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g r a p h i c a l a b s t r a c t
� Po was extracted by NaOH-EDTA,
which few remained in the residual
sediments.

� Po was characterized by a combina-
tion of enzymatic hydrolysis and 31P
NMR.

� 54.6e100% of Po measured by 31P
NMR could be hydrolyzed by the
phosphatase.

� Labile Po in sediments was an
important source of bioavailable P for
algal blooming.

� Bioavailability and preservation of Po
was influenced by organic matter and
minerals.
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a b s t r a c t

Bioavailability and preservation of organic P (Po) in the sediment profiles (DC-1 and DC-2) from Lake
Dianchi, a eutrophic lake in China, were investigated by a combination of enzymatic hydrolysis and
solution 31P nuclear magnetic resonance (NMR) spectroscopy. Results showed that large of Po could be
extracted by NaOH-EDTA (NaOH-EDTA Po), with little Po in residues after extraction with NaOH-EDTA.
Bioavailability and preservation of NaOH-EDTA Po provide key information for biogeochemical cycling
of Po in sediments. The details of P species and their bioavailability in NaOH-EDTA Po showed that 54.8
e70.4% in DC-1 and 54.6e100% in DC-2, measured by 31P NMR, could be hydrolyzed by the phosphatase.
Whereas, some proportion of NaOH-EDTA Po could not be hydrolyzed by the phosphatase, and decreased
with sediment depth. Interaction between Po and other organic matter (e.g., humic acids) is likely an
important factor for preservation of these Po in the sediment profiles. Simulation experiments of hy-
drolysis of model Po compounds adsorbed by minerals, such as goethite and montmorillonite, further
indicated that adsorption to minerals protected some Po, especially phytate-like P, from enzymatic hy-
drolysis, thus preserving these forms of Po in sediments. Interactions of Po with organic matter and
minerals in the sediments are two important factors determining biogeochemical cycling of Po in lakes.
.
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Intervention to break the cycle of FeeP and bioavailable Po (e.g., labile monoester P) in the history of
eutrophication is important way to control algal blooming.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Eutrophication is a primary water quality issue for freshwaters
of the world (Carpenter et al., 1999; Smith and Schindler, 2009).
Phosphorus (P) is an essential nutrient and is one of the key factors
limiting primary production in lake ecosystems, and a determinant
of eutrophication (Schindler, 1977; Conley et al., 2009; Ding et al.,
2018). Once external P inputs are controlled, internal P recycling
is the most important supply of P for primary production and
maintaining the trophic status and algal blooming (Zhu et al.,
2013b, 2013c; Chen et al., 2018). Organic P (Po), which can consti-
tute a substantial pool of internal P from lake sediments, has
received much more attention as the development and application
of multiple analytic methods in recent years (Worsfold et al., 2008;
Zhu et al., 2013b; Giles et al., 2015). Especially, bioavailable Po forms
in sediments and their biogeochemical cycling are important
mechanisms to self-regulate P status in lakes and maintain their
eutrophic status (Zhu et al., 2013b; Giles et al., 2015). Instead,
preservation of P in sediments is an important way to reduce active
P levels in lakes. For examples, addition of aluminum (Al) dosing
has been used in lakes worldwide (Jensen et al., 2015), to preserve P,
including some Po in the sediments (Reitzel et al., 2006). Thus, it is
important to understand mechanisms affecting bioavailability and
preservation of Po, and even its relationships between internal
cycling of Po and trophic status of lakes.

Solution 31P nuclear magnetic resonance (NMR) spectroscopy
and enzymatic hydrolysis have been used separately or in combi-
nation, to characterize forms and bioavailability of Po in sediments
(Zhu et al., 2013b, 2015b; Giles et al., 2015). 31P NMR spectroscopy,
which distinguishes specific P compounds and classes (e.g.,
orthophosphate monoester, diester, phosphonates and poly-
phosphate) in alkaline extracts of sediments, has advanced our
knowledge of Po in sediments more than any other technique
(Ahlgren et al., 2005; Zhang et al., 2008; Ding et al., 2013; Giles
et al., 2015). Most of these Po are hydrolyzed to release phosphate
prior to uptake by algae or other organisms (Herbes et al., 1975;
Bünemann, 2008). Enzymatic hydrolysis, as a biotic method, plays a
key role in liberation of phosphate from these Po compounds
satisfying the need of P for growth of plants, including algae
(Herbes et al., 1975). Thus, enzymatic hydrolysis can provide an
estimate of bioavailable Po, such as labile monoester P, diester, and
phytate-like P (He and Honeycutt, 2001; Monbet et al., 2007; Zhu
et al., 2013b).

A combination of enzymatic hydrolysis and 31P NMR provides
not only complementary information on P species and their
bioavailability (Giles et al., 2015), but also information on preser-
vation of Po in sediments (Zhu et al., 2015b). Based on results of
previous studies that have combined these techniques (Zhu et al.,
2015b), natural organic matter, such as humic acid, can be a sig-
nificant factor determining bioavailability and preservation of some
Po such as phytate-like P in the surficial sediments. Additionally,
minerals, such as Fe or Al oxides, were themain composition of lake
sediments, which would adsorb a range of Po (Ruttenberg and
Sulak, 2011). Importantly, research has suggested that preserva-
tion of Po would be enhanced by increasing immobilization by
adsorption to solids in sediment profiles (Ding et al., 2013). Min-
erals have been shown to protect adsorbed inositol
hexakisphosphate (IHP) from enzymatic hydrolysis (Giaveno et al.,
2010), which indicated that preservation of IHP would be enhanced
when adsorption by minerals surfaces. Whereas, surface of some
minerals, such as goethite, would be effective in concentrating
substrates and enzymes, where enzymatic hydrolysis of some labile
monoester Po (e.g., gucose-1-phosphate) also can be of the same
order of magnitude as in aqueous solution (Olsson et al., 2011).
Therefore, investigation of influence of minerals on bioavailability
and preservation of Po would be important for further under-
standing biogeochemical cycling of Po in sediments of lakes.

