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Abstract

The phosphorus (P) concentration is increasing in parts of the Baltic Sea following the spring bloom. The fate of this excess P-pool is
an open question, and here we investigate the role of microbial degradation processes in the excess P assimilation phase. During a
17-day-long mesocosm experiment in the southwest Finnish archipelago, we examined nitrogen, phosphorus, and carbon acquiring
extracellular enzyme activities in three size fractions (<0.2, 0.2-3, and >3 pm), bacterial abundance, production, community compo-
sition, and its predicted metabolic functions. The mesocosms received carbon (C) and nitrogen (N) amendments individually and in
combination (NC) to distinguish between heterotrophic and autotrophic processes. Alkaline phosphatase activity occurred mainly in
the dissolved form and likely contributed to the excess phosphate conditions together with grazing. At the beginning of the experi-
ment, peptidolytic and glycolytic enzymes were mostly produced by free-living bacteria. However, by the end of the experiment, the
NC-treatment induced a shift in peptidolytic and glycolytic activities and degradation of phosphomonoesters toward the particle-
associated fraction, likely as a consequence of higher substrate availability. This would potentially promote retention of nutrients in
the surface as opposed to sedimentation, but direct sedimentation measurements are needed to verify this hypothesis.

Keywords: excess phosphate; extracellular enzyme activity; mesocosm; northern Baltic Sea; organic matter degradation; postspring-

bloom

Introduction

The diatom and/or dinoflagellate-dominated spring bloom in the
Baltic Sea ends upon the depletion of dissolved inorganic nitrogen
(DIN) and, in large parts of the Baltic, typically an excess phos-
phate concentration of >0.2 pmol 1! remains in the upper water
layer (Spilling et al. 2018). This condition is regarded to induce re-
curring summer blooms of N,-fixing cyanobacteria (Niemi 1979,
Rahm et al. 2000, Vahtera et al. 2007, Lilover and Stips 2008). How-
ever, the main period of cyanobacterial blooms usually starts 2-3
months after the termination of the spring bloom, when the ex-
cess phosphate has already been consumed by other organisms
(Raateoja et al. 2011, Lips and Lips 2017, Vanharanta and Spilling
2023).

The typical postspring-bloom low dissolved inorganic nitrogen
to phosphorus ratio (DIN:DIP ~2) indicates strong N-limitation of
planktonic productivity (Lignell et al. 2008). This condition likely
enhances remineralization of organic nitrogen-rich compounds

(Eilola and Stigebrandt 1999) that could allow for the utilization of
the excess phosphate pool. The low DIN:DIP ratio may favor the
growth of heterotrophic bacteria that have generally low DIN:DIP
uptake ratio and high affinity to phosphate due to a relatively low
C:P of 45 in their biomass (Kirchman 1994, Nausch et al. 2018). Ef-
fective uptake of DIP together with organic forms of nitrogen has
the potential to turn the system into combined N and P deficiency
(Lignell et al. 2008), but heterotrophic bacteria might be limited
by labile carbon-rich substrates (Kirchman 1994, Lignell et al.
2008).

Biological remineralization processes are driven by microbially
synthetized extracellular enzymes, which hydrolyze high molec-
ular weight organic matter (OM) into smaller substances, thus
enabling the acquisition of organic monomers and mineral nu-
trients into microbial cells. These enzymes exist either attached
to their producing cell (i.e. cell-attached) in which case the hy-
drolysis products are near the cell surface for transport and
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subsequent intracellular metabolism, or secreted into the water
(i.e. dissolved) when hydrolysis products are available also for
the nonenzyme producing organisms. Depending on the circum-
stances, either of these forms of OM hydrolysis can be optimal
(Traving et al. 2015), and different phyla of heterotrophic bacte-
ria possess varying strategies of enzyme production (Murray et
al. 2007, Allison et al. 2014, Ramin and Allison 2019). Different
forms of substrate hydrolysis can also depend on the phytoplank-
ton bloom type (Grossart et al. 2007a) or phase and environmen-
tal conditions, and this can be either due to community change
or ability of individual cells to shift between substrate hydrolysis
strategies (Traving et al. 2022) that could be related to their abil-
ity to alternate between free-living and surface-attached stages
(Grossart 2010).

Dissolved enzymes can originate from direct release by
prokaryotes attached to particles or colloids in low diffusion and
high substrate environments (Ziervogel and Arnosti 2008, Baltar
et al. 2010, Ziervogel et al. 2010), bacterial stress and mortality
(Baltar et al. 2019), cell lysis due to viral infection (Karner and Ras-
soulzadegan 1995) and protist grazing on bacteria (Bochdansky et
al. 1995). Also, fungi (Grossart et al. 2019, Salazar-Alekseyeva et al.
2023) and autotrophs such as diatoms (e.g. Rengefors et al. 2001)
and mixotrophic algae (Salerno and Stoecker 2009) produce ex-
tracellular enzymes that, e.g. during phytoplankton bloom break-
down can end up in the dissolved enzyme pool. In the Baltic Sea,
alkaline phosphatase (APase) activity has been attributed to phy-
toplankton (Nausch 1998) and is often found in the cell-attached
form (Gonzalez-Gil et al. 1998, Strojsova et al. 2003), whereas up
to 30% of the bacterial APase activity appears to be dissolved (Luo
et al. 2009). The ecologically significant characteristic of dissolved
enzymes is that they may remain functional in the water column
for days to weeks after being released into the surrounding water
(Hoppe 1991, Ziervogel et al. 2010, Steen and Arnosti 2011, Thom-
son et al. 2019). Thereby, they spatially and temporally decouple
hydrolysis products and enzyme producing cell (Ziervogel et al.
2010, Baltar 2018).

In a recent indoor tank experiment, a larger part of the excess
phosphate remaining after the spring bloom ended up in the par-
ticulate organic phosphorus (POP) pool than in the dissolved or-
ganic fraction (Vanharanta and Spilling 2023), which would im-
ply OM flux to the seafloor and sedimentation of the excess phos-
phate. However, the particulate form might be heavily colonized
by bacteria (Bochdansky et al. 2016), which could potentially en-
hance OM remineralization and nutrient cycling in the upper wa-
ter layer microbial food web (Malfatti et al. 2014). The magnitude
of vertically transported OM depends on several other factors as
well, including packaging, size spectrum, and chemical composi-
tion of the particles (Cho and Azam 1988).

As part of a larger study on the fate of excess phosphate in
the northern Baltic Sea, the present paper reports the enzymatic
processing of OM under low DIN:DIP ratio relative to the canoni-
cal N:P Redfield ratio 16:1 (Redfield 1958). Inorganic nutrient sup-
ply and availability of labile carbon sources influence the up-
take stoichiometry and resource competition between primary
producers and heterotrophic bacteria with consequences for fur-
ther trophic interactions (Thingstad et al. 2008). The development
of the plankton community during this experiment is presented
in Spilling et al. (2024). The main aim of this study was to in-
vestigate the possible drivers of EEAs and the degradation po-
tential of organic material that determines the availability of re-
generated nutrients for maintaining autotrophic growth and ul-
timately affects the potential of OM export to the sea floor after
the northern Baltic spring bloom. In addition, we described the

bacterial community composition and compared the measured
EEAs with the predicted functional abundances of the bacterial
taxa identified via 16S rRNA gene sequences. We hypothesized
that (1) DIN limitation and excess phosphate availability enhance
the degradation of dissolved organic nitrogen (DON) enabling the
assimilation and probable subsequent sedimentation of the ex-
cess phosphate pool and consequently could drive the system into
codeficiency of DIN and DIP and that (2) heterotrophic bacteria
may be also limited by labile carbon substrates, which reduces
their competitive edge against picophytoplankton for inorganic
nutrients.

