilitated the
determination of the marine CO, system, including the direct observation of Ocean Acidification. Extended char-
acterizations of the indicator dye m-Cresol purple over the past two decades enabled the application of this
method to natural waters ranging from brines to freshwaters. However, the required determination of the dye’s dis-
sociation constants and absorbance properties were exclusively performed in buffer solutions prepared with artifi-
cial seawater. Potential perturbations by substances that occur in natural waters, but are not included in the buffer
solutions, have never been tested. Therefore, we studied the impact of elevated amounts of dissolved organic mat-
ter (DOM) and hydrogen sulfide (H,S) on spectrophotometric pH measurements. We did not observe an impact
on spectrophotometric pH measurements by H,S concentrations up to 400 umol kg~ ', which reflect high levels
such as those reported from the Black Sea. Likewise, natural DOM did not interfere with the spectrophotometric
measurements at concentrations typical for oceanic environments and large estuarine systems. However, strongly
colored river waters can cause spectral disturbances resulting in calculated pH values that are up to tenths of pH
units too low. To circumvent such disturbances, we recommend using intense light sources, a shorter cuvette
length or spectrophotometrically calibrated glass electrodes when performing spectrophotometric measurements
under critical conditions.

The need to understand the oceans’ role in the global CO,
system (Le Quéré et al. 2015) and the aim to track the ongoing
process of Ocean Acidification (Doney et al. 2009) stimulated
the development of high-quality pH measurement techniques.
Spectrophotometric measurements have proven to be the most
reliable method to determine seawater pH. The analytical pro-
cedure is based on the addition of a pH-sensitive indicator dye
to the water sample. The calculation of pH from recorded absor-
bance spectra requires the knowledge of the dissociation con-
stants and absorbance properties of the dye. More than two
decades ago Clayton and Byrne (1993) first determined these
properties of the dye m-Cresol purple (mCP) for oceanic
measurements. The authors introduced the method stating that
“the relative constancy of seawater composition throughout
the world’s ocean basins, plus low concentrations of reactive
trace elements, produce only small medium-induced changes

*Correspondence: Jens.Mueller@io-warnemuende.de
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in the physical-chemical characteristics of the indicator dyes.”
Accordingly, the theoretically predicted Ocean Acidification
processes could be directly observed by spectrophotometric pH
measurements in open ocean surface waters (Byrne et al. 2010).

The rising awareness that understanding Coastal Acidifica-
tion (Waldbusser and Salisbury 2014) requires more detailed
knowledge about the processes affecting pH (Hofmann et al.
2011; Duarte et al. 2013), stimulated extended characteriza-
tions of mCP for the application first in brackish (Mosley
et al. 2004) and most recently in freshwaters (Lai et al.
2016). Currently, spectrophotometric measurements are the
most reliable method to measure pH across the entire spec-
trum from ground to ocean waters, achieving uncertainty
levels below 0.01 pH units (Degrandpre et al. 2014; Dickson
et al. 2015). However, the extended characterization of mCP
was exclusively based on experiments performed in buffered
artificial sea- or freshwater solutions. These solutions have a
stable and defined pH, controlled by comparably high con-
centrations of a buffering substance like TRIS (DelValls and
Dickson 1998), and contain the major salt components of
seawater. However, for the broad spectrum of natural waters
over which spectrophotometric pH measurement can in
principle be applied, the requirement of “low concentrations


http://orcid.org/0000-0003-3137-0883
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Miiller et al.

of reactive trace elements” originally expressed by Clayton
and Byrne (1993) is not always fulfilled. In contrast, natural
waters contain several substances that are not included in
the artificial buffer solutions but potentially impact spectro-
photometric pH measurements. Two important and wide-
spread chemical components of natural waters are dissolved
organic matter (DOM) and hydrogen sulfide (H,S).

DOM occurs ubiquitously in natural waters typically with
increasing concentrations from oceanic toward freshwater
environments: open ocean DOM concentrations in terms of
moles carbon per volume are typically < 100 ymol-C L'
(Nelson et al. 1998), whereas higher DOM concentrations
were reported from large estuaries like the Baltic Sea (300-
400 umol-C L', Kulinski et al. 2014) and the Chesapeake
Bay (around 250 umol-C L' toward the freshwater end-
member, Rochelle-Newall and Fisher 2002). The weighted
worldwide river DOM concentration was estimated at
500 umol-C L1 (Ertel et al. 1986), but many rivers like the
Rio Negro in the Amazon basin (~ 1000 ymol-C L1, Ertel et al.
1986) and the Suwannee river in Florida (> 2000 umol-C L™},
Averett et al. 1994) feature much higher concentrations.

In contrast to the ubiquitous presence of DOM, hydrogen
sulfide occurs regionally in areas where the hydrographical con-
ditions favor anoxic conditions. Examples include extended
stratified basins like the Black Sea, the Baltic Sea, and the Car-
iaco basin with H,S concentrations up to 400 umol kg~ ' (Luther
et al. 1991), 100 ymol kg~ ' (Fonselius and Valderrama 2003;
Gustafsson et al. 2014), and 75 umol kg ' (Scranton et al.
2001), respectively. Smaller estuarine systems like silled fjords
with restricted water exchange can temporarily develop even
higher H,S concentrations. Apart from stagnant water masses,
hydrogen sulfide can also be formed in coastal-reinforced oxy-
gen minimum zones (e.g., anoxic events on the Peruvian and
Namibian shelf), but typically at lower concentrations (Canfield
2006; Schunck et al. 2013).

In open ocean surface waters, an overdetermination of
the CO, system—by determining more than two out of the
four measurable parameters alkalinity (Ar), dissolved inor-
ganic carbon (DIC), pH, and CO, partial pressure (pCOz)—
allows researchers to evaluate the analytical performance by
internal consistency checks (Byrne 2014). However, this eval-
uation becomes ambiguous in the presence of DOM and H,S
because both contribute to At (Kulinski et al. 2014; Yang
et al. 2015) and this contribution is not accounted for in the
available software for CO,-system calculations, e.g., COysys
(Pierrot et al. 2006). In addition, analytical techniques to
determine the pCO, of discrete samples are not well devel-
oped and optical pCO, sensors are prone to poisoning by
H,S (Atamanchuk et al. 2014; Fritzsche et al. 2017). Conse-
quently, Ar and pCO, are often not accessible for an overde-
termination of the CO; system. Under such conditions, it is
even more important that the remaining parameters (DIC
and pH) are determined with low uncertainty.

Perturbations of spec pH measurements

The impact of DOM and H,S on the acid-base system of
natural waters needs to be clearly distinguished from poten-
tial methodological interferences with spectrophotometric
pH measurements. Such perturbations could for example be
induced by spectral disturbances or molecular interactions
with the dye and would lead to incorrect pH readings. In
regard to H,S and DOM, spectral disturbances need to be
expected from chromophoric dissolved organic matter
(CDOM), the fraction of DOM that absorbs light in the UV
and visible spectrum (Bricaud et al. 1981; Green and Blough
1994; Stedmon et al. 2000). Concerning the characterization
of mCP for freshwater conditions, it was already pointed out
by Lai et al. (2016) that the effect of “colored dissolved
organic matter on measurements needs to be more systemat-
ically studied in the future.” Furthermore, it was shown that
DOM enhances the water solubility of nonionic organic sol-
utes (Averett et al. 1994). Although mCP has different molec-
ular properties than the organic solutes studied by Averett
et al. (1994), comparable molecular interactions between
DOM and mCP could alter the dissociation constants and/or
extinction coefficients of the dye, both of which would
cause erroneous pH readings. Likewise, molecular interac-
tions with H,S, or rather its dissociation products HS™ and s2-
that are present under typical pH conditions in seawater, can-
not be excluded. In particular the formation of polysulfides
(Kremling 1983) could alter the chemical properties of the
seawater matrix and impact the dye properties through
molecular interactions.

Keeping in mind the importance of high quality pH meas-
urements for the characterization of natural waters and being
aware of the risk of disturbances that spectrophotometric pH
measurements face in waters that deviate from oceanic stan-
dard conditions, this study aims for a systematic evaluation of
potential perturbations on mCP-based spectrophotometric pH
measurements caused by DOM and H,S, covering the entire
concentration range encountered in natural waters.

Material and procedures

Approach

DOM and H,S impact the pH of natural waters by interact-
ing with a complex set of other acid-base equilibrium reac-
tions (see Introduction). Here we investigated only potential
perturbations of spectrophotometric pH measurements, which
we distinguished from actual pH effects of DOM and H,S by
the following two approaches:

e Buffer solutions prepared in artificial seawater (Dickson
1993; Millero et al. 1993) were used to investigate whether
increasing amounts of DOM impact the pH value obtained
from absorbance measurements with mCP. The advantage
of using buffered solutions is a stable pH that remains
unaffected even when adding relative small amounts of a
DOM stock solution. However, the disadvantage of buffered
solutions is that their chemical composition differs from
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that of natural waters, which could change potential molec-
ular interactions between DOM and the dye.

e Artificial seawater (ASW) solutions and natural water
samples were used to study the impact of DOM and H,S on
spectrophotometric pH measurements. As the pH of these
weakly buffered solutions is sensitive to changes in the
DOM/H,S content, this approach requires potentiometric
comparison measurements and therefore relies on the
assumption that the selected glass electrodes are not
affected by the presence of DOM/H,S. In a first series of
measurements the glass electrodes were calibrated against
the spectrophotometric method (Easley and Byrne 2012).
Thereafter, parallel potentiometric and spectrophotometric
measurements were performed at increasing concentrations
of the potentially perturbing substance. At each DOM/H,S
level, the pH-dependence of the perturbation was investi-
gated by manipulating the CO, content of the solution.

Spectrophotometric measurements

The basic principles of spectrophotometric pH measure-
ments were described extensively in the existing literature
(Clayton and Byrne 1993; Mosley et al. 2004; Liu et al. 2011)
and will only be briefly summarized here. The measurements
are based on the addition of a pH-sensitive indicator dye to
a water sample. The second dissociation constant pK, of the
diprotic dye mCP is in the pH range typical for seawater and
in this case the pH of the solution can be expressed as:

o (1]
pH pK2+ OglO [Hlf] (1)

where [HIT] and [I?7] are the concentrations of the monopro-
tonated and deprotonated species of the indicator dye,
respectively. The concentration ratio [HI]/ [127] is determined
by absorbance (A) measurements, which in general relate the
light intensity recorded for the blank (I) to the light intensi-
ties recorded for the sample solution (I):

A=-logy (%) 2

HI™ and I*~ have two clearly distinguishable absorbance max-
ima at wavelength 1, =434 nm and /,=3578 nm, respec-
tively (Clayton and Byrne 1993). However, the absorbance
spectra of both indicator species overlap. Therefore, at both
wavelength 1, and A, the absorbance A, needs to be
expressed by the Lambert-Beer-law describing the additive
absorbance contribution of both indicator species as:

A=A, (1P7)+A;(HI)= (e, (HI)X[HI " +¢, (1) x [127]) xd
3)

where ¢,(X) are the molar extinction coefficients of the indi-
cator species X at wavelength 4, and d is the cuvette length.

Perturbations of spec pH measurements
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Fig. 1. Absorbance spectra of mCP in buffered artificial seawater solution.
In TRIS (pH 8.1, solid blue line) both indicator species contribute signifi-
cantly to the total absorbance, which results in a typical spectrum with two
peaks and reflects the ideal pH level for measurements with mCP. Toward
high and low pH the spectra are dominated by the basic (dashed green
line) and acidic (dotted red line) form of the dye, respectively.

Mlustrative absorption spectra of mCP at high, low, and
intermediate pH are displayed in Fig. 1.

After combining the Egs. 1 and 3 and with algebraic
manipulation, the pH of the solution can be expressed as:

R—e; ) @)

pH=pK,+log;, (m
where R = As;8/A434 is the ratio of the absorbance measured
at the two peak wavelengths and e; =e575(HI")/e434(HI),
ey =e575(17)/ea3a(HI), and  e3 = e434(17)/e434(HI") are the
molar absorptivity ratios (Clayton and Byrne 1993).

In this study, pH values were calculated on the total scale
based on the pK5, ¢, ¢;, and e3 values reported by Mosley et al.
(2004). This bears minor uncertainties in the calculated abso-
lute pH values because the coefficients were determined with
nonpurified mCP, whereas all experiments reported here were
performed with mCP purified according to Liu et al. (2011)
and kindly provided by the lab of Robert H. Byrne, Univ. of
South Florida. However, error propagation analysis revealed
that uncertainties in the coefficients do not significantly alter
relative pH changes, which are reported in this study and
interpreted as perturbations by DOM and H,S. The stock solu-
tion of the purified dye was prepared by dissolving 0.08 g of
the purified dye in 100 mL of deionized water. For better disso-
lution and pH adjustment, the stock solution was sonicated
and 2.75 mL of 0.1 M NaOH were added.

