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Comparison of freezing and pasteurization as long-term

preservation methods for nutrient samples collected
from inshore coastal waters
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Abstract

Within the framework of the EuroGO-SHIP Project, an experiment on the long-term preservation of nutrients in
seawater samples was conducted in May 2023 using high-salinity, low-nutrient continental shelf waters from the Gulf of
Trieste. Sample comparison included filtered and non-filtered samples, preserved by both freezing and pasteurization
techniques. The results indicated that neither of these methods is individually ideal for the long-term (6- and 12-month)
preservation of seawater samples, although freezing is less affected by experimental biases than pasteurization. Syringe
filtration (0.22 um pore size MCE filters) can cause the breakage of plankton cells and the release of nitrogen into
the samples, whereas pasteurization can cause the remineralization of dissolved organic phosphorus and the release
of phosphorus and silicate from marine particulate matter. Experimental results indicated that the best preservation
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method should be chosen depending on the biogeochemical characteristics of the marine system studied.
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1. Introduction

Studies on availability and ratios of dissolved inorganic
macro-nutrients are of basicimportance in understand-
ing marine systems, particularly since the findings that
their dynamics in seawater is modulated by the activity
of marine biota (Richards, 1958; Redfield et al., 1963).
There is a large volume of published literature for their
manual or automated chemical analytical determination
at both micro- and nano-molar concentrations, like those
typically found in the world oceans, and these methods
have been published over the last 70-years (Strickland and
Parsons, 1972; Grasshoff et al., 1999; Crompton, 2006; Hy-
des etal,, 2010; Becker et al., 2020; see references therein).
In parallel, but to a much lesser extent, the methods for
the preservation of nutrient samples have also been in-
vestigated, although it is widely recognized that wherever
possible, the best laboratory practice is to analyze seawa-
ter samples at sea, and as shortly after they are collected
during oceanographic field surveys as possible.

Freezing is commonly suggested as a method for long-

© 2026 The Author(s). This is the Open Access article distributed
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term preservation (up to 2 years) of nutrient samples
(Doreetal., 1996; Chapman and Mostert, 1990; Clementson
and Wayte, 1992; Segura-Noguera etal.,, 2011). This method
has been suggested to be improved by rapid freezing (Mac-
donald and McLaughlin, 1982) or cryogenic freezing
(—80°C; Rho et al,, 2022) procedures. Freezing can also be
coupled with a preliminary filtration process of the sea-
water to stabilize the samples by removing any microbial
biomass (Dore et al., 1996). The freezing method is sim-
ple, and it does not require the introduction of chemicals
into the sample, hence avoiding problems of contamina-
tion or modification of the seawater matrix, although it
needs the availability of low-temperature laboratory fa-
cilities for sample storage close to the point of sampling.
The main point of debate about this method is a possi-
ble underestimation of dissolved silicate concentration,
due to its polymerization when the samples are frozen
and its incomplete redissolution when the samples are
thawed before the analysis, especially when this nutrient
is at high concentrations (Burton et al., 1970; MacDonald
and McLaughlin, 1982; MacDonald et al.,, 1986; Sakamoto
et al,, 1990). For a quantitative recovery of silicate, it was
recommended to thaw frozen samples overnight, in the
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dark and at room temperature (Dore et al., 1996) or to de-
frost them in a heating bath (45 min., 50°C) and then cool
them back to room temperature for a further 45 minutes
before analysis (Becker et al., 2020; Rho et al., 2022).

Pasteurization (single heating) or more rarely tyndal-
lization (multiple heating) have also been proposed as
simple methods for the preservation of nutrient seawater
samples, when the shipping of frozen packages is problem-
atic (Aminot and Kérouel, 1997a, 1998; Daniel et al., 2012).
The pasteurization technique (80°C, 2 hours; Daniel et
al,, 2012) was proposed as an improvement of the auto-
claving method (120°C, 3 hours), which was used for the
preparation of Reference Material for Nutrients in Seawa-
ter (RMNS) in early intercomparison laboratory experi-
ments. In those experiments, autoclaving showed good
stability for the nitrate and nitrite nutrients, but changes
for the ammonium, phosphate, and silicate concentrations
were observed, possibly due to the hydrolysis of organic
matter, glass bottle leakage, or precipitation (Aminot and
Kérouel, 1997b; Aoyama et al., 2007; Felgentreu et al,,
2018). Despite these issues, pasteurization was previ-
ously used and applied to the preservation of natural sea-
water samples for nitrate and nitrite analyses (Aminot
and Kérouel, 1998). In intercomparison experiments, it
was mostly used to stabilize RMNS, which does not re-
flect the characteristics of natural seawater samples as it
is prepared using aged low-nutrient seawater; filtered, pH-
adjusted, and then spiked with nutrient standard solutions
(Daniel et al., 2012).

Other methods used to stabilize nutrient samples in-

volve their spiking with chemicals or poisoning compounds:

acidification (Kotlash and Chessman, 1998), alkalinization
(Wong et al., 2017), poisoning with chloroform (Gardolin-
sky et al,, 2001), and poisoning with Mercury (II) Chloride
(Kirkwood, 1992; Kattner, 1999; Kim et al., 2025). How-
ever, these methods are usually not recommended because
of the possible contamination of the samples, and the re-
sults are not reliable for all the nutrient species. There
are environmental hazards with using Mercuric Chloride,
and the modifications induced in the seawater matrix and
the need to restore the original pH of the samples prior to
laboratory analyses when using acidification or alkalinisa-
tion (Grasshoff et al., 1999; Becker et al.,, 2020; Kim et al.,
2025).

In this study, freezing (FR) and pasteurization (PA)
were reconsidered for comparison as methods for long-
term (up to up to one year) preservation of seawater sam-
ples for the determination of the nutrients collected in
continental shelf waters (Gulf of Trieste; Northern Adriatic
Sea). Despite the availability of several scientific studies
on these two preservation methods, which are probably
the most widely used globally for nutrient preservation,
there have been no actual direct comparison experiments
carried out previously. This experiment was specifically
addressed to evaluate the performance of these methods
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with natural seawater samples that have different salin-
ity, nutrient concentration, and organic matter availability
compared to oceanic waters and laboratory-produced ref-
erence materials (Daniel et al,, 2012, Aminot and Keruel,
1998, Aoyama et al., 2007) that have been mostly used to
date. Moreover, experimental biases due to the filtration
of the samples and possible interferences of the natural
marine particulate matter were also analyzed as factors
that can alter the performance of FR and PA methods.

