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Introduction

Eutrophication generally leads to severe algae blooms and several additional
environmental problems. Due to its wide geographical extent and its potential to affect entire ecosystems, eutrophication is regarded as one of the largest threats to the environment today. The importance of water quality, which
is intrinsically linked to eutrophication, has led the UN to appoint the coming decade as the “Water for Life” decade.
The cause of anthropogenic eutrophication is human enhanced nutrient
inputs, mainly nitrogen (N) and phosphorus (P), which can lead to increased
primary production and biomass, resulting in oxygen depletion (e.g. Carpenter 2005 and references therein). Whether N or P is the main offender in this
process has been a source of debate over the years. In general, P has been
regarded as the limiting nutrient in lacustrine environments (Schindler 1977,
Wild 1988), while N has been considered limiting in marine and brackish
systems. However, recent investigations have indicated that P most likely is
the limiting nutrient in at least parts of the brackish environment of the Baltic Sea as well (e.g. Boesch et al. 2005).
Therefore, studies of P are of vital interest in the field of environmental
research. While studies of inorganic phosphorus dynamics have been conducted for many decades (e.g. Mortimer 1941), detailed knowledge of organic phosphorus has started to accumulate more recently. In sediments as
well as in most other natural habitats, most P occurs in organic forms (e.g.
Turner et al. 2005a). Still, some fundamental issues about organic P remain
poorly understood. For example, what forms of organic phosphorus occur in
different environments? And which of these forms might be considered labile and thus potentially contribute to eutrophication through remobilization?
In spite of the importance of these questions, scant research studies are
available, but include Hupfer et al. 1995; 2004, Clark et al. 1998, Paytan et
al. 2003, Reitzel et al. 2006, and Paper I-IV. To a certain extent, this is due
to the fact that methodological questions within the field are not quite resolved (Cade-Menun 2005a). There is no real consensus regarding the analytical techniques to use, which makes both the development of new techniques and the refinement of available techniques of great importance. Furthermore there is a need to validate the existing techniques (Paper IV, VI),
as this issue has so far not been properly addressed.
This thesis, a collaboration between the departments of Analytical Chemistry and Limnology at Uppsala University, centers on these questions, and
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aims at discovering answers to questions regarding appropriate methods to
use, the validity of the results of the methods studied, and the ecological
implications of organic P compounds identified using these methods. In Paper I, we compare the traditional method of P speciation, i.e. sequential fractionation, with 31P-NMR spectroscopy to determine the organic phosphorus
content in the Swedish Lake Erken. In addition, we determine to what extent
the identified organic P compound groups are labile in a lacustrine sediment.
In Paper II the comparison between these techniques is continued, with 31PNMR spectroscopy analysis indicating organic P is extracted in fractionation
steps traditionally regarded to extract only inorganic P species. In Paper III
the lability of the identified organic P compound groups in brackish sediment from the Baltic Sea are determined, and results are compared to the
lacustrine study. Paper IV shows that the content of organic P in surfacial
sediment reflects the trophic level of the water body, as the study shows a
lack of the most labile species in mountain lakes turned nutrient depleted by
water level regulation. Paper IV furthermore includes a statistical evaluation
of 31P-NMR spectroscopy as a quantitative method for organic P detection.
In Paper V, we show a potential lower degradability in P containing humic
substances from a lacustrine sediment, compared to non-humic P. Paper VI
investigates the efficiency of a variety of extraction and pre-extraction solvents aimed at organic P, both in terms of total P extracted and speciation of
organic P compound groups analyzed using 31P-NMR spectroscopy.

8

Phosphorus in aquatic environments

Phosphorus as a nutrient
One of the essential macronutrients in the environment, phosphorus (P), is
vital in many processes concerning energy and production. Apart from being
used by plants for transfer and storage of energy, P is also important for cell
growth and reproduction of bacteria and phytoplankton. Although P thus is
necessary for all organisms, it can also have negative effects. When nutrient
enrichment of a water body exceeds the normal uptake capacity, a state of
eutrophication might be induced. Eutrophication means enrichment with
nutrients, but is commonly used to describe a state of anthropogenic overenrichment with unwanted consequences for the ecosystem. In aquatic systems eutrophication might induce biological and chemical changes, with
symptoms ranging from excessive algae blooms and greenish waters to anoxia caused by oxygen depletion during decomposition of elevated biomass
input to deeper waters (e.g. Bennet et al. 2001, Carpenter 2005 and references therein). In addition, eutrophication might trigger cyanobacterial
blooms which can result in the production of neuro and hepato toxins posing
severe risks to human and animal health (Kotak et al. 1993).
The effect of increased P concentrations is especially pronounced in areas
where P is the limiting nutrient, meaning that P naturally is available in
lower amounts than required by organisms for unrestricted growth. P is the
most common limiting nutrient in both terrestrial and aquatic environments
(Schindler 1977, Wild 1988); P is generally the limiting nutrient in fresh
water systems, but also likely often limits growth in marine and brackish
ecosystems (Hecky 1998, Hellström 1998, Boesch et al. 2005), wherein nitrogen previously has been considered the nutrient limiting growth.

Phosphorus cycling in the environment
P originally enters the biosphere through mining or erosion, and eventually reaches the aquatic environment through a variety of pathways. The
major anthropogenic inputs of P occur via surface runoff, either in particulate or dissolved form, and originate as point source or diffuse (non-point
source) emissions. Point source emissions come primarily from industrial or
municipal waste water outlets, while diffuse emissions mainly originate from
9

agricultural use of fertilizer containing P (Carpenter 2005). In general, diffuse sources are more influential than point sources in developed countries,
depending on the level of advanced waste water treatment used (Carpenter et
al. 1998). Natural input of P due to erosion and leakage from catchments
also contributes substantially to P flux and is often greater than anthropogenic sources of P input to aquatic environments. Once P enters a water
body, it may settle to the sediment, either integrated in plankton or associated with mineral particles, where it can subsequently be released to the water again through internal loading processes. P may also be assimilated by
biota in the water column, with the possibility of recycling back to the water
direcly or being transported out of the system via rivers and streams. The
general principles of P fluxes on a catchment scale are shown in Figure 1.

Figure 1. P sources in the environment. Figure by Andreas Dahlin.

Phosphorus turnover in sediments and internal loading
In aquatic systems, P reaching the sediments is either buried permanently or
recycled back to the water column. Because much of the P demand of lake
biota is dependent on recycling of P, either from sediment or within the water column (e.g. Hupfer & Lewandowski 2005), this process is of vital importance for the trophic state of the ecosystem. The process of enhanced
recycling of P from the sediments, internal loading, is to some extent regu10

lated by the presence of metals such as iron (Fe) (Mortimer 1941) and aluminum (Al) (Rydin 2000), and sulfate (SO42-) reduction (Caraco et al. 1989).
Several processes govern the magnitude of internal P loading from the
sediment, including: redox potential of the sediment, pH, temperature, resuspension and various biological and microbial processes (e.g. Søndergaard et
al. 2003). Traditionally, redox potential has been considered the most important factor ruling P release from the sediment (e.g. Mortimer 1941). During
prevailing oxic conditions Fe (III) compounds bind P, retaining it in the
sediment. Anoxic conditions reduce Fe (III) to Fe (II), which subsequently
returns both Fe and P to solution, inducing the possibility of release to the
water. Investigations indicate that an iron: phosphate ratio threshold exists
and needs to be exceeded for the sediment to bind P (Jensen et al. 1992, Caraco et al. 1993). However, this is most likely not the whole truth regarding
the role of the redox potential for release of P from the sediment. Apart from
the findings that P might be immobilized by Fe (II) as well (Roden and Edmonds 1997), the redox potential might play an important role in microbiological processes. Thus, in addition to the purely chemical release of P from
Fe (II), bacteria will release P under reducing conditions, a process that may
constitute a large part of P release during anoxic conditions (e.g. Gächter et
al. 1988, Gächter and Meyer 1993). In addition, it has been shown that oxic
conditions do not necessarily induce retention of P by sediment (Gächter and
Müller 2003). Furthermore, the fact that bacteria are dependent on electron
acceptors to utilize and decompose organic matter means that redox potential
will play a central role in the sediment, reflecting the activity of microorganisms as they reduce the electron acceptors (Golterman 2004). Electron acceptors are oxygen (O2) for microorganisms adapted to aerobic conditions,
and, for example, nitrate (NO3-), Mn(IV), Fe(III), CO2 and SO42- for microorganisms adapted to anaerobic conditions.
The importance of pH to internal loading is strongly correlated to the P
sorption capacity of iron in the sediment, as an elevated pH leads to competition from hydroxyl ions for Fe, leading to less P binding and consequently
potential release (e.g. Lijklema 1980). In addition to inorganic P, an elevated
pH might also lead to release of organic P, as shown by Boström (1984).
This pH dependent release of organic P can be explained through enhanced
activity of alkaline hydrolytic enzymes at high pH, which leads to increased
bacterial degradation (Feuillade and Dorioz 1992). Thus, various microbial
processes are of great importance to the process of internal loading, as they
have the potential to assimilate and store phosphate from larger, organic P
compounds, and subsequently can release P in forms directly available in the
water. Sediment bacteria might play a particularly large role in the mineralization of organic matter (Pettersson 1998).
Temperature is a vital parameter for biological processes in the sediment,
which is proven by the seasonal variations in internal loading (e.g. Jensen
and Andersen 1992, Søndergaard et al. 1999). Temperature influence on P
11

release has been suggested to be more important than both nitrate and pH
(Jensen and Andersen 1992), the reason most likely being the increased mineralization of organic matter by microorganisms as the temperature increases. Apart from stimulating mineralization of organic P compounds, a
rise in temperature also increases release of inorganic phosphate from sediment (e.g. Boström et al. 1982).
Inputs of NO3- and SO42-, where nitrate mainly comes from agricultural
use and sulfate through the burning of fossil fuels, can also affect the release
of P from the sediments. Their corresponding effects are, however, not similar. The main consequence of increased nitrate input is reduced release of P
because its main effect occurs during anaerobic conditions where it acts as
an electron acceptor, limiting reduction of Fe. Increased input of sulfate,
although it can also act as an electron acceptor, may increase the release of P
from the sediment. The processes behind this, of potential importance in
anoxic environments such as those investigated in Paper III, mainly involve
hydrogen sulfide (H2S) formation, potentially leading to precipitation of Fe
sulfide through reduction of Fe (III)-P and the limited reversibility of such
reactions (Caraco et al. 1989, Blomqvist et al. 2004). It should be noted that
nitrate input may not always lead to a reduction of P release. If the sediment
bacterial community contains a large population of denitrifying bacteria and
N is the limiting nutrient, increased input of nitrate will lead to stimulation
of the bacterial community, potentially increasing organic matter degradation and release of P.
The migration of the mobilized P, available for release from the sediment
by the aforementioned processes is, to a large extent, controlled by diffusion
and bioturbation of benthic organisms. In shallow lakes, resuspension of
sediment particles due to wind induced circulation may also contribute to
internal P release (Fan et al. 2001). This is most likely not an important factor in the sites investigated in this thesis because they are generally deep
water sites. Exceptions may be the Danish lakes in Paper II, where the shallow depth could allow wind induced resuspension. Diffusion occurs through
the interstitial water in the sediment and is governed by the P concentration
gradient between the sediment and the over-laying water. A large difference
in concentration will thus give a faster diffusion. The interstitial water also
has an important function as the solid – liquid interface in the sediment (e.g.
Boström et al. 1982). The bioturbation process mediates the transport of P
through the sediment in a more physical way, and can, together with gas
bubbles from microbial decomposition, be an important factor in the transport of P (Ohle 1958, Fukuhara and Sakamoto, 1987).
Even though most organisms utilize P in the form of inorganic phosphate,
a major part of the total P in both aquatic and terrestrial ecosystems is often
composed of organic P compounds, i.e. compounds containing both P and
carbon (C) (Turner at al. 2005a). As a consequence of this, most organisms
have adapted and are able to access P directly from organic P compounds.
12

