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Abstract

The purpose of this study was to evaluate the sensitivity of a phosphorus (P) fractionation procedure on
sampling practices and other sources of error in the characterization of the chemical status of P in noncalcare-
ous sediments rich in humic compounds and iron (Fe). We investigated the effects of nitrogen gas (N,) shield-
ing on the stability of various P fractions during sampling and various periods of sample storage on both oxic
and reduced sediments. In addition, we studied storage-induced changes in preserved or unpreserved extracts
from different fractionation steps. Sampling and storage conditions were critical factors in P fractionation stud-
ies. During sampling, sample storage, and extraction, the N, atmosphere (atm) protected samples from oxida-
tion and consequent changes in P forms, especially in the redox-sensitive form. Long-term storage without N,-
shielding caused the most drastic changes in oxic sediment, whereas the reduced sediment protected with N,
experienced only minor changes. Extracts preserved with acid can be stored for at least 1 week without signifi-
cant changes. The extraction results of P and other elements obtained with both oxic and reduced sediment
samples supported the biogeochemical basis of the fractionation procedure, demonstrated by the behavior of
Fe and Fe-bound P in sediment originating from and treated in different oxygen (O,) conditions. Despite a few
shortcomings, with careful laboratory work and avoidance of sample oxidation during sampling and storage,
the fractionation procedure and working practices used seem to provide reliable results and valuable informa-

tion on the chemical character of sediment P.

One reason for the accelerated eutrophication of the strati-
fied Baltic Sea may be the phosphorus (P) release from the
recent bottom deposits. The release of P is traditionally attrib-
uted to oxygen (O,) depletion and the consequent reduction of
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oxidized iron (Fe) compounds, resulting in the liberation of Fe-
bound P (Einsele 1938; Mortimer 1941, 1942). Even though P
release is more pronounced during O, depletion, researchers
have also found P liberation to occur during oxic conditions in
the sediment water interface (e.g., Nriagu and Dell 1974;
Bostrom et al. 1982; Hupfer et al. 2004). In the presence of O,,
the P release has been attributed to microbial degradation of
organic material or to the increased degree of saturation of
P-binding sites in the sediment. In the latter case, the sorption
affinity of phosphate (PO,-P) diffusing from the reduced layers
to the oxic surface will decrease with the increasing saturation
of hydrated oxides of Fe or aluminum (Al) due to an abun-
dance of PO -P or other anions competing from the same sites.
In addition, physical mixing of the sediment by burrowing ani-
mals can result in plumes of porewater PO,-P from the deeper
layers. The oxidized surface layer is incapable of retaining sorp-
tion of all P in this mass flow. Drake and Heaney (1987) pro-
posed that when the surface water of high pH (especially dur-
ing high algal production) mixes with the fluffy surface
sediment of lower pH, the elevated hydroxyl ion (OH-) con-
centration can induce release of PO-P. pH can also affect the
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binding of PO -P to humic complexes via Fe (Gerke and Hermann
1992). In addition, Jensen and Andersen (1992) have shown tem-
perature to affect P release in oxic lake sediment surfaces.

Oxygen depletion is a major concern in the shallow areas
of the Baltic Sea, such as the Archipelago Sea (AS) and the
Gulf of Finland (GoF). The GoF possesses deep sedimentation
areas that have long remained under anoxic conditions, as
well as areas where the O, concentration varies because of
degradation of organic matter or bottom morphology. In the
coastal area with small semi-isolated basins (Voipio 1981), the
morphological patchiness weakens the exchange of water. In
the central GoF, inflows of heavy anoxic near-bottom water
from the Baltic proper often keep the sediment-water inter-
face anoxic.

A commonly used method to characterize and quantify
sediment P is chemical fractionation that separates sequen-
tially different forms of P in the order of decreasing bioavail-
ability and increasing binding strength. Distribution of P into
various forms allows evaluation of the part of sediment P that
may contribute to the primary production in the aquatic sys-
tem and the part that will be permanently buried with sedi-
ment. The literature describes numerous P fractionation pro-
cedures for sediments (e.g., Bostrom et al. 1982; Van Eck 1982;
Pettersson et al. 1988; Ruban et al. 1999). The suitability of a
certain procedure to characterize P forms depends not only on
the environment and on the type of the material to be stud-
ied, but also on the type of material for which the procedure
was originally designed. For instance, the content of clay min-
erals, organic matter, and calcareous minerals can affect the
ability of various schemes with different extractants to distin-
guish between different P forms.

Many of the P fractionation studies are made using dried
sediment (e.g., Williams et al. 1971; Ruttenberg 1992; Filippelli
and Delaney 1996). This, however, affects results and leads to
loss of important information, because exposure to air oxidizes
reduced components (e.g., Fe compounds) that consequently
bind dissolved P from porewater (e.g., Krom and Berner 1980).
In addition, drying and freezing may result in disruption of
cells and hydrolyzation of organic matter containing P and,
thus, increase the labile P fraction (e.g., Goedkoop and Pet-
tersson 2000). Several studies describe the specificity of extrac-
tion procedures for pure phases of commonly occurring P
compounds in the marine environment (e.g., the precise work
by Ruttenberg 1992), but only a few articles report the effects
of treatment practices on P fractions in anaerobic samples
(e.g., Wiltshire 1991). A common practice to avoid oxidation
during sampling and extraction is to shield the sample with
N,. This is an important precautionary measure while working
with anoxic sediment samples, because oxidation of the sedi-
ment enhances the binding of PO,-P via ferri-iron (Fe*) com-
pounds that are formed (Einsele 1938; Mortimer 1941, 1942)
and also affects P-binding properties via oxidation-induced
changes in pH. Furthermore, enhanced microbial degradation
of organic matter due to elevated temperature (and O,
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content) or increased exposure to light may result in marked
changes in samples during storage.

Generally, major changes in the sample properties are
avoided by storing the sample at in situ temperature and ana-
lyzing it as soon as possible after sampling. For practical reasons,
this is not always possible when working on a research vessel.
P fractionation is time consuming and involves an unavoid-
able time lag in sample treatment. Therefore, it is important to
know which kinds of changes can occur in separate P pools
during long-term storage of the sediment samples and how to
avoid such changes.

