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ABSTRACT

We evaluated the seasonal phosphorus (P) status of the plankton community in the Ombla Estuary (OE) by
using its specific alkaline phosphatase activity (SAPA). Microphytoplankton (MICRO) indicated a substantially
higher P deficiency than nanophytoplankton (NANO) and picoplankton (PICO). We found that the prolonged
increase in the temperature of the surface estuarine water supported a notable growth of the dinoflagellate
Prorocentrum spp. in late spring-early summer (June). In the summer (August), we found the maximum
microphytoplankton sAPA (MICRO sAPA) (307.8 nmol pg C' h') in the surface water, in which (84%)
dinoflagellates predominated within MICRO with the maximum alkaline phosphatase activity (APA) in all size
fractions, including free enzymes. Persistently low discharge of Ombla during summer-early autumn caused
a transition from phosphorus- to potentially nitrogen-limited MICRO in the surface water in early autumn
(October). Nutrient stress disappeared in winter, in which a significant amount of dissolved orthosilicate,
dissolved inorganic nitrogen (DIN), and soluble reactive phosphorus (SRP) enriched the estuary via maximal
river discharge and inflow of nutrient-rich coastal waters. MICRO (coccolithophorids and diatoms) had very
low APA (surface water) and quantitatively undetectable APA (bottom water) in the nutrient-rich water column
in January. This study shows a more significant impact of nutrient concentrations on MICRO than other size
classes of the plankton community. Because of the similarity in seasonal hydrological features, we assume
that the general pattern of switching from P- to N-limitation of phytoplankton growth also occurs in other highly
stratified estuaries along the coastal karst of the eastern Adriatic Sea during the lowest river discharges and
groundwater activities in summer-early autumn before the rainy season. This study indicates that a common
highly stratified estuary on the eastern Adriatic coast can serve as a natural laboratory to explore connections
between nutrient limitations and phytoplankton successions.
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INTRODUCTION

Orthophosphate (PO,*) is a preferable source
of phosphorus (P) for phytoplankton (Orret and
Karl, 1987). Because of the relatively high ratio

- o between dissolved inorganic nitrogen (DIN) and
© 2023 The authors. This is an open access article distributed under .
5 the terms of the Creative Commons license. soluble reactive P (SRP, the usual measure of
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PO,*), including decreased P bioavailability
in coastal freshwater discharges due to the
increased sorption affinity of PO, toward the
particles of Al- and Fe-oxyhydroxides (Jonge and
Villerius, 1989; Spiteri et al., 2008), phytoplankton
growth in estuaries is frequently P-limited. The
bioavailability of P in estuaries is a complex
topic involving the phosphate buffer mechanism
(Froelich, 1988; Jonge and Villerius, 1989).
Phytoplankton exposed to P deficiency activates
the inductive synthesis of extracellular enzyme
alkaline phosphatase (AP), involved in the break-
up of the ester bond in phosphomonoesters (PME)
(Torriani-Gorini, 1994). SRP concentrations
constitute the main regulating factor for the
expression of microbial alkaline phosphatase
activity (APA) in aquatic systems. Phosphorus
deficiency responses actually serve to maintain
the levels of polyphosphates that are crucial
to support cellular survival. When P stress
is reached, degradation of polyphosphates
dominates the P uptake and we find species-
specific thresholds of polyphosphates that
activate P deficiency responses (Li and Dittrich,
2019). Generally, heterotrophic bacteria (HBa)
not only use APA to uptake PO,* (Hoppe, 2003),
but also to incorporate organic moieties after
the break-up of PME, whereas phytoplankton
APA has a more straightforward relation to a low
availability of P (Li and Dittrich, 2019). Because
of the possible positive linear correlation between
APA and phytoplankton biomass in a range of
relatively higher orthophosphate concentrations
(Nausch, 1998), APA per biomass (Nedoma et al.,
2006; Hrusti¢ et al., 2011) or per particulate P
(Tanaka et al., 2006), in both cases designated as
specific APA (sAPA), better indicates P deficiency
than only APA measurements as it mirrors the
exponential production of AP when phytoplankton
experiences P-limitation. A great body of research
about the role of alkaline phosphatase activity
in the aquatic environments has been recently
summarized by Su et al. (2023).

Many coastal waters are N-limited but the
Adriatic Sea is prevailingly oligotrophic and
P-limited (Zavatarelli et al., 1998) and under
a significant influence of the P-limited Eastern
Mediterranean (Krom et al., 1991; 2005; Civitarese
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et al., 2010). Documented SRP concentrations in
the Ombla Estuary (OE) in the South Adriatic Sea
are below 0.2 umol L' (Cari¢ etal., 2012). According
to Nausch (1998), this feature should help to
elucidate clear differences in sAPA associated with
the P status of the microbial community within a
fine gradient of low SRP concentrations in the OE.
This study shows our results on APA and sAPA
as they relate to seasonal changes in P status in
picoplankton (PICO), nanophytoplankton (NANO),
and microphytoplankton (MICRO) of a highly
stratified oligotrophic OE, a typical estuary on the
eastern Adriatic coast. We discuss these issues by
observing low microbial activity during high river
discharge and great impact of coastal waters in
winter, microbial bloom in late spring, relatively low
microbial biomass with the highest APA and sAPA
at low river discharge in summer, and a potential
shift from P- toward N-limited growth of MICRO at
the lowest river discharge in early autumn.