However, little information about bioavailability and preserva-
tion of Po from sediment, especially sediment profiles is available
(Giles et al., 2015). In this study, bioavailability and preservation of
Po in the sediment profiles from Lake Dianchi were analyzed by
enzymatic hydrolysis and 31P NMR. The influence of organic matter
on bioavailability and preservation of Po was further investigated in
the sediment profiles based on previous studies (Zhu et al., 2015b).
Especially, the influence of minerals (goethite and montmoril-
lonite) on the bioavailability and preservation of Po was also
investigated in this study. Finally, biogeochemical cycling of Po and
its relationship with eutrophication of Lake Dianchi are discussed.
2. Materials and methods

2.1. Study site and sample collection

Lake Dianchi (24�400e25�020 N,102�360e102�470 E) is a shallow,
eutrophic lake located in the city of Kunming, Yunnan Province,
Southwest China (Fig. S1, Supplementary data). It has an area of
approximately 306 km2, with an average depth of approximately
5m. Due to loading of contaminants and nutrients from industry
and agriculture in recent decades, the lake is now severely eutro-
phic (Wang et al., 2009; Xiong et al., 2010). With good enforcement
capacity, nutrients inputs have been reduced in recent years (Lu
et al., 2012). However, quality of surface water has not improved
markedly. There are still undesirable harmful algal blooms in water
bodies every year. Internal cycling of nutrients is a major factor that
continues to influence the trophic status of the lake (Gao et al.,
2005; Zhu et al., 2013b). Lake Dianchi is a relatively closed system
with a residence period of water from 3 to 8 years, which might
exacerbate retention and accumulation of nutrients in the lake.

Due to both nutrients and wind conditions, algal blooms
aggregate in north of Lake Dianchi. Additionally, organicmatter and
nutrients also accumulated in the sediments of center of Lake
Dianchi (Zhu et al., 2013b). Thus, typical sediment cores at the site
of DC-1 (24�56027.4800 N, 102�39050.5100 E) and DC-2 (24�50036.2400

N,102�42054.4900 E) were collected in April 2010 from the north and
the center of Lake Dianchi (Fig. S1) by use of a homemade piston-
percussion corer (Reasoner, 1993) fitted with 5-cm internal plex-
iglass cylindrical tubes.

Sediments were sectioned into 1-cm intervals (in the top 20 cm)
and 3-cm intervals (below 20 cm) immediately after collection, and
then lyophilized. Samples were ground to powder with a pestle and
mortar, and were stored in the freezer at temperature between
0 and �20 �C until analysis.
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2.2. Chemical analysis

Total contents of Al, Ca, Fe and Mn in sediments were measured
by use of an inductively coupled plasma-optical emission spec-
troscopy (Perkin-Elmer Optima 5300 DV, USA) after microwave-
acid wet digestion by HNO3, HCl, and HF (Sneddon et al., 2006).
Subsamples of sediments were pretreated with 1M HCl to remove
carbonates, and then total organic carbon (TOC) and total nitrogen
(TN) were analyzed by using an elemental analyzer (Vario EL Ш,
Elementar, Germany). Carbon and nitrogen isotope analyses were
conducted on a Delta plus XP mass spectrometer connected with a
Flash EA elemental analyzer (Thermo Finnigan, Germany). d13C and
d15N are reported as per mil relative to Vienna Pee Dee Belemnite
and air, respectively.

Basic composition of P in sediments was determined by use of
the Standards, Measurements and Testing (SMT) protocol of the
European Commission (Ruban et al., 1999, 2001). The operationally
defined scheme was composed of five steps: NaOH soluble inor-
ganic P (Fe/AleP, P bound to Al, Fe and Mn oxides and hydroxides),
HCl extractable inorganic P (CaeP, P associated with Ca), organic P
(Po), inorganic P (Pi), and total P (TP). For each P fraction, the con-
centrations were determined by use of the molybdenum blue
method (Murphy and Riley, 1962).
2.3. Organic P extraction

Sediment (1.0 g) was first treated with 30mL of 0.1M HCl by
shaking for 1 h at room temperature to remove cations that could
interfere with subsequent extraction of Po (Turner et al., 2005). It is
also important to obtain a relatively large ratio of Po to Pi (removing
some proportion of Pi, such as calcium bounded Pi) for enzymatic
hydrolysis. After centrifugation (10000 g, 15min) the supernatant
was decanted. Sediment was then extracted by shaking with 30mL
of a solution containing 0.25M NaOH and 50mM Na2EDTA for
16 h at room temperature (Turner and Weckstr€om, 2009; Zhang
et al., 2009; Ding et al., 2010). NaOH-EDTA extracts were centri-
fuged at 10000 g for 30min. Inorganic P in diluted extracts was
determined by the molybdenum blue/ascorbic acid method
(Murphy and Riley, 1962). Total P in extracts was determined after
K2S2O8 digestion. The Po content in the NaOH-EDTA extracts
(NaOH-EDTA Po) was calculated as the difference between TP and
Pi. The remaining extracts were stored at �20 �C until enzymatic
hydrolysis and 31P NMR analysis.

In order to examine Po in sediment residues after extraction by
NaOH-EDTA, selected residues after NaOH-EDTA extraction were
further sequentially extracted by a detailed Po scheme of Golterman
(1996); Golterman et al. (1998), and then analyzed by solution 31P
NMR again (Fig. S2). Each sediment-suspension was centrifuged
(10000 g) for 15min, decanted, and an aliquot was taken for
quantification of P. To determine the P in the extracts such as Ca-
and Na-EDTA, a 25e50 time dilution was done to prevent the in-
terferences of chelating reagents with the MoeP colorimetric re-
action. The Po in the fractions was quantified by K2S2O8 digestion.
The remaining water, CaEDTA, NaEDTA, H2SO4 (neutralization by
NaOH), cold TCA [trichloroacetic acid] (0 �C), hot TCA (95 �C) and
NaOH extracts were mixed and this fraction was defined as
extractable residual P (ERP). Mixtures were lyophilized and stored
at �20 �C until redissolution and analysis.
2.4. Enzymatic hydrolysis

Alkaline phosphatase (APase), phosphodiesterase (PDEase), and
crude phytase from wheat were purchased from Sigma (P7640,
P4506 and P1259). Details of the procedure for enzymatic
hydrolysis have been described previously (Zhu et al., 2013b,
2015b). Briefly, stock enzyme solutions of APase (2 unit mL�1) or
PDEase (0.02 unit mL�1) were prepared in Tris-HCl buffer (0.1M, pH
9.0). Purified phytase was prepared in either a Tris-HCl buffer
(0.1M, pH 7.0) or a NaAc buffer (0.1M, pH 5.15) at a concentration of
0.06 unit mL�1. Exactly 0.3mL of NaOH-EDTA extracts were
neutralized, diluted, buffered and added 0.44mL prepared enzyme
solutions (pH 9.0 for APase, PDEase combined with APase; and pH
7.0 for APase, PDEase and phytase mixture) to make a final volume
of 8mL in a 10-mL tube. Enzymatic hydrolysis of Po in these solu-
tions was performed by incubating at 37 �C for 16 h. Blank NaOH-
EDTA extracts in the absence of enzyme, and calibration P stan-
dards in the presence of both the extracts dilution and enzyme
solutions were also incubated simultaneously as controls. Inorganic
P released was quantified by molybdenum blue method (Murphy
and Riley, 1962). Each extract was analyzed in triplicate and the
mean calculated.

