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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 𝜇m 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
method should be chosen depending on the biogeochemical characteristics of the marine system studied.
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1. Introduction1

Studies on availability and ratios of dissolved inorganic2

macro-nutrients are of basic importance in understand-3

ing marine systems, particularly since the findings that4

their dynamics in seawater is modulated by the activity5

of marine biota (Richards, 1958; Redfield et al., 1963).6

There is a large volume of published literature for their7

manual or automated chemical analytical determination8

at both micro- and nano-molar concentrations, like those9

typically found in the world oceans, and these methods10

have been published over the last 70-years (Strickland and11

Parsons, 1972; Grasshoff et al., 1999; Crompton, 2006; Hy-12

des et al., 2010; Becker et al., 2020; see references therein).13

In parallel, but to a much lesser extent, the methods for14

the preservation of nutrient samples have also been in-15

vestigated, although it is widely recognized that wherever16

possible, the best laboratory practice is to analyze seawa-17

ter samples at sea, and as shortly after they are collected18

during oceanographic field surveys as possible.19

Freezing is commonly suggested as a method for long-20

©2026 The Author(s). This is the Open Access article distributed

under the terms of the Creative Commons Attribution Licence.

term preservation (up to 2 years) of nutrient samples 21

(Dore et al., 1996; ChapmanandMostert, 1990; Clementson 22

andWayte, 1992; Segura-Noguera et al., 2011). Thismethod 23

has been suggested to be improved by rapid freezing (Mac- 24

donald and McLaughlin, 1982) or cryogenic freezing 25

(−80°C; Rho et al., 2022) procedures. Freezing can also be 26

coupled with a preliminary filtration process of the sea- 27

water to stabilize the samples by removing any microbial 28

biomass (Dore et al., 1996). The freezing method is sim- 29

ple, and it does not require the introduction of chemicals 30

into the sample, hence avoiding problems of contamina- 31

tion or modification of the seawater matrix, although it 32

needs the availability of low-temperature laboratory fa- 33

cilities for sample storage close to the point of sampling. 34

The main point of debate about this method is a possi- 35

ble underestimation of dissolved silicate concentration, 36

due to its polymerization when the samples are frozen 37

and its incomplete redissolution when the samples are 38

thawed before the analysis, especially when this nutrient 39

is at high concentrations (Burton et al., 1970; MacDonald 40

and McLaughlin, 1982; MacDonald et al., 1986; Sakamoto 41

et al., 1990). For a quantitative recovery of silicate, it was 42

recommended to thaw frozen samples overnight, in the 43

https://creativecommons.org/licenses/by/4.0/deed.en
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dark and at room temperature (Dore et al., 1996) or to de-44