Examples of these processes are enzymatic breakdown and bacterial decomposition (Jansson et al. 1988, Quiquampoix and Mousain 2005). In addition
to this, abiotic decomposition of organic P compounds into phosphate can
occur (Baldwin et al 2001). The main pathways for this are hydrolysis and
photolysis (Baldwin et al. 2005). The importance and understanding of organic P compounds in aquatic environments is thus vital (Dell´Anno and
Danavaro 2005).
Organic P occurs in dissolved, particle-associated and colloidal forms,
and naturally encompasses a wide variety of organic compounds including
phospholipids, nucleic acids, inositol phosphates, phosphoproteins, humic
substances, among others. Of these, some are more prone to decomposition
and subsequent uptake by organisms, thus making them more influential in
an environmental aspect.
Apart from the strictly organic P compounds, condensed P such as polyphosphate and pyrophosphate may also be highly involved in P cycling in
aquatic systems (Hupfer et al., 1995; 2004, Hupfer and Lewandowski 2005,
Paper I, III-V). These are inorganic P compounds of biological origin, and
in order to group these compounds together, we use the term biogenic P, that
includes both organic P compounds and compounds resulting from biological transformations, such as condensed P compounds (Penn et al. 1995).
Despite the importance of these compounds, existing knowledge about
organic P compounds is restricted, and most current knowledge regarding P
in the environment is focused on inorganic P. The fact that the abundance
and importance of organic P have only been truly appreciated for the last few
decades is mostly due to the lack of appropriate methods for detection and
analysis of these compounds. Generally, the methods available depend on
the use of colorimetric determination of molybdate reactive phosphate and
include steps such as digestion to make P available as phosphate. This means
that the only information gained about organic P has been indirect measurements where organic P has either been defined as the difference between the
molybdate reactive P and the total P or, in more advanced extraction schedules, as the fraction decomposed to molybdate reactive by a certain extractant. In the last few decades, however, methods such as 31P-NMR spectroscopy (e.g. Newman & Tate 1980) and various enzymatic procedures (e.g.
Marko-Varga and Gorton 1990, Turner et al. 2002a) have become available
to enable direct analysis of organic P compounds, thus significantly increasing knowledge in this area.
The amount and importance of internal loading varies between water bodies, and is naturally dependent on the amount of P stored in the sediment,
which is in turn dependent on the duration and amount of excessive external
load into the area. Thus, in areas were the external P load has been large and
continuous for a sustained period of time, internal loading can be a major
contributor to P concentration in the water and may continue for an extended
period after excessive external loading has been controlled. Recent investi13

gations have also shown that rapid, early diagenesis of settling material can
have a large influence on internal loading, and that organic P compounds are
involved in this process (Hupfer and Lewandowski 2005).
Determination of individual organic P compound groups necessitates the
use of advanced analytical methods to identify which of these groups are of
importance to aquatic processes, and to what extent. The operationally defined methods that are available for separation of inorganic P species, such
as the different varieties of P fractionation, are not sufficient to differentiate
between organic P compound groups. These P groups instead demand the
use of modern methods such as 31P-NMR spectroscopy.

14

Analysis of phosphorus in sediment

Sampling
Sampling of undisturbed sediment is performed by the use of gravity core
samplers. These samplers are usually fitted with a plastic tube for collection
of the sample, and are controlled by a messenger sent down to close the tube
when it has reached the bottom, thus creating a partial vacuum inside the
tube, keeping the sediment as the sampler is raised. The core samplers used
in the studies in this thesis were a Gemini twin core sampler (Paper III) and
a Willner core sampler (Paper I, II, IV-VI) (Figure 2, A & B). Samples
were generally sliced in one centimeter increments in situ, except in the case
of anoxic sediment conditions, where collected sediment cores were sealed
and brought back to the laboratory for slicing under a nitrogen atmosphere in
order to avoid oxidation. A number of samples from the same sediment
depth were usually pooled in order to get representative samples from each
of the sampling sites. The collected samples were kept refrigerated until
extraction.

A

B

Figure 2. Schematic pictures of the used samplers, the Gemini twin core sampler
(A), and the Willner core sampler (B). Note the difference in scale; the cores of the
Gemini sampler are 70 cm long with an internal diameter of 8 cm, while the Willner
sampler cores are typically 40-50 cm long with an internal diameter of 6.4 cm.
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Extraction
Fractionation
Fractionation, or sequential extraction, of P is originally adopted from agricultural science and has, for many decades, been the most common way to
assess the distribution of various inorganic forms of P in a number of matrixes. The different fractions obtained using this method are operationally
defined, i.e. defined according to the extractant used in each step, although
each fraction also is assumed to extract a certain P-form. The fractionation
schedule used in Paper I followed Hieltjes & Lijklema (1980), with an additional BD-step according to Psenner et al. (1988) (Figure 3). This procedure
separates the extracted P into five groups, which are measured as molybdenum reactive P (MRP, Murphy & Riley 1962). In the first step of this sequential procedure, pore water P and loosely sorbed P are extracted with
ammonium chloride (NH4Cl). This is followed by extraction of P adsorbed
to iron and manganese with bicarbonate buffered dithionite (BD). P-forms
extractable with hydroxide (OH-) are dissolved in NaOH. This MRP pool,
which is mainly aluminum bound P, is classified as NaOH-reactive P
(NaOH-rP). NaOH also dissolves P-forms that become molybdate reactive
only after digestion following Menzel & Corwin (1965), a fraction classified
as NaOH-nrP (NaOH-non reactive P) and is assumed to consist of organic P
and bacteria incorporated P (e.g. Poly-P). Finally, hydrochloric acid (HCl) is
used to extract P forms sensitive to low pH, presumably mostly apatite. Residual P (res-P) is calculated as the difference between NaOH-nrP and MRP
identified in each fractionation step from sediment total P (TP).
Sediment
1 M NH4Cl at pH 7 2*2 h
Residue
0.11 M Na2S2O4/NaHCO3 for 1 h
Residue
0.1 M NaOH for 16 h
Residue
0.5 M HCl for 16 h

NH4Cl-P

BD-P

HCl-P

Digestion

Residual-P NaOH-Tot P

-

NaOH-rp

=

NaOH-nrp

(calculated)

Loosely
sorbed-P

Fe-P

Ca-P

Res-P

Al-P

Organic-P

Figure 3. Principle of the sequential fractionation procedure used in Paper I.
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In Papers II and V, a slightly different sequential fractionation schedule,
following Psenner and Pucsko (1988), was used with the addition of a step to
acidify the NaOH extract with 2M H2SO4 in order to precipitate P associated
with humic acids (Paludan and Jensen 1995). Since a BD step has been included in the Hjieltes & Lijklema schedule, the main difference between the
methods is, apart from the additional Humic P step, that the first step in
Psenner and Puckso uses H2O instead of NH4Cl, assumingly yielding mainly
pore water P instead of the loosely bound P of Hieltjes & Lijklema’s
method.

Extraction of Organic phosphorus
With its base in P fractionation, extraction of organic P usually employs the
use of alkaline extractants, and earlier studies include NaOH (e.g. Newman
and Tate 1980, Hawkes et al. 1984, Paper I) and Bu4NOH (Emsley and
Niazi 1983), as well as additions to these such as NaOH and EDTA (e.g.
Cade-Menun and Preston 1996, Paper III, IV), NaOH and NaF (Sumann et
al. 1998), NaOH and Chelex (Gressel et al. 1996). Chelex, a cation exchange
resin, has been used without NaOH as well (Adams and Byrne 1989, Condron et al. 1996). Regarding sediments, the few investigations that have been
done show the same lack of unification. In Paper I, only NaOH was used,
while Ingall et al. (1990), Carman et al. (2000) and Paper II & V used a preextraction with bicarbonate buffered dithionite (BD) before extraction with
NaOH. A combination of NaOH and EDTA has also been used, with
(Hupfer et al. 1995, 2004) or without (Sundareshwar et al. 2001, Halls 2002,
Paytan et al. 2003, Paper III, IV) pre-extraction using EDTA. As these different extractants and combinations of extractants are likely to solubilize
different amounts and forms of P from the sediment, comparisons of the
results can be difficult to make. Furthermore, the problem of hydrolysis, or
decomposition, of labile forms of P is of great importance, as this also may
differ between the various extractants. As a consequence of this, the use of
31
P-NMR to analyze sediment might yield different results depending on the
method used for extraction. A few attempts of comparing extractants for
high resolution 31P-NMR have been made, mainly coming to the conclusion
that a combination of NaOH and EDTA is more efficient than Chelex extraction or pure NaOH extraction. These comparisons also showed that line
broadening was highest in the NaOH/EDTA combination, potentially leading to quantification problems due to less than adequate resolution of peaks
in the NMR spectra (Cade-Menun and Preston 1996, Cade-Menun et al.
2002). For more information regarding previous methodological investigations, see Turner et al. (2005b). These investigations were made on soil and
litter samples, however, and in Paper VI we investigate how the use of various extractants and combinations of extractants influences the results of organic P extraction from sediment samples (table 1).
17