Recently, we tested (Lukkari et al. 2007) the relevancy and
reproducibility of the sediment P fractionation procedure pro-
posed by Psenner et al. (1984) and later modified by Jensen
and Thamdrup (1993) with a calcareous commercial reference
sediment. The aim of this present work was to study further
the suitability of this procedure for non-calcareous GoF sedi-
ments rich in humic material and Fe. We focused special
attention on how sediment samples should be treated and
stored when extracted fresh, i.e., on the impact of O, condi-
tions and N, shielding during sampling and long-term storage
on the stability of P pools in anoxic and oxic sediment sam-
ples. Furthermore, we carried out an additional study related
to the performance of the procedure: the effect of storage on
dissolved and total P in extracts.

Materials and procedures

Sampling and sediment properties—We collected sediment
samples with a Gemax-gravity corer (two polycarbonate
cylinders, 9 cm in diameter and about 60 cm in length), dur-
ing two cruises on R/V Aranda. The oxic surface sediment
came from site ASS in Paimionlahti Bay, AS (August 2003;
Fig. 1). The water depth at this site was 33 m, the concentra-
tion of dissolved O, in the near bottom water was 1.7 mL L,
the salinity was 6.3 PSU, and the concentration of dissolved
PO,-P was 0.9 umol L' about 5 cm above the sediment sur-
face. The sediment was brown and oxic on the surface, fol-
lowed by a reduced, black-colored layer below a depth of
2.5 cm. We collected the reduced sediment sample (dark gray
colored) from site GF2B (in April 2004) in a deep sedimenta-
tion basin in the center of the GoF (Fig. 1) at a water depth of
85 m. Dissolved O, in the near bottom water was 0.8 mL L,
salinity was 9.5 PSU, and dissolved PO -P was 3.4 umol L.
We determined dissolved O, and PO,-P in the water column
above the sediment surface using standard methods in sea-
water analyses: Winkler titration for O, (Grasshoff 1983) and
a spectophotometrical measurement (Lachat autoanalyser)
for PO,-P (Koroleff 1983). Total digestion with aqua regia/fluoric
acid/boric acid and the following inductively coupled plasma
atomic emission spectrophotometry (ICP-AES) analysis
revealed that the total P (TP_,) content in the reduced sample
was 47.9 umol g! dry weight (DW). In the oxic sample, it
was 73.8 umol g DW. Total Fe in the reduced sample was
950 umol g! DW, and total manganese (Mn) was 29.7 umol
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Fig. 1. Sampling sites for oxic (AS5) and reduced (GF2B) sediments
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g! DW. In the oxic sample, total Fe was 1062 umol g! DW,
and total Mn was 15.4 umol g! DW.

Sample cores were immediately set on a slicing table and
covered with a large glove bag connected tightly to another
glove bag. Glove bags were sealed and filled with N, (purity of
99.5%) until the O, content in the bags fell below 5% to 10%
(detected using Gas Alert detectors calibrated against fresh
air containing 20% to 21% O,). We sampled the water column
above the sediment surface and vacuum filtered (Nuclepore
polycarbonate [PC] membranes, pore size 0.40 um) the
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water sample for PO,-P analysis. The rest of the water above
the sediment was removed. The sediment was immediately
sliced and sealed into plastic containers in the adjacent glove
bag, which was cooled with ice and kept anaerobic (O, < 5%).
Sediment containers were immediately vacuum packed (Tecla
s.n.c Vacum 33) into gas-tight plastic bags using N, as a shield-
ing gas and stored at +5°C (in dark) until analyzed.

Determination of sediment dry matter content—The amount of
sediment sample extracted in this study was based on DW
rather than on fresh weight (FW) (commonly used in P frac-
tionation studies) to obtain a constant solid-to-solution ratio
irrespective of the varying water content of different samples.
Dry matter (DM) content was determined using a moisture
analyzer: a balance equipped with a halogen lamp dryer
(Ohaus MB45) that heats a small amount (0.5-1.0 g) of fresh
sample at 140°C until no more weight loss occurs. We tested
the accuracy of this method by comparing the DM results of
two sediment samples of different water contents with those
obtained using the standard method (ISO 11465; drying at
105°C for 24 h) and found the results to be similar.

P fractionation—The extraction procedure we used closely
follows the five-step procedure (Table 1) described in Jensen
and Thamdrup (1993), which is a modification of the proce-
dure presented by Psenner et al. (1984). We made slight addi-
tional modifications to the procedure as well as to the treat-
ment of the sample extracts. The procedure and working
practices are described in detail in the previous work by the
authors (Lukkari et al. 2007). Briefly, a fresh sediment sample
(corresponding to 0.500 g DW) is extracted first with sodium
chloride (NaCl) to remove loosely adsorbed and porewater P
(NaCl-iP), then with sodium dithionite (Na,S,0,) in sodium
bicarbonate (NaHCO,) buffer (pH 7.0) to separate any redox-
sensitive fraction of P bound to hydrated oxides of reducible
metals—mainly those of Fe (NaBD-iP). The next extraction
with sodium hydroxide (NaOH) removes P bound to oxides of
non-reducible Fe and Al (NaOH-iP). NaOH also extracts a
marked part of alkali-soluble organic P compounds (nonreac-
tive P [NRP]). In the fourth step, hydrochloric acid (HCI)
serves to extract calcium (Ca)-bound P, mainly from apatite
minerals (HCI-iP). Steps I-IV included one or more rinsing
steps (15 min) with 0.46 M NaCl, or with the extraction solu-
tion used in each particular step, to complete the extraction
and to minimize tailing. After the fourth step, refractory,
mainly organic P, is determined by extracting the residue with

Table 1. Principle of the P fractionation procedure (modified from Jensen and Thamdrup 1993)

Step Extractant Separated P fraction

| 0.46 M NaCl (1 h) Loosely sorbed P, porewater P

Il 0.11 M NaBD (1 h) Redox sensitive (Fe, Mn-bound) P

I} 0.1 M NaOH (18 h) P from Al oxides, non-reducible Fe oxides, and organic P (mobile)
\Y% 0.5 M HCI (1 h) Apatite and other inorganic P

Ignition of the sediment residue, 2 h at 550°C.

\ 1 M HCI (16 h) Refractory P, mainly organic P (immobile)
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HCI after combustion. When these P fractions are roughly
classified into immobile and mobile forms, the mobile pool
is considered to include NaCl-iP, NaBD-iP, and NRP, while
NaOH-iP, HCI-iP, and Res-P form the immobile, potentially
buried P pool (Jensen et al. 1995).

