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Abstract A reliable geochemical paleo-indicator 
for phosphorus remains elusive, despite the impor- 
tance of understanding historical changes in the 
nutrient status of aquatic ecosystems. We assessed 
the potential of phytate (salts of mvo-inositol hexa- 
kisphosphate) as a novel phosphorus-specific paleo- 
indicator by measuring its concentrations in dated 
sediments from an embayment in Helsinki, Finland, 
with a known 200-year history of trophic changes. 
Phytate was extracted in a solution containing sodium 
hydroxide and EDTA and detected by solution :P 
NMR spectroscopy with spectral deconvolution. 
Concentrations varied markedly with sediment depth 
and paralleled previously determined changes in 
diatom assemblages and geochemical indicators 
linked to trophic status. In contrast, total sediment 
phosphorus did not reflect phosphorus inputs to the 
embayment, presumably due to the mobilization of 
inorganic phosphate under anoxic conditions during 
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periods of high pollutant loading. Importantly, phy- 
tate appeared to be stable in these brackish sediments, 
in contrast to other organic and inorganic phosphates 
which declined abruptly with depth. We therefore 
conclude that phytate represents a potentially impor- 
tant indicator of historical changes in phosphorus 
inputs to water bodies, although additional studies are 
required to confirm its stability under conditions 
likely to be encountered in lakes and coastal 
ecosystems. 

Keywords    Inositol phosphate • Paleo-indicator 
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Solution 31P 

Introduction 

A geochemical indicator of phosphorus inputs to 
sediments remains elusive, despite the importance of 
understanding historical changes in the trophic status 
of aquatic ecosystems (Anderson and Rippey 1994; 
Engstrom and Wright 1985; Vaalgamaa 2004). 
Phosphorus in lake and coastal sediments changes 
relatively rapidly on paleoecological timescales, so 
total phosphorus is not generally considered to be a 
reliable indicator of the phosphorus status of a 
particular site at the time the sediment was deposited. 
For example, anoxia in buried sediments changes the 
solubility of inorganic phosphate associated with iron 
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oxides, a major fraction of the total phosphorus in 
many sediments, which leads to transfer of phosphate 
away from the site of deposition (e.g. Anderson and 
Rippey 1994). Similar problems occur in marine 
systems, in which a significant proportion of the 
sedimentary phosphorus is re-mobilized during sul- 
fate reduction (Jensen et al. 1995). The usefulness of 
'biogenic' phosphorus compounds, such as deoxyri- 
bonucleic acid (DNA) or polyphosphate, as paleo- 
indicators is also limited, due to their relatively short 
turnover times in lake sediments (Ahlgren et al. 2005; 
Watts et al. 2002). 

In the absence of a phosphorus-specific paleo- 
indicator, historical rates of phosphorus loading are 
usually inferred from changes in diatom assemblages 
and quantitative diatom—total phosphorus transfer 
functions (Anderson 1997; Bennion et al. 2004; 
Bradshaw and Anderson 2001; Hall et al. 1997). 
However, diatom-based inference models rely on 
calibration against large modern data sets of surface- 
sediment diatoms and associated water chemistry, 
which typically involve >50 sites and are therefore 
time consuming and laborious to collect. A number of 
such datasets are available publicly for down-core 
phosphorus reconstructions (e.g. EDDI 2001), but 
should only be used for comparable sites in the same 
geographical region. 

Here we report the potential suitability of phytate 
(salts of wryo-inositol hexakisphosphate) as a phos- 
phorus-specific tracer in aquatic sediments. This 
compound, also known as phytic acid (the free-acid 
form), occurs widely in the environment (Turner 
et al. 2002). It is abundant in plant seeds and 
constitutes the main form of organic phosphorus in 
many soils and sediments, where it accumulates due 
to its strong interaction with clays and other abiotic 
soil components (for recent reviews see Turner et al. 
2007). There is less information for aquatic ecosys- 
tems, although phytate appears to occur widely in 
sediments (McKelvie 2007). For example, Suzumura 
and Kamatani (1995b) reported that total inositol 
hexakisphosphate (i.e. phytate plus three other ste- 
reoisomeric forms) constituted ~ 10% of the organic 
phosphorus in river sediments, while Sommers et al. 
(1972) found similar values for inositol penta- and 
hexa-kisphosphate in the sediments of four freshwa- 
ter lakes. 

