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Abstract: Normally atmospheric CO; is the major driver of ocean acidification (OA); however, local
discharge/degradation of organic matter (OM) and redox reactions can exacerbate OA in coastal
areas. In this work we study the response of nutrient and carbon systems to pH decrease in relation
to hydrographically induced intermittent characteristics and examine scenarios for future ocean
acidification in a coastal system. Laboratory microcosm experiments were conducted using seawater
and surface sediment collected from the deepest part of Elefsis Bay; the pH was constantly being
monitored while CO; gas addition was adjusted automatically. In Elefsis Bay surface pCO; is already
higher than global present atmospheric values, while near the bottom pCO, reaches 1538 patm
and carbonate saturation states were calculated to be around 1.5. During the experiment, in more
acidified conditions, limited alkalinity increase was observed and was correlated with the addition of
bicarbonates and OM. Ammonium oxidation was decelerated and a nitrification mechanism was
noticed, despite oxygen deficiency, paralleled by reduction of Mn-oxides. Phosphate was found
significantly elevated for the first time in lower pH values, without reprecipitating after reoxygenation;
this was linked with Fe(II) oxidation and Fe(III) reprecipitation without phosphate adsorption affecting
both available dissolved phosphate and (dissolved inorganic nitrogen) DIN:DIP (dissolved inorganic
phosphate)ratio.

Keywords: CO, addition; ocean acidification; pH decline; nitrification; microcosm experiment; anoxic
sediment; hypoxic/anoxic boundary

1. Introduction

Hypoxia constitutes the condition of low dissolved oxygen (DO); in most cases, hypoxia is
associated with a semi-enclosed hydrogeomorphology that, combined with water-column stratification,
restricts water exchange [1]. Many thresholds for hypoxic conditions in various units have been used,
the most prominent one being ~60 pumol O, kg™ [2]. Waters with DO less than 15 umol O, kg™! are
subcategorized as severe hypoxic [1], while others [2] set this limit at 22 pmol O, kg_l. “Anoxia”
is defined as the true zero dissolved oxygen state. In the situation where DO levels are so low that
microbes begin to turn to nitrate as an alternative electron acceptor a cascade of redox reactions begins
to appear; this “suboxic” limit is typically set at around 10 pmol O, kg~! [2].

Coastal regions occupy only 7% of the world ocean surface area but constitute a major global
carbon cycle component with still virtually undefined impacts on the marine carbonate system and
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air-sea CO, exchange [3,4]. While elevated atmospheric CO; levels is the most significant driver
of ocean acidification (OA) at a global scale, local degradation of organic matter consumes oxygen
leading to hypoxic/anoxic conditions, increasing CO; levels and lowering pH [5]. Various studies have
related low oxygen with high CO, partial pressure (pCO,) in both coastal and open ocean systems [6]
often reaching an order of magnitude greater values than those predicted for ocean surface later this
century (>1000 patm; [7,8]). Even under current conditions, maximum pCO; values of 1700-3200 patm
can easily be reached in coastal waters where oxygen is depleted, e.g., [9,10]. Compared to the open
ocean, shallow coastal sites exhibit natural variability in carbonate chemistry over multiple time
frames [11,12], complicating the detection and relevance of OA in open ocean when approached in
isolation of other processes (e.g., primary production, respiration, net calcification) [13,14]. In a future
scenario when atmospheric pCO, increases to 800 parts per million (ppm) and buffering capacity
of waters subjected to hypoxia will be further reduced, the result is expected to be an overall pH
drop of 0.74 units between oxygenated offshore water of today and oxygen-depleted subpycnocline
water in the future [15]. Additionally, coastal eutrophication has been found to strongly affect pH
patterns [9,16]. Through time series regarding several coastal regions globally, pH changes not always
experience similar trends with OA; coastal pH is decreasing faster or more significantly than OA in
many sites with seasonal and interannual variability as high as 1.4 and 1.6 [16]. Changes in nutrient
availability and the related biogeochemical processes have been identified as possible drivers of pH
variability in coastal waters [17]. Additionally, according to model simulations, a possible primary
production increase due to eutrophication could poise ocean acidification effects on surface water
carbonate chemistry in coastal environments [18]. Thus, such coastal environments offer good case
studies to better comprehend and possibly foresee potential interchanges between oxygen depletion,
nutrient discharge and ocean acidification.

Elefsis Bay is a typical, restricted coastal system (68 km? with a mean and maximum depth of
20 m and 35 m, respectively), in the Aegean Sea (Eastern Mediterranean Sea; Figure 1). It is located
near the highly-populated city of Athens and is the seafront of Thriassion plain that is a densely
industrialized area where also two crude oil refineries operate, emitting significant loads of CO, and
other acidifying gases.

Freshwater inputs in Elefsis bay are minimal all year round, being higher during autumn and
winter months when episodic rain events provide freshwater into the bay through ephemeral streams,
a small lake communicating via a narrow channel, as well as via submarine groundwater [19]. However,
these freshwater discharges are heavily loaded in nutrients due to the aforementioned anthropogenic
activities, leading to increased primary productivity [20]. Phytoplankton biomass and primary
production rates measured in Elefsis bay are one order of magnitude higher of those measured in open
Aegean waters [21]. Intermittent anoxic conditions are developed between May and October due to
elevated surface temperature and oxygen depletion resulting from microbial degradation of organic
matter (OM) in the deeper waters [20,22,23]. Organic matter remineralization (e.g., ammonification) is
the main process under such conditions with concomitant silicate, phosphate and ammonium increase
(against nitrite and nitrate) near the sediment-water interface. During stratified periods, denitrification
occurs within the water column and the upper few millimeters of surface sediments; nitrate converts
to nitrite and subsequently to nitrogen gases, which are released from the system, representing a sink
of nitrate and decreasing eventually the DIN:DIP ratio [20]. The ratio is affected also by solubilization
of iron phosphate due to the iron reduction of Fe(Ill) to Fe(Il) resulting in emanation of phosphate
not all of which is reprecipitated after reoxygenation [24]. The Gulf of Elefsis is also characterized as
eutrophic based on the application of the eutrophication index developed by [25] although there has
been a significant improvement of the ecological status the last 30 years [26].