The volume of the extractants and rinsing solutions was
50.0 mL, yielding a sediment DW-to-solution ratio of 1:100.
All extraction steps were carried out using 100 mL polypropy-
lene (PP) tubes and an orbital shaker table (400 rpm, at room
temperature). Sample homogenization, sub-sampling for DM
determination, weighing, and the first two extraction steps
were carried out in a glove box in N, atm (O, content < 5%),
except for the samples treated in normal atm after sampling
(see below). In steps I-II, extraction tubes of the samples
treated in N, atm (flushed with N, before sealing and caps
tightened with laboratory parafilm) were sealed into gas-tight
plastic bags filled with N, in the glove box. After each extrac-
tion and rinsing step, the samples were centrifuged (4000 rpm
for 15 min at room temperature), and the supernatant was
poured immediately into PP sample bottles. All plastic equip-
ment used was rinsed with 10-fold diluted 65% nitric acid
(HNO,) and a couple of times with MilliQ-water before use. All
reagents were of p.a. grade. Blank samples (two or three repli-
cates) were run in each set of samples to detect possible con-
tamination originating from chemicals, equipment, or work-
ing practices, but PO,-P concentrations in these were usually
negligible. We included commercial reference material BCR-
684 in each set of samples to check the comparability of sepa-
rate fractionations.

Pretreatment and analysis of extracts—We determined dis-
solved inorganic P (DIP, referred later as —iP) from filtered
(Nuclepore PC-membranes, pore size 0.4 um) and acid-pre-
served (sulphuric acid, H,SO,) samples with the molybdate-
blue method of Murphy and Riley (1962), modified by Korol-
eff (1983). Acid was not added to extracts containing HCI. The
final concentration of H,SO, (0.1 M) in the mixed extract was
chosen to be that recommended for phosphate determination
to optimize color development of phosphomolybdate com-
plex and to keep FE in ferro-form (and to decrease interference
of silicate; Koroleff 1983). We made determinations with a
Genesys 10uv Thermo Spectronic UV-VIS spectrophotometer
(with flow injection cuvette of 50 mm) and prepared PO,-P
standards and controls in acidified MilliQ-water. We deter-
mined total P (TP) from nonfiltered extract as DIP, after acid
persulphate digestion (Koroleff 1983; autoclaving time 1 h)
and calculated nonreactive P (NRP) as the difference between
TP and DIP. Differently from that presented in Jensen and
Thamdrup (1993) and Paludan and Jensen (1995), we ana-
lyzed filtered NaOH extracts for TP to yield NRP in the dis-
solved (low molecular weight, LMW) fraction. As a result, we
were able to separate NRP that had remained in particulate
form (high molecular weight, HMW) after 18 h NaOH extrac-
tion. We assumed that NaOH extracts organic P compounds
that vary highly in their degradability, and that the LMW part
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of the NaOH-extractable NRP is more available than the HMW
part. Consequently, the LMW portion of the NRP extracted
with NaOH, as well as NRP in the NaCl and NaBD extracts
(that together form the total NRP fraction), are assumed to
represent the mobile fraction of P together with NaCl-iP and
NaBD-iP. Particulate, HMW NRP in the NaOH extract and the
remaining inorganic (NaOH-iP and HCI-iP) and residual P are
considered immobile P.

We separated part of the filtered and acidified extracts from
steps I-IV to determine total dissolved (T, ) Fe, Mn, Al, Ca,
magnesium (Mg), silicon (Si), and P. Measurements were made
with ICP-OES in the laboratory of the Institute for Environ-
mental Research at the University of Jyvdskyld. Analytical lim-
its were 10.0 mg L for Fe and Mn, and 20.0 mg L! for the
other elements. Standards for ICP-OES determinations were
prepared in NaCl acidified to pH 2.

Assessment

Sample treatment during the experiment—To assess the effects
of sample treatment and storage on the P fractions of a
reduced sediment, a homogenous 4-cm section (from depth
3-7 cm) was taken from site GF2B in a single sediment core
and sealed in a plastic container in N, atm. This sample was
carefully homogenized (with plastic spoon), sub-sampled for
DM determination, and divided into two portions. One por-
tion was treated always in N, atm (O, content kept carefully
below 5%), and the container was sealed in a gas-tight plastic
bag filled with N,. The other portion was allowed to react with
atmospheric O, (normal atm treatment) for 30 min by mixing
the sample gently before sealing the container. We chose a
reaction time of 30 min, because it was the estimated time the
sample would be subjected to O, while sampling and storing
on board. Both samples were cooled with ice during handling
and stored at +5°C (in the dark).

We carried out a corresponding treatment and storing
experiment with oxic surface sediment. For that experi-
ment, we took two parallel sediment cores (from site ASS),
and the topmost 3-cm oxic, light-brown colored sediment
layer was sliced and pooled in N, atm into one sample.
After careful homogenization, the sample was split into two
portions and treated in the same manner as the reduced
sediment above.

To assess how long-term storage affects various P forms and
to see if sampling and storing in N, atm protects the sample
from oxidation, both sub-samples (the N,-shielded and the
one allowed to react with O,) of the reduced sediment (site
GF2B) were fractionated four times at different time intervals.
We started the first extraction 30 min after sampling on board,
and the last one after almost 13 weeks of storage (either with
or without N,-shielding) at +5°C. Correspondingly, both sub-
samples from the oxic sediment (site ASS) were fractionated
for the first time 2 weeks after sampling, and the extractions
were repeated five times; the last extraction was made after a
40-week storage period.



Lukkari et al.

Anaerobic sediment (GF2B): Nj-atm

g4
a
e 40
S
35
-9
30
25
20
18
16 -~ . O =
14 —&— NaCl-iP
n —o— NaBD-iP
8 A — R |
6 —4— NaOH-iP
; —a— HCIiP
0 ;Z PO . : _ —o— Res-P
0 20 40 60 80 100
Days
§45 Anaerobic sediment (GF2B): Normal atm
[}
- o A0
=
E3s
Ay
30
25
20
18
o —
12 -
10
e = 0
I
6
2
0 . * . —e
0 20 40 60 80 100
Days

Fig. 2. P fractions of the reduced (GF2B) sediment during long-term
storage, either with (above) or without (below) N, shielding

We tested the statistical significance of differences in P frac-
tions resulting from the long-term storage using the 7 test for
paired samples, and the differences between the two practices
of sample treatment and storage using the 7 test for unpaired
samples (allowing unequal variances). Differences of < 0.050
between average values were considered significant.