The majority of spectrophotometric pH measurements
were executed with an instrumental set-up as described by
Carter et al. (2013), which consists of an Agilent 8453 diode
array spectrophotometer (Santa Clara, U.S.) and a 10-cm,
cylindrical, jacketed, flow-through cuvette (custom made by
Hellma Analytics, Miillheim, Germany). The mantle of the
cuvette was permanently flushed with water from a Julabo
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F30 heating circulator (Seelbach, Germany), and the temper-
ature (25 +0.05°C) was controlled with a Burster Kelvimat
4306 + needle probe 42905 (Gernsbach, Germany) inserted
into the water stream just behind the cuvette. The cuvette
was filled/emptied with a computer-controlled syringe pump
(Supporting Information Fig. Sla). The performance of the
instrument was routinely verified by running the self-test of
the instrument (covering wavelength accuracy and reproduc-
ibility through deuterium lines test, as well as noise-, base-
line flatness-, and stability tests) and measuring TRIS buffer
solutions and CRM standards provided by the lab of Andrew
G. Dickson, Univ. of California (deviation < 0.005 pH units
from assigned value).

The routine measurement sequence as reported by Carter
et al. (2013) determines the mCP absorption spectra from
two intensity spectra (Eq. 2): the sample (Ip) and the sample
with mCP added (I). For the purpose of this study we also
aimed at recording the DOM self-absorption of the spiked
ASW solutions against a clean blank. Accordingly, for each
measurement sequence intensity spectra were recorded for
three types of solutions: blank solution (subscript: ASW),
spiked solution (subscript: DOM), and spiked solution with
dye addition (subscript: mCP). From those three intensity
spectra two absorption spectra were derived, which we refer
to as:

1. The self-absorption spectra were derived from the spiked
solution (Ipop) vs. the blank solution (Ip asw)-

2. The mCP-absorption spectra were derived from the spiked
solution with mCP (I,cp) vs. the spiked sample (Ippom)-
This second step corresponds to the routine measurement
procedure and was used to calculate the spectrophotometric
pH of the solution according to Eq. 4.

The mCP-absorption spectra in the second step were
taken in replicates of six from a single filling of the cuvette,
except for the first series of measurements performed in TRIS
buffered solutions.

A critical point for the examination of potential spectral
disturbances is the light source used for the absorbance
measurements. The Agilent spectrometer is equipped with a
tungsten- and a deuterium lamp that can be run indepen-
dently. The intensity spectra of only the tungsten lamp and
the spectra of both lamps operating in parallel are displayed
in the Supporting Information (Fig. S2). The tungsten lamp
emits light in the visible range, with higher intensities at
578 nm (~ 60,000 counts) than at 434 nm (~ 10,000
counts). The deuterium lamp primarily emits light in the UV
range. Operating both lamps in parallel increases the inten-
sity of the emitted light slightly at 578 nm (~ 90,000 counts)
and more than doubles the intensity at 434 nm (~ 30,000
counts). Carter et al. (2013) performed their experiments
with both lamps operating together. However, to avoid the
degradation of the dye or organic matter, the authors recom-
mended operating the instrument with the deuterium lamp

Perturbations of spec pH measurements

off and compensating for the added noise by averaging six
successively recorded spectra. As the change in the light
source intensity could impact the characteristics of spectral
disturbances by DOM, both approaches were tested in this
study (deuterium lamp on and no averaging vs. deuterium
lamp off and averaging six spectra).

In addition to the experiments with the spectrophotomet-
ric pH measurement setup (Carter et al. 2013) described above,
we performed comparison measurement with a CONTROS
HydroFIA® pH measurements system currently under develop-
ment within the framework of the EU BONUS project PINBAL
(see Acknowledgments). The system is a continued develop-
ment of the flow injection analysis (FIA) approach described
by ABmann et al. (2011). The overall measurement principle
of the instrument is based on the injection of a mCP stock
solution into a continuous sample flow. After the injection of
the dye, a concentration peak passes through the cuvette. The
backward flank of the dilution curve is continuously recorded,
resulting in more than 100 absorbance spectra per single pH
measurement. The pH-perturbation caused by the dye addi-
tion can be corrected by extrapolating the pH values calcu-
lated from each spectrum to zero absorbance at the isosbestic
wavelength, which is directly related to the dye concentration.
The absorbance measurements are performed with a VIS
broadband LED as light source and a CCD spectrometer as
detector (see ABmann et al. 2011 for details). The HydroFIA®
operates with a 1-cm cuvette, and a nonpurified indicator dye
stock solution provided by Kongsberg Maritime Contros
GmbH.

DOM experiments

Equimolal (m = 0.04 mol kg~ ') buffer solutions of 2-amino-
2-hydroxymethyl-1.3-propanediol (TRIS, Amresco, Solon, U.S.),
2-aminopyridine (AMP, Acros Organics, New Jersey, US), and
2-amino-2-methyl-1.3-propanediol (BIS, Alfa Aesar, Karlsruhe,
Germany) were prepared in an artificial seawater (ASW) matrix
with a salinity of 7. Furthermore, an ASW solution with a carbon-
ate alkalinity (1650 ymol kg™~ Y and salinity (7) typical for Central
Baltic Sea surface water was produced. All solutions were pro-
duced with the ionic composition as recommended by Dickson
et al. (2007) and the salts used were of analytical grade.

Well-characterized humic (HA) and fulvic acid (FA) extracts
from the Suwannee River (International Humic Substances
Society (IHSS), catalogue numbers: 2S101H and 2S101F) were
used to produce high concentrated DOM stock solutions. Hun-
dred milligrams of each acid extract was dissolved in 50 mL of
the ASW solution described above, and the pH was adjusted to
8 with the addition of 0.1 M NaOH solution. Both stock solu-
tions were sonicated for 15 min and subsequently filtered
through 0.2 ym polyethersulfone filters (Sartorius, Gottingen,
Germany) to ensure the absence of particles and colloids. The
stock solution DOM concentration was diluted and analyzed
with a HTCO Shimadzu TOC analyzer (Sugimura and Suzuki
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1988) as 64,600 and 75,400 umol-C L™' for HA and FA,
respectively.

As described above, two types of solutions (buffered solu-
tion and ASW) were spiked with the DOM stock solutions and
analyzed independently:

e Subsamples (110 mL) of three buffer solutions (AMP, TRIS,
and BIS) were spiked with the HA and FA stock solutions to
achieve HA concentrations of 0, 500, 1000, and 1500 ymol-
C L ! and FA concentrations of 0, 500, 1500, and 2500
umol-C L™ (see Supporting Information Fig. S1b for a series
of spiked buffer solutions). The pH of the buffered solutions
did not change by the addition of the DOM stock solutions,
which was verified by potentiometric measurements.

e As an alternative approach, ASW solution subsamples (1 L)
were spiked with the HA stock solution to achieve HA concen-
trations of 0, 300, and 1300 umol-C L™ '. This HA addition
changes the pH of the solution. Therefore, the impact of DOM
on spectrophotometric measurements was traced by compari-
sons measurements with glass electrodes, which are described
below.

For the DOM spike-experiments in ASW, a glass electrode
(Sentix 980, WTW, Weilheim, Germany) was calibrated with
comparison measurements using the spectrophotometric
method as proposed by Easley and Byrne (2012). Potentio-
metric and spectrophotometric measurements were per-
formed in parallel with non-spiked ASW water stirred in a
double-walled, temperature-controlled, gastight glass con-
tainer, which is in the following referred to as the mini ocean
(Supporting Information Fig. S1a). The sample compartment
of the mini ocean had a volume of 1 L that could be
accessed from three sealable openings. In contrast to Easley
and Byrne (2012), we achieved different pH levels for the
calibration by manipulating the DIC content of the ASW
solution, rather than by adding hydrochloric acid. This pro-
cedure lets the alkalinity of the solution remain unaffected
and mimics the natural processes of CO, addition and
removal. The DIC manipulation was achieved by flushing
with nitrogen gas prior to the calibration run (highest pH
~ 8.7), followed by the successive addition (6-8 steps) of a
CO,-enriched subsample of the same ASW solution (lowest
pH ~ 6.5). The added subsample was enriched beforehand
with CO, by dissolving 20 mL of pure CO, gas in 40 mL of
the solution in a syringe. For the established range of pH lev-
els, the relation between the electromotive force (emf) read-
ing from the glass electrode and the spectrophotometric pH
was analyzed by linear regression analysis. The subsequent
spike experiments were performed on the same day and
exactly like the calibration run described above, except that
the mini ocean container was filled with the DOM-spiked
ASW solutions. The previously obtained linear regression
coefficients were used to convert emf readings of the glass
electrode to pH units, which were finally compared to the
spectrophotometric pH readings.

Perturbations of spec pH measurements

Hydrogen sulfide experiments

Hydrogen sulfide spike experiments were performed in
natural seawater sampled from Landsort Deep (salinity =11,
depth =110 m) in the Baltic Sea, which regularly becomes
anoxic during stagnation periods (Fonselius and Valderrama
2003). The water sample contained H,S on the day of sam-
pling but was oxidized during transport to the laboratory.
The water sample was filtered through 0.2 ym polyethersul-
fone filters prior to the experiment and filled into the mini
ocean container described above. A HjS-resistant glass
electrode with a split ring diaphragm (Sentix HWS, WTW,
Weilheim, Germany) was calibrated in the Landsort Deep
water as described above for the DOM experiments. The ini-
tial flushing with nitrogen gas ensured that the solution was
fully deoxygenated. After calibration of the glass electrode,
the DIC content of the sample was adjusted to achieve a pH
of around 7, which reflects the typical pH level present
when the Landsort Deep becomes anoxic during a stagnation
period (SMHI, monitoring data). This solution was then
spiked stepwise with a highly concentrated H,S stock solu-
tion (“H,S” in the following represents the sum of H,S, HS",
and of $¥). This stock solution was produced by dissolving
0.57 g sodium sulfide nonahydrate (Na,S-9H,0) in 100 mL
deoxygenated Landsort Deep water. The pH of the H,S stock
solution was adjusted to 7 by adding a CO,-enriched sub-
sample. This CO,-enrichment of the H,S stock solution
reduced pH changes during the spike experiment and
reflected the natural process of sulfate reduction coupled to
organic matter oxidation and CO; production. The H,S con-
centration of the solution was measured with the standard
procedure of methylene blue formation (Fonselius 1962)
after each stepwise addition of the H,S stock solution. Spec-
trophotometric and potentiometric pH measurements were
performed in parallel to the sampling for H,S measurements,
which was followed by the immediate addition of reagents.

Assessment

DOM self-absorption

For a wide range of concentration levels, self-absorption
spectra of humic (HA) and fulvic acids (FA) dissolved in buff-
ered artificial seawater (ASW) solutions were recorded against
the non-spiked solution as a blank (see Material and Meth-
ods: “Approach” and “Spectrophotometric measurements”).
Figure 2 shows illustrative self-absorption spectra of TRIS
buffer solution spiked with HA at concentrations of 0-1500
umol-C L™! and with the deuterium lamp (UV light) off. In
general, the self-absorption spectra of DOM reveal a typical
exponential increase of the absorbance toward lower wave-
length. With respect to the subsequently recorded mCP-
absorption spectra (Fig. 1), this implies that the peak absor-
bance of the monoprotonated species of the indicator (HI")
at 434 nm, is more likely to be affected by spectral distur-
bances than the peak absorbance of the deprotonated species
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Fig. 2. DOM self-absorption spectra of TRIS buffer solutions (pH 8.1)
with humic acid concentrations of 0-1500 umol-C L™'. The vertical
black lines at 434 nm and 578 nm indicate the wavelength of the m-
Cresol purple (mCP) HI” and >~ peak absorbances. The spectra were
obtained with the deuterium lamp (UV light) off. The self-absorption
spectra of all other experiments are shown in the Supporting Informa-
tion Fig S3.

I* at 578 nm. A complete overview of all self-absorption
spectra recorded for three buffer solutions, AMP (pH 6.7),
TRIS (pH 8.1), and BIS (pH 8.8), each separately spiked with
HA and FA, and with the deuterium lamp on/off is given in
the Supporting Information (Fig. S3).

The DOM self-absorbance at 1 =434 nm is linearly corre-
lated to the concentration of dissolved humic- or fulvic acids
(Fig. 3). However, at the same DOM concentration (in units
of moles carbon per volume) the absorbance of humic acids
is roughly twice as strong as the absorbance of fulvic acids.
In addition, the DOM self-absorbance slightly decreases with
decreasing pH at a constant HA or FA concentration (Fig. 3).
The measured DOM self-absorption is independent of the
deuterium lamp being on or off, except when the self-
absorbance is > 1.5 (HA at 1500 umol-C L™!). In this case,
the measured DOM self-absorption is slightly higher with
the deuterium lamp off (Light: vis), which is an indication
of the spectrometers tendency to overestimate the absor-
bance when the light intensity at the detector is low.