Individual studies within the warm period report pH fluctuations of 8.4-7.9 from surface to bottom,
already during the 1970s, with decreased bottom pH values ranging between 7.5 and 7.9 [22,27]. Despite
these findings, only one experimental study has been conducted to evaluate possible biogeochemical
alterations due to pH decline during hypoxic conditions in the enclosed embayment of Elefsis Bay [28].
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Figure 1. Bathymetric map of Elefsis Bay (Saronikos Gulf, Eastern Mediterranean Sea). The location of
the sampling site is also shown [28].

This research aims in examining how further oxygen depletion and the establishment of severe
hypoxic conditions/anoxic, due to enhanced OM degradation and concomitant nutrient accumulation,
would act as a positive or negative feedback to bottom to surface acidification [28] and pointing out
possible shifts in complex biogeochemical processes established in the area.

2. Materials and Methods

Field sampling was performed at the deepest western part of Elefsis Bay (Longitude: 23°25'48"
E; Latitude: 38°03’ N, Depth: 33 m; Figure 1) in September 2014, when the pycnocline was well
developed, with the R/V Aegaeo (Hellenic Centre for Marine Research, HCMR). Hydrographic
properties (salinity, temperature and depth) were recorded through a Sea Bird Electronics CTD
instrument (SBE-9) associated with a General Oceanic rosette sampler, equipped with twelve 10 L
Niskin bottles. Samples of seawater from every 10 m were collected and measured immediately for pH
and Redox potential with a laboratory pH meter and Redox potential probe (Jenway 3310). Samples
from each depth were also collected for the immediate determinations of dissolved oxygen (DO) and
total alkalinity (A1). Sediments were collected using a 0.1 m? box corer.

The experimental setup follows a similar previous setup for the area [28]. Seawater from
the deepest part (33 m) was collected unfiltered and untreated surface sediment (0-10 cm), which
were then carefully transferred into four 25 L Nalgene Polycarbonate bottles (at a proportion 80%
and 20%, respectively) in a thermostated room. The seawater—sediment systems were kept in the
dark, at in situ temperature (17.5 °C) and were left to equilibrate under controlled Ar supply for
a week (instead of air supply used in the previous setup [28]), in order to maintain minimum DO
conditions (Day-1 in all diagrams presented here suggests field values for maximum depth, 33 m).
Subsequently, a 33 day-experimental period of CO, aeration followed, using a continuous flow system
(IKS Aquastar, IKS Computer Systeme GmbH); Ar gas was supplied in parallel to avoid oxygen
penetration. On the 25th day, the Ar supply was seized and the tanks were left to reoxygenate naturally
during the last 7 days of the experiment duration; this was attempted as a rough simulation of the
naturally occurring reoxygenation when the pycnocline collapses. Each tank was monitored constantly
(every 5 min) through the IKS System (temperature; accuracy: +0.3 °C, pH; accuracy +0.05 and DO;
accuracy =12 pmol kg™!). IKS probes were calibrated daily, using certified buffers to avoid drifting;
potentiometric probes (pH and DO) were also used in order to prevent possible drifts of the IKS probes.
The measured pH values by the IKS system were corrected with the parallel use of a laboratory pH
meter (Jenway 3310) calibrated on NBS scale (pH accuracy +0.02) equipped with an additional probe
for DO measurements (+8 pmol kg_l) ; the pH values were then converted to the total scale (pHr; [29]).
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The nominal pH values selected for the two experiment conditions (treatments) were: (i) the pH
value found in situ (7.75, NBS) as the control factor conditions/treatment (C), and (ii) the pH value
predicted for the year 2300 (6.80 NBS), which corresponds to the highest total cumulative future CO,
emission scenario, for latitudes corresponding to the Mediterranean Sea [30] for the ocean acidification
conditions/treatment (OA). The 2300 prediction for the pH value was chosen because in situ pH
measurements below the pycnocline Elefsis’ waters already exceeded the future projections for the year
2100 (data from present study; [22,27,28]). Each experimental condition was applied in two replicate
tanks (Figure 2); seemingly, all results regarding seawater samples for both conditions refer to the mean
value of the two replicates (including their standard deviation bars). The attempt to maintain the in
situ physicochemical properties of the natural system (untreated seawater and sediment, temperature,
pH and DO) was fixated for the closest possible simulation of the naturally occurring mechanisms.
Therefore, the C condition tanks are considered to represent naturally evolving alterations, in order
to investigate and fully comprehend the effects of acidification and consequent interchanges on the
selected area.

Figure 2. Design of the experimental set-up. Two tanks for each pH treatment (ocean acidification
conditions/treatment (OA) and control factor conditions/treatment (C)), the IKS system monitoring the
CO; gas supply and Ar supply.

Seawater sampling from the microcosms was performed approximately every 3 days and analyzed
immediately for dissolved oxygen (DO) and total alkalinity (At). Additional water subsamples were
collected and filtered through 0.45 pm polycarbonate membranes for storage in —18 °C and further
analyses of dissolved organic carbon (DOC), nitrate (NO3 ™), nitrite (NO,~), ammonia (NH, "), total
dissolved nitrogen (TDN), phosphate (PO437), total dissolved phosphorus (TDP) and silicate (Si0447).
The methods of determination as well as the analytical errors of all the above chemical parameters are
described in detail in [28]. Dissolved organic nitrogen (DON) and phosphorus (DOP) were calculated
by subtraction of dissolved inorganic nitrogen forms (DIN) from TDN and of phosphate from TDP.
The rest of carbonate system parameters, pCO,, CO, concentration, dissolved inorganic carbon (DIC),
bicarbonates (HCO;~), carbonates (CO527), aragonite’s and calcite’s saturation states ((Qar and Qy)c
respectively) were calculated through the CO2SYS (v.2.1) software package [31] based on pHt and
Ar values. Phosphate, silicate and ammonia concentrations were used as well for this computation;
NHj; concentrations were calculated through NH;* and pH values according to [32]. The CO2SYS
calculations were performed using the apparent dissociation constants of carbonic acid (K1 and K2)
of [33], the equilibrium constant of hydrogen fluoride of [34], the stability constant of hydrogen sulfate
ion of [35] and the boron to chlorinity ratio of [36].