frost them in a heating bath (45 min., 50°C) and then cool45

them back to room temperature for a further 45 minutes46

before analysis (Becker et al., 2020; Rho et al., 2022).47

Pasteurization (single heating) or more rarely tyndal-48

lization (multiple heating) have also been proposed as49

simple methods for the preservation of nutrient seawater50

samples, when the shipping of frozen packages is problem-51

atic (Aminot and Kérouel, 1997a, 1998; Daniel et al., 2012).52

The pasteurization technique (80°C, 2 hours; Daniel et53

al., 2012) was proposed as an improvement of the auto-54

claving method (120°C, 3 hours), which was used for the55

preparation of Reference Material for Nutrients in Seawa-56

ter (RMNS) in early intercomparison laboratory experi-57

ments. In those experiments, autoclaving showed good58

stability for the nitrate and nitrite nutrients, but changes59

for the ammonium, phosphate, and silicate concentrations60

were observed, possibly due to the hydrolysis of organic61

matter, glass bottle leakage, or precipitation (Aminot and62

Kérouel, 1997b; Aoyama et al., 2007; Felgentreu et al.,63

2018). Despite these issues, pasteurization was previ-64

ously used and applied to the preservation of natural sea-65

water samples for nitrate and nitrite analyses (Aminot66

and Kérouel, 1998). In intercomparison experiments, it67

was mostly used to stabilize RMNS, which does not re-68

flect the characteristics of natural seawater samples as it69

is prepared using aged low-nutrient seawater, filtered, pH-70

adjusted, and then spikedwith nutrient standard solutions71

(Daniel et al., 2012).72

Other methods used to stabilize nutrient samples in-73

volve their spikingwith chemicals or poisoning compounds:74

acidification (Kotlash and Chessman, 1998), alkalinization75

(Wong et al., 2017), poisoning with chloroform (Gardolin-76

sky et al., 2001), and poisoning with Mercury (II) Chloride77

(Kirkwood, 1992; Kattner, 1999; Kim et al., 2025). How-78

ever, thesemethods are usually not recommended because79

of the possible contamination of the samples, and the re-80

sults are not reliable for all the nutrient species. There81

are environmental hazards with using Mercuric Chloride,82

and the modifications induced in the seawater matrix and83

the need to restore the original pH of the samples prior to84

laboratory analyses when using acidification or alkalinisa-85

tion (Grasshoff et al., 1999; Becker et al., 2020; Kim et al.,86

2025).87

In this study, freezing (FR) and pasteurization (PA)88

were reconsidered for comparison as methods for long-89

term (up to up to one year) preservation of seawater sam-90

ples for the determination of the nutrients collected in91

continental shelf waters (Gulf of Trieste; Northern Adriatic92

Sea). Despite the availability of several scientific studies93

on these two preservation methods, which are probably94

the most widely used globally for nutrient preservation,95

there have been no actual direct comparison experiments96

carried out previously. This experiment was specifically97

addressed to evaluate the performance of these methods98

with natural seawater samples that have different salin- 99

ity, nutrient concentration, and organic matter availability 100

compared to oceanic waters and laboratory-produced ref- 101

erence materials (Daniel et al., 2012, Aminot and Keruel, 102

1998, Aoyama et al., 2007) that have been mostly used to 103

date. Moreover, experimental biases due to the filtration 104

of the samples and possible interferences of the natural 105

marine particulate matter were also analyzed as factors 106

that can alter the performance of FR and PA methods. 107

Preservation methods of natural nutrient samples 108

should be chosen depending on the major characteristics 109

of the marine ecosystems: trophic level, nutrient avail- 110

ability, and adaptation of plankton communities to high 111

or low ambient temperatures (Becker et al., 2020; Kim 112

et al., 2025). This study provided more specific insights 113

into their real applicability in field oceanographic surveys 114

carried out in temperate coastal zones. 115

A recent revision of the best practices for nutrient anal- 116

ysis in marine systems was carried out in the framework 117

of the International SCOR working group #147 (Towards 118

comparability of global nutrient data (COMPONUT); https: 119

//scor-int.org/group/147/), which provided an updated 120

GO-SHIP repeat hydrography nutrient manual (The Global 121

Ocean Ship-based Hydrographic Investigations Program 122

GO-SHIP; http://www.go-ship.org/) that covers all the 123

aspects of nutrient analysis, from sampling to storage and 124

determination (Hydes et al., 2010; Becker et al., 2020). As 125

a part of the EuroGO-SHIP Project (HORIZON EUROPE no. 126

101094690; https://eurogo-ship.eu/), the applicability 127

of these preservation methods in the specific conditions 128

encountered in European Coastal Zones has been further 129

assessed through pilot activities (EuroGO-SHIP Deliver- 130

ables 3.3, 3.4, and 3.5) that include the present study. 131

2. Material and methods 132

2.1 Field activity and sampling 133

Nutrient (nitrate, NO3
−; ammonium, NH4

+; nitrite, NO2
−; 134

dissolved reactive phosphorus, PO4
3−; and silicic acid 135

Si(OH)4) samples were collected between 9 and 30 May 136

2023 at six stations in the Gulf of Trieste (GoT), as part of 137

the coastal water monitoring of the Environmental Pro- 138

tection Agency of Friuli Venezia Giulia Region (ARPA FVG; 139

https://www.arpa.fvg.it/), using the cabin cruiser ‘Folaga’. 140

Sampling stations were located at different sites in the GoT 141

(Figure 1), which are variably affected by atmospheric forc- 142

ings and by the circulation of fresher waters originating 143

from the discharges of the main rivers in the area (Cozzi 144

et al., 2020). 145

Weather and marine conditions at the time of the sam- 146

pling were assessed by visual observations and using me- 147

teorological probes mounted on the boat. Measured pa- 148

rameters included: air temperature (°C), humidity (%), 149

cloud cover (number of eighths), wind speed and direction 150

(m s−1; degrees North), andwave height and direction (cm; 151

degrees North). 152

https://scor-int.org/group/147/
https://scor-int.org/group/147/
https://scor-int.org/group/147/
http://www.go-ship.org/
https://eurogo-ship.eu/
https://www.arpa.fvg.it/
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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 to153

25.4 m (Table 1). CTD profiles were acquired at each sta-154

tion using an IDRONAUT CTD system equipped with pres-155

sure (dbar), temperature (°C), conductivity (mS cm−1),156

dissolved oxygen concentration (DO; mg l−1), pH, photo-157

synthetic active radiation (PAR; %), chlorophyll 𝑎 (Chl 𝑎; 158

𝜇g l−1), and turbidity (Turb.; Nephelometric Turbidity 159

Units) sensors. Practical salinity (Sal.) and the saturation 160

of dissolved oxygen in seawater (DOsat; %)were calculated 161

according to the UNESCO standard EOS-80. 162

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

12.5

1.0
GoT3 25-May-2023 07:00 07:50 13.6429 45.7234 15.7

13.5

1.0
GoT4 25-May-2023 08:10 08:22 13.6253 45.6686 22.7

20.5

1.0
GoT5 30-May-2023 08:32 09:18 13.5651 45.6182 25.4

23.5

1.0
GoT6 30-May-2023 11:25 11:42 13.6966 45.6244 22.5

20.0
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Water samples were collected using 5 litre horizontal163

NISKIN sampling bottles taken at 1 m below the sea sur-164

face and 2 m above the bottom. It is important to note165

that the collection of all subsamples that are needed to166

replicate nutrient analyses cannot be carried out on board167

when the operations at sea are performedwith small boats.168

For this reason, the seawater was drawn from the NISKIN169

bottle and placed in 5-litre HDPE tanks, previously washed170

and cleaned with laboratory detergent, HCl 10%, and then171

zero-grade laboratory water (MILLIPORE Direct 8 system;172

Merck Inc.; https://www.merckmillipore.com/). The173

tanks with the sample waters were then kept refrigerated174

and in the dark until the collection of all subsamples, which175

was carried out over the course of 12 hours in the labora-176

tories of CNR ISMAR Trieste.177

2.2 Laboratory methods and analysis178

For this experiment, nutrient samples were divided into179

four groups: filtered (f), non-filtered (nf), and for storage180

after pasteurization (PA) and freezing (FR). In the labora-181

tory, the tanks with the sample waters were gently shaken182

to homogenize the samples. The subsamples for nutrient183

analysis were drawn from these tanks using a 60 ml clean184

plastic syringe with a 3-way automatic valve and with a 47185

mm plastic filter holder in the case of the collection of the186

f-samples. For the filtration, Mixed Cellulose Esters (MCE)187

membrane filters 0.22 𝜇m pore size were used (Fisher-188

brand, Cod. 16202772; https://www.fishersci.co.uk/).189

The subsamples were collected both in 125 ml-HDPE bot-190

tles and in 30 mL-borosilicate glass vials with Teflon caps,191

previously washed with (1) laboratory detergent, (2) HCl192

10%, and (3) zero-grade laboratory water (MILLIPORE193

Direct 8 system). HDPE bottles were used for the analysis194

of all inorganic nutrients (NO3
−, NO2

−, NH+4 , Si(OH)4, and195

PO4
3−), whereas the borosilicate vials were used to repli-196

cate the analysis of NH4
+ in PA samples (as according to 197

Daniel et al., 2012), to check for possible contamination of 198

the samples by the plastic bottles during their pasteuriza- 199

tion and storage at room temperature. 200

The freezing of subsamples was performed immedi- 201

ately at−28°C using a scientific freezer. The efficiency of 202

the freezer can be considered constant as its auto-defrost 203

function was turned off (Rho et al., 2022). The pasteuriza- 204

tionwas performed at 80°C for 2 hours (Daniel et al., 2012) 205

and, afterwards, the subsamples were cooled at room tem- 206

perature, sealed in Polyethylene (PE) bags, and stored in 207

the dark. The subsamples were collected in sufficient num- 208

bers to perform the analyses at the beginning of the exper- 209

iment (month 0) and after a medium (month 6) and long 210

(month 12) term storage periods (Table 2). All subsam- 211

ples were collected in triplicate. Overall, 504 subsamples 212

(432 HDPE bottles, 72 borosilicate bottles) were collected 213

from 12 tanks (i.e., 6 sampling stations, 2 depths for each 214

station). 215

The nutrient concentrations fixed as initial values in 216

this experiment (month 0) were those of the seawater in 217

the tanks just before being split into the subsamples in 218

the laboratory, as until this step of the experiment, each 219

group of subsamples drawn from the same tankwas homo- 220

geneous. Moreover, considering that immediate nutrient 221

analyses were not possible in concomitance with the sub- 222

sampling procedure, the subsamples for the determina- 223

tion of the initial concentrations of the nutrients were also 224

quickly frozen and analyzedwithin oneweek after their col- 225

lection. This procedure was preferred to exclude any fast 226

alteration (from hours to a few days) in nutrient concen- 227

tration in month 0 subsamples due to a possible interior 228

biological activity, as they both contained (unfiltered) and 229

not contained (filtered) living particulates (Becker et al., 230

2020). 231

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 𝜇m type method no.

