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This article investigates the controls on sediment phosphorus (P) speciation dynamics as a

function of its fractionation into chemically defined operational pools along a river continuum.

A total of 27 variables were analyzed in bed sediment samples collected for one year from six

sampling points, along a 75 km river continuum (Louros River, NW Greece). Multivariate

explanatory analysis of the complex experimental data matrix was performed in order to

unravel the spatial pattern of P speciation. Non-parametric examinations were also applied in

order to elucidate the temporal variations encountered in the speciation of P. The results

suggest that inorganic P species control P bioavailability in space and time. Organic P was

found to be very reactive among the various fractions thus changing its bioavailability but

exhibited no temporal variation. The utility of the proposed approach in the differentiation of

natural and anthropogenic P inputs and their classification to point and non-point sources is

demonstrated presenting a significant improvement compared to mere fractionation analysis.

& 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Phosphorus (P) has long been recognized as a key factor

responsible for eutrophication of fresh waters and for this

reason knowledge of its concentration is an important para-

meter determining the eutrophic state of an aquatic ecosystem

(Golterman and de Oude, 1991). However, knowledge of total P

concentration is not always adequate to assess the risk

associated with its presence in natural waters. That is because,

although bioavailable P is mainly in the dissolved form, it

occupies only a small fraction of total P, particulate P being a

major fraction of total P. Therefore, the stability and chemical

form of particulate P in association with the environmental

conditions regulate its retainment and release from the

sediment phase and determines the level of dissolved P in the

water column (Pardo et al., 2003; House, 2003; Jarvie et al., 2005).
r Ltd. All rights reserved.

; fax: +30 26510 98781.
iokas).
According to previous studies, in order to gain improved

understanding on P distribution in a freshwater ecosystem

special emphasis should be given to the determination of its

chemical forms in the sediment phase (Fabre et al., 1996). This

procedure, commonly referred as fractionation, strives to

accomplish the classification of phosphorus according to

physical (e.g. size, solubility), biological (e.g. bio-availability)

or more frequently chemical (e.g. bonding, reactivity) proper-

ties that determine P involvement to the geological, chemical

and biological processes. In order to differentiate the sedi-

ment P pool, chemical fractionation methods using various

extracting agents have been presented (Cross and Schle-

singer, 1995; Fabre et al., 1996; Ruban et al., 1999, 2001). The

general principles behind most of the available procedures

involve extraction of labile, reductant, metal bound, occluded

and organic P.

dx.doi.org/10.1016/j.watres.2006.10.028
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All these procedures, although accomplish a representative

exemplification of P forms into chemically extractable pools,

they do not account for the chemical species of P (speciation)

in each of these fractions, in other words, they do not allow

the differentiation of the distribution of P amongst defined

chemical species. On the contrary, most of them either

consider certain species to be present in a single fraction

(e.g. organic P in NaOH extracts) or propose the separate

differentiation of species (usually to inorganic and organic P)

in the overall sediment sample irrespectively of its fractiona-

tion (De Groot and Golterman, 1993; Pardo et al., 2004).

Therefore, the distribution of each P species that contribute to

the measured total P concentration in each of these fractions

is neglected. A possible reason is the difficulty in the

differentiation between inorganic and organic P with the

available sample treatment and extraction methods. There-

fore, P speciation is defined each time on an operational basis

as a function of the extractants and the fractionation protocol

employed.

In view of the lack of published work on the speciation of P

fractionation in river sediments, this study introduces an

alternative method for the differentiation of the major P pools

in the sediment phase, based on the investigation of P

speciation in each operational fraction. Due to the large

number of data, explanatory data analysis was conducted in

order to accomplish a meaningful data reduction and

interpretation of the multi-component chemical and physical

interactions (Massart et al., 1998). A comparison with earlier

reports on a part of these data enabled us to identify the

advantages of using P speciation as an additional tool to

conventional fractionation procedures.
2. Materials and methods

2.1. Description of study area

Samples for the purposes of this study were obtained from

Louros River, NW Greece. This river is 75 km long with a

catchment area of 780 km2 of which 332 km2 belong to the

highlands and 448 km2 to the lowlands. The river drains with

a mean annual discharge of 19–28.6 m3 s�1 from 1400 m over

the sea level to Amvrakikos Gulf which is a RAMSAR

protected ecosystem. The geographical coordinates of its

estuaries are 201460 4200E and 3910204600N. The underlying

geology in the wider area is dominated by alluvial geological

formations, calcitic and silicate tertiary deposits as well as

hard limestones. The annual average catchment precipitation

was 90.7 mm with minimum in August (no rainfall) and

maximum in February (335.9 mm). The annual mean tem-

perature during the study period was 17.9 1C and extreme

values of 7.8 and 28 1C were registered in February and

August, respectively.