Sampling procedure for sediments involved the collection of two surface subsamples
(approximately the first 1-2 cm) from each tank on the 18th day and on the 33rd day of the experiment.
The organic carbon (OC), the total carbon (TC) and total nitrogen (TN) were determined as described
by [37] with a Thermo Scientific FLASH 2000 CHNS elemental analyzer. Sedimentary carbonates were
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calculated (CaCOj3) through inorganic carbon, after the subtraction of organic carbon from total carbon.
X-ray fluorescence (XRF) was used for the analysis of total phosphorus.

Through SPSS software package, a one-way ANOVA was performed to test the
statistical significance of variation between the two experimental conditions for seawater and
sediment [38]. Data were first checked to ensure they conformed to the assumptions of ANOVA
(normality: Kolmogorov—-Smirnov test and homogeneity of variance test). Additionally, a principal
components analysis (PCA) was applied in order to evaluate the effects of the selected pH treatments on
the biogeochemical parameters of the experimental microcosms; A Promax with Kaiser Normalization
was used for rotation method, converged in three iterations. In PCA analysis, ()-values were excluded
from data reduction since they are directly affected by CO3%~; CO, concentrations were also excluded
and only pCO, values were used.

3. Results

3.1. Physicochemical Parameters

Measurements recorded through CTD indicated a temperature decline from 26.7 °C in the surface
to 17.5 °C in the bottom; salinity decreased from 38.67 to 38.39 psu in 33 m (Figure 3a). Negative
redox potential values in the bottom suggest reducing conditions. DO determinations showed a well
oxygenated upper part until the first 10 m (140 pmol kg~1); in 20 m depth, DO was found 33 pmol kg~!
suggesting severe hypoxia (Figure 3b; [2]). In the deepest part, complete oxygen depletion was found,
indicating full anoxic conditions. Significantly elevated ammonium, DON (Figure 4a), phosphate
and silicate concentrations (Figure 4b) were also detected in the bottom due to anoxia while nitrite
and nitrate were found minimum (Figure 4a). These results agree with earlier observations [20,22],
indicating the long term character of these phenomena.
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Figure 3. Vertical distribution of physicochemical characteristics. (a) Temperature in °C, salinity in
psu and (b) pH in the NBS scale, Redox potential in mV, DO in pumol kg~!, during field sampling
(September 2014).

During the experiment, temperature was measured 17.70 + 0.21 °C inside the incubator room. pH
(NBS) fluctuated slightly in both treatments (6.79 + 0.06 units for OA and 7.76 + 0.03 pH units for C
treatment; Table 1; Figure 5b). DO (Figure 5a) fluctuated between 11 and ~40 umol kg™! presenting
no statistical difference between the treatments (F = 0.015, p = 0.903) suggesting severe hypoxic
conditions [2]. After Ar supply was seized and the systems were left to reoxygenate naturally, DO
increased to 70 pumol kg~! still maintaining hypoxic conditions in both treatments [2].
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Figure 4. Vertical distribution of nutrients. (a) NO3;~, NO,~, NH,*, dissolved organic nitrogen (DON)
and total dissolved nitrogen (TDN) in pmol kg_1 and (b) PO43~, dissolved organic phosphorus (DOP),
total dissolved phosphorus (TDP) and Si04* in pmol kg‘1 and DIN:DIP ratio during field sampling

(September 2014).

Table 1. Seawater carbonate system parameters, as calculated by the ‘CO25YS” package for field
(absolute values) and the OA and C experimental microcosms (mean values, standard deviations,

minimum and maximum values). Calculation of A, DIC, HCO3~, CO32~ and CO, in umol kg’l,

and of pCO; in patm was based on At, pHr, salinity and nutrients.

Field/

Condition pHr At pCO, CO, HCO3~ COz2- DIC Qa Qe
2m 8.03 2974.0 522.6 13.7 2237.3 306.8 2557.8 480 7.19
Field 10 m 8.05 2990.9 504.2 15.1 2334.4 274.1 2623.6 4.18 6.38
1€ 20m 7.76 2978.6 1089.0 36.0 2644.4 139.7 2820.1 211 3.24
32m 7.62 2974.9 1538.4 52.3 2726.1 100.5 2879.0 151 233
mean 6.65 3622.2 18,867.8 641.1 3586.1 15.1 42424 022 034
OA St. dew. 0.06 475.4 2810.3 94.9 469.5 2.7 523.8 0.05 0.08
max 6.73 4340.9  22,525.8 766.3 4292.3 20.3 49569 031 047
min 6.58 3062.4 14,103.0 479.8 3039.1 124 36675 0,15 024
mean 7.62 314318 1660.43 56.49  2893.69 107.06 305723 1.61 249
C St. dew. 0.03 107.34 117.34 3.99 162.29 12.67 176.14 0.19 0.29
max 7.66 330852 1812.77 61.67  3201.87 13253 339452 2.00 3.08
min 758 306452 1525.92 51.91 2759.01 9825 291468 148 229
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Figure 5. DO concentrations (in pmol kg‘1 ; (a)) and pHry (b) for the duration of the experiment;

mean values and standard deviations for the two replicates of each treatment (OA: Ocean acidification

condition, C: control condition).



J. Mar. Sci. Eng. 2020, 8, 462 7 of 20

3.2. Carbonate System Parameters

3.2.1. Field Observations

The pCO; calculated in the surface water was 522.6 patm with a significant increase in the
deeper parts, reaching eventually 1538.4 patm in the bottom of Elefsis Bay (Table 1). Total alkalinity
(AT; Figure 6), in the field, was not significantly affected by the pycnocline, with its value being
relatively steady (2975-2990 umol kg~!) at all depths. Bicarbonates and DIC (Figure 6) presented
similar vertical distributions, increasing below 10 m depth (pycnocline formation); carbonates (Figure 5)
and carbonate saturation states (Table 1) decreased significantly with depth; surface CO3%™ from
307 umol kg~ diminished to 100 pmol kg~! near the bottom while ),y was found also declining from
4.80 in the surface to 1.51 in the bottom waters.

€0,%", DOC (umol kg)
0 100 200 300 400 500
Loveelonsaleenelineitineld

DIC, HCO,™ (umol kg-)
2200 2400 2600 2800
0 —%

Depth (m)

30— v e
T

2850 2900 ‘ 2950 3000 ' 30I50

A, (umol kg™!)
Figure 6. Vertical distribution of carbonate system parameters (A, DIC, HCO3™ and CO3%7) and DOC
(in umol kg~1) in Elefsis Bay during field sampling (September 2014).