0 Yes 125 ml-HDPE – 3 NO3
−, NO2

−, NH4
+, Si(OH)4, PO4

3−

0 No 125 ml-HDPE – 3 NO3
−, NO2

−, NH4
+, Si(OH)4, PO4

3−

6 Yes 125 ml-HDPE Freezing 3 NO3
−, NO2

−, NH4
+, Si(OH)4, PO4

3−

6 Yes 125 ml-HDPE Pasteurization 3 NO3
−, NO2

−, NH4
+, Si(OH)4, PO4

3−

6 Yes 30 ml glass Pasteurization 3 NH4+

6 No 125 ml-HDPE Freezing 3 NO3
−, NO2

−, NH4
+, Si(OH)4, PO4

3−

6 No 125 ml-HDPE Pasteurization 3 NO3
−, NO2

−, NH4
+, Si(OH)4, PO4

3−

6 No 30 ml glass Pasteurization 3 NH4
+

12 Yes 125 ml-HDPE Freezing 3 NO3
−, NO2

−, NH4
+, Si(OH)4, PO4

3−

12 Yes 125 ml-HDPE Pasteurization 3 NO3
−, NO2

−, NH4
+, Si(OH)4, PO4

3−

12 Yes 30 ml glass Pasteurization 3 NO3
−

12 No 125 ml-HDPE Freezing 3 NO3
−, NO2

−, NH4
+, Si(OH)4, PO4

3−

12 No 125 ml-HDPE Pasteurization 3 NO3
−, NO2− , NH4

+, Si(OH)4, PO4
3−

12 No 30 ml glass Pasteurization 3 NH4
+

https://www.merckmillipore.com/
https://www.fishersci.co.uk/
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Figure 2. CTD profiles of seawater temperature (TSW; °C), salinity (Sal.), dissolved oxygen saturation (DOsat; %),

photosynthetically active radiation (PAR; %), chlorophyll 𝑎 (Chl 𝑎; 𝜇g l−1), and turbidity (Turb.; NTU) in the sampling

stations.
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Figure 3. Initial (month 0) nutrient concentrations (𝜇M) 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

indicates the difference between these two concentrations. The significance (p; U-Test) of the difference between f- and

nf-samples is also shown.

Before laboratory analysis, FR samples were thawed232

overnight at room temperature and in the dark to avoid233

losses of Si(OH)4 due to silica polymerization (Sakamoto 234

et al., 1990). Silica polymerization can, however, be con- 235
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Figure 4. A box-and-whisker plot of the concentrations (𝜇M) of NO3
− (A, B) and NO2

− (C, D) in surface and bottom

waters of all the 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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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) [m s−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 3.5 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 3.9 70 2 40 70

GoT6 24.2 47.9 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 (DOsat; %), photosynthetically active radiation (PAR;%), chlorophyll 𝑎

(Chl 𝑎; 𝜇g l−1), and turbidity (Turb.; NTU).

Station Depth TSW Cond. Sal. DOsat DO pH PAR Chl 𝑎 Turb.

[m] [°C] [mS cm−1] [%] [mg l−1] unit [%] [𝜇g l−1] NTU

GoT1 1.0 15.94 47.25 38.07 108.3 8.47 8.17 66.5 0.20 1.38

18.5 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 initial236

concentrations of this nutrient in the samples (0.6–3.5 𝜇M).237

The determination of inorganic nutrients was carried out238

following standard colorimetric methods applied to auto-239

mated Flow-Segmented Analyzers (Grasshoff et al., 1999;240

Hydes et al., 2010; Becker et al., 2020).241

Nitrate, nitrite, ammonium, and silicate samples were242

analyzed using an OI-Analytical Flow-Segmented Autoana-243

lyzer (FlowSolution III; https://www.ysi.com/oi-analytical).244

The determination of NO3
− + NO2

− was performed by the245

reduction of NO3
− to NO2

− in an Open Tubular Cadmium246

Reactor (OTCR) with a following diazotization of NO2
−

247

with sulfanilamide and naphthylethylene-diamine to form248

an azo dye, with absorbance determined at 𝜆 = 540 nm.249

The determination of NO2
− was performed by the same250

method without the preliminary reduction of NO3
− in the251

OTCR. The concentration of nitrate was calculated by sub-252

tracting NO2
− from (NO3

− + NO2
−). The determination of253

NH4
+ was performed by an indophenol blue reaction, with254

absorbance measured at 𝜆 = 640 nm. The determination255

of Si(OH)4 was performed by the molybdenum blue reac-256

tion at 𝜆 = 660 nm, suppressing the interference of any257

orthophosphate by the addition of oxalic acid.258

Thedeterminationof ultra-lowconcentrationsof PO4
3−

259

in seawater samples (<0.138𝜇M)wasperformedbyaman- 260

ual method based on phospho-molybdenum complex reac- 261

tion at pH<1, using a Varian Cary 50 Spectrophotometer 262

equipped with a PCB-1500 Peltier cryothermostatic sys- 263

tem (T = 37°C). To achieve the highest precision, the ab- 264

sorbance (𝜆 = 882 nm) was measured in large cylindrical 265

glass colorimetric cells with a light path of 100 mm. 266

For all the nutrients, the total system blank and the 267

calibration of the analytical colorimetric reactions were 268

determined in each run of subsamples by analysing, respec- 269

tively, zero-grade laboratory water and artificial nutrient 270

standards prepared in a 35 g/l NaCl solution. The precision 271

of nutrient determinations was estimated by the recalcula- 272

tion of the concentrations of daily standards, applying daily 273

calibration curves, and obtaining the following standard 274

deviation values: NO3
−=0.04𝜇M,NO2

−=0.002𝜇M,NH4
+

275

= 0.10 𝜇M, Si(OH)4 = 0.02 𝜇M, and PO4
3− = 0.003 𝜇M. The 276

Limit of Detection (LOD) of these analytical methods was 277

estimated by residual standard deviation of the linear re- 278

gressions performed as daily calibration for NO3
− = 0.01 279

𝜇M, NO2
− = 0.002 𝜇M, NH4

+ = 0.05 𝜇M, and Si(OH)4 = 280

0.01 𝜇M. For PO4
3−, it was estimated by the standard de- 281
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viation of blank measurements (= 0.002 𝜇M; Shrivastava282