Louros River receives treated domestic effluent and effluent

from light industrial activities including meat processing,

abattoirs, pig farms and a small quantity of olive mill

wastewater mostly during the autumn and early winter

months (October–January). Its water is the main source of

irrigation for a cultivated land of 133.6 km2 dominated by

horticultural species, citrus trees/fruits, maize, cotton plants
and olive trees. It is also used for aquaculture activities

(mainly of trout, salmon and eel) while its tributaries cover

the water supply demands of small settlements located

around the river.

2.2. Sampling procedure

Six sampling points were selected based on the anticipated

burden imposed by anthropogenic activities (Fig. 1): Point 1 is

situated in the spring of the river and is considered to be

unaffected by anthropogenic activities. Point 2 is situated after

aquaculture units and point 3 near the village of Agios

Georgios. All these sites are transitional between forested and

agricultural areas. Point 4 lies near agricultural areas and just

before areas with light industrial activities like meat processing

industries and pig farms. Point 5 is situated after the meat

processing units and at the estuary of the river in Amvrakikos

Gulf and point 6 immediately after the estuary. The samples

were collected in six sampling cruises during the period of

2002–2003 (11/02, 02/03, 05/03, 06/03, 09/03 and 11/03).

Surface sediment samples from a maximum depth of 5 cm

were collected from the river cross section (water depth

E1 m) in a total square area of 25 m upstream and down-

stream of the selected sampling point(s). The samples were

stored in air-sealed plastic bags for transportation to the

laboratory. All samples were air-dried and sieved through a 2-

mm stainless steel-sieve and stored at 4 1C in thoroughly

cleaned 250-ml glass jars covered with aluminum foil to avoid

light exposure.

2.3. Phosphorous fractionation

Phosphorous separated into operationally defined pools using

a sequence of increasingly strong reagents to successively

remove more recalcitrant forms according to the modified

method of Hedley et al. (1982) with the modifications

proposed by Tiessen and Moir, (1993). Based on recent

literature data, we decided to adopt two more modifications.

The first was related to the water extractable P, where the use

of resin was omitted since it is not necessary for the

extraction of labile P, while water-extractable P is more

closely related to bioavailable P compared to resin-extracted

P (Sui et al., 1999). The second simplification compromised

the removal of dithionite from the initially proposed bicarbo-

nate–dithionite mixture for the extraction of bioavailable P in

order to diminish co-extraction of inorganic P bound to the

surface of CaCO3, which may erroneously interpret part of

CaCO3-P as Fe–P (Jensen et al., 1998). Briefly, the fractionation

procedure was performed as follows: 1 g of air-dried sediment

was transferred to 50 ml flasks and sequentially extracted

with (i) 30 ml deionized water (plant available and water-

extractable P; TP-H2O), (ii) 0.5 M NaHCO3 (pH ¼ 8.2) (weakly

sorbed-bioavailable organic and inorganic P; TP-HCO3), (iii)

0.1 M NaOH (strongly bound chemisorbed P-potentially bioa-

vailable; TP-NaOH) and (iv) 1 M HCl (apatite or Ca-bound P-

nonbioavailable; TP-HCl). Each extraction lasted for 16 h on an

end-over-end mechanical shaker (180 cycles min�1) at 25 1C.

After each extraction, the supernatant was centrifuged for 1 h

at 4500 rpm and then filtered through a Whatman No 42

(0.45mm) filter paper.
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Fig. 1 – Map of Greece and magnified location map showing the catchment of the study area (Louros River) and the relevant

bed sediment sampling sites.
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Each filtrate was analyzed for orthophosphates, total inorganic

P and total P according to the analytical methods described

below. An aliquot (2ml) of each fraction was transferred in a

10ml vial so that all fractions were mixed. Total P was then

determined to this sample according to the same analytical

protocol. Samples not immediately analyzed were stored in dark

at 4 1C for no more than 48h (Jarvie et al., 2002b).