Based on this procedure and substrate specificity tests of these
enzymes (Zhu et al., 2013b), three classes of enzymatically hydro-
lyzable P were quantified as: (1) labile monoester P and condensed
P (hydrolyzed by APase); (2) diester P (hydrolyzed by themixture of
APase and PDEase minus labile monoester P and condensed P); (3)
phytate-like P (hydrolyzed by the mixture of APase, PDEase and
phytase minus diester P and labile monoester P and condensed P).
Additionally, the portion of Po that was not hydrolyzed by APase,
PDEase and phytase would be “unidentified Po”.
2.5. Solution 31P NMR analysis

Lyophilized NaOH-EDTA extracts were redissolved in 2mL D2O,
and shaken by ultrasonic vibration. Excess Na2S (dissolved in D2O)
was then added to precipitate paramagnetic ions (e.g., Fe and Mn)
and maintain reducing conditions (Vestergren et al., 2012). For
some samples, MDPA (methylene diphosphonic acid sodium salt,
20 mL of 25mM solution in D2O, Sigma-Aldrich) was added as an
internal standard. After setting aside for 17e20 h at 4 �C, each
sample was centrifuged (10000 g, 30min) and the supernatant was
transferred to a 5mm diameter NMR tube. The lyophilized ERP
extracts were also redissolved by 1M NaOH/D2O and pretreated
according to the NaOH-EDTA extracts.

Solution 31P NMR spectra were recorded at 298 K using Agilent
DD2 500 or 600 spectrometer (Agilent technologies), equipped
with a 5mm OneNMR probe. Spectra were collected with param-
eters setting as a 45� pulse (5.3 ms pulse duration), an acquisition
time of 0.6 s, a relaxation delay of 5 s, and 12000e15000 scans. Peak
areas were calculated by integration on spectra processedwith 2 Hz
line broadening, using a commercial NMR software package
(MestRenova 9.0). Concentration of each P species was calculated
by multiplying its relative contribution to total NMR signal by the
total NaOH-EDTA extractable P concentration as determined above.
A dilute P standards spike (dissolved in NaOH-EDTA extracts from
sediments directly) was used to confirm the chemical shifts. Peak
assignments were based on the spiking experiments and relative
chemical shifts referred to previous reports (Cade-Menun, 2015;
Giles et al., 2015).
2.6. Enzymatic hydrolysis of model P compounds adsorbed by
minerals

In order to investigate influence of minerals on the bioavail-
ability and preservation of Po, a simulation experiment was
designed. Five model P compounds representing a variety of mo-
lecular sizes and functional types were purchased from Sigma-
Aldrich Chemicals (Shanghai, China). They were labile monoester
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phosphate (glucose-6-phosphate, G6P; adenosine 50 mono-
phosphate, AMP; p-nitrophenyl phosphate, pNPP), phytate (inositol
hexakisphosphate, IHP), and condensed-P compounds (pyrophos-
phate, Pyr). Solutions of G6P, AMP, pNPP, and Pyr containing
500 mMP were prepared by dissolution in 0.01M Tris-HCl buffer
(pH 9.0). Solution of IHP containing 1800 mMP was prepared by
dissolution in 0.02M NaAc-HAc buffer (pH 5.15). The final con-
centrations of P in these prepared solutions were further deter-
mined after digestion.

Goethite was one of the main authigenic mineral in sediment of
Lake Dianchi (Zhang et al., 1996), montmorillonite was also an
important clay mineral in sediments of Lake Dianchi (Xiao et al.,
2012). Thus, goethite and montmorillonite were selected as two
representative minerals from sediments of Lake Dianchi. Goethite
was prepared by themethod of Atkinson et al. (1967). The synthetic
goethite was confirmed by powder X-ray diffraction analysis
(Bruker D8 Advance, Germany) (Fig. S3). Montmorillonite KSF
purchased from Alfa Aesar (A Johnson Matthey Company).

Based on results from previous studies of adsorption and
desorption of Po onto minerals (Ruttenberg and Sulak, 2011;
Johnson et al., 2012), pre-sorbed samples of P (Minerals-P com-
plexes) were prepared. Briefly, 200mg minerals were weighed into
50mL polypropylene tubes, to which 30mL of prepared P solution
was added then shaking for 17 h at 25 �C. The tubes were centri-
fuged, and aliquots of supernatant collected for quantification of P,
while the remainder was discarded. Particles (Minerals-P com-
plexes) were lyophilized and prepared for enzymatic hydrolysis.

Aliquots of 20mg minerals-Po complexes containing G6P, AMP,
pNPP were weighed into 50mL polypropylene tubes respectively,
and then 10mL APase buffer solutions (0.01M Tris-HCl, pH 9.0)
were added. Suspensions were incubated at 25 �C for 1 h. Minerals-
Po complexes in the absence of enzymes were controls for any non-
enzymatic hydrolysis of Po. Incubated suspensions were then
centrifuged. Aliquots of supernatant were collected for P analysis.
In order to check the hydrolysis of Po in the Po-mineral complexes,
precipitated particles were extracted by 0.25M NaOH solution for
16 h. After centrifugation, supernatant were collected for P analysis.
2.7. Statistical analysis

Statistical analysis was performed using v19.0 software. The
correlations between each two variables were individually
analyzed using the Pearson correlation coefficient, at the p< 0.05,
P< 0.01 or P< 0.001 levels of significance.
3. Results

3.1. Bulk compositions of organic matter and selected metals in
sediments

Based on vertical profiles of TOC, TN, TOC/TN (molar ratio), d13C
and d15N (Fig. S4), the sediment profiles can be approximately
categorized into two distinct stages in the evolution of Lake Dia-
nchi. In the lower section (Section 1: 55e12 cm), the organic matter
content was relatively constant, though the TOC, TN, and TOC/TN
gradually increased in a downward direction below 40 cm. How-
ever, in the upper section (Section 2: 12e0 cm), TOC and TN
increased markedly in both cores. There was an increase in accu-
mulation of TOC from 2.5% to 9.6% in DC-1, and from 1.6% to 7.5% in
DC-2. TN ranged from 0.3% to 1.1% in DC-1, and from 0.2% to 0.8% in
DC-2. The TOC/TN ratio was relatively constant in DC-1, and varied
from 8.6 to 11.7; the range in DC-2was from 7.0 to 13.5. Bulk isotope
compositions of sediments display positive shifts in d13C and d15N
in this section.
Distribution of Al, Ca, Fe, and Mn contents were similar in
sediment profiles from DC-1 and DC-2 (Fig. S5). Contents of Al and
Ca decreased as the depth of sediment increased. However, con-
tents of Fe increased with depth from 0 to 20 cm, and then
decreased slowly below 20 cm. Contents of Mn were low, which
were fluctuated through sediment cores from Lake Dianchi.

