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Abstract Concentrations and vertical distributions of

total nitrogen (TN), total phosphorus (TP) and their dif-

ferent forms in sediments obtained from nine locations of

Lake Dalinouer in September 2008 were analyzed. The

results demonstrated that TP in surface sediments ranged

from 0.493 to 0.904 g/kg, and inorganic phosphorus was

the main fraction of total phosphorus, ranging from 335 to

738 mg/kg. Simultaneously, the autogenetic calcium

phosphorus (ACa-P) was the main fraction of inorganic

phosphorus, ranging from 145.4 to 543.2 mg/kg. Vertical

distribution of different phosphorus forms in different

sediment cores was distinguishing, and most of them ten-

ded to increase toward the surface sediment, indicated that

the phosphorus concentration was related to the humanity

with a certain extent. The relationships between TP and

occluded phosphorus and ACa-P were significant. Nitrogen

in the sediment was composed mainly of organic nitrogen,

accounting for grater than 80 % of TN. NO3
--N was the

dominate fraction of inorganic nitrogen in the surface

sediment, ranging between 51 and 346 mg/kg (151.1 ±

104.4 mg/kg), and accounting for between 2.2 and 17.7 %

of total sediment nitrogen (6.2 ± 5.6 %). The ratio of

organic carbon and TN in sediment was in range of

6.0–25.8 and presented a tendency of lake centre [lake

sides, indicating that nitrogen accumulated in the sedi-

ments from lake sides came mainly from terrestrial source

and nitrogen was mainly autogenetic in lake centre. Ratio

of N:P in all sampling sites was below 14, indicated that N

was the limiting nutrient for algal growth in this lake.

Keywords Phosphorus � Nitrogen � Forms �
Distribution characteristics � Lake Dalinouer

Introduction

Lakes’ eutrophication has become one of the most serious

environmental problems since 1970s in China. It has been

widely recognized that phosphorus and nitrogen are two

critical elements in the biogeochemical cycles due to their

roles as the essential nutrient (Zhou et al. 2001; Kaiserli

et al. 2002; Lü et al. 2005a, b; Wang et al. 2006). Conse-

quently, the contents of total phosphorus and total nitrogen

in the lake are always the most important indexes in the

assessment of trophic status of lake (Hu et al. 2006). In

general, nutrients reach surface water from many sources,

and the main sources of phosphorus and nitrogen in lakes

are external point and non-point sources such as runoff,

industrial and municipal effluents. Moreover, the release of

phosphorus and nitrogen from lake sediments is also an

important internal source for overlying water of lakes

(Ruban et al. 1999; Perkins and Underwood 2001; Bal-

cerzak 2006). Bottom sediments which act as a source or
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become the sink in the exchange of nitrogen and phos-

phorus between overlying water and suspended particles

under certain conditions, play vital roles in nitrogen and

phosphorus cycle which involves physical, chemical, and

biological processes (Wang et al. 2008; Liu et al. 2009).

Surface sediment is the most active part in the interaction

between water column and sediments, and it can release

nitrogen and phosphorus into the water body to satisfy the

growth of phytoplankton, on the other hand, when nutrients

in the lake water are oversupplied, phytoplankton would

bloom generating more fecal pellet and remains into sed-

iments and boosting the organic matter content (Beretson

2001; Lü et al. 2005a, b; Li et al. 2007). Nitrogen and

phosphorus in the sediment can be divided into organic and

inorganic forms, both of which are needed by phyto-

plankton, zooplanktons, and microorganisms. However,

not all of the phosphorus and nitrogen can be released from

the sediments. In fact, the amount of phosphorus and

nitrogen released from sediments to overlying water

depends more on their contents of available fractions than

on their total contents in sediments (Kaiserli et al. 2002).

More efficient information for predicting potential eco-

logical danger of nitrogen and phosphorus can be provided

by the investigation of available fraction of them than by

that of their total contents in lake sediments (Ruban et al.

1999; Zhou et al. 2001). Thus, it is necessary to know not

only the contents of total phosphorus and nitrogen but also

the contents of different fractions, which will help eluci-

date trends of these nutrients release into lake water (Wang

et al. 2006).

The fractionation of phosphorus in lake sediments is

complicated (Ribeiro et al. 2008), and the distribution and

behavior of various forms of phosphorus in freshwater zone

sediments have been studied by many researchers (Pet-

tersson et al. 1988; Benitez-Nelson 2000; Wang et al. 2009;

Zhu et al. 2013). Hosomi et al. (1982) distinguish five

forms of phosphorus in the sediments of the lake of

Kasumigaura: inorganic phosphate adsorbed on clay par-

ticles (Ads-P), inorganic phosphates precipitated with

aluminum (Al-P), iron (Fe-P), calcium (Ca-P), and organic

phosphorus. The changes that some phosphorus forms

undergo during various biotic and abiotic processes cause

phosphate ions to be released to interstitial and near-bottom

waters (Emeis et al. 2000; Yurkovskis 2004). Accordingly,

studies on the bioavailability of these phosphorus forms are

most important for assessing their influences on eutrophi-

cation. There are many factors which may affect the con-

centration of phosphorus and its speciation in sediments

such as the depth of water column, the magnitude of pri-

mary production, the oxygen conditions at the water–sed-

iment interface, the hydrodynamic conditions, the chemical

composition of the water and the sediments, the physical

properties of sediments, and so on (Zabel et al. 1998;

Gomez et al. 1999; Nilsson and Jansson 2002; Virtasalo

et al. 2005; Łukawska-Matuszewska and Bolałek 2008;

Wang et al. 2012). The content of total nitrogen in sedi-

ments is generally composed of three fractions: nitrate,

ammonium, and organically fixed nitrogen proportion.

Nitrogen fractions (NO3
-, NH4

?, Norg) in sediments are

also important to study its release capacity, bioavailability

and assess lake eutrophication levels, therefore the nitrogen

fraction in lake sediments have been studied widely (Balzer

1984, Song et al. 2002, Wu et al. 2012). The ratio of N and

P is important for the species of phytoplankton in lake and

it directly indicates the nature of nutrient limitation on a

community level (Koerselman and Meuleman 1996). A lot

of studies has revealed that an N:P ratio [16 indicates P

limitation on a community level, while an N:P ratio\14 is

indicative of N limitation. At N:P ratios between 14 and 16,

either N or P can be limiting or plant growth is limited by

N and P together (Stelzer and Lamberti 2001; Elser et al.

2009).

Evaluation of the forms and distribution characteristics

of phosphorus and nitrogen in sediments seems particularly

important in the context of the eutrophication of lake water.

Therefore, this study was conducted to investigate the

content of total P, total N, and their various forms, as well

as to analyze the spatial and vertical distribution charac-

teristics and environmental significance of phosphorus in

the sediments of Lake Dalinouer. Knowledge of various

forms of phosphorus in the Dalinouer Lake sediments is

useful for the evaluation of the environment effects of

phosphorus, which can be used to provide theories

regarding the significance of sediments as internal sources

releasing into the overlying water.