Impact of high DOM concentrations on
spectrophotometric pH measurements

After the addition of the indicator dye, the mCP-
absorption spectra (measured against the same DOM-spiked
solution without mCP as blank) reveal disturbances in the
low wavelength range, which impact the absorbance reading
at 1=434 nm. The spectral disturbances increase with
increasing HA and FA concentration and are considerably
less pronounced with the deuterium lamp (UV light) on. Dis-
turbed mCP-absorption spectra are shown in Fig. 4 for TRIS
buffer solutions spiked with humic acids. The presented
spectra are normalized to the undisturbed absorbance at
578 nm (As7g) according to the following equation:
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Fig. 3. DOM self-absorption at i =434 nm of buffered artificial seawa-
ter solutions spiked with different amounts of humic (HA) and fulvic (FA)
acids. The buffered solutions are TRIS (pH 8.1), 2-aminopyridine (AMP,
pH 6.7), and BIS (pH 8.8). The self-absorbance at 434 nm was measured
with the deuterium lamp on (UVvis) and off (vis).

A;

A},,norm: Ass XAs7g (5)

where A; horm is the normalized absorbance at wavelength £,
A, is the absorbance at wavelength /. as measured, and As7g
is the mean absorbance at 578 nm of all displayed spectra.
This normalization procedure eliminates slight spectral dif-
ferences caused by variations in the amount of dye added,
but does not change the absolute absorbance significantly.
Figure 4 shows that the mCP-absorption spectra are not
disturbed at wavelength > 500 nm. However, at 1 =434 nm
the absorbance of the HI™ species of the indicator is increas-
ingly overestimated toward higher HA concentrations. With
the deuterium lamp off (Fig. 4, right panel), the normalized
absorbance at A=434 nm increases from 0.61 at zero DOM
to 0.77 at a DOM concentration of 1500 ymol-C L™ 1. In con-
trast, the disturbance is reduced with the deuterium lamp on
and the normalized absorbance does not exceed 0.64 (Fig. 4,
left panel). It should be noted that the observed disturbances
appear when very low amounts of light reach the detector,
e.g., at A=434 nm and a HA concentration of 1000 umol-C
L' the DOM self-absorption amounts to ~ 1.2 absorption
units (Fig. 2) to which ~ 0.7 absorption units are added by
the mCP-absorption (Fig. 4). Thus, the observed disturbances
occur under conditions known as the performance limits of
the Agilent spectrometer (~ 1.3 absorption units, pers.
comm. R.H. Byrne). The overestimation of the absorbance at
A=434 nm was also observed in the other buffer solutions
(AMP, TRIS, BIS) and when the solutions were spiked with
fulvic acid. A complete overview of all mCP-absorption spec-
tra is given in the Supporting Information (Fig. S4). The clear
dependence of the spectral disturbance on the light source
(vis vs. UVvis) indicates that this spectral disturbance might
reflect instrument-specific limitations, rather than being
caused by direct interactions between the dye and DOM.
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Fig. 4. Normalized absorption spectra of m-Cresol purple (mCP) in TRIS buffer solutions spiked with variable amounts of humic acids in the range of
0-1500 umol-C L~". Shown are spectra recorded with the deuterium lamp on (light: UVvis, left panel) and off (light: vis, right panel).

The mCP-absorption spectra (Fig. 4) show a disturbance
maximum in the low wavelength range. The disturbance
maxima shift toward higher wavelength with increasing self-
absorbance of the solution (DOM concentration) and with
the deuterium lamp off. This indicates that the disturbance
maxima are not regular absorption peaks, but rather spectral
artefacts that mark the wavelengths at which an overestima-
tion of the absorption signal (associated to low light inten-
sity at the detector) turns into noise. The pH error is not
directly affected by this change of the disturbance maximum
position, as only the absorbance measured at 1=434 nm is
included in the pH calculation.

As a consequence of the overestimated HI™ absorbance at
A=434 nm, the absorbance ratios (R) and the resulting pH
values calculated from the disturbed spectra (Fig. 4) are
underestimated. Figure 5 presents the pH values calculated
from the disturbed absorbance spectra as a function of the
self-absorbance of the solution at 1=434 nm before adding
the indicator dye. The true pH value of the solutions corre-
sponds to the pH measured at zero self-absorbance. The addi-
tion of the DOM stock solution does not change the pH
significantly (< 0.005 pH units), which was controlled by
potentiometric measurements. For spectrophotometric pH
measurements in solutions with a DOM self-absorbance at
A =434 nm of around 0.3, no significant deviation (< 0.002
pH units) between the spectrophotometrically obtained pH
and the true pH was observed (Fig. 4). In contrast, when the
self-absorbance of the solutions is in the range 1.0-1.5 the
calculated pH values are around 0.01-0.1 pH units below the
true value with the deuterium lamp off. With the deuterium
lamp on, the differences remain within the uncertainty
range of the method (~ 0.01 pH units in the pH range 7-8).
When the self-absorbance is > 1.5 the calculated pH values

are > 0.01 pH units below the true value, even with the deu-
terium light on. Without the UV light source, the deviations
increase to levels > 0.1 pH units. The deviations appear to
be more pronounced toward high (BIS buffer, pH 8.8) and
low (AMP buffer, pH 6.7) pH of the solution, compared to
the optimum working range of mCP around pH 8.1 (TRIS
buffer). The observed pH error correlates well with the self-
absorbance of the spiked solutions, independent of the
nature of the DOM (HA vs. FA). This is a further indication
that the disturbances are instrument-specific and arise
when low light levels reach the detector, rather than being
caused by a direct interaction between the dye and the
DOM.

The DOM spike-experiments performed in unbuffered
artificial seawater (Fig. 6, corresponding spectra in Support-
ing Information Fig. S6) reveal very similar deviations in the
spectrophotometric pH values as observed in the buffered
solutions (Fig. 5, corresponding spectra in Supporting Infor-
mation Fig. S4). The calibration of the glass electrode against
the spectrophotometric method revealed an almost exact lin-
ear relationship between the emf signal and spectrophoto-
metric pH (deviations < 0.01 pH units from the linear
regression are represented by the blue symbols and line in
Fig. 6). At a humic acid concentration of 300 uymol-C L™,
which corresponds to a self-absorbance of the solution
between 0.32 and 0.38, no significant deviation between the
spectrophotometric and potentiometric pH exists, regardless
whether the deuterium lamp was running or not. At a humic
acid concentration of 1300 umol-C L™' (corresponding to a
self-absorbance between 1.38 and 1.67) and with the deute-
rium lamp off, the deviations between the spectrophotomet-
ric and potentiometric pH reading are in the order of 0.06-
0.17 pH units. Running the deuterium lamp reduces the
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Fig. 6. Deviations between spectrophotometric and potentiometric pH
in artificial seawater solutions spiked with three different levels of humic
acids. Only for the highest DOM concentration a smooth curve is fitted
separately for the measurements performed with the deuterium lamp
turned off (dashed line) and on (solid line).

deviations significantly to levels below 0.03 pH units. The
deviations increase slightly toward low pH at the highest
DOM concentration and with the deuterium lamp off. The

agreement of the pH deviations observed in strongly buff-
ered solutions (Fig. 5) in which the ionic composition is
dominated by the buffer substance and in artificial seawater
solutions (Fig. 6) containing only carbonate alkalinity, again
indicates that the disturbances are presumably related to
technical aspects of the absorbance measurement, rather
than being caused by dye-DOM interactions, as the latter
would not necessarily be independent of the matrix.

In both experimental approaches (buffer vs. ASW solu-
tion), we observed significantly higher pH-errors at high
DOM concentrations with the deuterium lamp off. However,
Carter et al. (2013) reported that running the deuterium
lamp decreases the pH by 0.00025 pH units per absorbance
measurement (exposure to UV radiation) at a sample pH of
7.95 and attributed this to the degradation of the dye or
organic matter contained in the sample. We observed pH
changes in the same order of magnitude when doing
repeated measurements (Supporting Information Fig. S10).
These pH changes are more pronounced at high pH, but
rather independent from the amount of DOM in the sample.
However, the pH change caused by a single exposure to the
UV beam is well below 0.001 pH units and therefore
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analyzed in Fig. 5). Squares at the left indicate the pH values extrapolated to zero dye concentration.

significantly lower than the potential pH error associated to
measurements in strongly self-absorbing solutions when rely-
ing only on the tungsten lamp. We therefore recommend to
run the deuterium lamps when analyzing strongly colored
samples (see Recommendations section).

In contrast to the absorption spectra obtained with the
Agilent 8453 spectrometer and a 10-cm cuvette (Fig. 4,
Supporting Information S3, S5), the absorption spectra
measured with the CONTROS HydroFIA® pH system (1-cm
cuvette) do not show a significant disturbance (Fig. 7a). Only
a slight increase of the noise in the low wavelength range was
observed in the presence of DOM. However, the high concen-
tration of DOM does not impact the extrapolated pH values

significantly (deviation < 0.001 pH unit, Fig. 7b). This can be
attributed to the shorter cuvette length and proportionally
higher indicator concentrations, which are directly related to
the ratio of DOM self-absorbance to mCP-absorbance. The
disadvantage of a high indicator concentration is the
increased pH perturbation induced by the indicator addition
(Chierici et al. 1999), which is especially critical for low alka-
linity samples (Hammer et al. 2014). For oceanic waters and
low dye concentrations, this perturbation is commonly cor-
rected by adding a second aliquot of dye and linearly extrapo-
lating to zero dye concentration (Carter et al. 2013).
However, this approach was not yet tested for more challeng-
ing conditions (high dye concentrations, low-alkalinity
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Fig. 8. Hydrogen Sulfide (H,S) perturbation experiment. (a) Adding the H,S stock solution increases the pH of the solution from 6.9 to slightly above
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electrode (red points) as well as during the H,S addition (blue triangles). The deviations do not show any dependence on the H,S concentration indi-
cating that the spectrophotometric method works robustly even under the highest H,S concentration.

samples). Measurements performed with a FIA (flow injection
analysis) approach can help to investigate this problem, as
they allow extrapolating the pH to zero indicator concentra-
tion based on a high number of recorded spectra (ABmann
et al. 2011 and Fig. 7b).

Robustness of spectrophotometric pH measurements
to hydrogen sulfide

Potential perturbations of spectrophotometric pH measure-
ments by the presence of hydrogen sulfide (H,S) were tested
through comparison measurements with H,S-resistant glass
electrodes in a natural water sample. Applying linear regres-
sion analysis to the 5-point spectrophotometric calibration
(see Materials and Procedures) of the glass electrode revealed
only minor deviations (< 0.005 pH units) from a strict linear
relationship (red points in Fig. 8b). The subsequent spiking of
the sample with up to 400 ymol kg~ ! H,S (including HS™ and
$?7) increased the pH of the solution from initially 6.9 to
slightly above 7.3 (Fig. 8a), which indicates that the H,S stock
solution had a higher pH than the sample solution in the mini
ocean container despite the CO, enrichment. However, the
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addition of H,S did not cause deviations between the spectro-
photometrically and the potentiometrically determined pH
larger than 0.005 pH units (blue points in Fig. 8b). Further-
more, no trend of the pH deviations as a function of H,S con-
centration was observed. Repeated measurements of the pH
from a single filling of the cuvette resulted in a decrease of the
pH in the range of 0.00055-0.0007 pH units per measurement
(Supporting Information Fig. S7). This is higher than the pH
change that Carter et al. (2013) attributed to the degradation
of the dye by UV light. Currently, it cannot be determined,
whether this observation is related to the degradation of the
dye or whether the pH decrease is related to a potential oxida-
tion of H,S, which would correspond to a loss of alkalinity.
The mCP-absorption spectra did not show any significant dis-
turbances (Supporting Information, Fig. S8).

Discussion

Dissolved organic matter perturbations
Significant spectrophotometric pH measurement errors
were observed at the highest DOM concentrations (> 1000
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Fig. 9. Recalculated deviations between spectrophotometric and poten-
tiometric pH in artificial seawater solutions spiked with three different lev-
els of humic acids. The spectrophotometric pH values were calculated
from the modified R* = As73/A4ss (colored symbols and lines), instead of
the classical R = As7g/A434 (gray symbols and lines, reproduced from Fig. 6
for comparison). This avoids using the absorbance measurement disturbed
by the strong self-absorbance of the solution at 2 = 434 nm (Fig. 4).

pmol-C L™1) for measurements with an Agilent 8453 spectro-
photometer (Carter et al. 2013) equipped with a 10-cm
cuvette. Determined pH values are tenths of pH units too low
with the deuterium lamp off, and hundredths of pH units too
low with the deuterium lamp on, which increases the light
intensity at low wavelengths. Strong evidence was found that
these deviations are caused by spectral disturbances related to
the instrument performance, rather than molecular interac-
tions that impact the dissociation or absorbance behavior of
the dye. The following observations support this conclusion:
First, the pH deviations correlate well to the self-absorbance of
the solution at 4 =434 nm (Fig. 5). Second, the deviations are
very similar in strongly buffered solutions (Fig. 5) and in artifi-
cial seawater solutions that contain only carbonate alkalinity
(Fig. 6). Third, the light source (deuterium lamp on/off) clearly
impacts the pH deviations. Fourth: No deviations were
observed when performing measurements with the CONTROS
HydroFIA® pH measurements system, which has a short
cuvette length and a proportionally higher dye concentration
(Fig. 7).