The abundance and stability of phytate in the 
environment   suggests   that   it   could   be   a  useful 

indicator of phosphorus deposition in sediments. 
We used a novel solution 31P NMR spectroscopy 
procedure with spectral deconvolution to quantify 
historical changes in phytate concentrations in a well- 
studied sediment core from an embayment in Hel- 
sinki, Finland, that has undergone marked changes in 
phosphorus loading in the recent past. By comparison 
with diatom assemblages and known changes in 
nutrient loading to the embayment, our aim was to 
determine the suitability of phytate as a paleo- 
indicator for phosphorus in sediments. 

Study site and trophic history 

Toolonlahti is a small (surface area 0.2 km ), shallow 
(mean depth ca. 2 m) and turbid (transparency 
< 1 m) embayment located in the centre of Helsinki. 
Although similar in many respects to a lake, the 
embayment is connected to the open sea through a 
narrow system of straits formed following post-glacial 
isostatic uplift and construction work since the 
nineteenth century. This has restricted water exchange 
and increased the residence time, but the salinity 
(4.8%o) remains similar to the outside archipelago. 

Wastewater input to the embayment increased 
markedly following extensive urbanization of the 
catchment in the late nineteenth and early twentieth 
century. Point-source loading began in 1823 follow- 
ing the construction of a sugar mill, but increased 
markedly in the late nineteenth century due to 
untreated municipal wastewater from the first 
enclosed sewage pipe completed in 1878. The sugar 
mill closed in 1965, but its wastewater had been 
previously diverted elsewhere. Two wastewater treat- 
ment plants were installed in the catchment in 1910 
and 1915 to serve the rapidly expanding population of 
Helsinki (which increased from 120,000 to 350,000 
during the first half of the twentieth century) until 
their closure in 1935 and 1959, respectively (Tikka- 
nen et al. 1997). The plants removed organic matter 
from sewage to reduce its biological oxygen demand, 
but did not remove dissolved nutrients. 

The trophic history of the embayment has been 
studied in detail (Korhola and Blom 1996; Tikkanen 
et al. 1997; Weckstrom 2006). There have been 
marked shifts in diatom life-forms, which reflect 
closely the known history of nutrient loading (Fig. 1). 
Increased  turbidity  associated  with  eutrophication 
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Fig. 1 Changes in the abundance of planktonic diatoms and 
the number of diatom species in sediment from Toolonlahti, 
Helsinki, Finland, indicating the trend in the trophic status of 
the embayment (data from Weeks trom 2006) 

favours planktonic diatoms over benthic species 
(Andren et al. 1999; Bennion et al. 2004; Cooper and 
Brush 1991). At Toolonlahti the percentage abundance 
of planktonic diatoms increased with sewage loading 
from the late nineteenth century, peaking in 1956 when 
such organisms represented up to 90% of all taxa 
(Fig. 1). A concurrent decline in species richness to 
~20 species was observed during this time (Fig. 1), 
consistent with commonly-observed declines in algal 
diversity following eutrophication (Wetzel 2001). 
Clear signs of recovery were evident in the diatom 
data following the closure of the second treatment plant 
in 1959; the abundance of planktonic diatoms 
decreased to around 55% and species richness 
increased to around 50 species in the early 1980s 
(Fig. 1). However, Toolonlahti remains eutrophic, 
with an annual mean total phosphorus concentration 
of ~70 ug P 1~ and a total dissolved nitrogen 
concentration of ~600 (j.g N 1_1 (Weckstrom 2006). 