STUDY AREA AND SAMPLING STRATEGY

The study was conducted in the middle OE
(Figure 1) at “Ombla-2” station (depth of 17 m) with
six bimonthly samplings (Table 1). February ‘11
and January ‘12, April ‘11 and June ‘11, August
‘11, October ‘11 refer to winter, spring, summer,
autumn, respectively. We show our results for two
characteristic OE layers, the surface water (0-1 m)
exposed to some riverine influence and under the
great impact of coastal surface water inflow and the
more oligotrophic near-bottom marine water (15 m).
River discharge considerably impacts the retention
time of the water above the halocline and in the
near-bottom layer of the OE (Cari¢ et al., 2012).
Surface water retention time fluctuates between
two hours and two days at the highest and the lowest
river discharge, respectively, whereas the retention
time of the near-bottom water fluctuates between
eight hours and eight days at the highest and the
lowest river discharge, respectively (Cari¢ et al.,
2012). Rather than determined, the catchment area
boundaries have been estimated from water budget
analysis to be around 800-900 km? (Bonacci, 2001).
The underground river Ombla flows only about
30 m above ground level before it connects with the
estuarine water under a great influence of the coastal
sea. The discharge rate of Ombla averages 26 m® s
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and varies from 2.3 to 112 m® s'. Sometimes, an
abnormally high rise of the groundwater level can
decrease outflow of the Ombla Spring by forcing
overflow from the main spring catchment into
catchments of surrounding springs (Bonacci, 2001).
The tidal range in the OE is up to 30 cm. The upper
reach of the estuary is about six m deep, whereas
its lower reach, up to 25 m deep. Land use around
OE, which is 4 km long, shows low intensity. The
upper reach of the estuary has a yachting marina
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and a moderate population. This area receives no
great impact of industrial or agricultural activities.
Settlements around the estuary have a connection
to the main sewage system of Dubrovnik, releasing
wastewater 1.5 km off the Mala Petka Hill at the
depth of 110 m toward the open sea and only
occasionally some wastewater is discharged directly
into the estuary. A detailed description of the OE and
its adjacent coastal sea is available in Vili¢i¢ et al.
(1995) and Cari¢ et al. (2012).

Figure 1. Geographical position of the sampling station in the middle part of the Ombla Estuary.

Table 1. Additional data for the sampling days

Date (D/M/Y)

15/2/'11

13/4/'11 17/6/'11 2/8/'11 4/10/'11 13/1/12

(Season) (winter) (spring) (spring)  (summer) (autumn)  (winter)
Averaged daily discharge of the Ombla (m® s™) 13.7 13.7 9.78 7.59 5.94 17.4
Daily duration of sun irradiance >250 W m (h) 3.4 2.7 10 12.4 10.2 0.1
Surface water t (°C) 14.28 16.13 20.91 22.83 22.98 15.1
METHODS Readings of the white Secchi disc (30 cm in
diameter) were multiplied by three (Berman et
THERMOHALINE PROPERTIES, PHOTIC

ZONE DEPTH, WATER SAMPLING, AND
HYDROLOGICAL AND METEOROLOGICAL DATA

The salinity (S), temperature (t), and density
(o) of the water column were determined in
situ by a CTD probe SBE 19plus (Sea-Bird
Electronics Inc.) with a depth resolution of 1 m.

al., 1985) to determine the compensation depth,
i.e. the depth of the photic zone. Samples for
analyses of dissolved oxygen (O, i.e. DO),
nutrients, chlorophyll-a (Chl-a), APA, and
microbial community were collected by Niskin
samplers (5 L) from the surface (0—1 m) and
near-bottom layers (15 m). Data on daily duration

2
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of sun irradiance »250 W m=2 in Dubrovnik and
the average daily discharge of the Ombla were
provided by the Croatian Meteorological and
Hydrological Service (meteo.hr) (Table 1).

DiISSOLVED OXYGEN, NUTRIENTS, AND TRIX

Dissolved oxygen was precipitated in Winkler
bottles and determined by iodometric titration
(Grasshoff et al., 1983). The samples (50 mL) for
ammonium+ammonia analysis (simplified NH,*)
were amended with 2 mL of a phenol solution
(1 mol L' in 95% ethanol), kept in dark at +4°C,
and analyzed according to Ivanci¢ and Degobbis
(1984) within 72 h. Samples for other nutrients were
stored in 500 mL polyethylene bottles at —-22°C
and analyzed within a month. Samples for nutrient
analyses remained unfiltered. Nutrient analyses
were performed manually by PerkinElmer A15
(10 cm path length cuvettes). Concentrations of
nitrate (NO,), nitrite (NO,’), orthosilicate (SiO,*),
SRP, and total P (TP) were determined following
Strickland and Parsons (1972). Measurements
of PO,* concentrations in natural aquatic
environments have the background of an acid-
labile portion of dissolved organic P (DOP) (Murphy
and Riley, 1962; Tanaka et al., 2006). Therefore,
those measurements represent SRP rather than
only PO,*. Total P was measured as was SRP but
after the acid-persulfate digestion of the samples
in Teflon bottles in an autoclave (127°C, 25 min)
(Koroleff, 1983). Difference between TP and SRP
includes dissolved organic P (DOP) and insoluble
inorganic and organic P (Suzumura, 2008).
Therefore, this difference was designated as the
concentration of “other P,“ i.e. OP. The detection
limits and reproducibility for nutrients were as
follows: nitrate 0.05 and 0.025 pumol I'*; nitrite 0.01
and 0.01 pmol I'; (ammonia+ammonium) 0.1
and 0.098 umol I'; silicate 0.1 and 0.06 pmol I;
SRP 0.03 and 0.03 umol I'* (Najdek et al., 2014).
DIN (NO,+NO,+NH,") (ug L"), TP (ug L"), Chl-a
(Mg L"), and an absolute value of declination (%)
from the theoretically maximal saturation of DO
(Q,) at certain S, t, and depth (Weiss, 1970)
configure the constituents for calculating the
trophic index TRIX. This index was first developed
for the Italian northwestern Adriatic coastal water,
and ranges from 0 to 10, in which 0-4, 4-5, 5-6,
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and 6-10 indicate a high, good, moderate and poor
quality of the water, respectively (Vollenweider
et al., 1998).