Preservation methods of natural nutrient samples
should be chosen depending on the major characteristics
of the marine ecosystems: trophic level, nutrient avail-
ability, and adaptation of plankton communities to high
or low ambient temperatures (Becker et al., 2020; Kim
et al., 2025). This study provided more specific insights
into their real applicability in field oceanographic surveys
carried out in temperate coastal zones.

A recent revision of the best practices for nutrient anal-
ysis in marine systems was carried out in the framework
of the International SCOR working group #147 (Towards
comparability of global nutrient data (COMPONUT); https:
//scor-int.org/group/147/), which provided an updated
GO-SHIP repeat hydrography nutrient manual (The Global
Ocean Ship-based Hydrographic Investigations Program
GO-SHIP; http://www.go-ship.org/) that covers all the
aspects of nutrient analysis, from sampling to storage and
determination (Hydes et al., 2010; Becker et al., 2020). As
a part of the EuroGO-SHIP Project (HORIZON EUROPE no.
101094690; https://eurogo-ship.eu/), the applicability
of these preservation methods in the specific conditions
encountered in European Coastal Zones has been further
assessed through pilot activities (EuroGO-SHIP Deliver-
ables 3.3, 3.4, and 3.5) that include the present study.

2. Material and methods

2.1 Field activity and sampling

Nutrient (nitrate, NO;~; ammonium, NH, *; nitrite, NO,~;
dissolved reactive phosphorus, P0,3~; and silicic acid
Si(OH),) samples were collected between 9 and 30 May
2023 at six stations in the Gulf of Trieste (GoT), as part of
the coastal water monitoring of the Environmental Pro-
tection Agency of Friuli Venezia Giulia Region (ARPA FVG;
https://www.arpa.fvg.it/), using the cabin cruiser ‘Folaga’.
Sampling stations were located at different sites in the GoT
(Figure 1), which are variably affected by atmospheric forc-
ings and by the circulation of fresher waters originating
from the discharges of the main rivers in the area (Cozzi
etal.,, 2020).

Weather and marine conditions at the time of the sam-
pling were assessed by visual observations and using me-
teorological probes mounted on the boat. Measured pa-
rameters included: air temperature (°C), humidity (%),
cloud cover (number of eighths), wind speed and direction
(ms~1; degrees North), and wave height and direction (cm;
degrees North).
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Figure 1. Sampling stations (GoT1 to GoT6) in the Gulf of Trieste, Italy. The bathymetry (m) of this coastal zone, the
main urban settlements (grey), and river courses (blue) are also shown.

The sampling stations ranged in depth from 15.5 to
25.4 m (Table 1). CTD profiles were acquired at each sta-
tion using an IDRONAUT CTD system equipped with pres-
sure (dbar), temperature (°C), conductivity (mS cm™1),
dissolved oxygen concentration (DO; mg1~1), pH, photo-

synthetic active radiation (PAR; %), chlorophyll a (Chl g;
ug 1™1), and turbidity (Turb.; Nephelometric Turbidity
Units) sensors. Practical salinity (Sal.) and the saturation
of dissolved oxygen in seawater (DOg,; %) were calculated
according to the UNESCO standard EOS-80.

Table 1. Timing of field activity and position of the sampling stations in the Gulf of Trieste (May 2023).

Station Date Start time UTC End time UTC Long. E Lat. N Bottom depth Sampling depths
(dd-mmm-yyyy) (hh:mm) (hh:mm) [dec] [dec] [m] [m]
1.0
GoT1 09-May-2023 10:15 10:30 13.3176 45.5511 21.0 18.5
1.0
GoT2 09-May-2023 11:00 11:10 13.3286 45.6244 15.5 125
1.0
GoT3 25-May-2023 07:00 07:50 13.6429 45.7234 15.7 135
1.0
GoT4 25-May-2023 08:10 08:22 13.6253 45.6686 22.7 205
1.0
GoT5 30-May-2023 08:32 09:18 13.5651 45.6182 25.4 235
1.0
GoT6 30-May-2023 11:25 11:42 13.6966 45.6244 22.5
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Water samples were collected using 5 litre horizontal
NISKIN sampling bottles taken at 1 m below the sea sur-
face and 2 m above the bottom. It is important to note
that the collection of all subsamples that are needed to
replicate nutrient analyses cannot be carried out on board
when the operations at sea are performed with small boats.
For this reason, the seawater was drawn from the NISKIN
bottle and placed in 5-litre HDPE tanks, previously washed
and cleaned with laboratory detergent, HCl 10%, and then
zero-grade laboratory water (MILLIPORE Direct 8 system;
Merck Inc.; https://www.merckmillipore.com/). The
tanks with the sample waters were then kept refrigerated
and in the dark until the collection of all subsamples, which
was carried out over the course of 12 hours in the labora-
tories of CNR ISMAR Trieste.

2.2 Laboratory methods and analysis

For this experiment, nutrient samples were divided into
four groups: filtered (f), non-filtered (nf), and for storage
after pasteurization (PA) and freezing (FR). In the labora-
tory, the tanks with the sample waters were gently shaken
to homogenize the samples. The subsamples for nutrient
analysis were drawn from these tanks using a 60 ml clean
plastic syringe with a 3-way automatic valve and with a 47
mm plastic filter holder in the case of the collection of the
f-samples. For the filtration, Mixed Cellulose Esters (MCE)
membrane filters 0.22 ym pore size were used (Fisher-
brand, Cod. 16202772; https://www.fishersci.co.uk/).
The subsamples were collected both in 125 ml-HDPE bot-
tles and in 30 mL-borosilicate glass vials with Teflon caps,
previously washed with (1) laboratory detergent, (2) HCI
10%, and (3) zero-grade laboratory water (MILLIPORE
Direct 8 system). HDPE bottles were used for the analysis
of all inorganic nutrients (NO;~, NO,~, NH}, Si(OH),, and
P0,37), whereas the borosilicate vials were used to repli-
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cate the analysis of NH,* in PA samples (as according to
Daniel et al., 2012), to check for possible contamination of
the samples by the plastic bottles during their pasteuriza-
tion and storage at room temperature.

