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Abstract

Particulate material plays a major role in the transport of sparingly soluble nutrients
such as P and Fe in natural surface waters. Microbes might gain access to these nutrients
either indirectly through particulate dissolution or directly through microbial attack. As such,
it seems reasonable to expect a link between the particulate material concentration and
bacterial growth in natural surface waters. To explore this link, a series of microcosm growth
experiments were performed with a typical freshwater cyanobacteria Synechococcus sp.
grown in dilute BG-11 culture media in the presence and absence of basaltic and continental
riverine particulate material. Results demonstrate that riverine particulates can increase
bacterial biomass by 1) triggering bacterial growth in otherwise unfavourable conditions, 2)
increasing total maximum biomass concentration, and 3) inducing bacteria growth during the
post-exponential phase. These effects are found to be enhanced by increasing particulate
concentration. Results also indicate a positive feedback between the nutrient release from the

particulates and growing bacteria, where dissolving particulates enhance bacterial growth,
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which further promotes particulate dissolution by altering fluid pH. Microscopic analysis
showed direct physical contact between particulates and cyanobacteria, suggesting that
bacteria attach directly on mineral surfaces to gain required nutrients. Furthermore, frequent
bacteria clusters were observed associated with particulates, indicating an increasing
aggregation of bacteria in the presence of particulate material, which may facilitate a higher

burial efficiency of organic carbon.

Keywords: CO,, cyanobacteria, organic carbon cycle, primary production, riverine

particulate material, nutrients

1 Introduction

Atmospheric CO, concentrations have been steadily increasing since the beginning of the
industrial revolution and there is exhaustive research linking it to global climate change.
Carbon dioxide is removed from the atmosphere by two major mechanisms: The ‘inorganic
pathway’, which couples the dissolution of divalent metal bearing silicate minerals to the
formation of carbonate minerals and the ‘organic pathway’, which removes CO, from the
atmosphere by photosynthesis and the subsequent burial of organic matter (Berner, 1982;
Berner et al., 1983; Berner and Kothavala, 2001; Falkowski et al., 1998; Gislason et al., 2009;
Walker et al., 1981; Wallmann, 2001). Burial of organic matter is required for the long-term
drawdown of CO, via the ‘organic pathway’ because it prevents organic matter
decomposition and thus the return of CO; to the atmosphere (Berner, 1982; Falkowski et al.,
1998; Jeandel and Oelkers, 2015). Besides CO; and light, photosynthesizing microorganisms
require nutrients for their metabolic activity. A lack of nutrients, such as P, N, Si, or Fe can be
the limiting factor for primary production (Broecker, 1982; Falkowski et al., 1998; Jickells et
al., 2005; Mills et al., 2004), whereas in turbid environments, light can limit bacterial growth
(Anderson et al., 2002). The two major sources of nutrients to natural surface waters are the
recycling of organic compounds due to microbial degradation and the influx of new nutrients
through rivers, aeolian dust or volcanic ash (Eiriksdottir et al., 2015; Eiriksdottir, 2016;
Falkowski, 2014; Jickells et al., 2005; Jones and Gislason, 2008; Olsson et al., 2013).

Rivers carry elements derived from continental weathering in dissolved and particulate
form. Whereas the dissolved riverine transport has received much greater interest in the past,
recent estimates of riverine particulate fluxes concluded that the suspended material flux
dominates the dissolved flux for essentially all elements, except for the most soluble like Na

(Gislason et al., 2006; Jeandel and Oeclkers, 2015; Jones et al., 2012; Oeclkers et al., 2011;
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2012). The estimated global dissolved riverine flux is approximately 1 Gt year™ (Gaillardet et
al., 1999; 2003; Meybeck et al., 2003; Viers et al., 2009), whereas the suspended particulate
land-to-ocean flux is estimated to be 15-20 Gt year™, thus at least an order of magnitude
greater (Meybeck et al., 2003; Oelkers et al., 2011; Syvitski et al., 2003; Walling, 2006).
Including the estimated bedload component of 1.6 to 10 Gt year™, the total particulate flux
exceeds the dissolved flux by a factor of 17 to 30 (Jeandel and Oelkers, 2015; Walling, 2006).
The predominance of particulate over dissolved transport at a global scale is depicted in
Figure 1 for a selection of vital and often limiting nutrients. For example, the riverine
particulate flux of Si, P and Fe exceeds the corresponding dissolved flux by factors of 50, 100
and 350, respectively (Jeandel and Oelkers, 2015; Oelkers et al., 2011). Moreover, much of
what is commonly measured as dissolved flux may in fact be present as colloids and

nanoparticles (Gaillardet et al., 2003).

Jeandel and Oelkers (2015) summarized the potential role of riverine particulate material
in the burial and preservation of organic carbon. First, an increasing supply of particulate
material accelerates the sediment accumulation rate, thus reducing organic material exposure
time to oxygen and the organic matter decomposition. Secondly, the supply of mineral
surfaces is viewed as major control of organic matter burial due to strong organic material

sorption onto

Fe

Si

Cu
Mn
Mo

1 1
0.1 1 10 100 1000

Particulate / Dissolved flux

Figure 1. The ratio of global riverine particulate flux to the corresponding dissolved flux for
selected nutrients. Particulate fluxes of the vital nutrients Si, P and Fe exceed the
corresponding dissolved fluxes by factors of 50, 100 and 350. Figure modified after Oelkers
etal. (2011).

mineral grains (Burdige, 2007; Kennedy et al., 2002; Lalonde et al., 2012; Mayer, 1994). Note
also, that riverine particulate transport in the global rivers is particularly climate sensitive

(Gislason et al., 2009; Jeandel and Oelkers, 2015). An increasing CO, concentration in the
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atmosphere leads to higher air temperatures, changing precipitations patterns and increasing
runoff, which leads to elevated chemical and physical weathering rates (Alley et al., 1997,
Gedney et al.,, 2006; Gislason et al., 2006; 2009; Labat et al., 2004). The increasing
weathering rates in turn drive the CO, drawdown via both the ‘inorganic’ and ‘organic

pathway’ through the delivery of divalent cations as well as limiting nutrients.

The significance of terrestrial sediments on bacterial productivity has received some
attention, notably due to their potential source of bio-available Fe. The dissolution of Fe in
continental shelf sediments has been attributed as major source of dissolved Fe to the oceans
(Dale et al., 2015; Elrod et al., 2004; Jeandel and Oeclkers, 2015; Jones et al., 2011; Radic et
al., 2011). However, the direct effect of riverine particulates on bacterial growth has not been
investigated in detail. Direct and indirect interactions between minerals and microbes,
however, are common or even omnipresent in natural systems. For example, Bailey et al.
(2009) demonstrated, in an experimental study, the capability of microbes to obtain required
nutrients directly from basaltic glass. Similarly, Rogers et al. (1998) and Rogers and Bennett
(2004) showed in a field and experimental study that P-bearing silicates were heavily
colonized and weathered by subsurface microorganisms, whereas P-free silicates were not.
They concluded that microorganisms acquired inorganic P directly from the silicate minerals.
More recently, Sudek et al. (2017) observed elevated growth rates of the heterotrophic
bacterium Pseudomonas stutzeri VS-10 in the presence of basaltic glass and concluded that
the physical contact between the bacterium and the glass is critical in this process. Perez et al.
(2016) described elevated growth rates of the heterotrophic bacterium Pseudomonas
aeruginosa in the presence of Fe-bearing basaltic glass compared to Fe-free basalts and

control experiments without basalt.

Microorganisms have been shown to influence mineral dissolution and precipitation
reactions. For example in lacustrine settings, the growth of cyanobacteria has been
demonstrated to catalyze calcium carbonate formation through the creation of an alkaline
growth environment around the cell (Dittrich et al., 2003; Hodell et al., 1998; Lee et al., 2006;
Stabel, 1986; Thompson et al., 1997). In addition, microorganisms can accelerate the
dissolution of a variety of silicate minerals through their effect on pH, or through microbially
produced organic ligands that either form complex aqueous metals or Si-framework
destabilizing surface complexes (Bennett et al., 2001; Drever and Stillings, 1997; Olsson-
Francis et al., 2012; Perez et al., 2016; Rogers and Bennett, 2004; Stockmann et al., 2012;
Uroz et al., 2009; Wu et al., 2007; 2008). Notably, when directly attached to mineral surfaces,
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microorganisms can alter Si-solubility by perturbing mineral-water equilibria in their
microenvironment (Rogers and Bennett, 2004). It is a matter of discussion, however, whether
this interaction is the coincidental effect of the microbial metabolism, or an active strategy of
the microorganisms to get access to vital nutrients directly from the rocks (Bennett et al.,

2001).

The interactions of microbes and minerals described above, together with the vast
source of nutrients present in riverine particulates, suggest an influence of riverine particulate
material on bacterial growth in natural environments. This study aims to explore the effect of
riverine particulate material on the growth of freshwater cyanobacteria. Towards this goal, we
conducted microcosm growth experiments with the freshwater cyanobacteria Synechococcus
sp., a common planktonic cyanobacterium, in the presence and absence of two types of
riverine particulate material. Further experiments were run in an attempt to identify the factors
leading to the bacterial growth enhancement in the presence of these particles. The purpose of
this paper is to present the results of this experimental study and to use these results to assess

the potential role of riverine particulates on microbial growth in natural systems.

2  Materials

2.1 Riverine Particulate Material

Two different types of riverine particulate material (RPM) with distinct chemical and
mineralogical compositions were used in this study to quantify their presence on
cyanobacteria growth. The bulk chemical compositions as well as the BET (Brunauer,
Emmett and Teller, 1938) surface areas of these particulates are listed in Table 1. One
additional experiment was run in the presence of zircon particles, to evaluate the effect of the

presence of inert mineral surfaces on growth. The riverine particulates used in this study were:

1) MS, bedload material from the Mississippi river collected in July 2010 in western
New Orleans, USA. This sample is described in detail in Jones et al. (2012) where its
chemical composition and its BET surface area were reported. The Mississippi RPM consists
of almost 80% SiO, and is mainly composed of quartz and feldspars with minor
concentrations of sheet silicates. It was chosen as representative of continental riverine
material. The XRD spectrum of this sample, provided in Figure Al, shows a smooth pattern
with well localized peaks, which can almost be perfectly fit assuming the sample contained

only quartz and feldspar.
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2) ICE, suspended basaltic particulates collected from the Jokulsa 4 Fjollum, a glacial
river in Eastern Iceland. The major chemical components of this Iceland RPM are 51.5 %
Si0,, 13.6 % ALO3, 12.2 % FeO and 10.4 % CaO. It is mainly composed of basaltic glass and
basalt fragments. The XRD spectrum, illustrated in Figure Al, shows a pattern typical for
glassy material. The observed peaks can be best fit by a combination of plagioclase and
pyroxene. This sample is representative of the high relief, volcanic and tectonic active islands
that contribute over 45 % of river suspended material globally (Eiriksdottir et al., 2008;
Milliman and Syvitski, 1992). Details on sampling and filtration methods can be found in
Eiriksdottir et al. (2008), where the chemical composition of the sample was first reported

(sample ID 01A033 therein).