and Gupta, 2011). In this experiment, the standards for the283

analytical procedure were prepared in artificial seawater,284

this salinity reflecting that of the samples to be analyzed.285

However, it should be noted that for laboratories that pre-286

pare their standards using distilled/zero-grade laboratory287

water, then that water should actually be made up as a 0.2288

g l−1 NaCl solution, which will stop potential ammonium289

absorption onto borosilicate glass surfaces (Kérouel and290

Aminot, 1997).291

2.3 Data processing292

For each subsample, nutrient concentrationwas expressed293

as the mean and standard deviation of three replicates.294

The coefficient of variation (CV; %) was also calculated as295

a normalized measure of the dispersion of concentration296

values of the replicates. The distribution of concentration297

data in each group of subsamples after storage is shown298

in Figures 4–7 as box-and-whisker plots, indicating the299

median, the quartiles, and the range of variation.300

For each nutrient, the significance of the differences be-301

tween each pair of filtered (fPAt=i vs. fFRt=i, for i=6 and12302

months) and non-filtered (nfPAt=i vs. nfFRt=i, for i= 6 and303

12months) sample groups, preserved by both freezing and304

pasteurization, was assessed by the non-parametric Mann305

Whitney U-Test at three levels of probability: p <0.01, p306

<0.05 and p<0.10 (Figures 4–6). The significance of the307

changes in nutrient concentration after 6 and 12months of308

storage compared to their initial values was also assessed309

by Mann-Whitney U-Test and shown, together with other310

ancillary data and figures, in the Supplementary Materials311

(Table S2).312

3. Results313

3.1 Meteorological and hydrological conditions during314

the sampling315

In May 2023, meteorological conditions in the GoT were316

characterized by highly variablewinds and by the transit of317

several weather systems through the area. During the sam-318

pling, the air temperature was in the range 19.8–24.2°C,319

with partial cloud cover and winds blowing prevalently320

from the eastern sector. These conditions caused the pres-321

ence of rather high waves from the east and south-east322

sectors (Table 3).323

The hydrological structure of the water column was324

strongly influenced by these meteorological conditions.325

A wind-driven mixing of the upper surface layer of the wa-326

ter column generated a layer of constant water tempera-327

ture down to 8–12m of depth, and sometimes reaching the328

bottom, as in the case of the station GoT3 (Figure 2A). Off-329

shore winds can cause the upwelling of deep shelf waters330

along the eastern coast of the GoT, increasing the salinity331

in the water column. This process was observed at most of332

the sampling stations, where salinity values ranged from333

38.09 to 38.33 (Figure 2B). Low-salinity water (Sal. =334

37.59) was found only at the station GoT2 down to a depth 335

of 10 m, while at the stations GoT2 and GoT6, we observed 336

thin layers of fresher waters at the surface (down to salini- 337

ties of 34.64 and 34.43, respectively). 338

The water column was slightly oversaturated by Dis- 339

solvedOxygen (DO) at levels that, however, did not indicate 340

the presence of large phytoplankton blooms (Figure 2C; 341

101–112%). At the same time, strong oxygen consumption 342

in the bottomwaters was not observed, indicating that het- 343

erotrophic conditions typical of the summer were not yet 344

established in the Gulf. Chlorophyll 𝑎 showed two peaks 345

at the surface and in the deeper layer (Figure 2E), where 346

photosynthesis is usually reduced by the scarce penetra- 347

tion of the light (Figure 2D). The turbidity was not high, 348

except for the surface waters in the stations GoT1, GoT2, 349

GoT6 (Figure 2F). Considering a median turbidity of these 350

samples equal to 1.72 NTU, the Total Suspended Matter 351

can be estimated ∼ 5 mg l−1. 352

Since the samples for nutrient analysis were collected 353

at 1 m of depth and also at about 2 m above the sea floor, 354

their physical-chemical characteristics can be defined as 355

detailed in (Table 4). Almost all nutrient samples were 356

characterized by high salinity, slight DO oversaturation, 357

high pH, and low Chl 𝑎 and Turbidity values. The main ex- 358

ception was the upper sample at the station GoT6, where 359

higher values of Chl 𝑎 and Turbidity were observed. These 360

characteristics indicated that the sampling involved high 361

salinity and clear shelf waters not affected by large phyto- 362

plankton blooms or by a direct runoff of riverine waters. 363

Weather conditions and river discharges are becoming 364

highly variable in the region of the GoT, because of the 365

climatic changes, and they are already having observable 366

impacts on the biogeochemistry of these coastal waters 367

(Cozzi et al., 2020). 368

3.2 Nutrient analysis at the beginning of the experi- 369

ment 370

The analysis of the nutrients at the beginning of the exper- 371

iment was carried out on f- and nf-samples. The filtration 372

of seawater samples is mandatory in turbid or eutrophic 373

coastal waters directly affected by river discharges, as the 374

natural particulate matter interferes with the measure- 375

ment of the absorbance of the samples and rapidly de- 376

grades theperformanceof the analytical systems (Grasshoff 377

et al.,1999; Becker et al., 2020). However, in this case, the 378

coastal waters collected in the GoT were in oligotrophic 379

conditions, and theywerenot affectedby large river plumes 380

(Table 4). For this reason, the analysis of nf-samples was 381

carried out similarly to f-samples, without specific analyti- 382

cal problems. 383

Considering the homogeneity of the physical-chemical 384

characteristics of the samples, systematic differences were 385

not observed among sampling stations or between sur- 386

face and bottom depths. However, the filtration had dis- 387

tinct effects on the nutrient concentrations (Figure 3). For 388
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Figure 5. A box-and-whisker plot of the concentration (𝜇M) of NH4
+ 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 (𝜇M) of PO4
3− (A, B) and Si(OH)4 (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
−, nf-samples showed in several cases lower and more389