2.4. Analytical speciation of phosphorous

The determination of P species was performed as orthopho-

sphate (PO) according to the method of Murphy and Riley

(1962), considering recent guidelines for the elimination of

interferences (Jarvie et al., 2002b). Measurements were

performed with a Shimadzu UV-2100 spectrophotometer with

matched quartz cells of 1 cm path length at 880 nm. Total

inorganic P (IP) was determined according to the above

procedure after acid digestion of the samples with sulfuric

acid and heating at 90 1C for 2 h to ensure release of P from

polyphosphates. The determination of Total P (TP) in each

extract and in the mixed extract solution was based on a

modified digestion method with excess of peroxydisulfate in

strongly acidic conditions after 3 h of heating at 490 1C. Acid-

hydrolyzable P (AP) was calculated from the difference

between IP and PO.

2.5. Analytical methods

Sediment granulometric distribution was determined by dry

sieving in stainless-steel sieves. Wet sieving was avoided

since it could lead to the release of water extractable P which

was one of the parameters studied. Three grain size fractions
were separated: Gravel (42 mm), sand (63mm–2 mm) and silt/

clay (o63mm). Organic matter (OM) (as loss on ignition; LOI)

and carbonate content determinations were based on weight

losses after drying and combustion at 550 and 900 1C,

respectively. Total concentrations of Ca, Mg, Fe and Al were

determined after wet digestion with aqua regia for 2 h. Metal

analysis was performed with a Shimadzu AA-6800 flame

atomic absorption spectrometer.
2.6. Data treatment

Explanatory statistical tests were run in order to identify the

different mechanisms that account for P behavior in the

sediment phase. Detailed information regarding the statisti-

cal examinations can be found in previous reports (Vega et al.,

1998; Alberto et al., 2001; Singh et al., 2004) so only a brief

overview will be given herein.

Departures from normality were assessed with the aid of

Kolmogorov–Smirnov tests for normal distribution. Since

each value represented the level of each parameter at a

certain point in time, these levels were considered to belong

to different populations due to the fluctuation of the values

with time. Therefore, to ensure normality, the log10 transfor-

mation of the values was decided (Zar, 1999).

Factor analysis (FA) and principal component analysis (PCA)

were used to extract information from the most meaningful

parameters (variables) which better described the overall data

while afford data reduction with minimal loss of information.

Redundant variables that do not contribute to the explanation

of the observed variance were extracted with the aid of the

anti-image matrix and the extraction communalitites. The

anti-image matrix contains the negative partial correlations
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and they can give an indication of correlations which are not

due to the common factors. In this line of thinking, factors

that do not seem to fit with the structure of the other

variables should be dropped. Extraction communalities are

estimates of the variance in each variable accounted for by

the factors (or components) in the factor solution. According

to this method, variables with low extraction communalities

should be considered for removal leaving those variables that

hold a high value in the initial data matrix. Once the latent

variables have been removed, principal components were

extracted by the R- mode principal component method which

mathematically transforms the original data with no assump-

tions about the form of the covariance matrix. For this

analysis, the covariance matrix was diagonalized and the

characteristic roots (eigenvalues) were obtained. The trans-

formed variables or principal components (PCs) were ob-

tained as weighted linear combinations of the original

variables. To decide the number of PCs that aid to the

interpretation of the underlying data structure the Kaiser

criterion and the scree plot were used. The Kaiser criterion

(Kaiser, 1960) dictates that only components with eigenvalues

greater than unity should be retained which means that

unless a factor extracts at least as much as the equivalent of

one original variable, it should be dropped. The scree test

(Cattell, 1966), which consists of plotting the eigenvalues

against the number of the extracted components and finding

the point where the smooth decrease of eigenvalues appears

to level off to the right of the plot, eliminates components

that contribute to factorial scree only.

Cluster analysis (CA) of the transformed data was applied to

provide a better insight into the relationships among sedi-

ment components. The corresponding hierarchical dendro-

grams of the most representative variables carrying similar

information about the objects were drawn using the complete

linkage and Euclidean distances.