Materials and methods

Study area

Lake Dalinouer (E116�260–116�450, N43�130–43�230,
Fig. 1), which is the seventh largest inland freshwater lake

in China, is located in the Inner Mongolia Plateau of

northwest China. It covers a surface area of 238 km2 with a

maximum water depth of 11 m and an elevation of 1,226 m

above sea level. The lake is a typical closed-basin lake and

is surrounded by hills of basaltic rocks to the west, north,

and east, and the regional zonal vegetation was mainly

steppe with localized sedge meadows developed in the

humid river bank and lake shore. In the lake region, the

annual mean temperature ranged from -1 to ?2 �C (Wang

et al. 2001; Reiche et al. 2011), with a low mean monthly

temperature of -23 �C in January, and a high mean

monthly temperature of 17 �C in July. Climatically, Dali

Lake is located at the transition from semi-humid to semi-
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arid areas in the middle temperate zone of China, the strong

seasonal influence of the East Asian monsoon reaches the

area during the summer (Wang et al. 2004), the mean

annual precipitation, estimated for many years, is about

350–400 mm (Wang et al. 2001; Xiao et al. 2008), con-

centrated between July and September. However, the

annual average evaporation is 1,600–1,800 mm, mostly

between April and August. The major sources of water to

lake are river water and rainwater, two permanent rivers

(Gongger River and Salin River) from the northeast and

two intermittent streams (Liangzi River and Holai River)

from the southwest feed the lake, but no rivers drain the

lake. Due to the influence of climate and human activity,

the lake water has degenerated into a Mg2?-Cl--HCO3
-

type (Zhai et al. 2010) with high pH value ranged from 9.1

to 9.8, and the mean alkalinity is up to 53.6 mmol L-1

high. In addition, the Dalinouer Lake has a great ecological

value. Due to its morphological and brackish water char-

acteristics, it is the best suitable habitat for breeding and

nursing ground for fishes, and it is also the home site for

nearly 40 different species of water birds. And now it is

being designated as a national nature reserve by China.

However, in recent years, the environmental and ecological

problems of the Lake Dalinouer such as declining water

level, shrinking area, increasing salinity and the intensify-

ing eutrophication, is getting more and more concern and

becomes a focus area in the global change studies.

Sample collection and chemical analysis

Location of sampling sites in the Lake Dalinouer was set

according to the book entitled ‘‘Lake Ecosystem Obser-

vation Method’’ and the sampling sites were given in

Fig. 1. Nine surface sediment samples (0–10 cm) were

collected by grab bucket from Dalinouer Lake in Septem-

ber of 2008. Sediment cores collected from the sites

DLNE-3, DLNE-5, and DLNE-9 were sectioned to 2 cm

slices immediately on the boat. After sampling, the sedi-

ment samples were taken to the laboratory in sealed plastic

bags, stored in iceboxes (-20 �C), and were then freeze-

dried; part of the samples were ground and sieved with a

standard 150-lm sieve for phosphorus experimental study,

and the others were conserved without grind for nitrogen

fraction. Water samples were collected just above the

sediment surface (50 cm) with acid washed 1-L polyeth-

ylene bottles, and kept in a cooler at 4 �C until analysis.

The analyses were performed within 24 h. The locations of

the sampling points in the lake were surveyed by GPS.

Total nitrogen was measured using alkaline potassium

persulfate digestion (Ebina et al. 1983) by converting all

nitrogen forms to nitrate and subsequent analysis of nitrate

by 2,6-dimethylphenol method using a spectrophotometer

(Qian and Fu 1987). NO3
--N was determined using a

standard spectrophotometric method with phenol disulfonic

acid. NH4
?-N was determined using colorimetric method

(Strickland and Parson 1972). Total phosphorus was

determined colorimetrically after wet digestion with H2SO4

plus HClO4 (Parkinson and Allen 1975). Phosphorus

fractions were determined using a sequential extraction

procedure described in a previous study (Ruttenberg 1992).

The operationally defined scheme was composed of seven

steps which separate the major reservoirs of sedimentary

phosphorus into seven pools: exchangeable phosphorus,

aluminum-bound phosphorus, iron-bound phosphorus,

occluded phosphorus, authigenic carbonate fluorapa-

tite ? biogenic apatite ? CaCO3-associate phosphorus,

detrital apatite phosphorus of igneous or metamorphic

origin, and organic phosphorus. The analysis of soluble

Fig. 1 Map of the Dalinouer Lake with sampling sites
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reactive phosphorus in each fraction was made by molyb-

denum blue method (Murphy and Riley 1962).

Quality control and statistical analysis

All analytical operations were conducted under strict

quality control guidelines, including the use of standard

operating procedures, calibration with standards, analysis

of reagent blanks, and analysis of replicates. All experi-

ments were carried out in triplicate, and the results were

expressed as the mean. Pearson correlation coefficients

were employed for the better understanding of relationship

among sediment phosphorus, nitrogen, and environmental

factors. Statistical analyses were conducted using SPSS

16.0 statistical package and Origin 8.0, and differences

were considered significant if P \ 0.05. One-way ANOVA

analysis was used to test the differences of nutrient con-

tents between the sampling sites and between sediment

depth increments.

Results and discussions

General physicochemical properties of water

and sediment

The general physical–chemical features and the chemical

component contents of sediment and water of Dalinouer

Lake were presented in Table 1. The pH of water varied

from 9.01 to 9.80, which indicated the lake water was

slight basic. The changes of pH in lake water significantly

influenced hydroxide, carbonate, and silicate equilibria,

and these equilibria could regulate the precipitation and

dissolution, the sorption and desorption of phosphorus.

Secchi disk measurements in the studied lake ranged

between 0.5 and 0.8 m, and the euphotic zone was at a

depth of 2.4 m. Dissolved oxygen concentrations, mea-

sured 0.5 m from the lake bottom and varied from 3.98 to

5.06 mg/L. The concentrations of total nitrogen and total

phosphorus in lake water exhibited a range of 4.06–27.3

and 2.06–3.45 mg/L, respectively. Sediment samples were

organic rich, dark brown or black in color, and showed no

visible signs of stratification. The distinct sulfur odor from

most samples suggested that reducing conditions existed at

the sediment–water interface due to long-term impound-

ment. All samples contained a water content of approxi-

mately 60 % decreased significantly with the depth of

sediment, and the texture of the Dalinouer Lake sediment

ranged from very fine silt to clay (Xiao et al. 2008). Calcite

and dolomite concentrations were less than 0.8 %. Organic

carbon contents ranged from 6.25 to 65.5 g/kg, with a

mean of 36.4 g/kg.