The underlying problem for the pH errors observed with
the Agilent 8453 spectrophotometer seems to be an overesti-
mation of the absorbance when the light intensity at the
detector is low (Figs. 3, 4). This overestimation impacts only
the absorbance reading at 2 =434 nm in the mCP-absorption
spectra, because the DOM self-absorbance is much more pro-
nounced at this wavelength than at 1= 578 nm (Fig. 2). Since
only the mCP-absorbance at =434 nm is overestimated the
pH readings are too low. A low light intensity threshold can-
not be determined because this quantity is not accessible from
the instrument. Likewise, relating our findings to recom-
mended operation ranges in terms of absorption units, which
refer to measurements against a colorless blank, is not
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meaningful, because the measurements presented here were
made against colored DOM blank solutions.

In order to confirm the hypothesis that the observed pH
errors are attributed to an overestimation of the absorbance
reading at 2 =434 nm and that significant molecular DOM-
mCP interactions, which would alter the dissociation constant
and/or the absorptivity ratios of mCP, can be ruled out, an alter-
native pH calculation was applied to the mCP-absorption spec-
tra. To avoid relying on the absorbance of the HI™ peak at
A =434 nm, an alternative absorbance ratio R* = As;g5/A438 Was
used, where the HI” absorbance is replaced by the absorbance at
the isosbestic wavelength 1 =488 nm. The latter is linearly
related to the indicator concentration, irrespective of the solu-
tion pH. Therefore, R* relates [I?7] to the total indicator concen-
tration, instead of relating [127] to [HI] (Eq. 1). Using R* reduces
the precision of the method, but in principle allows for equally
accurate results. The calculation of pH from R* requires
modified molar absorptivity ratios e; = es7g(HI")/e4s5(HI),
€ = £578(17) /egs(HI), and €} = e455(1*)/e455(HI") = 1 (compare
Eq. 4). We roughly estimated these modified absorptivity ratios
from preliminary experiments (for details see Supporting Infor-
mation S11), however, application of the R* approach for envi-
ronmental pH analysis would require a more rigorous e*
determination. The reanalysis of the measurements performed
with DOM-spiked ASW solutions are shown in Fig. 9, which dis-
plays the exact same results as Fig. 6, except that the spectro-
photometric pH was calculated from R* instead of R. The pH
disturbance even at the highest DOM concentration is elimi-
nated. Likewise, recalculating the pH of the spiked buffer solu-
tions (Fig. 5) with R* eliminates the pH disturbances
(Supporting Information Fig. S12). As expected, toward high
pH, where the absorbance at =578 nm increases, pH values
calculated from R* reveal to be less precise. However, the
absence of significant directional pH errors when applying R*
supports the finding that (i) no spectral disturbances impact the
absorbance readings at A = 488 nm and 578 nm and (ii) molecu-
lar interactions between mCP and DOM do not significantly
alter the dissociation constant or absorption properties of the
dye.

Exploring the reasons for the overestimation of the absor-
bance at low light intensities is beyond the scope of this
study. However, it should be noted that this overestimation
occurs when the combined DOM- and mCP-absorbance
reaches the limits of the application range of the Agilent
8453 spectrometer. Other instruments will presumably show
similar effects, which, however, might differ in strength and
direction. In this respect, we consider our results instrument-
specific and a procedure to correct the observed errors can-
not be introduced. However, the described spectral perturba-
tions, occurring primarily in the low wavelength range, are
related to the patterns of the DOM self-absorption spectra
and should thus be universal in nature.

The investigated DOM concentration range was designed
to cover the concentrations reported from natural waters (see
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Introduction). However, it was found that interferences with
spectrophotometric pH measurements are rather related to
the self-absorbance of the sample than to the DOM concen-
tration. In addition, the absorbance per carbon unit of natu-
ral DOM is typically lower than that of the isolated humic
and fulvic acids we used (Alberts and Takacs 2004). Thus,
the following assessment of potential pH errors that might be
associated to the analysis of natural samples refers to estimated
self-absorbance properties of various waters rather than to
reported DOM concentrations. Based on the typically expo-
nential dependence of DOM-absorbance on wavelength (Fig.
1; Bricaud et al. 1981; Coble 2007), we calculated the self-
absorbance at 2 =434 nm of various natural waters from the
reported absorbance coefficients at other wavelength and con-
verted it to a 10-cm cuvette length as used for our experiments
(details in the Supporting Information Table S9). Accordingly,
open-ocean waters have very low self-absorbance (< 0.005) at
A =434 nm (Bricaud et al. 1981; Nelson et al. 1998). The Baltic
Sea, a semi-enclosed brackish water system, has higher
amounts of DOM (Bricaud et al. 1981), resulting in self-
absorbances at A =434 nm ranging from 0.01 to 0.03 (Ferrari
et al. (1996) and IOW, unpubl. data). Similar levels were
reported from the Chesapeake Bay (Rochelle-Newall and Fisher
2002). Relating this to the observed pH deviations, spectro-
photometric pH measurements should work without restric-
tions at the DOM self-absorbance levels typical for ocean
waters and large estuaries. The self-absorbance at 1 =434 nm
of rivers entering the Baltic Sea are typically below 0.1 (Ferrari
et al. 1996; Stedmon et al. 2000; IOW, unpubl. data). Even
under these conditions reliable spectrophotometric pH meas-
urements should be possible with errors < 0.01 pH units (Figs.
4, 5). However, river waters can also have significantly higher
DOM self-absorbances, for example Rio Orinoco with self-
absorbances at 2 =434 nm around 0.4 in the main river and
above 1 in its minor tributaries (Battin 1998), as well as the
Suwannee River with self-absorbances around 0.5 (Yacobi et al.
2003). Even higher levels can be encountered in pore or
ground waters (own observations). In the case of such high
self-absorbance levels the water samples appear colored to the
human eye. Under such conditions, the measurement quality
can be improved by following the instructions given in the
section Recommendations.

Robustness of spectrophotometric pH measurement
to hydrogen sulfide

Over a wide range of H,S concentrations from 0 ymol kg !
to 400 umol kg ' the deviations between spectrophotometric
and potentiometric pH measurements were below 0.005 pH
units, which is within the expected uncertainty range for this
kind of comparison measurement (Easley and Byrne 2012).
The investigated H,S range covers the naturally occurring
concentrations in highly euxinic environments such as the
Cariaco Basin, the Baltic Sea, and the Black Sea (see Introduc-
tion). Only local extreme values, as they may emerge in fjords
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or salt marshes, are not covered by our study. Since there is
no trend in the observed pH deviations we conclude that
spectrophotometric pH measurements are not impacted by
the presence of H,S, which is further supported by the spectra
that show the expected shape (Supporting Information
Fig. S8).

Recommendations

For the vast majority of natural DOM concentrations, as
typical for ocean waters and large estuaries, no perturbations
of spectrophotometric pH measurements were detected.
Therefore, neither re-evaluation of previous measurements,
nor modifications of the method for future investigations are
required under these conditions.

However, in strongly colored river waters we recommend
examining the mCP-absorption spectra for any sign of
disturbances. In addition, the self-absorbance of the sample
at 1=434 nm should be measured, as performed in this
study. If it exceeds 0.3 absorbance units (threshold identified
for an Agilent 8453 with 10-cm cuvette, potentially different
for other instrumentation), we propose the following actions
to improve the quality of the measurements:

1. The light intensity should be high at both wavelengths.
For measurements with an Agilent 8453 spectrophotom-
eter this can be achieved by running the deuterium
lamp.

2. A shorter cuvette length and proportionally higher indica-
tor concentrations help to reduce the spectral disturbances
caused by DOM, as both decrease the ratio of solution self-
absorbance to mCP-absorbance. However, at higher indi-
cator concentrations the pH perturbation induced by the
indicator addition is more pronounced, especially for sam-
ples with low alkalinities (Hammer et al. 2014). Measure-
ment systems with a FIA (flow injection analysis) approach
could help to circumvent this problem, as they allow to
extrapolate to zero indicator concentration (Affmann et al.
2011).

3. When direct spectrophotometric pH measurements are
impossible due to very strong DOM-absorbance, glass
electrodes that are carefully calibrated against the spectro-
photometric method can in principle be used to obtain
accurate values on the total scale (Easley and Byrne
2012). However, a rigorous control of experimental con-
ditions (e.g., temperature, stirring, and gas exchange) is
critical.

For a wide range of naturally occurring H,S concentrations
of up to 400 umol kg~ !, our results do not indicate interfer-
ences with spectrophotometric pH measurements. Accord-
ingly, there is no need for a change of the method in this
respect, nor is a re-evaluation of previous data required. Nev-
ertheless, H,S containing samples need to be handled with
care to avoid gas exchange with the atmosphere, which could



Miiller et al.

impact the sample pH by two processes: (i) Oxygen uptake
could cause the oxidation of H,S components, which corre-
sponds to an alkalinity loss, and thus a decrease in pH. (ii)
H,S containing samples are typically characterized by high
pCO; and an outgassing of CO; leads to an increase in pH.
Though both effects will partially cancel out, the net effects
will still cause erroneous pH measurements.

Conclusion

Spectrophotometric pH measurements with the indicator
dye mCP work robustly and produce correct pH values over
a wide range of DOM and H,S concentrations as typical for
the vast majority of marine and brackish waters. We did not
observe any impact on the characteristics of mCP due to
molecular interactions with DOM or H,S. However, strongly
colored, self-absorbing river, ground or pore waters can
impact the optical method. We propose three recommenda-
tions (strong light source, shorter cuvette length and spectro-
photometrically calibrated glass electrodes) that allow to
apply spectrophotometric measurements even under such
challenging conditions. We conclude that spectrophotomet-
ric pH measurements in the presence of DOM and H,S are a
valuable method to support a full characterization of the
CO, system in aqueous solutions, which is especially impor-
tant when the carbonate alkalinity is not accessible due to
organic alkalinity contributions by significant amounts of
DOM.
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Abstract

Ocean acidification (OA) is generally assumed to negatively impact calcification rates of marine organisms.
At a local scale however, biological activity of macrophytes may generate pH fluctuations with rates of
change that are orders of magnitude larger than the long-term trend predicted for the open ocean. These
fluctuations may in turn impact benthic calcifiers in the vicinity. Combining laboratory, mesocosm and field
studies, such interactions between OA, the brown alga Fucus vesiculosus, the sea grass Zostera marina and the
blue mussel Mytilus edulis were investigated at spatial scales from decimetres to 100s of meters in the western
Baltic. Macrophytes increased the overall mean pH of the habitat by up to 0.3 units relative to macrophyte-
free, but otherwise similar, habitats and imposed diurnal pH fluctuations with amplitudes ranging from 0.3
to more than 1 pH unit. These amplitudes and their impact on mussel calcification tended to increase with
increasing macrophyte biomass to bulk water ratio. At the laboratory and mesocosm scales, biogenic pH fluc-
tuations allowed mussels to maintain calcification even under acidified conditions by shifting most of their
calcification activity into the daytime when biogenic fluctuations caused by macrophyte activity offered
temporal refuge from OA stress. In natural habitats with a low biomass to water body ratio, the impact of
biogenic pH fluctuations on mean calcification rates of M. edulis was less pronounced. Thus, in dense algae
or seagrass habitats, macrophytes may mitigate OA impact on mussel calcification by raising mean pH and
providing temporal refuge from acidification stress.

The uptake of rising anthropogenic CO, by the ocean is
leading to substantial shifts in seawater carbonate chemistry:
concentrations of CO,, H" and HCO,; are increasing,
whereas CO3~ concentration and the saturation states of cal-
cite (Qc,) and aragonite (Q,,) are decreasing (e.g., Feely et al.
2004). This on-going process called ocean acidification (OA)
is expected to reduce surface open ocean pH by 0.3-0.4 units
until the end of the century (Orr et al. 2005; Doney et al.
2009; IPCC 2013). However, these modeling projections for
the open ocean are not always applicable to near-shore envi-
ronments (Duarte et al. 2013; Muller et al. 2016). Coastal
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ecosystems, especially when shallow and sheltered, are often
subject to large fluctuations of the carbonate system caused
by hydrodynamics and/or biological activity (Duarte et al.
2013; Waldbusser and Salisbury 2014). Continuous time
series at various sites revealed that pH fluctuations in coastal
waters can exceed those in the open ocean by an order of
magnitude or more (e.g., Hofmann et al. 2011). In addition
to seasonal pH fluctuations (e.g., Thomsen et al. 2013), a
number of studies have reported substantial diurnal oscilla-
tions of pH and pCO; in productive coastal communities
driven by biological photosynthesis/respiration cycles in,
e.g., tide or rock pools (Truchot and Duhamel-Jouve 1980;
Bjork et al. 2004; Beer et al. 2006; Wootton et al. 2008), coral
reefs (Shamberger et al. 2011; Gray et al. 2012; Price et al.
2012; Smith et al. 2013), seagrass meadows (Invers et al.
1997; Semesi et al. 2009; Unsworth et al. 2012; Buapet et al.
2013; Hendriks et al. 2014) and macroalgal habitats (e.g.,
Middelboe and Hansen 2007; Krause-Jensen et al. 2015;
Krause-Jensen and Duarte 2016). For shallow stands of Fucus
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vesiculosus, the most important macroalgal species in the
Baltic Sea, diurnal amplitudes of about one pH unit can typi-
cally be observed during summer months (Middelboe and
Hansen 2007; Saderne and Wahl 2013). Generally, the rate
and amplitude of pH changes are inversely proportional to
the spatial scale considered, i.e., small scale pH fluctuations
can be fast (sec-min) and dramatic (1-3 units) in the diffu-
sive boundary layer of macroalgal thalli whereas large-scale
seasonal pH fluctuations in coastal waters are much slower
(weeks-months) and less strong (< 1 unit) (Wahl et al. 2016).
In addition, macroalgal photosynthesis may raise the mean
pH in their vicinity, an effect which increases with increas-
ing daily photoperiod (Krause-Jensen et al. 2016).