Impact of N,-shielding on P fractions in the reduced sediment—
When the reduced sediment (GF2B) was extracted immediately
after sampling without N,-shielding, NaCl-iP was lower (Fig. 2);
on the contrary, NaBD-iP was somewhat higher (though not
statistically significant) than when not subjected to O,. This
difference also occurred after 12 d of storage: NaCl-iP was lower
and NaBD-iP, higher (both differences significant) in the sample
treated in normal atm. In addition, NRP was higher under nor-
mal atm treatment, though not significantly. From day 41
onward, we extracted only two replicates of the sample shielded
with N, and thus could not calculate statistical differences
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between the treatments. Nevertheless, some differences are
obvious. NaBD-iP was clearly higher (by 3.2 umol P g'! DW) in
the sample subjected to O, than in the N,-shielded one, and
after 89 d of storage, the difference became even more obvious
(4.1 umol P g DW). After day 41, no further increase occurred
in NRP. Res-P and HCI-iP were higher in the sample shielded
with N,. On day 89, the sample subjected to O, exhibited a
clearly lower HCI-iP, but a slightly higher NRP.

We studied changes in the P fractions in the reduced sam-
ple during long-term storage under contrasting O, conditions
by comparing the fractionation results obtained on day 0 with
those obtained after 12, 41, and 89 d of storage (results are
unavailable for Res-P and NRP on day 0). As a general trend,
storage affected various P forms more severely if the reduced
sample was treated and stored in contact with O, (Fig. 2). The
most pronounced changes occurred by day 41. If only trends
in each P fraction are considered, NaCl-iP, HCI-iP, and Res-P
were almost stable or tended slightly to decrease irrespective
of N,-shielding. On the other hand, HCI-iP tended to decrease
strongly in the sample subjected to O,. This sample also
showed a strong increasing trend in NaBD-iP and an increas-
ing trend in NRP. NaOH-iP, in turn, remained rather constant
or showed only a slightly increasing trend with time under
both storing conditions.

We found statistically significant storage-induced changes on
days 12 and 41: NaCl-iP decreased under both storing conditions,
and HCI-iP in normal atm. Furthermore, in the presence of O,,
NaOH-iP increased on day 12, and NaBD-iP, on day 41. A short-
age of sample material allowed only two replicates on day 89.

Impact of N -shielding on other elements in the reduced sediment—
In addition to P, the sampling and storing conditions also
affected the other elements in the reduced sediment (Table 2)
measured at steps I-IV. While we could not test statistical sig-
nificance (only two replicate determinations), we did observe
certain trends.

T, Fe in the NaCl extracts of the reduced sediment was gen-
erally very low, except for one higher concentration (day 89) in
the sample subjected to O,. In NaBD, T, Fe increased during
storage, and was from two to eight times higher in the N, -
shielded sample. In NaOH, T Fe fluctuated in both samples,
with greater variation in the O,-affected one. The highest
T, e concentrations were in HCI, and were about 1.5 times
higher in the N,-shielded sample.

From day 12 onwards, subjection to O, increased T, Mn
about 2- to 3-fold in NaCl, while it began to diminish
markedly in NaBD. Contact with O, seemed not to affect
T, Mn in NaOH, but caused a clear decreasing trend in HCI
with prolonged storing time.

In NaCl and NaBD, T, Al was generally low, but was highest
in HCI, showing a slightly increasing trend with prolonged
storing time, while the storing conditions seemed to have
no clear effect. Storing conditions did not affect T, Al in
NaOH, either. In NaCl, T, Ca remained almost constant if the
sample was shielded with N,, but if unshielded, increased with
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Table 2. Dissolved total elements in various fractions of the reduced sediment during long-term storage, either with or without N, shielding

Element content Day O Day 12 Day 41 Day 89

(umol g' DW) Normal N, Normal N, Normal N, Normal N,
NaCl T, Mg 102t6 107 +£0 115+£2 104 +1 118+ 2 98.0 £ 0.5 121 £1 101 +£0
NaCl T, Si 43+0.1 7.0+£0.5 3.1+0.2 6.0+ 0.2 53+0.2 54+£0.1 11.8+1.8 3.7+0.1
NaCl T, Al 010 0.2+0 0.3+0.2 0.2+0 03+0 00 17.3+£0.3 0.3+0.1
NaCl T, Ca 359+1.6 37.9+0.2 45.7 £ 0.9 36.8 £ 0.6 549 +09 355+£0.2 60.5 + 0.1 39.5+1.3
NaCl T, P 0+0 0.2+0 0+0 0240 0+0 0.1£0.1 0+0 0£0
NaCl T, Mn 5.2+0.2 6.7+03 15403 61+01 17.5+04 6.4+0.1 18.6+£0.2  13.6+0.7
NaCl T, Fe 02+0 03+0 0.2+0.2 00 050 0.1+£0.2 5.7+£0.1 0.2+0.1
NaBD T, Mg 410 3.9+0.2 26+0 3.9+03 2.0£0.3 380 1.6 +0.1 3.7+0
NaBD T, Si 14.1 £0.3 11.2+£0 11.0+ 0.4 10.7+£0 12.6 + 0.9 12.8 +0.6 17.9 £ 0.1 10.7+£1.3
NaBD T, Al 0.6+0 0.3£0.3 1.4+0.6 0.8+0.1 2.5+0.6 12+0.2 1.6+0 0.8 + 0.4
NaBD T, Ca 5.5+0.1 52+0 3340 42£0.5 4.1 £0.1 440 200 4.7£0.5
NaBD T, P 2.4+0.2 24£0.2 25+0.1 1.6 0.6 3.4+04 2.0£0.1 6.0+0 3.2+1.0
NaBD T, Mn 104 £0.5 10.3+1.0 2.5+0.1 9.6+0 110 89+0 0.5+0 3.1+0.6
NaBD T, Fe 89.3 £ 2.0 165+1.0  950%1.5 39.8+39 1441 18.1£0.1 157 4 74.4+7.2
NaOH T, Mg 0.5+0 45+£53 1.6+1.3 0.4+ 0.4 2.8+27 2.1+0.2 0.9 +£0.2 1.6+ 1.1
NaOH T,_Si 558 £ 19 575+ 53 612+ 2 548 +3 581 %1 521 %25 64217 560 + 17
NaOH T, Al 53.4+£15 641+£11.4  59.0+1.0 552+35 952%487  81.4+253 487%27 56.7+08
NaOH T, _Ca 0.1£0.1 0.6 +0.3 0+0 0.1£0.1 0.4£0.5 0.4+0 0+0 0.1£0.2
NaOH T, P 5.9+0.2 6.4+0.9 5.6+0.2 6.1+0.1 7.4+1.1 68+0 7.0+0.6 6.8+1.0
NaOH T, Mn 02+0 0.3+0.2 0.2+0 0.2+0 0.3+0.2 030 0.1+£0 0.2+0
NaOH T, Fe 3.8+0.1 131+£13.4 6413 4314 10176 10.1+0.9 35+0.2 54+3.0
HCI T, Mg 42.4+0.6 40.4+0.6  433+27 423+£27  49.0+25 43.9+25  427+28  40.5%28
HCI T, Si 92.0+0 89.7£ 0 107 +£7 97.9+7.4 1247 104+ 7 98.1+7.6 93.8%7.6
HCI T Al 93.6+0.2 89.0+0.2 98.6 £ 5.0 89.1+£5.0 114 +5 95.0 + 4.6 98.9+54 90.7 £ 5.4
HCI T, Ca 41.5+0.2 41.8+0.2 379124 41.0+2.4 316+ 1.5 41.2+1.5 239+1.1 329+ 1.1
HCI T, P 16.0 £0.2 15.1£0.2 16.0 + 1.4 152+1.4  145£08 159+0.8  122+05 14.8%0.5
HCI T, Mn 2.6+0.1 3.1+0.1 23£0.2 3.0+0.2 2.0+0.1 3.1+0.1 1.4+0.1 2.2+0.1
HCI T, Fe 110£0 162+ 0 122+ 7 152+7 1037 17127 94.4+4.3 126 + 4