3.2. Basic composition of phosphorus in sediments

Vertical variations of P fractions in the two sections of sediment
profiles (Fig. S6) were similar to those of bulk composition of
organic matter. However, contents of TP, Pi, and its fractions
increased as sediment depth increased from 0 to 4 cm, except for Po.
Contents of P fractions were greater in DC-2 than in DC-1. Inorganic
P was divided into Fe/AleP and CaeP, which was the main
component of TP in sediments from Lake Dianchi. Trends in Po were
different from trends in Pi in Section 1, and concentrations of Po
have continued to increase in recent years (0e4 cm sediments).
Contents of Po determined by SMT protocol varied from 290.6 to
492.1mg kg�1 and from 357.3 to 663.7mg kg�1 in DC-1 and DC-2,
respectively, and accounted for 23.7e32.9% and 19.2%e34.8% of
TP in sediments. Fractions of P in sediments from Lake Dianchi were
in the order that CaeP> Po> Fe/AleP.

3.3. NaOH-EDTA extractable Po and the residual P

Contents of NaOH-EDTA Po including condensed P ranged from
30.8 to 269.0mg kg�1 and 30.1 to 220.0mg kg�1, and accounted for
2.1e12.5% and 1.6e9.3% of TP in sediments from DC-1 and DC-2,
respectively (Fig. 1, Tables S1 and S2 in Supplementary data).
Contents of NaOH-EDTA Po decreased with sediment depth, and
then stabilized gradually. Contents of NaOH-EDTA Po were signifi-
cantly correlated with TOC (%) in both sediment cores (DC-1:
r2¼ 0.98, p< 0.001, n¼ 24; DC-2: r2¼ 0.91, p< 0.001, n¼ 31).
However, there were only 7.2e43.8% and 5.4e35.8% respectively of
total Po determined by SMT protocol extracted by NaOH-EDTA in
DC-1 and DC-2 sediments (Tables S1 and S2). Especially, the pro-
portion of NaOH-EDTA Po in TP or total Po determined by SMT
method decreased rapidly with sediment depth. Thus, residual P
after extraction by NaOH-EDTA was further determined by
sequential extraction combined with solution 31P NMR analysis.
Results of sequential extraction showed that little Po was extracted
by the other chelating solvents, such as H2SO4, TCA and hot NaOH
(Table S3). However, there was no detectable Po or condensed P
identified by solution 31P NMR spectroscopy of the extractable re-
sidual P (ERP) (Fig. S7). Additionally, only a small proportion of P
remained after NaOH-EDTA extraction and sequential extraction by
other chelating compounds (Table S3).

3.4. Enzymatic hydrolysis of NaOH-EDTA P in sediments

To estimate the bioavailability of NaOH-EDTA Po in the sediment
profiles, enzymatic hydrolysis of NaOH-EDTA Po was quantitatively
analyzed (Fig. 1, Tables S1 and S2). APase activities can hydrolyze
labile monoester P and condensed P (Monbet et al., 2007; Zhu et al.,
2013b). Contents of NaOH-EDTA Po hydrolyzed by APase were
3.0e82.4mg kg�1 and 6.5e100.3mg kg�1 and accounted for
9.6e43.2% and 15.1e73.3% of NaOH-EDTA Po in the DC-1 and DC-2
sediment profiles, respectively. PDEase combined with APase can
hydrolyze labile monoester P, condensed P, and diester P. Therefore,
more Po was hydrolyzed to phosphate by a combination of PDEase
and APase for NaOH-EDTA extracts than by APase alone. Concen-
trations of Po released by PDEase and APase varied from 7.9 to
119.9mg kg�1 in DC-1 and from 15.5 to 124.0mg kg�1 in DC-2, and
accounted for 25.6e72.5% and 34.1e100% of NaOH-EDTA Po in DC-1



Fig. 1. Concentrations of NaOH-EDTA Po and NaOH-EDTA Po hydrolyzed by phosphatase in sediment profiles. APase Po, NaOH-EDTA Po hydrolyzed by APase (labile monoester P and
condensed P); AP þ PDE Po, NaOH-EDTA Po hydrolyzed by APase and PDEase; APase þ PDEase þ phytase Po, NaOH-EDTA Po hydrolyzed by APase, PDEase and phytase; Diester P, the
difference between NaOH-EDTA Po hydrolyzed by APase þ PDEase and APase. Data are presented as the average value with standard deviation (n ¼ 3).
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and DC-2, respectively. Based on the difference between Po hy-
drolyzed by APase alone and mixtures of PDEase and APase, the
bioavailable diester P was also analyzed (Fig. 1). Phytase can hy-
drolyze a range of P compounds, including the inositol phosphates
that cannot be hydrolyzed by PDEase and APase. However, the
amount of Po released from extracts by APase, PDEase, and phytase
at pH 7 was not greater for most samples. Amounts of NaOH-EDTA
Po hydrolyzed by these phosphatases in DC-1 varied from 0 to
106.3mg kg�1, and accounted for 0e43.8% of NaOH-EDTA Po; in DC-
2, the amounts varied from 12.4 to 89.1mg kg�1, and accounted for
31.2e100.0% of NaOH-EDTA Po. Bioavailability of Po decreased with
depth in the sediment profiles of the upper section (Section 2), and
then became constant in sediment profiles of Section 1 (Fig. 1).

3.5. Solution 31P NMR spectroscopy of NaOH-EDTA P in sediments

Solution 31P NMR spectra of NaOH-EDTA extractable P could be
found in Fig. S8. Based on results of spiking experiments and peak
identification (Fig. 2), concentrations and percentage of P species of
NaOH-EDTA P were given in Table 1. Ortho-P, the main composition
of Pi, represented the largest proportion of P in the NaOH-EDTA
extracts, and increased from 65.4% to 87.4% in DC-1 and 74.2%e
95.6% in DC-2 with sediment depth. A number of other P com-
pounds, including monoesters, diesters, and phosphonates, gener-
ally decreased with sediment depth. Monoesters were the major
forms of NaOH-EDTA Po in these extracts. These monoesters
included four stereoisomers of inositol hexakisphosphate (myo-,
scyllo-, neo-, and chiro-IHP), other inositol phosphates (D-myo-ITP),
degradation products of diester (a- and b-glycerophosphate,
mononucleotides), sugar bound phosphate (glucose-6-phosphate
and glucose-1-phosphate), choline phosphate, and a prominent,
other unidentified monoesters. Within unhydrolyzed diesters,
phospholipids and DNA were detected. A small amount of pyro-
phosphate in sediments from DC-1 and DC-2 was detected, which
decreased quickly with depth increasing. Polyphosphate was not
detected, which probably due to its breakdown to pyrophosphate
(Sundareshwar et al., 2001; Hupfer et al., 2004). Additionally, trace
amounts of phosphonates were observed in the NaOH-EDTA
extracts.