2.2 Cyanobacteria

The unicellular freshwater cyanobacteria Synechococcus sp. PCC 7942 used in this study
were cultured under sterile conditions in 100% BG-11 Freshwater Solution Medium (Sigma-
Aldrich C3061) at room temperature, 24 h illumination at 3000 LUX cool white fluorescence
light and bubbling of humidified air to achieve constant mixing. Synechococcus were chosen
for this study because of their great abundance in freshwater and marine environments (Obst
et al,, 2009a, b). The cyanobacteria Synechococcus sp. and Prochlorococcus sp. are
responsible for >25 % of global photosynthesis (Rohwer and Thurber, 2009). Further details
about this cyanobacteria are provided in Dittrich and Sibler (2006), Obst et al. (2009a), Obst
et al. (2009b) and Bundeleva et al. (2014). The initial cyanobacteria cultures showed minor
heterotrophic cortege (<5 % of the biomass), as identified by agar plate counting of the stock

solution.

Table 1. Whole rock analyses and specific surface areas of the riverine particulate material
used in this study. Mississippi (MS) data is from Jones et al. (2012), Iceland (ICE) data from
Eiriksdottir et al. (2008). Note that total Fe is presented as FeO or Fe,Os, respectively, for the
ICE and MS samples.

Name ICE MS
Particulate type suspended Bedload

BET (m’g™) 8.92 3.05



183

184
185
186
187
188

189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208

Si0, (%) 51.54 79.25

Na,0 (%) 2.67 1.56
MgO (%) 5.86 0.51
ALO; (%) 13.62 6.38
P,0s (%) 0.28 0.10
K20 (%) 0.47 1.71
CaO (%) 10.44 1.34
TiO, (%) 2.52 0.43
MnO (%) 0.22 0.03
FeO (ICE) (%) 12.24

Fe,03 (MS) (%) 1.39

3 Methods

3.1  Growth Experiments

Synechococcus sp growth experiments were performed in sterile 250 and 500 ml
Polycarbonate flasks with 12 h/12 h illumination/dark cycles (3000 LUX cool white
fluorescence light during daytime), circular shaking at 250 cycles/min, and at a temperature of
21£2°C. Reactors were closed with BIO-SILICO®© stoppers that allowed sterile equilibration

with the atmosphere. The reactive fluids were composed of 1:1000 or 1:375 dilutions of the
50x concentrated BG-11 Freshwater Solution culture medium to obtain a 5 % and 13.3 %
dilution of this BG-11 culture medium. These dilutions were adopted to limit the nutrient
content originally present in our experiments, which were designed to assess the potential role
of natural particulate material to provide essential nutrients for bacterial growth. The resulting
chemical compositions of these diluted fluids are listed in Table 2. The majority of the
experiments were began in the 5 % BG-11 media, whereas a few were began using the higher
nutrient fluid. The riverine particulate material was cleaned and sterilized following different
protocols, in part to determine if these treatments affected the experimental results and to
remove any preexisting bacteria from the particulates. They were either sterilized overnight in
the oven at 121 °C with or without previous ethanol rinsing, or sterilized by H,O, treatment,
or burned in the oven at 450 °C for 2.5 hours. Note, that these treatments potentially alter the
particle surfaces distinctly, potentially creating more fresh inorganic sites, while reducing the
number of reactive organic sites. Particulates were added to the reactors in concentrations
ranging from 75 mg/kg to 1500 mg/kg, corresponding to a low and a high natural riverine
particulate concentrations according to Meybeck et al. (2003). To determine the effect of
particle liberated elements on cyanobacteria growth in the absence of the physical particles,
several experiments were begun with a fluid that was created by first dissolving 1500 mg/kg
MS or ICE RPM for one month in bacteria-free 5 % BG-11 media then subsequently filtered

to separate the fluid from these particulates. Biotic control experiments were run in the
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absence of RPM and abiotic control experiments were run in the presence of particulates but
the absence of added cyanobacteria. All reactive fluids, as well as the experimental equipment

were either filter-sterilized or autoclaved at 121 °C for 20 minutes prior to each experiment.

Aliquots of the bacteria stocks were harvested from the stationary growth stage and
rinsed three times in the initial starting fluid for each experiment by
centrifugation/resuspension cycles prior to inoculation. Inoculates were harvested 4-6 weeks
after initial stock culturing in order to have similar proportions of dead cells and to add the
same total quantity of fluid to all experiments. Cyanobacteria were inoculated into the
experimental reactors in biomass concentrations ranging from 0.007, to 0.041 g(/kg. Table

Al reports the initial conditions of all experiments.

Table 2. Composition of BG-11 freshwater culture solution and its 5% and 13.33% dilutions
used to perform the growth experiments in the present study. FAC stands for Ferric
Ammonium Citrate. The BG-11 composition was taken from Rippka et al. (1979).

Concentration (mmol/kg)
BG-11 dilution:

Salt
100% 5% 13.33%

NaNO; 17.60 0.88 2.347
K,HPO, 0.23 1.15x10%  3.07x107
MgSO04*7H,0 0.30 1.50x10%  4.00x107
CaCl,*2H,0 0.24 1.20x10%  3.20x107
Citric Acid*H,0  0.031 1.55x10°  4.13x107
FAC 0.021 1.05x10°  2.80x107
Na,EDTA*2H,0  0.0027 1.35x10*  3.60x10™
Na,CO; 0.19 9.50x10°  2.53x107
H;BO; 0.046 2.30x10°  6.13x107
MnCL,*4H,0 0.009 4.50x10*  1.20x107
ZnSO4*7H,0 0.00077 3.85x10°  1.03x10™
Na,MoO,*2H,0  0.0016 8.00x10°  2.13x10™
CuS0,*5H,0 0.0003 1.50x10°  4.00x10°
Co(NO;),*6H,0  0.00017 8.50x10°  2.27x107

3.2  Sampling

Aliquots of homogenous samples containing fluid, bacteria and particulates were
periodically taken from each experiment in a sterile laminar hood box, 6h after the onset of
illumination. Solids were thoroughly resuspended prior to sampling to preserve constant RPM
and bacteria concentrations during each experiment. The sample volume was 3 ml from the
250 ml reactors, where only biomass and pH were measured, and 15 ml from 500 ml reactors,
where the fluids were further analyzed for elemental composition, dissolved inorganic carbon

(DIC) and non-purgeable organic carbon (NPOC). In selected experiments, solids sampled
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during and after the experiment and prepared for SEM analysis. Optical density and pH were
measured on the homogeneous fluid, bacteria and particulate bearing samples immediately
after sampling, whilst fluid supernatants were filtered using a MilliPore 0.45 pm cellulose

acetate filter for further analyses.

3.3 Analytical methods

3.3.1 Biomass concentration

Biomass concentrations in the homogeneous fluid, bacteria, and particulate bearing
samples were determined from optical density (OD) measurements using a Varian
Cary50Scan Spectrophotometer. Optical density readings were then converted to dry biomass
using a linear calibration curve over the concentration range of the experiments. The
calibration curve (Figure A 2) was generated by plotting the measured ODs of five
cyanobacteria stock solutions of different concentrations against their corresponding dry
weights as determined gravimetrically. Measurements were done at the peak absorption of
chlorophyll a (682 nm) and the contribution of fluid turbidity (measured at 750 nm) was
subtracted from the 682 nm reading. This approach accounts for the contribution of riverine
particulates and/or cell debris on the OD measurements. As depicted in Figure 2A, the effect
of different particulate concentrations on optical density was accurately accounted for by the
difference of two wavelengths. Note the 682 nm peak shifts towards a lower wavelength when
cyanobacteria die, which gives an indication of their physical state. Abiotic fluids of each
particulate concentration were measured following the same protocol to correct for the effect
on OD (682-750 nm) of the presence of these particulates and to control for possible
contamination; measurements of the abiotic particulate bearing fluids were subtracted from
their corresponding biotic fluids. The optical density of each sample was measured in

triplicate and total uncertainty was estimated to be below 10 %.

To validate the OD measurement of biomass, chlorophyll @ was measured via pigment
extraction in selected experimental fluids. These chlorophyll a analyses were performed by
first diluting a 0.3 ml suspension sample in a glass vial with 2.7 ml acetone to produce a 90 %
acetone solution. After storage for two days at -20 °C with occasional shaking, the samples
were centrifuged for 10 min at 4500 rpm and absorbance was measured with a
spectrophotometer at 750 nm, 663 nm, 645 nm and 633 nm. Chlorophyll a concentration was
then calculated using the SCOR-Unesco Report (1966) equation: chlorophyll a = 11.96 x
(663nm-750nm) - 2.16 x (645-750nm) + 0.1 x (630-750nm). Figure 2B shows the correlation

of the two different methods for biomass measurement in three experiments. The good
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correlation (R* = 0.93) validates our biomass concentrations determinations using optical
density measurements. Therefore, biomass concentration could be determined rapidly in a
high number of samples without applying time consuming techniques such as described in

Wojtasiewicz and Ston-Egiert (2016).

3.3.2 DIC/NPOC
Dissolved inorganic (DIC) and non-purgeable organic carbon (NPOC) were measured
using a Shimadzu TOC-VCSN Carbon Analyzer with a ASI-V sample unit at the CNRS

laboratory ‘Géosciences Environnement Toulouse’. The detection limits were 0.57 ppm and

0.47 ppm for DIC and NPOC and the uncertainty below 3 %.

3.3.3 ICP-MS

The aqueous major and trace element concentrations were determined in fluids
collected from several experiments by High Resolution Inductively Coupled Plasma Mass
Spectrometry (HR-ICP-MS) using a Thermo-Finnigan Element-XR at the Géosciences
Environnement Toulouse. Multi-element standard solutions were used for calibration. The

analytical uncertainty of these measurements was below 2 %.
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Figure 2. A: Spectrophotometric scan of representative cyanobacteria bearing reactive fluids
with (solid black line) and without (dashed black line) particulates (grey line) from 600 to 750
nm. The presence of particulates shift the optical density curves to higher total values without
changing the shape of the spectra over the 682 to 750 nm range. In the presence of dead
cyanobacteria the difference in the absorbance between 682 to 750 nm decreases due to a shift
of the absorption peak to lower wavelengths B: Correlation of measured biomass and
chlorophyll a concentration in experiments where both were measured.

3.3.4 Scanning electron microscopy (SEM)

Solid samples (particulate-bacteria mixtures) were analyzed using a FEI Quanta 650
FEG-ESEM Scanning Electron Microscope (SEM) at the School of Earth and Environment at
the University of Leeds. To avoid destruction of the bacteria in high vacuum, samples were
previously fixed by Glutaraldehyde treatment as follows: The recovered particulate/bacteria
mixtures were stored for one night in a sterile 2.5 % Glutaraldehyde solution (25 % stock
solution diluted 1:10 in 50 mM NasPO,) to preserve the bacteria. Subsequently, the samples
were ethanol exchanged by suspending them in gradually increasing ethanol concentrations
up to pure ethanol. Finally, samples were critical point dried using a Polaron E3000 CPD unit,

mounted on sample stubs and gold coated prior to analysis.
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3.4  Growth rates
The variation of biomass concentration over time in our experiments followed logistic
bacterial growth equation, which can be expressed as (Ernst et al., 2005)

. . a
biomass concentration = Tro—ki—o T Qo (2)

where a represents the upper asymptote of the sigmoidal growth curve, a, reflects the initial
biomass concentration, k stands for a rate parameter describing the rate at which growth
initially accelerates and ¢ designates a time constant describing the time elapsed between the
beginning of the experiment and the turning point (point of maximal increase in biomass
concentration). The variation of biomass concentrations consistent with this behavior is
shown in Fig. 3. The logistic bacteria growth curve Error! Reference source not
found.consists of an initial lag period, followed by an acceleration phase and an exponential
growth phase, during which the growth rate is constant. After the exponential growth, rates

decelerate until the culture enters the stationary phase during which little or no growth occurs.