The freezing of subsamples was performed immedi-
ately at —28°C using a scientific freezer. The efficiency of
the freezer can be considered constant as its auto-defrost
function was turned off (Rho et al.,, 2022). The pasteuriza-
tion was performed at 80°C for 2 hours (Daniel et al., 2012)
and, afterwards, the subsamples were cooled at room tem-
perature, sealed in Polyethylene (PE) bags, and stored in
the dark. The subsamples were collected in sufficient num-
bers to perform the analyses at the beginning of the exper-
iment (month 0) and after a medium (month 6) and long
(month 12) term storage periods (Table 2). All subsam-
ples were collected in triplicate. Overall, 504 subsamples
(432 HDPE bottles, 72 borosilicate bottles) were collected
from 12 tanks (i.e., 6 sampling stations, 2 depths for each
station).

The nutrient concentrations fixed as initial values in
this experiment (month 0) were those of the seawater in
the tanks just before being split into the subsamples in
the laboratory; as until this step of the experiment, each
group of subsamples drawn from the same tank was homo-
geneous. Moreover, considering that immediate nutrient
analyses were not possible in concomitance with the sub-
sampling procedure, the subsamples for the determina-
tion of the initial concentrations of the nutrients were also
quickly frozen and analyzed within one week after their col-
lection. This procedure was preferred to exclude any fast
alteration (from hours to a few days) in nutrient concen-
tration in month 0 subsamples due to a possible interior
biological activity, as they both contained (unfiltered) and
not contained (filtered) living particulates (Becker et al.,
2020).

Table 2. Replicates of the subsamples collected in each tank for nutrient analysis at the months 0, 6, and 12.

Storage Filtration Bottles Preservation Replicates Analyses

months 0.22 um type method no.
0 Yes 125 ml-HDPE - 3 NO3;~, NO,~, NH,*, Si(OH),, PO,3~
0 No 125 ml-HDPE - 3 NO5;~, NO,~, NH,*, Si(OH),, P0,3~
6 Yes 125 ml-HDPE Freezing 3 NO5;~, NO,~, NH,*, Si(OH),, P0,3~
6 Yes 125 ml-HDPE Pasteurization 3 NO;~, NO,~, NH,*, Si(OH),, P0O,3~
6 Yes 30 ml glass Pasteurization 3 NH,+
6 No 125 mI-HDPE Freezing 3 NO;~, NO,~, NH,*, Si(OH),, P0O,3~
6 No 125 ml-HDPE Pasteurization 3 NO5;~, NO,~, NH,*, Si(OH),, P0,3~
6 No 30 ml glass Pasteurization 3 NH,*
12 Yes 125 ml-HDPE Freezing 3 NO;~, NO,~, NH,*, Si(OH),, P0O,3~
12 Yes 125 ml-HDPE Pasteurization 3 NO5;~, NO,~, NH,*, Si(OH),, P0,3~
12 Yes 30 ml glass Pasteurization 3 NO3~
12 No 125 ml-HDPE Freezing 3 NO5;~, NO,~, NH,*, Si(OH),, P0,3~
12 No 125 ml-HDPE Pasteurization 3 NO3;~, NO,-, NH,*, Si(OH),, P0,3~
12 No 30 ml glass Pasteurization 3 NH,*
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Figure 2. CTD profiles of seawater temperature (Tsy; °C), salinity (Sal.), dissolved oxygen saturation (DOg,; %),
photosynthetically active radiation (PAR; %), chlorophyll a (Chl a; ug171), and turbidity (Turb.; NTU) in the sampling

stations.
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Figure 3. Initial (month 0) nutrient concentrations (uM) in non-filtered (nf; red) and filtered (f; blue) seawater samples
collected at the surface (s) and bottom (b) in the stations GoT1-GoT6 (mean and standard deviation). The grey line
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Before laboratory analysis, FR samples were thawed  losses of Si(OH), due to silica polymerization (Sakamoto
overnight at room temperature and in the dark to avoid et al,, 1990). Silica polymerization can, however, be con-
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Figure 4. A box-and-whisker plot of the concentrations (uM) of NO3;™ (A, B) and NO,~ (C, D) in surface and bottom
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Table 3. Meteo-marine conditions during the operation at sea in the sampling stations.

Station T air Humidity Clouds Wind speed Wind direction Sea force Wave Wave direction
[°] [%] (eighths) [ms™1] [degree N] (Beaufort scale) [cm] [degree N]

GoT1 20.0 72.0 2/8 4.5 50 2-3 30-40 50

GoT2 21.0 67.0 2.0 35 30 2 30-40 50

GoT3 22.3 56.2 1/8 6.9 70 2 50 100

GoT4 21.6 65.0 1/8 6.8 45 2 50 60

GoT5 19.8 70.7 4/8 39 70 2 40 70

GoT6 24.2 479 4/8 5.4 65 2 40 65

Table 4. Physical-chemical characteristics of seawater at the depths of collection of nutrient samples. Temperature
(Tsw; °), salinity (Sal.), dissolved oxygen saturation (DOg,; %), photosynthetically active radiation (PAR; %), chlorophyll a

(Chl @; ug1™1), and turbidity (Turb.; NTU).