OA may represent a threat, in particular to calcifying taxa
(e.g., Orr et al. 2005; Fabry et al. 2008; Hofmann et al. 2010;
Clark and Gobler 2016; Ramajo et al. 2016), and numerous
studies revealed negative impacts of OA on their growth and
survival (reviewed by Kroeker et al. 2010; Harvey et al.
2013). The dominance of negative effects reported in numer-
ous OA studies (e.g., Kroeker et al. 2010; Harvey et al. 2013;
Nagelkerken et al. 2016), may in part be attributable to the
fact that the great majority of these investigations were con-
ducted under non-fluctuating (and mono-factorial) treat-
ments and in the absence of species interactions. Both,
fluctuations and biotic interactions, have a substantial
potential to modulate OA impacts (e.g., Boyd et al. 2016;
Gunderson et al. 2016; Wahl et al. 2016). If not buffered by
physiological plasticity (e.g., Hofmann and Todgham 2010),
natural fluctuations of the carbonate system may either
enhance OA impact such as reported for reef calcification
(Shaw et al. 2012) or mitigate it as found for various calcifiers
living in algal boundary layers (Hurd et al. 2011; Cornwall
et al. 2013, 2014, 2015; Hurd 2015). Such apparently contra-
dictory effects of pH fluctuations on calcification were found
even within the group of bivalves where fluctuations were
reported to mitigate (Frieder et al. 2014) or not to mitigate the
impact of OA on larval calcification (Clark and Gobler 2016).
In consequence, understanding whether and when pH fluctua-
tions enhance or mitigate the impact of progressing acidifica-
tion on calcifying biota is crucial. Apart from the immediate
effect of fluctuations, sparse available evidence suggests that
strong spatial and temporal variability in near-shore coastal
habitats (such as large portions of the Baltic Sea) may indeed
select for populations more tolerant to extreme pH situations
(Melzner et al. 2009; Johannesson et al. 2011; Thomsen et al.
2013; Frieder et al. 2014; Pansch et al. 2014).

In the Baltic Sea, “anthropogenic” eutrophication in com-
bination with warming-enhanced stratification and intense
benthic remineralization promotes the occurrence of
oxygen-poor, CO,-enriched bottom waters in late summer,
which regularly reaches the surface by wind-driven upwell-
ing (Myrberg and Andrejev 2003; Melzner et al. 2013; Thom-
sen et al. 2013). During such upwelling events, peak pCO,-
values of up to 2300 patm are common in this region,
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corresponding to pH values as low as 7.4 (Thomsen et al.
2010; Saderne et al. 2013). With respect to mussels (Mytilus
edulis), the resulting acidification stress may, however, be com-
pensated to some degree by elevated food (phytoplankton) sup-
ply in nutrient-rich waters (Thomsen et al. 2013; Ramajo et al.
2016). Whether biogenic fluctuations of O, and the carbonate
system driven by macrophytes also helps compensating acidifi-
cation stress impacts on calcifiers, remains to be verified. Bio-
genic fluctuations around a potentially stressful mean will only
be beneficial for calcifying organisms if the benefit of low-stress
phases outweighs the harm suffered during enhanced-stress
phases. Calcifiers could benefit from pH fluctuations if they
were capable of maintaining overall rates by shifting
acidification-sensitive processes toward time windows of high
pH (Thomsen et al. 2015). Since macrophytes, when photosyn-
thesizing, can temporarily raise Qc, and Q,, (saturation state of
calcite and aragonite, respectively) considerably, they may cre-
ate a refuge for calcifyers during daylight hours as observed in
various habitats (e.g., Manzello et al. 2012; Duarte et al. 2013;
Hendriks et al. 2014). The strength of the modification of local
seawater carbonate chemistry by primary production depends
on light regime, salinity, macrophyte abundance, and density
(Binzer and Sand-Jensen 2002; Buapet et al. 2013), as well as on
the residence time of the water within the macrophyte habitat
(e.g., Truchot and Duhamel-Jouve 1980; Perez-Llorens et al.
2004). The potential of such fluctuating conditions to reduce
acidification stress and, thus, enhance local calcification rates
has been claimed repeatedly (Semesi et al. 2009; Price et al.
2012; Unsworth et al. 2012; Findlay et al. 2013; Saderne and
Wahl 2013), experimental evidence, however, is scarce.

Here, we present a comprehensive study on calcification
and growth of the blue mussel M. edulis, an ecologically and
economically important calcifier in the Baltic Sea, under var-
ious pH settings (fluctuating or constant, high and low) -
with or without the putatively protective neighborhood of
macrophytes. In a laboratory experiment, we examined the
extent of changes in seawater carbonate chemistry by photo-
synthetic activity of a macrophyte (the bladder wrack F. vesi-
culosus), and how this modulates OA impacts on calcification
rates in M. edulis, during net photosynthesis (day) and net
respiration (night) of the macrophyte. In a second approach,
we investigated interactive effects of acidification and warm-
ing on mussel calcification in simulated mussel-macrophyte
communities in the Kiel Outdoor Benthocosms (Wahl et al.
2015a). These experiments featuring controlled conditions
were complemented by two field studies on a meso-scale
level (10-100 m), where we (1) compared in situ growth
rates of mussels in small (1-2 m diameter) patches of Fucus,
seagrass or sand, and (2) assessed calcification rates of M.
edulis incubated in seawater taken at different spots along a
transect into a large Fucus bed.

We hypothesized that (1) the activity of macrophytes
imposes substantial fluctuations on oxygen and carbonate sys-
tem conditions in their vicinity, that (2) such macrophyte-
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driven fluctuations of the carbonate system may facilitate the
calcification of M. edulis under acidified conditions and that (3)
this effect increases with macrophyte biomass to water ratio,
e.g., from periphery to the center of a macrophyte habitat.

Materials and methods

An overview of the experiments, the experimental param-
eters modulated, their replication and all measurements
taken is given in Supporting Information Table 1.

Study organisms

In the Baltic Sea, the bladder wrack F. vesiculosus is the
most widespread canopy forming macroalga (Kautsky and
Kautsky 2000; Torn et al. 2006). It provides habitat, substra-
tum and food for a large number of invertebrates (e.g., Kaut-
sky et al. 1992). Another important habitat-forming primary
producer in the Baltic ecosystems is the eelgrass Zostera
marina, which—Ilike Fucus sp.—contributes significantly to
high local biodiversity, especially due to the associated epifau-
nal assemblages (Bostrom and Bonsdorff 1997, 2000). The
blue mussel M. edulis tends to dominate benthic fouling com-
munities in the Baltic Sea (Durr and Wahl 2004; Enderlein
and Wahl 2004) and is undoubtedly one of the most com-
mon calcifiers in the Baltic (Hiebenthal et al. 2013; Thomsen
et al. 2013). Blue mussels often occur in close proximity to
the macrophyte stands formed by Fucus sp. or Z. marina
(Reusch et al. 1994; Bostrom and Bonsdorff 1997; Wikstrom
and Kautsky 2007; Vinther et al. 2008). More than 95% of the
shell’s wet weight consist of bimineralic calcium carbonate
(Yin et al. 2005) deposited as aragonite in the inner layer and
calcite in the outer layer (Dalbeck et al. 2006).

Total alkalinity and pH measurements and estimation of
calcification rates

Total alkalinity (TA) and pH measurements were used to
estimate mussel calcification rates and derive other CO, sys-
tem parameters, like pCO, and Qc,. Water samples for TA
were Kept in polypropylene tubes (Falcon) at 4°C for 1-2 d
until analysis. When longer storage was anticipated, seawater
samples (50 mL) for TA measurements were poisoned with
50 pL saturated HgCl,-solution to inhibit biological activity
(following Dickson et al. 2007), and samples were stored at
room temperature until analysis. TA was measured in dupli-
cates via potentiometric titration with an automated open
cell titrator (Titroline 7000, SI analytics, Germany) using
25 mL of the sample and 0.05 M HCI (precision =8 pmol
kg™ 1), followed by TA calculation using the Gran approxima-
tion by determining the second endpoint of the titration
curve (Grasshoff 1983). The gained TA data were corrected
based on repeated measurements of Dickson’s certified refer-
ence material (CRM batch 103; Dickson et al. 2003). Net cal-
cification rate (G) was then calculated as the difference in TA
between the initial and final sample. Standardization of cal-
cification was achieved by dividing G by soft tissue dry
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weight (DW) of the mussel used in the experiment and by
the duration (h) of the respective incubation. Calcification
rates were calculated after the following equation, with V as
the volume of the incubation chamber and with a water
density p of 1.012 kg L™ (at a temperature of 15°C and a
salinity of 17 PSU):
ATA |#mol
{ymol CaCO;;} _ 2[ = ] 4 [L] X Pseawater [%}
gDW Xh DW [g] Xtincubation [h}

For all (potentiometric) pH measurements performed within
this study, glass electrodes were calibrated with NBS-buffers
(3-point calibration: pH 4, 7, 10) and results are given at the
NBS scale, if not stated differently (pH values are expressed
on the total scale for the macrophyte patches field survey.).
Exact types of the glass electrodes used in this study are
specified in the respective chapters below.

Further carbonate system parameters (pCO,, Qc,) for the
laboratory experiment were calculated from TA, pH, salinity,
and temperature using the CO2SYS macro (Pierrot et al.
2006 with K; and K, according to Millero et al. 2006 and
KHSO, after Dickson 1990).

Laboratory experiment

We tested the interactive effects of the factors OA
(2 levels), daytime (2 levels, i.e., light and dark) and amount
of simulated density of F. vesiculosus (S levels) on calcification
rates of M. edulis.

Specimens of F. vesiculosus growing on cobbles and small
boulders at depths of 0.3-1 m were collected in Kiel Fjord
(Strande: N54°26'48” E10°11'2") on 17 October 2012. Only
vegetative thalli of healthy individuals were chosen. Algae
were transferred to GEOMAR, Kiel, and allowed to acclima-
tize to laboratory conditions for 48 h in large (39 L) tanks
filled with filtered seawater from Kiel Fjord at a constant
temperature of 15°C (corresponding to in situ temperature).
The tanks received constant aeration (ambient pCO,) and
seawater flow-through (two tank volumes per 24 h). Artificial
light (per aquarium: four neon tubes, Hopar TSHO 39W/
10,000K) was provided with a 12-h day/night-cycle. Specimens
of M. edulis were collected from a subtidal population in Kiel
Fjord at GEOMAR pier (N54°19'48” E10°9'1”) on 19 October
2012 and kept in aerated (ambient pCO,) natural seawater
until the start of the experiment.

Seawater from Kiel Fjord was filtered by a sand filter and
pumped into two header tanks in which two different pCO,
levels were established by direct aeration of the water body
with compressed ambient pCO, air (ca 400 patm, present con-
ditions) and CO,-enriched air (1120 patm, prediction for 2100
under more severe scenarios in IPCC 2013), respectively, using
an automatic CO, mixing facility (Linde Gas & HTK Hamburg,
Germany; Bleich et al. 2008). Each header tank was connected
in parallel to three replicate series of aquaria. In each series,
five 5 L plastic aquaria were connected in-line with a height
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Fig. 1. Schematic illustration of the laboratory set-up. The graphic shows one header tank connected to one series of aquaria as an example for an
acidification treatment (not to scale, replicates are not shown). Non-acidified units were bubbled with non-CO,-enriched air. The pictured system was
replicated thrice for each treatment level. Aquaria to the right (down-flow) represent a position closer to the center of an algal stand, aquaria to the

left represent a position in the periphery.

difference of 1.2 cm between adjacent aquaria (Fig. 1) to
ensure a steady directional flow (2.4 L h™!) from the header
tank downstream through aquaria #1 through #5. The aquaria
were sealed with transparent plastic foil (permeable for photo-
synthetic active radiation) to minimize gas exchange with the
atmosphere. The headspace between plastic covering and
water surface in the aquaria was additionally aerated with
ambient or CO,-enriched air (see above). The experiment was
started when the pCO, of the water in the header tanks
reached equilibrium with the pCO, of the applied gas mixture
and the pH had stabilized (Supporting Information Table 2).