AN

Plag phase
I I I

Time

stationary
phase

exponential
growth phase

In (bacteria concentration)
1

Figure 3. Typical logistic bacterial growth curve depicted as the logarithm of biomass
concentration versus time. After an initial lag period, bacterial growth accelerates and reaches
an exponential growth phase during which the growth rate is constant. After exponential
growth, rates decelerate until the culture enters the stationary phase during which little or no
growth occurs.

Bacterial growth rates in this study were calculated using the GrowthRates software
(Version 2.1, December 11, 2015) developed by Barry G. Hall and others at the Bellingham
Research Institute (Hall et al., 2014). The growth rate constant p is calculated only

considering the exponential growth phase according to:
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— (lTLNtZ— lnNtl)
(t2—ty1)

(1

where N; represents the biomass concentration at time t. The dimension of p is reciprocal
time. The results obtained from the GrowthRates program were verified by hand for each
experiment. The uncertainty in the retrieved values of [ is given by the standard error of the
linear regression of the biomass concentrations considered to calculate the rate. If only two
points were used for the calculation, the uncertainties in p are estimated to be +20 % based on
the associated uncertainties in the biomass concentrations. The bacterial growth behavior in
the stationary phase was quantified by linear regression and is presented as the stationary

phase growth rate, gqq;.
4. Results

In total, 130 experiments were run. Table A 2 summarizes the observed maximum
biomass concentration, the calculated growth rate constant p, and the stationary phase growth
rate [ q¢ for all of these experiments. A detailed list of all measurements performed during
each experiment can be found in the electronic supplement, including all biotic and abiotic
controls. Among these experiments there were numerous duplicates, in each case the
duplicate experiment provided results close to the originals. The results of some of
representative experiments are presented and plotted in selected groups in the figures below to
illustrate the effects of various factors on Synechococcus sp. growth rates. Table A1 and Table
A 2 also list in which figure the results of an experiment are displayed. All experiments in
which bacteria grew exhibited typical logistic bacterial growth. Differences were observed,
however, depending on the presence or absence of Iceland and Mississippi riverine particulate

material (RPM) as will be seen below.

4.1 Temporal evolution of biomass concentration in the presence and absence of Mississippi

and Iceland RPM

Figure 4 shows the temporal evolution of biomass concentration of representative
growth experiments in the presence and absence of 1500 mg/kg Mississippi (Figure 4A) and
1500 mg/kg Iceland (Figure 4B) riverine particulate material. These experiments were
performed at an initial pH of 5.9, containing 5 % BG-11 media and a 0.018 gr/kg initial
biomass concentration. The different colors in the figure correspond to different protocols of
sterilization of the riverine particulate material. No bacterial growth was observed in the
biotic control experiments; these experiments were performed by placing the 0.018 gy /kg

initial biomass concentration into reactors with the same initial conditions as the other
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experiments in these figures but in the absence of RPM. In contrast, Synechococcus sp.
showed typical logistic growth to an average maximum biomass concentrations of
0.151+0.008 gryykg and 0.151+0.012 g4r kg, in the presence of 1500 mg/kg MS and ICE
RPM, respectively. The calculated growth rate constant p during the exponential growth
phase was 0.41+0.08 and 0.37+0.08 day' for 1500 mg/kg MS and ICE RPM bearing
experiments, respectively. In the presence of MS RPM, the exponential growth was followed
by a steady increase in biomass concentration during the stationary phase at an average rate,
Worqr= (8.4£2.2)x107 gryykg/day. Note these rates correspond to the average and standard
deviations of the four replicates run using the distinct sterilization protocols shown in the
figure. In the presence of 1500 mg/kg ICE RPM, the bacteria concentration remained constant
or slightly decreased during the stationary phase. Two experiments containing ICE RPM were

stopped immediately after the exponential growth phase.
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Figure 4. Temporal evolution of biomass concentration during experiments selected to
illustrate the effects of the presence of RPM on Synechococcus sp. growth in initial fluids
having a pH of 5.9. The x-symbols show the results of biotic control experiments performed
in the absence of riverine particulate material. Figure A shows experiments performed in the
presence of 1500 mg/kg Mississippi RPM and Figure B experiments performed in the
presence of 1500 mg/kg Iceland RPM. The different colors indicate the results of experiments
run using different protocols for the sterilization of the riverine particulates. The conditions of
each experiment are summarized in the legend and provided in Table A1 and A2. The curves
indicate the fits of the logistic growth function to each dataset.

The results presented in Figure 4 also illustrate the experimental reproducibility and

effect of sterilization protocols. The absence of bacterial growth in the biotic control
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experiments performed in the absence of RPM was consistent throughout all the experiments
performed at these initial pH conditions. In the presence of 1500 mg/kg Mississippi RPM, the
observed growth behavior was very consistent in all plotted experiments with the maximum
biomass concentrations varying by only +5 %. The calculated growth rate constant, y, and the
post-exponential growth behavior, L., among these experiments were reproducible to =19
and £26 %, respectively, despite the different sterilization protocols. In the presence of 1500
mg/kg Iceland RPM, the maximum biomass concentration varied by £8 % and the growth rate
constant by 22 % among the plotted experiments. For both types of riverine particulate
material, only the reactor where RPM were treated with H,O, showed a slight offset towards

lower biomass concentrations.

4.2 The effect of initial biomass concentration on bacterial growth

Figure 5 shows the temporal evolution of biomass concentration of representative
growth experiments initiated with different initial biomass concentrations in the presence and
absence of 1500 mg/kg MS and ICE riverine particulate material. The experiments were
performed at initial pH of 5.9, and containing the 5 % BG-11 media and 3 different initial
biomass concentrations 0.007, 0.018, and 0.041 gury/kg, represented by different colors in
Figure 5. No bacterial growth was observed in the biotic control experiments regardless of the
initial biomass concentration; these experiments were performed by placing the initial
biomass concentration into reactors with the same initial conditions as the other experiments
shown in this figure, but without adding RPM. The bacteria showed typical logistic growth in
all experiments performed in the presence of MS and ICE RPM. No significant effect of the
different initial biomass concentrations on the bacterial growth was observed as the growth
curves were shifted parallel to one another as a function of the initial biomass concentration.
However, computed growth rate constants p increased with decreasing initial biomass
concentration (find rates in Table A 2). The post-exponential increase in biomass
concentration observed in MS experiments occurred at an average rate of grqr=
(11.3+2.6)x10™ garyykg/day exhibiting a good experimental reproducibility among the

different initial biomass concentrations.
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Figure 5. Temporal evolution of biomass concentration in experiments selected to illustrate
the effect of initial biomass concentration of growth rates. The x-symbols show results of the
biotic control experiments performed in the absence of riverine particulate material. Figure A
shows experiments performed in the presence or absence of 1500 mg/kg Mississippi RPM and
Figure B experiments performed in the presence or absence of 1500 mg/kg Iceland RPM,
which were stopped after the exponential growth phase. The different colors indicate different
initial biomass concentrations. The curves indicate the fits of the logistic growth function for
each dataset. Details of each experiment are summarized in the legend and presented in
Tables Al and A2.

4.3 Comparison of the effect of Mississippi and Iceland RPM on bacterial growth

Figure 6 shows the temporal evolution of biomass concentration for representative
growth experiments organized to illustrate the distinct effects of MS compared to ICE RPM.
These experiments were performed in the presence and absence of Mississippi and Iceland
RPM at an initial pH of 5.9, in 5 % BG-11 media and a 0.018 gurykg initial biomass
concentration. No bacterial growth was observed in the biotic control experiments without
additional RPM. Likewise, no bacterial growth was observed in the presence of either 75
mg/kg MS or 75 mg/kg ICE RPM. Notably, the initial biomass concentrations decreased even
faster in the presence of 75 mg/kg ICE RPM compared to either 75 mg/kg MS RPM or the
biotic control. In the presence of 1500 mg/kg MS and ICE RPM, bacteria showed typical
logistic growth, but small differences between MS and ICE experiments were evident. The
maximum bacterial growth was observed 2-3 days earlier in the presence of MS RPM
compared to ICE RPM (compare Figure 6A and 6B). The post exponential biomass
concentration increased in the experiments containing MS RPM; the retrieved g, values
were (8.4£0.5)x10"" and (10.6+0.5)x10™* g4y/kg/day for the experiments containing 75
mg/kg MS RPM and 1500 mg/kg MS RPM, respectively. In contrast, the post exponential
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biomass concentration tended to decrease in the experiments containing ICE RPM; the
retrieved |gq values were (-1.7+1.6)x10"* and (-3.7+4.3)x10™" garyykg/day for the
experiments containing 75 mg/kg MS RPM and 1500 mg/kg ICE RPM, respectively. The
measured maximum biomass concentrations were similar for MS (0.142 and 0.159 gr/kg)
and ICE (0.134 and 0.157 g4ry/kg) RPM. The calculated growth rate constant, p, was slightly
greater in the MS compared to the ICE experiments. Figure 6B also shows the results of two
experiments performed in 5 % BG-11 media that were previously equilibrated for one month
with 1500 mg/kg MS and ICE RPM and subsequently filtered (0.22 um filter) to remove the
particulates; no particulates were present during the experiments themselves. Again, the
exponential growth phase begun notably earlier in the fluid originally equilibrated with MS
compared to that originally equilibrated with the ICE RPM. Furthermore, the measured
maximum biomass concentration was 19 % higher in the experiment run in the fluid that was
originally equilibrated with MS RPM. In both experiments, no post-exponential growth
occurred. Note that the total biomass concentrations were much greater in experiments
performed in presence of particulates compared to the experiments in which the reactive
fluids were previously equilibrated with the RPM and subsequently filtered to remove the

particulates (see Figure 6B, filled squares compared to crossed squares).
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Figure 6. Temporal evolution of biomass concentration during representative experiments run
to compare the relative role of MS versus ICE RPM on bacterial growth. The x-symbols show
results of biotic control experiments performed without riverine particulate material. Squares
indicate results of experiments performed in the presence of 1500 mg/kg Mississippi or 1500
mg/kg Iceland RPM, diamonds represent concentrations of 75 mg/kg of the indicated RPM.
The crossed squares in Figure B depict results of experiments performed in fluids originally
equilibrated with MS or ICE particulates and subsequently filtered to remove these particles
before starting the experiments. The curves indicate the fits of these data to the logistic
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growth function to each dataset. Further details of all shown experiments are provided in
Tables Al and A2.