TRIX=[Log,,(TP *DIN *Chl-a * | saturation of
0,(%)-0,’(%) |)+1.5)/1.2.

SIZE, ABUNDANCE, AND TAXONOMY
OF MICROPHYTOPLANKTON AND
NANOPHYTOPLANKTON

From the samples (100 mL) preserved in
neutralized solution of formaldehyde (~4%
vol/vol), the taxonomic composition, size and
abundance of MICRO (>20 um) and NANO (2-
20 pum) (Sieburth et al., 1978) were detected by
Olympus IX 71 microscope following the method
by Uterméhl (1958).

CHLOROPHYLL-A AND
PHYTOPLANKTON

BIOMASS OF

The filtration procedure for Chl-a (500 mL
per sample) in NANO and PICO was identical to
procedure for AP collection (only volume of the
samples differed) in the same size fractions (see
“APA sampling procedure”). PICO Chl-a result
was not used to calculate biomass of PICO but
only to complete the budget of Total Chl-a i.e. to
calculate the result for the Chl-a of MICRO. Total
Chl-a was determined after the filtration (500 mL
per sample) by using GF/F Whatman filters (pore
size 0.7 pym). All filters were stored in the dark
at -22°C, and Chl-a detected according to Holm-
Hansen et al. (1965) by using Turner TD 700
fluorometer. Biomass (B) of NANO (B, ) was
calculated using the factor of conversion (FC)
50 pg C:1 yg Chl-a (Antia et al., 1963). Biomass
of MICRO (B___ ) was calculated indirectly via the
same FC, after Chl-a in NANO and PICO were
subtracted from the Total Chl-a.

SIZE, ABUNDANCE AND BIOMASS OF
PICOPLANKTON

The samples (50 mL) for PICO were preserved in
aneutralized formaldehyde solution (~4% vol/vol) and
stored in the dark at +4°C until analyses. Abundance
and size of the identified PICO groups were
determined using a Zeiss Jenalumar epifluorescent
microscope (magnification 1500 X). Abundance of
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HBa was detected according to Hobbie et al. (1977).
Heterotrophic picoflagellates (HPF), autotrophic
picoflagellates (APF), and picocyanobacteria (Cyano)
were determined using proflavine (Haas, 1982). The
HBa biomass was calculated by FC 20 fg C cell’
(Lee and Fuhrman, 1987). The Cyano biomass
was estimated by FC 250 fg C cell' (Kana and
Glibert, 1987). The volumes (um?3 of HPF and
APF cells were calculated by equations according
to morphological classes: ellipsoid (V=1Lw?/6) and
sphere (V=4r®3), in which L is the length (um), w is
the width (um), and r is the radius of a cell (um). The
HPF biomass was calculated via B=NVFC, in which
N is the abundance, V is the average cell volume
(umd), and FC equals 0.22 pg C pm (Bersheim and
Bratbak, 1987). For the APF biomass, the equation
0.433(umd)°883=pg C cell" (Verity et al., 1992) was
used as FC by considering average cell volumes.
The sum of all the biomass of PICO groups is
designated as Bpico.
APA SAMPLING PROCEDURE

Hand vacuum pumps were employed at a <13
kPa pressure in all filtrations to determine APA
(and Chl-a) in NANO and PICO. In total, 200 mL
per sample were filtered over “Nitex” 20 pm
mesh nets. The filtrates (200 mL) were filtered
on “track-etched” 2 um pore polycarbonate filters
(Whatman). The filtrates under 2 pym (200 mL)
were filtered at the same 0.2 pym pore quality filters.
Filters for APA (and Chl-a) analyses in PICO and
NANO were stored at -22°C (Zohary and Robarts,
1998; Rengefors et al., 2003; Hrusti¢ et al., 2013).
All APA sampiles (filters with biological material and
seawater samples) were stored in sterile tubes.
Total (original sample without filtration; APA ) and
Free APA (filtrates below 0.2 um) were measured in
triplicates from 3 mL aliquots. Nanophytoplankton
APA (NANO APA) and picoplankton APA (PICO
APA) were detected from the material collected
on filters with 2 and 0.2 um pores by single
measurements, respectively. All measurements
took place within 96 h from sampling. Particulate
APA, i.e. APA in >0.2 ym fractions was calculated
as a difference between Total and Free APA.
Microphytoplankton APA (MICRO APA), i.e. APA
in fractions >20 ym=Total APA-NANO APA-PICO
APA-Free APA. Picoplankton sAPA (Pico sAPA),
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nanophytoplankton sAPA (Nano sAPA), and
microphytoplankton sAPA (Micro sAPA) denote
APA in a certain size fraction divided by the
associated B , B B respectively.

pico’ ~nano’ " micro’