Discriminant analysis (DA) was used to classify and

discriminate the effect of anthropogenic activities on sedi-

mentary P dynamics. Three groups representing low, medium

and high P load were selected and the discriminant function

for each group was calculated as

f ðGiÞ ¼ ki þ
Xn

j¼1

wijpij,

where i is the number of groups (G), ki is the constant inherent

to each group, n is the number of parameters used to classify

a set of data into a given group, wj is the weight coefficient,

assigned by DA to a given selected parameter (pj).

Multidimensional scaling (MDS) was deployed to compare

and establish relationships between the sampling stations.

For the latter analyses, data were restricted to those variables

which provided statistically significant contribution to the

total abundance. This criterion was verified through Pearson

moment–product correlation and served to reduce the con-

founding effects of insignificant parameters. The procedure

was applied to the log10 transformed data to downweight the

influence of burdened stations and take into account

unpolluted sampling sites as well. Average concentrations

for each variable were used in the MDS ordination. The three-

dimensional scatter plot was constructed from the first three
ordination axes in MDS with each point representing the

average sampling station structure for the overall sampling

period. Finally, the Kruskal–Wallis ANOVA by ranks and the

Median non-parametric tests were used to examine differ-

ences in the seasonal trend of P.

Statistical methods were performed with the aid of the

automated modulus of SPSS 13.0 software package.
3. Results and discussion

3.1. Development and evaluation of phosphorus
speciation protocol

An important source of variability when dealing with P

speciation stems from the method used to differentiate

between its basic components. Two approaches are most

frequently applied to link the basic P species. The first,

considers P speciation as a separate parameter in the

sediment sample irrespectively of its fractionation while the

second defines P speciation in relation to its fractionation.

The first approach assumes that TP is equal to the sum of

inorganic and organic P content (TP ¼ IP+OP) (Eq. (1)) or to the

sum of soluble reactive P (defined as P determined by the

molybdenum blue method) and the remaining non-reactive P

(TP ¼ NRP+PO) (Eq. (2)) (Owens and Walling, 2002; Selig and

Schlungbaum, 2002). These two methods are practically the

same the only difference being that in the first case all species

are separately determined (PO, AP and OP) while in the second

case only PO and TP are determined, the difference being NRP.

When Eq. (1) is applied the importance of inorganic P to the

TP content is accounted for and a clear differentiation

between IP from OP is possible. The only limitation of this

method lies with the analytical procedure that is used for the

determination of inorganic P since it necessitates the acidic

hydrolysis of the sample a procedure that may hydrolyze part

of OP thus underestimate its value. Eq. (2) alleviates this

drawback but does not account for AP which is co-estimated

with OP. Therefore, NRP will always be higher than PO thus

any data interpretation should be based on the examination

of the relative percentage of NRP occupied in each fraction,

which is very cumbersome and endangers significant loss of

information.

The second approach is based on the assumption that

either IP can be found in the HCl fraction (TP ¼ OP+TPHCl)

(Eq. (3)) ignoring any IP species in other fractions or that

almost all organic P is present in the NaOH fraction

(TP ¼ OPNaOH+IP) (Eq. (4)) with trivial contribution from the

other fractions (Ruban et al., 1999, 2001; Fang, 2000). Never-

theless, the simplification that one P species can almost

quantitatively be recovered in a single fraction, is rather

uncertain since both expressions define P linkage to the

sediment (e.g. apatite P or humic bound P) and not to the

species of P. Thus, the amount of TP extracted from each of

these fractions cannot be ascribed only to one species.

With the above limitations in mind, and owing to the lack of

a generally accepted solution to the issue of P speciation, all

approaches, as expressed by the solution of their mathema-

tical formulas, were applied to the available data set. The

results from this study are tabulated in Table 1. As we can
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Table 1 – Total phosphorus recovery with various speciation methods

Speciation method Theoretical recovery (%)a Experimental recovery (%)b RSD (%)c Eq no.