Materials and methods

Experimental design and sampling

An outdoor mesocosm experiment was conducted between 7th
and 23rd June 2021. Scientific foundation and details of the ex-
perimental setup are given in Spilling et al. (2024). Briefly, we
moored 14 transparent plastic mesocosm bags (volume 1.2 m?,
diameter 0.9 m, and depth 2 m) in a linear array beside a pon-
toon off Tvarminne Zoological Station at the Finnish southwest
coast (59°50'37"N, 23°15'6"E). Mesocosms were filled with surface
water by gentle pumping with a submersible pump (Junhe Pumps
Holding CO, LTD) on 7th June marking day —1 of the experiment.
Microscopy sample indicated that this pumping method did not
affect zooplankton but prevented small fish from entering the
mesocosms (Spilling et al. 2024). Temperature (~18°C) and salinity
(5.5 psu) were measured using a portable calibrated digital water
meter (MU 6100 H, VWR). Dummy bags filled at each end ensured
the same light conditions in mesocosm 1 and 12. All mesocosms
were partially protected from rain and bird feces with a transpar-
ent plastic roof.

On experiment day O (8th June), the concentration of DIP was
0.013 pmol 1= and each of the 12 mesocosms received an addi-
tion of PO4>~ (KH,POy4) to a starting concentration of 0.66 pmol 17*
to simulate the excessive DIP conditions prevailing in the Gulf of
Finland after the spring bloom. In addition to three otherwise un-
amended control mesocosms, the experimental design consisted
of three different triplicate treatments: carbon addition as glu-
cose (C-treatment), nitrate addition (N-treatment), and combined
carbon and nitrate additions (NC-treatment). Before the start of
the experiment there was 0.031 pmol DIN 1! in the water. Nitrate
(NOs3~) was added in each of the three N- and NC-treated meso-
cosms to a final starting concentration of 3.66 umol NO;~ 1-1. The
resulting DIN:DIP ratio in the N-amended mesocosms was ~5.5.
Glucose was added to each of the three C- and NC-treated meso-
cosms to final concentration of 36 pmol C 17, All additions were
made on day 0, right before the first full sampling.

Water samples for extracellular enzyme activities, chlorophyll-
a, inorganic nutrient, particulate, and dissolved organic nutrient
concentrations, bacterial abundance, and thymidine and leucine
incorporation-based bacterial production (BPT and BPL, respec-
tively), as well as DNA extraction for 16S rRNA analysis and
abundance of heterotrophic nanoflagellates were taken on days
0,1, 3, 6, 8, 10, 13, and 15 with a Limnos sampler (Hydro-Bios,
Germany) at a depth of 0.5 m. Temperature was measured in-
side the mesocosms by logging sensors (HOBO U26; Onset Inc,
US) throughout the entire experiment. Water collected from
each mesocosm was transported in acid-washed and MQ-rinsed
closed 51 plastic containers, previously prerinsed with the sam-
pled water, to a climate chamber in the laboratory for further
processing.
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Chemical analyses

Dissolved inorganic nutrients (NO3~+NO,~, PO4*>") were mea-
sured by standard colorimetric methods (Grasshoff et al. 1999)
using a photometric analyzer (Thermo Scientific Aquacem 250).
NH,* was measured with a Hitachi U-1100 spectrophotometer.

Chlorophyll-a concentration was determined according to Jes-
persen and Christoffersen (1987) by filtering 50 ml of sample in
duplicates onto GF/F filters (pore size 0.7 um, Whatman) and ex-
tracted with 94% ethanol in the dark at room temperature for
24 h before analysis with a fluorometer (Varian Inc., Cary Eclipse).
Chlorophyll-a measurements were calibrated with a chlorophyll-a
standard (Sigma).

Samples for dissolved organic carbon (DOC) and total dissolved
nitrogen (TDN) (20 ml) were filtered into acid-washed and precom-
busted glass vials through 0.2 pm polycarbonate syringe filters
(Whatman, UK). Samples were acidified with 2 M HCI and con-
centrations were determined by high-temperature catalytic ox-
idation according to Sharp et al. (1993) using a Shimadzu TOC-
VCPH carbon and nitrogen analyzer equipped with a chemilumi-
nescence detector (Shimadzu TNM-1) for measuring TDN. DON
was calculated as the difference between TDN and DIN. Total
dissolved phosphorus (TDP) concentration was determined ac-
cording to Koistinen et al. (2017) from 30 ml of sample water fil-
tered through 0.2 pm polycarbonate syringe filters (Whatman)
into acid-washed centrifuge tubes. Dissolved organic phosphorus
(DOP) was calculated as the difference between TDP and DIP.

For determination of particulate organic nutrient concentra-
tions, 100 ml of water was filtered in duplicates onto acid-washed
(2 M HCI for 15 min), rinsed with ultrapure water, and precom-
busted (450°C, 4 h) GF/F filters (Whatman). Concentrations of par-
ticulate organic carbon (POC) and nitrogen (PON) were measured
with a CHN element analyzer coupled to a mass spectrometer (Eu-
ropa Scientific ANCA-MS 20-2015 N/13C) (Salonen 1979). Concen-
tration of particulate organic phosphorus (POP) was measured by
dry incineration and acid hydrolysis (Solérzano and Sharp 1980)
with modification by Koistinen et al. (2017). Particulate organic el-
emental ratios POC:PON:POP were calculated on a molar basis.

Biovolume estimates

The microphytoplankton composition and total biovolume were
determined using FlowCam (see further methodological details in
Spilling et al. 2024), which detects particles within the size range
of 2-100 pm. The contribution of detritus to the total biovolume
was used as an indicator of OM quality.

Bacteria abundance and bacterial production

Heterotrophic bacteria were enumerated by flow cytometry (LSR
1T, BD Biosciences, USA) using a 488-nm laser. Samples were fixed
with 1% paraformaldehyde (final concentration) for 15 min in
darkness, flash frozen in liquid nitrogen, and stored at —80°C until
analysis. Prior to flow cytometry, samples were stained with SYBR-
Green I (Molecular Probes, Eugene, OR, USA) ata 10~* (v/v) concen-
tration and incubated for 15 min in the dark according to Gasol
and Del Giorgio (2000). CountBright beads (Molecular Probes)
were added to each sample to determine measured volume. Het-
erotrophic bacteria were detected according to their green fluores-
cence and side scatter properties using the FACSDiva Software (BD
Biosciences). Cell counts were obtained with the Flowing Software
version number 2.5.1 (https://bioscience.fi/?s=flowing+software).

Bacterial production (umol C 17! h~') was measured as in-
corporation of *H-thymidine (BPT) and #C-leucine (BPL) using
cold trichloroacetic (TCA) extraction (Fuhrman and Azam 1982,
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Kirchman et al. 1985). Of each sample three replicates and two
formaldehyde-fixed (final concentration 1.85%) adsorption blanks
were spiked with [methyl->H]-thymidine and r-[**C(U)]-leucine
(Perkin Elmer) at saturating concentrations of 20 nM and 150 nM,
respectively. The subsamples (1 ml) were incubated in Eppen-
dorf tubes for 1-1.5 h in the dark at ~17°C and the incubation
was stopped by addition of formaldehyde (final concentration of
1.85%). TCA extraction was done using the centrifugation method
(Smith and Azam 1992) after which the pellets were dissolved
in Instagel scintillation cocktail for measurements with a Wal-
lac Win Spectral 1414 liquid scintillation counter. A cell conver-
sion factor of 1.4 x 10° cells nmol~! (HELCOM 2008) and a car-
bon conversion factor of 0.12 pg C x (um? cell~1)%/ (Norland 1993)
were used to convert thymidine incorporation to carbon produc-
tion. Based on earlier measurements an average bacterial cell vol-
ume of 0.06 um? was used (Hoikkala, personal communication).
Leucine incorporation was converted to carbon production using
a factor of 1.5 kg C mol~! (Simon and Azam 1989).

Heterotrophic nanoflagellates

Abundance of aplastidic nanoflagellates (cell size <20 pm) was
estimated using epifluorescence microscopy. A volume of 20 ml
of sample was filtered onto white polycarbonate filters (diame-
ter 25 mm, pore size 0.8 pm). The cells were stained with 4',6-
diamidino-2-phenylindole solution (concentration 1 pg ml~1) for
10 min in the dark and manually counted using Leica M125 with
integrated camera and fluorescence capability (Germany) accord-
ing to Sherr et al. (1987).