APA MEASUREMENTS

Samples were kept at room temperature in the
dark for ~0.5-1 h. The components were added in
sterilized tubes (10 mL) and the reaction was started
by introducing p-nitrophenyl phosphate (p-NPP) to
a final concentration (S)) of 1812 pymol L' (Hrusti¢
et al., 2013). S, was much higher than expected
K., of AP for a p-NPP at the reaction conditions at
37°C (Orhanovi¢ and Vranci¢, 2000). The method
was adapted to follow the guidelines of less than 7%
of §, (at a saturation level for V__ measurements)
being degraded to prevent competitive inhibition
by PO,* (Orhanovi¢ and Vranci¢, 2000). Samples
were incubated under a dim light at 37°C with an
occasional stir in a water bath. The reaction was
stopped by abrupt cooling below 10°C within a few
minutes after the tubes were transferred to a -22°C
environment. All APA reactions were stopped after
8 hours. As much as possible, equal conditions
for all incubations were ensured by adding 3 mL
of autoclaved seawater from the associated Niskin
samplers in tubes with filters to introduce divalent
cations as activators of AP and avoid introducing
any active biological material. Every tube (reaction
volume of 5 mL) had 3 mL of seawater (biologically
active estuarine water or sterilized oligotrophic sea),
1.9 mL of buffer solution (Tris-HCI 0.1 M, pH 8.25),
and 0.1 mL of the substrate solution. Calibration plots
were performed by measuring 10 concentrations
(20200 pmol L') of p-nitrophenol (p-NP) in
triplicates using VIS-spectroscopy (A=400 nm,
PerkinElmer A15, 1 cm path length cuvettes). APA
is the difference in concentration of p-NP between
the end and start of the reaction, corrected for blank
measurements of autoclaved sea with buffer and S
(p-NPP), divided by time. The factors of 0.025 (5 mL
reaction volume/200 mL sample) for PICO APA and
NANO APA and 1.67 (5 mL reaction volume/3 mL
sample) for Total APA and Free APA were considered
in the final APA calculations.

STATISTICS

“Statistica for Windows” (Statsoft Inc., USA)
was used to calculate Spearman’s Rank-Order
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correlation coefficients (r) at a (p)<0.05 probability.
As an unequal number of samples in different
seasons was collected, t tests were performed to
evaluate the significant differences between the
layers without a seasonal aspect.

Alkaline phosphatase activity in Ombla Estuary

(mean t 18.77°C) (Figure 2A). The subsurface
t .. (23.15°C) developed at a 2-m depth along the
sharp halocline (AS, , -2.78 m', S _, = 34.40—
37.18 m) in August (Figure 2B).

The subsurface t__ (24.35°C) developed at 3-m

1

depth in the warmest water column in October (mean t
24.11°C) accompanied by a significant but less intense
halocline (AS, , -0.82m", S, 36.83-38.47) than
in August (Figures 2A and 2B). Temperatures failed
to significantly differ between the surface and bottom
water, whereas S and o were significantly (p<0.05)
higher in the bottom water (Table 2).

REsuLTs

THERMOHALINE PROPERTIES OF THE WATER
COLUMN

The significant shift in the t of the water column
occurred from April (mean t 15.52°C) to June

Table 2. Averages+sd, minima and maxima of the thermohaline properties, nutrient concentrations and index of eutrophication
in the middle part of the Ombla Estuary for the studied period

Surface s T o DO NO, NO, NH, DIN SRP OP TP DIN SO, SO/ TotalChl-a
(mgL’) (M) @®M) (M) @M) @M) (M) (@M) SRP  (uM) DIN  (ugL’)

water (°C) TRIX
Average 36.36 18.71 24.98 8.61 6.16 0.05 048 6.70 0.09 0.12 021 69.16 9.15 2.16 0.67 3.46

sd 1.08 3.98 277 0.71 7.72 0.02 043 8.13 0.04 0.07 0.07 6756 540 0.84 0.55 0.91
Min 34.40 1428 2122 7.48 092 0.03 023 139 0.05 0.07 0.14 19.61 3.32 0.76 0.26 2.08
Max 37.62 2298 2830 935 2093 0.08 1.35 2236 0.14 0.24 0.28 191.71 17.06 3.04 1.77 4.65
Bottom i i B

s T ot DO NO, NO, NH, DIN SRP OP TP DIN/  SiO, SiO,/ Total Chl-a TRIX

water (°C) (mgL)  (uM) (M) (uM) (uM) (M) (uM) (uM) SRP  (uM) DIN  (ug L)

Average 38.48 17.35 28.06 8.04 0.71 0.07 060 138 0.04 013 0.177 32.00 202 2.86 0.40 3.03

sd 0.13 3.55 0.89 0.54 0.72 0.08 0.78 1.01 0.00 0.06 0.06 2413 041 264 0.06 0.58
Min 38.31 14.71 26.33 7.32 0.05 0.02 0.22 028 0.04 0.06 010 6.20 1.44 0.70 0.33 2.01
Max 38.58 24.08 28.76 8.77 180 022 218 275 0.05 023 027 6792 259 7.16 0.46 3.50
ttest 0.002 0.021 0.013 0.012

Figure 2. Temperature (A) and Salinity (B) in the the middle part of the Ombla Estuary in the studied period.
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RIVER DISCHARGE, NUTRIENTS, AND TRIX

SRP concentration (0.05-0.14 pmol L") showed
no clear seasonal trend and we found the highest
value in the surface water in June (Figure 3) under
a significantly decreased Ombla discharge (Figure
4, Table 1). On the other hand, DIN and SiO*
concentrations (0.28-22.35 pmol L' and 1.44-
17.06 pmol L', respectively) had marked seasonal
trends with summer values of about an order of

Alkaline phosphatase activity in Ombla Estuary

magnitude lower than winter ones (Figure 3).
Values for all nutrients were higher in the surface
than in bottom water (Figure 3, Table 2). Nitrate
prevailed (70-93% contribution to DIN; data
not shown) in surface water DIN, whereas NH,*
significantly contributed to DIN in summer and
autumn (up to 30%). NH,* was the most important
inorganic N species in bottom water during
summer and autumn (45 and 79%, respectively).