constant concentrations compared to f-samples, which re-390

sulted in an overall negative difference between these two391

groups of samples described by a p<0.10 (Figure 3A). For392

NO2
−, the two series of samples showed similar concentra-393

tions, with both positive andnegative differences that, how-394

ever, were not significant, being mostly close to the LOD of395

the method (Figure 3B). For NH4
+, the difference between396

nf- and f-samples was negative, similar to the NO3
−, but397

with a higher level of confidence (p<0.05; Figure 3C). The398

concentration of Si(OH)4 in nf-samples was higher than in399

f-samples only in one case, but the difference for all other400

samples was close to zero and not significant for the whole401

group of data (Figure 3D). The filtration had a large effect402

for PO4
3−, which showed almost always higher concen-403

trations in nf-samples compared to f-samples with a high404

level of confidence (p<0.01; Figure 3E).405

3.3 Nutrient preservation406

Nutrient analysis after 6 and 12 months was performed407

on all four groups of the samples (f/nf and PA/FR), to as-408

sess the efficiency of the methods of preservation in the409

presence and absence of the natural marine particulates.410

The results are shown in Figures 4–6 and Tables S1 and411

S2 for statistical analyses. Considering the homogeneous412

characteristics of the samples at the initial time (Table 4),413

the data were primarily analyzed altogether, and the dif-414

ferences after 6 and 12 months were mainly ascribed to415

the effect of the storage. The variability of nutrient concen-416

trations at each station, as well as in surface and bottom417

water samples, is shown in the Supplementary Materials,418

and they are discussed as necessary.419

The concentration of NO3
− showed significant decreas-420

ing trends during the storage in FR samples, both for fil-421

tered and non-filtered samples (Figure 4A,B, Table S2).422

PA samples showed a decrease in concentrations after six423

months and an increase after twelve months, especially in424

the case of the f-samples (Figure 4B). This oscillation was425

the result of the combination of two opposite processes:426

a decrease of NO3
− concentration in the stations charac-427

terized by the highest NO3
− levels (GoT1, 2 and 4) and428

an increase of NO3
− levels after 12 months in the stations429

(GoT3, 5, and 6) that were almost depleted in NO3
− at the430

beginning of the experiment (Figures S1–S6). At months431

6 and 12, the differences in NO3
− concentration in the FR432

and PA sample groupswere often significant at the levels of433

p<0.01 and p<0.05 (Figure 4A,B). The dispersion of the434

data in each of these groups (i.e., quartiles and ranges of435

the values; Table S1) further indicated a frequent decrease436

in the variability of NO3
− concentrations from the begin-437

ning of the experiment, suggesting that possible partial438

homogenization of the samples can occur compared to the439

initial conditions during storage.440

The concentration of NO2
− in most of the samples was441

very lowandoften close to theLODof the analyticalmethod,442

although some elevated values were present in each batch 443

of the samples (Figure 4C,D). NO2
− concentration showed 444

a slight decrease in FR samples and an increase in PA sam- 445

ples with the storage, but none of these temporal changes 446

were significant compared to the initial concentrations 447

at levels of p <0.10 (Table S2). However, as a result of 448

these opposite trends, PA samples showed significantly 449

higher concentrations than FR samples, in particular after 450

12 months of storage (Figure 4C,D). The most constant 451

NO2
− concentrations were observed in the case of nfFR 452

samples (Figures S1–S6). 453

The concentration of NH4
+ in HDPE bottles showed 454

a significant decrease (p< 0.01) after 12 months of stor- 455

age in FR samples (Table S2), with the only exceptions be- 456

ing the stations GoT3 and GoT5 at the surface, where the 457

concentration of NH4
+ was low at the beginning of the ex- 458

periment (Figures S3, S5). By contrast, PA samples showed 459

clear increases compared to the initial concentrations and 460

compared to FR samples, both in f- and nf-samples, already 461

after 6months (Figure 5A,B). NH4
+ samples stored in glass 462

borosilicate vials showed oscillating concentrations after 463

6 and 12 months of storage, and values often significantly 464

lower than those of PA samples stored in HDPE bottles 465

(Figure 5C,D). 466

Ultra-low concentrations of PO4
3− were measured in 467

all the samples collected in the GoT (0.002–0.138 𝜇M). 468

This condition allows the analysis of samples investigating 469

the effects of sample preservation when the concentration 470

of PO4
3− is lower than that of dissolved and particulate 471

organic phosphorus. Frozen samples showed the best sta- 472

bility during storage, although some significant changes 473

were observed with time (Table S2). It is also noticeable 474

that nf-samples (Figure 6A) often had higher concentra- 475

tions than f-samples (Figure 6B) for both FR and PA treat- 476

ments, indicating a possible overestimation of PO4
3− con- 477

centration due to the presence of marine particulate phos- 478

phorus. Moreover, fPA samples also had concentrations 479

significantly higher than fFR samples (Figure 6B), suggest- 480

ing an additional increasing effect of PO4
3− concentration 481

due to the pasteurization technique. The concentration 482

of Si(OH)4 was comparatively stable after storage for 6 483

and 12 months, as this nutrient was the least affected by 484

problems of preservation, using both treatment methods 485

(Figure 6C,D, Table S2). However, nfPA samples showed 486

significantly higher concentrations than nfFR samples at 487

months 6 and 12 (p< 0.05), suggesting a possible increase 488

in dissolved silicates due to the dissolution of particulate 489

silica during the pasteurization again. 490

The variations of the reproducibility of nutrient analy- 491

siswere assessed by the Coefficient of Variation (CV;%) cal- 492

culated for each triplicate sample, as CV represents a nor- 493

malized standarddeviation for each set of analytical results 494

(Figures 7 and 8). 495

For NO3
−, the values of CV at 6 months were similar 496

to the initial values for fFR and nfFR samples, but they 497
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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 NH4
+, results are shown for both HDPE bottles (C) and

borosilicate glass vials (D). Notice the different Y-scales in the plots of PO4
3− and Si(OH)4.
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Figure 8. Coefficient of Variation (CV; %) vs the concentrations of the nutrients (𝜇M) in f/nf and PA/FR samples. For

NH4
+, the plots show the results in HDPE bottles (E, F) and in borosilicate glass vials (K, J).
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increased at 12 months. The nfPA samples showed an in-498

crease of CVs with storage, whereas fPA showed similar499

values over the whole period (Figure 7A). NO2
− showed500

trends similar to NO3
− with a worsening of the perfor-501

mance of the analysis in FR samples compared to PA sam-502

ples at the 12-month sampling point (Figure 7B). However,503

this larger variability can be explained by the presence of504

several concentration values close to the LOD of the ana-505

lytical method. The reproducibility of the analysis of NH4
+

506

was rather constant in all groups of samples except for the507

fPA and nfPA samples stored in glass borosilicate bottles508

and analyzed after 6months (Figure 7D). These two groups509

of data showed a higher variability that was not related510

to the presence of marine particulates and not confirmed511

in other groups of subsamples collected both in plastic512

and glass containers. For this reason, it was supposed that513

their poorer reproducibility might be mostly due to a ran-514

dom contamination of some subsamples rather than to515

systematic biases originating from the filtration or from516

the type of containers. For PO4
3−, the lowest values of CV517

were obtained in nfFR samples, but also the other groups518

of samples showed a rather good reproducibility that is519

also favored by the high precision of the manual method520

of determination (Figure 7E). Si(OH)4 showed the best re-521

sults independently of the filtration and by the method522

of conservation of the samples, with CV often below 6%523

(Figure 7F).524

The analysis of the relationship between the CV and525

the concentrations of the samples indicated that a primary526

factor influencing the reproducibility of these analytical527

methods is the initial level of the nutrient concentrations528

(Figure 8). An opposite relationship between CV and the529

concentration, following a non-exponential decay shape,530

was found in nf-samples for NO3
−, NO2

−, and Si(OH)4531

(Figure 8A,C,G), as well as in f-samples for NO2
−, Si(OH)4,532

and PO4
3− (Figure 8D,H,J). In these cases, CVs increased533

to 140% for N-nutrients, 100% for PO4
3−, and 20% for534

Si(OH)4when the concentration levels of the nutrientwere535

approaching the lowest values and the LOD of the analyti-536

cal methods.537

By contrast, variable results without a clear relation-538

ship betweenCV and concentrationwere found forNO3
− in539

f-samples (Figure 8B), for NH4
+ in all the cases540

(Figure 8E,F,K,L), and for PO4
3− in nf-samples (Figure 8I).541

In these cases, it can be supposed that a variable release of542

NO3
− and NH4

+ due to the cell breakage during the filtra-543

tion and the hydrolysis of particulate phosphorus, as seen544

in Figure 3, might have contributed to an increase in the545

variability of the results.546

4. Discussion547

The water masses on the continental shelf of the Northern548

Adriatic are often affected by large discharges from the549

regional rivers, which strongly decrease the salinity and550

increase the concentration of N- and Si-nutrients (Cozzi551

and Giani, 2011; Grilli et al., 2020). Nutrient loads are 552

mainly of anthropogenic origin, and they largely modulate 553

the biological productivity of this marine region (Solidoro 554

et al., 2009; Viaroli et al., 2018; Grilli et al., 2020), includ- 555

ing the GoT (Cozzi et al., 2020). However, prolonged peri- 556

ods of atmospheric perturbations coupled with low runoff 557

can enhance the circulation and mixing of shelf waters, 558

leading to higher salinity values, scarce loadings of sus- 559

pended matter, and low Chl 𝑎 and nutrient concentrations, 560

like those observed in this experiment (Table 4, Table S1). 561

These hydrological conditions allowed the experiment to 562

be conducted on low-nutrient seawater samples, where 563

the weight of particulate and dissolved organic pools is, 564

however, important compared to that of the dissolved in- 565

organic nutrients. 566

4.1 Effects of marine particulate matter 567

The comparison between f- and nf-samples of seawater at 568

month 0 indicated that the filtration could have distinct 569

effects for each nutrient, since any other biological trans- 570

formation can be excluded in these sub-samples thanks to 571

their immediate freezing after collection (Figure 3). For 572

NO3
− and NH4

+, the higher and more variable concentra- 573

tions measured in f-samples suggested a release of dis- 574

solved inorganic nitrogen in the samples that were syringe 575

filtered before the analysis. This effect can be primarily 576

caused by the breakage of phytoplankton cells on the filter 577

and by the consequent release into the sample seawater 578

of the interior cellular nitrogen pool. This finding stresses 579

the importance of the utilization of low-pressure or low- 580

vacuum filtrations to avoid cell breakage and sample con- 581

tamination when membrane filters at low porosity are 582

used for sample preparation (Becker et al., 2020). It was 583

also observed that borosilicate glassmicrofiber filters have 584

a higher loading capacity compared to membrane filters, 585

which can make low-pressure filtrations easier (Lee et al., 586

1995). However, these filters do not have constant porosity 587

(i.e., they cause an incomplete retention of picoplankton 588

on the filter), and they must be carefully washed to avoid 589

silicate contamination of the samples (Lee et al., 1995; 590

Grasshoff et al., 1999). 591

For PO4
3−, nf-samples had significantly higher concen- 592

trations than f-samples in almost all cases (Figure 3). This 593

differencemight originate from the dissolution and hydrol- 594

ysis of labile particulate phosphorus to form PO4
3− during 595

the analysis process, as the analytical method used for 596

this nutrient (i.e., molybdenum blue reaction) includes the 597

heating of the samples and the presence of strongly acidic 598

conditions (Grasshoff et al., 1999). It was already observed 599

that the concentration of dissolved reactive phosphorus 600

can be overestimated in turbid and eutrophic estuarine 601

waters because of the contribution of labile particulate 602

phosphorus (Felgentreu et al., 2018). The present study 603

shows that the effect of marine particulate matter is also 604

not negligible in the high-salinity continental shelf waters 605
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of the Gulf of Trieste, if they are characterized by low nutri-606