3.2.2. Experiment Observations

The contribution of phosphate and silicate concentrations in the computation of the carbonate
parameters via the CO2SYS was checked. Their inclusion in the calculations did not alter significantly
the computed carbonate system parameters neither for C or OA conditions (overestimation of about
0.01-0.5%) as was previously stated [28]. The results presented from now on include nutrients.

Total alkalinity increased after the 5th day, during OA conditions (Figure 7a), and remained
constantly elevated compared to C conditions (Figure 7b); the reoxygenation led to increased final At
values for both conditions (F = 3.910, p = 0.066). Bicarbonates and DIC fluctuated slightly during C
conditions (Figure 7b); during OA conditions they were found significantly higher throughout the
experiment (F = 13.001, p = 0.002 and F = 21.139, p = 0.000 respectively; Figure 7a) while during
the reoxygenation phase a decrease in both parameters was observed. Carbonates remained steady
throughout the experiment until the 21st day in C conditions (Figure 7b); on the 21st day an increase
was found that could be attributed to sediment sampling and turbation, which was amplified by the
reoxygenation to final values of 231.2 umol kg~!. In OA conditions, carbonates initially decreased from
46.4 to 14.8 umol kg~! and remained steady until the 25th day (Figure 7a); after the reoxygenation,
carbonates increased dramatically to 165.9 umol kg~! (F = 11.097, p = 0.004). Aragonite and calcite
saturation states also followed the same trend with carbonates in both conditions (Table 1; F = 11.097,
p = 0.004 for both).
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Figure 7. Total alkalinity, DIC, HCO3;~ and CO3%~ concentrations (in pmol kg_l) and sedimentary
CaCO;ss (in %) for the duration of the experiment for (a) OA and (b) C conditions (x-axis: days of the
experiment; mean values and standard deviations for the two replicates of each treatment).

3.3. Nutrient Species and Carbon Analyses

3.3.1. Field Observations

Nitrate, nitrite (Figure 5a) and DOC (Figure 6) concentrations in Elefsis Bay were found at
maximum in 20 m depth. In the bottom, ammonium (Figure 5a), phosphate and silicate (Figure 5b)
were found significantly higher than in shallower depths along with elevated DON concentrations;
on the contrary nitrate, nitrite and DOC concentrations, were found at minimum in maximum depth.

3.3.2. Experiment Observations

Nitrate during the experiment, showed similar trends in both treatments until the 21st day;
subsequently, while in C condition (Figure 8a) they remained relatively stable, in OA condition they
were found to increase significantly until the 33rd day (Figure 8b; F = 0.141, p = 0.712). Nitrite on
the contrary, were found to increase in C condition until the 15th day and then they decreased to
minimal values until the end of the experiment (Figure 8a); in OA condition, nitrite showed a steady
increase throughout the experiment, especially after the reoxygenation (Figure 8b; F = 4.078, p = 0.061).
Ammonium, in C treatment, declined throughout the experiment to minimum values (Figure 8a);
in OA treatment, ammonium was found steady during the first 15 days while their concentrations
declined in the end of the experiment (Figure 8b; F = 2.841, p = 0.111). DON in OA condition (Figure 8b)
presented a significant increase until the 12th day and remained higher than C condition throughout
the experiment (Figure 8a; F = 7.662, p = 0.014). Phosphate (Figure 9a,b) showed the same trend in
both conditions, but with significantly elevated concentrations in OA condition (F=18.981, p = 0.000).
DIN:DIP ratio (Figure 9¢) decreased gradually in C condition while in OA condition it remained
constant throughout the experiment (F = 0.823, p = 0.378). DOP and DOC (Figures 9 and 10) also
presented respective trends in both conditions, with slightly elevated final values for OA condition
(F=1.402, p=0.254 and F = 1.423, p = 0.250 respectively). Silicate (Figure 10b) presented the same
trend in both conditions as well (F = 0.126, p = 0.728).
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Figure 10. DOC concentrations (in umol kg‘l) and sedimentary OC (in %; (a)); silicate (in pmol kg‘l)
and sedimentary silica (in %; (b)) for the duration of the experiment for OA and C conditions (x-axis:
days of the experiment; mean values and standard deviations for the two replicates of each treatment).
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3.4. Sediment Analyses

Sediment granulometry showed that the Elefsis Bay is characterized by fine surface sediments
of < 63 um, in a percentage between 95 and 100%. The main sediment minerals found were calcite
(CaCO3) and quartz (Si0O,), followed by aragonite (CaCOj3) and cinochlore (Mg5Al)(AlSi3)O19(OH)g,
sediment phases rich in carbonates and silica, along with aluminum and magnesium [28]. Elefsis Bay
sedimentary carbonates were found 34.57% + 0.95%. For C treatment, CaCO3; were 33.84% =+ 1.26% and
after the reoxygenation they were found 35.61% =+ 1.26%. In OA treatment, during anoxia, carbonates
were found 39.48% =+ 2.60% while after reoxygenation they decreased to 35.80% + 2.60% (all presented
in Figure 7). The field OC content was 3.22% =+ 0.15%; during both OA and C conditions, it was found
similar (2.17% + 0.26% and 2.28% + 0.24% respectively) while after the systems reoxygenation, OC
decreased to 1.89% + 0.26% and 1.94% + 0.24% respectively for the two conditions (Figure 10a). TN
in the field was 0.39% + 0.04%. In OA conditions TN content was 0.25% + 0.03% and 0.18% + 0.03%
before and after the oxygenation respectively; in C conditions TN was 0.27% =+ 0.03% and 0.31% + 0.03%
respectively (Figure 8) TP in the field was 0.05% =+ 0.01%; in OA conditions, TP was found 0.08% + 0.02%
initially while after the reoxygenation it decreased to 0.05% + 0.02%. In C conditions, TP was constant
in 0.06% =+ 0.01% (Figure 9).

3.5. ANOVA Test and Principal Components Analysis (PCA)

The one-way ANOVA test for the evaluation of the statistical significance of variation between
the two experimental conditions for seawater is shown in Table 2. For sediments the ANOVA test
indicated no statistical significance for none of the parameters analyzed between the two conditions.

Table 2. One way ANOVA results (F, p) for all experiment parameters regarding seawater analyses
(p values < 0.05 are marked in bold, which indicate statistical significance between the two treatments).