A 025 . - 25
1/  —@—Fo —@— O i
0.2 TN -©- opP —— Sio, - 20
0.15 -
041 4
- i Z
S 0 :
£ ®
B ~ 025 - . - 25 O
\ L ~
O 2 AN - 205
O:r J P\ / \ - o)
- / / \ - -
& 015 SN , . 15 S
\
01 ? o/ © - 10
. \ / 5
0.05 .—.—.—L-.—. -5
0 Lo

15Feb 11 —
17 Jun 11
4 Oct11 —

13 Jan 12

15Feb 11 —
13 Apr 11
17 Jun 11
2 Aug 11
4 Oct11
13 Jan 12 —

Figure 3. Concentration of nutrients in the surface (A) and bottom water (B) in the middle part of the

Ombla Estuary in the studied period.

Figure 4. Average daily discharge of the Ombla River before, during and after the studied period.
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Correlations of nutrients (p<0.05) with S
(SRP, r=-0.67; NO,, r=-0.69; SiO*, r=-0.75)
indicated that the Ombla constituted a significant
source of nutrients to OE. In surface waters, OP
concentrations (0.07-0.14 pmol L") generally
resembled SRP ones, except for about their five
times higher OP value (0.24 pmol L") in April
(Figure 3). On the other hand, bottom water
OP concentrations (~0.1-0.25 pmol L") were
significantly (p<0.05; t test not shown) higher than
those of SRP (Figure 3, Table 2). We only found a
TRIX value (4.65) above four in the surface water
in January (Figure 3), being an exceptional case of
mesotrophic conditions in dominantly oligotrophic
OE (Table 2).

DEPTH OF THE PHOTIC ZONE AND THE
BIOMASS OF PHYTOPLANKTON AND
PICOPLANKTON

Secchi disc readings (6—7 m) suggested that
the whole water column belonged to the photic
zone (Table 1). Microbial biomass (C,_) varied
from aminimum of 17.4 ug C L' in the bottom water
in January to a maximum of 129.7 ug C L' in the
surface water in June, whenB___ and Bpico equally
dominated (43%) B . (14%) (Figure 5). Bpico was
generally the dominant part of C_, contributing
with 54+15% and 55+13% to the C_, of the surface

and bottom waters, respectively. We found its
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minimal contributions (36%) for both layers in
January and its maximal contributions to surface
water (80%) and bottom waters (71%) in August
and April, respectively (Figure 5). Bpico consisted
dominantly of picophytoplankton (Cyano+APF)
(46-80% in the surface water and 49-73% in the
bottom water, Table 3). HBa showed a maximum
9.28 ug C L' in the surface water in June along
with the maximum of the Total Chl-a (1.77 pg L"),
SRP (0.14 pmol L"), B . (56.31 ugC L"), B,
(18.09 pg C L"), and B, (5527 jg L") and the
maximal share of picophytoplankton within B, |
(80%) (Figure 3 and Figure 5). B was positively
correlated with SRP (r=0.66, p<0.05). HBa had a
significantly higher biomass in the surface than in
the bottom water (Table 3).

B, .., Was the second largest contributor to
C,, (27+£13%) in the nutrient richer surface water,
whereas B, = was the second largest contributor
to C, (27+9%) in more oligotrophic bottom
waters (Figure 5). The highest contribution
of B, in C,, (56%) appeared in the cold and
nutrient-rich surface water (the highest TRIX)
in January (Figure 3). Minimal B__ , below the
limit of detection, occurred in both layers in April
and in the surface water in October. B, had 8%
minimal contribution to C,, in the surface water
in January and maximum of 46% in the surface

water in April.

Table 3. Averages+sd, minima and maxima of the APA, biomass and sAPA of plankton size fractions with significant differences
(t test) between the surface and the near-bottom water in the middle part of the Ombla Estuary

Surface TAPA MAPA NAPA PAPA 166 Thi- C o \ANO CPICO CHBa CCyano CAPF CHpF MSAPA NSAPA PSAPA
water  (Wh") (M) (WMhY) @M B TR MRS (G LY) (g CLY) (g CLY (eCLY) oLy gcty (M (M (N

("M h") (g CL") (ugCL) Mgh)  pgh)  pgh)
Average 214891 830.52 10695 80.89 113055 47.52 16.86 7.44 2322 601 1027 604 090 8615 1620 8.71
Sd 372805 153723 9977 7245 208568 41.27 2084 572 1635 200 11.22 485 061 14802 1561 3.54
Min 14471 000 1362 11.37 99.69 2006 000 282 1090 408 356 042 024 056 3.06  0.51
Max  9707.41 3907.20 256.92 167.35 537593 12067 5631 1810 5527 928 30.89 1311 199 307.77 37.70 865
Botom TAPA MAPA NAPA PAPA H°® T © "GNANG CPICO GHBa GCCyano GAPF  CHPF M(ﬁﬁ;’* N(i’:AF/’A P;’:;A
water  (nMh") (nM h?) ("M ™) (nM h) ("M h") (ug C L") (ug CLY) (MgCL") (gCL") (MgCL") (MgCL') (ugCL") (ugCL) ugh)  ugh)  ugh)
Average 193697 74525 99.06 66.00 102666 2635 457 682 1496 417 535 412 133 14418 1847 474
Sd 206785 806.80 62.38 4850 119637 534 261 203 523 065 390 266 100 11040 17.90 3.34
Min 262.04 0.00 31.25 1411 119.89 17.39 0.00 3.76 6.31 3.12 0.95 0.00 0.10 0.00 3.09 0.74
Max  5387.71 1990.81 19679 12047 3079.65 3260 7.03 1041 2027 494 11.88 7.0 288 20320 5234 9.92
t test 0.037

APA unit is nmol P I'' h'', sAPA unit is nmol P ug C ' h*!
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Figure 5. Biomass of MICRO, NANO and PICO in the surface (A) and the bottom water (B) in the middle part of the

Ombla Estuary in the studied period

APA, sAPA, AND PHYTOPLANKTON

Total APA showed a seasonal trend with higher
values during summer and autumn (Figure 6).
We found the highest total APA in August (9708
and 5387 nmol L' h' in the surface and bottom
waters, respectively; Figure 6). In particulate
fraction, MICRO APA generally predominated over
NANO and PICO APA (Figure 6).