TP ¼ IP+OP 100 93.1 4.6 (1)

TP ¼ NRP+PO 100 100.2 4.1 (2)

TP ¼ OP+TPHCl 100 73.7 4.8 (3)

TP ¼ IP+TPNaOH 100 79.4 3.5 (4)

Proposed method 100 99.3 4.3 (1), (5)–(8)

a TP estimated as the sum of P in each fraction.
b TP determined in the mixed extract.
c RSD ¼ Relative standard deviation. Average of triplicate measurements.
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observe, Eqs. (3) and (4) failed to provide an efficient

representation of P speciation yielding low recoveries. On

the other hand, Eqs. (1) and (2) gave satisfactory recoveries

although some loss of accuracy was observed. Since the same

analytical procedure was employed for the determination of

TP in all cases this loss could only be ascribed to the

speciation method. According to the experimental values of

Eq. (1), IP was always higher than OP in the NaOH extract

(about 2–2.5 times) although the opposite behavior was

anticipated (Selig and Schlungbaum, 2002). This implies that

P bound to organic matter is hydrolyzed under the acidic

conditions applied during IP determination thus overesti-

mated the OP content. Eq. (2) alleviates this drawback since

no acidic hydrolysis is required but it cannot be generalized to

all fractions since they are expected to hold a significant

amount of IP (especially the HCl fraction). In order to cope

with this inconsistency Eq. (1) was decided for all fractions

except for the NaOH extract were Eq. (2) was applied

separately. In principle, TP is still defined as the sum of IP

and OP (Eq. (1)) while the amount of a specific species (PO, IP

and OP) is defined as the sum of this species in each fraction.

However, according to Eq. (2) the IP-NaOH fraction is

expressed by (or is equal to) PO-NaOH, therefore the latter is

accounted in both the total PO and the IP content. Under this

speciation method a total recovery of 99.3% was accom-

plished, which is very satisfactory and within the experi-

mental error. The final form of the speciation approach is

TP ¼ IPþOP; (1)

where

IP ¼ IPH2O þ IPHCO3
þ IPHCl þ PONaOH, (2)

OP ¼ OPH2O þOPHCO3
þOPHCl þNRPNaOH. (3)

IP can further be divided to AP and PO according to the

expressions:

AP ¼ APH2O þAPHCO3
þ APHCl, (4)

PO ¼ POH2O þ POHCO3
þ POHCl þ PONaOH. (5)

3.2. Analytical phosphorus speciation in sediments

Once the data matrix has been re-constructed to meet the

requirements of the proposed speciation method the dis-
tribution of TP between its inorganic and organic forms was

assessed in more detail. Table 2 gathers the average data of

sediment P speciation and fractionation. As will be discussed

further below in more detail, the HCO3 and HCl fractions are

dominated by inorganic P while organic P is the predominant

species in the H2O and NaOH fractions.

3.2.1. Phosphates
Phosphates (PO) or orthophosphates is the lowest P species in

the sediment. That is because in order for PO to reach the

sediment they must be transformed to a particulate form, a

procedure which necessitates they interaction with solids or

the formation of water insoluble complexes (i.e. apatite). The

distribution of PO in each fraction was decreasing according

to the order: PO-HCl (46% of Total PO)4 PO-HCO3 (38% of Total

PO)4PO-NaOH (13% of Total PO)4PO-H2O (3% of Total PO).

The relative distribution of PO to total P was following the

same order: PO-HCl (16% of TP)4PO-HCO3 (12% of TP)4 PO-

NaOH (4.4% of TP)4PO-H2O (1% of TP).

The speciation profile of PO reveals that physical sorption

plays a trivial role in the fixation of PO in the bed-sediment

accounting for only 3% of the total PO found in the sediment.

The lack of statistically significant correlation between

TP-NaOH and PO (r ¼ 0.222, po0.05) suggests that organic

matter is not an important parameter in PO binding to the

sediment. An increased amount of total PO extracted

with HCO3 (r ¼ 0.445) suggests the formation of PO-metal

oxides or hydroxides (FeOOH-PO). Last, the most important

mechanism for PO sedimentation is apparently apatite

formation which accounts for almost half of PO found in

the sediment (r ¼ 0.559). The tree diagram of Fig. 2 and the

non-parametric correlation coefficients verify these interac-

tions.