3.6. Desorption and hydrolysis of P compounds adsorbed by
minerals

A large amount of model Po compounds and condensed P,
especially IHP, was adsorbed by the minerals of goethite and
montmorillonite, to form mineral-P complexes (Fig. S9). Contents
of Po or condensed P in mineral-P complexes were several times of
contents of NaOH-EDTA Po in sediments of Lake Dianchi (Fig. 1).
However, 9.4e32.4% and 27.2e45.0% of labile monoester P
including model P compounds of G6P, AMP, and pNPP adsorbed by
goethite and montmorillonite could be desorbed from these com-
plexes (Fig. 3a and Table S4). These desorbed labile monoester P
would be easily hydrolyzed by enzymes in the solution (Fig. 3b). For
condensed P, only small amounts (2.5%e3.4%) of pyrophosphates
could be desorbed from the complexes (Fig. 3a, Table S4). The P
remained in the minerals was extractable by NaOH, which re-
coveries of labile monoester P and condensed P in the experiments
generally approach 100% (Table S4). These remaining P immobi-
lized in the complexes were partially hydrolyzed by enzymes,
though some immobilized labile monoester P and condensed P was
hydrolyzed by enzyme-free buffer directly (Fig. 3c and d). Also,
adsorption by goethite and montmorillonite protected some labile
monoester P and condensed P from enzymatic hydrolysis (Fig. 3d
and Table S4).

Few or no detectable IHP could be desorbed from complexes of
G-IHP or M-IHP (Table S5). The IHP adsorbed by minerals even
could not be totally extracted by NaOH (Table 2). Differences in
concentrations of NaOH extractable IHP determined in buffer
controls and after hydrolysis with phytase (Table 2) represented
degradation of IHP by phytase, which was degraded to phosphate
and extracted by NaOH. Few IHP in the G-IHP complex could be
hydrolyzed by phytase even though the incubation time



Fig. 2. 31P NMR spectra of NaOH-EDTA Po from sediments of Lake Dianchi and spiking experiment; (a), (b), (c), spectra including all peaks; (d), (e), (f), the region of monoester P. (a)
and (d), sediment sample of DC-2 (1e2 cm); (b) and (e), surface sediment sample (X) from Lake Dianchi, NaOH-EDTA extractants adding MDPA (methylene diphosphonic acid); (c)
and (f), NaOH-EDTA extractants of X adding a serious of P standards. The P standards: MDPA; DNA; *, myo-IHP (inositol hexakisphosphate); d1, G6P (glucose-6-phosphate); d2, a-Gly
(a-glycerophosphate); d3, b-Gly (b-glycerophosphate); d4, AMP (adensine 50 monophosphate); d5, Pcho (choline phosphate); d6, G1P (glucose-1-phosphate). Peak identified in the
samples: Cle, chiro-IHP, 2e/4a; Cla, chiro-IHP, 4e/2a; *, myo-IHP, 4e/2a; N, neo-IHP; D, D-myo-ITP (D-myo-inositol 1,4,5 triphosphate); A, a-Gly; B, b-Gly; M, Ncu (mononucleotides);
PC, Pcho; S, scyllo-IHP; G6P and G6P.
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approached to 6 h at 55 �C. However, there was only approximately
10% of IHP in the M-IHP complex that could be hydrolyzed.

4. Discussion

4.1. Eutrophication of Lake Dianchi and source of organic matter in
sediments

Comparison of the two sections of the cores showed an abrupt
change in buck composition of organic matter in Section 2
(12e0 cm) relative to that in Section 1 (55e12 cm): this suggests
that organic matter increased sharply in Section 2 in Lake Dianchi
(Fig. S4). Based on the 137Cs profiles recorded in sediments from
area of DC-1 and DC-2 studied previously (Wang et al., 2009; Xiong
et al., 2010), the sediment at 12 cm was accumulated during the
1970s. The TOC/TN ratio can be used to distinguish sources of
organicmatter in sediments. Plankton and bacteria generally have a
TOC/TN ratio of between 4 and 10, whereas the TOC/TN ratio for
vascular land plants is always greater than 20 (Meyers and
Ishiwatari, 1993). The TOC/TN ratios in the sediments from Lake
Dianchi are closer to the range for typical autochthonous sources
than allochthonous sources (Fig. S4), a result which suggests that
organic matter in sediments is mainly derived from algal and
bacterial production in the lake water column. Phytoplankton in
lacustrine environments has d13C values falling within the range of
C3 land plants (with an average of �27‰) (Wang et al., 2009), and
the d15N value of dissolved NO3

� used by algae is typically 7e10‰
(Xiong et al., 2010). Thus, the conclusionwas also further supported
by d13C and d15N values in sediments from Lake Dianchi (Fig. S4).
Therefore, variations in organic matter in sediment profiles indi-
cated that there was a significant increase in the number of algae
and bacteria from the 1970s onwards, which suggests that Lake
Dianchi entered into a eutrophic stage or hyper-eutrophic stage in
this period. This was also supported by the previous studies on the
evolution of Lake Dianchi based on diatom (Gong et al., 2009),
stable isotopes (Wang et al., 2009), and molecular compositions of
organic matter (Xiong et al., 2010) recorded in sediments.

4.2. Geochemical records of P fractions during the evolution of Lake
Dianchi

The trophic status of lakes can be determined by distribution of
P in the profiles of sediments (Carey and Rydin, 2011). The distri-
bution of P fractions (Fig. S6) in the profiles (except for the 4e0 cm
of sediments), including TP, Pi, Fe/AleP, and CaeP were decreased
with sediment depth, which further indicates that Lake Dianchi
was eutrophic or hyper-eutrophic presently. The interpretation of P
fractions in the sediment profiles of lakes is inherently difficult
because of interactions of P sedimentation and the diagentic pro-
cesses (Hupfer et al., 1995; Trolle et al., 2010; Carey and Rydin,
2011). Vertical distributions of P fractions (Fig. S6) were similar
with long-term changes of TP in overlying water from Lake Dianchi
(Zhu et al., 2015a), which may, however, suggest that the
geochemical records of TP, Pi, Fe/AleP, and CaeP in the sediment
profiles were closely related with the load of P in the overlying
water, thus inputs of external P in Lake Dianchi (Gao et al., 2005),
especially in the eutrophic or hyper eutrophic stage of Lake Dianchi
(Section 2, 12e0 cm). Additionally, contents of TP and Pi (including
Fe/AleP and CaeP) decreased in the sediments from 4 cm to 0 cm.
This result corresponds with the TP decreasing in the water column
after the year 2000, owing to a large extent, to the inputs of P being
controlled (Lu et al., 2012; Zhu et al., 2015a). However, Po was still
accumulating in the sediments from 4 cm to 0 cm, which ongoing
eutrophication of Lake Dianchi would continuously accumulate
organic matter and Po in the top sediments.