We detected the highest shares of MICRO
APA in total APA (58% and 61%) in the surface
and bottom waters in June, followed by 46% and
45% in the surface and bottom waters in February,
respectively (Figure 6). We found no MICRO APA
in the bottom water in January and April and in
the surface water in October (Figure 6). We only
observed a significant contribution of NANO
APA to total APA in bottom waters in February
(44%), which remained below 10% (Figure 6).
The contribution of PICO APA totaled 10%, with

a somewhat higher contribution (up to 17%) in the
surface water in October and January (Figure 6).
Contributions of Free APA were significant (46-
86%) and usually higher than those of particulate
APA, with the highest values (80 and 86% in the
surface and bottom waters, respectively) in April
(Figure 6). The only exception we found occurred
in June when the maximal share of particulate
APA in total APA (81%) coincided with that of
Chl-a, MICRO, NANO, HBa, and SRP maxima
(Figure 3, Figure 5, Figure 6) along with the
second highest NO," concentration (3.37 pmol L"),
which contributed to 91% of the DIN (Figure 3).
We found free APA__ (5376 nmol L' h") in the
surface water in August and the second largest
value (3079 nmol L' h') at the same time in the
bottom water. We also observed its considerably
high value (1898 nmol L' h'') in the bottom water
in October (Figure 6).

Ocean and Coastal Research 2023, v71:€23044 9
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total

water (B) of the middle part of the Ombla Estuary in the studied period.

sAPA showed a seasonal trend in all fractions
(Figure 7). Higher values generally appeared in
summer and autumn and lower values in winter
and spring. Seasonal trends were similar in both
layers, although the trends for NANO sAPA and
PICO sAPA in the bottom water were smoother
than those in the surface water. Values of
sAPA decreased in the following order MICRO
> NANO > PICO (Figure 7, Table 3). This was
particularly evident during summer and autumn,
in which MICRO sAPA (135-308 nmol pg C' h')
were an order of magnitude higher than NANO

(9.8-37.7 nmol pg C' h') and PICO (2.4-
8.6 nmol ug C' h') sAPA (Figure 7). In January,
MICRO sAPA was very low (0.56 nmol ug C' h'')
in the surface water and undetectable in the
bottom water, despite the significant contributions
of B, to C, (56 and 26%, respectively;
Figure 5). MICRO consisted of coccolithophorids
(965 cell L") and diatoms (2617 cell L) in the
sample without MICRO APA in the bottom water
in January (Figure 8). We detected no significant
(p<0.05) controlling role of SRP on microbial APA
and sAPA.
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Figure 7. Specific APA of MICRO, NANO and PICO in the surface water (A) and the bottom water (B)
in the middle part of the Ombla Estuary in the studied period.

We were unable to calculate MICRO sAPA
for the April samples and for the surface water
in October. In April, we found no Brnicro via Chl-a
(Figure 5), MICRO abundance was extremely
low in April (Table 4), whereas MICRO APA was
very low in the surface water (6.8 nmol h' L")
and undetectable in the bottom water in April
(Figure 6). In the surface water in October, B
was undetectable via Chl-a (Figure 5) as was
MICRO APA (Figure 6). Hence, we were unable
to calculate MICRO sAPA despite finding 8468
MICRO cell L' in that sample (Table 4, Figure 8).

Euglenophytes (1025 cell L"), chryptophytes
(568 cell L") and dinoflagellates (120 cell L")
(Figure 8) with low APA (Figure 6) dominated
MICRO in the surface water in April (Table 4). The

increase in temperature of the water column, along
with a sharp decline of the Ombla discharge rate
from early May (Figure 2A and Figure 4), involving
extended water retention time, i.e. flushing time,
and consequently a greater availability of nutrients,
provoked a considerable growth of Prorocentrum
spp. (70x10® cell L") (MICRO) and domination
(>99%) of dinoflagellates (94436 cell L") within
MICRO (95024 cell L"), followed by NANO,__
(917x10® cell L") in the surface layer in June
(Figure 8). Dinoflagellates made up 84% of
MICRO (Table 4) that had MICRO sAPA__ of
308 nmol pug C' h' in the surface water in August
(Figure 7). MICRO sAPA__ for the bottom water
(298 nmol pg C ' h') also appeared in August in
the sample with notably more balanced MICRO

Ocean and Coastal Research 2023, v71:€23044 11
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community and lower abundances of MICRO and
NANO (Table 4, Figure 7, Figure 8). We found NANO
sAPA__ for the surface water (38 nmol pg C' h)

and bottom water (52 nmol pg C' h') in August

Alkaline phosphatase activity in Ombla Estuary

(Figure 7, Table 3). Interestingly, PICO sAPA_ for
the surface water (8.7 nmol ug C' h'') and bottom
water (9.9 nmol pg C' h') appeared in October
(Figure 7, Table 3).
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Figure 8. Abundance of microphytoplankton, nanophytoplankton and picoplankton in the surface water (A) and
the bottom water (B) in the middle part of the Ombla Estuary in the studied period.

Table 4. Microphytoplankton and nanophytoplankton abundances in the surface and the bottom water in the middle part of the

Ombla Estuary between February 2011 and January 2012.