The changes in diatoms are supported by geo- 
chemical indicators such as the concentrations of 
cadmium, copper, zinc, and other elements, which 
increased markedly during the first half of the 
twentieth century and declined thereafter (Tikkanen 
et al. 1997). High concentrations of cadmium and 
zinc are typical for urban wastewaters (Blomqvist 
et al. 1992), confirming that the changes in trophic 
status   in   Toolonlahti   determined   from   diatom 

assemblages largely reflect the impact of nutrient 
loading from sewage. In addition, the organic matter 
content of pre-1800 sediment from a deeper core, 
taken close to the core studied here, clearly indicated 
that most disturbance at the site occurred after 1800 
(Tikkanen et al. 1997). We assume therefore that the 
earliest sediment samples analyzed here are repre- 
sentative of relatively unimpacted conditions. 

Materials and methods 

The core was sampled with a mini-Mackerefh corer 
(Mackereth 1969) in October 2003 from the deepest 
area of the embayment and sectioned into 1-cm 
intervals. A single core was considered representa- 
tive, given the small size and simple bathymetry of 
the embayment, as well as previous studies on 
multiple cores (Anderson 1998). The main charac- 
teristics of the obtained sediment stratigraphy were 
described and sub-samples stored at 4°C in small 
plastic bags. The chronology of the core was 
determined by correlation with a core from a previous 
study (dated by Pb, 7Cs and spheroidal carbona- 
ceous particles) using the distinctive changes in loss 
on ignition through the profile (Tikkanen et al. 1997). 

Sediment (1.50 ± 0.01 g) was first treated with 
30 ml of 1 M HC1 by shaking horizontally for 1 h at 
22°C to remove cations that can interfere with 
subsequent extraction of organic phosphorus (Turner 
et al. 2005). After centrifugation (3,000g, 15 min) 
the supernatant was decanted and retained for deter- 
mination of phosphate by automated molybdate 
colorimetry. The sediment was washed by shaking 
for 10 min with deionized water, centrifuged again, 
and the supernatant discarded. The sediment was then 
extracted by shaking with 30 ml of a solution 
containing 0.25 M NaOH and 50 mM Na2EDTA 
(ethylenediaminetetraacetate) for 16 h at 22°C 
(Cade-Menun and Preston 1996). The procedure is 
assumed to quantitatively recover organic phospho- 
rus, including phytate, from soil (Turner et al. 2005) 
and we assumed this would also be the case for 
aquatic sediment. The technique has been used 
widely in recent years to extract organic phosphorus 
from a range of freshwater, brackish, and marine 
sediments (Ahlgren et al. 2006; Cade-Menun et al. 
2005; Carman et al. 2000; Hupfer et al. 1995, 2004; 
Turner and Newman 2005; Turner et al. 2006). 
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The NaOH-EDTA extracts were centrifuged 
(8,000g, 30 min) and a 20 ml aliquot was spiked with 
1 ml of a solution containing 50 u.g P ml-1 of 
methylene diphosphonic acid as an internal standard 
(chemical shift 17.61 ± 0.03 ppm). The spiked 
extracts were frozen at —35°C, lyophilized (~24 h), 
and homogenized by gently crushing to a fine powder. 
For solution P NMR spectroscopy, each lyophilized 
extract (~100mg) was re-dissolved in 0.1 ml of 
deuterium oxide and 0.9 ml of a solution containing 
1.0 M NaOH and 0.1 M Na2EDTA, and then trans- 
ferred to a 5-mm NMR tube. Solution 31P NMR spectra 
were obtained using a Bruker Avance DRX 500 MHz 
spectrometer operating at 202.456 MHz for P. Sam- 
ples were analyzed using a 6 u.s pulse (45°), a delay 
time of 2.0 s, an acquisition time of 0.4 s, and 
broadband proton decoupling. Approximately 30,000 
scans were acquired for each sample and chemical 
shifts of signals were determined in parts per million 
(ppm) relative to an external standard of 85% H3PO4. 
Spectra were plotted using 5 Hz line broadening and 
signals were assigned to phosphorus compounds based 
on literature reports (Turner et al. 2003a). Signal areas 
were calculated by integration and concentrations of 
phosphorus compounds were calculated from the 
integral value of the internal standard. Concentrations 
of phytate-phosphorus were determined by spectral 
deconvolution of the phosphate monoester region and 
quantification of the four signals from phytate (Turner 
et al. 2003b). 