Interesting results of this study were the behaviour of Pyro-P and Poly-P,
as well as the wide variations in total extraction efficiency. The total extracted P yield varied by almost three times, with the lowest amount extracted by pure NaOH without pre-extraction, and the highest by pure NaOH
after pre-extraction with EDTA. In general, using pre-extractants in the case
of pure NaOH raises total extraction efficiency by two and three times, using
BD and EDTA, respectively. The use of NaOH in combination with EDTA
gives an overall extraction efficiency almost twice as good as using pure
NaOH, if no pre-extractant is used, which is concurrent with the findings of
Cade-Menun and Preston (1996). However, when using NaOH/EDTA, the
use of pre-extractants does not increase the total extraction efficiency, as
opposed to the case of pure NaOH.
Sequential use of NaOH/EDTA after extraction with pure NaOH increases total extraction efficiency more than 100% if no pre-extraction is
used, but yields a quite marginal increase if BD or EDTA has been used as a
pre-extractant, indicating that most of the P available for extraction has been
extracted in these cases.
Looking at the individual P compound groups extracted by the various
extractants and combinations of extractants, the results are quite similar with
the exception of Pyro-P and Poly-P. Most obvious is that Poly-P are below
detection limit when extracted by pure NaOH and a sequal NaOH/EDTA
extraction. This might indicate degradation of this compound group when
using pure NaOH as an extractant without pre-extraction (e.g. Hupfer et al.
1995). The most efficient extraction method for Pyro-P and Poly-P is NaOH
with BD as a pre-extractant, and this method might thus, in some cases, be
preferable to others, in spite of their higher total yield.
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Table 1. Total extracted P and content of the individual P compound groups, identified by 31P-NMR, extracted by the different extractants (pre-extraction, main extraction and sequel extraction as explained in Paper VI). Identified P groups in the
extracts were orthophosphate (Ortho-P), orthophosphate monoesters (Monoester-P),
teichoic acid P, microbial P lipids (Lipid-P) and DNA associated P (DNA-P), pyrophosphate (Pyro-P) and polyphosphate (Poly-P). Standard deviations are given in
the parenthesises (n=3). T stands for test, as described in Paper VI, from where the
table is taken. n.d. = not detected.
P lipids

DNA-P

Pyro-P

Poly-P

T2 NaOH/EDTA

Teichoic
acid P

T2 NaOH

Monoester-P

T1 NaOH 2

Ortho-P

T1 NaOH

Total extracted
amount

Extractant

mg/g
0.315

34.1

21.9

3.7

%
6.6

18.7

15.1

0.0

(0.008)

(1.0)

(0.5)

(0.3)

(0.7)

(0.3)

(0.7)

-

0.166

59.9

25.4

n.d.

n.d.

n.d.

14.8 n.d.

(0.003)

(3.5)

(4.2)

-

-

-

0.315

34.1

21.9

3.7

6.6

18.7

(1.1)

-

15.1 n.d.

(0.008)

(1.0)

(0.5)

(0.3)

(0.7)

(0.3)

(0.7)

0.447

52,5

28.4

n.d.

1.2

3.0

15.0 n.d.

-

(0.027)

(1.4)

(0.3)

-

(2.0)

(0.7)

(0.7)

-

0.521

38.8

34.2

2.0

4.6

12.5

n.d.

7.8

(0.024)

(2.2)

(1.4)

(0.7)

(0.7)

(0.7)

-

(0.4)

0.065
0.592

-

-

-

-

-

T4 NaOH

20.9

26.3

2.8

5.4

12.4

(0.02)

(0.4)

(1.7)

(0.4)

(0.5)

(1.4)

(1.0) (0.5)

T4 NaOH/EDTA

0.189

36.3

46.3

n.d.

2.1

3.7

10.2

(0.003)

(3.0)

(6.0)

-

(3.7)

(3.4)

(0.9) (2.6)

0.035
0.519

-

-

-

-

-

-

-

29.5

40.8

1.8

5.9

13.5

2.9

5.7

(0.019)

(3.2)

(0.8)

(0.2)

(0.5)

(0.9)

(2.7) (1.4)

0.096
0.922

-

-

-

-

-

-

-

34.4

34.8

2.0

6.5

13.3

2.8

6.3

T3 NaOH/EDTA

T4 BD

T5 BD
T5 NaOH/EDTA

T6 EDTA
T6 NaOH
T6 NaOH/EDTA

T7 EDTA
T7 NaOH/EDTA

16.2 16.1
1.5

(0.036)

(1.5)

(0.7)

(0.6)

(0.4)

(0.4)

(0.8) (1.1)

0.077

43.2

35.9

n.d.

n.d.

20.9

n.d.

n.d.

(0.002)

(2.4)

(6.1)

-

-

(7.6)

-

-

0.102
0.536

-

-

-

-

-

-

-

36.8

34.9

1.4

6.1

13.2

2.9

4.6

(0.013)

(2.5)

(0.3)

(0.1)

(1.4)

(0.8)

(2.5) (1.5)
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In the papers presented in this thesis, we have used several different extraction procedures, depending on the aim of the project. In Paper I, we use
pure NaOH without pre-extraction, because the aim of the project, among
other things, was a comparison to the traditional sequential fractionation
scheme, which made the use of EDTA impossible. The choice to avoid preextraction with BD was made as the BD step was suspected to remove some
potentially labile organic P. The findings of Paper II, where the BD step is
shown to extract some ester P compounds, proved this suspicion to be correct. The drawback of using pure NaOH is the probable hydrolysis of at least
some Poly-P to Pyro-P (e.g. Hupfer et al. 1995, 2004), which may give rise
to artifacts in evaluation. In Papers III and IV, a combination of
NaOH/EDTA is used, because this combination presumably gives a much
improved extraction efficiency compared to pure NaOH (e.g Cade-Menun
and Preston 1996), and the main goal of the extraction in these projects was
to extract as much organic P as possible. In Paper V, pure NaOH was used,
this time with BD as a pre-extraction step, because the aim of the project was
a NMR study of certain steps of a sequential fractionation scheme. The loss
of some of the organic P compounds in the pre-extraction step used here was
considered negligible compared to the gain in resolution and the presence of
Poly-P in the spectra.
We consistently used wet sediment and a sample to solvent ratio of 1:3
(w/v) throughout these projects in order to receive the highest possible P
concentration in the final extract. This is a necessity due to the low abundance of P in sediments and the low sensitivity of the analysis methods used.
While using large amounts of sediment in relation to the amount of solvent
most likely yields lower extraction efficiency than the ratios used in, for
example, P fractionation procedures, the large amount of sediment means
that the total extracted amount of P will be higher in the end. The choice of
solid to solvent ratio has varied in previously published work, ranging from
1:1 (Carman et al. 2000) to 1:20 (Cade-Menun and Preston 1996, Paytan et
al. 2003). It should be noted, however, that some of the work with higher
solid to solvent ratios was completed on dry samples, while most studies
with low ratios were conducted on wet samples. The high water content of
the samples investigated (mainly soil and sediment) might well mean that the
true ratios are quite similar. Because we found more consistent results using
wet samples rather than with dry samples, all the studies presented herein
used wet samples, and thus had a high solid to solvent ratio. Other investigations have confirmed that drying of samples before extraction can cause
changes in the composition of organic P compounds (Cade-Menun et al.
2005). A comparison of spectra from extracts with sediment to solvent ratios, using wet samples, of 1:3 and 1:25 (Figure 4) further indicates that the
higher relative yield of the 1:25 extraction gives comparatively poor spectra.
This was due to the fact that it was not possible to concentrate the extract
sufficiently to achieve a similar end concentration in the sample for the
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NMR because too high of a viscosity slows molecular tumbling and increases line broadening (Cade-Menun 2005b).
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Figure 4. 31P-NMR spectra showing the influence of wet sediment to solvent ratio.
In A a ratio of 1:3 was used, and in B a ratio of 1:25. The sediments were extracted
in NaOH/EDTA and are the 10-14 cm depth layer from the Landsort area.