The distribution characteristics of phosphorus and its

environmental significances

Spatial characteristics of phosphorus fractions in surface

sediments

In general, phosphorus in surface sediments primarily

consisted of inorganic phosphorus species, including Fe-P,

Ca-P, Al-P, and De-P, as well as organic phosphorus spe-

cies such as phosphate monoesters, phosphate diesters and

organic polyphosphates. The concentrations of total phos-

phorus and different phosphorus form in surface sediments

of Lake Dalinouer were shown in Table 2, and it could be

known that the concentrations of total P and different

phosphorus forms in surface sediments obvious varied,

which might be attributed to differences in the sedimen-

tation environments. The total phosphorus in surface sed-

iments ranged from 0.493 to 0.904 g/kg with a mean of

0.73 g/kg which indicated that the lake sediments had a

great potential to supply phosphorus to the overlying water,

and its spatial distribution presented an increasing tendency

from the northeast to southwest part of the lake (Fig. 2a).

The high concentration of total phosphorus was found in

site of DLNE-4 to -6, largely due to domestic sewage

dischargers and anthropogenic input. The lowest phos-

phorus content was shown in DLNE-1 site, which might be

related to the low water depth and unstable sedimentary

environment. About 68.0–81.6 % of total phosphorus was

in form of inorganic phosphorus, which comprised a major

constituent in the surface sediments, and its contents ran-

ged from 335 to 738 mg/kg with a mean of 522 mg/kg. The

organic phosphorus concentrations in surface sediments

Table 1 The lake and sediment characteristics of the Lake Dalinouer

(n = 9)

Range Mean SD

Lake characteristics

pH 9.01–9.80 9.45 0.18

Temperature (�C) 20.4–23.3 21.6 0.94

Dissolved oxygen (mg/L) 3.98–5.06 4.51 0.31

Depth (m) 2.15–10.6 6.41 2.34

Total N (mg/L) 4.06–27.3 12.2 3.12

Total P (mg/L) 2.06–3.45 3.04 0.88

Secchi (m) 0.50–0.80 0.63 0.07

Electric conductivity (ms/cm) 9.19–9.78 9.44 0.03

Sediment characteristics

Water content (%) 37.4–69.6 54.6 13.9

Dolomite (%) 0.53–0.65 0.58 0.22

Calcite (%) 0.55–0.63 0.61 0.18

Organic carbon (g/kg) 6.25–65.5 36.4 18.6

Inorganic carbon (mg/kg) 8.37–20.8 16.9 6.77
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ranged from 21.3 to 292.7 mg/kg with a mean value of

122.5 mg/kg, and the ratios of organic phosphorus/total

phosphorus were all less than 32.3 %. The organic phos-

phorus content was influenced by inputs, sediment char-

acteristics, early disgenesis and organisms (Liu et al. 2001;

Xiang and Zhou 2011). The concentrations of total phos-

phorus in Lake Dalinouer sediments were relatively low

when compared to some other eutrophic lakes in China

such as Taihu Lake (420–3,408 mg/kg, Jin et al. 2006) and

Danchi Lake (1.01–6.66 g/kg, Gao et al. 2004).

Inorganic phosphorus was the most important mass

fraction of total phosphorus in surface sediments, which

had reported as an important source of bioavailable phos-

phorus in eutrophic sediments (Ruban et al. 2001). The

content of exchangeable phosphorus (Ex-P) ranges from

7.92 to 55.31 mg/kg, phosphorus bound to Al (Al-P) ran-

ged from 0.78 to 1.61 mg/kg, phosphorus bound to Fe (Fe-

P) ranged from 1.27 to 3.95 mg/kg, occluded phosphorus

(Oc-P) ranged from 1.91 to 7.83 mg/kg, autogenetic cal-

cium-bound phosphorus(ACa-P) ranged from 145.37 to

543.21 mg/kg, debris phosphorus (De-P) ranged from

110.14 to 218.29 mg/kg. The concentrations of different

phosphorus fractions in surface sediments all varied

greatly, indicating that the content of phosphorus was

affected by the changing of environmental factors and that

the problem of increasing phosphorus input might be

serious. These differences mainly were caused by different

geographical locations, anthropogenic phosphorus sources

Table 2 The content of total phosphorus and different phosphorus forms in surface sediments of Lake Dalinouer

Sampling

sites

Ex-P (mg/

kg)

Al-P (mg/

kg)

Fe-P (mg/

kg)

Oc-P (mg/

kg)

ACa-P (mg/

kg)

De-P (mg/

kg)

Org-P (mg/

kg)

Total P (g/kg)

DLNE-1 11.902 1.121 2.119 6.169 361.301 143.448 21.311 0.547

DLNE-2 26.131 0.965 1.805 4.974 496.536 110.691 92.054 0.733

DLNE-3 14.487 0.781 1.274 1.911 145.367 171.013 158.190 0.493

DLNE-4 23.848 1.437 3.081 7.826 533.285 167.984 144.321 0.882

DLNE-5 55.313 0.956 3.783 6.672 385.011 160.016 292.718 0.904

DLNE-6 36.647 1.612 2.439 6.139 450.313 170.526 200.786 0.868

DLNE-7 20.866 0.955 2.118 5.419 331.248 187.238 94.553 0.642

DLNE-8 9.639 0.787 3.607 6.157 487.449 218.289 55.101 0.781

DLNE-9 7.921 1.123 3.950 7.422 543.213 110.139 43.781 0.718

Ex-P exchangeable phosphorus fraction, Al-P aluminum-bound phosphorus fraction, Fe-P iron-bound phosphorus fraction, Oc-P occluded

phosphorus fraction, Aca-P autocalcium-bound phosphorus fraction, De-P detritus phosphorus fraction, Org-P organic phosphorus fraction

(d)(c)(b)(a)

(e) (f) (g) (h)

Fig. 2 The spatial distribution of different phosphorus fraction in

surface sediment from the Lake Dalinouer. a Total phosphorus (g/kg),

b exchangeable phosphorus (mg/kg), c aluminum phosphorus (mg/

kg), d ferrum phosphorus (mg/kg), e occluded phosphorus (mg/kg),

f auto-calcium phosphorus (mg/kg), g debris phosphorus (mg/kg),

h organic phosphorus (mg/kg)
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and sediment types. The relative contributions of each

fraction of the inorganic phosphorus were shown in Fig. 3,

the Ex-P, Al-P, Fe-P, Oc-P, ACa-P, and De-P concentra-

tions accounted for about 1.10–6.12 %, 0.10–0.21 %,

0.28–0.55 %, 0.38–1.13 %, 29.4–67.7 %, and 15.1–34.7 %

of total phosphorus, respectively. As a whole, the

decreasing order of the inorganic phosphorus was ACa-

P [ De-P [ Ex-P [ Oc-P [ Fe-P [ Al-P. At all the sam-

pling sites, more than 50 % of inorganic phosphorus would

be in the form of Ca-P. Golterman (2004) thought that high

pH and Ca2? concentration in water column could reduce

the phosphorus adsorption by Fe(OOH) particles, and Ca2?

in turn would tend to form Ca5(PO4)3OH precipitate with

orthophosphate. This would be the main reason why the

sediment in Lake Dalinouer had more phosphorus bound to

Ca and less phosphorus bound to Fe/Al than those in other

lakes of South China, which had a Ca2? concentration 20

times lower than that in Lake Dalinouer. Ca-P had a detrital

origin and was not available to algae. High portions of

calcium mineral phosphorus were also observed in differ-

ent sampling sites with varying trophic status. The Pearson

correlation coefficient between ACa-P and total

phosphorus was 0.683, which was relatively higher than

that between Fe-P and total phosphorus, Al-P and total

phosphorus (Table 3), and the RSD (relative standard

deviation) was 30.4 % at nine sampling sites, this could

indicate that the Ca-P content changed not so much as the

total phosphorus at the sampling sites, which was because

the Ca-P is autogenetic and had little relevance to the

eutrophic status. Consequently, ACa-P was considered as a

relatively stable fraction of sedimentary phosphorus and

contributed to a permanent burial of phosphorus in sedi-

ment (Kaiserli et al. 2002).