Station Depth Tsw Cond. Sal. DOgat DO pH PAR Chla Turb.
[m] [°C] [mS cm™] [%] [mg1™*] unit [%] (gl NTU
GoT1 1.0 15.94 47.25 38.07 108.3 8.47 8.17 66.5 0.20 1.38
185 14.43 45.76 38.16 107.5 8.66 8.18 6.0 0.48 1.39
GoT2 1.0 15.98 46.77 37.59 108.3 8.49 8.17 59.7 0.82 1.45
12.5 13.84 45.10 38.13 110.6 9.02 8.16 10.6 1.10 2.09
GoT3 1.0 16.57 47.90 38.05 106.68 8.25 8.08 58.7 0.20 1.74
13.5 16.43 47.82 38.11 106.82 8.28 8.10 10.6 0.55 1.69
GoT4 1.0 17.64 49.12 38.12 106.04 8.03 8.13 58.6 0.22 1.64
20.5 14.88 46.29 38.21 108.80 8.69 8.14 6.1 0.61 1.58
GoT5 1.0 19.18 50.88 38.19 106.22 7.81 8.09 14.0 0.21 2.47
23.5 14.58 45.96 38.20 104.16 8.37 8.09 3.2 1.13 2.95
GoT6 1.0 17.34 48.89 38.19 109.43 8.33 8.13 60.6 2.11 21.07
20.0 15.23 46,72 38.26 109.22 8.66 8.14 5.9 0.84 2.50

sidered negligible in this experiment due to the low initial
concentrations of this nutrient in the samples (0.6-3.5 uM).
The determination of inorganic nutrients was carried out
following standard colorimetric methods applied to auto-
mated Flow-Segmented Analyzers (Grasshoff et al., 1999;
Hydes et al.,, 2010; Becker et al., 2020).

Nitrate, nitrite, ammonium, and silicate samples were
analyzed using an OI-Analytical Flow-Segmented Autoana-
lyzer (Flow Solution III; https://www.ysi.com/oi-analytical).
The determination of NO;~ + NO,~ was performed by the
reduction of NO;~ to NO, ™ in an Open Tubular Cadmium
Reactor (OTCR) with a following diazotization of NO,~
with sulfanilamide and naphthylethylene-diamine to form
an azo dye, with absorbance determined at A = 540 nm.
The determination of NO,~ was performed by the same
method without the preliminary reduction of NO3;~ in the
OTCR. The concentration of nitrate was calculated by sub-
tracting NO,~ from (NO3;~ + NO, 7). The determination of
NH,* was performed by an indophenol blue reaction, with
absorbance measured at A = 640 nm. The determination
of Si(OH), was performed by the molybdenum blue reac-
tion at A = 660 nm, suppressing the interference of any
orthophosphate by the addition of oxalic acid.

The determination of ultra-low concentrations of PO, 3~
in seawater samples (< 0.138 uM) was performed by a man-
ual method based on phospho-molybdenum complex reac-
tion at pH <1, using a Varian Cary 50 Spectrophotometer
equipped with a PCB-1500 Peltier cryothermostatic sys-
tem (T = 37°C). To achieve the highest precision, the ab-
sorbance (1 = 882 nm) was measured in large cylindrical
glass colorimetric cells with a light path of 100 mm.

For all the nutrients, the total system blank and the
calibration of the analytical colorimetric reactions were
determined in each run of subsamples by analysing, respec-
tively, zero-grade laboratory water and artificial nutrient
standards prepared in a 35 g/1 NaCl solution. The precision
of nutrient determinations was estimated by the recalcula-
tion of the concentrations of daily standards, applying daily
calibration curves, and obtaining the following standard
deviation values: NO;~ = 0.04 uM,NO,~ =0.002 uM, NH,*
=0.10 uM, Si(OH), = 0.02 uM, and PO,3~ = 0.003 uM. The
Limit of Detection (LOD) of these analytical methods was
estimated by residual standard deviation of the linear re-
gressions performed as daily calibration for NO;~™ = 0.01
uM, NO,~ = 0.002 uM, NH,* = 0.05 uM, and Si(OH), =
0.01 uM. For P0O,3~, it was estimated by the standard de-

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281



282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

Comparison of freezing and pasteurization as long-term preservation methods for nutrient samples ...

viation of blank measurements (= 0.002 uM; Shrivastava
and Gupta, 2011). In this experiment, the standards for the
analytical procedure were prepared in artificial seawater,
this salinity reflecting that of the samples to be analyzed.
However, it should be noted that for laboratories that pre-
pare their standards using distilled /zero-grade laboratory
water, then that water should actually be made up as a 0.2
g 171 NaCl solution, which will stop potential ammonium
absorption onto borosilicate glass surfaces (Kérouel and
Aminot, 1997).

2.3 Data processing

For each subsample, nutrient concentration was expressed
as the mean and standard deviation of three replicates.
The coefficient of variation (CV; %) was also calculated as
a normalized measure of the dispersion of concentration
values of the replicates. The distribution of concentration
data in each group of subsamples after storage is shown
in Figures 4-7 as box-and-whisker plots, indicating the
median, the quartiles, and the range of variation.

For each nutrient, the significance of the differences be-
tween each pair of filtered (fPA.—; vs. fFR;_;, fori=6and 12
months) and non-filtered (nfPA.; vs. nfFR,_;, for i = 6 and
12 months) sample groups, preserved by both freezing and
pasteurization, was assessed by the non-parametric Mann
Whitney U-Test at three levels of probability: p <0.01, p
<0.05 and p <0.10 (Figures 4-6). The significance of the
changes in nutrient concentration after 6 and 12 months of
storage compared to their initial values was also assessed
by Mann-Whitney U-Test and shown, together with other
ancillary data and figures, in the Supplementary Materials
(Table S2).

3. Results

3.1 Meteorological and hydrological conditions during
the sampling

In May 2023, meteorological conditions in the GoT were
characterized by highly variable winds and by the transit of
several weather systems through the area. During the sam-
pling, the air temperature was in the range 19.8-24.2°C,
with partial cloud cover and winds blowing prevalently
from the eastern sector. These conditions caused the pres-
ence of rather high waves from the east and south-east
sectors (Table 3).

The hydrological structure of the water column was
strongly influenced by these meteorological conditions.
A wind-driven mixing of the upper surface layer of the wa-
ter column generated a layer of constant water tempera-
ture down to 8-12 m of depth, and sometimes reaching the
bottom, as in the case of the station GoT3 (Figure 2A). Off-
shore winds can cause the upwelling of deep shelf waters
along the eastern coast of the GoT, increasing the salinity
in the water column. This process was observed at most of
the sampling stations, where salinity values ranged from
38.09 to 38.33 (Figure 2B). Low-salinity water (Sal. =
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37.59) was found only at the station GoT2 down to a depth
of 10 m, while at the stations GoT2 and GoT6, we observed
thin layers of fresher waters at the surface (down to salini-
ties of 34.64 and 34.43, respectively).