ent concentrations (Salvi et al., 1998; Lipizer et al., 2012).607

4.2 Performance of sample preservation methods608

The analyses of the preserved seawater samples after 6609

and 12 months indicated that neither FR nor PA is an en-610

tirely suitable method for preventing statistically signifi-611

cant changes of nutrient concentration during the storage612

period, although FR showed less uncertainty compared to613

the PA method.614

For FR samples, the concentrations of NO3
− and NH4

+
615

frequently decreased during the storage, both in f- and616

nf-samples. This trend was mainly due to the decrease617

in concentrations of these nutrients in the samples that618

had the highest initial concentrations, a process that sug-619

gests an incomplete shutdown of microbial activity in the620

samples and that also leads to an underestimation of the621

real variability of these parameters in the coastal marine622

environment. PA samples showed a similar decrease in623

NO3
− concentration after 6 months, but after 12 months624

the concentrations increased again, particularly in filtered625

samples of some stations (GoT3, 5, and 6) that were ini-626

tially depleted in NO3
−. Considering that fPA samples do627

not containmarineparticulatematter, the increase inNO3
−

628

concentration after 12 months of storage could be mainly629

ascribed to changes in the composition of the dissolved630

nitrogen pool in the samples.631

For NO2
−, the temporal changes of the concentration632

were not always significant during sample storage (Table633

S2), and they were negligible in determining the overall N-634

content of these samples, due to the very lowconcentration635

levels of this nutrient. However, PA samples showed higher636

concentrations than FR samples after 12months of storage637

(Figure 4C,D). Considering that HDPE bottles, when prop-638

erly washed, are considered reliable for the pasteurization639

and storage of NO3
− and NO2

− seawater samples (Daniel640

et al., 2012; Becker et al., 2020), this difference could again641

mainly be ascribed to changes in the composition of the642

dissolved nitrogen pool in the samples.643

NH4
+ showedoscillations in the samples stored in glass644

borosilicate vials, whereas it showed a net increase in the645

concentrations in HDPE bottles (Figure 5A,B). This differ-646

ence suggests an additional problem of contamination by647

NH4
+ due to the plastic containers during PA treatment at648

high temperature. The overall poor performance of both649

the FR and PA methods for the preservation of N-nutrient650

samples can be explained by considering that microbial651

oxidation and reduction of dissolved inorganic nitrogen652

compounds easily occur in seawater and that coastal wa-653

ters always contain a large quantity of dissolved organic654

nitrogen and urea, which remain in the samples also after655

the filtration (Cozzi et al., 2014). Urea can be easily hy-656

drolyzed to NH4
+, and organic nitrogen compounds can657

also be transformed into dissolved inorganic nitrogen dur-658

ing storage, due to microbiological and physical-chemical659

transformations of the samples. 660

The concentration of PO4
3− in high-salinity shelf wa- 661

ters of the Northern Adriatic Sea is often low, making this 662

marine system frequently in a P-limited condition (N/P 663

> 50; Ivančić et al., 2021). The samples analyzed in this 664

experiment also showed nanomolar levels of PO4
3− close 665

to the LOD of the analytical method. However, important 666

observations regarding the variability of PO4
3− were as 667

follows: (i) higher PO4
3− concentrations in nf-samples 668

compared to f-samples at the beginning of the experiment 669

(Figure 8 3E), and as well as after storage both in the FR 670

and PA samples (Figure 8 6A, versus 6B), and (ii) signif- 671

icantly higher concentration levels in fPA samples with 672

respect to fFR samples after storage (Figure 8 6B). These 673

differences suggested an increase in PO4
3− concentration 674

due to the dissolution and remineralization of the natural 675

pool of particulate phosphorus in the nf-samples, which 676

can occur during the laboratory analysis due to the high 677

temperature and acidic conditions used in the PO4
3− de- 678

termination method (Grasshoff et al., 1999). On the other 679

hand, the highest concentrations observed in fPA samples 680

compared to fFR samples (Figure 8 6B) further suggest 681

that the pasteurization treatment at high temperature can 682

also induce the hydrolysis of labile dissolved organic phos- 683

phorus and polyphosphates in the samples, increasing the 684

PO4
3− concentrations (Diaz et al., 2018), thus leading to 685

an overestimation of this nutrient concentration. For these 686

reasons, the PA method should be applied preferentially 687

to filtered samples and/or to samples where the concen- 688

tration of dissolved organic phosphorus is negligible com- 689

pared to that of PO4
3− (Liang et al., 2023; Garcia et al., 690

2023). 691

The best results in terms of preservation of the sam- 692

ples were obtained for Si(OH)4, both in the case of FR and 693

PA methods. This result is easily favored by the reliabil- 694

ity of the colorimetric method for the determination of 695

this nutrient and by concentration levels in the samples 696

(0.58–3.50 𝜇M Si) being significantly higher than the LOD. 697

However, slightly higher concentrationswere found in nfPA 698

compared to nfFR samples at the 6 and 12month sampling 699

times (Figure 8C), suggesting a possible increase in the con- 700

centration of Si(OH)4 due to the dissolution of biogenic sil- 701

ica occurring during the pasteurization. This aspect should 702

be further studied considering that it is known that the 703

solubility of biogenic silica is affected by changes in pH and 704

temperature (Van Cappellen et al., 2012). 705

4.3 Reproducibility of nutrient analyses 706

Data presented in this study further indicate that the repro- 707

ducibility of nutrient analysis depends on (i) the analytical 708

method used for the determination of each nutrient, (ii) 709

the initial level of concentration in the samples, and (iii) 710

the treatment and preservation method used. 711

The determination of Si(OH)4 with flow-segmented au- 712

tomatic colorimetry and a highly sensitive manual method 713
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for the determination of PO4
3− provided the best results714