There were intercorrelations among various phosphorus

fractions (Table 3). Inorganic phosphorus and Ca-P contents

had the most significant relationship. The relationships

between Org-P content and Ex-P content were also signifi-

cant. Therefore, inorganic phosphorus was caused by Ca-P

contents, and the origin of Org-P was the same to the Ex-P or

Ex-P originated from Org-P decomposition. In surface sedi-

ment, Ex-P represented the loosely sorbed phosphorus, and

this fraction might include dissolved phosphorus in the pore

water (Kaiserli et al. 2002) and released from Ca-P or leached

from decayed cells of bacterial biomass in deposition of

0%

25%

50%

75%

100%

Pe
rc

en
ta

ge

DLNE-1 DLNE-2 DLNE-3 DLNE-4 DLNE-5 DLNE-6 DLNE-7 DLNE-8 DLNE-9

Sampling Sites

Ex-P Al-P Fe-P Oc-P ACa-P De-PFig. 3 Percentage distribution

of each fraction of inorganic

phosphorus for nine sampling

sites of the Lake Dalinouer

Table 3 Pearson correlation coefficients between various phosphorus fractions in surface sediments (n = 81)

Items Ex-P Al-P Fe-P Oc-P ACa-P De-P Org-P Inorg-P Total P

Ex-P 1.000

Al-P 0.258 1.000

Fe-P 0.154 0.107 1.000

Oc-P 0.155 0.536 0.781* 1.000

ACa-P 0.002 0.453 0.645 0.835** 1.000

De-P 0.001 -0.161 0.049 -0.123 -0.164 1.000

Org-P 0.902** 0.191 0.097 -0.061 -0.219 0.159 1.000

Inorg-P 0.128 0.456 0.702* 0.849** 0.955** 0.008 -0.068 1.000

Total P 0.637 0.498 0.655 0.686* 0.683* 0.101 0.529 0.810** 1.000

** Correlation is significant at the 0.01 level (two-tailed), * Correlation is significant at the 0.05 level (two-tailed)
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phytodetritus (Pettersson 2001), therefore, the Ex-P was

considered to be immediately bioavailable. In the sediment

from aquatic macrophyte dominant parts of the lake (DLNE-8

and DLNE-9), the concentration of Ex-P was relatively low

with a mean value of 9.64 and 7.92 mg/kg, respectively. All

these results indicated that macrophytes possibly restrained

algal blooms by effectively decreasing the Ex-P in the bottom

sediment, thereby reducing large scale releases of phosphorus

from the sediment to the overlying water. In addition, the

water quality of the lake strongly affected the contents of

Ex-P. In Lake Dalinouer, pollution became more serious

with an order of DLNE-9 [ DLNE-8 [ DLNE-1 [ DLNE-

3 [ DLNE-7 [ DLNE-4 [ DLNE-2 [ DLNE-6 [ DLNE-

5, but the content of Ex-P in sediment showed an opposite

tendency. The relatively insignificant linear correlation

between total phosphorus concentration in the overlying

water and the Ex-P of the sediment supported this

(R2 = 0.0174, n = 9, Fig. 4a). Org-P in the surface sedi-

ments ranged from 21.3 to 292.7 mg/kg, with a mean of

123.0 mg/kg. Org-P demonstrated a similar distribution pat-

tern to Ex-P (Fig. 2) because Org-P was strongly associated

with Ex-P (r = 0.902, P \ 0.01, Table 3).

The Al-P and Fe-P fractions were bound up with the

pollution status. Apatite in sediments was the only phos-

phorus mineral, which, to a large extent, was conserved in

its original form; therefore, Al-P and Fe-P generally might

be formed in sediment by diagenetic processes (Wang et al.

2009). The anthropogenic phosphate ion and the phos-

phorus compounds would first bind to aluminum and iron

oxides/hydroxides in the surface sediments for the reason

that active Fe and Al had been deemed to be the main

sorbent for adsorbing phosphorus in natural sediments

(Danen-Louwerse et al. 1993), and which had been verified

by Moturi et al. (2005). In all the sediments from the Lake

Dalinouer, Al-P was relative low (\0.25 % of total phos-

phorus), which means that the internal load of Al-P for this

studied lake was unimportant. The content of Al-P was

higher at sites DLNE-4 and DLNE-6 than at the other sites,

which might relate to the anthropogenic origin (agricultural

activities) of Al-P. The content of Fe-P in surface sediment

of Lake Dalinouer ranged from 1.27 to 3.95 mg/kg, and the

Fe-P content was higher at sites DLNE-5, 9 and lower at

site DLNE-7. The reason for the relatively low content of

Fe-P and Al-P was that the surface sediment in Lake

Dalinouer was low lever of iron and aluminum. The Fe-P

fraction which had been shown to be a potential variable

component of sedimentary phosphorus, and it could also be

used to determine the source of phosphorus and indicated

the extent of environmental pollution (Zheng et al. 2004).

In addition, Fe/Al-P was a bioavailable source of phos-

phorus for phytoplankton growth (Mesnage and Picot

1995), and it was usually considered a redox sensitive

phosphorus fraction due to the reductive dissolution of

Fe(OH)3(S) (Hupfer and Lewandowski 2008). Meanwhile,

higher water pH would make dissolved phosphorus

releasing into water from the Fe(OOH)-P pool through ion

exchange of OH- with PO4
3- (Golterman 2004). The Oc-P

fractions which referred to phosphorus present within the

mineral matrix of discrete mineral phase were not easily

fixed, hence they were easily detached physically. The

entrained Oc-P fractions enter the water bodies where they

caused eutrophication. The insignificant linear relation

(R2 = 0.0065, n = 9, Fig. 4b) between total phosphorus in

overlying water and Oc-P in surface sediment might sup-

port this point. Oc-P content in surface sediment of Lake

Dalinouer was relatively higher than other phosphorus

fractions (e.g., Al-P and Fe-P), and it had a lowest value in

the centre of lake.

Generally, Ex-P, Al-P, and Fe-P were easily desorbed

from sediments and released to the overlying water.