Date  Depth -MT(C))tI;{O COCCO-M CRYPTO-M DIATOM-M DINO-M EUGLENO-M Tot-NANO COCCO-N DINO-N Prasi-N UNIDENT-N
15.2.2011. 1.672 1.134 0 0 0.538 0 124.163 0 0 0 124.163
13.4.2011. 1.713 0 0.568 0 0.12 1.025 538.041 27.592 0 0 510.449
17.6.2011. 95.024 0.398 0 0.2 94.426 0 916.799 0 175.761 39.417 701.621
1.8.2011. om 17.673  0.945 0 0 14.837 1.891 583.37 0 0 0 583.37
4.10.2011. 8.468 2.646 0 1.741 4.081 0 611.619 36.789 0 0 574.83
13.1.2012. n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
15.2.2011. 0.818 0.509 0 0.309 0 0 441.469 137.959 0 0 303.51
13.4.2011. 0.22 0.06 0 0.08 0.08 0 242.808 242.808 0 0 0
17.6.2011. 0.48 0.04 0 0.12 0.32 0 82.776 0 0 0 82.776
1.8.2011. om 1.14 0.12 0 0.6 0.42 0 155.668 0 0 0 155.668
4.10.2011. 4.169 1.512 0.189 0.945 1.523 0 236.501 63.067 173.434 0 0
13.1.2012. 3.582 0.965 0 2.617 0 0 378.408 31.539 0 0 346.869

All abundances presented as 10° cell I'; n/a-not analyzed
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DISCUSSION

Our results suggest that the Ombla River
configures a significant source of nutrients for the
OE. However, the Ombla Estuary experiences
a substantial influence from the coastal sea
throughout the year, but especially in winter-early
spring after the mixing events in the South Adriatic
Pit (Batisti¢ et al., 2012; Ljubimir et al., 2017; Silovié
et al., 2018). These waters have a greater flow rate
along the eastern Adriatic coast in winter (Zavatarelli
etal., 1998). Therefore, the structure of the plankton
population of the OE changes under the influence
of the nutrient and salinity contents of the two
major water sources to the OE. Of course, other
factors shape the plankton population structure of
the OE but those factors lie outside the scope of
this study. The OE is generally oligotrophic with a
great transparency of its water column. The bottom
water under the halocline is even more oligotrophic.
However, mesotrophic conditions may prevail in
winter, as in the surface water in January (TRIX
4.65), in which we found exceptionally high nutrient
concentrations during the high Ombla discharge
rate (Figure 3 and Figure 4). Minimal APA and sAPA
in winter and early spring at a relatively higher river
discharge rate and the probable great influence of
the mixed and nutrient rich coastal waters inflow
confirm the tendency for AP synthesis repression
under the sufficient supply of P to the microbial
community. The maximal APA and sAPA during
summer and autumn at lower riverine nutrient supply
confirms the tendency of increased AP synthesis
in oligotrophic environments. Higher temperatures,
extended exposure to light, and prolonged water
retention in the OE in summer and autumn support
phytoplankton growth, which becomes limited by
the lack of nutrients, most commonly of SRP (Cari¢
et al., 2012). We confirmed this by our APA and
sAPA results. Moreover, we observed an indication
of N-limitation in the surface water in October at the
lowest river discharge, accompanied by the lowest
DIN and total Chl-a concentrations (1.39 and
0.26 pg L', respectively), and undetectable MICRO
APA. Nitrogen is an essential element both for
Chl-a and enzyme synthesis and the MICRO in
the surface water was potentially more limited
by N than P.

Alkaline phosphatase activity in Ombla Estuary

According to the contribution of each plankton
size group in total APA and by their sAPA, we can
conclude that MICRO was the most P-stressed
group, followed by NANO and PICO. This was
particularly evident during the summer, in which
MICRO sAPA had an order of magnitude higher
sAPA than the other size classes of the plankion
community. To overcome nutrient limitation, microbes
induce synthesis of extracellular enzymes (e.g. AP
in the case of P-limitation) to use PME or they can
adapt to use low nutrient concentrations efficiently.
Larger cells require more nutrients for growth,
causing higher half saturation constants of nutrients
uptake (K ) (Eppley and Thomas, 1969). This can
consequently become a disadvantage in competition
for nutrients uptake with smaller phytoplankton. Oh
et al. (2010) reported that K might be an important
estimator of PO,* uptake affinity and of the threshold
for APA induction. In fact, in oligotrophic conditions
during the summer, the dominating plankton group
(PICO), mainly composed of autotrophs, had for an
order of magnitude lower sAPA compared to larger
plankton group (MICRO). In short, PICO is a better
competitor at low nutrient concentrations (Moutin
et al., 2002), and hence the significantly lower Pico
sAPA than sAPA of larger phytoplankton was most
likely connected to the more efficient uptake of SRP
at its lower concentrations. Higher surface to volume
ratio enables picoplankton to grow with a greater
success than NANO and MICRO, particularly in
the bottom water (with the most severe oligotrophic
conditions). A positive correlation of B, with SRP
(r=0.66, p<0.05) indicates that PICO was the most
successful competitor for orthophosphate in the
oligotrophic waters. Therefore, PICO was probably
the most active plankton fraction in the fast recycling
of PO,¥ in the surface water with a shorter retention
time than the bottom water. We observed the lowest
and undetectable MICRO APA at conditions of
relatively high MICRO biomass in comparatively
cold and nutrient-rich waters in January, suggesting
that MICRO showed no P limitation at the time.
Nutrient-rich and cold waters favor the slow
growth of bigger phytoplankion species. We have
ignored the concentration of polyphosphates but
we estimate that, in the cases with a very low or
undetectable APA in nutrient-rich and cold waters,
polyphosphate levels were either stable or in the