The water column was slightly oversaturated by Dis-
solved Oxygen (DO) at levels that, however, did not indicate
the presence of large phytoplankton blooms (Figure 2C;
101-112%). At the same time, strong oxygen consumption
in the bottom waters was not observed, indicating that het-
erotrophic conditions typical of the summer were not yet
established in the Gulf. Chlorophyll a showed two peaks
at the surface and in the deeper layer (Figure 2E), where
photosynthesis is usually reduced by the scarce penetra-
tion of the light (Figure 2D). The turbidity was not high,
except for the surface waters in the stations GoT1, GoT2,
GoTé6 (Figure 2F). Considering a median turbidity of these
samples equal to 1.72 NTU, the Total Suspended Matter
can be estimated ~ 5 mg 171

Since the samples for nutrient analysis were collected
at 1 m of depth and also at about 2 m above the sea floor,
their physical-chemical characteristics can be defined as
detailed in (Table 4). Almost all nutrient samples were
characterized by high salinity, slight DO oversaturation,
high pH, and low Chl a and Turbidity values. The main ex-
ception was the upper sample at the station GoT6, where
higher values of Chl a and Turbidity were observed. These
characteristics indicated that the sampling involved high
salinity and clear shelf waters not affected by large phyto-
plankton blooms or by a direct runoff of riverine waters.
Weather conditions and river discharges are becoming
highly variable in the region of the GoT, because of the
climatic changes, and they are already having observable
impacts on the biogeochemistry of these coastal waters
(Cozzi et al., 2020).

3.2 Nutrient analysis at the beginning of the experi-
ment

The analysis of the nutrients at the beginning of the exper-
iment was carried out on f- and nf-samples. The filtration
of seawater samples is mandatory in turbid or eutrophic
coastal waters directly affected by river discharges, as the
natural particulate matter interferes with the measure-
ment of the absorbance of the samples and rapidly de-
grades the performance of the analytical systems (Grasshoff
et al.,,1999; Becker et al,, 2020). However, in this case, the
coastal waters collected in the GoT were in oligotrophic
conditions, and they were not affected by large river plumes
(Table 4). For this reason, the analysis of nf-samples was
carried out similarly to f-samples, without specific analyti-
cal problems.

Considering the homogeneity of the physical-chemical
characteristics of the samples, systematic differences were
not observed among sampling stations or between sur-
face and bottom depths. However, the filtration had dis-
tinct effects on the nutrient concentrations (Figure 3). For
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Figure 5. A box-and-whisker plot of the concentration (uM) of NH,* in HDPE bottles (A, B) and glass borosilicate vials
(C, D) in surface and bottom waters of all stations in the GoT after 0, 6, and 12 months of storage in f/nf and PA/FR
samples. The significance (p; U-Test) of the difference between each couple of PA and FR groups of samples (A, B) and
between the samples stored in HDPE bottles and glass borosilicate vials (C, D) is also shown.
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Figure 6. A box-and-whisker plot of the concentrations (uM) of PO,3~ (A, B) and Si(OH), (C, D) in surface and bottom
waters of all stations in the GoT after 0, 6, and 12 months of storage in f/nf and PA/FR samples. The significance (p;
U-Test) of the difference between each couple of PA and FR groups of samples is also shown.
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NO3; 7, nf-samples showed in several cases lower and more
constant concentrations compared to f-samples, which re-
sulted in an overall negative difference between these two
groups of samples described by a p <0.10 (Figure 3A). For
NO,~, the two series of samples showed similar concentra-
tions, with both positive and negative differences that, how-
ever, were not significant, being mostly close to the LOD of
the method (Figure 3B). For NH, ™, the difference between
nf- and f-samples was negative, similar to the NO;~, but
with a higher level of confidence (p <0.05; Figure 3C). The
concentration of Si(OH), in nf-samples was higher than in
f-samples only in one case, but the difference for all other
samples was close to zero and not significant for the whole
group of data (Figure 3D). The filtration had a large effect
for PO,3~, which showed almost always higher concen-
trations in nf-samples compared to f-samples with a high
level of confidence (p <0.01; Figure 3E).

3.3 Nutrient preservation

Nutrient analysis after 6 and 12 months was performed
on all four groups of the samples (f/nf and PA/FR), to as-
sess the efficiency of the methods of preservation in the
presence and absence of the natural marine particulates.
The results are shown in Figures 4-6 and Tables S1 and
S2 for statistical analyses. Considering the homogeneous
characteristics of the samples at the initial time (Table 4),
the data were primarily analyzed altogether, and the dif-
ferences after 6 and 12 months were mainly ascribed to
the effect of the storage. The variability of nutrient concen-
trations at each station, as well as in surface and bottom
water samples, is shown in the Supplementary Materials,
and they are discussed as necessary.

The concentration of NO3;~ showed significant decreas-
ing trends during the storage in FR samples, both for fil-
tered and non-filtered samples (Figure 4A,B, Table S2).
PA samples showed a decrease in concentrations after six
months and an increase after twelve months, especially in
the case of the f-samples (Figure 4B). This oscillation was
the result of the combination of two opposite processes:
a decrease of NO3~ concentration in the stations charac-
terized by the highest NO;~ levels (GoT1, 2 and 4) and
an increase of NO; ™ levels after 12 months in the stations
(GoT3, 5, and 6) that were almost depleted in NO3;™ at the
beginning of the experiment (Figures S1-S6). At months
6 and 12, the differences in NO3;~ concentration in the FR
and PA sample groups were often significant at the levels of
p <0.01 and p <0.05 (Figure 4A,B). The dispersion of the
data in each of these groups (i.e., quartiles and ranges of
the values; Table S1) further indicated a frequent decrease
in the variability of NO3; ™ concentrations from the begin-
ning of the experiment, suggesting that possible partial
homogenization of the samples can occur compared to the
initial conditions during storage.

The concentration of NO, ™ in most of the samples was
very low and often close to the LOD of the analytical method,
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although some elevated values were present in each batch
of the samples (Figure 4C,D). NO,~ concentration showed
a slight decrease in FR samples and an increase in PA sam-
ples with the storage, but none of these temporal changes
were significant compared to the initial concentrations
at levels of p <0.10 (Table S2). However, as a result of
these opposite trends, PA samples showed significantly
higher concentrations than FR samples, in particular after
12 months of storage (Figure 4C,D). The most constant
NO,~ concentrations were observed in the case of nfFR
samples (Figures S1-S6).