Therefore, they were referred to as the bioavailable forms

of phosphorus in sediment in this study. Of this, Ex-P was

the main existing forms of bioavailable phosphorus, which

would have a significant impact on the eutrophication

process of Dalinouer Lake. Mobility of different phos-

phorus fractions extracted from sediments usually

decreased from Ex-P to Org-P; thus, mobility of bioavail-

able phosphorus was higher than other parts of phosphorus

fractions. The more seriously polluted the sampling site

was, the higher the bioavailable phosphorus in the
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sediments, therefore, the phosphorus in the sediment,

especially bioavailable phosphorus, had a close relation-

ship with water quality and the type of lake ecosystem.

Vertical distribution of phosphorus fraction in sediment

cores

Total phosphorus and different phosphorus fractions con-

tents in sediment profiles of the Lake Dalinouer were

shown in Fig. 5. The concentration of total phosphorus in

sediments decreased gradually with depth increasing in the

sediment column. Of all the three sediment cores, the

highest content of total phosphorus was found in DLNE-5,

and there was an accumulative peak in the 8–16 cm depth

increment in DLNE-5, which was 1.08–1.28 times higher

than that of the surface value, which is mainly because the

DLNE-5 site located in deep water region where sedi-

mentary environments were relatively stable and grain size

of sediments were relatively fine, resulting in the phos-

phorus adsorption capacity of sediments in this site was

strong. Compared to the site DLNE-5, the total phosphorus

levels were lower in the sites of DLNE-3 and DLNE-9, and

with lower variability for the two sediment profiles. In

descending order of importance, total phosphorus concen-

tration in the three sediment cores amount to 758.59,

479.31, and 383.78 mg/kg in the site of DLNE-5, DLNE-3,

and DLNE-9, respectively. In the three sediment cores, the

form of De-P was the main fraction of the phosphorus from

the top to the bottom of the cores, accounting for, on an

average, 35.8 % of the total phosphorus. The De-P gener-

ally decreased with depth in the three sediment cores, but

small accumulative peaks appeared in deeper sediment in

the site of DLNE-5. The secondary major component of

phosphorus in sediment was ACa-P, followed by Org-P,

amounting to 21.6–37.2 % and 18.1–33.7 % with an

average of 30.6 and 26.9 % of total phosphorus, respec-

tively. Vertical change of ACa-P concentration was not

observed (except DLNE-5), and it was mainly because that

Ca-P was a relatively stable fraction of sedimentary

phosphorus. In all the layers, Al-P was lower than 1.92 mg/

kg, with an average of 0.3 % of total phosphorus, which

implied that Al-P plays an unimportant role on the internal

loading of phosphorus in the studied lake. The concentra-

tions of Al-P and Fe-P fluctuated greatly in deeper layer of

the sediment column, which might be related to early

diagenetic processes. Low values of Al-P and Fe-P below

Ca-P were possibly due to higher alkalinity in sediment of

the studied lake. Under acid environment condition, most

of the solid phase phosphorus was associated with Fe and

Al, while phosphorus was associated with Ca under more

basic condition. Oc-P was one of the most abundant of

phosphorus forms in the sediment cores and this could be

due to greater adsorption of this unreactive form of

phosphorus. The vertical distribution of Oc-P in the sedi-

ment cores was somewhat different from those of Al-P and

Fe-P, the concentration of Oc-P did not change remarkably

in the deeper of the sediment column (Fig. 5). Generally,

the mean contents of Oc-P in the sediment profiles from 0

to 26 cm deep were significantly higher in site DLNE-5

with higher vertical variation coefficients than those in sites

DLNE-3 and DLNE-9 with lower variation coefficients

(P \ 0.05, Table 4). The changing trends of the Ex-P

fraction in the three sediment profiles were similar, and the

average contents of Ex-P were significantly enriched in the

surface sediments, and had a tendency to decrease toward

the bottom of the sediment core. Generally, phosphorus in

the top layers of sediments was considered to participate in

the whole lake metabolism, while the release of phosphorus

was believed to occur simultaneously, resulting in a

decrease in phosphorus contents in the top sediment with

time (Li et al. 2006; Xiang and Zhou 2011). These longi-

tudinal distribution characteristic of phosphorus in sedi-

ments was the net result of the history of phosphorus

sedimentation as well as many transformation processes.

Of all the phosphorus species, Org-P was present in high

concentrations with a mean of 143.76, 181.27, and 87.81 mg/

kg in DLNE-3, DLNE-5, and DLNE-9, respectively. But it

was less in abundance than inorganic phosphorus. Frossard

et al. (1989) reported that Org-P such as adenosine triphos-

phate, choline phosphate, and glucose-6-phosphate were less

strongly adsorbed onto soil particles than inorganic phos-

phorus. Because of the influence and constriction of a number

of factors, the vertical distribution of Org-P in sediment core

was complicated. Previous study had shown that high clay

content and high deposition rate were the main reasons caused

high content of Org-P (Zhang et al. 2012). In addition, the

input of terrestrial organic matters might also increase the

level of organic phosphorus in sediment.

Though each phosphorus form had its own vertical

changing tendency in different sites, most of them tended

to increase toward the surface sediment and the concen-

tration gradients were very large in top layer at some sites.

This vertical distribution characteristic indicated that the

phosphorus load of Dalinouer Lake had been aggravated

with the intensification of human activities or rapid

development of industry and agriculture in recent years.

Environmental significances of different phosphorus forms

Phosphorus is often a growth-limiting element for aquatic

organisms and plays a significant role in the eutrophication

process of a reservoir. In addition, phosphorus is the key

element responsible for eutrophication in many lakes.

Excessive phosphorus in the water body can accelerate

freshwater primary productivity, leading to eutrophication

and negative impact on ecosystem function. The mobile
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phosphorus (Ex-P, Fe/Al-P, and Org-P) in sediment can be

used to estimate the potential release of sediment phospho-

rus to the overlying water (Rydin 2000; Gao et al. 2004).

Generally, the bioavailable phosphorus can be easily des-

orbed from sediments and release into the overlying water

when environmental conditions changed; therefore, it is

important to clarify the relations between these mobile

forms of phosphorus and environment factors, which may

provide valuable information to better understand the

eutrophication processes of lake.

Principal component analysis (PCA) is used to identify

the main factors which influenced the contents of different

phosphorus forms in sediment. The initial set of factors was

usually transformed by varimax rotation, and then their

identity was assigned. The sum of the five factors accounts

for 92.9 % of the variance of data in the sediments

(Table 5). The first factor accounts for 37.9 % of all vari-

ance and is mainly correlated with water content, electric

conductivity, pH, total P, ACa-P, and Fe-P. It indicates that

water content, pH, and electric conductivity are the control
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Fig. 5 Vertical distribution of total phosphorus and different phosphorus fractions in sediment cores from the Lake Dalinouer

Table 4 Mean concentrations (mean ± SD) of total phosphorus and different phosphorus forms (Ex-P, Al-P, Fe-P, Oc-P, ACa-P, De-P, and

Org-P) in the three sites at two depth increments from the Lake Dalinouer

Phosphorus forms DLNE-3 DLNE-5 DLNE-10

0–10 cm 0–26 cm 0–10 cm 0–34 cm 0–10 cm 0–24 cm

Ex-P 17.42 ± 2.81a 12.97 ± 4.34 32.27 ± 5.74 21.69 ± 7.89 16.49 ± 2.33 12.24 ± 4.96