4.4 Effect of different initial conditions on bacterial growth

Figure 7 shows the evolution of biomass, conductivity and pH of seven experiments run
at the different initial conditions summarized in Table 3. The results shown in this figure were
selected to illustrate the effect of these initial conditions on bacterial growth. Bacterial growth
was observed only in the experiment containing 1500 mg/kg MS RPM and in the two
experiments run at higher initial pH through the addition of NaOH and NaHCO; to the initial
starting fluid. No growth was observed in the biotic controls run in the absence of RPM, at
higher initial conductivity, or in the presence of 1500 mg/kg zircon particles. Note, that
maximum biomass concentrations (average of replicates performed at different initial biomass
concentrations) were 5715 % higher in experiments run in the presence of 1500 mg/kg
Mississippi RPM compared to the control experiments performed at an elevated initial pH
through the addition of NaOH to the initial fluids and 23+9 % higher than the control
experiment performed at higher initial pH through the addition of NaHCOj to the initial fluid
(see Figure 7). Furthermore, the biomass concentration in the presence of 1500 mg/kg
Mississippi RPM increased steadily after the exponential growth phase, whereas these post
exponential growth phase concentrations decreased in the experiments run in the absence of
RPM. Details of the pH and conductivity evolution will be discussed in section 0 together
with the evolution of the aqueous fluid composition. Figure 8 shows the temporal evolution of
biomass concentration of experiments performed in initial fluids where the pH was buffered
by the addition of 0.1 mol/kg NaHCO;:Na,COs in a 90:10 ratio in an initial 5% BG-11
nutrient solution. Instantaneous bacterial growth was observed in all of these experiments,
however, the addition of 500 mg/kg MS RPM resulted in 12 and 20 % higher maximum
biomass concentrations compared to corresponding control experiments run in the absence of

RPM.
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Figure 7. Temporal evolution of biomass concentration (A), conductivity (B) and pH (C) in
experiments selected to illustrate the effect of initial fluid compositions on growth. The curves
in Figure A show the fits of the logistic growth function, lines in Figures B and C connecting
the data points are for the aid of the viewer. Initial conditions for these experiments are
summarized in Table 3.
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Table 3. Summary of experimental conditions for the seven experiments performed at
different initial conditions to evaluate the potential effect of pH, conductivity, Mississippi
(MS) riverine particulate material (RPM) and zircon (Zrc) particles on the growth of
cyanobacteria. Corresponding growth plots are shown in Figure 7.

Biomass ..
Experiment ID I?G-.l ! Initial pH RPM initial Conductivity
dilution [mg/kg] [uS/em]
[gary/kgl
SVII 12 biot. Ctrl 5% 5.9 -- 0.043 104
SVII 3 pH NaOH 5% 8.4 -- 0.043 133
SVII 6 Cond. NaCl 5% 5.9 -- 0.043 650
SVII 9 pH NaHCO3 5% 8.3 -- 0.043 535
SVII 15 1500MS 5% 6.2 1500 MS 0.043 104
SVII 23 1500MS abiot. 5% 6.3 1500 MS None 103
SVII 21 1500Zrc 5% n.d. 1500 Zircon 0.041 n.d.
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Figure 8. Temporal evolution of biomass concentrations in fluids of experiments performed
in carbonate buffer solutions (pHinitiar = 9.4). The x-symbols illustrate results from biotic
control experiments performed in the absence of RPM, triangles illustrate the results of
experiments performed in the presence of 500 mg/kg MS RPM. Red symbols illustrate the
results of experiments performed at low initial biomass concentrations (0.007 gu./kg),whereas
black symbols illustrate the results of experiments performed at medium initial biomass
concentration (0.018 gqyy/kg). The curves correspond to the fits of each dataset to the logistic
growth function to each dataset

4.5 Effect of different riverine particulate material concentrations on bacterial growth

Figure 9 illustrates the effect of different RPM concentrations on bacterial growth.
These experiments were performed in 5 % BG-11 media and 0.041 g(4ryy/kg of initial biomass,
and in the absence and presence of various concentrations of MS RPM. Note that
corresponding experiments were not performed using the Icelandic RPM. At an initial pH of

5.9 (Figure 9A), no bacterial growth was observed in the biotic control in the absence of
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RPM. The addition of 500, 1000 and 1500 mg/kg MS RPM triggered instantaneous bacterial
growth, whereby the maximum biomass concentration increased with increasing RPM
concentration. The addition of 75 mg/kg MS particulates provoked growth only after a lag
phase of about twenty days. Furthermore, the post-exponential increase in biomass
concentration was more pronounced at higher RPM concentrations. At the higher initial pH of
6.8 (Figure 9B), bacteria in all experiments, including the biotic control experiment run in the
absence of RPM grew instantaneously. The effect of higher initial pH on the growth of the
biotic control experiment was also observed in the other experiments described above.
However, with increasing RPM concentration, exponential growth was observed earlier and
the maximum biomass concentrations were higher. The measured maximum biomass
concentrations presented in Figure 9B increased by 5, 16, 19 and 32 % with the addition of
75, 500, 1000 and 1500 mg/kg MS RPM compared to the biotic control experiment. Again,
the post-exponential increase in biomass concentration was more pronounced in the presence
of higher RPM concentrations. Figure 10 illustrates the effect of different RPM concentrations
on bacterial growth in experiments performed at 2.67 times higher initial nutrient
concentrations (13.3% BG-11 media). The biotic control experiment performed in the absence
of RPM showed bacterial growth only after a lag phase of about two weeks, whereas
experiments run in the presence of Mississippi RPM showed either instantaneous bacterial
growth or a significantly shorter lag phase. Furthermore, the there is clearly a trend of an
increased maximum biomass concentration with increasing RPM concentration. The
measured maximum biomass concentrations presented in Figure 10 increased by 6, 14, 15 and
21 % with the addition of 75, 500, 1000 and 1500 mg/kg MS RPM compared to the biotic
control experiment. The post-exponential bacteria growth is also clearly a function of the
mass of MS RPM added to the reactors; the post-exponential growth rate is negative in the

presence of 0 or 75 mg/kg MS RPM but positive at higher MS RPM concentrations.
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Figure 9. Temporal evolution of biomass concentration in experiments selected to illustrate
the effect of RPM concentration on bacteria growth rates: (A) experiments performed at an
initial pH of 5.9 and (B) experiments performed at an initial pH of 6.8. The x-symbols
indicate the results of biotic control experiments performed in the absence of, RPM, whereas
the filled diamonds, triangles, circles and squares represent results of experiments performed
in the presence of 75, 500, 1000 and 1500 mg/kg Mississippi RPM, respectively. The curves
indicate the fits of the logistic growth function to each dataset and the identity of each
experiment is provided in the legend.
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Figure 10. The evolution of biomass concentration in experiments selected to illustrate the
effect of RPM on bacteria growth rates at elevated initial nutrient concentrations. The x-
symbols represent the results of biotic control experiments performed in the absence of
particulate material, whereas the filled diamonds, triangles, circles and squares represent the
results of experiments performed in the presence of 75, 500, 1000 and 1500 mg/kg
Mississippi RPM, respectively. The curves indicate the fits of the logistic growth function to
each dataset, and the legend provides the identity of each experiment.
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4.6 The temporal evolution of the reactive fluid compositions

4.6.1 The temporal evolution of pH and dissolved inorganic carbon (DIC)

Figure 11 shows the temporal evolution of biomass, pH and DIC concentration of the
reactive fluids collected during selected experiments. In the biotic control experiment run in
the absence of RPM, no growth was observed and pH increased slightly from initially 5.9 to a
final pH of 6.6. In the abiotic control experiments run in the presence of RPM but the absence
of added Symechococcus sp., the pH increased from 5.9 to 7.6 and to 7.0 for reactors
containing 1500 mg/kg MS and ICE RPM, respectively. In the biotic experiments containing
1500 mg/kg MS and ICE RPM, the bacterial growth resulted in a pH increase from an initial
pH of 5.9 to 10.6 and 10.1, respectively. The elevated pH persisted during the exponential
growth phase and was followed by a pH drop to final values of 8.2 and 7.6, respectively. This
pH evolution is closely linked to the Dissolved Inorganic Carbon (DIC) concentration. In the
biotic control experiment run in the absence of RPM, DIC concentrations were constant at 0.7
- 0.9 ppm throughout the experiment. In the abiotic control experiments containing 1500
mg/kg MS RPM but in the absence of added Synechococcus sp., the DIC increased from 0.8
to 4.9 ppm during the experiment, while DIC in the abiotic control experiment containing
1500 mg/kg ICE RPM only slightly increased from 0.8 to 1.4 ppm. The greater increase
observed in the presence of MS compared to ICE RPM is consistent with the higher pH in MS
experiments and the increasing solubility of CO,(, at higher pH. In both biotic experiments
performed in the presence of RPM, DIC increased significantly as a consequence of
increasing pH stemming from the photosynthetic activity of the growing bacteria. During the
exponential growth phase, DIC increased from 1.0 to 8.5 ppm and from 0.8 to 6.6 ppm in the
presence of 1500 mg/kg MS and of 1500 mg/kg ICE RPM, respectively. After the exponential
growth phase was complete, DIC increased slightly from 8.5 to 9.6 ppm in the MS experiment
but decreased from 6.6 to 5.3 ppm in the ICE experiment.
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Figure 11. Temporal evolution of biomass concentration (A), pH (B) and dissolved inorganic
carbon (C) in selected experiments. Crosses represent the results of biotic control experiments
performed in the absence of RPM, filled squares indicated experiments performed in the
presence of either 1500 mg/kg MS or 1500 mg/kg ICE. Open squares illustrate results of
abiotic control experiments performed in the in the presence of either 1500 mg/kg MS or 1500
mg/kg ICE, but in the absence of added Synechococcus sp. The curves in Figure A show the
fits of the data to the logistic growth function; lines in Figures B and C connecting the data
points are for the aid of the viewer. The identity of each experiment is provided in the legend.
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4.6.2 The evolution of major and trace elements

Figure 12 shows the temporal evolution of various elements in fluid samples collected
from selected experiments. The green dashed line represents the results of the biotic control
experiment performed in the absence of RPM, the open squares depict the results of abiotic
control experiments run in the presence of 1500 mg/kg MS or 1500 mg/kg ICE RPM but in
the absence of added Symechococcus sp., and the filled squares depict the results of
experiments run with both added RPM and bacteria. Note that no growth was observed in the
biotic control experiments run in the absence of RPM (see Figure 11A). Figure 12A depicts
the temporal evolution of Si concentration; Si concentration increases in the fluids due to the
dissolution of silicate minerals. The dissolved Si concentration in the biotic control
experiment run in the absence of RPM remained constant at 218+36 ppb.

Dissolved silicon concentrations in the abiotic and biotic reactors containing Mississippi
RPM showed an initial increase from 225 ppb and 116 ppb to 367+£34 ppb and 382+25 ppb,
where they remained constant throughout the rest of the experiments. Dissolved silicon
concentrations in the abiotic experiments and the biotic experiment containing Iceland RPM
increased during the first five days from 206 ppb and 144 ppb to 994412 ppb and 1064418
ppb. During the following 22 days, the dissolved Si concentration of the fluid during the
biotic experiment run in the presence of ICE RPM increased to a much greater extent reaching
a final concentration of 4360+8 ppb compared to 2221+8 ppb for the corresponding abiotic
control experiment. A similar temporal evolution was observed for dissolved aluminum

concentrations.
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Figure 12. Temporal silicon (A), calcium (B), iron (C) and phosphorus (D) concentration of
the fluid phases of selected experiments obtained by ICP-MS analyses. The x-symbols
correspond to concentrations of biotic control experiments, run in the absence of particulate
material; filled squares correspond to results experiments performed in the presence of either
1500 mg/kg MS or 1500 mg/kg ICE RPM. Open squares represent the results of abiotic
control experiments performed in the presence of either 1500 mg/kg MS or 1500 mg/kg but
the absence of added Synechococcus sp. The lines connecting data points are for the aid of the
viewer. The identity of each experiment is provided in the legend, and further details of each
experiment in Tables Al and A2.