Ocean and Coastal Research 2023, v71:e23044 13



Hrusti¢ et al

phase of accumulation, thus failing to cause notable
P deficiency responses, i.e. APA. We suspect that
the major contributors to high MICRO APA during
late spring and summer were dinoflagellates
because of their large predominance within MICRO,
particularly in the surface water. The river discharge
reduction and relatively high importance of NH,*
(from 0.30 to 0.23 pmol L' from June to August) and
the depletion of NO, (from 3.37 to 1.24 pmol L' from
June to August) probably supported a competitive
advantage for dinoflagellates (Domingues et al.,
2011) as mixotrophs over autotrophic phytoplankton
in this period. Apart from the significant positive
correlation with temperature in the OE (Caric et al.,
2012), domination of dinoflagellates in the MICRO
community during late spring-autumn could be
favored by the lower DIN/SRP (~7-25, compared
to 55-100 in other seasons). Heterotrophs are better
adapted to lower DIN/SRP ratio than autotrophs
(Goldman et al., 1987).

Unlike the rest of phytoplankton, dinoflagellates
might have a significant share of constitutive AP
(Dyhrman and Palenik, 1999; Rengefors et al.,
2003). Large copepods, major phytoplankton
grazers (Calbet et al.,, 2000) whose abundance
rises in spring—summer in the OE (Cari¢ et al.,
2012) as they follow prey, i.e. phytoplankton
(Vilici¢ et al., 1995), possibly had a notable share
in MICRO APA and an impact on Free APA
generation in spring—summer, similar to findings
for the NW Mediterranean in summer (Bogé et al.,
2002). Some attached bacteria on the zooplankton
larvae can also produce APA (Jean et al., 2003).
Note that MICRO sAPA was the most prone to
error introduction since some MICRO constituents
have less Chl-a per biomass than the used FC
(e.g. dinoflagellates) (overestimated sAPA).
Although we have shown two important sources
of MICRO sAPA overestimation, those should fail
to significantly influence the general conclusion
of decreasing ranking from MICRO to NANO to
PICO regarding P stress in the oligotrophic OE.
Some PICO members have a constitutive APA
expression (primarily HBa) but its APA should
be approximately linear in comparison to its
biomass. Therefore, in the case of some degree of
underestimation of PICO sAPA, this error should
fail to change the main results of our study. Carbon

Alkaline phosphatase activity in Ombla Estuary

to Chl-a ratios should not be enormously different
between MICRO and NANO. Hence, the most
sensitive point in our biomass estimations between
MICRO and NANO, on one hand, and PICO, on
the other hand, lies in the fact that we used FC
via Chl-a concentration for MICRO and NANO and
cell abundances and their volumes for the FC of
PICO members. Moreover, photoacclimatization
of the photosynthetic apparatus (less Chl-a per
phytoplankton cell in the surface than in the
bottom water) (Geider et al., 1997) provoked
some overestimation and underestimation of
the sAPA values in the surface and the bottom
water, respectively.

We found no significant (p<0.05) controlling
role of SRP on microbial APA and sAPA, an
unexpected result falsifying the hypothesis based
on the repeatedly found relation between APA
and orthophosphate concentrations (Boekel and
Veldhuis, 1990; Li et al., 1998; Li and Dittrich,
2019). This is probably due to our small nhumber
of samples (n=12) from the estuary (a complex
natural environment) but even more so by the
shortcomings of the used sampling procedure for
nutrient analysis without filtration. Furthermore,
N-limitation of the phytoplankton growth could also
have occurred in the bottom water during summer
and autumn according to DIN concentrations
(especially <0.6 pmol L"), representing an upper
limit of K_ range for NO, and NH,* uptake by
natural phytoplankton communities in oligotrophic
conditions (Maclsaac and Dugdale, 1969). Hence,
we consider that the phytoplankton community in
the middle part of the OE could experience growth
limitation due to low concentrations of DIN and
DIP in the most oligotrophic conditions during
summer-autumn.

High contribution of Free APA in APA (46-
86%) agrees with Duhamel et al. (2010), who
found a high contribution of Free APA in APA
(>65%) at station Aloha in an oligotrophic
North Pacific subtropical gyre. Their results are
confirmed (12-100%; 41+23%) (Duhamel et al.,
2011) and explained by experiments performed
in the same area. Namely, N addition provoked
more cell-bound AP, i.e. added nitrogen caused P
limitation and engaged in AP synthesis, whereas
P addition provoked a release of cell-free AP
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that can also recycle nitrogen during N limitation.
Intense sun irradiance probably contributed more
to the release of Free AP in the surface water of
the OE in late spring, summer, and autumn (June,
August and October) than in other sampling
months (Table 1) due to the detrimental impact
of UV-B rays on the microbial community (Garde
and Gustavson, 1999).

CONCLUSIONS

Our results indicate that the phytoplankton
community in the middle OE (with the clearest
impact on MICRO) might be experiencing a shift
from P-limitation in late spring and summer toward
N-limitation in early autumn. It seems that nutrient
limitation disappears in winter. This pattern, with
different intensities of nutrient limitations, might
be occurring in most, if not all, the highly stratified
estuaries of the eastern Adriatic Sea, depending
on the significance of the volatility in supply of
nutrients by river discharges and the coastal
waters inflow throughout the year. Our results
can serve as a starting point for more specific
explorations of the excess or lack of bioavailable
N and P not only in the OE but along the eastern
Adriatic coast and wherever the variation of the
supply of nutrients can have an important impact
on coastal ecosystems (Hrusti¢ et al., 2017).
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