Al-P 1.28 ± 0.62 1.47 ± 1.01 1.68 ± 0.35 1.15 ± 0.46 0.92 ± 0.35 0.87 ± 0.31

Fe-P 1.62 ± 0.33 1.50 ± 0.25 2.24 ± 0.52 2.14 ± 0.45 1.62 ± 0.27 1.51 ± 0.22

Oc-P 2.88 ± 0.61 2.35 ± 0.69 9.04 ± 1.87 6.73 ± 2.24 1.87 ± 0.91 1.87 ± 0.64

ACa-P 156.8 ± 8.12 146.5 ± 15.9 383.5 ± 62.2 473.5 ± 104.8 98.54 ± 3.11 92.18 ± 6.41

De-P 164.7 ± 4.54 170.8 ± 12.3 165.9 ± 12.8 155.6 ± 15.9 194.19 ± 8.73 187.3 ± 12.2

Org-P 129.3 ± 40.8 143.7 ± 30.1 238.3 ± 17.6 181.3 ± 51.2 118.32 ± 6.34 87.81 ± 27.97

Total P 473.8 ± 41.4 479.3 ± 32.9 832.9 ± 39.8 842.1 ± 88.1 431.9 ± 5.2 383.8 ± 45.6

a mg/kg
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factors to total P, ACa-P, and Fe-P. It also shows that ACa-

P and Fe-P is significantly associated with total P in sedi-

ments. The second factor accounts for 22.4 % of total

variance and is associated with Ex-P, water content, dis-

solved oxygen, Org-P and total phosphorus, suggesting that

water content and dissolved oxygen have an impact in Ex-P

and Org-P. The third factor accounts for 16.8 % of all

variance, is correlated with organic carbon and Org-P,

suggesting that terrestrial organic matter from streams and

rivers may be one of the most important sources of Org-P

in sediment. The four and five factors account for 8.7 and

6.9 % of total variance, respectively. These factors which

mainly showed the fraction of De-P is not sensitive with

lake properties.

Table 5 Total variance explained and component matrix for sediment data (n = 144)

Component Initial eigenvalues Extraction sums of squared loadings

Total % of variance Cumulative % Total % of variance Cumulative %

1 6.068 37.927 37.927 6.068 37.927 37.927

2 3.589 22.432 60.358 3.589 22.432 60.358

3 2.7 16.877 77.235 2.7 16.877 77.235

4 1.399 8.744 85.979 1.399 8.744 85.979

5 1.101 6.881 92.86 1.101 6.881 92.86

6 0.68 4.248 97.108

7 0.344 2.149 99.257

8 0.119 0.743 100

9 1.18E-15 7.39E-15 100

10 2.33E-16 1.46E-15 100

11 1.78E-16 1.11E-15 100

12 -4.12E-17 -2.57E-16 100

13 -9.90E-17 -6.18E-16 100

14 -3.16E-16 -1.98E-15 100

15 -3.99E-16 -2.49E-15 100

16 -5.88E-16 -3.67E-15 100

Component

1 2 3 4 5

Component matrixa

Exchangeable phosphorus 0.170 0.745 0.311 0.381 -0.341

Aluminum phosphorus 0.293 0.462 -0.308 -0.172 -0.477

Ferrum phosphorus 0.732 0.117 -0.378 0.261 0.229

Occluded phosphorus 0.581 0.241 -0.720 0.098 -0.159

Auto-calcium phosphorus 0.703 0.107 -0.625 -0.150 -0.076

Debris phosphorus -0.195 0.057 -0.038 0.709 0.527

Organic phosphorus 0.172 0.728 0.562 0.327 -0.084

Total phosphorus 0.688 0.615 -0.194 0.272 -0.026

Organic carbon 0.368 -0.111 0.873 0.044 -0.254

pH 0.779 -0.526 0.261 0.092 -0.127

Temperature 0.727 -0.653 0.002 0.198 -0.036

Dissolved oxygen -0.802 0.540 -0.123 -0.109 0.132

Electric conductivity 0.752 0.258 0.352 -0.371 0.275

Water content 0.683 0.504 0.065 -0.247 0.366

Extraction method: principal component analysis
a 5 component extracted
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The distribution characteristics of nitrogen in sediment

of Lake Dalinouer

Horizontal changes of total nitrogen and all forms

of nitrogen in surface sediment

Nitrogen is an incredibly versatile element, existing in both

inorganic and organic forms as well as many different

oxidation states in the sediments. Concentrations of total

nitrogen and different nitrogen fractions in surface sedi-

ment are presented in Fig. 6. Total nitrogen concentration

in the surface sediment from Dalinouer Lake is high,

ranging from 371 to 8,353 mg/kg with a mean of

3,492 mg/kg, which indicates that the sediment has a great

potential to supply nitrogen to the water. Comparing dif-

ferent sampling sites in the lake, total nitrogen in sediments

is higher in the south-western part of the lake than in the

north-eastern. Distribution of nitrogen concentration in

sediment is partly dependent on geographical location and

land-use type in the Dalinouer catchment and higher

nitrogen concentrations usually occur in areas of urban and

agricultural activities (Carpenter et al. 1998; Li et al. 2009).

Much higher total nitrogen concentrations are observed in

the site of DLNE-5, therefore a large amount of nitrogen

came into the lake through the two tributaries that fed the

lake from southwest, which carry large amounts of agri-

culture irrigation backwater, urban sewage, and industrial

waste, indicating that the nitrogen contents in this site is

disturbed to a certain degree by humans.

Ammonium (NH4
?), nitrite (NO2

-), and nitrate (NO3
-)

are the most common ionic (reactive) forms of inorganic

nitrogen in the sediment, NH4
?-N and NO3

--N are also

important influencing factors of water quality assessment.

The inorganic nitrogen in lake sediment is primarily NH4
?

and NO3
-; the content of NO2

- is small and can be left out

of total nitrogen. Concentration of nitrate nitrogen in the

surface sediment ranges between 51 and 346 mg/kg (mean

151.1 ± 104.4 mg/kg), accounts for between 2.2 and

17.7 % of total sediment nitrogen (mean 6.2 ± 5.6 %).

The relatively high value of NO3
--N is found in DLNE-8

mainly due to this site located in tourist locale, and presents

high sensitivity to any disturbance caused by humans.

Besides, the strong nitrification of NH4
?-N in this site

greatly increases NO3
--N. In addition, relatively high

water depth in DLNE-8 may reduce the possibilities for

nutrient retention through aquatic plant uptake and nitrogen

removal through denitrification. NH4
?-N contents in the

surface sediment ranges from 10 to 149 mg/kg with a mean

of 60 mg/kg. In horizontal distribution, NH4
?-N in sedi-

ments is higher in the centre than near the shore. The

anaerobic conditions in the central lake inhibit nitrifying

activity and favor increasing NH4
?-N contents; moreover,

the high alkaline condition (9.0 \ pH \ 9.8) greatly favors

ammonia volatilization and the transformation from NH4-N

to NH3-N is regulated by the pH of the water column, and

large amount of transformation between NH4-N and NH3-

N occurred at pH values from 8 to 10 (Reddy 1983).