Total carbon and nitrogen were determined by 
combustion and gas chromatography using a Flash 
NCI 112 Soil Analyzer (CE Elantech, Lakewood, 
NJ). Total phosphorus was determined by ignition 
(550°C x 1 h) and extraction in 1 M H2S04 (1:50 
soil/solution ratio, 16 h), with phosphate detection by 
automated molybdate colorimetry. Total phosphorus 
extracted in NaOH-EDTA was determined by induc- 
tively-coupled plasma optical-emission spectrometry 
(Optima 2100; Perkin-Elmer Inc., Shelton, CT, USA) 
on neutralized extracts following a 20-fold dilution. 

Results 

Total element concentrations 

Total carbon increased markedly after the late 1800s 
and then again after the mid-1900s, reaching a 
maximum of 10.3% in sediment dated to 1958—one 
year before the closure of the second sewage plant 
(Fig. 2). Total nitrogen followed a similar pattern, 
reaching a maximum concentration of 0.76% in the 
1958 sample (Fig. 2). There were corresponding 
changes in the C/N ratio through the core, from a 
minimum of 8.5 in sediment dated to 1851 to a 
maximum of 13.6 in sediment dated to 1958 (data not 
shown). Concentrations of carbon and nitrogen in the 
most recently deposited sediment (0-1 cm depth) were 
6.7 and 0.60%, respectively, with a C/N ratio of 11.2. 

Fig. 2  Changes in total 
carbon, nitrogen, and 
phosphorus in a sediment 
core from Toolonlahti, 
Helsinki, Finland 
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Total phosphorus showed a different pattern, with 
a maximum concentration of 0.33% in sediment 
dated to 1887 (Fig. 2). Concentrations then declined 
steadily in younger sediments, with the most recent 
sediment containing 0.15% phosphorus, a value 
similar to the pre-1887 sediment. 

Identification of signals in solution    P NMR 
spectroscopy 

Broad groups of signals were identified as follows 
(Fig. 3, top spectrum). Phosphate was identified as 
the strong signal at 6.43 ± 0.08 ppm (mean ± stan- 
dard deviation of the chemical shift in all spectra). 

C 

rn—i—i—i—i—I—i—i—i—1—|—i—i—i—i—I—i—i—i—1—|—i—i—i—i—I—i—i—i—i—|—i—i— 

20 10 0 -10 

Phosphate monoesters were identified as the complex 
group of signals between 3.5 and 6.0 ppm. Two 
phosphate diesters were identified: phospholipids 
occurred as broad and weak signals between 0.5 
and 2.0 ppm, while DNA was identified as the broad 
signal at —0.16 ± 0.05 ppm. Pyrophosphate, an 
inorganic polyphosphate with a chain length of two, 
was identified at —3.96 ± 0.08 ppm, although long- 
chain polyphosphate was not detected in any sample. 
Phosphonate, which occurs at ~ 20 ppm, was 
detected in only the 1951 sample (~2 mg P kg-1). 

The phosphate monoester region was examined in 
detail to quantify individual compounds (Fig. 3, 
bottom spectrum). Phytate was identified from its 
characteristic series of four signals in a 1:2:2:1 pattern 
(Turner et al. 2003b), which occurred in these samples 
at 6.04 ± 0.04 ppm (C-2 phosphate), 5.15 ± 0.05 
ppm (C-l and C-3 phosphates), 4.77 ± 0.05 ppm 
(C-4 and C-6 phosphates) and 4.64 ± 0.04 ppm 
(C-5 phosphate). Other signals were assigned to the 
degradation products of phospholipids (5.36 ± 0.05 
ppm and 5.02 ± 0.05 ppm), which are formed during 
extraction and analysis in strong alkali (Turner et al. 
2003a). Two clear but unidentified signals were 
detected in all spectra at 2.96 ± 0.06 ppm and 
6.91 ± 0.06. 