F. vesiculosus thalli (20 =1 g wet weight) were cut from
the substratum and cleaned of all macroscopic epibionts the
day before the experiment started. One thallus was placed
into each aquarium of a series except the first. Thus, the
conditioned water of the header tank was modulated by O,
1, 2, 3, and 4 Fucus individuals (simulating an increasingly
dense macroalgal stand or a position increasingly deep into
a F. vesiculosus patch), from aquarium #1 to aquarium #5,
respectively.

Temperature, salinity, oxygen concentration, total alkalin-
ity (TA), and pHnps were measured before and immediately
after each 12 h “daytime” treatment using a WITW Oxi 3315
analyser equipped with a WTW FDO925 optical sensor for
oxygen measurements and a WTW Cond 315i salinometer
with a WTW TETRACON 325 probe for temperature and
salinity. Measurements of pHyps were performed using a
WTW 3310 pH-meter with a WTW SenTix 81-electrode. The
algae were incubated in two runs (“day”/“night”) for 12 h

each: under continuous illumination (four neon tubes,
Hopar TSHO 39W/10,000K) and in the dark, respectively. At
the end of each run, two 1 L plastic beakers were filled with
water from each aquarium. Eight small mussels (shell length
24+ 3.8 mm (mean = SD)) were placed in the first beaker
containing the water from the various treatment combina-
tions (daytime X pCO; level X Fucus density) and incubated
in the pre-treated seawater for 12 h in the dark. The second
plastic beaker containing the same water but no mussels
served as a reference to identify changes in seawater chemis-
try which were not caused by the mussels. Immediately after
the end of the incubation, the second seawater sample for
TA was taken (see above) from the plastic beaker. During the
24 h of incubation, no food was provided. Dry weight and
calcification rates of the mussels as well as further carbonate
system parameters were determined as described above.
Replication in this experiment was threefold.

Benthocosm experiment

Calcification of mussels from Kiel Fjord was assessed
under naturally fluctuating pH and temperature conditions
of different means in the Kiel Outdoor Benthocosm infra-
structure (details in Wahl et al. 2015a). The benthocosm
facility consists of 12 experimental units of 1500 L each. The
tanks are thermally insulated and were covered by a trans-
parent hood, which allows for control of the headspace
atmosphere composition. Each sub-unit is equipped with a
water pump driving an internal circulation via a wave-
generator. All sub-units are monitored by a set of four
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sensors (temperature, salinity, oxygen und pHygs), the data
of which are continuously logged. The crossed 2-factorial
approach in this experiment consisted of warming and acidi-
fication: warming by 5°C relative to the temperature control
tanks (ambient temperature in Kiel Fjord) was produced by
three heaters (600 watt, Schego Titan, Schemel & Goetz,
Offenbach am Main, Germany) per sub-unit. Acidification
was obtained by increasing the pCO, of the headspace atmo-
sphere to 1100 watm. The intense mixing created by the
wave-generators accelerates the air-sea gas exchange between
headspace atmospheres (CO, treatment) and the water of
the sub-units, enabling a rapid equilibration between atmo-
spheric CO, and water carbonate chemistry. Both treatments
caused add-ons to the natural fluctuations in temperature
and pH which were driven by the season, weather, fjord
hydrography, and biology with regard to the inflowing fjord
water and, in addition to that, by the photosynthetic and
respiratory activities of the organisms in the benthocosms.

During the experiment presented here (total duration 3
months), the community in the benthocosms consisted of
bladder wrack (F. vesiculosus, wet weight biomass: 672 = 103
(SE) g per 1500 L tank volume), mussels (M. edulis), sea stars
(Asterias rubens), snails (Littorina littorea), isopods (Idotea
baltica), amphipods (Gammarus spp.) and fishes (Gasterosteus
aculeatus) in proportions typical for a bladder wrack
community of the Kiel Fjord region (see Graiff et al. 2015a).
Nutrients, plankton and microbes were provided by unfiltered
through-flowing fjord water (ca 1.5 tank volumes per day).

In this near-natural setting of the benthocosms, calcifica-
tion rates were assessed of “naive” M. edulis specimen
(2-3 cm long), collected at the GEOMAR pier in late June
2013. They were cleaned and placed in triplicates into each
of twelve 300-mL glass jars, filled with water from one of the
12 benthocosm units, and left inside for 2-3 h for recovery
and acclimatization. Subsequently, incubations were run for
3 h with 300 mL fresh water taken from the respective ben-
thocosm unit. Before and after incubation, pHyps (Seven
Multi + InLab Expert Pro, Mettler Toledo GmbH, Giessen,
Germany) was measured and a 50 mL water sample was
taken for TA measurements. Incubations with the same
mussel individuals were conducted twice, at 15:00 h and at
09:00 h. Thus, the afternoon incubations took place in water
conditioned by daytime activity (photosynthesis-dominated)
and the morning incubations in water conditioned mainly
by night activity (respiration-dominated) of the benthocosm
community. Replication in this experiment was threefold.

Small macrophyte habitats - patches

A survey of O, concentration ([O;] TA, pHr (total scale),
seston and mussel growth was performed in three different
components of a mosaic benthic habitat in Kiel Fjord (Kiel:
N54°22/30”, E10°9'34"): F. vesiculosus (40% of mosaic
patches), Z. marina (15%) and sand patches (45%). In each
of the patches the cover by Fucus, Zostera and sand,
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was >90%. Five randomly arranged patches of each type
with a size of 1-2 m? at a depth of 1-2 m were selected for
the in situ exposure of mussels. Thus, replication in this
experiment was fivefold.

At the center of each of the 15 patches, 5 mussels (pseu-
doreplicates) in a mesh bag were attached to a float at
~ 20 cm from the bottom. Prior to deployment, a mark was
set on the edge of the mussel shells with a rotary tool
grinder (Dremel Multi-pro, U.S.A.). After 5 weeks of deploy-
ment (19 August 2013 to 23 September 2013), the distance
between the mark and the new shell edge was measured
with a Vernier calliper. We refrained from assessing a change
in wet weight here, since this metric is prone to changes
unrelated to growth (gut content, mantle water content,
gonad maturation, etc.).

During the deployment phase, seawater sampling in the
15 patches was performed by snorkelling twice a week, at
dusk (11 events, between 19:00 and 20:30 h, depending on
seasonal shift of sunset) and the following dawn (10 events,
between 6:00 and 7:00 h, depending on seasonal shift of
sunrise). Immediately after sampling, [O,] was measured
with a WTW Oximeter ProfiLineOxi 3315 equipped with a
FDO 925 sensor (WTW, Germany), salinity and voltage for
pHr assessment were measured using a Mettler-Toledo (USA)
SG 7/8 equipped with the InLab 731 conductivity sensor and
the Expert Pro pH sensor, and temperature was recorded
from the thermistor integrated in the O, probe. Additionally,
seston (food for mussels) was determined by taking a seawa-
ter sample of 200 mL at each patch and time point, filtering
it through a pre-weighed GF/F filter and drying it at 60°C
until constant weight. The filtered seawater was used for TA
determination.

The voltage recorded by the pH sensor in the field was
converted into pHry after Dickson et al. (2007) by comparing
the voltage of the sample at the field temperature with the
voltage of a homemade TRIS pHy buffer at salinity 15 mea-
sured in the same week at GEOMAR at the same tempera-
ture, and assuming Nernstian behavior (-59 mV/pH unit) of
the electrode (Saderne and Wahl 2013).

Macrophyte habitat - transects

Water samples were collected along two 10 m transects
from the outer rim to the center of a Fucus meadow in Kiel
Fjord just north of Monkeberg marina (N54°21'22"
E10°10'43”) on 30 May 2013 and 31 May 2013. The weather
was calm and sunny with a gentle breeze from NNE (wind
speed 4-5 m s~ ') and wavelets. Both transects started 12 m
(ca. 0.7 m deep) and ended 2 m (ca. 0.3 m deep) from the
shore. The distance between the two replicate transects was
20 m. On both days water samples were taken at 15:00 h
and at 5:00 h (i.e., around the expected maximum and mini-
mum peaks of pH, respectively, as driven by photosynthesis
and respiration in the Fucus dominated community). Water
samples were taken with glass jars 20-30 cm above the sea
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floor at each meter along the transects. Jars were opened and
closed underwater at the spot of sampling. Temperature and
pHnss (Mettler Toledo Seven Multi + InLab Expert Pro) were
measured in the jars within 15 min after sampling.

On 07 June 2013, calcification and respiration rates of M.
edulis (in addition to temperature and pHygs) were measured
in waters from five spots along the same two transects at
15:00 h. The day was sunny, however with substantially
more water movement (along-shore wind NNE, 5-10 m s h
than on the day of the previous samplings (offshore wind
SE, 2-7 m s~ ') and water exchange in the Fucus stand was
presumably more intense. Water samples were collected as
described above and five small mussels (ca 2 cm shell length)
were placed in each jar and incubated for 1 h in 450 mL
water. Before and after the incubation, in each jar oxygen
and pH were measured and a 50 mL water sample was taken
for TA measurements just before and after the calcification
period.

Data analysis and statistics

In order to compare the effect of the alga-modulated sea-
water on mussel calcification, the differences between day
and night calcification rates were transformed to Log Effect
Ratios, i.e., Log (day calcification divided by night calcifica-
tion). All data were checked for normal distribution and
homogeneity of variance prior to testing.

The effects of acidification, its modulation by light (day,
night) and of density of Fucus (position) in the laboratory
experiment were analyzed in a 3-way-ANOVA followed by
Tukeys HSD posthoc tests. The influence of increasing simu-
lated Fucus density on the proportional partitioning of calci-
fication between day and night calcification was analyzed by
linear regression, separately for acidified and non-acidified
conditions.

Calcification rates in the benthocosm experiment were
analyzed in a 3-way-ANOVA including the factors headspace
pCO, (ambient/high), temperature (ambient, high) and day-
time (day, night). Growth of mussels in the field patch
experiment were analyzed by an ANOVA with one factor
(“habitat”) and three levels (Sand, Zostera, Fucus).

The calcification rate of mussels at different positions in
the Fucus transects were not analyzed since these were not
sufficiently replicated (2 transects only) for an ANOVA. We
plotted the trend only.

Results

Across all laboratory experiments, mussel calcification, on
average, increased by 40% (1 umol CaCO3 g~ ' h™!) when pH
increases by half of a unit (e.g., from 7.8 to 8.3, Fig. 2, calci-
fication rate =2.12 * pH - 14.96, r*=0.49, p <0.0001). In all
experiments (laboratory, benthocosms, field) presented here,
mean pH ranged from 7.73 (laboratory experiment, high
CO,, without Fucus) to 9.03 (benthocosms, low CO, X low
temperature, with Fucus), with day-night amplitudes ranging
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from 0.1 (without Fucus) to more than 1 pH unit (inner zone
of the in situ Fucus bed; Fig. 3). As a general trend across all
experiments, mean pH and the amplitude of diurnal pH fluc-
tuations increased with increasing Fucus biomass to water
volume ratio (Figs. 2, 3). Additionally, in the benthocosms
the diurnal amplitude of pHygs fluctuations driven by the
biology of the macroalgae was larger by 24% under acidified
conditions as compared to non-acidified conditions (Wil-
coxon paired t-test, n=7, t=3.72, p<0.01).

Laboratory experiment

The replicate sequence of the five aquaria connected in a
flow through system (Fig. 1) in the laboratory experiment is
henceforth referred to as aquarium #1 to #5 downstream
beginning with the aquarium that contained no thallus
(“aquarium #1”) and followed by four aquaria with one
Fucus thallus each (“aquarium #2 - #5”). Both, pH and calci-
fication varied between day and night, between low and
high pCO, treatment and with upstream Fucus biomass (Fig.
2, Supporting Information Table 2a). After 12 h of light,
pHngs increased from 7.74 £ 0.05 (mean = SD, aquarium #1)
along the series of Fucus to 8.50 = 0.05 (aquarium #5) in the
high CO, treatment (1120 patm pCO,). In the ambient CO,
treatment (400 patm pCO,) pH increased from 8.08 = 0.04
(aquarium #1) to 8.54£0.06 (aquarium #5) (Fig. 4). The
pHngs values in the high and ambient CO, treatments were
almost indistinguishable in aquaria #3 to #5 (Fig. 4). After
12 h of incubation in the dark, only a weak (not statistically
significant) decrease in pHygps was observed along the series
of Fucus (i.e., with increasing Fucus “patch size”) in both
CO, treatments. Changes in pCO, and Q¢, (Fig. 4) mirrored,
as usual, changes in pH across treatments, and undersatura-
tion (< 1) with regard to Qc, was only reached under high
CO; treatments in the absence of Fucus (aquaria #1) and dur-
ing night incubations in all high CO, aquaria. Remarkably,
under high CO; in the light treatment, pCO, dropped below
the aquarium #1 level of the ambient treatment already in
aquarium #2 (456 =116 patm). After 12 h of “day” incuba-
tion, Qc, increased from a slightly undersaturated level
(0.97 £0.09) in aquarium #1 to a highly saturated level
(4.71+20.39) in aquarium #5, in the high CO, treatment.
Oxygen concentration of the seawater increased under “day”
conditions with increasing number of Fucus thalli condition-
ing the water, whereas measured values of the “night” incu-
bation remained close to the start level.