The extraction time generally used in the studies presented here was 16
hours, similar to that used in the fractionation scheme outlined earlier. As
with the choice of extraction solvent and sample to solvent ratio, there is no
real consensus regarding the extraction time to use when extracting organic
P from sediments and soil, and it ranges between a few minutes using a sonication probe (e.g. Hawkes et al. 1984, Bedrock et al. 1994) to several hours,
including 2 h (e.g Hupfer et al 1995, 2005), 16 h (e.g. Condron et al. 1990,
Cade-Menun and Preston 1996, Paytan et al. 2003, Turner et al. 2003a,b),
and 24 h (Ingall et al. 1990, Carman et al. 2000). The influence of different
extraction times on extraction efficiency is hard to evaluate because no extensive investigations of this seem to have been made. However, Reitzel
(2005) compared a 2 h and a 22.5 h extraction with NaOH/EDTA and came
to the conclusion that the increased extraction time did not have much impact on the total yield, but that the longer period extracted phospholipids that
the shorter period did not seem to do. This indicates that a longer extraction
time might be preferable because additional P compound groups can be extracted, while no negative implications, such as an increased hydrolysis,
were reported by Reitzel (2005).
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Sample clean up
Sample clean up is a necessary step in the analytical chain for certain instrumental purposes. In the case of NMR, sample clean up is usually not of
critical importance due to the construction of the instrument. The fact that it
is a non-destroying technique means the sample does not come into direct
contact with the instrument; hence a concern for negative influence on the
instrument from the sample is not an issue. However, the low sensitivity of
the technique and the relatively low concentration of phosphorus in the extracts necessitate sample pre-concentration before analysis. This procedure is
usually done using either rotary evaporation (e.g. Hupfer et al. 2004, Papers
I – VI) or freeze drying (e.g. Cade-Menun et al. 2002). In Paper II, a comparison was made between these methods on NAOH/EDTA extracts, showing that the process of rotary evaporation results in a significantly lower loss
of total phosphorus (TP) than freeze drying. Furthermore, freeze drying resulted in a change of composition of the sample with regard to P compound
groups, as the peak indicating polyphosphate middle groups was lost, while
pyrophosphate instead appeared in the spectra.
In order to obtain good quality spectra, a certain amount of sample clean
up is necessary due to the amount of particles present in the sample after
extraction and subsequent concentration by rotary evaporation. These particles will cause signal broadening in the NMR spectrum, decreasing the resolution as well as the sensitivity (signal-to-noise ratio) of the spectra, and
necessitates centrifugation of the sample. Usually 10 minutes at 15000 rpm
(approximately equivalent to 23000 RCF in the centrifuge used) is enough
for this purpose, and was used in the studies presented in this thesis. In Paper III we investigated the potential negative influence of centrifugation on
extracted P by measuring TP in the extract before and after centrifugation.
The results showed that the loss of P during centrifugation was generally less
than 10%, and thus considered acceptable.
Apart from the solid particles present after extraction, another potential
problem when using NMR as a detection method is the presence of paramagnetic ions. These are ions with unpaired electrons and thus have a strong
magnetic field, which induces efficient relaxation of the excited P nuclei.
This can lead to line broadening (Cade-Menun and Preston 1996) by decreasing the life time of P nuclei spin states. The primary paramagnetic ions
occurring in soil and sediment samples are Fe(III) and Mn(II). Several methods have been proposed and used to eliminate this problem, including the
use of Chelex as an extractant (e.g. Adams and Byrne 1989, Condron et al.
1996, Cade-Menun and Preston 1996) and the use of a pre-extraction step
such as EDTA (Hupfer et al. 1995, 2004) or Ca-EDTA-dithionite (McDowell and Stewart 2005). While all of these methods are successful in reducing
the amount of paramagnetic ions in an extract, they also have drawbacks,
primarily by reducing the overall efficiency of the extraction. It should also
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be noted that a small amount of paramagnetic ions in the extract can be
beneficial in order to decrease the relaxation time of the excited nuclei
(Cade-Menun et al. 2002). In the studies presented here, we add a buffered
dithionite (BD) solution (~10%) to the concentrated extracts in order to reduce primarily the Fe ions to a state that is not paramagnetic. Because this
method was originally described for use in solid state NMR (Vassallo 1987),
studies were conducted to investigate its effect on the high resolution 31PNMR used in this thesis. When used in the pure NaOH extracts of Paper I,
the added BD solution resulted in an obvious improvement of the spectra in
terms of resolution and separation between the peaks (Figure 5). No apparent
detrimental effect from the additions could be detected. When a combination
of NaOH and EDTA was used as an extractant (Papers III and IV) the addition was shown to have no discernable effect (Figure 6). Because no negative effect was apparent, the decision was made to add the BD in these experiments as well, in order for the method to be as similar as possible
throughout all studies made.
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Figure 5. 31P-NMR spectra showing the influence of BD addition to a pure NaOH
extract. A is the spectrum without addition, while B shows the spectra after addition
of 10% BD solution, enhancing the resolution and separation visibly.
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Figure 6. 31P-NMR spectra showing the influence of BD addition to a NaOH/EDTA
extract. The BD additions were equivalent to 0, 5, 10 and 20 % of the sample volume, respectively.

As a precaution to prevent potential hydrolysis of the extracted organic P
compounds, the extracts were frozen after the rotary evaporation. This procedure has been shown to not have any impact on the P composition of the
sample (Hupfer et al. 2004). The centrifugation and dithionite addition were
conducted on the thawed extracts immediately before analysis.

Analysis
Molybdenum Reactive Phosphate
The analysis of free phosphate (PO43-) in solution is based on its reaction
with ammonium molybdate, resulting in a yellow complex which is reduced
to a blue complex with the addition of ascorbic acid. The intensity of this
complex follows Lambert-Beer’s law within a certain range of concentrations and is measured with a spectrophotometer at a wavelength of 882 nm.
Because all that is actually being measured is phosphorus that is capable of
forming a complex with molybdate, this is called molybdenum reactive
phosphorus (MRP). The method was originally developed by Murphy and
Riley (1962), and has been used to analyze the different fractions from the
phosphorus fractionation in Paper I. Variations of this method occur, for
example that of Koroleff (1983) which is used in several of the other studies
presented here (Paper II-V). They all have in common, however, the inher24

ent potential for the molybdate complex method to give erroneous results
(Stainton 1980, Rigler 1968, Baldwin 1998, Hudson et al. 2000). This is due
to several reasons, including the filters used. Since there is no standard regarding filter pore size, different sizes may yield different results. In addition
there is a possibility that the filtering may damage cells and thus introduce
more P to the pool that would normally be available for molybdate complex
bonding. Furthermore, and perhaps of more importance is the potential for
hydrolysis of the organic P compounds in the acid environment necessary for
measurement, which thus may lead to an overestimation of phosphate in the
sample (e.g. Baldwin 1998, Hudson et al. 2000, Baldwin 2005).

Total Phosphorus
Total phosphorus (TP) content in the sediment in all the presented papers
was determined by acid hydrolysis at 340°C, and was followed by measurement of MRP according to Murphy and Riley (1962) or Koroleff (1983).
Because this method is dependent on the assumption that all P is in solution
after autoclaving, there is room for speculation regarding the accuracy of this
method. However, a comparison with lithium metaborate fusion and subsequent analysis with inductively coupled plasma (ICP) spectroscopy, a procedure which brings all the components of a solid sample into solution, gave
very similar results (table 2).
Table 2. Comparison of methods for analysis of TP in sediments from Lake Erken.
Sample
Surface sediment
28-30 cm sediment

Acid hydrolysis
mg/g (Rel std %)

Fusion
mg/g (Rel std %)

2.09 (2.4%)
1.38 (0.5%)

2.01 (2.1%)
1.33 (1.6%)

Determining total phosphorus in the extracts was done by direct measurement with ICP spectroscopy on the samples before rotary evaporation.
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P-NMR

The technique of nuclear magnetic resonance (NMR) spectroscopy was developed in the 1940s by physicists, and has since been used as a detection
method in a wide variety of fields, including environmental investigations.
One of the first studies to use NMR spectroscopy for environmental research
was Barton and Schnitzer (1963), who used 1H-NMR on humic acid, while
the first to use 31P-NMR in environmental research were Newman and Tate
(1980), who used it on soil extracts.
NMR spectroscopy is a non-destructive technique based on the fact that
some atomic nuclei have properties resembling bar magnets, and thus behave
as magnetic dipoles, with the magnetic moment ȝ. The nuclei showing this
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behavior, and thus being best suitable for NMR, are those where the sum of
the neutrons and protons is an odd number, i.e. when the nuclear spin quantum number (I) is a half-integer (1/2, 3/2 etc). Examples of such nuclei suitable for NMR are found in table 2.
Table 3. Examples of NMR suitable nuclei, with spin quantum number (I) and natural abundance.
Isotope
1

H
C
15
N
17
O
27
Al
29
Si
31
P
13

I

Natural abundance of isotops (%)

1/2
1/2
1/2
5/2
5/2
1/2
1/2

99.98
1.11
0.37
0.04
100
4.7
100

The spin is similar to a rotation of the nucleus around a certain axis, with
the gyromagnetic ratio (Ȗ) as the proportionality constant, and generates a
small magnetic field. The mentioned variables are related by equation 1,
where h is Planck´s constant.
ȝ = ȖIh/2ʌ

(1)

Ordinarily, a bar magnet in a magnetic field would orient itself parallel to
the field lines of the external magnet, because the antiparallel orientation
corresponds to a higher energy and thus would be less stable. Apart from the
fact that the nuclear magnet has the potential of 2I+1 orientations instead of
just two, the principle is much the same. This obviously means that nuclei
with I = 0 are not suitable for NMR. When the system is at equilibrium in the
external magnetic field, slightly less of the nuclei will be in the higher energy spin state than in the lower energy spin state, thus yielding a small net
magnetization, the so called macroscopic magnetization of the sample, in the
direction of the magnetic field lines. If a radio-frequency pulse is applied to
the spins at their Larmor frequency (i.e., their resonance frequency), the
direction of this macroscopic magnetization changes. If the radio-frequency
pulse is applied at an angel of 90 degrees, the macroscopic magnetization
vector rotates away from its initial equilibrium orientation (parallel to the
external magnetic field), as long as the pulse is applied. After some time,
depending on the pulse strength and duration, the macroscopic magnetization vector will be at a 90 degree angle to the magnetic field direction. The
macroscopic magnetization vector then revolves around the magnetic field
direction with a frequency corresponding to the Larmor frequency. This
movement induces an electromotive force (EMF) in a receiver coil, which
will grow gradually weaker as the macroscopic magnetization vector returns
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to its equilibrium position. This is the NMR signal, a so-called free induction
decay (FID). The process of return to the equilibrium position is known as
longitudinal, or spin-lattice, relaxation. As spins are affected by the surroundings of the nuclei, specifically by the electron cloud around it, only a
part of the magnetic field reaches the nuclei. This electron shielding effect
means that there will be a slight shift in the amount of energy needed to
make the nuclei resonate. This will, in turn, mean that the energy emitted
while relaxing will be different depending on the surroundings of the resonating nuclei. This will result in what is called a chemical shift in the final
spectra, showing peaks at different positions as a sort of fingerprint of the
chemical structure in which the resonating nuclei is present, making it possible to differentiate between various chemical environments of the nuclei in
the investigated sample. This chemical shift is proportional to the applied
magnetic field, but a lot smaller, and is expressed as parts-per-million (ppm),
and is given as the difference of the measured resonance signal relative to a
standard according to equation 2:
((Ȟs-Ȟr)/ Ȟr)×106

(2)

where Ȟs is the frequency of the sample and Ȟr is the frequency of the reference. Chemical shifts are dimensionless, and the reference is set to 0 ppm for
most nuclei, e.g., 1H, 13C, 31P. In the studies presented here, the reference
standard used was 85% phosphoric acid. Furthermore, the intensity of the
peaks in the spectra is proportional to the number of excess nuclei in the
lower energy spin state, enabling quantitative evaluation of a NMR spectrum, a procedure proven in paper VI to be statistically valid. However, in
order for quantification to be made, it is important to let the nuclei relax, i.e.
get back to equilibrium, between the radio-frequency pulses. If the relaxation
time is too short the system might get saturated, and some nuclei will not be
able to resonate, which means that the peak intensities will not reflect the
entire number of nuclei of a certain form, making quantification misleading.
Relaxation is performed by the nuclei exchanging energy with the surrounding (spin-lattice relaxation). Relaxation delay times must be equal to, or
longer than T1 (the longitudinal relaxation time constant). However, if the
relaxation delay time chosen is too long, the number of transients that can be
collected within a given experiment time is decreased, resulting in lower
sensitivity. In practice, an optimal combination of pulse angle and relaxation
delay is chosen. Cade-Menun et al. (2002) proposed that 1 – 2 seconds was
sufficient for samples extracted in NaOH/EDTA, and this is what was used
for the majority of the studies presented in this thesis. However, as pure
NaOH solutions seemingly need shorter relaxation times than NaOH/EDTA
solutions, the delay time of the experiments of Paper I was set shorter, in
order to be able to perform more scans during the time available for each
experiment, because the older instrument used during this study showed
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lower sensitivity than that used for the other studies. A study on delay times
in connection to this showed, however, that the shorter delay time did not
affect the spectra under these circumstances (Figure 7).
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Figure 7. The influence of delay time on 31P-NMR spectra. In the upper spectra, a
delay time of 1.6 seconds was used, and in the lower spectra, a delay time of 0.2
seconds was used. Numbers (1-6) designate identified peaks.