Fig. 3. Desorption and degradation of minerals-P complexes (G, goethite; M, montmorillonite; P including labile monoester P and condensed P) in the presence and absence of
APase. (a), desorption of Po and condensed P in the supernatants; (b), degradation of Po and condensed P in the supernatants; (c), degradation of Po and condensed P in the minerals-
P complexes (NaOH extractable P); (d), unhydrolyzed Po and condensed P in minerals-P complexes. Data are presented as the average value with standard deviation (n¼ 3).

Table 2
Unhydrolyzed IHP (mmol g�1) in mineral-IHP complexes (NaOH extractable) after phytase hydrolysis.

Incubation time/complexes G-IHP M-IHP

Phytase hydrolysis Buffer controls Phytase hydrolysis Buffer controls

2 h 133.8± 0.9 a (82.9) b 138.5± 0.9 (85.8) 143.5± 2.4 (55.1) 170.1± 1.7 (65.3)
6 h 129.0± 0.5 (79.9) 133.4± 6.2 (82.6) 138.4± 0.7 (53.1) 169.3± 3.2 (65.0)

a Concentration of IHP determined after degestion; Mean± standard deviation (n¼ 3).
b Percentage (%) of IHP adsorbed on minerals (Fig. S9) extracted by NaOH.
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Contents of metals including Fe, Al, and Ca would be important
for diffusion or immobilization of P fractions in sediments. Varia-
tions of Al and Ca were similar with Fe/AleP and CaeP in sediment
profiles, which contents decreased as the depth of sediment
increased (Fig. S5). Al and Ca oxides were important P binding
agents in sediments to bind the mobilized P in the water column
(Carey and Rydin, 2011). First, the degradation of Po accumulated in
the sediments with primary production increasing would result in
release of inorganic P immobilized by Al, Fe or Ca oxides (Carey and
Rydin, 2011). The labile P diffused from the depth sediments would
be possible adsorbed by Al, or Ca oxides in the surface sediments
(Trolle et al., 2010; Carey and Rydin, 2011). Second, inputs of P
increased as phosphate was mined in the area around Lake Dianchi,
thus contents of P, Al, and Ca also increased (Figs. S5 and S6). Third,
concentrations of TP increased sharply from 1970 to 2010 because
of external P loads (Zhu et al., 2015a), therefore some P in the water
columnwas adsorbed by sediments in Lake Dianchi. Although large
inputs of external P loads and release of internal P were possibly
adsorbed and accumulated in the surface sediments, the P con-
centrations in the water column were still high during the eutro-
phic or hyper eutrophic period of Lake Dianchi. Sediments in
Section 2 (0e12 cm) may not be able to bind all mobilized P, which
would result in release of P and sudden algal bloom outbreaks.

Distributions of Fe contents were significantly difference with
Ca and Al contents in sediment profiles of Lake Dianchi (Fig. S5),
which increased with sediment depth in Section 2. This suggests
that the P associated with Fe was likely to be released simulta-
neously with eutrophication of lake. Based on the variation of P
fractions in sediments before algal blooms and during algal blooms
of Lake Dianchi, BD-P (bicarbonate dithionite, BD) can intensively
be released to the overlying water and consequently promote algal
blooms (Hu et al., 2007). It can be concluded that Fe and FeeP in the
sediments of Section 2 (0e12 cm) would be continuously released
to the water column from the anoxic sediments because of the
organic matter accumulation in the eutrophic stage of Lake Dianchi.
Some Po bound to reductive Fe in the depth sediment would be also
released and diffused to the top sediments.
4.3. Bioavailability and chemical structure of Po in sediment profiles

The depth attenuation of Po in sediment profiles was generally
attributed to the degradation of Po during diagenetic processes
(Wilson et al., 2010), such as Lake Taihu (Ding et al., 2013) and Lake
Erken (Ahlgren et al., 2005; Reitzel et al., 2007). Based on the source
of organic matter and significant correlations between NaOH-EDTA
Po and TOC in sediments, Po in the sediments is mainly derived
from autochthonous sources than allochthonous sources. The in-
crease accumulation of TOC in sediments with eutrophication
would also result in more accumulation of Po in sediments of Lake
Dianchi, which due to the sediment rate of Po far exceeded its
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mineralization degree (Gao et al., 2010; Zhu et al., 2013b). There-
fore, the depth attenuation of NaOH-EDTA Po in the sediment
profiles is likely the net result of the increasing accumulation of
organic matter and degradation during sediment.

The depth attenuation of bioavailable Po characterized by
enzymatic hydrolysis in these sediment profiles were consistent
with depth attenuation of biogenic P (e.g., monoester P, diester P,
and pyrophosphate) characterized by 31P NMR in the sediments
profiles from other lakes, such as Lake Erken (Ahlgren et al., 2005)
and Lake Taihu (Ding et al., 2013). Compared with bioavailable
labile monoester P, bioavailable diester P is likely to be degraded
quickly in the sediment profiles (Fig. 1). This is supported by that
the half-life of diester P was shorter than that of monoester P in the
sediments of lakes (Ahlgren et al., 2005; Ding et al., 2013).

Based on results of 31P NMR analysis and enzymatic hydrolysis, P
species and their bioavailability in NaOH-EDTA extracts were
compared directly (Table 3). In general, contents of total Po deter-
mined by molybdate colorimetry were approximately 30% greater
than those measured by use of 31P NMR (Table 3). For enzymatic
hydrolysis, total Po was determined by molybdate colorimetry
combined with K2S2O8 digestion, which would overestimate the
contents due to the association of orthophosphate with organic
matter (Turner et al., 2006; Zhu et al., 2015b). Hydrolysis of labile Po
during 31P NMR analysis would amplify these differences (Turner
et al., 2003; Cade-Menun et al., 2006). Differences between con-
tents of total Po determined bymolybdate colorimetry and 31P NMR
generally decreased with sediment depth. This result implies that
more labile Po is likely to be hydrolyzed during 31P NMR analysis in
the surface sediments. More accumulation of organic matter in the
surface sediments would also result in combination of orthophos-
phate with organic matter. Labile monoester P and condensed P
identified by 31P NMR could be hydrolyzed by enzymes, except for
some samples form the surficial sediments (Table 3). Compared
with 31P NMR analysis, enzymatic hydrolysis provided a relatively
mild approach for characterizing labile Po (He et al., 2006). There-
fore, large amounts of mononucleotides identified in the 31P NMR
spectra in surficial sediments (Table 1), could be products of
degradation of RNA (Turner et al., 2003; Cade-Menun et al., 2006).
In some samples, concentrations of diesters characterized by
enzymatic hydrolysis were greater than those characterized by 31P
NMR (Table 3). Because P species characterized by enzymatic
Table 3
Comparison of P species and bioavailability (mg kg�1) in NaOH-EDTA extracts identified