^4^\fW*vVV1uw u jr* u ̂XuAvvVrt/  VWv-iwJ' 
—i—i—i—i—|—i—i—i—i—|—i—i—i—i—|—i—i—i—i—|—i—i—i—i—|—i—i—i—i— 
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Chemical shift (ppm) 

Fig. 3 Solution 31P NMR spectra of a NaOH-EDTA extract 
of sediment from a core dated to 1958 (30-31 cm depth) from 
Toolonlahti, Helsinki, Finland. The top spectrum shows the 
broad groups of signals: A methylene diphosphonic acid 
(internal standard for signal quantification); B phosphate; C 
phosphate monoesters; D deoxyribonucleic acid; E pyrophos- 
phate. Not indicated are the phospholipids, which occur 
between 0.5 and 2.0 ppm. The bottom spectrum shows the 
expanded phosphate monoester region, with signals assigned as 
follows: a unidentified inositol phosphate; b phosphate; c the 
four signals from phytate, occurring in a 1:2:2:1 pattern; d 
degradation products of phospholipids in alkali; e unidentified 
organic phosphate 

Phosphorus concentrations in NaOH-EDTA 
extracts 

The NaOH-EDTA extracts contained between 356 
and 596 mg P kg-1 of total phosphorus, which 
represented between 14 and 34% of the total sediment 
phosphorus (data not shown). Organic phosphorus 
(the sum of phosphate monoesters, phosphate diesters, 
and phosphonates) ranged between 139 mg P kg-1 in 
the deepest sediment layer dated to 1817 and 317 mg 
P kg-1 in the sample dated to 1958 (Table 1). These 
values represented between 5 and 17% of the total 
sediment phosphorus (Table 1). The concentration in 
the youngest sediment was 220 mg P kg-1, which 
constituted 15% of the total sediment phosphorus. 

Phytate concentrations were low (<20 mg P kg- ) 
in the youngest (post-1980) and oldest (pre-1900) 
sediments (Fig. 4), including the sample containing 
the greatest total sediment phosphorus concentration 
dated to 1887 (Fig. 2). After 1887, phytate concen- 
trations increased markedly to a maximum of 
77.1 mg   P   kg-1   in   the   sample   dated   to   1958 
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Table 1   Organic phosphorus compounds extracted in NaOH-EDTA from a sediment core from Toolonlahti, Helsinki, Finland 

Depth (cm)   Date   Organic Pa      Phytate DNA Phospholipids   Unidentified (% organic P)      Other monoesters 
(mg P kg    )   (% organic P)   (% organic P)   (% organic P) 

A (2.96 ppm)   B (6.91 ppm) 
(% organic P) 

0-1 2003 220(15) 6.7 

5-6 1992 252(14) 8.3 

10-11 1983 223(15) 8.1 

19-20 1972 195(12) 11.8 

30-31 1958 317 (17) 24.3 

35-36 1951 241(13) 21.6 

39-40 1943 246(13) 22.1 

50-51 1914 238(10) 18.3 

59-60 1887 161 (5) 10.3 

70-71 1851 152(9) 7.0 

79-80 1817 139(8) 9.6 

23.1 

20.4 

20.0 

15.3 

10.2 

12.2 

8.9 

14.0 

9.4 

10.0 

7.5 

4.3 

6.1 

7.0 

7.2 

6.0 

6.4 

8.2 

7.4 

11.4 

9.6 

12.0 

2.0 

2.6 

2.4 

4.0 

4.6 

4.4 

4.6 

5.7 

4.3 

4.7 

4.1 

1.0 

1.2 

0.4 

0.8 

2.3 

1.5 

1.5 

0.8 

3.0 

0.3 

1.7 

628 

61.4 

62.1 

61.0 

525 

53.1 

54.8 

53.9 

61.7 

68.4 

65.2 

Values in parentheses are organic phosphorus as a proportion (%) of the total sediment phosphorus 
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Fig. 4  Changes in the concentrations (mg P kg 
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dry weight) of phosphorus compounds in a sediment core from Toolonlahti, 

(Fig. 4). In this sample, phytate constituted 24.3% of 
the organic phosphorus, while in older (pre-1887) and 
younger (post-1980) sediments it constituted <10% 
(Table 1). Other phosphate monoesters (i.e. exclud- 
ing phytate) constituted between 93 and 174 mg P 
kg-1, being greatest in the sample dated to 1958 
(Table 1). 