Parameter F p Parameter F p
DO 0.015 0.903 NO3z~ 0.141 0.712
At 3.910 0.066 NO,™ 4.078 0.061

HCO3™ 13.001 0.002 NH4* 2.841 0.111
CO3%~ 11.097 0.004 DON 7.662 0.014
DIC 21.139 0.000 P03 18.981 0.000
Qar. 11.097 0.004 DOp 1.402 0.254
Qcale. 11.097 0.004 SiO4 4~ 0.126 0.728
DOC 1.423 0.250 DIN:DIP 0.823 0.378

PCA analysis for C condition explained 76.6% of variation in the first two principal components,
(Figure 11a). The first axis (PC1) explained 46.5% of total variance and was positively related to At
(0.95), SiO4 (0.93) and DO (0.90) and was negatively related to DIN:DIP (-0.96), PO,3~ (-0.94), DOC
(=0.78) and NH,4 " (—0.77). PC2 explained 30.0% of total variation and was positively correlated with
DIC (0.90), NO,~ (0.87), pCO, (0.84) and HCO3™ (0.83) and was negatively correlated with DON (-0.85).

PCA analysis for OA condition explained 80.4% of variation in the first two principal components
(Figure 11b). The first axis (PC1) explained 56.9% of total variance and was positively related with Ay
(1.00), HCO5;™ (0.98), DO (0.93), DIC (0.88), NO,~ (0.87) and DOP (0.87) and was negatively related to
NH,* (-0.92) and PO~ (=0.90). The second axis (PC2) explained 23.4% of total variance and was
positively associated with DOC (0.85) and was negatively correlated with pCO; (-0.99).
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Figure 11. Principal component analyses (PCA) graphs for (a) C and (b) OA treatments. Red circles
indicate positive significant correlations while blue circles indicate negative significant correlations.

4. Discussion

This work follows and contributes additionally to a previous experimental set-up for the emerging
effects of future projected acidification in addition to coastal hypoxia in the restricted marine system of
Elefsis Bay [28]. This intermittent characteristic, prevailing in several coastal areas, has been shown to
implicate major biogeochemical processes (e.g., nitrification, ammonium oxidation and inhibition of
OM remineralization; [28]). This study was focused on the further oxygen depletion in the bottom
waters of Elefsis Bay (typical during the summer period; [22]) known to trigger even more acidified
conditions (e.g., [7]), and whether this process in addition to OA could favor an interchange in the
habitual process sequence. This experimental simulation could highlight possible processes alterations,
which might have been neglected until now for the better understanding and foresight of such special
system future evaluations/perspectives.

4.1. Carbonate System and Related Processes

During sampling, complete depletion of oxygen (anoxia) was found (Figure 4b); however, during
the experiment despite the controlled Ar gas supply for maintaining this condition, DO levels ranged
between suboxic to severe hypoxic conditions for both treatments ([1,2]; Figure 5a). Due to the seawater
oxygenation during transport and experimental set-up, complete absence of oxygen could not be
reachieved despite the continuous Ar gas supply. After the cessation of the Ar gas supply during
the last 7-days of the experiment duration, the systems were left to reoxygenate naturally through
oxygen molecular diffusion, however DO did not reach normal oxidizing conditions remaining within
the range of hypoxia. Full reoxygenation was not achieved possibly due to oxygen demand for the
ongoing oxidative processes surpassing the oxygen supply through the air-water interface. It has been
shown that high concentrations of DOM affect the interface properties inhibiting the gas transfer [39]
retarding thus the complete oxygenation of the experimental tanks.

Elefsis Bay vertical distribution of bicarbonates and DIC appear similar (Figure 6), increasing
below the pycnocline. Bicarbonates trend reinforces the hypothesis that apart from sedimentary
carbonate dissolution, anaerobic processes (e.g., sulfate reduction, ammonium prevalence due to OM
remineralization, etc.) produce significant amounts of HCO3;™~ [28]. What was found here is that
DIC and At seem to associate with different processes; apart from bicarbonate production, which
augment both parameters, sedimentary carbonate dissolution contributes more notably to At than to
DIC (by definition of At; [40]) and possibly organic substances and nutrient species also significantly
contribute (positively or negatively) in At content.
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Carbonates, in C condition, were only affected by sediment sampling, which was then augmented
by system reoxygenation (Figure 7b); this suggests carbonate dissolution from sediments, which,
however, was not depicted in decreased sedimentary carbonates. Total alkalinity and bicarbonates
followed similar patterns (Figure 7b), with HCOj3;~ being the main constituent of At. Carbonates
seem to contribute significantly in At especially after reoxygenation. At and DIC concentrations did
not diverge; however, the processes affecting each of these parameters seem to be decoupled in this
case (Figure 7b). This also became evident through PCA (Figure 11a); besides HCOj3~, substances
originating from OM degradation and nutrient species transformations seem to strongly affect Ar.
Carbonate minerals saturation states (), and Q) followed the carbonate ions trend. Even for
C condition in the absence of oxygen (), varies between 1.48 and 1.62 (Table 1), which is in close
proximity to system undersaturation for the specific mineral; after reoxygenation, (), increased again
suggesting that oxygen availability buffers increased acidity.

In OA condition, total alkalinity increased substantially comparing with C condition with no
statistical difference, however, between the treatments (Figure 7a). The enhanced At in more acidified
conditions is normally attributed to carbonate minerals dissolution from sediment [41,42], which was
not apparent in this case. This has been previously pointed out for Elefsis Bay [28]; Since sedimentary
carbonate content reaches 40%, the respective At increase (AAt = 1500 umol kg~!) would account for
<0.0001% w/w dissolution in sediment carbonates, a variation that cannot be detected regarding the
methodological error of the particulate inorganic carbon determination. Additionally, At increases
to a lesser extent considering the previous experiment with hypoxic conditions (4500 pmol kg~! and
5300 pmol 1<g_1 respectively; [28]); since At can act as a negative feedback to elevated pCO, [42-46],
oxygen depletion seems to intercept this buffering mechanism. Bicarbonates also increase coinciding
with DIC and alkalinity trend, suggesting that this is the decisive carbonate species contributing to
both DIC and alkalinity budget (Figure 7a). Carbonates were significantly lower than in C condition;
carbonate mineral saturation states followed carbonate trend as well (Figure 7a), with both Q,; and Q4
calculated below 1.0 suggesting system undersaturation (Table 1). During reoxygenation, bicarbonates
were slightly affected while DIC decreased 10%. Carbonates increased substantially 90%, suggesting
sediment carbonate dissolution due to oxygen penetration alongside with (), and (), increase well
above 1.0, indicating that despite the high CO, concentration, oxygen availability buffered acidification
mechanisms to some point; At also increased by 10% after reoxygenation possibly attributed to
carbonate increase (Figure 7a). After the reoxygenation phase, rather stable bicarbonate ions content
was preserved in both treatments; it is suggested that anaerobic processes trigger HCO3;™ production,
which are maintained even when oxygen becomes available again. During anaerobic degradation,
bicarbonates are released through several processes such as denitrification, manganese, iron and sulfate
reduction producing both At and DIC, [9,43,45,47], which has been also suggested previously for
the same area under hypoxic conditions [28]. In this case, OM degradation products are released in
both treatments, augmenting alkalinity, but in more acidified conditions these products are either
solubilized more rapidly or become more stable, still maintained dissolved despite the DO increase.