Figure 12B shows the temporal evolution of dissolved Ca concentration during selected
experiments. The calcium concentration in the biotic control experiment performed in the
absence of added RPM increased from 294+2 ppb to 43243 ppb during this experiment. The
dissolved Ca concentration in the abiotic control experiment increased from its initial 803+5
ppb and 970+3 ppb to 4567+16 ppb and 1776+8 ppb in the presence of Mississippi and
Iceland RPM, respectively. In the biotic experiments containing either MS or ICE RPM, Ca
concentrations increased during the first four days from 694+9 ppb and 956+5 ppb to 1221+2
ppb and 1221+1 ppb, then decreased to 113+1 ppb and 234+7 ppb, respectively. Similar

trends were observed for the concentrations of Mn and Mg.

Figure 12C and 12D show the temporal evolution of dissolved Fe and P concentrations,
representing possible limiting nutrients. Initial dissolved Fe concentrations were at 35+6 ppb
in all reactors. In the biotic control experiments run in the absence of RPM, Fe concentration

decreased during the first days to 6 ppb and subsequently increased to a final concentration of
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16 ppb at the end of the experiment. In the abiotic control experiment run in the presence of
1500 mg/kg MS RPM, but in the absence of added Synechococcus sp., the dissolved Fe
concentration decreased to 9 ppb, whereas the dissolved Fe concentration remained constant
at 3748 ppb in the abiotic control experiment containing 1500 mg/kg ICE RPM. Similarly, the
biotic experiments containing either 1500 mg/kg MS or 1500 mg/kg ICE RPM showed
distinct temporal dissolved Fe concentration evolutions. In the biotic MS experiment,
dissolved Fe decreased to about 4 ppb, whereas Fe concentrations in the biotic ICE
experiment increased continuously to 257+4 ppb. Dissolved phosphate concentrations were
initially at about 260 ppb in all reactors. In the biotic control experiment in the absence of
RPM, the dissolved P concentration initially dropped below detection limit and subsequently
increased again towards its initial concentration. Dissolved P concentration remained constant
in the abiotic control experiment run in the presence of 1500 mg/kg MS RPM at 251+15 ppb,
whereas it decreased steadily in the corresponding abiotic experiment run in the presence of
ICE RMP from initially 262+2 ppb to 105 ppb. In the biotic MS and ICE experiments,
dissolved P concentrations initially dropped to less than 10 ppb. In the biotic MS experiment,
the concentration remained near zero throughout the experiment. In the biotic ICE
experiment, the initial drop in P concentrations was followed by a steady increase to a final

concentration of 24 ppb.

4.7 SEM investigation of riverine particulate material

A few mg of the ICE and MS riverine particulate material sampled from the exponential
growth phase of the bacteria during selected experiments were investigated by SEM. Figure
13A-D show representative SEM images of sampled Mississippi particulate material. No
morphological differences were evident between the initial particulates and the particulates
sampled during bacterial growth, but occasionally, bacteria were found attached to feldspar
grains (Figure 13B). Clusters of agglomerated bacteria were frequent, as evident in Figure

13A and depicted in detail in Figure 13C. These agglomerates were associated with mineral
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Figure 13. SEM microphotographs of Mississippi (A-D) and Iceland (E-H) riverine
particulate material sampled during the exponential growth phase collected during
experiments S/71 5 15000MS and S//1 3 1500ICE, respectively (see Table Al).
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fragments (Figure 13D), predominantly clays. Figures 13E-F show representative images of
sampled Iceland particulate material. Again, no major morphological changes are evident
compared to the initial material. The basaltic glass particles were, however, frequently
covered by cyanobacteria, as indicated in Figure 13E and illustrated in Figure 13F. The
bacteria appeared mostly in vesicles of basaltic glass particles. In closer detail, the
cyanobacteria were found to be attached to the glass surfaces via organic fibers (Figure 13G
and Figure 13H). Note, that the bacteria attached on these surfaces are not accounted for in
the spectrophotometric determination of biomass concentration due to settling of particles in
the cuvette. Consequently, the total biomass concentration in experiments containing RPM is

potentially higher than the values reported.

5. Discussion

5.1 The effects of riverine particulate material on the growth of Synechococcus sp. freshwater

cyanobacteria

The results presented above illustrate the effects of riverine particulate material on the
growth of Synechococcus sp. freshwater cyanobacteria. Firstly, at low initial nutrient
concentrations and an initial pH of 5.9, the presence of Mississippi and Iceland RPM
triggered bacterial growth, whereas bacteria cultures in biotic controls without riverine
particulates did not grow. This growth triggering effect is best illustrated in Figures 4, 5, 6,
7A, 9A and 11A. In growth experiments performed at higher initial pH, bacterial growth was
observed in the biotic control experiments, as illustrated in Figures 7A, 8, and 9B. Similarly
bacterial growth was observed in biotic control experiments in an experiment run at high
initial nutrient concentrations (see Figure 10). Bacterial exponential growth, however,
occurred earlier in the presence of riverine particulate material. This is best illustrated in
Figure 10, where the maximum bacterial growth was observed after 8.7, 9.1, 10.0 and 13.8
days in growth experiments performed in the presence of 1500, 1000, 500 and 75 mg/kg MS
RPM, but only after 18.7 in the biotic control experiment without RPM. Furthermore, the
maximum biomass concentrations increased as a function of RPM concentration. This effect
is summarized for all experiments containing Mississippi RPM in Figure 14, which shows the
highest biomass concentration measured in each experiment plotted against the MS RPM
concentration added to the reactors. The illustrated biotic control experiments run in the
absence of RPM were all conducted at pHiyia>6.8 as no growth was observed at lower pH.
The biomass concentration in these biotic RPM free experiments is limited by the initial

nutrient concentration and varies as a function of the initial BG-11 concentration used in each
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experiment (the black symbols in this figure show experiments performed at higher nutrient
concentration). Additional bacterial growth at a given initial BG-11 concentration only occurs
from the additional nutrients delivered from dissolving the riverine particulates. To a first
approximation, the maximum biomass concentration increased linearly with increasing MS
RPM concentration as shown in Figure 14 by the linear regression of the data. The maximum
biomass concentration increased by (2.5+0.5)x10 at low initial nutrient concentrations and
(4.8£0.9)x107 garyykg at high initial nutrient concentrations with each mg/kg MS RPM
added to the reactor. For the low initial nutrient experiments run here, this yields an average
increase of about 15, 35 and 32 % for the addition of 500, 1000 and 1500 mg/kg MS riverine
particulate material compared to biotic control experiments run in the absence of RPM. The
presence of riverine particulates also influenced the evolution of the biomass concentration
during the stationary phase. The presence of MS RPM resulted in a continuous increase of the
biomass concentration after the exponential growth phase, whereas biomass concentration
stayed constant or decreased when no particulates were added to the reactors. This
observation is most evident in Figure 7A, where bacteria concentration continuously
increased during the stationary growth phase in the presence of 1500 mg/kg MS RPM but
notably decreased in biotic control experiments run in the absence of particulates. Figure 9
illustrates the same effect as a function of particulate concentration. Figure 15 summarizes the
post-exponential growth behavior obtained by linear regression of the biomass concentrations
as a function of the MS RPM concentration measured after the exponential growth phase was
completed. In the biotic control experiments, the stationary phase biomass concentrations
decreased at an average rate of gqr= (-12.0+£6.2)x10™ g(ryykg/day. With increasing MS
RPM concentration this rate became positive, reaching pgzq,= (+9.3£3.6)x10™ g(aryykg/day in
the presence of 1500 mg/kg MS particulates.

In summary, riverine particulate material has three major effects on the growth of
freshwater cyanobacteria Synechococcus sp. First, RPM triggers bacterial growth if the pH of
the aqueous fluid is below 6 by increasing fluid pH. Second, the presence of RPM increases
the total maximum biomass concentration during the experiments and third, the presence of
particulate material causes a post-exponential long-term growth of the cyanobacteria. In all
cases these effects become more pronounced with increasing RPM concentration. However,
the presence of RPM is expected to lower light availability which might limit bacterial
growth. Under the applied experimental conditions, it is unlikely that light limits growth since
biotic control experiments in the absence of light blocking particulate material would have

shown higher biomass concentrations due to higher availability of light.
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5.2 How does riverine particulate material increase bacterial growth?

To evaluate the factors triggering bacterial growth in the presence of RPM, five possible
influencing factors were tested: 1) the addition of organic compounds contributed to the fluid
by the particulates, 2) the physical presence of particulate surfaces, 3) the slight increase in
ionic strength resulting from dissolving particulates, 4) a pH increase resulting from
particulate dissolution, and 5) an increased nutrient concentration due to particulate
dissolution. To address these factors, growth experiments were performed with distinct initial
conditions including: 1) RPM burning at 450 °C to remove potential organic compounds, 2)
addition of zircon particles to provide the presence of inert mineral surfaces, 3) higher initial
ionic strength of the fluids by the addition of NaCl, 4) higher initial pH by addition of NaOH
or carbonate buffers and 5) higher initial nutrient concentrations.

0.4.

max. biomass = 4.8x10 x RPM conc. +0.29
R*=0.86 p-value=2.78x103 -ﬁ
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Figure 14. Highest biomass concentration measured in all experiments where growth was
observed as a function of the mass of Mississippi RPM added to the reactors at the beginning
of each experiment. The results of biotic controls containing zero RPM shown in this figure
were all run at an initial pH>6.8. The black symbols indicate experiments performed in fluids
having an elevated initial nutrient concentration (13.3 % BG-11 media), the grey symbols
indicate experiments performed at lower initial nutrient concentrations (5 % BG-11 media).
The dotted lines represent linear regressions of the data.
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Figure 15. Synechococcus sp stationary phase growth rates as a function of Mississippi RPM
concentration. The biotic controls run in experiments containing zero RPM shown in the
figure were run in fluids having an initial pH>6.8. The illustrated stationary phase growth
rates, uq. Were obtained by the linear regression of the biomass concentrations measured in
experiments after the completion of the exponential growth phase. The dotted line depicts a
linear regression of the measured rates.

Results of these experiments are shown in Figures 4, 7, 8 and 10. Figure 4 shows the
evolution of biomass of four experiments performed with different protocols applied for the
sterilization of the riverine particulate material. To eliminate a potential organic
contamination introduced to the fluid by the RPM, the particulates were sterilized by either a
H,O, treatment, by dry sterilization at 121 °C for 12 h with or without previous ethanol
treatment, or by heating for 2.5 h at 450 °C. Similar bacterial growth was observed in all
reactors suggesting that organic contamination from the particulates was not a major factor
influencing growth rates and that different treatments did not result in major surface change
effects. Only the experiments where the RPM were treated with HO, showed a slight offset

towards lower biomass concentrations.