Increasing Fucus biomass in the series of aquaria could
have affected mussel calcification by two impacts on the
CO, system: (1) under light conditions, it raised the mean
pHngs (and Qc,) from 8.1 (2.1) to 8.25 (5.5) in the ambient
CO, treatment and from 7.7 (1.0) to 8.1 (5.2) in the high
CO; treatment (Figs. 2, 4; aquarium #5), (2) it imposed circa-
dian fluctuations of pHyngs with amplitudes increasing from
0.14 (aquarium #1) to 0.63 (aquarium #5) in the series of
non-acidified aquaria and from 0.1 (aquarium #1) to 0.9
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over the duration of the respective experiments (pHr values measured for the habitats Fucus (F), Zostera (Z) and Sand (S) were converted to the NBS
scale by adding 0.14 pH units).
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ria at positions 2 through 5 contained one Fucus each so that the water in these aquaria were conditioned by 1, 2, 3, and 4 bladder wrack individuals,

respectively, simulating a transect from outside into a Fucus stand.

(aquarium #5) in the acidified aquaria (Fig. 3). Mussel calcifi-
cation was significantly lower under night conditions and
under acidified conditions (Fig. 5; Table 1, Supporting Infor-
mation Tables 2b, 3). At ambient conditions, calcification
tended to peak at intermediate Fucus density (Fig. 5A), but
this relation was not significant (polynomial regression; day:
adj R*=0.64, p>0.05; night: adj. R*=0.73, p>0.05). At
acidified conditions, in contrast, calcification increased line-
arly and significantly (linear regression, R>=0.91, p <0.05)
with increasing Fucus density at daytime but not at night-
time conditions (Fig. 5B). Likewise, the cumulated 24 h-calci-
fication increased significantly with Fucus density (Fig. 5B).
The presence of Fucus entirely compensated the impact of
acidification from aquarium #3 onwards (overlapping CIs in
Fig. 5, Supporting Information Table 3). Furthermore,
time of day and the number of upstream Fucus interacted
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significantly as compensation of the acidification was mainly
visible during day time: In the high CO, treatment of the
“day” incubation, net calcification increased significantly ca
3.5-fold from 0.93 + 0.42 ymol CaCO3; gDW ' h™! in aquar-
ium #1 to 3.32 +0.77 ymol CaCOz gDW ! h™! in aquarium
#5. During “night” incubation, net calcification was gener-
ally low, independent of the downstream position. Again,
from aquarium #3 onwards, day calcification was signifi-
cantly larger than night calcification under acidified condi-
tions (non-overlap of CIs in Fig. 5B) whereas under non-
acidified conditions only in aquarium #4 this difference was
significant. Differences in calcification rates between day and
night (displayed as Log Effect Ratios in Fig. 6) were larger in
the high CO, treatment than under ambient CO, conditions
in all but the first two positions and this difference increased
along the series of increasing Fucus biomass substantially
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line, y=1.965 + 0.41x-0.0005x%, R? = 0.86, p = 0.07), acidified day (panel B, gray line, y=1.055 + 0.03x, R =0.9, p <0.01), acidified night (panel B,
black line, y=1.45-0.003x, R>=10.186, p=0.47), acidified 24-h-mean (panel B, dashed dark gray line, y=—0.0135x+ 1.253, R?=0.76, p 0.054).

faster under acidified (slope of 0.15) than under non-acidified
conditions (slope of 0.022) (p <0.05, Fig. 6, Supporting Infor-
mation Table 4).

Benthocosm experiment

During the Benthocosm experiment in June 2013 (details in
Wahl et al. 2015a,h, monitored system data in Pangaea doi:
10.1594/PANGAEA.842739), temperature in the warm treat-
ments ranged between 17°C and 23°C with typical day-night
amplitudes of approximately 2°C (Supporting Information Fig.
la). In the cold treatment temperature ranged between 12°C
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and 17°C, again with day-night amplitudes of about 2°C.
Under the CO, enriched headspace, water pHyngs was consis-
tently lower by 0.1 to 0.5 pHygs units compared to the ambi-
ent CO, treatment (Supporting Information Fig. 1b). The day-
night amplitude of the pHygs fluctuations driven by
photosynthesis-respiration cycles was larger under acidified
(~ 0.6 pHngps units) than under non-acidified conditions (~ 0.4
pHnps units). Calcification (Fig. 7; Table 2) was significantly
reduced by about 40% in the acidification treatment. In addi-
tion, calcification was significantly reduced by about 60% dur-
ing the night as compared to daytime calcification rates.
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Table 1. Three-factorial ANOVA on mussel calcification in the lab experiment in response to three factors, i.e., acidification level
(“pCO,", acidified, non-acidified), daytime (day, night) and position in the simulated transect into a Fucus belt (“Aqu#”1 through 5).
All three factors affect calcification significantly with a significant interaction between daytime and position. Effects with p-values in

bold are significant.

Effect SS Df MS F P
Intercept 297.5272 1 297.5272 739.9119 0.000000
Day,night 9.1650 1 9.1650 22.7923 0.000024
pCO, 11.2407 1 11.2407 27.9541 0.000005
Aqu # 7.7763 4 1.9441 4.8347 0.002822
Day,night*pCO, 0.1915 1 0.1915 0.4763 0.494078
Day,night*Aqu # 4.4747 4 1.1187 2.7820 0.039503
pCOL*Aqu # 3.1959 4 0.7990 1.9869 0.115036
Day,night*pCO,*Aqu # 2.1329 4 0.5332 1.3261 0.276929
Error 16.0845 40 0.4021
0.8 4

0.6 |

Difference in net calcification rates
between day and night (LogEffR, SD)

3
Aquaria #

y=0.1476x - 0.2393
R*=0.9478

y=0.0218x + 0.0448
R?*=0.9772

Fig. 6. Differences between calcification rates in day vs. night time under acidified (gray bars) and non-acidified (black bars) conditions. The ratio of
day-to-night calcification is expressed as log response ration where a value of 1 means that calcification is 10 times stronger during daytime than during
nighttime, a value of —1 means that the former is 10 times weaker. Under non-acidified conditions the increasing Fucus biomass does not affect the day-
to-night ration substantially. In contrast, under acidified conditions daytime calcification becomes increasingly important with increasing Fucus biomass.

Warming did not affect calcification and the three factors (pCO,,
temperature, day vs. night) did not significantly interact.

Field study
Macrophyte patches

The three habitat types (Fucus patches, Zostera patches,
sand patches) turned out to be very similar considering seston,
temperature, salinity, as well as with regard to daily mean and
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day-night fluctuations of oxygen and pH (Fig. 8, Supporting
Information Fig. 2). While temperature, salinity, and seston
did not exhibit substantial day-night fluctuations, oxygen and
pH were consistently higher during the day as compared to
the night in all three habitat types. During the experimental
run of 35 d, mussel length (mean, SD) increased by 2.2 =
0.4 mm (6.6% = 0.7%) in the Zostera patches, by 2.8 = 0.9 mm
(8.3% = 1.0%) in the sand patches and by 2.6*+0.7 mm
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(7.7% = 0.9%) in the Fucus patches (Fig. 8B). There was no sig-
nificant effect of habitat type on mussel growth (ANOVA,
df=2,F=0.80, p=0.475).

Macrophyte transect

On the calm and sunny day along the transect from the
outer rim (position #1) to the inner zone (position #9) of the
Fucus belt, strong and opposite pH gradients were found dur-
ing the day and night samplings, respectively. During day,
pHngs increased from 8.30 outside to 8.83 10 m inside the
Fucus belt (Fig. 9). During night, pHynps decreased from
pHnss 7.78 outside to pHygs 7.59 10 m inside the belt. The
amplitude of day-night pHygs fluctuations was 0.5 pHygs
units outside the Fucus habitat, while in the inner part of
the belt the pHygps reached an amplitude of 1.2 units. At the
end of a sunny day, [O,] increased to 12 mg L' at the outer
edge and to 15 mg L™! in the inner part of the belt. After a
calm night, [O,] had decreased to about 9 mg L' (outside
the belt) and to 6.5 mg L~ ! (at the inner part of the belt).

On the windy day of calcification measurements, the gra-
dients in daylight pHyps along the transect were substan-
tially less steep (Fig. 9). Nonetheless, changes in pHygs along
the transect explained 52% of the variation in calcification
rates but, due to large variation, this trend is not significant
(Fig. 10; df =5, F=3.27, p>0.05).

Discussion

Fluctuations in environmental variables have recently
been suggested to alter the magnitude and/or direction of
the effects caused by superimposed long-term changes (e.g.,
Cornwall et al. 2014; Gunderson et al. 2016; Wahl et al.
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Table 2. Three-factorial ANOVA on mussel calcification in the
benthocosm experiment with the factors acidification (“pCO,,”
acidified, non-acidified), warming (“T°,” ambient, warmed by
5°C) and daytime (“night-day,” day, night). Acidification and
daytime affect calcification significantly, without any interaction
among the three factors. Effects with p-values in bold are
significant.

Effect SS df MsS F p
Intercept 230517.7 1 230517.7 159.4726 <0.001
pCO, 35803.1 1 35803.1 24.7687 0.000166
T° 2083.5 1 2083.5 1.4414  0.248531
Night-day 102346.7 1 102346.7 70.8037 <0.001
pCOL*T® 7852 1 785.2 0.5432  0.472484
pCO,*night-day 11134 1 1113.4 0.7703  0.393975
T°*night-day 5141 1 514.1 0.3557  0.559812
pCOL*T*night-day 3428 1 342.8 0.2372  0.633295
Error 21682.5 15 1445.5

2016). It is important to distinguish in this context between
extreme events and fluctuations. The former are sporadic dis-
turbances (e.g., Wernberg et al. 2013) which may have
ecosystem-wide effects because they are unlikely to allow for
acclimation or adaptation. The latter rather represent recur-
rent excursions from the mean with alternating phases of
high stress and recovery which may alter global change
effects at the organismic scale (e.g., Gunderson et al. 2016)
and in the long run facilitate a “hardening” of populations
(e.g., Pansch et al. 2014). The main goal of the investigations
presented here was to investigate macrophyte-driven bio-
genic fluctuations of the seawater carbonate system at differ-
ent scales, and to determine their influence on calcification
rates and growth of the blue mussel M. edulis. We show that
the diurnal photosynthesis/respiration cycles of macrophytes
produce fluctuations of the carbonate system that, at least at
small scales (dm to m), facilitated calcification even under
acidified conditions, particularly so during daytime. The con-
currently fluctuating [O,] may have contributed to beneficial
daytime conditions since anti-stress mechanisms are sup-
posed to be energy- and, thus, O,- demanding (e.g., Ramajo
et al. 2016) but this effect was not in focus of this study.

Macrophytes modulate seawater carbonate chemistry

The metabolism (photosynthesis and respiration) of mac-
rophytes cause diurnal DIC fluctuations together with fluctu-
ations of other carbonate system parameters (e.g., pCO,, pH)
in the surrounding seawater. Day-night amplitudes of such
fluctuations may exceed one pH unit in dense macrophyte
stands (Middelboe and Hansen 2007; Pajusalu et al. 2013;
Saderne and Wahl 2013; Hurd 2015; all experiments here as
shown in Fig. 3) but are strongly scale-dependent (Wahl
et al. 2016 and references therein). The amplitude of
biogenic diurnal pH fluctuations increases with algal biomass
as evidenced along the aquaria series and along the in situ
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transect into a Fucus belt (Fig. 3). We here demonstrate that
biogenic activity may impact the carbonate system stronger
than predicted future increase in pCO, means: Both in the
laboratory tanks and in the benthocosm experiment, the
amplitude of biogenic day-night fluctuations exceeded the
(simulated) shift in seawater pH predicted for the end of the
century (Fig. 3, Supporting Information Fig. 1b). The labora-
tory experiment illustrated how the pH drop caused by ele-
vated pCO, levels was completely masked by only two Fucus
individuals upstream of the mussel (i.e., in aquarium #3,
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Fig. 4). Photosynthesis/respiration cycles of the macroalgae
also incurred diurnal fluctuations in [O,] (e.g., by 7 mg L™!
in the large Fucus belt, Fig. 9) and an overall slight shift in
mean pH (e.g., by 0.2 units along the aquaria series, Fig. 3).
At this point, our data do not permit to clearly disentangle
the impact of these aspects of macroalgal activity on mussel
calcification.