DNA concentrations declined steadily with depth 
from the sediment surface, with only a small increase 
in the sample dated to 1914 (Fig. 4). The maximum 
concentration was 51 mg P kg-1 in surface sediment, 
declining to ~ 10 mg P kg-1 in the oldest sediment. 
Expressed as a proportion of the extracted organic 
phosphorus, DNA declined steadily from 23.1% in 
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the surface sediment to ~ 7.5% in the oldest sediment 
(Table 1). 

Phospholipids, in contrast, increased from <10 mg 
P kg-1 in surface sediment to ~20 mg P kg-1 in 
sediment dated to 1943 (Fig. 4). Concentrations then 
remained relatively constant through the rest of the 
core. As a proportion of the extracted organic 
phosphorus, phospholipids increased from <5% in 
surface sediment to 12% in the oldest sediment 
(Table 1). 

Pyrophosphate concentrations were greatest in 
sediment deposited since 1972 (Fig. 4). The maxi- 
mum concentration was 53 mg P kg-1 in the 
youngest sediment, declining sharply to only 7 mg 
P kg- in the sample dated to 1958 and remaining 
low throughout the deeper part of the core. 

The two unidentified signals at 2.96 and 6.91 ppm 
followed a similar trend to phytate and total carbon, 
occurring at maximum concentrations in sediment 
dated to 1958 (Table 1). However, the 6.91 ppm 
signal also showed a clear peak in the sample dated to 
1887, coincident with the maximum concentration of 
total sediment phosphorus. The 2.96 ppm signal 
occurred at up to 14.6 mg P kg- and represented 
between 4.4 and 5.7% of the organic phosphorus, 
while the 6.91 ppm signal occurred at up to 7.0 mg P 
kg- and represented up to 3.0% of the organic 
phosphorus (Table 1). In the most recent sediment 
these compounds were present at about 4 and 2 mg P 
kg-1, respectively. 

Discussion 

Phytate as a paleo-indicator 

Total sediment phosphorus is of limited use as an 
indicator of past trophic status due to the mobility of 
inorganic phosphate in anoxic bottom waters and 
sediments (Vaalgamaa 2004) and the rapid degrada- 
tion and recycling of most 'biogenic' phosphorus 
compounds (Ahlgren et al. 2005). This was confirmed 
here, because total phosphorus concentrations did not 
correspond to the known history of nutrient loading to 
the embayment and therefore provided a poor record 
of trophic status. In particular, the greatest total 
phosphorus concentration occurred in sediment dated 
to 1887, yet phosphorus loading did not peak until the 
mid-twentieth century. A possible explanation is that 

anoxic conditions, expected to have developed in 
bottom waters during high nutrient loading in the 
early twentieth century, released inorganic phosphate 
from complexation with iron compounds in the 
sediment, as shown in previous studies (e.g. Ander- 
son and Rippey 1994). This highlights the importance 
of identifying alternative measures by which to 
reconstruct historical changes in phosphorus status. 

Phytate appears to offer one such measure, 
because it was preserved to depth in sediments at 
detectable concentrations that reflected closely the 
known changes in the trophic status of the eco- 
system. In particular, phytate reflected trends in 
diatom assemblages (Fig. 1) and agreed well with the 
history of nutrient loading from urban wastewater 
(Tikkanen et al. 1997). Although phytate concentra- 
tions did not correspond to the trend in total sediment 
phosphorus, they did match changes in other sedi- 
ment characteristics indicative of trophic status, 
including total carbon, loss on ignition, and heavy 
metal concentrations. 