Figure 7 shows the evolution of biomass, conductivity and pH of seven reactors run at

the distinct initial conditions summarized in
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Table 3. In the biotic control experiments performed at higher initial pH, bacteria
showed logistic growth, however, to 23-57 % lower final biomass concentrations compared to
experiments run in the presence of 1500 mg/kg Mississippi RPM. This observation suggests
that the initial growth triggering effect of the RPM stems at least in part from the increase in
pH caused by the dissolution of the particulates. This is in agreement with growth
experiments performed by Bundeleva et al. (2014) who observed that this species only grows
at pH >7.3. Neither the presence of zircon nor increasing ionic strength altered bacterial
growth rates. However, the biotic control where pH was increased by the addition of NaHCO;
to the initial fluid phase showed higher maximum biomass concentrations compared to the
control where initial pH was increased by the addition of NaOH. This suggests that the
availability of dissolved carbonate also enhances bacterial growth. Thus, a series of
experiments was performed in carbonate buffer solutions (0.1 mol/kg DIC) designed to keep
pH constant but provide various quantities of C for bacterial growth. These results, presented
in Figure 8, show that even at these conditions, the presence of 500 mg/kg Mississippi RPM
increased the maximum biomass concentrations by 12 and 20 % compared to corresponding
control experiments run in the absence of RPM. Similarly, the presence of RPM resulted in 6-
21 % greater biomass concentrations in experiments containing high initial nutrient

concentrations (see Figure 10).

In summary, results indicate that one factor leading to increased biomass in the presence
of RPM is the increase of pH due to mineral dissolution. Nevertheless, even at favorable
initial conditions (higher initial pH, carbonate buffered fluid or higher initial nutrient
concentration), the presence of RPM resulted in 1) higher maximum biomass concentrations
and 2) a continuous post-exponential increase in biomass concentration. The post-exponential
growth was only evident for MS particulates, which were studied in more detail. These three
positive effects of RPM on bacterial growth might result from the creation of
microenvironments around the cells favorable for CO, uptake necessary for cyanobacteria
growth through the adjustment of pH and the release of nutrients. To illuminate the hypothesis
of nutrient release from the RPM as trigger for additional growth, the chemical evolution of
the fluid phase was investigated in selected experiments and results are presented in Figures
11 and 12. Note, that the interpretation of the fluid composition in these experiments is
challenging since multiple biogeochemical processes occur simultaneously. Besides the
dissolution of the riverine particulate material and the consumption of nutrients by growing
cyanobacteria, processes as secondary phase precipitation and/or the ad- and desorption of

elements on mineral or bacteria surfaces may influence the temporal evolution of each



798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831

element. Furthermore, changes in pH and dissolved organic matter concentration can change
the solubility and/or speciation of elements in the fluid phase during our experiments. Figure
12A shows the evolution of Si concentration, which changes due to silicate mineral or glass
dissolution. Two important observations are evident in this figure. First, the silicates in
Iceland RPM dissolve faster than those in Mississippi particulates. Note that Mississippi RPM
is primarily composed of quartz and feldspar, whereas Iceland RPM is composed of basalt
and basaltic glass which dissolve faster at these conditions (Gislason and Oelkers, 2003).
Second, the silicate minerals and glass in the biotic reactors dissolve faster compared to those
in the corresponding abiotic experiments, in part due to the pH increase induced by growing
cyanobacteria and the decreased stability of alumosilicate minerals at higher pH. Figure 12B
shows the temporal evolution of Ca concentration. Again, two important observations are
evident in this figure. First, Mississippi RPM releases far more Ca (as well as Mn and Mg) to
the fluid compared to Iceland RPM, likely due to presence of trace amounts of carbonate
minerals in these RPM. Second, in the biotic experiments run in the presence of MS and ICE
RPM, Ca concentrations dropped after a few days. This drop in Ca (also observed for Mg and
Mn) coincides with the drop in conductivity (see Figure 7B) and may stem from the
precipitation of carbonate minerals triggered by increasing pH due to the metabolic activity of
the growing cyanobacteria. Figure 12C and 12D show the temporal evolution of Fe and P
concentrations. The ICE particulates delivered much more Fe to the fluid compared to the MS
RPM, which did not, however, result in a more pronounced bacterial growth as can be seen in
Figure 11A. Dissolved phosphate concentrations in all biotic experiments indicate complete
consumption of this element by the biomass, even in the biotic control experiments in run in
the absence of RPM, where no growth was observed. The close to zero dissolved P
concentrations throughout the biotic experiment containing 1500 mg/kg MS RPM
(experiment SV 4 1500MS), which exhibited post-exponential bacterial growth, suggests that
this growth was P limited. However, MS RPM did not release significant amounts of P to the
fluid phase in the absence of bacteria as indicated by the results of the corresponding abiotic
control experiment. It is noteworthy that MS RPM showed a greater increase in biomass
compared to the ICE RPM, even though Iceland particulates contain much more Fe and P and
the silicate minerals and glass in these particulates dissolve more rapidly. One possibility is
that the attachment of bacteria to the surface of the minerals in this RPM limits particle
dissolution of mafic minerals such as observed by Oelkers et al. (2015). We suggest that
certain accessory phases, such as carbonates or clay minerals, which readily exchange their

interlayer cations, or the presence of highly reactive nanoparticles adhering to larger grains
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(Poulton and Raiswell, 2005) potentially present in the MS RPM might be most efficient in
increasing bacterial growth. Furthermore, the stronger effect of Mississippi particulates might
stem from a higher concentration of adsorbed nutrients on MS particle surfaces as these

particles would have been impacted by anthropogenic and agricultural activity.

The SEM investigations of the riverine particulate material showed that cyanobacteria
were frequently found attached through organic fibers on particle surfaces, especially on clays
in Mississippi RPM and on basaltic glass fragments in Iceland RPM (see Figure 13). This
direct attachment of microbes on the particle surfaces suggests that the cyanobacteria are able
to directly acquire the limiting nutrient from the minerals through an increase in production of
exopolymeric substances (EPS) and transparent exopolymeric particles (TEP). The ability of
microbes to acquire limiting nutrients directly from the mineral phase has been shown by
numerous past studies including Bailey et al. (2009), Rogers et al. (1998), Rogers and Bennett
(2004), Bonneville et al. (2011), Smits et al. (2012) and Sudek et al. (2017). Note, that these
observation were all made for heterotrophic or benthic microorganisms and not

photoautotrophic, planktonic bacteria as in our study.

The direct attachment of bacteria on the mineral surface together with the alkaline pH
produced by the bacteria can increase the dissolution rate of the silicate minerals and glasses
present in the particulates. This has been shown in numerous studies (Bennett et al., 2001;
Drever and Stillings, 1997; Olsson-Francis et al., 2012; Rogers and Bennett, 2004; Uroz et al.,
2009; Wu et al., 2007; 2008). In this study, bacteria likewise indirectly enhanced mineral
dissolution by altering pH and potentially also through the production of organic ligands. This
creates a positive interplay between bacteria and minerals where mineral dissolution enhances
bacterial growth though nutrient release and the enhanced bacterial activity accelerates
mineral dissolution through altering the aqueous solution concentration. This feedback may
also be facilitated and enhanced by the direct attachment of the bacteria to the mineral

surfaces.
5.3 Potential role of riverine particulate material in natural environments

The potential role of river transported particulate material on global element cycles has
received attention as particulates dominate the transport of limiting nutrients compared to
dissolved riverine transport (Jeandel and Oelkers, 2015). Nutrients transported in particulate

form likely act as slow release fertilizer promoting bacterial growth. The results obtained in
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this study validate the role of particulate material on productivity in freshwater environments

and suggest that such particles influence the natural biotic carbon cycle.

The results presented in this study suggest that riverine particulate material can enhance
bacterial growth in natural nutrient limited systems. Moreover, in certain environments,
particulates might trigger calcite precipitation. A number of studies described calcite
precipitation induced by algae or cyanobacteria blooms in natural lakes (Hodell et al., 1998;
Stabel, 1986; Thompson et al., 1997). Notably, Thompson et al. (1997) emphasized that
Synechococcus sp. cyanobacteria are especially suitable for calcite precipitation and observed
calcite precipitates in the alkaline microenvironment around the cells. Thompson et al. (1997)
furthermore mentioned that Synechococcus sp. exhibit a benthic growth habit, colonizing
various surfaces. As shown in this study, dissolving particulates can provide limiting nutrients
for bacterial growth and may act as substrates on which bacteria can grow. The physical
contact between the cells and the particle surface can accelerate their dissolution, thus
liberating, depending on the mineralogy of the particulates, divalent cations ready to form
carbonates. Thus, we hypothesize a potential role of particulate material in triggering algae

blooms and simultaneously occurring whiting events.

Phytoplankton blooms commonly occur during spring and early summer, when
temperature rises and light availability is maximize. During spring, however, fluxes of
riverine particulate material also maximize. Gislason et al. (2006) reported a variation in Ca
particulate fluxes of 4.5 orders of magnitude over the course of a year in a glacial river in NE
Iceland with maximum particulate fluxes during spring and late summer. Thus, times of
increased primary production coincide with times of highest particulate nutrient fluxes. The
effect of riverine particulate material on phytoplankton growth in natural systems, however,
requires a case-by-case study depending on various environmental factors such as nutrient
availability and nutrient ratios, light conditions and the distribution of phytoplankton species.
For example, Baisre and Arboleya (2006) described a drastic reduction in nutrient
concentrations resulting from decreasing sediment concentration in a Cuban estuary following
upstream dam constructions. This had a profound negative influence on the estuary ecosystem
and hence, on local fisheries. In contrast, Jiang et al. (2014) and Chen et al. (2017) observed
increasing chlorophyll a concentrations with decreasing suspended sediment input in Chinese
estuaries, as a consequence of dam constructions. This might occur in highly eutrophic

systems, where light availability limits primary productivity.
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The global impact of river damming on biogeochemical cycles has long been
recognized and numerous studies described the degree and the consequences of retention of
particulates and nutrients in dammed river systems (Baisre and Arboleya, 2006; Bergkamp et
al., 2000; Eiriksdottir et al., 2017; Friedl and Wiiest, 2002; Humborg et al., 2000; Maavara et
al., 2015; Syvitski et al., 2005; Teodoru and Wehrli, 2005; Voérosmarty et al., 2003; Walling,
2006). Syvitski et al. (2005) estimated a reduction of the global riverine flux of particulates to
the oceans by 1.4 Gt year due to retention within reservoirs. The main negative impacts of
these trapped particulates mentioned are the reduced storage capacity and thus, the reduced
operational time of the reservoirs, as well as coastal retreat due to reduced particulate supply
to coastal regions (Bergkamp et al., 2000; Syvitski et al., 2005). Studies exploring the effect
of river damming on nutrient dynamics usually consider the dissolved and organic nutrient
fluxes and assume that the inorganic particulate flux is not bioavailable. Maavara et al. (2015)
for example estimated a global annual P retention for the year 2000 of 42 Gmol from which
18 Gmol was ‘reactive phosphorous’ and 24 Gmol considered as ‘unreactive particulate P’,
mainly composed of crystalline phosphate-bearing minerals. The results obtained in this
study, however, suggest that the inorganic P within particulates may as well be bioavailable
and may directly serve as slow release fertilizer for phytoplankton. Besides the reduction of
particulate material, dam construction causes notable alterations of nutrient ratios (Friedl and
Wiiest, 2002; Humborg et al., 2000; Maavara et al., 2015). Whereas the retention of P and N
in artificial reservoirs counteracts anthropogenic eutrophication, the retention of Si is believed
to cause harmful algae blooms in downstream environments due to changing phytoplankton
species distribution (Chen et al., 2017; Humborg et al., 2000). The role of riverine suspended
material in buffering nutrient ratios and thus, its effect on algae blooms has yet to be

investigated.