Extracellular enzyme activities

Hydrolytic rates of four enzymes; APase, B-glucosidase (BGase), a-
glucosidase (AGase), and leucine aminopeptidase (LAPase) were
measured as an increase in fluorescence over a 4-h incubation
in the dark at ~17°C. Fluorescence was measured in 1 h inter-
vals with an Agilent Cary Eclipse Fluorescence Spectrophotome-
ter with excitation/emission wavelengths of 360/450 nm on Nunc
96-well plates (sample volume 330 pl). Working solutions of fluo-
rogenic model substrate analogs corresponding to classes of nat-
ural substrate chemical bonds, 4-methylumbelliferyl-phosphate
(APase), 4-methylumbelliferyl-gp-glucopyranoside (BGase), 4-
methylumbelliferyl-ap-glucopyranoside (AGase), and L-leucine-
7-amido-4-methylcoumarin (LAPase) (Sigma, Aldrich) were pre-
pared according to Hoppe (1983) and added in samples at pre-
viously tested saturating final concentrations of 100 uM (APase,
BGase, and AGase) and 500 uM (LAPase). Consequently, measured
hydrolytic rates represent potential values proportional to the
pool of extracellular enzymes present in the sample (Hoppe 1983).
Substrate analogs were measured in four replicates per sample.
Fluorescence was converted to microbial enzymatic activity (nmol
171 h~1) by standard curves established with a range of increas-
ing concentrations of chromophores 4-methylumbelliferone and
7-amido-4-methylcoumarin added in 0.2 pm filtered sample wa-
ter according to Baltar et al. (2016). Autoclaved water samples as
controls have previously indicated negligible background activity.

Sample water for EEA measurements was size fractionated by
filtering a subsample through sterile 0.2 pm low protein binding
Acrodisc filters (Pall) and another subsample through 3 um Nucle-
pore Track-Etch Membrane filters (Whatman). The <0.2 ym frac-
tion is assumed to contain free dissolved enzymes. The EEA in
size fraction 0.2-3 ym was obtained from the difference in activ-
ities in 0.2 and 3 pm filtrates and mainly represents extracellu-
lar enzymes attached to free-living bacteria or dissolved enzymes
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attached to small abiotic surfaces. In addition, activity in unfil-
tered sample water was measured for obtaining the >3 um activ-
ity by calculating the difference in activities in the nonsize frac-
tionated sample water and the <3 pm filtrate. This fraction rep-
resents either particle-attached microbes, dissolved enzymes ab-
sorbed to abiotic particles, or enzymes produced by large phyto-
plankton cells. Bacteria-specific EEA (amol cell=! h—') was calcu-
lated for LAPase, AGase, and BGase activities by dividing the re-
spective EEA rate in the 0.2-3 um fraction by the respective bac-
terial abundance.

Bacterial community composition and prediction
of metabolic functions

Subsamples of 500 ml of water were filtered onto sterile polycar-
bonate filters in replicates (Whatman® Nuclepore™ Track-Etched
Membranes diam. 47 mm, pore size 0.2 pm). Filters were placed
in sterile cryogenic vials before immediate flash-freezing in lig-
uid nitrogen and stored at —80°C. DNA extraction followed the
protocol from Nercessian et al. (2005) with slight modifications
(Supplemental methods S1). V3-V4 region of the 16S rRNA gene
were amplified using the primer set 341F-785R (Klindworth et al.
2013) and sequenced using Illumina MiSeq 2 x 300 bp (Illumina
Inc., San Diego, CA, USA). Demultiplexed and adapter clipped
reads obtained from LGC Genomics were processed as mixed ones.
Sequence data processing was performed according to a tailored
snakemake-implemented DADA2 workflow with specific parame-
ter settings provided as Supplementary material. 16S rRNA gene
copy number correction was performed for all sequences with
PICRUSt2 v.2-2.5.1 (Douglas et al. 2020). This approach aimed to
use 16S sequences information to predict gene families present
in the bacterial community and to combine them in order to es-
timate the composite metagenome in a tailored workflow (Kdster
et al. 2012, Callahan et al. 2016, Douglas et al. 2020), including
the following steps: (i) maximum likelihood-based phylogenetic
placement of sequences on a user-supplied reference tree and
alignment via EPA-NG v0.3.8 (Evolutionary Placement Algorithm
previously implemented in RAXML, Barbera 2019), (i) hidden-
state prediction for 16S rRNA gene copy, Enzyme Commission
(EC) numbers, and Kegg Orthologs abundances per-genomes, (iii)
metagenome prediction, predicted marker gene abundances and
predicted gene family abundances from the amplicon sequence
variants (ASVs) abundance table. The input ASVs abundance ta-
ble (containing sequence abundances in read counts) was nor-
malized by the predicted number of 165 TRNA gene copies known
for each taxon. The predicted functional profiles per sample were
then determined. The normalized sequence abundance table and
the weighted nearest-sequenced taxon index (NSTI) values per-
sample were obtained. All ASVs with NSTI > 1 were excluded
from the downstream analysis. ASVs contributions were included
in the output file consisting of the table with ASVs normalized
by predicted 16S rRNA gene copy number abundances and pre-
dicted metabolic functions with enzymes identified by EC num-
bers. The ASVs occurring with a minimum relative abundance
of 5% over the whole community were subsetted and then their
contributions to the predicted APase (EC:3.1.3.1), a-glucosidase
(EC:3.2.1.20), B-glucosidase (EC:3.2.1.21), and leucyl aminopepti-
dase (EC:3.4.11.1) were investigated.

Data analysis

Linear mixed effects modeling was applied to determine effects on
enzymatic activities in different size fractions. Fixed explanatory
variables included chlorophyll-a, inorganic, and organic nutrient

concentrations, and the elemental ratios of organic nutrients. In
addition, the effect of treatment was investigated separately for
each enzyme in each size fraction. For activities of AGase, BGase,
and LAPase in the bacterial size fraction (0.2-3 pm), cell-specific
activities were used as response variable and cell-specific BPT
was included as an additional fixed effect after Spearman’s rank-
order correlation was used to detect correlation between bacterial
abundance and EEA in the 0.2-3 pm fraction. Mesocosm bag as
factor was used as the random effect to account for dependency
among measurements from the same mesocosm over time. Auto-
correlation function was used to detect patterns of autocorrela-
tion, and an appropriate autocorrelation structure was included
in the model when appropriate. Model assumptions were veri-
fied by examination of residuals and the response variable was
square root or logio-transformed prior to model refitting when re-
quired to ensure normality and homogeneity. Akaike information
criteria was used in model selection and optimal models were se-
lected based on restricted maximum-likelihood estimation crite-
rion. Mixed effects modeling was conducted in R v.4.3.0 (R Core
Team 2022) using package nlme (Pinheiro et al. 2023) and package
emmeans (Length 2023) was used to obtain estimated marginal
means for mixed effects models investigating the treatment ef-
fect. Uptake rate of phosphate was calculated for each treat-
ment by linear regression (phosphate concentration versus time
in days). One-way ANOVA with post hoc Dunnett’s test was used for
comparing several treatments with the control for bacterial abun-
dance on days 6 and 8, and BPL, and BPT on experiment day 6.
BPL was sqrt-transformed to ensure homogeneity and normality.
Due to non-normality, the nonparametric Mann-Whitney U test
was used to compare APase, AGase, BGase, and LAPase activities
between the 0.2-3 pm and the >3 pm fractions during last three
samplings in all treatments separately. For this, data from days 10
to 15 were pooled. Results were considered significant at P < 0.05.
Graphs were done in the R package ggplot (Wickham 2016) and
in base R with occasional postprocessing in Inkscape (Inkscape
Project 2020).