in terms of reproducibility, independent of the procedures715

used forpreservationof the samples (Figure7). N-nutrients716

gave more variable results depending on the presence/ab-717

sence of the marine particulate matter in the samples and718

on the method of preservation719

The inverse relationship between the CVs and the con-720

centration observed in several cases for the analyses of721

NO3
−, NO2

−, Si(OH)4, and PO4
3− (Figure 8) indicated722

that the precision of nutrient determination commonly de-723

creaseswhen the concentration of the nutrient approaches724

the LODof themethod (Grasshoff et al., 1999). On the other725

hand, the larger variability of CVs for NO3
− and NH4

+ in726

f-samples independent of the concentrations seems to con-727

firm the effect of a variable release of dissolved nitrogen728

due to the cell breakage during filtration, as already ob-729

served at the beginning of the experiment (Figure 3). Sim-730

ilarly, the large variability of CVs for PO4
3− in nf-samples731

can be induced by the hydrolysis of particulate phospho-732

rus.733

Sample storage also had some effects on the repro-734

ducibility of the analysis. For NO3
− and NH4

+, CV values735

slightly increase after 12 months in both fFR and nfFR736

samples compared to the initial values. PA samples also737

showed CVs similar to FR samples, suggesting that neither738

of these two methods leads to significantly better results.739

Si(OH)4 showed lower values of CV that are probably due740

to the higher reliability of the laboratory analytical meth-741

ods for its determination (Figure 7).742

5. Conclusions743

This study has analyzed the performance of two of the744

most commonly used methods of preservation of nutri-745

ent samples during long-term storage. High-salinity low-746

nutrient seawater samples were considered instead of ar-747

tificial batches of nutrient-spiked reference seawater that748

was already carried out in past experiments (Aminot and749

Kérouel, 1998; Daniel et al., 2012). Moreover, this experi-750

ment was carried out using coastal monitoring facilities,751

which often make the preservation and processing of nu-752

trient samples more difficult compared to oceanic cruises,753

where the samples can be analyzed soon after sampling754

on board the research vessels. The analysis of nutrient-755

depleted coastal waters highlights potential interferences756

of the particulate matter and of organic compounds on nu-757

trient determination that can often bemasked by their high758

concentration levels in oceanic waters. Despite freezing759

being less affected by experimental biases than pasteuriza-760

tion, neither of these two methods is perfect for long-term761

preservation of natural seawater samples for all the nu-762

trients studied. The data presented here indicate that the763

efficiency of preservation varies among nutrients and is764

also a function of the presence/absence of particulates in765

the samples. For this reason, we recommend that nutrients766

should be analyzed within a short time after the sampling,767

as is possible (Becker et al., 2020). If laboratory analyses 768

in real-time are not possible, nutrient samples should be 769

processed and stored correctly as soon as possible to re- 770

duce interior biogeochemical transformations during their 771

handling in the field. 772

The following points were highlighted in this experi- 773

ment: 774

1. Frozen samples can show a progressive decrease in 775

the concentrations of the nutrients during long-term 776

storage, whereas those treated with the pasteuriza- 777

tion process can show variations in the concentra- 778

tions over time. In both cases, these trends suggest 779

that the microbial activity in the samples is not com- 780

pletely stopped by the treatment of the samples. 781

2. Freezing and Pasteurization are both effective meth- 782

ods for the preservation of Si(OH)4 samples and for 783

nutrients with low concentrations (i.e., NO2
− and 784

PO4
3−), where absolute changes in concentration 785

are less important. They appear to be less effective 786

for NO3
− and NH4

+, easily due to possible transfor- 787

mations of N-nutrients within the samples. 788

3. Syringe filtration with MCE membrane filters (0.22 789

𝜇m pore size) can cause the breakage of plankton 790

cells and cause the increase of NO3
− and NH4

+ con- 791

centrations in filtered samples when compared to 792

non-filtered samples, in particular if the filters begin 793

to clog because of the accumulation of the marine 794

suspended matter. 795

4. Higher concentrations of PO4
3− were found in non- 796

filtered samples compared to filtered samples at the 797

beginning of the experiment, suggesting that the dis- 798

solution of the natural P particulate can increase the 799

concentrations of this nutrient due to the conditions 800

of high temperature and low pH that are used for the 801

laboratory analysis. For this reason, the filtration of 802

nutrient samples should be included in the sampling 803

protocols in PO4
3− depleted coastal waters. 804

5. In filtered samples, pasteurization increases the con- 805

centration of PO4
3− with respect to frozen samples 806

due to possible remineralization of dissolved organic 807

phosphorus, indicating that this treatment is not suit- 808

able for the preservation of seawater samples where 809

the concentration of dissolved organic phosphorus 810

is not negligible with respect to that of PO4
3−. 811

6. In non-filtered samples, there is evidence that the 812

pasteurization treatment at high temperature can 813

increase the concentrations of Si(OH)4 and PO4
3−

814

in the samples because of the dissolution and rem- 815

ineralization of biogenic silicon and of particulate 816

phosphorus, respectively. This suggests that the pas- 817

teurization should be preferentially applied to fil-818

tered samples.819
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7. The reproducibility of the methods of nutrient de-820