NMR spectroscopy can be divided into two forms; solid state NMR and
high resolution NMR, which is applied to liquid samples and thus sometimes
called solution NMR. The advantage of solid state NMR in the kind of investigations performed in this thesis is the possibility to examine the sample
directly without possible detrimental sample preparations. However, solid
state NMR has low spectral resolution compared to high resolution NMR,
and the fact that P is not a common element in nature necessitates concentration of the sample before analysis, making solid state NMR difficult to use in
this context. High resolution NMR has better resolution, but the drawback of
this technique is obviously the need for extraction of the original sample,
which might induce unwanted artifacts such as incomplete extraction and
hydrolysis etc. as discussed earlier. Furthermore, there is thus far no agreement on which extraction method to use prior to NMR, which can make
comparisons between studies difficult. These questions are discussed more
thoroughly in an earlier chapter. In spite of these potential problems, high
resolution NMR is, due to better resolution, often preferable concerning environmental studies, and is what has been used throughout this thesis. The
basic principle for a high resolution NMR experiment is outlined in Figure 8,
where the extract, in an NMR tube, is placed in a magnet. The sample is then
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exposed to a radiofrequency pulse, followed by acquisition of a signal and a
delay, a procedure repeated until a sufficient signal to noise ratio has been
obtained. The data, originally collected as free induction decay (a function of
intensity over time) is Fourier transformed into an NMR spectrum. In order
to obtain good intensity and resolution, it is vital that the magnetic field of
the spectrometer is as homogenous as possible. This is certified by using a
deuterated solvent as a frequency lock in order to detect minor fluctuations
of the magnetic field, and to homogenize it prior to the start of the experiment, a procedure known as shimming. In the studies presented in this thesis,
the deuterium in D2O was used for locking and shimming.

Figure 8. Basic principle of a NMR experiment. The sample (a) is inserted into the
magnet (b). The experiment (c, application of radio frequency pulse) gives data (d,
in the form of free induction decay) which is translated into a spectrum (e) through
Fourier transformation. Adapted from Cade-Menun 2005a.

P is ideally suited for NMR spectroscopy studies, as the resonating nuclei
P is the only naturally occurring isotope of P. This means that sensitivity is
as high as possible and that all P species in a sample will be detected during
an NMR scan. It should be noted, however, that as P is not a common element in nature, generally resulting in low sample concentrations, and that its
association with paramagnetic ions can be problematic, getting good 31PNMR spectra necessitates effort and consideration in sample preparation, as
discussed in a previous chapter. 31P-NMR can distinguish between several
different P compound groups, both organic and inorganic. These are phosphonates, orthophosphate, orthophosphate monoesters, orthophosphate
diesters, pyrophosphate and polyphosphate. While the spectral resolution of
NMR seldom is sufficient to identify individual P compounds in environmental samples, because their shifts often are too close for the spectral resolution to distinguish between them, it is sometimes possible to distinguish
between different components of the mentioned P compound groups. Thus,
it may be possible to divide the orthophosphate diesters into several subgroups, such as phospholipids, teichoic acid phosphate and DNA phosphate.
It may also be possible to differentiate between polyphosphate end and mid31
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dle groups, and sometimes between inorganic and organic polyphosphate,
although this is very rare. As nuclei less shielded by their surrounding have a
higher resonance frequency, phosphonates (with a direct phosphorus-carbon
bond) will appear to the far left in a spectrum, while polyphosphate (where P
is surrounded by phosphoanhydride bonds) will appear to the far right, with
the other P compound groups positioned in between. Typical 31P-NMR spectra are shown in Figure 9. For further information on the fundamentals of
high resolution NMR spectroscopy on environmental samples, see for example Veeman 1997, Lens and Hemminga 1998 or Cade-Menun 2005a.
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Figure 9. Typical 31P-NMR spectra, with the identified P compound groups shown.
A is the 0-1 cm layer from a sediment collected at the Landsort area, Baltic Proper.
B is the 0-1 cm layer from a sediment collected in Lake Ånnsjön, Jämtland.

As mentioned earlier in this chapter, the first investigation of P in environmental samples with 31P-NMR spectroscopy was performed by Newman
and Tate (1980). Since then, a number of papers have been published in this
field, encompassing a wide variety of subjects and matrices. The field in
which most publications has been made is soil science, where, apart from the
pioneering work by Newman and Tate (1980), some 40-50 articles have
been published, including for example Hawkes et al. (1984), Condron et al.
(1990), Bedrock et al. (1994), Makarov et al. (1995), Cade-Menun et al.
(2000), Turner et al. (2003a,b). Other specializations include humic substances (e.g. Ogner 1983, Makarov 1996, Fan et al. 2000), manure (e.g Preston et al. 1998, Crouse et al. 2002), and sludge (e.g. Florentz & Granger
1983, Gigliotti et al. 2002). Some methodology papers have also been presented, and include among others Adams and Byrne (1989), Cade-Menun
and Preston (1996), Makarov et al. (2002a,b), and Turner et al. (2003a).
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These are only a few examples of the papers published within the field of 31P
NMR spectroscopy and environmental studies. For a more complete listing
of studies, see the chapter on NMR spectroscopy by Cade-Menun, in Turner
et al. (2005a).
Regarding 31P-NMR spectroscopy on sediments, the list of publications is
shorter. Ingall et al. (1990) studied marine sediments, Sundareshwar et al.
(2001) and Halls (2002) worked with estuary sediments, while Paytan et al.
(2003) studied sediment trap material in the ocean. 31P-NMR studies on fresh
and brackish water sediments are limited to: Hupfer et al. (1995, 2004),
who’s studies focused mainly on Poly-P associated with sediment bacteria,
coming to the conclusion that Poly-P is more rapidly decomposed than other
P containing compounds in the sediment, Baldwin (1996) who studied billabong lake sediments in Australia, Carman et al. (2000), who investigated
organic P compounds in brackish and lacustrine sediments with different
redox conditions, identifying Pyro-P and Poly-P in oxic lake sediments only
and concluding that orthophosphate monoesters were the major constituent
in all sediments, and Hupfer and Lewandowski (2005) who recently showed
the importance of early diagenesis and the involvement of organic P compounds in this by 31P-NMR. Reitzel et al. (2006) demonstrated the effects of
an Al treatment on the composition of organic P in the sediment of a Danish
lake, and McDowell and Stewart (2005) investigated lacustrine sediment in a
study mostly focusing on the effects of a pre-extraction step to improve
NMR performance by eliminating the influence of paramagnetic ions.

31

The composition of phosphorus in sediment

Phosphorus compound groups and their role
A number of different P compound groups, classified after what molecules
the P is part of, have been identified in extracts from limnic and brackish
sediments. While these extracts might not in all cases necessarily reflect the
content of the sediment correctly, due to among other things solvent characteristics, this is the best assumption available to date. The most prominent of
the identified groups are: Phosphonates, inorganic Orthophosphate (OrthoP), Orthophosphate monoesters (Monoester-P), Orthophosphate diesters
(Diester-P), Pyrophosphate (Pyro-P) and Polyphosphate (Poly-P). The
Diester-P can be further divided into Teichoic acid P (Teichoic-P) Microbial
P lipids (Lipid-P) and DNA associated P (DNA-P). General structure formulas of these are found in Figure 10. The occurrence, amount and bioavailability of these groups seem to depend on trophic state of the water body and
oxic state of the sediment, as well as on factors such as catchment characteristics that in turn regulates plankton composition. The potential importance
of these compound groups on the internal loading is exemplified in the Case
Study on page 33.
The P compound groups are described here in the order they appear in the
spectra, due to the amount of shielding of the P nuclei of the compound.
Thus, the P compound group with the least amount of shielding and therefore the group with the highest resonance frequency (phosphonates), will
appear farthest to the left of the spectrum, while the most shielded (polyphosphate) will appear furthest to the right.
Phosphonates are a group of compounds characterised by their direct C-P
bond. Phosphonates are generally considered very stable compounds, not
being hydrolysed even after long exposure to acids or bases (Kittredge and
Roberts 1969). They are also, possibly due to preferential decomposition of
compounds containing orthophosphate groups when these are present
(Rosenberg and La Nauze, 1967), seldom involved in P recycling from the
sediments. This has been considered to be the case in the water column as
well, as Clark et al. (1998) found that phosphonates appeared resistant and
remained at constant levels when settling through a marine water column.
However, recent studies have shown that some species of phytoplankton
might be able to utilize phosphonates in marine environments, especially
under oligotrophic conditions (Dyhrman et al. 2006).
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Case Study: The Baltic Proper
possible formation of inert P. To do this, we
assume that the biogenic P level in the fraction of
the sediment corresponding to the years until
1980 (110 ȝg g-1 DW) represents biogenic P that
is transformed to inert P or otherwise not released to the water column. Accordingly, biogenic P concentrations above 110 ȝg g-1 DW
corresponds to 0.52 g m-2 of labile biogenic P,
and a yearly release of between 0.01 and 0.02 g
m-2 y-1, resulting in an estimated release of 500 1000 tons y-1 for the entire area of laminated
sediments. TP in the sediment shows a similar
development when compared to biogenic P, with
peak concentrations in the surfacial sediment and
a leveling out in deeper sediment layers. Applying a similar analysis as for biogenic P, assuming
a concentration of recalcitrant TP of 930 ȝg g-1
DW (Figure 2 in Paper III), we find 3.8 g m-2 of
TP to be released. The calculated yearly release
would be 0.044 g m-2 y-1, or about 2500 tons for
the entire area of laminated sediments. The
sediment TP decline will integrate the decline of
all different P compounds in the sediment. A
comparison of the different calculations performed (Table 4) illustrates the uncertainty
regarding amounts to be released, covering one
order of magnitude for biogenic P (Table 4).
However, there is no doubt that, regardless of
which calculation is closest to the truth, the
impact of the release would be significant.