3.2.2. Inorganic phosphorus
The highest accumulation of IP was observed in the HCl

fraction followed by HCO3. Only a small percentage was

measured in the H2O and NaOH fractions. The distribution of

PO in each fraction was decreasing according to the order:

IP-HCl (50.4% of Total IP)4 IP-HCO3 (35% of Total IP)4 IP-

NaOH (7.1% of Total IP)4IP-H2O (3.8% of Total IP). The relative

distribution of IP to total P was following the order: IP-HCl

(31% of TP)4IP-HCO3 (21.8% of TP)4IP-NaOH (4.4% of TP)4

IP-H2O (2.3% of TP).
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According to the Spearman correlation matrix, IP exhibited

statistically significant positive correlation at the 95% con-

fidence level with TP-HCO3 (r ¼ 0.565), TP-HCl (r ¼ 0.789),

organic matter (r ¼ 0.345), CaCO3 (r ¼ 0.567) and Ca

(r ¼ 0.611). This implies that IP is associated with metal

hydroxides and calcite precipitation. In addition, the grouping

of IP with Mg (Fig. 2) and the significant correlation with

TP- HCO3 and organic matter, indicate that part of IP is

affected by algal productivity (Gonsiorczyk et al., 1998).

3.2.3. Organic phosphorus
The distribution of OP in each fraction throughout the river

was decreasing according to the order: OP-HCl (31.7% of Total

OP)4OP-HCO3 (30.3% of Total OP) 4OP-NaOH (23.4% of Total

OP) 4OP-H2O (14.5% of Total OP). The contribution of OP to

the total P concentration was following the order: OP-HCl

(12.1% of TP)4OP-HCO3 (11.5% of TP)4 OP-NaOH (9.1% of

TP)4OP-H2O (5.7% of TP).

These data show that although the relative proportions of

OP in the H2O and NaOH fractions is much higher than IP,

most OP (in absolute values) is present in the HCO3 and HCl

fractions. The reason for this speciation profile probably lies

with the sources of P or with the anerobic/anoxic P release

mechanisms occurring in the bed sediment as a function of

the redox conditions. However, non-parametric Spearman

correlation analysis did not contribute in the effort to verify

these mechanisms while cluster analysis although revealed a

common grouping trend among the various OP species it did

not contribute to the interpretation of its behavior.

3.3. Pattern recognition between phosphorus speciation
and fractionation

The above discussion, although useful in recording the

general mechanisms controlling for P mobility in the sedi-

ment, it does not allow us to extrapolate a more secure

conclusion on the observed behavior. That is because many

mechanisms may occur simultaneously and the univariate

investigation of the correlated multivariate data, prone to

both spatial and temporal variability, endangers significant

loss of information. To overcome this uncertainty and obtain

evidence on the prevailing mechanisms, pattern recognition

techniques were employed.

Although many factors were experimentally determined,

only those parameters exerting a significant effect on the

observed behavior were of concern. The dendrogram of Fig. 2

shows that geochemical parameters form a separate group of

inter-correlated variables which implies that they indirectly

influence the observed variance of P pattern. However, CA

although is capable of grouping variables that carry the same

information together, it does not effectively handle the

problem of multicolinearity (Thanasoulias et al., 2002) in-

creasing the possibility of entering too many redundant

variables into the DA model. Therefore, although CA is useful

in identifying some interactions among the variables, it

cannot be safely employed to remove the latent variables

(Thanasoulias et al., 2003).

With reference to this problem, FA/PCA can be used to

decide which variables are redundant irrespectively of their

initial solution in the correlation matrix. This procedure
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Fig. 2 – Hierarchical cluster dendrogram of P species and fractions in Louros River sediment.
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further reduces the number of variables by extracting the

latent of the correlated variables. However, since many

variables were directly depended (species and fractions),

direct application of FA/PCA with all variables did not provide

a meaningful data reduction or interpretation of the observed

variance. For this reason, the procedure for removing latent

variables was based on the estimation of the extraction

communalites and the negative partial correlations of the

variables (anti-image matrix) (SPSS, 2005). Unless both criteria

recommended rejection of a variable (data not shown for

space saving reasons) no action was taken (Katsaounos et al.,

2006). This analysis revealed that only 15 out of the 27

variables (55% reduction) were needed to explain the ob-

served variance which is better than this observed when only

P fractions were deployed.