Results

Temperature, chlorophyll, and inorganic
nutrients

The water temperature was relatively high at the start of the ex-
periment (~18°C). There was a temporary 5.3°C decline between
days 5 and 9 caused by upwelling of cold water that cooled water
inside the mesocosm bags to about 13°C. Thereafter, the temper-
ature gradually increased to reach >20°C on the last day of the
experiment (Fig. 1A). There was a steep decrease in chlorophyll-a
concentration from ~3.4 to ~0.8 pg1~* between days 0 and 3 in the
control and C-treatment, and from ~3.9 to ~2.1 ug 17! between
days 1 and 3 in the N- and NC-treatments (Fig. 1B), which coin-
cided with a depletion of NOs~ (Fig. 1C). The chlorophyll-a con-
centration increased again between days 6 and 15, especially in
the C-treatment. Comparison of the linear regression slopes re-
vealed a faster uptake of PO,>~ in the N- and NC-treatments (N-
treatment: > = 0.93, P = .0027 and NC-treatment: 1> = 0.89, P =
.0015) compared to the C-treatment and the control during the
first 3 days, but P was not depleted in any treatment during the
entire experiment (Fig. 1D). The remaining P at the end of the ex-
periment was ~0.16 pmol 17 and ~0.35 pmol 17! in the meso-
cosms with N amended (N- and NC-treatment) and unamended
(control and C-treatment) mesocosms, respectively. The fastest P
uptake rate occurred during the first 3 days of the experiment
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Figure 1. (A) Temperature logger data from mesocosm 1 and concentration time series of (B) chlorophyll-a, (C) nitrate+nitrite (umol NO;~+NO,~ 171),
(D) phosphate (umol PO4*~ 171), and (E) ammonium (pmol NH,* 171). Error bars represent standard deviations of triplicate mesocosm bags. Nonvisible
error bars are smaller than the marker. Dashed horizontal line in (D) indicates concentration of phosphate depletion (0.05 pmol 171).

during which the added nitrate became depleted in all treatments
indicating active phytoplankton growth. The ammonium concen-
trations declined by almost half in all mesocosms after day 1
from ~0.32 + 0.02 umol 17! to ~0.17 + 0.05 umol 1= on day 15
(Fig. 1E).

Dissolved and particulate organic nutrients

There was no significant treatment effect on concentrations
of DOC (P > .259; Supplementary Table S1), DON (P > .117;
Supplementary Table S1), and DOP (P > .659, Supplementary
Table S1) (Fig. 2A-C). DOC concentrations were relatively stable
throughout the experiment (~0.52 + SD 0.05 mmol 17%), whereas
DON concentrations showed a pattern of production and removal.
DON increased in all treatments during the first 3 days of the ex-
periment (Fig. 2B), when the uptake of nitrate+nitrite was fast
(Fig. 1C). At the end of the experiment, on average, DON concen-
tration was 3.6 pmol 17! higher compared to the start of the ex-
periment, indicating accumulation of refractory DON. The DOP
concentration increased from ~0.36 £ 0.03 pmol 17! to ~0.45 +
0.04 pmol 1! between days 1 and 6, after which the DOP decreased

close to the starting concentration ~0.35 + 0.03 pmol 17! at the
end of the experiment (Fig. 2C).

The DOC:DON ratio ranged between 17 and 31 without any
clear differences among treatments (Fig. 2D). Both DOC:DOP and
DON:DOP ratios decreased until the mid-experiment, and there-
after increased similarly in all treatments towards the end of the
experiment (Fig. 2E and F).

The PON concentration was significantly higher in the N-
treatment compared to the control (P = .0395; Supplementary
Table S1) and C-treatment (P = .0269; Supplementary Table S1)
and NC-treatment had significantly higher PON concentration
compared to C-treatment (P = .0442; Supplementary Table S1).
POP concentration was significantly higher in the N- and NC-
treatments compared to the control (Py = .0044 and Pyc = .0057;
Supplementary Table S1) and C-treatment (Py = .0009 and Pyc =
.0012; Supplementary Table S1). In the control and C-treatment
the steepest decrease of all particulates occurred during the first
half of the experiment after which the concentrations stabi-
lized during the latter phase of the experiment (Fig. 2G-I). For
both POC and POP in the N- and NC-treatments, the decrease
was slower compared to the C-treatment and the control but
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and (J-L) stoichiometric ratios of particulate organic nutrients over time. Horizontal gray dashed lines in panels (J-L) indicate molar Redfield ratios.

Error bars represent standard deviations of triplicate mesocosm bags. Nonvisible error bars are smaller than the marker.

constant throughout the entire experiment. The PON concentra-
tion decreased during the first 3 days of the experiment as the
DON concentration increased, and the uptake of nitrate+nitrite

was fast.

experiment (Fig. 2J-L).

The POC:PON and the POC:POP ratios were higher than the Red-
field values 6.6 and 106, respectively, while the PON:POP ratios
were below the Redfield value (16) almost throughout the entire
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Biovolume

The contribution of detritus to the total biovolume generally de-
creased in all treatments during the first half of the experiment
from ~54.1% to ~27.7% after which it increased again toward the
end of the experiment (Supplementary Fig. S1). Lowest mean con-
tribution of detritus to the total biovolume was observed in the
NC-treatment on day 8 (18.6%). The results of the FlowCam mea-
surements are presented in Spilling et al. (2024).

Bacterial abundance and production

Different treatments started to show varying effects on het-
erotrophic bacteria after day 3 and the abundance peak occurred
on day 8 in all treatments, which was 2-5 days after the bacterial
production maximum (Fig. 3). The highest average abundances of
heterotrophic bacteria occurred in treatments with N- and NC-
additions on day 8, 7.4 x 10° cells ml~! and 6.6 x 10° cells ml~1,
respectively, but the difference among treatments was not signif-
icant (One-way ANOVA: P = .153; Supplementary Table S2). On
day 6, bacterial abundance was significantly higher in N- and NC-
treatment compared to the control (Dunnett’s test: Px-treatment =
.0044, Pnc-treatment = -0006; Supplementary Table S2), but there was

no significant difference between the control and C-treatment
(Dunnett’s test: Pc.treatment = .1029; Supplementary Table S2). A
sharp drop in bacterial abundance occurred soon after the peak
and the bacterial abundance was generally similar during the first
and last samplings. Bacterial production increased in all treat-
ments after an initial drop between the start and day 1 but was
lower in the control compared to all other treatments (Fig. 3C and
D). During the bacterial production peak on day 6, BPT was sig-
nificantly higher in all other treatments compared to the con-
trol (Dunnett’s test: Pc.treatment = -0035, PN.treatment = .0004, and
Pnc-treatment = .0004; Supplementary Table S2) and the same was
observed for BPL (Dunnett’s test: Pc.treatment = -0117, PN-treatment =
.0020, and Pnc treatment = -0012; Supplementary Table S2). After day
6, bacterial production decreased to lower levels than at the start
of the experiment. BPL stagnated at slightly higher level in N and
NC-treatments whereas the treatment effect in BPT had faded by
day 13.

Heterotrophic nanoflagellates

There was an order of magnitude decline in abundance of het-
erotrophic nanoflagellates from ~5000 cells ml~ to ~600 cells
ml~! between experiment days 0 and 3 (Fig. 3B). After day 3, the
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abundance started to increase toward the end of the experiment
concomitantly with the decline of the abundance of heterotrophic
bacteria after the peak on day 8.