In terms of total impact, internal loading has the
potential to be as influential on the total P concentration in the water as external loading, which
is shown when doing further calculations based
on the data from Paper III. Assuming that the
biogenic P decline with increasing sediment
depth (Table 2 in Paper III) represents degradation to phosphate that, in turn, is released from
the sediment, this results in a release of 0.28 g m2
y-1of Monoester-P, 0.22 g m-2 y-1of DNA-P,
0.14 g m-2 y-1of the P-lipids, 0.007 g m-2 y-1of
Pyro-P, resulting in a total release from the
biogenic P pool of approximately 0.6 g m-2 y-1
(Table 3 in Paper III). If the estimated P release
is roughly the same for the entire area of laminated sediments in the Baltic Proper, about
50 000-60 000 km2 (SEPA 2003), this would
give a yearly release of about 33 000 tons of
biogenic P, to be compared with the yearly
riverine input of 28 000 tons in 2000 (HELCOM
2003). However, judging from Figure 2 in Paper
III, we can not rule out that a significant share of
the biogenic P deposited during the 20th century
will turn out to be recalcitrant and thus become
permanently buried in the sediment, because the
development of the biogenic P concentration is
somewhat similar to that of the external loading
with the exception of the last 20 years (Figure 2
in Paper III). This calls for a more conservative
estimate of P release, taking into account the

Table 4. Amounts and release rates of phosphorus (g P m-2 and tons of P for the entire area of laminated
Baltic Proper sediments) of total phosphorus exceeding a 930 µg P g DW-1 and Biogenic P exceeding 110
µg P g DW-1 representing concentrations in sediments between 1960 to 1980 (Figure 2 in Paper III), and
the total stock of biogenic P excluding Teichoic acids in Landsort sediment down to 55 cm.

Amount
-2

Release rate

gm

-2

g m y-1

tons y-1

Total phosphorus>930

3.8

0.044

2500

Biogenic phosphorus>110

0.52

0.01-0.02

500-1000

Biogenic phosphorus

10.0

0.63

33000

Previous investigations lend support to the
highest alternative, derived from the assumption
of complete degradation and release of labile
biogenic P compounds (Table 4). Matthiesen et
al. (1998) found a release rate of 0.3 – 0.9 g P m2
y-1 in Gotland Deep sediment, which would
encompass our calculated value. Lehtoranta and
Heiskanen (2003) found an even higher release
rate of 2 g m-2 y-1 from anoxic sediments at the
coastal Gulf of Finland, but because this area has

an external P load 2-3 times the average of the
Baltic Sea (Pitkänen et al. 2001), this figure
might not be representative of the entire area of
anoxic bottoms in the Baltic Sea. The similarity
between our highest estimate with those of
Matthiesen et al. (1998) and Lehtoranta and
Heiskanen (2003) suggests that internal loading
from laminated sediments in the Baltic Sea is
substantial, and close to the external loading
from riverine input (HELCOM 2003).
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Figure 10. General structures and examples of the identified P compound groups.

The occurrence of phosphonates in sediment has been linked to the presence of protozoan metabolism, because phosphonates have been shown to be
a product of this in soils (Kittredge and Roberts 1969). As these organisms
are ubiquitous in most aquatic environments, with the exception of those
where anaerobic conditions prevail, it is possible that this is the source for
phosphonates in sediments as well. Some species of protozoans might con34

tain up to 15% of their total P content as phosphonates (Hawkes et al. 1984).
The abundance of these organisms in aerobic conditions and absence in anaerobic conditions might explain the lack of phosphonates in anoxic Baltic
Sea sediments (Carman et al. 2000, Paper III), and periodically anoxic Lake
Erken sediments (Paper I, II, V, VI), but their appearance in the perpetually
oxic surface sediments of the mountain lakes in Paper IV. In lacustrine
sediments, pH may be of some importance to the abundance of phosphonates, because the occurrence of bacteria containing phosphonatase enzyme
seems governed by high pH (Hawkes et al. 1984) and the pH in lacustrine
environments might vary considerably (Wetzel 2001).
The dominating form of P in most investigated sediments is Ortho-P, the
simplest, ionic form of P to occur naturally. This is the form of P most primary producers can readily utilize, and also is the end product of many decomposition pathways. Ortho-P is a small compound that, due to its negative
charge that repels the negatively charged surrounding mineral particles,
might readily migrate through the sediment, assuring that larger compounds
decomposed further down in the sediments will add to the internal loading.
Free Ortho-P will, in most cases, associate with Fe (III) in the sediment, thus
forming a stable compound that will only release Ortho-P to the water column under anoxic conditions. Of the P compound groups identified in sediment, Ortho-P is the only one not considered entirely biogenic, because
much of the Ortho-P present in sediment will have other sources than biological transformations. Examples of this are aluminum and apatite bound
phosphate. Ortho-P might obviously also be of biogenic origin, being decomposed from larger organic P compounds, but because the distinction
between these is difficult to make, Ortho-P is not included in the biogenic P
pool. It should be noted that what shows as Ortho-P in the NMR spectra is
not necessarily free orthophosphate in the sediment. In sediment, orthophosphate occurs associated with, for instance, Fe and Al species that are not
readily available for release to the water under all conditions, but will show
up as Ortho-P in an 31P-NMR spectra.
Of the biogenic P compound groups, the most abundant in both brackish
and limnic sediments is commonly Monoester-P. This is a large group of
compounds including, among others, sugar phosphates, mononucleotides,
phospholipids and inositol P of varying phosphorylation degrees. Inositol
phosphate compounds, consisting of a six carbon atom ring with varying
numbers of phosphate groups attached, are considered to be the most abundant organic component in sediments, both in terms of spatial distribution
(De Groot and Golterman 1993), and relative abundance (Turner et al.
2003b). This group of compounds, even though chemically inert and under
certain circumstances very stable in the sediment (e.g. DeGroot and Golterman 1993), has been found to degrade to orthophosphate in marine sediments under anaerobic conditions (Suzumura and Kamatani 1995).
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Although the Monoester-P is a mixture of numerous compounds with
varying lability the Monoester-P compounds are generally among the more
resistant found in the sediments. Calculated half-life times for these compounds are on the order of two to three decades for limnic sediments (Paper
I, V) and about 15 years in brackish sediments (Paper III) (table 4). As with
all organic P compound groups, the half-life time is much longer in the supposedly humic associated organic P compounds in Paper V. The faster decomposition in brackish sediments could be explained by the fact that inositol compounds, as mentioned a major component of the Monoester-P, are
degraded under anoxic conditions, which prevail where the brackish sediment was sampled. Faster turnover in a brackish environment might also be
due to the formation of iron sulfide (Blomqvist et al. 2004), preventing the
binding of Ortho-P as Fe-P. The reason for the comparatively slow degradation of the Monoester-P compounds is most likely a higher charge density of
these compounds, compared to i.e. Diester-P compounds, enabling the
Monoester-P to form strong complexes with cations, protecting them from
decomposition (Celi et al. 1999). It should be noted that the signal in the
Monoester-P area also might include degradation products of some Diester-P
compounds, as both RNA and phosphatidyl choline have been shown to
degrade to orthophosphate monoesters in alkaline solutions (Makarov et al.
2002a,b, Turner et al. 2003a). It is thus of importance to keep this in mind
when interpreting the spectra.
Table 4. Half-life times of the different identified organic P compounds in lacustrine
and brackish sediments. Values in parenthesis refer to organic P compounds associated with humic substances in Paper V.
Lacustrine

Monoester-P
Teichoic P
Lipid P
DNA P
Pyro-P
Poly-P†

Paper I
Half-life time
(years)
23
21*

Brackish

Paper V
Half-life time
(years)
29 (87)
(88)
22 (30)

13

Paper III
Half-life time (years)
16
5
8
3

2 (6)

* Due to lack of sufficient resolution Lipid P, Teichoic P and DNA-P could not be separated
in Paper I, and the value given is thus the overall half-life time for Diester-P.
†
In Paper V Pyro-P and Poly-P are discussed together and referred to as Poly-P.