Organic nitrogen in surface sediment is ranged from 297 to

Total Nitrogen (mg/kg) NO3
--N (mg/kg)

NH4
+-N (mg/kg) Org-N (mg/kg)

Fig. 6 Spatial distributions of

total nitrogen and nitrogen

fractions in surface sediment of

the Lake Dalinouer
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8,020 mg/kg with an average value of 3,281 mg/kg.

Organic nitrogen is the dominate fraction of nitrogen in

sediment, accounts for 80.1–97.6 % of total nitrogen, and it

presents a falling tendency on the whole from southwest to

northeast of the lake, which may be the fact the south-

western lake located in deep water region where the pro-

ductivity is higher than that in the northeastern lake.

The inorganic nitrogen in sediment is controlled by its

redox condition and microorganism. The intensive N

transformation occurs at sediment–water interface. Organic

N can be transformed into NH4
?-N by the process of

ammonification, and parts of NH4
?-N in sediment can be

transformed into NO3
--N only when sediment is under

aerobic condition. Therefore, the NO3
--N content in sur-

face sediments remains high and its relative contribution to

inorganic carbon is high.

Vertical distribution of nitrogen along sediment profiles

Figure 7 shows the vertical distribution of total nitrogen,

organic nitrogen, NO3
--N and NH4

?-N in three sedi-

ment cores from Lake Dalinouer. It can be found that the

concentration of total nitrogen on the whole takes on a

decreasing tendency with depth. The average content of

total nitrogen decreases rapidly from 0 to 8 cm layers,

and then decreases slightly in 8–22 cm. This vertical

distribution characteristic indicates that the nitrogen load

of the studied lake also be ascribed to the intensification

of human activities and rapid development of industry

and agriculture in recent years. The distribution of

organic nitrogen is similar to that of total nitrogen.

NO3
--N is the predominant form of inorganic nitrogen

in the sediment cores. At the site DLNE-3, the content of

NO3
--N decreases slightly with depth, while in DLNE-5

and DLNE-9, NO3
--N content decreases with a big

fluctuation from depths of 0–16 cm and then stabilized

below 16 cm. In general, the changes with depth differ

due to different sedimentation rates. The contents of

NH4
?-N at DLNE-5 and DLNE-9 increases slightly with

depth, but at DLNE-3, decreased with 0–8 cm, fluctu-

ating increases between 8 and 20 cm, and the decreases

below 20 cm. This is possibly related to the shallow

plant system, with the roots and rhizomes of reed in these

areas concentrating on the sediment depths above 20 cm,

since they can reduce ammonium nitrogen contents in

the upper sediment by plant uptake. Besides, ammonia

volatilization is also a mechanism of nitrogen reduction

in upper sediment layers (Bai et al. 2007), and ammonia

volatilization can occur under alkaline conditions with

higher sediment pH values. High NH4
?-N contents in

deep sediment layers are most likely caused by less plant

uptake and nitrification. In addition, the NH4
? release of

parent material can also increase NH4
?-N contents in

deeper sediment layers. Variations of NO3
--N contents

are not consistent with those of NH4
?-N contents in

sediment profiles. Denitrification is the main mechanism

leading to N loss of top sediment layers; NO3
--N can be

denitrified, and thus left the sediment in gaseous forms

under anaerobic conditions. In addition, NO3
--N content

in upper sediment layers can also be reduced by plant

uptake, but it does not respond to this procees, which is

likely to be balanced through nitrification of NH4
?-N.
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Relationships among total N, NO3
--N, organic N, NH4

?-N

and environmental factors

Table 6 shows Pearson correlation coefficients among total

N, NO3
--N, organic N, NH4

?-N and environmental fac-

tors. A correlation analysis revealed that there is signifi-

cantly positive correlation between total N and organic N

(P \ 0.01). Total N, NO3
--N, and organic N are positively

correlated with sediment properties such as sediment

organic matter, total phosphorus, and water depth. But total

N, NH4
?-N, organic N and NO3

--N are negatively corre-

lated with water pH and temperature in all nine sampling

sites. Of these, NH4
?-N is significantly negatively corre-

lated with water pH, which is in good agreement with the

fact ammonia volatilization occur under alkaline condi-

tions. The total nitrogen shows a significantly positive

correlation with sediment organic matter, which may be

due to the electrostatic attraction of nitrate anions to the

positively charged sites of organic matter. Additionally,

organic matter may promote the metabolic activities of

microorganisms to indirectly influence the absorption or

release of nitrogen in sediment. Furthermore, organic

matter mineralization results in the changes in redox and

pH, thus further affecting the biogeochemical processes of

various nitrogen compound. Phosphorus is one of the main

limiting factors impacting the rates of sediment organic

nitrogen mineralization, and high levels of sediment carbon

and phosphorus can enhance organic nitrogen mineraliza-

tion because additions of a nutrient can transform an eco-

system. Similarly, organic nitrogen mineralization can

increase the contents of phosphorus and organic matter in

sediment. Although total nitrogen content and different

nitrogen forms in sediment are associated with dissolved

oxygen, electric conductively and water content of sedi-

ment but no significant correlations are observed, indicat-

ing that these environment factors are not an important

factor influencing sediment nitrogen content in this lake.

NH4
?-N content is significantly (P \ 0.05) and negatively

correlated with water pH. This is likely related to the

process of ammoniation.

C:N:P ratio in sediment of Lake Dalinouer

C:N ratio in sediment

The C/N ratio of sediment is a sensitive indicator of sedi-

ment quality and it is also widely used to reflect the balance

of carbon and nitrogen of sediments (Martinez-Soto and

Martı́nez 2012). The source of sediment organic matter

whether is autogenetic or allochthonous also can be

expressed by C/N ratio. If all the organic matters in the

sediment come from phytoplanktons, the ratio of C:N:P

will be close to the Redfield Value (108:16:1), and the ratio

of organic C: total N will be about 6.6. If they are from a

terrestrial source, the ratio of organic C: total N will gen-

erally be [20. The higher the percentage of terrestrial

organic matter, the greater the ratio of organic C: total N

(Li et al. 2007). Figure 8a illustrates the variations of

sediment C/N ratio along the sampling sites of Lake Dal-

inouer. The obvious differences of C/N ratios are observed

in different sites, and the mean values of the organic C:

total N ratios in the surface sediment ranges from 6.1 to

Table 6 Pearson correlation coefficients among total N, NO3
--N, NH4

?-N, organic N and environmental factors in sediment from the Lake

Dalinouer

Total N NO3
--N NH4

?-N Org-N Water pH Temp DO EC WC Total P OM WD

Total N 1.000

NO3
--N 0.484 1.000

NH4
?-N 0.297 -0.03 1.000

Org-N 0.999** 0.453 0.286 1.000

Water pH -0.576 -0.413 -0.615* -0.576 1.000

Temp -0.349 -0.031 -0.144 -0.355 0.938** 1.000

DO 0.211 0.043 0.021 0.214 -0.967** -0.959** 1.000

EC 0.093 0.024 0.088 0.092 0.489 0.295 -0.424 1.000

WC 0.198 0.437 0.274 0.179 0.202 0.112 -0.215 0.817** 1.000

Total P 0.398 0.772* 0.524 0.373 0.192 0.153 -0.247 0.481 0.729* 1.000

OM 0.498 -0.539 0.085 0.511 0.601 0.367 -0.491 0.452 0.177 0.033 1.000

WD 0.576 0.449 0.067 0.583 0.194 -0.062 -0.088 0.814** 0.639 0.402 0.625 1.000

Temp temperature, DO dissolved oxygen, EC electric conductivity, WC water content, OM organic matter, WD water depth, Org-N organic

nitrogen

** Correlation is significant at the 0.01 level (two-tailed), * Concentration is significant at the 0.05 level (two-tailed)
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25.8 with a mean of 14.3, indicating that the source of

organic matter are land derived and lake autogenetic. The

former comes form agricultural activities along the lake

and its surrounding districts or form domestic sewage

which is released into lake along with the tributary; the

latter is mainly from primary production in the lake. In the

aspect of horizontal distribution, the overall variation of the

ratio shows a decreasing trend from the centre to the sides

of lake, this is mainly because there is more terrestrial

matter intake of the sediment from rivers. The ratio of

organic C: total N in Dalinouer Lake sediment increases

with depth (Fig. 9), which reflects, to some extent, the

changes in the organic matter source in recent years.

During the past decades, rapid urbanization and develop-

ment of industry have increasingly resulted in pollution, the

large amount of suspend particles from city discharges is

more than that of natural sources, and has become the main

source of sediment as indicated by the constantly decreased

organic C/total N ratio of the sediment.

N:P ratio in water and sediments

Nitrogen and phosphorus are the important variables for

classification of trophic state because they are the nutrients

most likely to limit aquatic primary producers in rivers and

lakes. Lake water total N (TN) to total P (TP) ratio is

commonly used as an index that represents the nutrient

limitation for algal growth. Elser et al. (2009) reports that P

is limiting when TN:TP by weight is [16, N is limiting

when TN:TP is\14, and either N or P, or both are limiting

when TN:TP is between 14 and 16. This study shows that

the TN:TP ratio in water column is ranged from 1.5 to 14.2

with a mean of 4.5 (Fig. 8b), suggesting that the limiting

nutrient for the algal growth in the Lake Dalinouer is N.

Nitrogen is a limiting nutrient for the algal growth, mainly

due to this lake receives wastewater discharges with low

N:P ratio and/or agricultural runoff. The ratio of TN:TP at

site DLNE-7 is between 14 an 16, implying that limiting

nutrient is either N or P, or both.
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Fig. 8 Mean nutrients

concentrations and their ratios

in surface sediment of Lake

Dalinouer. a Organic C, total N

concentrations, and C:N ratio in

surface sediment of Lake

Dalinouer, b Total N and total P

concentrations and N:P ratio in

overlying water of Lake

Dalinouer, c Total N and total P

concentrations and N:P ratio in

surface sediment of Lake

Dalinouer
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The TN:TP ratio in surface sediments of the Lake Dali-

nouer ranges from 2.4 to 9.2 with an average of 4.6 (Fig. 8c).

The highest value of TN:TP ratio (9.2) is observed at site

DLNE-5, while the lowest value of TN:TP ratio (2.4) is

observed at site DLNE-8. Compared with water column,

sediments show a similar median ratio, which is due to the

exchange processes that occur between sediments and the

water column. In vertical direction, the ratio of TN:TP is

decreased with depth, indicating that the degree of eutro-

phication is aggravated year by year in Dalinouer Lake.

There is limited information on quality guidelines for

the TN and TP concentration of sediment in aquatic envi-

ronments. According to Ontario sediment quality guide-

lines, sediment which has TN and TP content at or above

4,800 and 2,000 mg/kg, respectively, is defined as

sediment that is considered to be heavily polluted and

likely to affect the health of sediment-dwelling organisms

(Persaud et al. 1993). In this study, TN and TP contents of

sediments are found to be over the severely effective lev-

els, suggesting that harmful effects on sediment-dwelling

organisms should be concerned sufficiently.

Conclusions

In this study, fractions, spatial distribution, and variations

of phosphorus and nitrogen in sediments of the Lake

Dalinouer were investigated. From the data presented in

this study, the following conclusions can be drawn:

1. Total phosphorus concentration was high in the Lake

Dalinouer, and decreased gradually with increasing

depth in the sediment column. Almost 68.0–81.6 % of

total phosphorus comprised inorganic phosphorus,

which was a major constituent in the surface sediment.

ACa-P was the major component of the inorganic

phosphorus in the sediment, the second being De-P.

Al-P and Fe-P concentrations only accounted for

0.10–0.21 % and 0.28–0.55 %, respectively, and the

vertical distribution of them markedly changed in the

deeper layer of the sediment column, whereas that of

De-P did not, and decreased gradually along the

sediment profiles. A correlation analysis revealed that

there were significantly positive correlations among

Org-P, total P, Oc-P, ACa-P and Ex-P, indicated that

the distribution of them could be affected each other.

2. The distribution of total nitrogen in surface sediments

presented a decreasing tends from west to east part of

the studied lake, and its content ranged from 371 to

8,353 mg/kg with a mean of 3,492 mg/kg. Org-N was

the main fraction in the sediments, accounted for over

80 %of total nitrogen. The ratio of organic carbon and

TN in sediment was in range of 6.0–25.8 and presented

a tendency of lake centre [lake sides, indicating that

the nitrogen accumulated in the sediments from lake

sides came mainly from terrestrial source and nitrogen

was mainly autogenetic in lake centre.

3. The median TN:TP ratio in water column was 4.5,

suggesting that the limiting nutrient for the algal

growth in the Lake Dalinouer is N. The median TN:TP

ratio in surface sediment was 4.6, which was similar

with that in water column, mainly due to the exchange

processes that occur at water–sediment interface.

According to Ontario sediment quality guidelines,

the contents of TN and TP in sediments were over the

severely effective levels (TN B 4,800 mg/kg; TP B

2,000 mg/kg); therefore, their harmful effects on

sediment-dwelling organisms should be concerned

sufficiently.
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Lü JJ, Yang H, Gao L, Yu TY (2005a) Spatial variation of P and N in

water and sediments of Dianchi Lake, China. Pedosphere

15(1):78–83

Lü XX, Song JM, Li XG, Yuan HM, Zhan TR, Li N, Gao XL (2005b)

Geochemical characteristics and early diagenesis of nitrogen in

the Northern Yellow Sea sediments. Acta Geol Sinica

79(1):114–123

Łukawska-Matuszewska K, Bolałek J (2008) Spatial distribution of

phosphorus forms in sediments in the Gulf of Gdańsk (southern
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