Phytate stability in sediments 

Importantly, phytate did not appear to be influenced 
by anoxic conditions in the same way as total 
sediment phosphorus, being preserved at depth in 
the brackish and anoxic sediments of Toolonlahti for 
at least 200 years. This confirms the apparent refrac- 
tory nature of phytate in the environment (McKelvie 
2007; Turner et al. 2002). Reduction of wryo-inositol 
hexakisphosphate sorbed onto iron oxides appears to 
form an insoluble Fe4-phytate that resists enzymatic 
hydrolysis (De Groot and Golterman 1993). This is 
not consistent with the apparent acceleration of 
phytate decomposition by anoxic conditions in 
marine sediments (Suzumura and Kamatani 1995a), 
but this might be due to the effect of salinity on 
phytate stability. Suzumura and Kamatani (1995b) 
reported that concentrations of phytate and a series of 
other stereoisomeric forms of inositol hexakisphos- 
phate declined in sediments along a freshwater- 
marine (i.e. salinity) continuum, being relatively 
abundant in river sediments, but declining markedly 
in estuarine and coastal marine sediments, where they 
occurred in only trace concentrations and were 
restricted to the sediment surface. The significance 
of the change in salinity in destabilizing phytate was 
demonstrated in subsequent studies by Gardolinski 
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et al. (2004), in which a rapid release of organic 
phosphorus, expected to include phytate, was 
observed from freshwater sediment when salinity 
was increased to >10%o. Organic phosphorus was not 
released at salinity values <10%o, suggesting that the 
salinity in Toolonlahti (4.8%o) is too low to destabi- 
lize phytate. Further experiments are clearly required 
to determine the conditions under which phytate 
remains stable in aquatic sediments. 

macrophytes have been reported to contain mainly 
the lower-order inositol phosphates (Weimer and 
Armstrong 1979). Phytate is abundant in some soils 
(Turner et al. 2002), but this cannot have made a 
major contribution to the concentrations reported 
here as there is no agricultural land in the catchment 
serving the embayment. 

Behavior of other phosphate compounds 

Sources of phytate in the embayment 

Given the history of nutrient loading from urban 
wastewater and the absence of agriculture in the 
catchment, it seems almost certain that urban waste- 
water was the source of phytate in the embayment, 
particularly the high concentrations in the first half of 
the twentieth century. Phytate constitutes the majority 
of the total phosphorus in seed grains and is therefore 
abundant in human diets (Harland and Oberleas 1987). 
However, humans do not effectively digest phytate, so 
it can constitute a considerable fraction of the total 
phosphorus in human feces and sewage. For example, a 
recent study reported fecal phytate concentrations of 
4—11 g P kg-1 dry weight, which constituted between 
24 and 54% of the total fecal phosphorus (Joung et al. 
2007). The values were dependent on age and diet, 
although phytate remained abundant in feces even 
from low-phytate diets. Of the relatively large number 
of studies that have determined the phosphorus com- 
position of sewage samples, only Cosgrove (1973) 
specifically measured phytate, although aerobically- 
digested sewage is rich in phosphate monoesters, 
which almost certainly include some phytate (e.g. 
Hinedi et al. 1989; Smith et al. 2006). 

Additional sources of phytate from within the 
embayment, expected to contribute to 'background' 
concentrations, could include seeds, pollen, macro- 
phyte tissue and phytoplankton. Phytoplankton 
become more abundant during eutrophic conditions, 
while the abundance of macrophytes tends to increase 
during the initial stages of nutrient enrichment, but 
then decline during eutrophic conditions due to 
increased turbidity and light limitation (Korhola and 
Blom 1996). However, in a study on Tokyo Bay, 
neither zooplankton nor phytoplankton (including a 
cultured sample of the diatom Skeletonema costaturri) 
contained a detectable concentration of phytate 
(Suzumura   and   Kamatani   1995b),   while   aquatic 