The concentration of NH,* in HDPE bottles showed
a significant decrease (p < 0.01) after 12 months of stor-
age in FR samples (Table S2), with the only exceptions be-
ing the stations GoT3 and GoT5 at the surface, where the
concentration of NH, was low at the beginning of the ex-
periment (Figures S3, S5). By contrast, PA samples showed
clear increases compared to the initial concentrations and
compared to FR samples, both in f- and nf-samples, already
after 6 months (Figure 5A,B). NH, T samples stored in glass
borosilicate vials showed oscillating concentrations after
6 and 12 months of storage, and values often significantly
lower than those of PA samples stored in HDPE bottles
(Figure 5C,D).

Ultra-low concentrations of PO,3~ were measured in
all the samples collected in the GoT (0.002-0.138 uM).
This condition allows the analysis of samples investigating
the effects of sample preservation when the concentration
of PO,3~ is lower than that of dissolved and particulate
organic phosphorus. Frozen samples showed the best sta-
bility during storage, although some significant changes
were observed with time (Table S2). It is also noticeable
that nf-samples (Figure 6A) often had higher concentra-
tions than f-samples (Figure 6B) for both FR and PA treat-
ments, indicating a possible overestimation of PO,3~ con-
centration due to the presence of marine particulate phos-
phorus. Moreover, fPA samples also had concentrations
significantly higher than fFR samples (Figure 6B), suggest-
ing an additional increasing effect of PO,3~ concentration
due to the pasteurization technique. The concentration
of Si(OH), was comparatively stable after storage for 6
and 12 months, as this nutrient was the least affected by
problems of preservation, using both treatment methods
(Figure 6C,D, Table S2). However, nfPA samples showed
significantly higher concentrations than nfFR samples at
months 6 and 12 (p < 0.05), suggesting a possible increase
in dissolved silicates due to the dissolution of particulate
silica during the pasteurization again.

The variations of the reproducibility of nutrient analy-
sis were assessed by the Coefficient of Variation (CV; %) cal-
culated for each triplicate sample, as CV represents a nor-
malized standard deviation for each set of analytical results
(Figures 7 and 8).

For NO; 7, the values of CV at 6 months were similar
to the initial values for fFR and nfFR samples, but they
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Figure 7. A box-and-whisker plot of the coefficients of variation (CV; %) for each triplicate nutrient sample across the
four groups (nfPA, fPA, nfFR, fFR) after 0, 6, and 12 months. For NH, ™, results are shown for both HDPE bottles (C) and
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increased at 12 months. The nfPA samples showed an in-
crease of CVs with storage, whereas fPA showed similar
values over the whole period (Figure 7A). NO,~ showed
trends similar to NO3;~ with a worsening of the perfor-
mance of the analysis in FR samples compared to PA sam-
ples at the 12-month sampling point (Figure 7B). However,
this larger variability can be explained by the presence of
several concentration values close to the LOD of the ana-
lytical method. The reproducibility of the analysis of NH,*
was rather constant in all groups of samples except for the
fPA and nfPA samples stored in glass borosilicate bottles
and analyzed after 6 months (Figure 7D). These two groups
of data showed a higher variability that was not related
to the presence of marine particulates and not confirmed
in other groups of subsamples collected both in plastic
and glass containers. For this reason, it was supposed that
their poorer reproducibility might be mostly due to a ran-
dom contamination of some subsamples rather than to
systematic biases originating from the filtration or from
the type of containers. For PO,3~, the lowest values of CV
were obtained in nfFR samples, but also the other groups
of samples showed a rather good reproducibility that is
also favored by the high precision of the manual method
of determination (Figure 7E). Si(OH),4 showed the best re-
sults independently of the filtration and by the method
of conservation of the samples, with CV often below 6%
(Figure 7F).

The analysis of the relationship between the CV and
the concentrations of the samples indicated that a primary
factor influencing the reproducibility of these analytical
methods is the initial level of the nutrient concentrations
(Figure 8). An opposite relationship between CV and the
concentration, following a non-exponential decay shape,
was found in nf-samples for NO3;~, NO,~, and Si(OH),
(Figure 8A,C,G), as well as in f-samples for NO, ™, Si(OH)s,,
and PO43_ (Figure 8D,H,]). In these cases, CVs increased
to 140% for N-nutrients, 100% for PO,3~, and 20% for
Si(OH),4 when the concentration levels of the nutrient were
approaching the lowest values and the LOD of the analyti-
cal methods.

By contrast, variable results without a clear relation-
ship between CV and concentration were found for NO3; ™ in
f-samples (Figure 8B), for NH,* in all the cases
(Figure 8E,FKL), and for PO,3~ in nf-samples (Figure 8I).
In these cases, it can be supposed that a variable release of
NO;~ and NH,* due to the cell breakage during the filtra-
tion and the hydrolysis of particulate phosphorus, as seen
in Figure 3, might have contributed to an increase in the
variability of the results.

4. Discussion

The water masses on the continental shelf of the Northern
Adriatic are often affected by large discharges from the
regional rivers, which strongly decrease the salinity and
increase the concentration of N- and Si-nutrients (Cozzi
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and Giani, 2011; Grilli et al., 2020). Nutrient loads are
mainly of anthropogenic origin, and they largely modulate
the biological productivity of this marine region (Solidoro
etal,, 2009; Viaroli et al., 2018; Grilli et al., 2020), includ-
ing the GoT (Cozzi et al,, 2020). However, prolonged peri-
ods of atmospheric perturbations coupled with low runoff
can enhance the circulation and mixing of shelf waters,
leading to higher salinity values, scarce loadings of sus-
pended matter, and low Chl a and nutrient concentrations,
like those observed in this experiment (Table 4, Table S1).
These hydrological conditions allowed the experiment to
be conducted on low-nutrient seawater samples, where
the weight of particulate and dissolved organic pools is,
however, important compared to that of the dissolved in-
organic nutrients.