Development and drivers of extracellular
enzyme activities

Similar to bacterial production (Fig. 3C and D), the temporal
development of bacterial abundance followed closely the ac-
tivities of AGase (Spearman’s rank correlation, r = 0.67, P <
.0001; Supplementary Table S2), BGase (Spearman’s rank cor-
relation, r = 0.64, P < .0001; Supplementary Table S2), and
LAPase (Spearman’s rank correlation, r = 0.77, P < .0001;
Supplementary Table S2) in the fraction 0.2-3 pm with a lag of two
days (Fig. 4). LAPase had the highest hydrolytic rates compared to
other enzymes. During the first half of the experiment, activities
of AGase, BGase, and LAPase were predominant in the bacterial
(0.2-3 ym) fraction (Fig. 4) and the cell-specific AGase, BGase, and
LAPase showed two distinctive peaks during the experiment: the
first one on days 3-5 and the second one after day 10 (Fig. 5). Cell-
specific BPT correlated positively with cell-specific AGase, BGase,
and LAPase activities (for all P < .0001; Supplementary Table S3).
In addition, both cell-specific glycolytic enzyme activities were
negatively affected by the DOC:DON ratio (Pagase = 0008 and
Ppgase = .0003; Supplementary Table S3). Cell-specific LAPase ac-
tivity was negatively affected by DOC concentration (P = .0077;
Supplementary Table S3) and positively affected by DON concen-
tration (P = .0112; Supplementary Table S3). There was no tem-
poral congruence between APase activity in the 0.2-3 ym fraction
and bacterial abundance (Spearman’s rank correlation, r = 0.03, P
= .77; Supplementary Table S2). DIP (P < .0001; Supplementary
Table S3) and POP (P < .0001; Supplementary Table S3) had a
positive effect on APase activity in 0.2-3 pm fraction whereas
there was a significant negative effect of chlorophyll-a (P = .0004;
Supplementary Table S3) on APase activity.

The dissolved APase fraction accounted for the largest share of
total APase activity throughout the experiment (on average 60.3%)
(Supplementary Fig. S2). With a slight increase after the mid ex-
periment, the dissolved fraction was the only fraction of APase ac-
tivity that did not show a decreasing trend over time (Fig. 4). The
dissolved APase activity was positively affected by chlorophyll-a
concentration (P =.0001; Supplementary Table S3) and negatively
by DOP concentration (P = .0218; Supplementary Table S3). In con-
trast to high dissolved APase activity, activities of dissolved glu-
cosidases were negligible (Fig. 4 and Supplementary Fig. S2) and
the dissolved LAPase activity was substantially lower compared
to other fractions constituting 4%-15% of total LAPase activity. In
addition, it showed a slight decreasing trend over time without
any treatment effect (Fig. 4). Dissolved LAPase displayed a signif-
icant positive relationship with NH4* concentration (P = .0014;
Supplementary Table S3) and a negative response to DON:DOP ra-
tio (P = .0197; Supplementary Table S3).

Peptidolytic rates in the >3 pum fraction increased over time
with slightly higher LAPase rate in the NC-treatment (Fig. 4F),
but the treatment effect was insignificant. When only the last
three samplings were considered, LAPase activity was signif-
icantly higher in the >3 um fraction compared to the 0.2-
3 pm fraction in the NC-treatment (Mann-Whitney: P = .001;
Supplementary Table S2). LAPase activity in the >3 pm fraction
showed a significant negative response to NH4* concentration (P
= .0017; Supplementary Table S3) and POC:PON ratio (P = .0016;
Supplementary Table S3). Glycolytic activities in the >3 pm frac-
tion had a clear peak in the NC-treatment on experiment day
3 and a shorter peak on day 13 (Fig. 4). For the AGase activi-

ties in fraction >3 pm, the NC-treatment displayed significantly
higher rates compared to the control (P = .0259; Supplementary
Table S4), the N-treatment (P = .0216; Supplementary Table S4),
and the C-treatment (P = .0067; Supplementary Table S4), while
BGase activity in the NC-treatment was significantly higher only
in comparison to the control (P = .0177; Supplementary Table
S4). In addition, when the last three samplings were consid-
ered, AGase activity was higher in the >3 um fraction compared
to the 0.2-3 pm fraction in the NC-treatment (Mann-Whitney:
P = .017; Supplementary Table S2), but this was not the case
for BGase. None of the explanatory variables significantly af-
fected AGase or BGase in the >3 pum fraction. Significantly higher
APase activities were detected in the >3 pm fraction compared
to the 0.2-3 pm fraction in the NC-treatment (Mann-Whitney:
P = .006; Supplementary Table S2) during the last three sam-
plings. The significant variables affecting APase activity in the
>3 pm fraction were POP concentration and POC:POP ratio with a
positive correlation (Ppop < .0001, Ppoc: pop = .0133; Supplementary
Table S3).

Bacterial community structure and functional
predictions

Based on 16S rRNA gene sequences, the dominant classes over the
experiment were Acidimicrobiia, Actinobacteria, Alphaproteobac-
teria, Bacteroidia, Bacilli, Cyanobacteria, Gammaproteobacteria,
Planctomycetes, and Verrucomicrobiae (Fig. 6). During the first
half of the experiment, Actinobacteria was the dominating bacte-
rial class with an abundance ranging between 39% on day 0 and
36% on day 3 across all mesocosms followed by a decrease in rela-
tive abundance of Alphaproteobacteria from 21% on day 3 to 17%
on day 6 and a slight increase in relative abundance of Bacteroidia
from 17% on day 3 to 21% on day 6. In the second half of the ex-
periment, an increase in relative abundance was observed for the
classes Cyanobacteria ranging between 10% on day 8 and 22% on
day 15, Gammaproteobacteria between 16% on day 8, and 18% on
day 15, and Planctomycetes from 3% on day 10 to 5% on day 15.
Simultaneously, a decrease in abundance of Actinobacteria from
31% to 10% between days 8 and 15 was observed. ASVs contri-
butions to the predicted metabolic activities of LAPase, AGase,
BGase, and APase were investigated with the aim to describe the
interplay between the most abundant bacterial taxa and the pre-
dicted metabolic processes within the community (Table 1). The
correction by 16S rRNA gene copy number and the phylogenetic
placement into a reference tree of the identified ASVs allowed a
taxonomy-informed prediction of each enzymatic activity via PI-
CRUST 2 (Douglas et al. 2020). This resulted in fifteen ASVs pre-
dicted to encode LAPase, AGase, and BGase whereas six ASVs were
predicted to encode APase. Nearly the same ASVs contributed to
the predicted LAPase, AGase, and BGase activities, except for ASV1
classified as Cyanobium gracile PCC 6307 and ASV3 and ASV6 clas-
sified as Candidatus Limnoluna that only contributed to the pre-
dicted LAPase and AGase activities. The ASVs contributing to the
predicted activities changed consistently with the succession of
the bacterial community with a clear transition of the functional
composition on day 8 of the experiment (Table 1). In general, ASVs
classified as Sporichthyaceae (Actinobacteria) and Pseudorhodobacter
(Alphaproteobacteria) contributed to the predicted LAPase, AGase,
and BGase activities during the first half of the experiment (days
1-6) when the measured activities of these enzymes increased
and peaked (Fig. 4). In addition, Candidatus Limnoluna (ASV3
and ASV6, Actinobacteria) contributed most to the predicted
AGase activity on days 1-6. Contribution of C. gracile PCC 6307
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Figure 4. Potential hydrolytic activities (nmol 1-* h~1) of (A-C) APase, (D-F) leucine aminopeptidase (LAPase), (G-1) a-glucosidase (AGase), and (J-L)

9

B-glucosidase (BGase) in three fractions (A, D, G, and J) < 0.2 um, (B, E, H, and K) 0.2-3 um, and (C, F, I, and L) > 3 um. Note that the scale for LAPase (D)
is an order of magnitude lower than for the two other fractions (E and F). Error bars represent standard deviations of triplicate mesocosm bags.

Nonvisible error bars are smaller than the marker.

(Cyanobacteria) to the total predicted LAPase and BGase activities
increased on days 8, 13 and 15 (up to 16% of the community-wide
function abundance). The groups contributing to the community-
wide predicted activities at the end of the experiment differed
from the ones present at the beginning, although they also

included representatives from classes Actinobacteria and Al-
phaproteobacteria (Table 1). Furthermore, their contribution to
the community-wide predicted activity was generally lower than
the ones predicted for other taxa at the start of the experi-
ment. Pseudohongiella (Gammaproteobacteria) and Isosphaeraceae
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Figure 6. Temporal development of the 10 most abundant classes of the bacterial community.

(Planctomycetes) contributed to the predicted activities only dur-
ing the last sampling days.