Other phosphorus compounds detected in the sedi- 
ment core, specifically DNA and pyrophosphate, 
declined with depth in a manner indicative of 
rapid biological turnover. This is likely to contribute 
to the maintenance of eutrophic conditions in the 
embayment and suggests that these compounds are 
unsuitable as paleo-indicators of phosphorus status. 
This was expected for pyrophosphate, which decom- 
poses more rapidly than organic phosphates during 
diagenesis (Ahlgren et al. 2006; Hupfer et al. 1995, 
2004), although we did not detect long-chain poly- 
phosphate in any sample, despite its abundance in 
many freshwater lake sediments (Hupfer et al. 1995, 
2004). Concentrations of DNA declined markedly in 
the upper sediment layers, but persisted in deeper 
layers to a much greater extent than pyrophosphate. 
This indicates either partial stabilization or presence 
in living microbes and may explain why DNA has 
been reported to be both stable (Carman et al. 2000) 
and unstable (Ahlgren et al. 2006) in anoxic Baltic 
Sea sediments. 

Phospholipids increased as a proportion of the 
organic phosphorus throughout the core, which is 
surprising given their apparent instability in the 
environment (Ahlgren et al. 2006; Watts et al. 
2002). However, the measurement of phospholipids 
by alkaline extraction and solution 31P NMR spec- 
troscopy is confounded by the sensitivity of some 
phospholipids to chemical hydrolysis in strong alkali 
(Makarov et al. 2002; Turner et al. 2003a), so values 
determined by this procedure should be regarded as 
underestimates. 

The unidentified signal at 6.91 ppm is detected 
commonly in soil extracts (e.g. Turner et al. 2003c), 
but to our knowledge has been reported only once in 
aquatic sediment—an anoxic sediment from waters 
off the coast of Finland (Carman et al. 2000). The 
signal persists following hypobromite oxidation 
(Turner and Richardson 2004), so probably represents 
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an inositol phosphate. The unidentified signal at 
2.96 ppm that occurred in all samples was also 
evident in spectra of anoxic Baltic Sea sediments 
(Ahlgren et al. 2006; Carman et al. 2000). It was 
previously assigned to teichoic acids (Ahlgren et al. 
2006), although these compounds occur around 
2.3 ppm in alkaline soil extracts (Makarov et al. 
2002), which is ~0.7 ppm from the signal in our 
spectra. Glucose-1-phosphate occurs close to 3 ppm 
in alkaline extracts (Turner et al. 2003a), but would 
be expected to degrade rapidly in the environment. 
As the 2.96 ppm signal detected here followed an 
almost identical pattern to phytate in the sediment 
profile, it may represent an inositol phosphate. 

Potential use of inositol phosphate stereoisomers 
as paleo-indicators 

Phytate (i.e. salts of the myo form of inositol 
hexakisphosphate) is the only stereoisomeric form 
of inositol phosphate found in grain seeds, raw 
sewage, and animal manures. In contrast, other 
stereoisomeric forms of inositol hexakisphosphate 
(i.e. scyllo, neo, D-chiro) occur only in significant 
quantities in soil (Turner et al. 2002). For example, 
scvWo-inositol hexakisphosphate is common in soils, 
but was not detected in sediments of the current 
study, confirming the negligible input of soil-derived 
sediment to the embayment. The ratio of wryo-inositol 
hexakisphosphate (phytate) to other stereoisomeric 
forms in sediment could therefore be used as a 
sensitive indicator of historical changes in pollu- 
tion from sewage and/or animal manure. The myo 
and scyllo forms of inositol hexakisphosphate 
can be determined using the methodology described 
here, which can be refined for low concentrations of 
inositol phosphates by including a hypobromite 
oxidation step (Turner and Richardson 2004). 
Determination of neo- and D-c/z/ro-inositol hexakis- 
phosphate would require more sensitive methodology, 
such as the combination of ion exchange and gas 
chromatography used to detect inositol stereoisomers 
in Tokyo Bay sediments (Suzumura and Kamatani 
1993). 
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