diss

All results appear as umol g' DW. 0 £ 0 = calculated result < 0.05 umol g' DW.

prolonged storing time, probably at the expense of the NaBD
fraction, which showed a slightly decreasing trend. In NaOH,
T,.Ca was very low and showed no clear changes. On the con-
trary, in HCI, the effect of storing conditions was clear: if the
sample was shielded with N, T, Ca remained constant until it
dropped on day 89; in the presence of O, it decreased almost
linearly. Storing conditions had no clear effect on T, Mg in
NaBD, NaOH, or HCL. In NaCl, however, T, Mg decreased only
slightly in the N,-shielded sample, whereas the decrease was
more pronounced in the unshielded sample. The same trend
occurred for T, Si in NaCl. In NaBD, NaOH, and HCI, T Si
fluctuated and was slightly higher in the unshielded sample.
Interpretation of fractionation results of the reduced sediment—
Sample treatment and storage experiments on the reduced
sediment sample showed the oxidation reaction of Fe to be
very rapid: in the sample subjected to O,, soluble NaCl-iP was
bound to sediment and transferred to the NaBD-iP fraction
immediately after sampling. On the contrary, when contact
with O, was avoided, NaCl-iP remained in the porewater or in
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loosely bound form. Also, Wiltshire (1991) noticed a higher
concentration of NaCl-extractable P in reduced sediment
treated under anaerobic conditions than under aerobic condi-
tions. Even though Wiltshire’s (1991) results are not well
suited for comparison to the results in this study because of
the different fractionation procedure, they demonstrate the
need for anaerobic treatment when studying P forms in
reduced sediments. Because ferro-iron (Fe?*) oxidizes to ferric
iron (Fe**) in several minutes (e.g., Stumm and Morgan 1996),
the 30-min reaction time with atmospheric O, in this experi-
ment was sufficient for oxidation of Fe?, as evinced by the
5-fold higher T, Fe in NaBD in the sample subjected to O,
than in that shielded with N,. If the sample was protected
from O,, NaCl was higher while NaBD was lower in T, Si and
T, Mn, suggesting the release of Fe-bound Si and the reduc-
tion and dissolution of Mn.

A further increase in NaBD-iP and T, Fe in NaBD in the
unshielded sample after day 12 indicates the continuing oxi-
dation of Fe?*as O, diffuses to the inner parts of the sediment
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sample (always mixed, when sub-sampled), and the entrap-
ment of released P to Fe3*. The simultaneous disappearance of
T, Mn from NaBD may result from its extraction already in
the NacCl step, because the reduction of Mn** takes place at a
higher redox-potential than does that of Fe**. T _Fe extracted
in NaOH differed less between the treatments than did T, Fe
extracted in NaBD (except on day 0), which suggests that
T, Fe was not in a redox-sensitive form in NaOH.

When the originally reduced sediment was allowed to react
with O,, NRP increased during the 12 d of storage. This may
indicate the formation of microbial polyphosphates that are
NaOH-extractable and defined as NRP (Hupfer et al. 1995).
Uhlmann et al. (1990) reported polyphosphate formation tak-
ing place preferentially in aerobic conditions. During long-
term storage, P was slowly released from the Res-P pool irre-
spective of the storing conditions, which may indicate
anaerobic and aerobic microbial degradation or the hydrolyza-
tion of refractory organic material. For example, Vanden-
broucke et al. (1985) suggested microbial degradation of
refractory organic material.

Long-term storage diminished the HCI-iP pool more
when the sample was subjected to O,. The presence of O,
likely allowed the oxidation of pyrite (FeS,) that may have
been present (dark gray color of the sediment), resulting in
the formation of H,SO,. The acid is strong enough to dis-
solve some apatitic P on particle surfaces. This response
coincided with the increase of T, Ca in the NaCl extract
and its simultaneous decrease in HCI. The lower T, Fe in
HCI throughout the experiment in the presence of O, sup-
ports this conclusion. Fe** produced in oxidation of FeS, was
likely transferred to a redox-sensitive form and observed as
an increase in T, _Fe in NaBD (see above). In addition, some
increase of T, Ca in NaCl may have resulted from acids pro-
duced by sediment bacteria, as Harrison et al. (1972) showed
in laboratory experiments with several P precipitates.
Changes in T, Fe, T, Al, T, Si, or T, Mg extracted with
HCI were not marked and probably attributable to the het-
erogeneity of the samples.