Note that the role of riverine particulate material on primary productivity and elemental
budgets gets of global importance in marine systems, where RPM are expected to increase
primary productivity and enhance organic carbon burial through the delivery of particulate
surface area (Jeandel and Oelkers 2015 and references therein). The direct attachment of
bacteria on mineral surfaces presented in this study, support this theory. Moreover, the
frequent occurrence of cyanobacteria aggregates associated with sediment particles observed
in this study (see Figure 13), suggests a positive effect of RPM on the aggregation and settling

of cyanobacteria, facilitating organic carbon burial.
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6. Conclusions

The results presented in this study demonstrate the positive effect of riverine
suspended material on the growth of freshwater cyanobacteria Synechococcus sp. Riverine
particulates exhibited three distinct effects on bacterial growth, which are 1) they trigger
bacterial growth in otherwise unfavourable growth conditions (e.g. by increasing pH), 2) they
increasing maximum total biomass concentration, and 3) their presence induces steady
bacterial growth in post-exponential growth phase. These effects are favoured by increasing
particulate concentration. Results furthermore suggest a positive feedback between
particulates and growing bacteria, where dissolving particulates enhance bacterial growth,
which in turn enhances silicate mineral dissolution by altering fluid pH. SEM images showed
direct physical contact between particulates and cyanobacteria through organic fibres,
suggesting that bacteria attach on mineral surfaces to gain required nutrients. Furthermore,
frequent bacteria clusters were observed associated with particulates, suggesting an increasing

accumulation of bacteria in the presence of particulate material.

These results indicate a notable influence of riverine particulate material on
phytoplankton growth in freshwater environments. However, its potential effect on natural
systems requires a case-by-case study depending on various environmental factors such as
nutrient availability and nutrient ratios, light intensity or phytoplankton species distribution.
Given the predominance of potentially limiting nutrients transported in riverine particulates
compared to its dissolved flux, it seems likely that particulates enhance bacterial growth
whenever growth is limited by nutrient availability. Furthermore, the direct attachment of
bacteria on mineral surfaces underscores the importance of riverine particulates on the burial
efficiency of organic carbon. These effects combined suggest a significant impact of

particulate material on the global carbon cycle.
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Table A1: Summary of experimental conditions. RPM means Riverine Particulate Material. ICE means Iceland and MS Mississippi particulates.

Experiment Electrolyte RPM Pa? t.lc“'f‘l mmal pH pH duration . P

Y type of RPM mass sterilization biomass . .. Parameters measured displayed in Figure
ID BG-11 dilution initial max  [days]

[mg/kg] method [gary/kel

Sil1 13.3% - 0 - 0.022 Nd nd 28 OD
SII2 13.3% ICE 1505 no sterilization 0.021 Nd nd 28 OD
SI3 13.3% MS 1506 no sterilization 0.022 Nd nd 28 OD
SII1 5% - 0 - 0.032 Nd nd 36 OD
SI12 5% ICE 501 no sterilization 0.033 Nd nd 36 OD
SII3 5% ICE 1503 no sterilization 0.033 Nd nd 36 OD, SEM
SII 4 5% MS 498 no sterilization 0.033 Nd nd 36 OD
SIII 5 5% MS 1498 no sterilization 0.034 Nd nd 36 0D, SEM
SiV1 5% ICE 1501 12h at 121°C 0.007 6.0 9.8 22 OD, pH
SIV?2 5% ICE 76 12h at 121°C 0.007 60 6.3 22 OD, pH
SIV3 5% MS 1495 12h at 121°C 0.007 6.0 10.7 22 OD, pH
SIvV 4 5% MS 75 12h at 121°C 0.007 60 6.5 22 OD, pH
SIV's 5% ICE 1499 12h at 121°C 0 60 7.1 22 OD, pH
SIV 6 5% ICE 75 12h at 121°C 0 60 6.2 22 OD, pH
N 5% MS 1500 12h at 121°C 0 60 7.8 22 OD, pH
SIV 8 5% MS 76 12h at 121°C 0 6.0 6.6 22 OD, pH
SiV9 5% - 0 - 0.007 60 6.3 22 OD, pH
Sri1 5% - 0 - 0.018 6.0 6.6 28 OD, pH, NPOC, DIC, ICP-MS 4, 6, 11,12
SV2 5% ICE 1489 10 % H,0, 0.018 6.0 10.1 28 OD, pH, NPOC, DIC, ICP-MS 4, 6, 11,12
SV3 5% ICE 76 10 % H,0, 0.018 60 6.5 28 OD, pH, NPOC, DIC, ICP-MS 6
SV4 5% MS 1501 10 % H,0, 0.018 6.0 10.6 28 OD, pH, NPOC, DIC, ICP-MS 4, 6, 11,12
SVs 5% MS 76 10 % H,0, 0.018 60 6.9 28 OD, pH, NPOC, DIC, ICP-MS 6
SVé 5% ICE 1495 10 % H,0, 0 60 6.9 28 OD, pH, NPOC, DIC, ICP-MS 11,12
SV7 5% ICE 77 10 % H,0, 0 60 6.4 28 OD, pH, NPOC, DIC, ICP-MS
N&S 5% MS 1502 10 % H,0, 0 60 7.6 28 OD, pH, NPOC, DIC, ICP-MS 11,12
SVo9 5% MS 75 10 % H,0, 0 60 6.7 28 OD, pH, NPOC, DIC, ICP-MS
SV 10 5% - 0 - 0 6.0 6.2 28 OD, pH, NPOC, DIC, ICP-MS
Srb 1 5% - 0 - 0.018 Nd 28 oD 4, 6



SVb7 5% MS 1524 12h at 121°C 0 Nd nd 28 oD

SVI1 5% + NaOH organic ctrl 0.041 6.8 10.6 28 OD, pH 9
SVi2 5% + NaOH MS 1499 Eth+ 12h 121°C 0.041 6.8 10.8 28 OD, pH 9
SVI3 5% + NaOH MS 78 Eth+ 12h 121°C 0.041 6.8 10.6 28 OD, pH 9
SVi4 5% + NaOH MS 1501 Eth + 12h 121°C 0 6.8 7.8 28 OD, pH

SVIS 5% + NaOH MS 76 Eth + 12h 121°C 0 6.8 7.1 28 OD, pH

SVi6 5% + NaOH - 0 - 0 6.8 6.9 28 OD, pH

Svi7 5% + NaOH MS 1007 Eth+ 12h 121°C 0.041 6.8 nd 28 OD 9
SVI8 5% + NaOH MS 514 Eth+ 12h 121°C 0.041 6.8 nd 28 OD 9
SVi9 5% + NaOH MS 1005 Eth + 12h 121°C 0.018 6.8 nd 28 OD

SVI10 5% + NaOH MS 506 Eth + 12h 121°C 0.018 6.8 nd 28 OD

NIZA8! 5% + NaOH MS 1493 Eth + 12h 121°C 0.007 6.8 nd 28 OD

SVi12 5% + NaOH MS 1006 Eth + 12h 121°C 0.007 6.8 nd 28 OD

SVI13 5% + NaOH MS 502 Eth + 12h 121°C 0.007 6.8 nd 28 OD

SVI 14 5% + NaOH MS 1010 Eth + 12h 121°C 0 6.8 nd 28 OD

SVI15 5% + NaOH MS 497 Eth + 12h 121°C 0 6.8 nd 28 OD

SVI 16 13.3% - 0 - 0.030 Nd nd 28 OD 10
NIZ8Yi 13.3% MS 1487 Eth+ 12h 121°C 0.032 Nd nd 28 OD 10
SVI18 13.3% MS 1000 Eth + 12h 121°C 0.030 Nd nd 28 OD 10
SVI19 13.3% MS 508 Eth + 12h 121°C 0.030 Nd nd 28 OD 10
SVI20 13.3% MS 74 Eth + 12h 121°C 0.030 Nd nd 28 oD 10
SVl 1 5% + NaOH - 0 - 0.007 74 94 27 OD, pH, Cond

SVII2 5% + NaOH - 0 - 0.018 76 9.7 27 OD, pH, Cond

SVII 3 5% + NaOH - 0 - 0.041 7.6 10.1 27 OD, pH, Cond 7

SVII 4 5% + 0.3g/kg NaCl - 0 - 0.007 60 63 27 OD, pH, Cond

SVII 5 5% + 0.3g/kg NaCl - 0 - 0.018 60 63 27 OD, pH, Cond

SVII 6 5% + 0.3g/kg NaCl - 0 - 0.041 6.0 6.5 27 OD, pH, Cond

SV 7 5% + HCO;/Ca - 0 - 0.007 7.6 99 27 OD, pH, Cond

SVII 8 5% + HCO;/Ca - 0 - 0.018 7.6 10.4 27 OD, pH, Cond

SVII9 5% + HCO3/Ca - 0 - 0.041 7.8 10.6 27 OD, pH, Cond

SVII 10 5% - 0 - 0.007 6.1 6.6 27 OD, pH, Cond

SVII 11 5% - 0 - 0.018 6.1 6.5 27 OD, pH, Cond

SvII 12 5% - 0 - 0.041 6.0 6.6 27 OD, pH, Cond, Chl a

SVII 13 5% MS 1543 Eth + 12h 121°C 0.007 6.0 10.3 27 OD, pH, Cond

SVII 14 5% MS 1509 Eth+ 12h 121°C 0.018 59 103 27 OD, pH, Cond

SVII 15 5% MS 1541 Eth + 12h 121°C 0.041 59 105 27 OD, pH, Cond, Chl a

SVII 16 5% MS 1001 Eth + 12h 121°C 0.007 Nd nd 27 OD

SV 17 5% MS 1474 burned 0.007 Nd nd 27 OD

SVII 18 5% MS 1458 burned 0.018 Nd nd 27 OD

SVII 19 5% MS 1497 burned 0.041 Nd nd 27 OD

SVII 20 5% Zircon 1452 Eth + 12h 121°C 0.007 Nd nd 13 OD
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SVII 21 5% Zircon 1497 Eth + 12h 121°C 0.041 Nd nd 13 OD 7
SVII 22 5% MS 1477 Eth + 12h 121°C 0 59 7.7 19 OD, pH

SVII 23 5% MS 994 Eth + 12h 121°C 0.041 Nd nd 27 OD, pH, Cond 7,
SVII 24 5% MS 508 Eth + 12h 121°C 0.041 Nd nd 27 OD, Chl a

SVII 25 5% MS 70 Eth + 12h 121°C 0.041 Nd nd 28 OD

SVIII'1 5% + NaOH - 0 - 0.007 7.1 95 27 OD, pH

SVII 2 5% + NaOH - 0 - 0.018 7.1 95 27 OD, pH

SVIII 3 5% + NaOH - 0 - 0.041 7.1 10.5 27 OD, pH

SVII 4 5% MS 1007 Eth + 12h 121°C 0.041 6.1 10.1 27 OD, pH

SVIII 5 5% - 0 - 0.041 6.1 6.2 12 OD, pH

SVII 6 5% - 0 - 0.041 6.1 6.2 12 OD, pH

SIX1 5% + carb buff. - 0 - 0.007 94 9.6 24 OD, pH 8
SIX2 5% + carb buff. - 0 - 0.018 94 9.7 24 OD, pH 8
SIX3 5% + carb buff. MS 512 Eth + 12h 121°C 0.007 94 9.8 24 OD, pH 8
SIX 4 5% + carb buff. MS 526 Eth + 12h 121°C 0.018 94 9.6 24 OD, pH 8
SX 1 5% - 0 - 0.007 5.8 6.2 15 OD, pH, Cond 5