Sites Depth Molybdate
colorimetry

31P NMR

Total Po a Total Po
a

LM and condensed
P b

Unhydrolyzed
diester P

DC-
1

1e2 cm 242.6± 5.6 e 187.5 81.9 36.7
3e4 cm 180.7± 0.4 135.3 50.2 22.8
7e8 cm 121.0± 5.0 95.1 24.7 12.6
15
e16 cm

53.0± 2.7 54.6 7.4 5.3

DC-
2

1e2 cm 211.4± 32.0 156.5 60.8 25.2
3e4 cm 187.7± 14.4 149.6 57.8 25.1
7e8 cm 110.5± 0.7 102.3 24.4 7.6
15
e16 cm

45.9± 0.2 58.5 9.4 2.1

39
e41 cm

39.8± 18.8 26.1 4.8 2.0

a These total Po includes condensed P.
b LM: labile monoester P. LM identified in 31P NMR spectra including a-Gly, b-Gly, G6
c Inositol phosphates includes myo-IHP, chiro-IHP, neo-IHP, and scyllo-IHP, and D-myo
d The greatest contents of P hydrolyzed by enzymes.
e Mean± standard deviation (n¼ 3).
f “-” data not detected or negative value.
hydrolysis was calculated as the difference in the presence and
absence of enzymes, which would also produce more variable re-
sults (He et al., 2007; Jarosch et al., 2015). Therefore, some com-
parisons, such as diester P, should be careful. However, it is
apparent that few or no phytate-like P have been detected by
enzymatic hydrolysis though a significant contents of inositol
phosphates characterized by 31P NMR (Tables 1 and 3). Generally,
NaOH-EDTA Po could not be completely hydrolyzed by these en-
zymes. Therewere only 42.9e72.5% in DC-1 and 43.5e100% in DC-2
of Po determined by molybdate colorimetry, 54.8e70.4% in DC-1
and 54.6e100% in DC-2 measured by 31P NMR that could be hy-
drolyzed by these enzymes. Some P species, especially phytate or
phytate-like P, characterized by 31P NMR would be combined with
other organic matter, such as humic acid and fulvic acid or/and
metals ions (e.g., Al3þ, Ca2þ and Fe3þ) to form the complexes of Po-
metal-organic matter or Po-organic matter, which would be resis-
tant to hydrolysis by these enzymes (He et al., 2015; Jarosch et al.,
2015; Zhu et al., 2015b). This mechanism can be a significant factor
determining the bioavailability and preservation of Po in sediments
(Zhu et al., 2015b). Contents of Po that are resistant to enzymatic
hydrolysis significantly decreased with sediment depth (Table 3).
These results further indicated that the interaction between Po and
other organic matter would be an important factor for preservation
of Po in the sediment profiles.

In order to better understand bioavailability and preservation of
Po in sediments, the residual Po in the ERP was further investigated.
The results of sequential extraction (Table S3) and 31P NMR spectra
of ERP (Fig. S7) indicated that the majority of Po and condensed P in
sediments was extracted by NaOH-EDTA extractants. Some phos-
phate in the ERP is likely associated with organic matter, which is
not detectable by use of molybdate colorimetry (Turner et al., 2006;
Zhu et al., 2015b). Thus, some phosphate would be considered as a
portion of Po, which overestimated the proportion of Po in extracts.
Few studies have discussed residue P after extraction with NaOH-
EDTA followed by 31P NMR analysis (Cade-Menun et al., 2005,
2015). Residual P after extraction with NaOH-EDTA was further
analyzed by solid 31P NMR in marine particulates during a previous
study, which also showed that the majority of P remaining in res-
idues was orthophosphate (Cade-Menun et al., 2005). In these lake
sediments, aggregative results showed that Po determined by the
SMT protocol is likely overestimated. Especially, overestimation of
by 31P NMR analysis and enzymatic hydrolysis in the sediment profiles.

Enzymatic hydrolysis

Inositol
phosphates c

LM and
condensed P

Diester P Phytate-
like P

Total hydrolyzable
P d

40.4 61.6± 3.4 43.8± 1.0 0.9± 0.4 106.3± 7.1
31.2 41.3± 5.5 36.2± 6.0 - f 77.5± 6.0
20.9 21.6± 3.2 15.3± 13.3 15.2± 6.7 52.1± 5.6
12.0 22.9± 8.9 15.5± 12.7 e 38.4± 2.7

37.7 89.9± 1.9 27.9± 6.3 e 117.8± 9.1
53.9 69.3± 17.4 12.4± 8.2 e 81.7± 13.0
28.3 30± 3.9 9.9± 4.1 18.8± 8.3 58.7± 22.6
12.3 33.6± 15.8 19.4± 14.1 e 53.0± 4.1

5.6 10.3± 6.5 19.9± 12.0 e 30.2± 5.0

P, G1P, F6P, Nuc, and Pcho in Table 1.
-ITP.
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Po contents would be greater in the deeper sediments (Tables S1
and S2). It is likely that some Pi immobilized strongly with min-
erals (e.g., Pi migrated into particle interiors) during diagenesis
(Ruttenberg and Sulak, 2011), which results in the solution of HCl
could not recover all Pi from sediments in the SMT protocol. And
then the remaining Pi in sediments would be sequentially detected
as Po after ignition and extraction by HCl solution again (Ruban
et al., 1999, 2001). Similarly, this ignition method trends to over-
estimate the contents of Po in most soils by increasing the solubility
of Pi from the samples following ignition (Condron et al., 1990;
Turner et al., 2005). Accurate estimation of Po contents in the
sediments is important for understanding of biogeochemical
cycling of Po in lakes. Thus, investigation of total Po by use of
multiple methods in additional sediments of lakes is needed.
Additionally, the finial non-extractable P after NaOH-EDTA and ERP
were possibly inert Pi or phosphonates that would be preserved in
sediments (Cade-Menun et al., 2005).
4.4. Influence of minerals on bioavailability and preservation of
model P compounds