Impact of sampling and storing conditions on P fractions in the
oxic sediment—In the oxic surface sediment (site ASS) extracted
13 d after sampling (Fig. 3), if the sample was subjected to O,,
NaCl-iP was lower, whereas NaBD-iP and NRP were slightly
(though not statistically significantly) higher. We observed the
same differences between the storing conditions on day 26 and
found the most drastic changes in various P forms on the 119th
day of storage: NRP, and especially NaBD-iP, were clearly higher
when unshielded with N,. The obvious difference in NaBD-iP
between the storing treatments proved insignificant with the
¢ test, possibly because of differences in variances. After the
260th day of storage, the differences between the two storing
treatments remained the same (now statistically significantly)
as in the previous extraction: in the sample that was allowed to
react with O,, NaBD-iP and NRP were higher, and NaCl-iP and
Res-P fractions were lower. At the end of this experiment (day
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Fig. 3. P fractions of the oxic (AS5) sediment during long-term storage,
either with (above) or without (below) N, shielding

287), we observed the same reaction pattern, even though we
did not test for it statistically (only two replicate samples).

We studied changes in the various P fractions in the oxic
sample during long-term storage under contrasting O, condi-
tions by comparing the fractionation results obtained on day
13 to those obtained after days 26, 119, 260, and 287 of stor-
age (Fig. 3). Generally, the fraction the storage most severely
atfected was NaBD-iP, which showed a clearly decreasing trend
irrespective of storing conditions, even though it varied in the
unshielded sample. NRP showed a slightly increasing trend in
the O,-affected sample, whereas it showed a mainly decreasing
trend in the N, -shielded sample. Even though HCI-iP
remained relatively constant, it decreased slightly in the
unshielded sample, and Res-P increased slightly in the N,-
shielded one. NaCl-iP and NaOH-iP remained almost stable
with prolonged storage.

The only statistically significant change in the N,-shielded
sample by day 26 was a decrease of NaCl-iP. In the sample
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Table 3. Dissolved total elements in various fractions of the oxic sediment during long-term storing, either with or without N,-shielding

Element content Day 13 Day 26 Day 119 Day 260 Day 287
(umol g' DW)  Normal N, Normal N, Normal N, Normal N, Normal N,
NaCl T, Mg * * * * 1281  113+3 1142 17 +4 1295 112£1
NaCl T, Si 3.5+0.1 34+02 42+02 32%0 4.4+0.1 3.5+0.1 58+02 3310.1 6.4+0.1 3.9+0.2
NaCl T Al 0210 0.3+0.1 0+0 0+0 0.6+0.1 0310 3.3+0.1 0.4+0.1 2.1+£0.1 0.4+0.1
NaCl T, Ca 447+1.6 399+13 533+1.7 382+03 548+0.1 458+0.7 60.4+13 421+1.8 529+21 43.4+03
NaCl TP 0101 05%0 0£0  03%0 0£0 0£0 0£0 0.4%0 0£0 0£0
NaCl T Mn 63+02 2001 74+05 2410 8.2+0.1 31+0.2 9.2+03 1.1+0.1 81102 3.8+0.1
NaCl T, Fe 79+08 03%0 6.5+0.1 0+0 02+0 0210 0310 0310 0.7+0.1 07+0
NaBD T, Mg * * * * 40+04 81%06 35%03 11.0£1.2 28+01 52+06
NaBD T,_Si * * 93+0  86%1.1 152%1.0 102+08 168+0.7 11.5+09 156+0.6 11.6+0.8
NaBD T, Al 13£02 07+02 1.6+01 07%0 52+04 06+01 55+04 08+02 4601 1.4%0
NaBD T, Ca 57+05 84+11 23+01 61%14 20%04 44+04 13+02 66+04 1.6+03 45+0.2
NaBD T, P 403+0.7 39.7+09 357+09 355+33 473+50 37.7+19 40.6+45 320+29 298+21 278%0
NaBD T, Mn 2401 54+03 14%01 49%06 1501 53£02 1.1+01 61+07 090 3.4£0.7
NaBD T, Fe 247 £ 6 786 51 314+6 147+£10 365+21 444+54 341+£19 41 £ 42 305+18 113+3
NaOH T, Mg * * * * 0.1£0.2 0+0 46+07 19%0 07+0.6 01£02
NaOH T Si 365+ 1 3415 362+22 330*6 350+ 7 341+12 370+ 28 377 £12 285+ 2 268 + 21
NaOH T, Al 98.0+15 879+13 101+£8 973459 105+2 99.4+39 102+8 989+13 81.8+41 756+5.1
NaOH T, Ca 0£0 0£0 0£01  0%0 0£0 0£0 0£0 0£0 00 0£0
NaOH T P 106+0.7 11.4+08 102+15 10.2+13 128+0.6 150+06 101+13 120+£09 89%05 86114
NaOH T,_Mn 0.1£0.1 0£0  04+07 0%0 0£0 0£0  0.1%0 0120 0£0 0£0
NaOH T,_Fe 7556 25+05 57+49 26+22 18%02 19+01 9718 72%06 1.5%0 140
HCI T, Mg * * * * 648+4.1 560+1.2 552+32 492+25 50.6+4.2 49.9+4.4
HCI T, Si 106 + 2 106 + 5 135+14 116+ 11 1215 118+6 124+ 8 121 +£113  112+8 113+12
HCI T Al 129 + 2 1317 147 £15 141 £15 162+9 157 +5 138+7 144 + 8 119+9 126 +13
HCI T, Ca 216+50 188+0.8 181+20 180+22 178+12 19.7+1.6 180+1.4 21.1+03 153+14 16.7+22
HCI T, P 94+03 85+04 96+12 87+09 11.0+£08 98+05 99+07 103+03 7.8+0.7 79+1.1
HCI T, Mn 140 20£01 1.4+01 19+03 15+01 28+01 12%01 27%02 1.0£01 1.8%03
HCI T, Fe 124+ 4 256 £ 8 121 +13 223 +40 116 +8 302+ 4 103+8 294+16 87.8+7.8 199 +31

diss

All results appear as umol g DW; 0 + 0 = calculated result < 0.05 pmol g~ DW.

‘Not determined.

subjected to O,, in turn, NaCl-iP, NaOH-iP, and Res-P
decreased significantly. Marked changes occurred in P forms
by day 119: NaCl-iP and NaBD-iP diminished despite the N,-
shielding, whereas both NaCl-iP and Res-iP decreased signifi-
cantly in the presence of O,. The overall change in NaBD-iP
by day 119 (3.2 umol P g! DW) in the unshielded sample
remained statistically insignificant (possibly due in part to
variable variances). On day 260, N, shielding had diminished
NaBD-iP, whereas the presence of O, diminished NaCl-iP.
When comparing the results of the first and the last extraction
(day 287), N, shielding had protected the sample from
changes other than a decrease in NaCl-iP and NaBD-iP. In the
sample subjected to O,, NaBD-iP-, NaOH-iP-, and HCI-iP
had decreased significantly. The statistical significance of the
1.6 umol P g*! DW increase noticed in NRP in the O,-affected
sample was impossible to assess (only two replicate samples).