PCA performed on the C treatment results (Figure 11a) revealed the oxygen unavailability impact
on At through anaerobic organic matter degradation products (PC1). As OM was consumed,
ammonium, phosphate and silicate were produced and accumulated near the sediment-water
interface with significantly higher concentrations than usual. The dissolved oxygen along with
silicate concentration contributed positively to the system’s At while inorganic N and P species
contributed negatively to At. Furthermore, coupled redox processes were revealed with organic
nitrogen oxidation to inorganic forms on one side and reduction mechanisms producing significant
amount of bicarbonates, which increased DIC on the other side (PC2). What was remarked here is that
apart from bicarbonates that contribute to both At and DIC, there was a decoupling in the processes
designating At and DIC; this was also evident through in situ At and DIC vertical distribution,
with DIC coinciding with HCO3™ trend while in At other substances/processes seemed to contribute
additionally to its final content (e.g., organic constituents and nutrient species) below the pycnocline.
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PCA performed in OA condition results (Figure 11b) showed the strong consistency of Ar,
DIC and bicarbonates with DO (PC1). In the absence of available oxygen, bicarbonate generation
through reduction processes in addition to organic matter degradation are indicated, as was previously
suggested [28]; denitrification, manganese, iron and sulfate reduction on the continental shelves
all generate alkalinity despite the dissolution of CaCO; [43]. It was also pointed out that apart
from phosphate, dissolved organic carbon also contributed negatively to At. Additionally, a strong
coherence between dissolved organic content with pCO, values was found, suggesting the continuous
coupling of OM degradation with CO, production despite the steep experimental CO, addition (PC2).

4.2. Nutrients and Carbon—Evidence of Nitrification under Low DO

In C condition, nitrite increased throughout the first 15 days while ammonium oxidation was
observed after the 5th day of the experiment. Organic N initially increased and began to decompose
on the 12th day; after sediment sampling on the 18th day, DON increased while ammonium was
maintained minimum (Figure 8a). Sediment irrigation seemed to trigger organic N release in the
overlying water with parallel inhibition of the decomposition processes. Nitrite increased and was the
main product up to the 15th day, with parallel nitrate increase, while ammonium constantly reduced
indicating nitrification processes. After the 15th day both ammonium and nitrite are consumed,
with nitrate being the main DIN form, finally. The reoxygenation phase, slightly affected nitrate and
ammonium concentrations, while nitrite, DON (Figure 8a) and DIN:DIP ratio decreased (Figure 9c).

DON in the OA condition as well increased after sediment sampling up to the 12th day; this
organic input, after degradation preserved an elevated ammonium budget. As the experiment
continued, DON degraded to inorganic forms with significant ammonium decrease after the 15th day,
and subsequent nitrate and nitrite release, with nitrate being the main final DIN product (Figure 8b);
despite the considerable decrease, DON exceeded all DIN forms at the end of the experiment. TDN
was inextricably coupled with DON in OA conditions, suggesting this was the main form featuring N
availability in the system.

It has been demonstrated that under lower pH values (7-6.5), ammonium oxidation decreases
significantly, up to 50-90% respectively [32,48,49]. This was found in consistency with the previous
experiment, under hypoxic and acidified conditions, with ammonium accumulation instead of
ammonium conversion to nitrite and nitrate [28]. During severe hypoxia here, acidified conditions
correspond to pH values of 6.80 suggesting an expected decreased ratio of ammonium oxidation
greater than 50% [32]. However, there is strong evidence here that more of a deceleration rather than a
suppression mechanism of ammonia oxidation was observed, which utterly converted ammonium to
nitrite and nitrate in turn, leading in nitrate being the final dominant inorganic N-species. In more
acidified conditions, a nitrification mechanism was observed from the 15th day onwards despite the
oxygen deficiency, as was pointed out for C conditions as well. N-enriched organic matter degraded
leading in ammonium accumulation, which was then oxidized to nitrite and furthermore to nitrate
(Figure 8a). It has been shown that in anoxic regions, the introduction of Mn-oxides from oxidized
surface sediments result in anoxic nitrification, and net production of nitrate and nitrite [47]. Within
organic and Mn-rich sediments where O, is absent, NO3™ can be produced during Mn-oxide reduction
with the rate of anoxic nitrification being directly proportional to the quantity of Mn-oxide available. In
Elefsis Bay, in the absence of O,, Mn(IV) mainly present as MnO, in sediment is reduced to dissolved
Mn(II) eluding from sediment to the overlying water [50]. Preliminary data from the specific study
regarding trace metals [51] show that in Elefsis bottom water, Mn appeared elevated in soluble forms
(4.27 umol L), which in addition to the accumulation of NO3~ and NO,~ below 20 m depth could
be an indication for anoxic nitrification process [47,52]; Mn significance in Elefsis” water column
biogeochemistry has been previously suggested [20], with its actual role not being fully assessed yet.
This Mn behavior is also reinforced through PCA (Figure 11b) where redox processes coupled with
organic nitrogen oxidation to inorganic forms seem to appear on one hand and reduction mechanisms
(including denitrification, sulfate and Fe/Mn reduction) being indicated on the other hand.
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Phosphate presented the same trend in both C (Figure 9b) and OA conditions (Figure 9a) but
was found significantly higher in OA, being the dominant phase against organic P. In previous
studies [28,49,53,54] and references within [55], no impact of CO, enrichment on phosphate was
suggested. In addition, under lower pH values, system reoxygenation slightly affected the PO,3~
concentrations, indicating restricted particular phase reprecipitation as it is normally expected.
Dissolution of Fe-oxyhydroxides and associated phosphate is accomplished through the reduction of
Fe(III) to Fe(II) and eventually Fe(II) eludes in soluble forms, with the parallel release of dissolved
phosphate in the water column. When oxygen supply increases, dissolved Fe(II) oxidizes in Fe(III)
and reprecipitates without incorporating the whole amount of phosphate within the newly formed
Fe-oxides [24,56,57]. Here, it appears that in lower pH values in combination with the lack of oxygen,
phosphate solubility is favored at all times against reprecipitation even when the water column is
reoxygenated. DOP also presented similar trends in both conditions, with higher (but not statistically
different) concentrations in the OA condition. For silicate, no significant acidification impact was
observed as has it been previously reported [28,49,55]. DIN:DIP fluctuated between 10 and 2 in the
C treatment, with minimum values at the end of the experiment after the reoxygenation while in
the OA treatment (Figure 9c), the ratio was between 6 and 7 with negligible variations; in both cases
N-limitation was maintained.