Incorporation of Po compounds and condensed P into organic
matter or complexes with metal ions is a factor that influences the
bioavailability and preservation of Po in sediments (Laarkamp,
2000; Zhu et al., 2015b). However, P extractable by NaOH-EDTA
includes a range of Po or condensed P adsorbed in sediments by
minerals, such as ion oxides, aluminum oxides, and calcium oxides.
Therefore, some bioavailable Po characterized by enzymatic hy-
drolysis and solution 31P NMR that was extractable with NaOH-
EDTA (Fig. 1, Tables 1 and 2) would likely have been immobilized
in sediments in situ. For labile monoester P, they were loosely
adsorbed by minerals, which could be released from sediments
easily, thus being hydrolyzed by enzymes (Fig. 3a and b).
Condensed P, such as pyrophosphates, is good complexing agents
for metals, thus they would combine strongly with minerals.
Glucose-1-phosphate (G1P) adsorbed on the goethite surface could
be hydrolyzed by acid phosphatase directly (Olsson et al., 2011).
However, released carbon goes to the solution whereas ortho-
phosphate remains adsorbed on goethite (Olsson et al., 2011).
Therefore, except for desorption, the labile monoester P and
condensed P adsorbed on the surface of minerals could be possibly
Fig. 4. Ratios (w/w) of Po and enzymatically hydrolysable Po (bioa
hydrolyzed by phosphatase directly (Fig. 3c and d), and then
transformed to Pi form directly, such as Fe or Al bound Pi. Alter-
natively, results also showed that enzymatic hydrolysis of some
labile monoester P or condensed P adsorbed by minerals would be
decelerated or inhibited referring to free P compounds (Fig. 3d).
Inositol hexakisphosphate is strongly adsorbed by minerals like
oxides, hydrous oxides and hydroxides of Fe and Al, which accu-
mulate in environments, such as soils or sediments (Turner et al.,
2002; Johnson et al., 2012). For adsorption of IHP by some min-
erals such as Al oxides, it was hardly be bioavailable for organisms
in sediments (Tables 2 and S5). This is also supported by the results
of a previous study (Giaveno et al., 2010). Also, desorption of IHP
with dissolution of Fe oxides under anoxic conditions would hy-
drolyzed by phytase. Thus, bioavailability of IHP adsorbed on
minerals seems to be governed by mineral composition (Giaveno
et al., 2010). Generally, minerals have been indicated to protect
the majority of adsorbed IHP from enzymatic hydrolysis. Therefore,
they would trend to be preserved in sediments (Turner and
Weckstr€om, 2009). Immobilization by minerals could be another
important mechanism influencing bioavailability and preservation
of Po during eutrophication of lakes.
4.5. Biogeochemical cycling of organic phosphorus and its role in
eutrophication

Blooming of algae and cyanobacteria associated with cultural
eutrophication is a primary driver of nutrients cycling such as P
(Cottingham et al., 2015). Results of this study demonstrated that
biogeochemical cycling of P was active in the sediments accumu-
lated from eutrophic periods of Lake Dianchi (Section 2: 12e0 cm).
Ratios of NaOH-EDTA Po and bioavailable Po to Fe/AleP decreased
significantly with sediment depths during the periods of eutro-
phication of Lake Dianchi, which became stable and varied in a
narrow range in sediments from Section 1 (Fig. 4). Fe/AleP can be
used as an index of algae-available and bioactive Pi (Zhu et al.,
2013a). The depth attenuation of these ratios is most likely attrib-
uted to the degradation of Po and release of FeeP with sediment
depths. Blooming of phytoplankton and accumulation of organic
matter in sediments is also likely accelerating transformation of
bioactive Pi to Po and bioavailable Po. Reference to the constant
ratios of NaOH-EDTA Po and bioavailable Po to Fe/AleP in sediments
vailable Po) to Fe/AleP in sediment profiles of Lake Dianchi.
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from Section 1 (55e12 cm), the bioavailable Po, especially in the top
4 cm sediments (Fig. 4), would be a large potentially sources of
bioavailable P for algal blooming. Especially, bioavailability of labile
monoester P was less influenced by other organic matter and
minerals. Most of labile monoester P would be available to be
recycled to support ongoing blooming of algae. Some labile
monoester P that was precipitated in sediments by minerals would
be degraded to minerals bonded Pi directly, such as Fe/AleP, to be
released from sediments or preserved in sediments. Therefore,
these types of cycling of bioavailable Po could potentially maintain
the eutrophic status of lakes for long periods, even after the control
of external P inputs and lack of internal bioavailable Pi in the sed-
iments (Carpenter et al., 1999; Zhu et al., 2013b). Without
continued intervention to break this cycle, the eutrophic status of
lakes and concomitant blooming of phytoplankton would persist
indefinitely. Insight derived from this work and others (Laarkamp,
2000; Zhu et al., 2015b) in which enzymatic hydrolysis and 31P
NMR characterization have shown that some Po, especially phytate-
like P, would be preserved in sediments, which can be enhanced by
the minerals (e.g., Al oxides) and other organic matter (e.g., humic
acid). However, it was likely lack of binding agents (such as Fe, Al
and Ca) for P in the eutrophic stage of Lake Dianchi. Therefore,
continued intervention should be done to promote the preserva-
tion of more bioavailable Po and the capture of released Pi in the
sediments. Aluminum hydroxide has been used to precipitate P
from water column and to immobilize P in the sediment in more
than 200 lakes worldwide (Jensen et al., 2015). This has accelerated
preservation of Po from surface waters of eutrophic lakes in their
sediments. Therefore, precipitation of P is likely key factor in
preservation of P by sequestration in sediments that will accelerate
reversing the trophic status of lakes.

5. Conclusions

Two sections of evolution process of Lake Dianchi was identified
by the sediment profiles: eutrophic or hyper eutrophic stage (Sec-
tion 2: 12e0 cm); oligotrophic stage and mesotrophic stage (Sec-
tion 1: 55e12 cm). Majority of Po and condensed P in these
sediments was extracted by NaOH-EDTA extractants. The residual P
after NaOH-EDTA extraction was mainly composition of Ortho-P.
The contents of Po would be overestimated by SMT protocol
(ignition method) in sediments of lakes, especially in the depth
sediments. Thus, bioavailability and preservation of these NaOH-
EDTA Po could provide key information for biogeochemical
cycling of Po in sediments of Lake Dianchi.

With eutrophication of Lake Dianchi, accumulation of organic
matter and Po in sediments was increasing. Enzymatically hydro-
lysable Po, thus degradable and bioavailable Po, was also increasing
accumulation in sediments from eutrophic or hyper eutrophic stage
of Lake Dianchi. Based on 31P NMR, 54.8e70.9% in DC-1 and
54.7e100% in DC-2 identified and unidentified Po could be hydro-
lyzed by the phosphatase. Interaction between Po and other organic
matter was an important mechanism for some Po resistant to
enzymatic hydrolysis, thus potentially preserved in the sediment
profiles for a longer period. Immobilization of Po by minerals was
also an important mechanism for Po resistant to be hydrolyzed by
phosphatase, thus preserved in the sediment profiles.

The transformations between bioavailable Po and Fe/AleP were
activewith eutrophication of Lake Dianchi. Bioavailable Powill have
played an important role in maintain the eutrophic status of lakes
as external inputs of P have been largely controlled. Though large of
phytate-like P was likely preserved in sediments, bioavailable labile
monoester P and diester P would be active and recycled to support
ongoing blooming of algae. Treatments such as adding Al hydroxide
could be utilized to accelerate preservation of some Po from surface
waters of eutrophic lakes in their sediments.
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