SX 2 5% ICE 1497 Eth + 12h 121°C 0.007 6.6 10.0 15 OD, pH, Cond

SX 3 5% - 0 - 0.018 5.8 64 15 OD, pH, Cond 4

SX 4 5% ICE 1482 Eth + 12h 121°C 0.018 6.4 10.0 15 OD, pH, Cond 4,5

SX 5 5% - 0 - 0.041 5.8 65 15 OD, pH, Cond, Chl a

SX 6 5% ICE 81 Eth + 12h 121°C 0.041 Nd nd 15 OD 5

SX 7 5% ICE 1504 Eth + 12h 121°C 0.041 6.9 10.4 15 OD, pH, Cond Chl a 5

SX 8 5% ICE 1478 Eth + 12h 121°C 0 6.6 7.0 15 OD, pH, Cond

SX 9 5% ICE 1468 burned 0.018 Nd nd 15 OD 4,5

SX 10 5% + NaOH - 0 - 0.041 7.1 99 25 OD, pH 5

SX 11 5% + NaOH - 0 - 0.018 72 9.7 25 OD, pH

SX 12 5% MS 1464 Eth + 12h 121°C 0 62 7.6 25 OD, pH, Cond

SX 13 5% MS 1531 Eth + 12h 121°C 0.007 Nd nd 25 OD

SX 14 5% MS 505 Eth + 12h 121°C 0.007 Nd nd 25 OD




1222 Table A 2: Initial conditions, maximal biomass concentration and computed growth rate constants in exponential (i) and in stationary phase ([stat)
1223 for all reactors.

BNt pon g OPSOT g PR P mabiomass  ORLRE L e % [k

D eike RPM (eke] initial  max [garyy/kel [days‘l]u e [glzdry)jligl;fit;ty] (0] displayed in figure
SIT'1 0 0.022 nd nd 0.267 0.431 0.010 -9.75E-04 7.62E-04

SIr2 1505 ICE 0.021 nd nd 0.343 0.476 0.095 3.35E-03 7.33E-04

SII3 1506 MS 0.022 nd nd 0.368 0.435 0.096 4.30E-03 2.93E-04

SIT 1 0 0.032 nd nd 0.115 0.466 0.093 1.80E-04 5.70E-05

SII 2 501 ICE 0.033 nd nd 0.141 0.395 0.008 2.17E-04 7.32E-05

SII 3 1503 ICE 0.033 nd nd 0.157 0.431 0.062 -2.92E-04 1.24E-04

SIIT 4 498 MS 0.033 nd nd 0.153 0.388 0.127 8.18E-04 6.19E-05

SiI's 1498 MS 0.034 nd nd 0.219 0.382 0.010 2.68E-03 1.01E-04

SIv'1 1501 ICE 0.007 6.0 9.8 0.133 0.390 0.007 6.92E-04 6.54E-05

SIV?2 76 ICE 0.007 6.0 6.3 no growth

SIV'3 1495 MS 0.007 6.0 10.7 0.140 0.465 0.038 1.59E-03 2.91E-04

SIV 4 75 MS 0.007 6.0 6.5 no growth

SIV9 0 0.007 6.0 6.3 no growth

Sri 0 0.018 6.0 6.6 no growth 4, 6, 11,12
SV2 1489 ICE 0.018 6.0 10.1 0.134 0.274 0.005 -1.69E-04 1.62E-04 4, 6, 11,12
SV3 76 ICE 0.018 6.0 6.5 no growth 6

SV 4 1501 MS 0.018 6.0 10.6 0.142 0.301 0.001 #BEZUG! 5.03E-05 4, 6, 11,12
SVs 76 MS 0.018 6.0 6.9 no growth 6

SVb 1 0 0.018 nd no growth 4, 6

SVb 2 1517 ICE 0.018 nd nd 0.157 0.348 0.011 -3.74E-05 4.26E-05 4, 6

SVb3 Residual SV 6 0.018 6.8 nd 0.067 0.234 0.012 -1.54E-04 4.05E-05 6

SVb 4 1506 MS 0.018 nd nd 0.159 0.483 0.018 1.06E-03 5.17E-05 4, 6

SVb 5 Residual SV'8 0.018 7.6 nd 0.080 0.255 0.007 -1.24E-04 4.04E-05 6

SVI'1 0 0.041 6.8 10.6 0.135 0.209 0.005 -7.99E-04 1.64E-04 9

SVI2 1499 MS 0.041 6.8 10.8 0.178 0.228 0.019 1.12E-03 1.06E-04 9

SVI3 78 MS 0.041 6.8 10.6 0.142 0.215 0.013 -4.11E-04 1.03E-04 9

SVI7 1007 MS 0.041 6.8 nd 0.161 0.253 0.005 4.28E-05 6.35E-05 9

SVI8 514 MS 0.041 6.8 nd 0.157 0.240 0.010 -6.84E-05 5.88E-05 9

SVI9 1005 MS 0.018 6.8 nd 0.147 0.346 0.009 4.23E-04 7.70E-05

SVI10 506 MS 0.018 6.8 nd 0.134 0.355 0.021 -2.54E-05 5.35E-05

NIZBY! 1493 MS 0.007 6.8 nd 0.142 0.473 0.003 8.48E-04 7.09E-05



SVi12 1006 MS 0.007 6.8 nd 0.167 0.399 0.011 -2.48E-04 8.50E-05

SVI13 502 MS 0.007 6.8 nd 0.120 0.403 0.012 -1.88E-05 7.32E-05

SVI16 0 0.030 nd nd 0.286 0.310 0.012 10
NIZ8Yi 1487 MS 0.032 nd nd 0.346 0.309 0.005 1.24E-04 10
SVI18 1000 MS 0.030 nd nd 0.33 0.301 0.017 2.04E-04 10
SVI19 508 MS 0.030 nd nd 0.327 0.283 0.009 1.63E-04 10
SVI20 74 MS 0.030 nd nd 0.303 0.291 0.009 2.15E-04 10
SvII 1 0 0.007 7.4 9.4 0.081 0.410 0.043 -1.27E-03 4.78E-05

SVII 2 0 0.018 7.6 9.7 0.099 0.347 0.020 -1.06E-03 7.09E-05

SVII 3 0 0.041 7.6 10.1 0.128 0.230 0.026 -1.39E-03 5.25E-05 7

SVII 4 0 0.007 6.0 6.3 no growth

SVII'S 0 0.018 6.0 6.3 no growth

SVII 6 0 0.041 6.0 6.5 no growth 7

SV 7 0 0.007 7.6 9.9 0.107 0.591 0.107 -6.68E-04 1.18E-04

SVII 8 0 0.018 7.6 10.4 0.125 0.411 0.020 -9.53E-04 2.35E-05

SVII9 0 0.041 7.8 10.6 0.160 0.300 0.021 -1.55E-03 1.21E-04 7

SVII 10 0 0.007 6.1 6.6 no growth 5

NZ/80! 0 0.018 6.1 6.5 no growth 4,5

SVII 12 0 0.041 6.0 6.6 no growth 5, 7, 9
SVII13 1543 MS 0.007 6.0 10.3 0.143 0.505 0.022 1.05E-03 1.48E-04 5

SVII 14 1509 MS 0.018 5.9 10.3 0.156 0.409 0.020 9.14E-04 1.19E-04 4,5

SvII 15 1541 MS 0.041 5.9 10.5 0.197 0.322 0.045 1.42E-03 1.47E-04 5, 7, 9
SVII 16 1001 MS 0.007 nd nd 0.136 0.531 0.012 6.98E-04 1.39E-04

SV 17 1474 MS 0.007 nd nd 0.137 0.526 0.027 8.51E-04 1.61E-04

SVII 18 1458 MS 0.018 nd nd 0.148 0.446 0.019 5.46E-04 6.21E-05 4

SVII 19 1497 MS 0.041 nd nd 0.171 0.390 0.078 2.85E-04 8.37E-05

SVII 20 1452 Zircone 0.007 nd nd no growth

SVII 21 1497 Zircone 0.041 nd nd no growth 7

SVII 23 994 MS 0.041 nd nd 0.176 0.338 0.047 5.76E-04 6.94E-05 7, 9
SVII 24 508 MS 0.041 nd nd 0.164 0.292 0.019 -1.07E-03 1.66E-04 9
SVII 25 70 MS 0.041 nd nd 0.140 0.271 0.022 9
SVII 1 0 0.007 7.1 9.5 0.084 0.512 0.102 -3.42E-04 8.91E-05

SVII 2 0 0.018 7.1 9.5 0.093 0.326 0.065 -4.28E-04 5.18E-05

SVII3 0 0.041 7.1 10.5 0.155 0.198 0.040 -1.00E-03 1.01E-04

SVIII 4 1007 MS 0.041 6.1 10.1 0.157 0.411 0.082 3.66E-04 1.69E-04

SVII 5 0 0.041 6.1 6.2 no growth

SVII 6 0 0.041 6.1 6.2 no growth

SIX'1 0 0.007 9.4 9.6 0.104 0.532 0.023 -2.33E-03 1.20E-04 8

SIX 2 0 0.018 9.4 9.7 0.112 0.434 0.036 -2.44E-03 1.36E-04 8

SIX3 512 MS 0.007 9.4 9.8 0.116 0.527 0.049 -2.05E-03 1.49E-04 8
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SixX 4 526 MS 0.018 9.4 9.6 0.134 0.467 0.015 -2.37E-03 5.51E-05

SX 1 0.007 5.8 6.2 no growth 5
SX 2 1497 ICE 0.007 6.6 10.0 0.143 0.470 0.018

SX 3 0.018 5.8 6.4 no growth 4
SX 4 1482 ICE 0.018 6.4 10.0 0.154 0.405 0.081 4,5
SX 5 0.041 5.8 6.5 no growth

SX 6 81 ICE 0.041 nd nd no growth 5
SX 7 1504 ICE 0.041 6.9 10.4 0.186 0.361 0.072 5
SX 9 1468 ICE 0.018 nd nd 0.159 0.465 0.093 4,5
SX 10 0.041 7.1 9.9 0.139 0.304 0.061 -1.43E-03 8.32E-05 5
SX 11 0.018 7.2 9.7 0.113 0.472 0.094 -1.17E-03 8.25E-05

SX 13 1531 MS 0.007 nd nd 0.135 0.566 0.042 6.69E-04 8.77E-05

SX 14 505 MS 0.007 nd nd 0.118 0.462 0.045 1.95E-04 8.70E-05
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1226
1227  Figure Al: XRD spectra of Iceland (ICE) and Mississippi (MS) riverine particulate material used in

1228  this study.
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1230  Figure A 2: Optical density (OD) versus biomass (gry)/kg) calibration curve for
1231  determination of biomass concentrations in suspension samples. For OD readings >1, samples
1232 were diluted.