termination varies inversely with the concentration821

levels, but it could also be decreased because of the822

release of dissolved nitrogen and phosphorus from823

the particulate matter.824

8. Borosilicate glass containers should be preferred to825

HDPE bottles to store NH4
+ samples treated with826

the method of pasteurization.827

9. This study shows the results from a specific coastal828

system (Gulf of Trieste), during a period character-829

izedby thepresenceof high-salinity and low-nutrient830

shelf waters. Other coastal, shelf, and open-ocean831

waters may well exhibit different characteristics and832

outcomes when comparing freezing and pasteuriza-833

tion as storage methods for dissolved inorganic nu-834

trients.835

Acknowledgments836

The authors thank the Environmental Agency of Friuli837

Venezia Region (ARPA FVG; https://www.arpa.fvg.it/)838

for the collection of seawater samples in the Gulf of Trieste.839

They also thank Deniz Yurdakul of the University of Toulon840

for the support with the laboratorywork, and the scientific841

reviewers for their useful comments and criticisms.842

CRediT authorship contribution statement843

Stefano Cozzi: Conceptualization, Investigation, Data cu-844

ration, Methodology, Formal analysis, Writing – original845

draft. E. Malcolm S. Woodward: Conceptualization, Super-846

vision, Methodology, Formal analysis, Validation, Writing –847

review and editing.848

Funding sources849

This work was funded by the European Union under grant850

agreement no. 101094690 (EuroGO-SHIP) and UK851

Research and Innovation (UKRI) under the UK govern-852

ment’s Horizon Europe funding guarantee (grant numbers853

10051458, 10068242, 10068528). Monitoring of the hy-854

drological and biogeochemical characteristics of855

the coastal waters in the Gulf of Trieste was carried out856

with support from the DANUBIUS Research Infrastructure857

(H2020-INFRA DEV 2).858

Conflict of interest859

None declared.860

Supplementary material861

Supplementary material associated with this article can 862

be found here. 863

References 864

Aminot, A., Kérouel, R., 1997a. Assessment of heat treat- 865

ment for nutrient preservation in seawater samples. 866

Anal. Chim. Acta 351(1–3), 299–309. 867

https://doi.org/10.1016/S0003-2670(97)00366-8 868

Aminot, A., Kérouel, R., 1997b. Reference material for nu- 869

trients for the QUASIMEME laboratory performance 870

studies 1993–1996. Mar. Pollut. Bull. 35, 78–83. 871

https://doi.org/10.1016/S0025-326X(97)00125-2 872

Aminot, A., Kérouel, R., 1998. Pasteurization as an alter- 873

native method for preservation of nitrate and nitrite in 874

seawater samples. Mar. Chem. 61, 203–208. 875

https://doi.org/10.1016/S0304-4203(98)00021-8 876

Aoyama, M., Becker, S., Dai, M., Daimon, H., Gordon, L. I., 877

Kasai, H., Kérouel, R., Kress, N., Masten, D., Murata, A., 878

Nagai, N., Ogawa, H., Ota, H., Saito, H., Saito, K., Shimizu, 879

T., Takano, H., Tsuda, A., Yokouchi, K., Youenou, A., 2007. 880

Recent Comparability of Oceanographic Nutrients Data: 881

Results of a 2003 Intercomparison Exercise Using Refer- 882

ence Materials. Anal. Sci. 23, 1151–1154. 883

https://doi.org/10.2116/analsci.23.1151 884

Becker, S., Aoyama, M., Woodward, E.M.S., Bakker, K., Cov- 885

erly, S., Mahaffey, C., Tanhua, T., 2020. GO-SHIP Repeat 886

Hydrography Nutrient Manual: The Precise and Accu- 887

rate Determination of Dissolved Inorganic Nutrients 888

in Seawater, Using Continuous Flow Analysis Methods. 889

Front. Mar. Sci. 7, 581790. 890

https://doi.org/10.3389/fmars.2020.581790 891

Burton, J.D., Leatherland, T.M., Liss, P.S., 1970. The reactiv- 892

ity of dissolved silicon in some natural waters. Limnol. 893

Oceanogr. 15, 472–476 894

Chapman, P., Mostert, S.A., 1990. Does freezing of nutrient 895

samples cause analytical errors? S. Afr. J. Marine Sci. 9, 896

239–247. 897

https://doi.org/10.2989/025776190784378763 898

Clementson, L.A., Wayte, S.E., 1992. The effect of frozen 899

storage of open-ocean seawater samples on the concen- 900

tration of dissolved phosphate and nitrate. Water Res. 901

26, 1171–1176. 902

https://doi.org/10.1016/0043-1354(92)90177-6 903

Cozzi, S., Cabrini, M., Kralj, M., De Vittor, C., Celio, M., Giani, 904

M., 2020. Climatic and anthropogenic impacts on en- 905

vironmental conditions and phytoplankton community 906

in the Gulf of Trieste (northern Adriatic Sea). Water 12, 907

2652. 908

https://doi.org/10.3390/w12092652 909

Cozzi, S., Giani, M., 2011. River water and nutrient dis- 910

charges in the Northern Adriatic Sea: current impor- 911

tance and long term changes. Cont. Shelf Res. 31, 912

1881–1893. 913

https://doi.org/10.1016/j.csr.2011.08.010914

Cozzi, S., Mistaro, A., Sparnocchia, S., Colugnati, L., Bajt,915

O., Toniatti, L., 2014. Anthropogenic loads and biogeo-916

chemical role of urea in the Gulf of Trieste. Sci. Total917

Environ. 493, 271–281.918

https://www.arpa.fvg.it/
https://oceanologia.eu/library/68_3/PDF/SupplCOZ.pdf
https://doi.org/10.1016/S0003-2670(97)00366-8
https://doi.org/10.1016/S0025-326X(97)00125-2
https://doi.org/10.1016/S0304-4203(98)00021-8
https://doi.org/10.2116/analsci.23.1151
https://doi.org/10.3389/fmars.2020.581790
https://doi.org/10.2989/025776190784378763
https://doi.org/10.1016/0043-1354(92)90177-6
https://doi.org/10.3390/w12092652
https://doi.org/10.1016/j.csr.2011.08.010


In
Pr
es
s

Comparison of freezing and pasteurization as long-term preservation methods for nutrient samples … 19/20

https://doi.org/10.1016/j.scitotenv.2014.05.148919

Crompton, T.R., 2006. Analysis of seawater: a guide for920

the analytical and environmental chemist. Springer-921

Verlag, Berlin and Heidelberg GmbH & Co., ISBN-10922

3-540-26762-X.923

Daniel, A., Kérouel, R., Aminot, A., 2012. Pasteurization:924

A reliable method for preservation of nutrient in seawa-925

ter samples for inter-laboratory and field applications.926

Mar. Chem. 128-129, 57–63.927

https://doi.org/10.1016/j.marchem.2011.10.002928

Diaz, J.M., Holland, A., Sanders, J.G., Bulski, K., Mollett, D.,929

Chou, C.-W., Phillips, D., Tang, Y., Duhamel S., 2018. Dis-930

solvedOrganic Phosphorus utilization by phytoplankton931

reveals preferential degradation of Polyphosphates over932

Phosphomonoesters. Front. Mar. Sci. 5, 380.933

https://doi.org/10.3389/fmars.2018.00380934

Dore, J.E., Houlihan, T., Hebel, D.V., Tien, G., Tupas, L., Karl,935

D.M., 1996. Freezing as a method of sample preserva-936

tion for the analysis of dissolved inorganic nutrients in937

seawater. Mar. Chem. 53, 173–185.938

https://doi.org/10.1016/0304-4203(96)00004-7939

Felgentreu, L., Nausch, G., Bitschofsky, F., Nausch,M., Schulz-940

Bull, D., 2018. Colorimetric chemical differentiation941

and detection of phosphorus in eutrophic and high par-942

ticulate waters: advantages of a new monitoring ap-943

proach. Front. Mar. Sci. 5, 212.944

https://doi.org/10.3389/fmars.2018.00212945

Garcia, H.E., Bouchard, C., Cross, S.L., Paver, C.R., Wang,946

Z., Reagan, J.R., Boyer, T.P., Locarnini, R.A., Mishonov,947

A.V., Baranova, O., Seidov, D., Dukhovskoy, D., 2024.948

World Ocean Atlas 2023, Volume 4: Dissolved Inorganic949

Nutrients (phosphate, nitrate, silicate). A. Mishonov950

(Tech. Ed). NOAA Atlas NESDIS 92.951

https://doi.org/10.25923/39qw-7j08952

Gardolinski, P.C.F.C, Hanrahan, G., Achterberg, E.P., Gled-953

hill, M., Tappin, A.D., House, W.A., Worsfold, P.J., 2001.954

Comparison of sample storage protocols for the deter-955

mination of nutrients in natural waters. Water Res. 35,956

3670–3678.957

https://doi.org/10.1016/S0043-1354(01)00088-4958

Grasshoff, K., Kremling, K., Ehrhardt, M., 1999. Methods959

of seawater analysis. 3rd edn. (completely revised960

and extended edition), Wiley-VCH Verlag GmbH, Wein-961

heim.962

https://doi.org/10.1002/9783527613984963

Grilli, F., Accoroni, S., Acri, F., Bernardi Aubry, F., Bergami,964

C., Cabrini, M., Campanelli, A., Giani, M., Guicciardi, S.,965

Marini, M., Neri, F., Penna, A., Penna, P., Pugnetti, A.,966

Ravaioli, M., Riminucci, F., Ricci, F., Totti, C., Viaroli,967

P., Cozzi, S., 2020. Seasonal and interannual trends of968

oceanographic parameters over 40 years in the north- 969

ern Adriatic Sea in relation to nutrient loadings from 970

EMODnet Chemistry data portal. Water 12, 2280. 971

https://doi.org/10.3390/w12082280 972

Hydes, D.J., Aoyama, M., Aminot, A., Bakker, K., Becker, S., 973

Coverly, S., Daniel, A., Dickson, A.G., Grosso, O., Kérouel, 974

R., van Ooijen, J., Sato, K., Tanhua, T., Woodward, E.M.S., 975

Zhang, J.Z., 2010. Determination of dissolved nutri- 976

ents (N, P, Si) in seawater with high precision and inter- 977

comparability using gas-segmented continuous flow 978

analysers. GO-SHIP Repeat Hydrography Manual: A col- 979

lection of expert reports and guidelines. IOCCP rep. no. 980

14, ICPO publ. ser. no. 134, Ver. 1. 981
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