Sedimentary OC dropped by 28% in the C condition after the reoxygenation phase leading to
a DOC increase of 58%; this could implicate the release of sedimentary organic compounds in the
overlying water, which being in excess were accumulated and could not be decomposed (Figure 10).
The respective sedimentary OC decrease in OA condition was 22% with a subsequent 49% increase in
DOC suggesting that acidification had a lesser impact on the fate of OC and oxygen availability favored
organic matter degradation/accumulation (Figure 10). Sediment TN decreased in both conditions
in relation to field values but increased again in the C condition after reoxygenation (Figure 8a).
In the OA condition a further decrease was observed after reoxygenation with final TN 50% lower
than field values (Figure 8b). It has been previously found that in Elefsis Bay, nitrate and DO follow
common distribution trends suggesting that oxygen concentration influences nitrogen flux through the
sediments [58]. In this case, this behavior was possibly associated with DON release from the sediment
rather than inorganic N forms in the water column.

4.3. Implications and Interchanges of Intermittent Hypoxia/Anoxia and Coastal Acidification

Elefsis surface pCO, was calculated at 522 patm and was approximately stable throughout the
first 10 m; in 20 m depth, however, the pCO, doubles, reaching values of 1538 patm in the deepest
part (Table 1). The surface values found here were already 100 ppm higher than the pCO, values
for the study period (399 patm, September 2014; [59]); the deepest part was already acidified with
values exceeding OA surface water predictions for the end of the century. The Elefsis Bay surface
layer (down to 10 m) presented pH values similar to the midsummer values recorded at 4 m below
sea surface in the adjacent Outer Saronikos Gulf over the period September 2013-October 2014 [60];
Elefsis bottom, however, was found already acidified (7.75) in relation to surface values (8.16; Figure 3).
As was mentioned previously, Elefsis Bay has been subjected to a pH decline since the late 70s, with
bottom values of 7.5-7.9 [22,27] even under hypoxic conditions. In Elefsis Bay, the pycnocline is
an intermittent feature (see Introduction), which after collapse could enrich shallower depths with
CO; originating from bottom waters. Elefsis Bay is the waterfront of the Thriassion plain that has
been a heavily industrialized, urban area for several decades [61]. In consequence, high CO; air
produced by anthropogenic activities near the coast can be advected via atmospheric circulation
over the surface of Elefsis Bay and therefore increase the flux of CO; into surface waters. Indeed,
nearshore areas with significant CO, emissions from land based sources have been found to impact a
territory of 100 km from the coast with contribution to air-sea fluxes causing an increase of about 20%,
despite the habitual oceanographic processes [62]. The pCO, value of 1538.4 patm of Elefsis bottom
is typical for coastal hypoxic regions [7-10], with future projections of combined acidification effects
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with hypoxia appearing to follow a non-linear pattern [9]. Additionally, oceanic anoxic zones are
expected to encounter acidification-enhanced pCO, with transit times varying between decades to a
century depending on the time needed for the CO,-enriched surface waters to arrive in the bottom
anoxic zone. Regarding coastal areas with seasonal hypoxia, this time delay varies between months
to 1 year [9]. Ocean acidification in a bottom to surface direction could also impact food webs and
carbon cycling involving various pH-dependent nutrients and metals’ species, thus altering species
composition and primary productivity processes [48]. Water circulation or sea surface-atmosphere
gas exchange appears to be considerably less important than primary productivity cycles, however,
apart from the bottom to surface acidification due to OM degradation, increased atmospheric CO,
over Elefsis Bay could already be increasing surface water pCO, penetrating towards deeper waters to
a lesser extent but acting cumulatively with unknown future perspectives.

Total alkalinity in Elefsis Bay was also found higher than earlier in the same year
(between 2974-2990 pmol kg_1 and 2769 pumol 1<g‘1 respectively; [28]); the maximum At value
was identified at 10 m depth (Figure 6) coinciding with the maximum values of DOC (Figure 6)
and DOP (Figure 4b). A seasonal variability of A1 has been also found in the coastal Levantine Sea
(2595 umol kg_1 in winter and 2617 pmol kg_1 in autumn [63]), which is related to salinity variations.
In any case, At is widely considered as a conservative seawater property and when biological activity
is omitted, the variations of this parameter should be directly related to salinity changes when dilution
or evaporation occurs in the ocean [64]. In Elefsis Bay, temperature and salinity in the upper 15 m of
the water column increase fast in summer due to atmospheric heating and evaporation [20], which can
justify the higher At values of this period. In general, Elefsis Bay At values were found higher than
other Mediterranean coastal areas [3,7,61,63] although all of them receive freshwater discharges of
rivers and streams crossing watersheds composed mainly of carbonate rocks resulting in significant
alkalinity inputs. Elefsis Bay receives surface runoff originating from the surrounding calcareous
mountains [61] and its At is higher even from the adjacent Saronikos Gulf [65]. Additionally, it has
been pointed out for areas with restricted mixing and/or characterized by significant inputs of DOM
from land that organic bases contribute remarkably in At [66,67]. Elefsis Bay also poses such a system
and its higher At could also be attributed in its high organic load. As a result Elefsis Bay is definitely
prone to absorb higher atmospheric CO, quantities in relation to adjacent areas of Mediterranean,
being even more sensitive regarding carbonate system variables.