Macrophytes may offer daytime refuge from OA

High levels of seawater pCO, associated with decreased
pH can reduce mussel calcification (Gazeau et al. 2013;
Thomsen et al. 2015 and Fig. 2). Reduced calcification may
entail slower growth and/or higher predation risk jeopardiz-
ing mussel survival (Enderlein et al. 2003; Thomsen et al.
2013) if they do not adapt in time to the predicted acidifica-
tion. When considering the results it should be noted that
the experiments were too short to allow for any adaptation
on the side of the mussels. Other recent transgenerational
experiments suggest, however, that such an adaptation to
OA could require numerous generations in M. edulis (Thom-
sen et al. 2017). In the present study, a decrease of the mean
pH by half a unit (caused by a pCO, increase to 1120 patm,
as predicted for the end of the century in some scenarios
[IPCC 2013]), reduced mussel calcification by about 40%
(Fig. 2). This effect was, however, partly mitigated by bio-
genic pH modulation in the system. In all of our experi-
ments, from the laboratory to the field, the presence and
activity of macrophytes increased the overall mean pH by
0.01 to 0.2 units (Figs. 3,4,9,10), which per se, should be
beneficial to mean calcification of mussels (Gazeau et al.
2013; Thomsen et al. 2015) and other organisms (Kroeker
et al. 2010; Cyronak et al. 2016). Similar beneficial effects by
primary producers were reported by some tropical studies
showing that photosynthesizing macrophytes could mitigate
the negative impact of OA on marine calcifiers such as corals
at the habitat scale (Kleypas et al. 2011; Manzello et al.
2012; Unsworth et al. 2012; Jokiel et al. 2014). In addition
to the increase of the mean pH, the substantial diurnal fluc-
tuations in pH, pCO,, and Qc, represented phases favorable
(daytime) or adverse (nighttime) to calcification. The mussels
proved capable of benefitting from these temporal refuges
from acidification stress and maintained high calcification
by shifting a major portion of this process to the photosyn-
thesis dominated periods (i.e., daytime: Fig. 6). Thus, the
presence of Fucus enhanced mussel calcification, especially
so under OA conditions, twofold to threefold (laboratory
experiment, Fig. 5). Based on the numerical relation between
pH and calcification rates (Fig. 2) the rise of mean pHygs
along the series of aquaria by 0.35 pHngs units should
increase calcification by 0.74 umol CaCO; g DW ! h™l
Instead it increased by 1.1 yumol CaCO3; g DW ' h™' from
aquarium 1 to aquarium 5. These additional 49% of calcifica-
tion should be attributable to the biogenic fluctuations and
the conspicuous increase of calcification under favorable
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conditions produced by photosynthesis during daytime -
especially so under acidification (Fig. 6). Under ambient
pCO;, conditions and in the absence of macrophyte-induced
pH fluctuations, mussels calcified at similar rates during day-
and night-time (laboratory experiment, Fig. 5), indicating
that M. edulis does not feature an internal circadian rhythm
in calcification. Why mussel calcification under non-
acidified conditions peaked at intermediate algal density
cannot be explained at present.

In a review article, Hofmann and Todgham (2010)
emphasize the importance of physiological plasticity as a
strategy of marine organisms to cope with changing environ-
mental conditions such as acidification and heat stress.
Regarding calcification, “physiological plasticity” means a
reallocation of resources needed for biomineralization. This
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should be facilitated if the available resources, e.g., food, are
abundant as described for mussels in a eutrophied habitat
(Thomsen et al. 2013). The already prevalent and in some
regions still progressing nutrient enrichment in many coastal
areas may increase phytoplankton density, thus mitigate the
impact of ongoing acidification for plankton-feeding calci-
fiers (Ramajo et al. 2016). However, intensified plankton
blooms may, in the course of sedimentation and reminerali-
zation, also lead to hypoxia of deeper water, which, when
upwelled, may stress organisms by low [O;], high pCO, and
H,S and low pH conditions (Melzner et al. 2013). Here, we
did not quantify day-time vs. night-time concentrations of
plankton since fluctuations at this high frequency are likely
to be buffered by the mussel’s energy storage capacity. In the
field, seston concentrations were similar in all microhabitats
(Supporting Information Fig. 1).

Beneficial effects of macrophytes on calcifiers were
described before. Semesi et al. (2009) demonstrated for the
calcifying algae Hydrolithon sp., Mesophyllum sp. and Halime-
darenschii sp. that calcification was favored by the vicinity of
seagrass driving substantial diurnal pH fluctuations with
amplitudes of up to 1 pH unit. Also, the coralline alga
Arthrocardia corymbosa calcified more and grew better at OA
conditions when a thick diffusive boundary layer protected
the alga’s surface at low-flow conditions, likely by enhancing
daytime pH (Cornwall et al. 2014). In an acidification experi-
ment, Saderne and Wahl (2013) showed that calcifying epi-
bionts located in the thin (< 1 mm) diffusive boundary layer
sheeting Fucus serratus thalli which displays strong diurnal
pH and [O,] fluctuations (e.g., Hurd 2015; Wahl et al. 2016),
maintain growth and calcification even under high levels of
pCO; (1200 patm). In contrast to our observation, Cornwall
et al. (2013) describe how pH fluctuations reduce growth
and recruitment of a coralline alga both under acidified and
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non-acidified conditions. In the Cornwall study, however,
the pH changes were chemically (not biologically) induced
and instantaneous (instead of gradual) and may not be com-
parable to the more sinusoidal fluctuations of pH (and pCO,,
[O,], Q) imposed by biological processes in the field.

Macrophyte density and hydrodynamics
mediate the biogenic refuge

In the relatively large Fucus belt (ca 20 m wide in an
onshore-offshore direction and 200 m along shore), on calm
and sunny days (field study, Fig. 9), biogenic fluctuations in
pH were similar to or slightly larger than those found in the
laboratory experiment (aquarium #5; Fig. 4) and in the ben-
thocosm system (Supporting Information Fig. 1b). This is a
result of the high biomass to seawater ratio, typical of shal-
low macroalgal habitats (Bjork et al. 2004; Middelboe and
Hansen 2007; Pajusalu et al. 2013) in the absence of strong
water movement. Fluctuations just outside the Fucus belt off-
shore were presumably caused by plankton activity mainly,
whereas inside the Fucus habitat, both plankton and macro-
phytes contributed to the diurnal fluctuations. Overall, dif-
ferences in pH between day and night ranged from 0.3 to
1.2 pH units (Fig. 3). This amplitude is similar to findings in
field studies of Middelboe and Hansen (2007) and Pajusalu
et al. (2013) who described diurnal amplitudes of about 1 pH
unit for Fucus dominated macroalgal fields of the Baltic Sea,
but higher than those of Saderne and Wahl (2013) who
reported a mean diurnal amplitude in pH of 0.3 in a Baltic
Fucus belt. Vertical gradients in pH already occur within the
upper centimetres in a shallow macroalgae-dominated habi-
tat (Middelboe and Hansen 2007; Krause-Jensen et al. 2015).
Our study complements these observations by adding the
factor of a horizontal pH gradient at the scale of meters (field
study, Fig. 9). Comparing the [O,] and pH gradient into the
belt on a calm (water movement estimated at 1 cm/s) and
on a more windy day (water movement estimated at 3-
S cm/s, Fig. 9), illustrates how much the amplitude of the
biogenic fluctuations depend on the biomass to water vol-
ume ratio. Such flow velocity dependency of a biogenic pH
gradient was shown at a smaller scale, i.e., in the diffusive
boundary layer of macrophytes, by Cornwall et al. (2014)
and Wahl et al. (2016). In the small habitat patches of Zos-
tera and Fucus (~ 1-2 m?), we did not detect a significant
impact of the macrophytes on the carbonate chemistry (field
study; Fig. 8A) and, consequently, with regard to mussel
growth (field study; Fig. 8B). It is likely that the selected hab-
itats were too small and the biomass to water volume ratio
too little to substantially alter the carbonate system of the
surrounding seawater. The high load of seston (i.e., mussel
food; ~ 8 mg L") during this field experiment could have
contributed to the uniformly good growth of mussels in all
habitat patches (Thomsen et al. 2013; Ramajo et al. 2016).
Similarly to our findings, Middelboe and Hansen (2007) and
Pajusalu et al. (2013) reported that fluctuations in CO, and
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pH are less pronounced in a patchy habitat than in densely
covered macrophyte meadows. Thus, both laboratory and
field experiment illustrate how biogenic mitigation of acidifi-
cation can be important at the m-scale while depending
strongly on the macrophyte biomass to water volume ratio,
i.e., water exchange in the macrophyte habitat.

Interacting effects of OA and warming

The human-induced shift in pCO, and oceanic mean pH is
often superimposed by warming effects — the other (first
known) side of the CO, problem (IPCC 2013). While the CO,
treatment of the benthocosm experiment impacted calcifica-
tion rates of M. edulis, temperature had no effect, neither alone
nor in combination with the CO, treatment. Long-term
experiments on M. edulis revealed that growth was not signifi-
cantly affected by temperatures below 25°C and below seawa-
ter pCO, of 1600 patm in combined acidification and warming
treatments (Hiebenthal et al. 2013; Keppel et al. 2015). In
other studies, however, exposure to warming substantially
reduced shell strength of the mussels (Mackenzie et al. 2014).

Macrophytes can increase their metabolic activity under
elevated levels of CO, (Fig. 4; Falkenberg et al. 2013; Graiff
et al. 2015a) but may suffer severely from ocean warming
when passing a certain threshold temperature (Graiff et al.
2016). The performance of macrophytes under the combina-
tion of acidification, warming and eutrophication—probable
future scenarios for many coastal regions—may be severely
jeopardized by filamentous epiphytes thriving under these
conditions (Werner et al. 20164,b) and depriving their Fucus
host of light and nutrients (Wahl 2008). Macrophyte decline
would certainly reduce the calcification window of mussels.
It seems likely, that the favorable effect of Fucus for mussel
calcification und future acidification may be important in all
seasons except summer when macroalgae tend to be increas-
ingly stressed by warm temperatures and proliferating epi-
phytes (Werner and Matthiessen 2013; Graiff et al. 2015b).

Conclusions

The common macroalga F. vesiculosus has the capacity to
raise mean pH in its vicinity and to provoke strong diurnal
fluctuation of [O;], pCO,, pH and Q¢, driven by its photo-
synthesis/respiration cycle. The calcification of the mussel
M. edulis decreases with pH (and associated shifts in the car-
bonate system). Acidification impacts on mussel calcification
may be neutralized by the alga-driven shifts and fluctuations
of the carbonate system. Both traits of the carbonate system
shifts, increased mean pH and enhanced amplitude of diur-
nal pH fluctuations contribute to the enhancement of calcifi-
cation. The strength of this beneficial effect, however, relates
to the ratio of algal biomass to water volume and in our
series of experiments decreases from the laboratory over the
benthocosms to the field.

Thus, Mytilus—and likely other calcifiers—can temporar-
ily find refuge from future OA by increased mean pH and
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pH variability already a few meters into a macrophyte belt.
This ecological refuge offered by macrophyte habitats may,
however, change in the course of future multifactorial
change in two contrasting scenarios (see Graiff et al. 20154;
Werner et al. 2016a,b): (1) On-going CO, increase and pro-
gressing eutrophication in many coastal areas (but see
Andersen et al. 2017 for recent signs of trend reversal in the
Baltic Sea) fertilize macroalgae (Gutow et al. 2014; Graiff
et al. 20154a,b), increase the biomass to water ratio at a local
scale and, thus, benefit calcifiers (but see Britton et al.
2016). At the same time, eutrophication may lead to denser
plankton. This may have two contrasting effects on the OA-
macrophyte-calcifier interactions. The shading by plankton
may reduce the beneficial effect on calcifiers of the
macrophyte-driven diel fluctuations of pH and the slight
rise of its mean. At the same time plankton blooms may
indirectly enhance the prevalence of stressful hypoxic con-
ditions in wupwelling waters. On the other hand, the
increased supply of suspended food renders calcifying filter
feeders more robust to OA (e.g., Thomsen et al. 2013; Ram-
ajo et al. 2016). (2) If Fucus benefits less from pCO, and
nutrient increase than its epiphytes and/or consumption by
mesograzers is strongly enhanced by ocean warming (e.g.,
Werner et al. 2016b) macroalgal biomass may decrease and
progressive OA would continuously narrow the time win-
dow in which calcification by mussels is still possible. This
capacity of macroalgae to mitigate stress such as hypoxia
and low pH associated with summer upwelling events
(Melzner et al. 2013), should be a further motivation for the
protection of coastal macroalgal habitats which are increas-
ingly endangered by various anthropogenic factors such as
coastal construction, dredging, harvesting or eutrophication
(Wahl et al. 2015b).
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