DNA-P is generally the largest fraction of Diester-P to be found in any of
the investigated sediments. The source of DNA-P in sediment is primarily
bacterial DNA, but a certain addition from for example decomposing phytoplankton can also be expected. DNA-P may thus be considered an indicator
of the bacterial abundance in the sediment. DNA-P had a half-life time of
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less than a decade in anoxic brackish sediments, implying rather fast
bioavailability, which, together with its relatively large abundance, makes it
one of the most important P compound groups from an ecological view.
Furthermore, recent investigations have shown that extracellular DNA-P
substantially contributes to the P cycling in deep sea sediments, estimated to
represent 17% of the total organic P regeneration (Dell´Anno and Danovaro
2005).
The other Diester-P compounds groups identified, P lipids and TeichoicP, showed quite differing behavior from each other. P lipids, one of the most
labile constituents found in brackish sediment, has a half-life time of 5 years,
while Teichoic-P did not decrease at all with increasing sediment depth, thus
making it the only biogenic P species apparently not labile and not contributing to internal loading of P (Paper III). P lipids, consisting of a glycerol part
with two fatty acid chains and a phosphate group which can be covalently
bound to additional compounds, are major constituents of the cell membrane. They are ubiquitous in nature because they are both structural and
functional components in membranes in organisms ranging from viruses to
large marine animals (Suzumura 2005). In spite of this, they generally constitute one of the smaller identified P compound groups in the investigated
sediments, which may be explained by their hydrophobic nature, potentially
making them relatively harder to extract with the aqueous solutions used in
these studies. Depending on the organism, the specific compound connected
to the phosphate group can differ. For example plants contain phosphatidyl
choline and microbes contain phosphatidyl ethanolamine (Turner et al.
2003a).
Teichoic acids can make up as much as 85% of the P in cell walls in
gram-positive bacteria (Condron et al. 1990, Makarov et al. 2002a), as well
as being produced by some actinomycetes (Streshinskaya et al. 2002), and
are phosphate group joined polymers of glycerol or ribitol. However, the cell
walls of bacteria do not necessarily contain Teichoic acids because bacteria
can use P-free teichuronic acid to build cell walls in P-limited environments
(e.g. Ellwood and Tempest 1969, Lang et al. 1982). This might explain the
low amounts, or lack of Teichoic-P found in some limnic sediments, because
these systems generally are P limited. It might also explain the behavior of
the Teichoic-P in the brackish sediment of Paper III, where the presence of
Teichoic-P at detectable concentrations in sediment younger than 1955, and
lack of it in older sediment, may be explained by an increase in external
input due to the modernization of agricultural methods during this period,
and thus an increase in P availability. Interestingly, Teichoic-P seems to be
largely unaffected by microbial decomposition, indicated by the lack of decline with age in Paper III and V, while P lipids are prone to rapid breakdown in the sediment. It should be noted that there is some uncertainty
whether it really is Teichoic-P that is identified at this shift, or if this also is
P-lipids (Makarov et al. 2002b).
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The P compound groups most prone to decomposition and subsequent release to the water, and thus by definition the most labile, are Pyro-P and
Poly-P (Hupfer et al. 1995, 2004; Sundareshwar et al. 2001; Paper I, III, V).
Pyro-P is an inorganic molecule consisting of two phosphate groups, and is
shown to have the shortest half-life time of all measured P compound groups
in both limnic and brackish environments, being decomposed within 13 and
3 years, respectively (Paper I, Paper III). It should be noted that the
amounts of Pyro-P detected in the sediment do not necessarily mirror the
actual amount present, as some Pyro-P might originate from esters being
hydrolyzed during alkali extraction (Anderson and Russel 1969), and that
Hupfer et al. (1995) showed NaOH extraction also might hydrolyze Poly-P
into smaller fragments, which may include Pyro-P. This procedure is most
likely governed by metal ions such as Ca, as Poly-P is stable in pure NaOH
(Hupfer et al. 1995). Quantification might thus be difficult. However, not all
Pyro-P are artifacts from hydrolysis during extraction, as Sundareshwar et al.
(2001) showed the presence of Pyro-P using enzyme essays specific for
Pyro-P. Due to the short half-life times (Paper I, III, V), the ecological importance of Pyro-P is presumably notable, which is also indicated by
Sundareshwar et al. (2001), who showed release of Pyro-P from estuarine
sediment and correlated the presence of Pyro-P to urban impact. The release
of Pyro-P is, to a large extent, dependent on hydrolysis by specific enzymes
such as pyrophosphatase, and the ecological impact of Pyro-P is thus dependent on the abundance and activity of these enzymes.
While Pyro-P per definition is the smallest form of Poly-P, a distinction
between these forms of P is usually made. The reasons for this are, apart
from the fact that their role and bioavailability might differ, that Pyro-P is a
single compound, while Poly-P is a group of different compounds, and that
Pyro-P is inorganic while Poly-P also occurs as organic compounds. Thus a
distinction between organic and inorganic Poly-P might be made, but in
practice this is difficult to do in a natural sample (see the chapter on NMR
analysis). Organic forms of Poly-P are, for example, adenosine triphosphate
(ATP), which plays a vital role in energy transfer in all organisms, while
inorganic forms of Poly-P consist of phosphate chains of varying lengths.
Poly-P in sediment might be an indicator of biological and microbial activity
(Ghonsikar and Miller, 1973, Hupfer et al. 2004), as many organisms, particularly bacteria, are able to accumulate and store phosphate as Poly-P intercellularly during aerobic conditions. This is then hydrolyzed during anoxic conditions, leading to the release of PO43- (Deinema et al. 1985;
Comeau et al. 1986; Wentzel et al. 1991, Sannigrahi and Ingall 2005).
Hupfer et al. (1995, 2004) showed that Poly-P is strongly correlated to bacteria, probably incorporated in microorganisms as benthic microorganisms can
synthesize Poly-P under favorable oxic conditions. They furthermore
showed that Poly-P is transformed faster than other organic and inorganic P
forms during early diagenesis, further emphasizing the hypothesis that Poly38

P is one of the most labile P forms existing in sediment, and thus a large
potential source for internal loading (Hupfer et al. 2004, Hupfer and
Lewandowski 2005). The lability of Poly-P is supported by the findings of
an extremely short half-life time of this compound group in Paper V, as well
as in Reitzel et al. (2006).
Additional, tentative evidence for the importance of Pyro-P and Poly-P in
connection to nutrient status of an ecosystem can be found in Paper IV. This
study shows that water level regulation of an aquatic system will affect the P
composition of the sediment, primarily by a decrease of Pyro-P and Poly-P.
As other measured parameters, such as fish population, strongly indicated
that the system after impoundment eventually turns nutrient depleted, the
decrease of Pyro-P and Poly-P show that they are intrinsically linked with
nutrient availability, being higher when P availability is high. Additionally,
when nutrients are added to such a regulated and nutrient depleted lake,
Pyro-P and Poly-P increase with increased nutrient status (Figure 11).

Lake Ånnsjön
Lake Burvattnet
Pyro-P

PC2 (30%)

PC2 (30%)

Lake Mjölkvattnet

Poly-P

Mono-P
DNA
Lipid P

Phosphonates

PC1 (52%)

A

PC1 (52%)

B

Figure 11. PCA of the different sampling spots in mountain lakes, where Lake
Ånnsjön is the reference lake, Lake Burvattnet is regulated and Lake Mjölkvattnet is
regulated and subjected to nutrient addition; Ortho-P was disregarded in order to
focus on biogenic P. The scoreplot (A) shows that the lakes differ from each other.
Regulated and unregulated lakes separate clearly along PC1, hence this PC largely
represents the regulation effect, while PC2 apparently represents nutrient addition.
The loading plot (B) shows the connection between principal components and original variables (biogenic P contents). The total variation accounted for by the two
principal components is 82% (52% + 30%).

Figure 11 furthermore indicates that Pyro-P and Poly-P show a different
behaviour than the other biogenic P compound groups found in the sediment,
as the other compound groups increase with regulation (PC1 in Figure 11)
and decreased nutrient status, while Pyro-P and Poly-P decrease. With nutri39

ent addition (PC2 in Figure 11), and thus increased nutrient status, Pyro-P
and Poly-P increase more than the other P compound groups. This indicates
that Poly-P and Pyro-P reflect the trophic status of the water body, which
gives further evidence of these P compound groups potential influence on
aquatic ecosystems. Possible causes of the nutrient depletion of the regulated
systems are discussed in the box below. These possible explanations for
oligotrophication are obviously only hypothesises, but whatever the cause of
this phenomenon, it is obvious that Poly-P and Pyro-P are compound groups
highly associated with the trophic status of the lakes. Together with other
studies (Hupfer et al. 1995, 2004, Papers I, III-V) this seems to prove that
these compound groups are perhaps the most important indicators regarding
trophic status and water quality.
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Possible reasons for nutrient depletion
released nutrients at a time when conditions for
lake primary production were optimal. The
significance of spring water level rise for water
column summer production is poorly described, but it is assumed to regulate fish
production (Stroud 1948). After inundation, the
reservoirs show a different cycle of water level
fluctuations (Figure 12), where only the
eroded, nutrient deficient shore is flooded. The
highest water level now occurs in autumn and
early winter and coincides with ice coverage.
Furthermore, any nutrients released during this
autumn flooding can not be fully utilized due
to the naturally low production during this part
of the year.

The continuous regulation of Lake Burvattnet and Lake Mjölkvattnet seems to either
have decreased input of available P into the
system or increased output of available P from
the system. In both cases, decreasing primary
production and subsequent sedimentation of
biogenic P resulted in lower amounts of available P in the sediment.
The artificial annual water level fluctuation
in these reservoirs is substantially different
from pre-regulation conditions (Figure 12).
Natural flooding of the riparian zone occurred
in late spring and early summer, due to snow
melt. The water level rose gently, covering soil
and decaying plants from the previous year and
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Figure 12. Yearly water level fluctuations of Lake Mjölkvattnet before (reconstructed) and after regulation. Error bars indicate std dev from 1942 to 2001. Data from Indalsälvens vattenregleringsförening.
Another possible mechanism behind the apparent nutrient depletion, after decades of regulation, is the increased turbulence due to water
level fluctuations. Increased turbulence will

reduce the settling rate of fine, nutrient rich
aggregates and increase sediment resuspension,
which will lead to increased P losses downstream.
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Concluding remarks

Analytical difficulties have restricted the possibilities of investigating organic P compounds until fairly recently, and most of the works concerning
these compounds in the environment have been published during the last 25
years. The majority of these are mostly descriptive, i.e. they focus on describing the contents of a certain sample, and do not explain the reasons or
implications of their presence. Even though this is changing, there remains a
lack of understanding about the processes involving and controlling these
compounds, and thus how the environment might respond to them.
The focus of this thesis has therefore been to gain an understanding of
how the various identified organic P compound groups behave under different conditions, and thus what the ecological implications of their presence
might be. In addition, effort has been placed on development of the analytical techniques used in this area, encompassing all steps in the analytical
chain.
An investigation of the lability of organic P compounds in both fresh and
brackish water sediments showed that Pyro-P is the most labile compound in
both environments, followed by different forms of Diester-P, although the
least labile form of organic P was another diester, Teichoic-P. Furthermore,
we have shown that degradation is faster in the brackish environment, likely
due to permanent anoxic conditions. The ability to put a tentative figure on
the pace of degradation of the different P compound groups allows us to
draw conclusions regarding their relative importance in the environment, and
facilitates calculations about potential release in the form of internal loading.
The figures might not be exact, but they give an idea about the magnitude of
the available pool of P in the sediment, and how fast it might be released.
This is of course of importance in management issues. We have also shown
that Poly-P and Pyro-P are the compound groups that seem to be most correlated with lake trophic status, at least in the permanently oxic mountain lakes
we investigated. Decrease of these P compound groups was shown to be
connected to a general nutrient depletion of the ecosystem, while subsequent
nutrient addition increased the content of the organic P compound groups.
While the importance of investigations concerning the environmental role
of organic P compounds is obvious, there is still a need for methodological
studies. The analysis of organic P remains difficult, and the methods in use
today are not agreed upon. Improvement of the analytical techniques include
sample preparation, where we show that, for instance, rotary evaporation is
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preferable to freeze drying in sample concentration, and addition of dithionite to the sample before analysis may improve NMR spectra. We also show
that quantification with NMR gives statistically valid results.
There is, however, still much to be done. In particular, more advanced
methods of analysis are needed to increase knowledge and understanding. A
consensus on the methods already in use is needed as well. The fact that
available methods are only capable of identifying P compound groups,
which in all likelihood contain different compounds of varying lability,
places severe constraints on the possibility to get a detailed picture of the
processes occurring in the sediments. In order to understand these processes
completely, determination of individual P compounds and their lability is
necessary. Today, the most promising technique to enable this is mass spectrometry. Tentative investigations using this technique show that it is possible to identify P compounds in sediment extracts, although much work remains (Figure 13).
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Figure 13. Mass spectrometry spectra of surface sediment from Lake Erken. The
spectra is a parent ion scan of a m/z of 97, thus only showing compounds containing
phosphate.