Discussion

The aim of this study was to investigate the possible drivers of
EEAs and the degradation potential of OM, which is crucial in de-
termining the utilization of the excess phosphate pool following
the northern Baltic spring bloom. In addition, measured EEAs were
compared with predicted functions identified with their corre-
sponding enzymatic activities based on 16S rRNA gene sequences
of the bacterial community.

Fate of excess phosphate

Although the excess phosphate pool decreased in all treatments,
it was not depleted during our experiment contradicting findings

of a previous longer study in the Tvarminne archipelago (Van-
haranta and Spilling 2023). APase activity has typically been used
as an indicator of physiological P limitation of microbes (Nausch
and Nausch 2004, Mahaffey et al. 2014, Baltar et al. 2016), but
it can also be used for carbon acquisition in phosphate replete

systems (Hoppe 2003). The hydrolytic rates of bulk APase mea-
sured in our study under phosphate replete conditions (12.3-
44.4 nmol 17! h~1) were comparable to the activities measured in
May-June in the western Baltic Proper (0-31.9 nmol 17* h™!) that
were associated with P limitation (Baltar et al. 2016). It is plausible
that the hydrolytic rates measured in our study had been relicts
from P-limiting conditions before the start of the experiment as
indicated by DIP concentration below the threshold of 0.03 pmol
1= known to induce APase production (Mahaffey et al. 2014) and
the decreasing trend of APase in the two larger fractions over
time. This finding demonstrates the long extracellular lifetime of

20z 18BNy 8z U0 1s8n6 Aq L Z1.8122/€019BL/S/00 L /OIOILE/D9SWS}/L0D"dNO"0ILISPEDE//:SARY WO.) PAPEOUMOQ



11

Vanharanta et al.

Downloaded from https://academic.oup.com/femsec/article/100/8/fiae103/7718121 by guest on 28 August 2024

9'8-¥'S 9'8-¥'S S'8¥'S 9'8-¥'s avaopydiowiofid BIpIOISloEg 14 ON'N D 11D CSASY

- 0§ 0s 0S WNLI219DqoIA Y BLIS1DBQOUNDY 4 ON'N CTASY

_ 2'6-¢'G 8'G—€'C /' 11-50T a0200.12100q0POYY eusioeqosioideydry € DN ‘N O0TASY

9T _ - 69 20200120y ds0S] s91904w010URd T 28] 8ASV

11 - - 9'g ])210U0Y0pPNasq elIs10eqO310IdRIUUIRY T D LASY

- 0°9T-€'S - 091-€'S £0€9 -DDd 23]1vib WNIqouvkd BLIDIOBQOURAD 6 ON ‘N ‘D ‘1D TASV

st feq

- 15 - 1S £0€9 -DDd 23]1vib WNIqouvkd BLIDIOBQOURAD T ON CLASY

- - - S'6-5'G (111 °peP) 1T ¥VS eueioeqoaioideydry z D D TIASY

0CI-10T - - 09-1's D|j21bU0YOpPNAS eLIS}ORqO310IdBWIWIED € DN D LASV

- 0'S1-0'S - 0'91-0'S £0€9 -DD4 2]1vib wniqouvd) eLL10BqOURAD ot ON'N D 11D TASY

€1 fea

_ /01 - €'q £0€9 -DDd 2]1ov4b wniqouvkn elI=10BqOURAD T 22 6ASVY

- /' 11-€°S - /' 11-€°S £0€9 -DDd 23]1vib WN1qouvkd BLI9IOBQOURAD 9 N 11D TASV

o1 £ea

L 19 - - SNLqLISOY SBIQOIDTWIODTLLIOA T ™D LENSY

'/ '/ - L pjodanyg RIPIOIDIORY 1 N SASY

- 15 €01 €0l avaovAyyoriods BLIS10BQOUNDY T N YASY

— - 181 09 BUN[OUWIT SNIVpIpund) BLI910BQOUNOY T N EASV

- /'8-G'/ /'8-5/ $/1-0°ST 1319Dq0OpOY10pNasd eue1oeqostoideydy 14 D CASY

- $'91-9°G - #'91-9'S £0€9 -DDd 2[12046 winiqouvkd err9108qoueAD i N ‘1D LASY

8 feq

- - /'91-09T 9'6-¢'S BUN[OUWIT SNIDPIPUDD) BLI1OBQOUNDY € ON'N 9ASV

s s - 'S pjodianig BIPIOIDIORY T N SASY

- S /'S ST apa00AYIYoLI0dS BLI1DRQOUNDY T N YASY

- - 7'81-9'ST 1'9-¢'s BUNJOUTTT SNILpIpUny Bl=1oBqOUnOY 9 ON'N D D EASY

- 1'ST-09 1'ST-09 T0e61T 12190qopoy10pnasq eLL1oeqoalordeydry 8 ON'N D CASY

- 'S - 'S £0€9 -DDd a]1vib Wniqouvkd eLI910BqOURAD T o TASV

9 fea

0'01-¢'s 0'01-C's 001-¢'S 001-¢'s avaopydiowolsd EIpIoIS1oed 8 ON'N D 1D 8TASY

- - 00c- 191 9'9%'s BUN[OUWIT SMIvpIpUL)y EBLIS1OEQOUNOY ¥ ON N D 1D 9ASV

- €8-1'G 9'97-7'0T 9'91-70T avaovAyyouods BLI2IDBQOUNDY 8 ON'N D ‘1D YASY

- - 7°56-7°91T [11V'S BUN[OUWIT SNIDPIPULD BLIS1OBQOUNDY 0T ON'N D ‘11D EASY

- 9'91-5'S 9'91-59'S €ee0Tl 43190q0poyL0pnasd euR1oeqot01deydy 8 ON'N D 1D CASY

€ fea

- - 1/1-C'ST /°50°S BUN[OUWIIT SNIVPIPUDD BLI21DBQOUNOY € N ‘™D 9ASV

- 0TS T¥1-C01 1¥1-C 01 ava00Ai1ypLI0dS EL2IOBqOUROY 4 ON ‘N D ‘1D YASY

- - 292-0'/1 1'8-1'S BUNJOUWIT SNIDPIPUD) BLIS1DBQOUNDY 4" ON'N D ‘11D EASY

- /TS € /-1°S 991201 1210DqOpoY.L0pNasd eud1dBqoaj01deydly S DN D CASY

1 fea

- €/70S L¥1-101 Y1101 ava00AypL0ds BLISIOEQOUNOY Tt ON N D 1D YASY

- - 8/1-9°ST 6'5-C'S BUN[OUWIIT SNIVPIPULD BLI21OBQOUNOY ¥ ON N 1D EASY

_ 599G S9¥'S 1°€1-8°0T 1210DqOpOYL0pNasd eu@1dBqoaj01deydly 4 ON 1D CASV

_ 1'6-1'9 - 1'6-1°9 £0£9 DDJ 2]1v4b winiqounkd BUS10BqOURAD L ON ‘N D ‘113D TASY

0 fea

% 9sedy % 9seng % 9seDy % 9sedy'] Awouoxe], Sse[D u jusuneal], ASY
paidipaid paid1paid paid1paid pawIpaid

£31A130® dRWAZUS pajdtpald a3 03 ASY UB JO %G UBY} UOINGLIIUOD ISMO] B S3}EIIPUL —, [OQUIAS UL, ASY Ydes I0]

[2AS] DTUWIOUOXE) PIYISSBID 1S2MO0[ U3 S1BIIPUT AUIOUOXE], UWIN[OD) "PRIINII0 UOXE) 9A1I02dSaI 33 2I9UM ‘SUISOD0SaW JO 1I9QUINU 9} S21BIIPUL U UWIN[OD) "SIN[RA WINWIXEW PUL WINWIUTUI
usaMm}aq Saduel Yiim juswiLiadxa o3 INOYSNoIy} (SUCTIDUN] DT[0GeIAUL JO 9DUBPUNJE SAT}E[a1 SB PassaIdxa) SSIANOE dIIBWAZUS pajdipaid a3 03 PaINgLIIuOd JeY} SASY JO 1SIT T [qel



12 | FEMS Microbiology Ecology, 2024, Vol. 100, No. 8

these enzymes (Thomson et al. 2019). In other P-limited aquatic
environments, however, many-fold higher APase activities have
been reported, e.g. Lake Constance (115 nmol 1=* h~!; Grossart and
Simon 1998), the southern Baltic Sea (543 nmol 1-! h~'; Nausch et
al. 1998), Florida Bay (1220 nmol 1-? h~*; Koch et al. 2009), and the
Adriatic Sea (2916 nmol 17t h~!; Ivanéi¢ et al. 2016) demonstrating
the difficulty in relating EEAs to nutrient deficiency of bacterial
communities and to compare enzymatic hydrolytic rates across
different aquatic ecosystems.