4.1 Effects of marine particulate matter

The comparison between f- and nf-samples of seawater at
month 0 indicated that the filtration could have distinct
effects for each nutrient, since any other biological trans-
formation can be excluded in these sub-samples thanks to
their immediate freezing after collection (Figure 3). For
NO;~ and NH; %, the higher and more variable concentra-
tions measured in f-samples suggested a release of dis-
solved inorganic nitrogen in the samples that were syringe
filtered before the analysis. This effect can be primarily
caused by the breakage of phytoplankton cells on the filter
and by the consequent release into the sample seawater
of the interior cellular nitrogen pool. This finding stresses
the importance of the utilization of low-pressure or low-
vacuum filtrations to avoid cell breakage and sample con-
tamination when membrane filters at low porosity are
used for sample preparation (Becker et al., 2020). It was
also observed that borosilicate glass microfiber filters have
a higher loading capacity compared to membrane filters,
which can make low-pressure filtrations easier (Lee et al,,
1995). However, these filters do not have constant porosity
(i.e., they cause an incomplete retention of picoplankton
on the filter), and they must be carefully washed to avoid
silicate contamination of the samples (Lee et al., 1995;
Grasshoff et al., 1999).

For PO,3~, nf-samples had significantly higher concen-
trations than f-samples in almost all cases (Figure 3). This
difference might originate from the dissolution and hydrol-
ysis of labile particulate phosphorus to form P03~ during
the analysis process, as the analytical method used for
this nutrient (i.e, molybdenum blue reaction) includes the
heating of the samples and the presence of strongly acidic
conditions (Grasshoff et al.,, 1999). It was already observed
that the concentration of dissolved reactive phosphorus
can be overestimated in turbid and eutrophic estuarine
waters because of the contribution of labile particulate
phosphorus (Felgentreu et al., 2018). The present study
shows that the effect of marine particulate matter is also
not negligible in the high-salinity continental shelf waters
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of the Gulf of Trieste, if they are characterized by low nutri-
ent concentrations (Salvi et al., 1998; Lipizer et al., 2012).

4.2 Performance of sample preservation methods
The analyses of the preserved seawater samples after 6
and 12 months indicated that neither FR nor PA is an en-
tirely suitable method for preventing statistically signifi-
cant changes of nutrient concentration during the storage
period, although FR showed less uncertainty compared to
the PA method.

For FR samples, the concentrations of NO;~ and NH,*
frequently decreased during the storage, both in f- and
nf-samples. This trend was mainly due to the decrease
in concentrations of these nutrients in the samples that
had the highest initial concentrations, a process that sug-
gests an incomplete shutdown of microbial activity in the
samples and that also leads to an underestimation of the
real variability of these parameters in the coastal marine
environment. PA samples showed a similar decrease in
NO3;~ concentration after 6 months, but after 12 months
the concentrations increased again, particularly in filtered
samples of some stations (GoT3, 5, and 6) that were ini-
tially depleted in NO; ™. Considering that fPA samples do
not contain marine particulate matter, the increase in NO; ™~
concentration after 12 months of storage could be mainly
ascribed to changes in the composition of the dissolved
nitrogen pool in the samples.

For NO,~, the temporal changes of the concentration
were not always significant during sample storage (Table
S2), and they were negligible in determining the overall N-
content of these samples, due to the very low concentration
levels of this nutrient. However, PA samples showed higher
concentrations than FR samples after 12 months of storage
(Figure 4C,D). Considering that HDPE bottles, when prop-
erly washed, are considered reliable for the pasteurization
and storage of NO;~ and NO, ™ seawater samples (Daniel
etal., 2012; Becker et al., 2020), this difference could again
mainly be ascribed to.changes in the composition of the
dissolved nitrogen pool in the samples.

NH,* showed oscillations in the samples stored in glass
borosilicate vials, whereas it showed a net increase in the
concentrations in HDPE bottles (Figure 5A,B). This differ-
ence suggests an additional problem of contamination by
NH,* due to the plastic containers during PA treatment at
high temperature. The overall poor performance of both
the FR and PA methods for the preservation of N-nutrient
samples can be explained by considering that microbial
oxidation and reduction of dissolved inorganic nitrogen
compounds easily occur in seawater and that coastal wa-
ters always contain a large quantity of dissolved organic
nitrogen and urea, which remain in the samples also after
the filtration (Cozzi et al., 2014). Urea can be easily hy-
drolyzed to NH,*, and organic nitrogen compounds can
also be transformed into dissolved inorganic nitrogen dur-
ing storage, due to microbiological and physical-chemical
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transformations of the samples.

The concentration of PO,3~ in high-salinity shelf wa-
ters of the Northern Adriatic Sea is often low, making this
marine system frequently in a P-limited condition (N/P
> 50; Ivanci¢ et al., 2021). The samples analyzed in this
experiment also showed nanomolar levels of PO,3~ close
to the LOD of the analytical method. However, important
observations regarding the variability of PO,3~ were as
follows: (i) higher PO,3~ concentrations in nf-samples
compared to f-samples at the beginning of the experiment
(Figure 8 3E), and as well as after storage both in the FR
and PA samples (Figure 8 64, versus 6B), and (ii) signif-
icantly higher concentration levels in fPA samples with
respect to fFR samples after storage (Figure 8 6B). These
differences suggested an increase in PO43™ concentration
due to the dissolution and remineralization of the natural
pool of particulate phosphorus in the nf-samples, which
can occur during the laboratory analysis due to the high
temperature and acidic conditions used in the PO,3~ de-
termination method (Grasshoff et al., 1999). On the other
hand, the highest concentrations observed in fPA samples
compared to fFR samples (Figure 8 6B) further suggest
that the pasteurization treatment at high temperature can
also induce the hydrolysis of labile dissolved organic phos-
phorus and polyphosphates in the samples, increasing the
P0,3~ concentrations (Diaz et al., 2018), thus leading to
an overestimation of this nutrient concentration. For these
reasons, the PA method should be applied preferentially
to filtered samples and/or to samples where the concen-
tration of dissolved organic phosphorus is negligible com-
pared to that of PO,3~ (Liang et al., 2023; Garcia et al,,
2023).