One major difficulty in adapting this technique to sediment is the extractants used, which are primarily alkaline and not compatible with the instrumentation. The use of alkaline extractants has also been debated otherwise,
since it might lead to hydrolysis of some of the compounds that are being
investigated. Thus, a need for gentler extraction procedures is necessary for
several reasons. As it is unlikely that a gentler extraction procedure would
have the same total extraction efficiency as the alkaline extractants used
today, several extractants might be needed in the future, each extracting only
a small pool of P, but being very specific with the possibility of analysis of P
compounds on an individual basis.
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Svensk sammanfattning

I april 1999 antog riksdagen 15 miljömål som beskriver de kvaliteér miljön
bör ha för att vara ekologiskt hållbar på sikt. Det sjätte av dessa, ”Ingen
övergödning” handlar om näringsämnen och deras påverkan:
”Halterna av gödande ämnen i mark och vatten skall inte ha någon negativ inverkan på människors hälsa, förutsättningarna för biologisk mångfald
eller möjligheterna till allsidig användning av mark och vatten.”
En förhöjd halt av näringsämnen kan leda till övergödning, ett potentiellt
allvarligt miljöproblem som kan ge upphov till exempel skadliga algblomningar och utslagning av bottenfaunan i påverkade vatten. De viktigaste näringsämnena är kväve (N) och fosfor (P), där P är det näringsämne som oftast
är begränsande i sötvattensekosystem, och i delar av Östersjön. Detta betyder att kunskaper om P omsättning är mycket viktiga för att förstå de processer som styr näringstillgängligheten i såväl insjöar som kustvatten. Att P kan
ha en negativ inverkan på miljön om halterna blir för höga har varit känt
tämligen länge, och stora insatser har därför gjorts för att minska utsläpp av
P från t ex reningsverk och industri. Detta har lett till att tillförseln av P har
minskat till sjöar och kustzon i Sverige. Detta har dock bara delvis lett till att
den faktiska koncentrationen av P i dessa områden har minskat, eftersom ett
minskat tillskott av P i tillrinningen har lett till att P istället frisläpps från
sedimenten där den ackumulerats under perioden av stor P tillförsel. Denna
process, kallad internbelastning, innebär att P koncentrationen i vattenmassan inte minskar nämnvärt trots stora ansträngningar för att reducera P tillförseln. Innehållet av P i sedimenten är därför mycket viktigt för näringsstatusen i ekosystemet och innebär att studier av sedimenten är nödvändiga.
Betydelsen av P har som sagt varit känd länge, vilket inneburit att många
studier har genomförts. Dessa har dock genom åren koncentrerats på oorganiska former av P, och kunskapen om organiska former av P är mycket begränsad, trots att senare tids studier indikerar att dom organiska formerna
både är mer förekommande och förmodligen mer inblandade i P:s kretslopp.
Denna avhandling är därför fokuserad på organiska fosforföreningar i insjö- och Östersjösediment, både vad gäller utveckling av de metoder som
finns för att undersöka dessa, och framförallt att ta reda på vilka av dessa
föreningar som är labila och därmed kan påveka internbelastningen.
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Den primära metoden för att identifiera olika klasser av organiska fosforföreningar i jord och sedimentprover är sedan ett par årtionden NMR. Detta
är en icke-destruktiv teknik som i princip känner av vilken omgivning P
atomen har när den placeras i ett magnetfält och utsätts för en kraftig radiofrekvenspuls. Detta innebär att det går att särskilja mellan olika typer av
fosforföreningar, och även om det i praktiken sällan går att identifiera individuella föreningar går det utmärkt att särskilja olika klasser med avseende
på vad fosforatomen är bunden till. För att använda den NMR teknik som
har bäst upplösning, high resolution NMR, krävs att provet är i lösning vilket
innebär att en extraktion av sedimenten är nödvändig. Detta är en procedur
som kan innebära problem och som det ännu inte finns något universellt
överenskommet tillvägagångssätt för.
I Paper I i denna avhandling kombinerades en klassisk metod för mätning av framförallt oorganisk fosfor med NMR och applicerades på en djupprofil från sjön Erken, Uppland. Genom att undersöka hur de organiska P
föreningarna ändras med djupet, och därmed åldern, på sedimenten, kunde
det avgöras vilka av de identifierade fosforföreningarna som var labila och
vilka som inte var det. Detta baseras på att föreningar som bara förekommer
i de övre, unga, sedimentlagren, och saknas i de djupare, äldre, sedimentlagren, kan anses till viss del ha mineraliserats och frilagts till det överliggande
vattnet och därmed vara labila. Vidare beräknades halveringstiden av de
identifierade fosforföreningarna, vilket gav en uppfattning om hur fort dessa
föreningar kan antas brytas ned och avges till vattnet. Denna studie visade att
den fosforgrupp som försvann snabbast från sedimenten var pyrofosfater,
med en halveringstid på 13 år, följt av diesterföreningar och monoesterföreningar med halveringstider på respektive 21 och 23 år. Detta visar att organiska fosforföreningar är en stor källa för den fosfor som avges till vattnet
genom internbelastning, istället för att vara en inert grupp föreningar vilket
tidigare antagits.
Paper II behandlar också kopplingen mellan traditionell fosforfraktionering och 31P-NMR. I denna artikel visas att även fraktioneringssteg som antas extrahera endast oorganiska fosforföreningar dessutom innehåller organiska sådana. Detta gäller framförallt extraktion i reducerande miljö med
BD-lösning som visade sig innehålla bland annat fosfatmonoestrar. Sediment
från tre sjöar med olika trofistatus undersöktes, och resultaten tyder på att
sammansättningen av fosforföreningar till viss del är beroende av vilken
trofistatus sjön har.
I Paper III undersöktes en djupprofil av sediment från Landsortsområdet
i Östersjön. Denna studie visade att sammansättningen av fosforföreningar i
Östersjön liknade den i sötvatten, men att omsättningen var snabbare. Detta
visades i kortare halveringstider, där pyrofosfat återigen var den mest labila
gruppen, med en halveringstid på 3 år. I denna studie gick det att särskilja
mellan olika diesterföreningar, av vilka fosforlipider hade en halveringstid
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på 5 år och DNA associerad fosfor en halveringstid på 8 år. En tredje grupp
av diestrar, techoid syror, visade inga tecken på nedbrytning och är därmed
förmodligen inte labila. Monoestrarna hade i denna studie en halveringstid
på 16 år. De generellt kortare halveringstiderna i dessa brackvattensediment
jämfört med sötvattenssediment kan bero på bland annat konstant anoxiska
förhållanden och högre salthalter.
Studien i Paper IV fokuserade på om vattennivåreglering av näringsfattiga bergssjöar i Jämtland ledde till utarmning av näringsämnena i dessa sjöar,
och om detta fenomen gick att spåra i sammansättningen av organiska fosforföreningar i sedimenten. Tre sjöar jämfördes, en opåverkad referenssjö,
en reglerad och en reglerad där näringsämnen tillförts manuellt under ett
antal år. Studien visade att den näringsutarmning som påvisats även på andra
sätt reflekterades i sedimenten, där den reglerade sjön utan näringstillsats
hade mycket låga halter av de former av fosfor som anses mest labila och
involverade i fosforomsättningen, nämligen pyrofosfater och polyfosfater.
Den reglerade sjön till vilken näringsämnen tillsats uppvisade högre halter
av dessa föreningar och den opåverkade referensjön de högsta halterna. Att
det framförallt var dessa fosforföreningar som skiljde sjöarna åt visades statistiskt med en principalkomponentanalys. Slutsatsen blev därför att reglering verkar sänka halten av labila fosforföreningar i sedimenten hos dessa
sjöar, vilket potentiellt kan påverka hela sjöns näringsstatus, medan tillsats
av näringsämnen kan återställa systemet till en nivå liknande den hos opåverkade sjöar. Vidare gjordes en metodstudie som statistiskt visade tillförlitligheten hos NMR som metod för kvantifiering av olika organiska fosforföreningar i naturliga prover.
I Paper V separerades humusassocierad fosfor från övriga fosforföreingar
i både en sedimentprofil, sjunkande partiklar i vattenpelaren och fytoplankton. Halveringstiderna visade att de humusassocierade fosforföreningarna
bröts ned mycket långsammare med ökat sedimentdjup än övriga fosforföreningar, 29 mot 87 år för monoestrarna, 22 mot 30 år för DNA associerad
fosfor och 2 mot 6 år för polyfosfater. Detta kan indikera minskad biotillgänglighet för fosforföreningar bundna till humusämnen. I partiklarna i vattenpelaren påvisades höga halter av polyfosfat och pyrofosfat, föreningar
som minskade mycket snabbt i sedimenten, vilket sammantaget kan anses
konfirmera att dessa föreningar kan vara av stor betydelse för internbelastningen.
Då det inte finns någon överenskommen standardprocedur för extraktionssförfaranden för organiska fosforföreningar gjordes i Paper VI en jämförelse av en mängd olika varianter som använts i tidigare studier. Denna
undersökning visade att en kombination av NaOH och EDTA var ungefär
dubbelt så effektiv som endast NaOH, om detta var det enda steget i extraktionen. Om en förextraktion med BD-lösning eller EDTA användes var istället endast NaOH mer effektivt än NaOH/EDTA, och extraktionseffektiviteten höjdes. Den mest effektiva kombinationen, sett till det totala utbytet av
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extraherad fosfor, var EDTA som förextraktionsmedel och endast NaOH
som huvudextraktionsmedel. Denna kombination gav 50% bättre utbyte än
den näst bästa, vilket var BD som förextraktionsmedel och NaOH som huvudextraktionsmedel, och nästan dubbelt så bra utbyte som den vanligaste
metoden, NaOH/EDTA utan förextraktion. De flesta kombinationer av extraktionsmedel gav en jämförbar fördelning av olika organiska fosforföreningar, dock skiljde sig resultaten vad gällde pyrofosfat och polyfosfat något. Den sämsta kombinationen för dessa föreningar var NaOH utan förextraktion och den bästa NaOH med BD som förextraktion.

Another nice catch
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