We detected an increase of ~0.2 pmol of DOP 1! during the
first half of the experiment, which was mineralized between days
6 and 15 although phosphate was still available. It is probable that
dissolved APase, constituting the majority of the total APase activ-
ity (44%-90%; Supplementary Fig. S2), contributed to the observed
decrease in DOP concentration after mid experiment, and thereby
to excess phosphate concentrations. The possible source for dis-
solved APase during the second half of the experiment are carbon-
limited heterotrophic bacteria known to secrete APase into the
solution (Luo et al. 2009). This is corroborated by the metabolic
prediction results that showed an increasing contribution to the
predicted APase activity of bacterial ASVs after day 8 (Table 1). In
particular, ASVs in classes Verrucomicrobiae and Planctomycetes
seemed to require more phosphorus compared to other ASVs (Ta-
ble 1). Sloppy feeding by heterotrophic nanoflagellates or lytic vi-
ral infection could also liberate enzymes to the water and at the
same time recycle nutrients bound in bacterial biomass. We did
not measure viral abundances, but the development of the main
grazers of picoplankton, heterotrophic nanoflagellates, increased
toward the end of the study and probably also contributed to the
excess phosphate pool.

The highly significant correlation between chlorophyll-a and
dissolved APase does probably not imply causation as phyto-
plankton are not expected to produce APase under phosphate re-
plete conditions. Given the absence of correlation between APase
activity in the size range 0.2-3 pm and bacterial abundance and
the negative correlation with chlorophyll-a (Supplementary Table
S3), it seems reasonable that most APase activity in this size frac-
tion was not related to free-living bacteria or small phytoplank-
ton, but probably attributed to dissolved enzymes absorbed to
small abiotic surfaces, although the true origin of APase cannot be
confirmed. Furthermore, the positive correlation between APase
activity in the fraction >3 pm and POP concentration and the
POC:POP ratio (Supplementary Table S3) could indicate enzymatic
APase activity from particle attached bacteria.

Nitrogen and carbon deficient free-living
heterotrophic bacteria

The role of heterotrophic bacteria in excess phosphate utilization
was of specific interest due to their generally higher affinity for
phosphate uptake compared to algae (e.g. Vadstein et al. 2003)
and low C:P ratio (Chrzanowski and Kyle 1996, Heldal et al. 1996).
Their abundance peak around day 8 occurred after the peaks of
bacteria-specific glycolytic and peptidolytic activities and bacte-
rial production, which reached relatively high rates compared to
recent studies in the Baltic Sea (Bunse et al. 2019, Camarena-
Goémez et al. 2020, Zhao et al. 2023). It was technically not pos-
sible to measure bacterial activities at in situ temperature during
the experiment but a fixed temperature of 17°C was used instead.
Therefore, EEAs and bacterial production rates might be slightly
overestimated during the upwelling event, which decreased tem-
perature inside the mesocosm bags in the middle of the experi-
ment. This could imply that without such temperature decrease

slowing down bacterial activities in situ, more phosphate might
have been taken up during the experiment. This hypothesis is sup-
ported by previous research demonstrating the effect of temper-
ature on phosphate drawdown (Vanharanta and Spilling 2023).

AGase, BGase, and LAPase activities in the 0.2-3 pm frac-
tion showed a similar temporal pattern and were clearly related
to the bacterioplankton development whereas APase was not
(Figs 3A, 4B, E, H, and K). There are likely some particle-attached
bacteria also in the 0.2-3 pum fraction that were not quantified
in this experiment. Consequently, there might be a slight overes-
timation of the cell-specific activities as the activity of 0.2-3 pm
fraction was normalized to counts of free-living bacteria. However,
the strong correlation between glycolytic and peptidolytic activ-
ities in the size fraction 0.2-3 ym and the bacterial abundance
suggests that those activities mainly derived from free-living bac-
teria. The most abundant bacterial taxa were responsible for the
contribution of both peptidolytic and glycolytic predicted activi-
ties (Table 1), which further demonstrates that degradation of N
and C were tightly coupled also at the organismic level.

Cell-specific BPT showed a significant response with cell-
specific LAPase, BGase, and AGase activities demonstrating a
tight coupling between substrate degradation and uptake. These
findings suggest that growth of heterotrophic bacteria, especially
of taxa belonging to the class Actinobacteria, was driven by hy-
drolysis of N- and C-rich OM indicating inorganic nitrogen and la-
bile carbon deficiency, which was compensated by utilizing avail-
able high molecular weight substrates that are typically asso-
ciated with senescent phytoplankton and termination of phyto-
plankton blooms (Chrést 1991, Middelboe et al. 1995). Members
of Actinobacteria are known to contribute to N and C cycling by
degrading chitin that can derive from phyto- and zooplankton
(Tada and Grossart 2014). Negative response of cell-specific gly-
colytic activities to DOC:DON ratio further supports this interpre-
tation (Supplementary Table S3). Consistently with our results,
Actinobacteria are known to occur in postbloom conditions es-
pecially in the less saline northern Baltic Sea (Hugerth et al. 2015,
Rieck et al. 2015, Bunse et al. 2016) and to incorporate thymidine
(Piwosz et al. 2013).

Bacterial LAPase rates in our study were several times higher
compared to those measured in most previous studies, but in line
with bulk LAPase activities in the Peruvian coastal upwelling sys-
tem (200-800 nmol 1-* h~; Spilling et al. 2023), which is an oxygen
minimum zone with a low DIN:DIP ratio. In the northern Baltic,
postspring-bloom low DIN:DIP conditions, high N,-fixation and
degradation of N-rich organic compounds can potentially support
the drawdown of excess phosphate. During our experiment, re-
generated production likely prevailed due to the low abundance of
large N,-fixing filamentous cyanobacteria (filament counts avail-
able in Vanharanta et al. 2024). Based on previous research by
Nausch (2000), we assume that under excess phosphate and or-
ganic nitrogen substrate availability, heterotrophic bacteria might
utilize OM as inorganic nitrogen and energy source by enhancing
the hydrolytic rates of peptidolytic and glycolytic enzymes. The
added DIN seemed to be transformed quickly into DON, which
was then utilized presumably by the free-living bacteria show-
ingincreasing LAPase rates during the first half of the experiment
(Fig. 4E). Bacterial grazing of heterotrophic nanoflagellates may
explain the increasing DON concentration during the second half
of the experiment (Fawcett and Ward 2011).

Labile DOC has a turnover of ~3 days (Hansell et al
2013). Although sole glucose addition enhanced BPT and BPL
(Supplementary Table S2), bacterial abundance was not sig-
nificantly higher in the C-treatment compared to the control
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during the bacterial abundance peak on experiment day 8 (Fig. 3A,
Supplementary Table S2). This notion, together with relatively
high glycolytic activities in the C-amendment, indicate that the
added glucose was rapidly utilized for protein synthesis and re-
production. The addition of nitrogen in N- and NC-treatments re-
sulted in slightly delayed or prolonged peaks in BPL and BPT likely
attributed to algal-derived DOC. High LAPase activity might have
alleviated the carbon demand of heterotrophic bacteria as the
degradation of peptides by LAPase is not only utilized for acquir-
ing N but also for providing C (Ylla et al. 2012). During postspring-
bloom conditions, the bacterial community could be well-adapted
to utilizing algal-derived polymeric substrates (Eigemann et al.
2022, Villena-Alemany et al. 2024). ASVs belonging to the class
Bacteroidia that are typically linked to the degradation of high
molecular weight OM in the ocean (Kirchman 2002, Lapébie et al.
2019), contributed to the predicted glycolytic activities in our ex-
periment. However, their contribution to the total predicted BGase
and AGase activities ranged only between 5.2% and 10.0%, al-
though their relative abundance was quite high (~21%) on day 6.
In addition, Rhodobacteraceae, a group in the order Rhodobacterales
known to utilize recalcitrant OM (Allers et al. 2007), appeared at
the end of the experiment.