Impact of sampling and storing conditions on other elements in
the oxic sediment—The storage-induced changes in the other
elements extracted from the oxic sediment sample at various
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extraction steps appear in Table 3. The most pronounced dif-
ferences occurred for T, Fe, which clearly showed higher con-
centrations in the NaBD and, again, clearly lower concentra-
tions in the HCI of the O,-affected sample. In addition, T Fe
increased in NaBD and decreased in HCI with prolonged stor-
ing time in the presence of O,, while the effects of storage
were less clear in the N,-shielded sample. T, Fe was usually
lower in NaOH, and especially in NaCl, than in NaBD and
HCI. In NaOH, T, Fe showed no clear trend, but was some-
what higher in the O -affected sample.

We recorded the highest T, Mn concentrations in NaCl.
The concentration was higher in the sample subjected to O,
and increased with prolonged storing time. In NaBD, the situ-
ation was the opposite: the N,-shielded sample contained a
higher T, Mn concentration with no clear trend, whereas the
sample subjected to O, showed a decreasing trend. T, Mn was
almost undetectable in the NaOH and was also low in the HCI.

T,Al was generally very low in NaCl and NaBD, and even
slightly lower in the N,-shielded sample. NaOH and HCI,
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instead, extracted high quantities of T Al that were only
slightly affected by prolonged storage.

T,Ca showed the highest concentrations in NaCl, and the
O,-affected sample showed a clearly higher concentration
than did the N,-shielded sample, and the former also showed
an increasing trend with time. Rather, in NaBD, T, Ca was
higher in the N,-shielded sample, and prolonged storing time
diminished it in both treatments. T, Ca was undetectable in
NaOH, and in HCI showed a decreasing trend with no clear
influence of the N, shielding. Although T, Mg results are
unavailable from the first two extractions, it later showed the
same trends as did T, Ca and was highest in NaCl with some-
what higher concentrations in the O,-affected sample. In
NaBD, T, Mg was higher in the N,-shielded sample, while in
NaOH or HCI the storing condition showed no clear effect. In
NaCl, T, Si was low and showed higher concentrations in the
O,-affected sample which increased with time. We observed
the same response to both storing condition and time for
T, Siin NaBD. Although we found the highest T, Si concen-
trations in NaOH, the diverse storing conditions showed no
clear effects and the prolonged storage caused only a slight
decrease. In HCI, neither the treatment nor the prolonged
storage seemed clearly to affect T Si.

Interpretation of fractionation results of the oxic sediment—The
results of the sample treatment and storage experiment with the
oxic surface sediment were in accordance with those obtained
with the reduced sediment. The first extraction after a 13-d stor-
age period showed that under storage without N, -shielding,
NaCl-iP diminished as a consequence of more effective P bind-
ing to sediment. That N, shielding showed little effect on NaBD-
iP indicates that the amount of O, transported to the container
with oxic sediment was sufficient to prevent the release of Fe-
bound P for up to 26 d of storage. T, Fe in NaBD on days 13
and 26 support this conclusion. Although the N, shielding
diminished T, Fe in NaBD, T, Fe was decisively higher in
NaBD in the originally oxic than in the anoxic sediment.

NaClI-T Ca was higher in the sample subjected to O, (the
same was true for the reduced sediment) and increased with
prolonged storing time at the expense of a concomitant
decrease in T, Ca in HCL This suggests the chemically (or
microbially) induced dissolution of Ca-bound P discussed ear-
lier. The O, conditions had no effect on other HCI extractable
elements. The increase of T, _Si in NaCl in the presence of O,
with prolonged storing may indicate the dissolution of bio-
genic Si (e.g., diatoms) during long-term storage (see Tallberg
and Koski-Vdhidla 2001). If this was the case, the same phe-
nomenon may also partly explain the increase in Ca content
in the same sample.

As expected on the basis of the classical binding theory of
P in aquatic sediments (Einsele 1938; Mortimer 1941, 1942),
the constant decrease in NaBD-iP was rather closely accompa-
nied by a decreasing trend in T, _Fe in the N,-shielded sample.
Even though the presence of O, tended to decrease NaBD-iP,
its concentration level remained higher than that of the
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Fig. 4. Percent share of separated P fractions of total extractable P in
reduced (GF2B) and oxic (AS5) sediment. P fractions of a calcareous ref-
erence material (BCR-684) are included for comparison.

N,-shielded sample. The presence of O, maintained NaBD-
extractable T _Fe high, and its concentration trend tended to
increase. T, Al extracted with NaBD followed the same trend
as did T, Fe. Even though Al is an irreducible metal, this
response indicates the co-occurrence of these metals in oxides
and their concomitant release as a result of slow reduction in
a closed container during prolonged storage. A higher NaBD-
T,,Si in the sample subjected to O, and a higher NaCl-T, Mn
in the sample shielded with N, indicate the redox-dependent
binding and desorption of these elements.

T, Al or T, Si extracted in NaOH changed only slightly
during the experiment, except in the last extraction, and O,
conditions seemed not to affect them. However, the organic P
pool of the NaOH extract (the bulk of the total NRP) was
higher in the sample subjected to O, during storage. This find-
ing may be attributable to the microbial formation of
polyphosphates (Hupfer et al. 1995). In the unshielded sam-
ple, the lower NRP coincided with slightly higher Res-P.

Comparison of P fractions in different sediment types—General
comparison of the P fractions of the reduced and the oxic Baltic
Sea sediment with those in the reference material (Fig. 4) reveals
that the procedure successfully distinguished between various P
forms in the different sediment types. The dominant portion of
NaBD-iP in the oxic Baltic Sea sediment is obvious when com-
pared with the reduced one. P bound to oxides of nonreducible
metals (NaOH-iP) was also more abundant in the oxic sediment
collected from an estuary receiving river-transported material.
On the contrary, the portions of mobile organic P (NRP) and the
immobile Res-P and HCI-iP were larger in the reduced open sea
sediment. The calcareous reference material originating from
the River Po, Italy (Ruban et al. 2001), contained a higher por-
tion of HCI-iP than did the oxic Baltic Sea sediment; it also con-
tained a considerable portion of NaCl-iP not observed in the
Baltic Sea sediments. This may result in part from the drying of
the reference material (see Ruban et al. 2001) where the pre-
dominant portion of NaBD-iP indicates that it was highly oxi-
dized. Small portions of NRP and NaOH-iP, on the other hand,

453



Lukkari et al.

suggest lower contents of organic and surface-bound P than in
the two Baltic Sea sediments.