Once the latent variables were identified and removed, PCA

was applied to the remaining data to compare the composi-

tional patterns between the analysed samples and the factors

that influence each one. The criterion used to assess the

efficiency of PCA was the Barlett’s sphericity test on the

correlation matrixes. Evidently, the calculated w2
¼ 560 is

statistically significant at p ¼ 0.05 and 120 degrees of freedom

indicating that the variables are not orthogonal but corre-

lated, therefore allowing to reduce the dimensionality of the

original data.

The scree plot for the given dataset (graph not shown)

showed that only the first five components complied with the

Kaiser criterion, whereas nine or ten components satisfied

the scree test. Based on these data, the unrotated loadings of

the experimental variables (15 out of initial 27) for the first

five PC’s were extracted (Table 3). The factor loadings are

classified according Liu et al. (2003) as strong, moderate and

weak corresponding to the absolute loading values of 40.75,

0.75–0.50 and 0.50–0.30, respectively. In our analysis, only

moderate to strong loadings were considered disregarding

weak loadings as uncertain.

As we can observe, all factors used in the PCA model were

detected in the first five PCs with eigenvalues 41 explaining
about 86.3% of the total variance. This verifies the validity of

the applied methodology for the extraction of latent variables

when inter-correlated variables exist in the same data matrix.

The first PC accounting for 33.1% of the total variance showed

high negative loadings for HCO3 and HCl fractions originating,

primarily from IP species possibly due to the high content of

this species in these fractions. The second PC (19% of total

variance) related the HCO3 and NaOH fraction as a function of

the OP content of the sediment. PC’s 3 and 4 show that the

relationship between H2O and HCl fractions is based on the

PO content while H2O and HCO3 on the OP content of the H2O

fraction. Finally, PC 5 reveals a reversed relationship between

OP-NaOH and OP-HCl.

The positive loadings observed in PC2 between OP-NaOH

and OP-HCO3 suggests an interaction between those two

fractions. The most apparent source of this interaction is the

strong adsorption of phytate to FeOOH (De Groot and Golter-

man, 1993). Since the latter is extracted by alkaline bicarbo-

nate it is possible that part of phytate–FeOOH is released to

this fraction. However, this interaction alone cannot explain

the common grouping of these fractions in the second PC,

which accounts for 18.1% of the total variance. According to

previous studies, this interaction stems from the sift of redox

conditions in the upper sediment layer that lead to breakage

and release of some organic P species, like humic-bound

(Uhlmann et al., 1990), biogenic accumulated in microorgan-

isms (mainly in the form of polyphosphate granules which

are released as conditions sift from oxic to anoxic) (Waara

et al., 1993), phospholipids (Baldwin, 1996) and phytate

phosphatase (Golterman et al., 1998) towards the formation

of P species extractable in mild alkaline conditions by ligand

exchange (Fang, 2000). Since these conditions are offered by

the HCO3 solutions many researchers concluded that this

fraction (redox sensitive bound P) can provide a qualitative

indication of anerobic/anoxic P release (Gonsiorczyk et al.,

2001; Selig and Schlungbaum, 2003).

An intriguing outcome of the PCA is that OP-HCl is

negatively correlated to OP-NaOH (in PC 5) which is, in turn,
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Table 3 – Unrotated loadings of the important experimental variables on the first five principle components (PCs)