These changes in bacterial community composition alone are
insufficient to imply bottom-up control of heterotrophic bacte-
ria. In addition, grazing by heterotrophic nanoflagellates was un-
doubtedly an important factor influencing bacterial numbers dur-
ing the latter half of the experiment (Fig. 3). However, the rela-
tive 16S rRNA sequence abundance of Cyanobacteria increased
toward the end of the experiment (Fig. 6). This trend was also to
some extent mirrored in picocyanobacterial cell numbers, which
increased after nitrate was depleted (Spilling et al. 2024). A compa-
rable increase was observed also for picoeukaryotes (Spilling et al.
2024). Heterotrophic bacteria and picoautotrophs compete for in-
organic nutrients, yet the crucial functional difference governing
uptake of nutrients lies in the source of energy i.e. labile organic
carbon and light, respectively. Our findings may therefore indicate
that in addition to grazing loss, heterotrophic bacteria were also
constrained by the availability of labile energy sources. This prob-
able limitation potentially provided competitive advantage for au-
totrophic picoplankton.

Substrate availability-induced changes in
microbial enzymatic activities

In the NC-treatment, significantly higher rates of AGase, and
BGase activities in the >3 pm fraction likely resulted from a higher
biovolume (including detritus) (Supplementary Fig. S1A) serving
as a surface for microbial colonization and enhanced EEAs (Si-
mon et al. 2002). The ability of particle-attached bacteria to ex-
ploit a wider variety of polymeric C-substrates compared to their
free-living counterparts (Lyons and Dobbs 2012) has been shown
to result in higher enzymatic activities on aggregates than in the
surrounding water (e.g. Grossart et al. 2003). However, our re-
sults contradict with several studies that showed higher EEAs of
particle-attached bacteria compared to free-living ones (Karner
and Herndl 1992, Smith et al 1992, Grossart et al. 2007b), as ac-
tivities of LAPase, AGase, and BGase in the size fraction >3 pm
were comparable or generally lower than those measured in the
0.2-3 pm fraction (Fig. 4) during the first half of the experiment.
Although the abundance of particle-attached bacteria was not
counted, it is possible that, per sample volume, numbers of free-
living bacteria exceeded those attached to aggregates at the begin-
ning of the experiment. This could be attributed to high sedimen-
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tation losses observed as decreasing POM concentrations during
the first days of the experiment. Such decrease was likely the con-
sequence of sedimentation of microphytoplankton, particularly
diatoms, as indicated by declining BSi concentration (Spilling et
al. 2024) and presumable senescence of large (>10 um) dinoflag-
ellates after nitrate depletion (Heiskanen 1998, Tamelander and
Heiskanen 2004, Spilling et al. 2018). The disintegration of phy-
toplankton probably provided degradable DOM that might have
favored the growth of the free-living bacteria. Bacterial growth
on aggregates can also be balanced by intensive grazing of pro-
tozoans (Ploug and Grossart 2000) or even mesozooplankton (e.g.
Steinberg et al. 2008). The detected increase in the abundance of
copepods toward the end of the experiment (Spilling et al. 2024)
and observations of suspected large, fragmented copepod fecal
pellets (Supplementary Fig. S3) would, however, rather imply re-
cycling of fecal organic material and retention of nutrients in the
surface.

It is also likely that particle-attached and free-living bacterial
fractions differ phylogenetically and functionally from each other
(Lyons and Dobbs 2012, Mohit et al. 2014, Rieck et al. 2015), which
could lead to distinct enzymatic activities between both fractions
(Azta et al. 2003). Temporal succession of ASVs contributing to
the predicted activities seemed to reflect a change from bacteria
in the free-living to the particle-attached fraction. For instance,
several ASVs classified as Pseudorhodobacter, Candidatus Limnol-
una, and Sporichthyaceae, were predicted to contribute to total en-
zymatic activities only during the first half of the experiment. Of
these, Sporichthyaceae (Actinobacteria) has been associated with a
free-living lifestyle (Bashenkhaeva et al. 2020). By contrast, Cry-
omorphaceae (Bacteroidia) and Mycobacterium (Actinobacteria) have
been associated with a particle-attached lifestyle (Allgaier et al.
2007, Delmont et al. 2014, Reintjes et al. 2023), and from these,
contribution of Mycobacterium to the community-wide predicted
LAPase activity was observed only at the end of the experiment.
It has been indicated that bacteria with a generalist lifestyle in
terms of their habitat choice could shift between these two frac-
tions depending on e.g. nutrient availability (Villalba et al. 2022) or
changes in available substrates (Grossart 2010), but to our knowl-
edge no detailed taxonomic studies on this topic exist yet.

Regarding export fluxes, OM quality is considered an impor-
tant characteristic for microbial uptake and metabolism (Boyd
and Trull 2007). The observed POC:PON ratio was above the Red-
field ratio throughout the entire experiment (Fig. 2J), consequently
the contribution of detritus consisting of mainly nonliving OM to
total biovolume was relatively high (Supplementary Fig. S1B). Re-
gardless, in the NC-treatment during the last three samplings of
the experiment, LAPase and AGase shifted from being predomi-
nantly associated with free-living bacteria to the >3 pm fraction.
APase activity showed a similar change, probably attributable to
carbon acquisition, although the activity in 0.2-3 um was not cor-
related with bacterial abundance. Additionally, BGase exhibited
comparable activity between the 0.2-3 ym and >3 pm fractions.
This indicates intense bacterial particle colonization and simulta-
neous succession of the bacterial community as a consequence of
temporal changes in available substrates during the latter phase
of the experiment. This would suggest attenuation of carbon flux
to the seafloor if the colonized particles were small enough to
stay suspended in the surface layer. Without direct measurements
of sedimentation rates, we are unable to certainly address this
as >3 pm fraction includes both suspended and sinking parti-
cles. Increasing particle bound LAPase activity toward the end of
the experiment and the significant negative effect of NH4" indi-
cate nitrogen limitation of particle attached bacteria. Higher N
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degradation relative to C also in the >3 pm size fraction implies
that POM lost N faster compared to C thereby increasing the C:N
ratio of potentially sinking material (Smith et al. 1992, Grossart
and Ploug 2001).

Conclusions

Excess phosphate was not depleted during the experiment, and
we found a relatively high potential of dissolved APase activity to
play a substantial role in sustaining the surplus phosphate pool.
These activities probably derived from microbial activity during
low phosphate conditions prior to the experiment. In addition,
grazing on heterotrophic bacteria probably also recycled phos-
phorus during the experiment and contributed to the excess phos-
phate pool. The computational approach predicting functional
activities via 16S rRNA gene sequences suggested that taxa be-
longing to Actinobacteria and Alphaproteobacteria were poten-
tially important producers of peptidolytic and glycolytic enzymes
during the bacterioplankton bloom development when accessible
substrates were still available at the beginning of the mesocosm
experiment. Combined NC-amendment seemed to induce a shift
toward particle-attached glycolytic, peptidolytic, and phosphomo-
noester degradation processes likely due to availability of settling
surfaces for bacteria. Our findings indicate N- and C-limitation
of heterotrophic bacteria with a faster degradation rate of pep-
tides compared to polysaccharides, which implies a higher dis-
solution rate of N- compared to C-rich OM (Grossart and Ploug
2001). Measuring vertical patterns of EEA in the northern Baltic
Sea could elucidate the potential of OM degradation in different
layers of the water column, a necessary approach toward a better
understanding of export fluxes and nutrient cycles. These studies
should also include direct measurements of sedimentation rates
and the composition of sinking OM.
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