In Elefsis Bay, ()ar was calculated 4.80 in the surface while in the bottom it decreased dramatically
to 1.51 (Table 1); previous studies for a coastal site in the Ligurian Sea (Western Mediterranean; [68])
show that during 1967—-2003, the estimated ()., ranged between 4.3 in 1968 and 3.1 in 2003. Even if
carbonate saturation states are mostly well above 1 throughout the year, a seasonal significant decrease
related with dissolved oxygen availability could already impact calcareous organisms, which require
) values much higher than 1 [7], with unpredictable alterations for the specific ecosystem.

Under low oxygen conditions, in Elefsis Bay, denitrification normally occurs near the
sediment-water interface [20] removing most of the nitrate; the ammonium, phosphate and silicate
accumulate due to organic matter oxidation followed by MnO, reduction. Trace metal analyses from
the specific study [51] show that total dissolvable Mn (dissolved and particulate Mn) varies between
2.7 and 3.1 pg L~ in the first 10 m and increased to 234.7 g L' near the bottom. Such findings are not
uncommon, with previous reports of elevated dissolved (112 pg L1 and particulate Mn (171 pg L1
during anoxic periods [20]. In combination with the findings in [47], suggesting Mn induced anoxic
nitrification, the available Mn in dissolved forms could be responsible for triggering nitrification
phenomena under anoxic conditions. It is likely that a complex biogeochemical coupling of all nitrogen,
sulfur, carbon, oxygen and manganese is established rather than a simple redox reaction succession in
Elefsis water column and surface sediments.

In addition when oxygen concentration diminishes in Elefsis Bay, phosphate dissolution occurs
from sediments to pore waters from host Fe-oxyhydroxides; then, phosphate escapes via diffusional
transport, resuspension or irrigation by benthos [20] becoming available in dissolved forms. In this
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study, in more acidified conditions, the sediment irrigation and reoxygenation did not cause phosphate
reprecipitation, maintaining a high P content in the system. As a consequence, an invariable DIN:DIP
ratio around 7 was observed during OA conditions (Figure 9¢), significantly lower than earlier in the
same year (the ratio varied between 10 and 30; [28]). DIN:DIP usually varied between 13 (surface)
and 4 (bottom) during stratified periods [20], leading in near-bottom N-deficit. Under lower pH
values, it seems that N was not depleted as usual but a constant N-budget was obtained with also
unpredictable pathways for the system’s biology.

5. Conclusions

This study was closely associated with previous work concerning the area of Elefsis Bay [28]
under hypoxic conditions coming after a previous preliminary experiment on the specific area [24].
Following those primary findings, the present work focused on the different alterations that severe
hypoxia could implicate in the already high CO; Elefsis bottom. In coastal areas similar to the Elefsis
Bay, characterized by certain hydrometeorological conditions and anthropogenic activities, more
acidified conditions have already been pointed out. These acidification phenomena originating from
the aforementioned specific characteristics are already of high scale, implementing as an additive or
a negative feedback to OA resulting from atmospheric inputs. The last decades, OA has become an
environmental challenge of great significance especially for coastal oceans; for this reason, the Elefsis
Bay could present a great natural example and first indication of possible alterations due to synergistic
effects of oxygen depletion and future expected OA.

Organic matter elevated input with its subsequent degradation in combination with the very
stable seasonal temperature-driven pycnocline, increases the CO, concentration at the sediment-water
interface and results in high pCO; values similar to those predicted for the surface ocean for the end
of the 21st century. This intermittent phenomenon has been well investigated for the past 40 years;
when the pycnocline gradually breaks, the bottom enriched CO, waters gradually reach shallower
depths. Furthermore, Elefsis surface water pCO, was already found elevated and the mixing of these
“acidic” waters in combination with the restricted circulation could obstruct CO, reinstatement to
normal values for the entire water column. A two-direction acidification mechanism might already be
present; a bottom to surface acidification due to OM degradation and a surface to bottom acidification
related to the increased atmospheric CO; in Elefsis Bay marine air that promotes the supply of CO,
enriched surface water towards the deeper parts of the bay. The latter might affect the area to a lesser
extent but act with cumulative impacts and unknown future perspectives. Since these findings have
never been included in long term observations or correlated with nutrient or biological indicators
before, a significant factor may have been excluded until now for the Elefsis Bay evaluation.

Total alkalinity in the Elefsis Bay was found to be affected by organic matter constituents such as
DOC and organic phosphorus. A total alkalinity increase under lower pH was limited (relatively to
hypoxic and more acidified conditions previously studied in [28]) with bicarbonates being the dominant
constituent; only after the reoxygenation of the waters, carbonates significantly contributed to its
final concentration, thus suggesting that OM degradation and related processes were the main factors
affecting At. Despite that none of the carbonate minerals saturation states were calculated below 1.0,
the significant decline calculated from surface to bottom and the intermittent variation in ()-values
could be significant as it concerns calcifying organisms.

In more acidified conditions, ammonium oxidation is not prevented but was achieved with
deceleration. It was also indicated that a nitrification mechanism prevailed despite the absence of
oxygen, which could possibly be attributed to the high dissolved Mn found in the anoxic bottom
water; these observations come in contrast with previous findings under hypoxic conditions, where an
interception of ammonium oxidation along with a decline in nitrification process were indicated [28].

Simulated acidification in the Elefsis Bay suggest a significant increase in phosphate concentrations
tightly linked to the switch between oxic formation and reductive dissolution of enriched with
phosphate Fe(Ill) oxyhydroxides, depending on the DO availability. After the reoxygenation of the
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system, phosphate do not quantitatively coprecipitate with the newly formed Fe(III) oxides maintaining
both high dissolved phosphate and a constant decreased DIN:DIP ratio in the water column (considering
respective DIN:DIP values in hypoxic conditions [28]). Release of phosphate through this process in the
shallow Elefsis Bay may enhance phosphate availability stimulating consequently primary production
and creating a positive feedback loop that may exacerbate anoxic and “acidified” conditions on both
short and long time scales.
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