Effect of storage on P in preserved or unpreserved extracts—We
investigated storage-induced changes in DIP and TP with
extracts preserved with 4.5 M H,SO,. We made this test with a
bulk sample obtained by combining the extracts of five repli-
cates of reduced subsurface sediment. One portion of the bulk
sample was filtered, preserved, and determined for DIP, and
the other portion was preserved and then determined for TP
two or three times during 1 week (stored at +5°C). We made an
additional experiment to determine storage-induced changes
in DIP and TP in unpreserved extracts. This test was made as
described above, except that these bulk samples were stored
unfiltered and unpreserved at +5°C, and only a portion of
those were filtered, acidified, and determined after O, 1, 4, 7,
and 14 d of storage.

In unpreserved extracts, 1 d of storage decreased the TP in
NaOH and in HCI (0.6 and 0.4 umol P g! DW, respectively)
(Fig. 5). After 3 d, DIP had increased and TP had decreased in
NaOH (0.4 and 0.3 umol P g! DW, respectively). Compared
to day O, TP also decreased in NaBD (by 0.6 umol P g'! DW).
On day 7, DIP had increased in NaOH and in HCI (0.6 and
0.4 umol P g! DW, respectively). TP, however, had decreased
in NaBD and increased in NaOH (0.5 and 0.3 umol P g! DW,
respectively). After 14 d, however, TP had increased in NaBD.

In preserved NaOH extracts, DIP had decreased (0.3 umol
P g' DW) on day 7, while TP (unfiltered) had decreased
(0.7 umol P g DW) on day 4. The highest change occurred
in HCI: 7 days of storage decreased both DIP and TP (1.1 and
0.6 umol P g DW, respectively). When evaluating the
changes in NRP in steps I-III (i.e., TP-DIP), the only notable
change was the decrease (0.7 umol P g' DW) of HMW-NRP
(unfiltered) part in the NaOH extract on day 4.

These results show that the preservation of extracts, if fil-
tered (for DIP) and stored at +5°C, allows satisfactory P deter-
minations even after a 1-week delay. Storage-induced changes
were generally more obvious in unpreserved extracts than in
the preserved ones and the organic NaOH fraction was among
the most sensitive. The addition of acid probably causes some
hydrolyzation of organic P to PO,-P. We only used one sedi-
ment type where the concentration of organic matter was typ-
ical for the central GoF. The effect of acid-induced hydrolyza-
tion could be more pronounced in samples higher in organic
matter. NaOH-extractable NRP constitutes the bulk of total
NRP, and thus its decrease with prolonged storage would affect
the total NRP fraction. A decrease of TP in NaOH, however,
might partly result from an uneven distribution of particulates
in the sub-sample separated for TP determination. A decrease
of DIP and TP in HCl is difficult to explain; growth of bacteria
could be one explanation if the solution was not too acid.

Discussion

The classification of wide variety of naturally-occurring P
compounds into a few pools makes chemical fractionation
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methods rather coarse. Still, characterization of the chemical
nature of sediment P allows us to assess the part of sediment
P that can be, under certain environmental conditions, avail-
able for production in the marine environment. On the other
hand, sequential extraction provides useful information on
the share and forms of P that do not participate in the nutrient
cycle, but are potentially buried with sediment, thus removing
P from the marine ecosystem.

The sediment P fractionation procedure and the working
practices used in this study provide reliable results in separat-
ing different forms of P in Baltic Sea sediments rich in humic
matter and Fe, but poor in Ca-carbonates. The results of P and
co-occurring elements obtained from the fractionation of oxic
and anoxic sediment support the biogeochemical basis of the
method as it was previously found for commercial reference
material (Lukkari et al. 2007). This allows us to conclude that
the procedure can adequately separate different P fractions
not only in oxic and anoxic sediment with high humic and Fe
content, but also in Ca-rich carbonate sediments.

While working with fresh sediment material, however,
especially with reduced sediments common in the Baltic Sea,
the prevailing conditions should be taken into account in
sampling, storage, and further treatment of the samples. As an
overall conclusion of this study, the most pronounced
changes in the mobile P fractions take place during or soon
after sampling and storing the samples. These initial steps of



Lukkari et al.

the work are thus the most critical when characterizing P in
the sediment. In this study, the smallest storage-induced
changes in different P fractions occurred in the reduced sedi-
ment, if the sample was shielded with N, during sampling,
storage, and fractionation (during the first two steps). If, how-
ever, the reduced sediment was subjected to atmospheric O,,
marked changes occurred, especially in the redox-sensitive,
loosely bound, and organic P fractions. Generally, long-term
storage caused more pronounced changes in P fractions in the
oxic surface sediment. However, higher variation in P frac-
tions of the oxic sediment might partly result from the longer
time intervals between fractionations. N, -shielding of the
originally oxic sediment seemed to cause no marked changes
in P fractions: only after about 4 weeks of storage did the por-
tion of redox-sensitive NaBD-iP begin to decrease. The P frac-
tions most severely affected by treatment or storage were
NaCl-iP and NaBD-iP, whereas NaOH-iP proved rather stable.
This fraction represents P bound to hydrated oxides of nonre-
ducible metals with ligand exchange reactions and is consid-
ered permanently bound in sediments (Jensen and Thamdrup
1993; Kleeberg and Dudel 1997). From these results, we can
conclude that sediment samples should be protected from oxi-
dation during sampling and fractionated as soon as possible
after sampling. However, if this is impossible, shielding with
N, during storing is recommended.

The previous studies with the dry, homogenous reference
material had revealed the good reproducibility of the proce-
dure for different P fractions as well as for the co-occurring ele-
ments (Lukkari et al. 2007). Careful homogenization and DM-
based weighing of samples with routine laboratory work
enable well-reproducible results for fresh sediment material as
well. Additional studies carried out in this work showed that
the P concentration of the acid-preserved extracts could be
determined reliably within a few days.
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