The best results in terms of preservation of the sam-
ples were obtained for Si(OH),, both in the case of FR and
PA methods. This result is easily favored by the reliabil-
ity of the colorimetric method for the determination of
this nutrient and by concentration levels in the samples
(0.58-3.50 uM Si) being significantly higher than the LOD.
However, slightly higher concentrations were found in nfPA
compared to nfFR samples at the 6 and 12 month sampling
times (Figure 8C), suggesting a possible increase in the con-
centration of Si(OH), due to the dissolution of biogenic sil-
ica occurring during the pasteurization. This aspect should
be further studied considering that it is known that the
solubility of biogenic silica is affected by changes in pH and
temperature (Van Cappellen et al.,, 2012).

4.3 Reproducibility of nutrient analyses
Data presented in this study further indicate that the repro-
ducibility of nutrient analysis depends on (i) the analytical
method used for the determination of each nutrient, (ii)
the initial level of concentration in the samples, and (iii)
the treatment and preservation method used.

The determination of Si(OH), with flow-segmented au-
tomatic colorimetry and a highly sensitive manual method
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for the determination of PO,3~ provided the best results
in terms of reproducibility, independent of the procedures
used for preservation of the samples (Figure 7). N-nutrients
gave more variable results depending on the presence/ab-
sence of the marine particulate matter in the samples and
on the method of preservation

The inverse relationship between the CVs and the con-
centration observed in several cases for the analyses of
NO;~, NO,~, Si(OH),, and PO,3~ (Figure 8) indicated
that the precision of nutrient determination commonly de-
creases when the concentration of the nutrient approaches
the LOD of the method (Grasshoffetal., 1999). On the other
hand, the larger variability of CVs for NO;~ and NH,* in
f-samples independent of the concentrations seems to con-
firm the effect of a variable release of dissolved nitrogen
due to the cell breakage during filtration, as already ob-
served at the beginning of the experiment (Figure 3). Sim-
ilarly, the large variability of CVs for PO,3~ in nf-samples
can be induced by the hydrolysis of particulate phospho-
rus.

Sample storage also had some effects on the repro-
ducibility of the analysis. For NO;~ and NH,*, CV values
slightly increase after 12 months in both fFR and nfFR
samples compared to the initial values. PA samples also
showed CVs similar to FR samples, suggesting that neither
of these two methods leads to significantly better results.
Si(OH), showed lower values of CV that are probably due
to the higher reliability of the laboratory analytical meth-
ods for its determination (Figure 7).

5. Conclusions

This study has analyzed the performance of two of the
most commonly used methods of preservation of nutri-
ent samples during long-term storage. High-salinity low-
nutrient seawater samples were considered instead of ar-
tificial batches of nutrient-spiked reference seawater that
was already carried out in past experiments (Aminot and
Kérouel, 1998; Daniel et al., 2012). Moreover, this experi-
ment was carried out using coastal monitoring facilities,
which often make the preservation and processing of nu-
trient samples more difficult compared to oceanic cruises,
where the samples can be analyzed soon after sampling
on board the research vessels. The analysis of nutrient-
depleted coastal waters highlights potential interferences
of the particulate matter and of organic compounds on nu-
trient determination that can often be masked by their high
concentration levels in oceanic waters. Despite freezing
being less affected by experimental biases than pasteuriza-
tion, neither of these two methods is perfect for long-term
preservation of natural seawater samples for all the nu-
trients studied. The data presented here indicate that the
efficiency of preservation varies among nutrients and is
also a function of the presence/absence of particulates in
the samples. For this reason, we recommend that nutrients:s
should be analyzed within a short time after the samplingo
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as is possible (Becker et al., 2020). If laboratory analyses
in real-time are not possible, nutrient samples should be
processed and stored correctly as soon as possible to re-
duce interior biogeochemical transformations during their
handling in the field.

The following points were highlighted in this experi-
ment:

1. Frozen samples can show a progressive decrease in
the concentrations of the nutrients during long-term
storage, whereas those treated with the pasteuriza-
tion process can show variations in the concentra-
tions over time. In both cases, these trends suggest
that the microbial activity in the samples is not com-
pletely stopped by the treatment of the samples.

2. Freezing and Pasteurization are both effective meth-
ods for the preservation of Si(OH), samples and for
nutrients with low concentrations (i.e., NO,~ and
P0,37), where absolute changes in concentration
are less important. They appear to be less effective
for NO3~ and NH,*, easily due to possible transfor-
mations of N-nutrients within the samples.

3. Syringe filtration with MCE membrane filters (0.22
um pore size) can cause the breakage of plankton
cells and cause the increase of NO;~ and NH,* con-
centrations in filtered samples when compared to
non-filtered samples, in particular if the filters begin
to clog because of the accumulation of the marine
suspended matter.

4. Higher concentrations of PO,3~ were found in non-
filtered samples compared to filtered samples at the
beginning of the experiment, suggesting that the dis-
solution of the natural P particulate can increase the
concentrations of this nutrient due to the conditions
of high temperature and low pH that are used for the
laboratory analysis. For this reason, the filtration of
nutrient samples should be included in the sampling
protocols in PO,3~ depleted coastal waters.

5. Infiltered samples, pasteurization increases the con-
centration of PO, 3~ with respect to frozen samples
due to possible remineralization of dissolved organic
phosphorus, indicating that this treatment is not suit-
able for the preservation of seawater samples where
the concentration of dissolved organic phosphorus
is not negligible with respect to that of PO,3".

6. In non-filtered samples, there is evidence that the
pasteurization treatment at high temperature can
increase the concentrations of Si(OH), and PO,3~
in the samples because of the dissolution and rem-
ineralization of biogenic silicon and of particulate
phosphorus, respectively. This suggests that the pas-
teurization should be preferentially applied to fil-
tered samples.
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7. The reproducibility of the methods of nutrient de-
termination varies inversely with the concentration
levels, but it could also be decreased because of the
release of dissolved nitrogen and phosphorus from
the particulate matter.

8. Borosilicate glass containers should be preferred to
HDPE bottles to store NH,* samples treated with
the method of pasteurization.

9. This study shows the results from a specific coastal
system (Gulf of Trieste), during a period character-
ized by the presence of high-salinity and low-nutrient
shelf waters. Other coastal, shelf, and open-ocean
waters may well exhibit different characteristics and
outcomes when comparing freezing and pasteuriza-
tion as storage methods for dissolved inorganic nu-
trients.
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