PC 1 PC 2 PC 3 PC 4 PC 5 Extraction communalities

TP H2O 0.157 0.374 0.596 0.606 0.206 0.932

TP HCO3 0.545 0.218 0.366 �0.557 0.018 0.964

TP NAOH 0.444 0.653 �0.058 0.016 �0.407 0.951

TP HCl 0.729 �0.145 �0.601 0.147 0.150 0.958

IP HCl 0.726 �0.279 �0.463 0.238 �0.146 0.911

TOTAL IP 0.848 �0.377 �0.029 �0.024 �0.107 0.899

PO H2O 0.361 0.094 0.586 �0.203 0.333 0.831

PO HCO3 0.514 �0.558 0.443 �0.270 �0.038 0.915

PO HCl 0.752 �0.406 0.057 0.337 �0.244 0.913

Total PO 0.691 �0.484 0.420 �0.045 �0.127 0.949

OP H2O 0.151 0.259 0.369 0.826 0.062 0.934

OP HCO3 0.387 0.661 0.153 �0.436 �0.051 0.916

OP NAOH 0.290 0.667 �0.221 �0.012 �0.542 0.958

OP HCl 0.410 0.062 �0.497 �0.089 0.673 0.950

Total OP 0.529 0.696 �0.125 0.052 0.328 0.891

Eigenvalues 5.303 3.045 2.260 1.871 1.328 —

% cumulative variance 33.10 51.20 66.30 78.00 86.30 —

Italic values represent moderate (40.5) to strong loadings (40.75).
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positively related to OP-HCO3 (PC 2) implying the formation of

several recalcitrant organo-phoshorus species during HCO3–-

NaOH P exchange. These species (possible having C–P or

C–O–P bonds) are chemisorbed and are not extracted by water

or alkaline solutions. The presence of inert organic P

compounds has already been observed in previous studies

reporting the transformation of OP to more recalcitrant forms

especially in areas receiving agricultural run-off (Lilienfein et

al., 2000). The common group of OP-HCl with OP-HCO3, OP-

NaOH and TP-NaOH in the cluster dendrogram of Fig. 2 is also

supportive to these interactions.

The remaining amount of OP, not involved in the above

reactions, corresponds to organic P compounds or most

probably organically bound P attached to the humic and

fulvic acids which require strong alkaline media to solubilize,

along with inorganic P compounds soluble in bases (Kozerski

and Kleeberg, 1998).

In order to obtain more information on the observed

behavior, the varimax rotated component matrix was also

estimated. Rotation produces a new set of factors, each one

involving primarily a subset of the original variables with as

little overlap as possible, so that the original variables are

divided into groups somewhat independent of each other

(Massart et al., 1988) without affecting the goodness of fitting

of the principal component solution. However, the rotated

component matrix (not shown for brevity) provided no

additional information on the inter-relations among the P

species and fractions other than the obvious conclusion that

each fraction forms a separate PC with a specific P species.

This is not strange since the sum of the individual species

make up the total P content of a fraction. This finding

although does not provide any additional information with

regards to the occurring mechanisms in the sediment phase,
comes as a confirmation on the validity of the speciation

method adopted herein.

3.4. Importance of speciation to phosphorus concentration
in the sediment and relation to its sources

Based on the above treatment (identification of the important

variables and their interactions) the classification of P

concentration in three different groups was pursued. Accord-

ing to the Canada Province of Ontario, the concentration of

0.6 mg/g can be considered as a threshold for clean (o0.6 mg/

g P), marginally polluted ( ¼ 0.6 mg/g P) and polluted

(40.6 mg/g) sediment (Persaud et al., 1993). Three groups

were therefore selected based on this concentration level for

total P. The latent variables identified above were not

considered in the DA modules in order to reduce uncertainty.

With this approach the model could account for 90% of the

total variance (including 15 parameters) in the original data

(standard DA mode) which is very satisfactory. The results of

this analysis are summarized in Table 4. Both the standard

and the forward stepwise modes using 15 and 11 parameters,

respectively, rendered the corresponding classification ma-

trixes assigning 100% correct cases (Table 5). The 2D graph of

the first two discriminant functions for the post hoc

classification of the data with forward stepwise DA is depicted

in Fig. 3. As we can observe, an excellent discrimination

among the three P concentration levels was accomplished

using only 11 out of the 27 variables imported in the initial

data matrix. On the other hand, backward stepwise mode DA

gave 88.8% correct assignations using only two parameters

with a different match for each P concentration level. This is

reasonable since the sum of IP and OP equal to TP upon which

the differentiation has been based. However, the use of only
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Table 4 – Classification functions and statistical parameters for disciminant analysis (DA) of P load in Louros river
sediment

Standard DA mode Forward stepwise DA mode Backward stepwise DA mode

Function 1 Function 2 Function 1 Function 2 Function 1 Function 2

Statistical parameters

Chi-Square 88.7 22.1 89.7 23.1 53.4 5.4

Eigenvalue 12.0 1.3 9.8 1.3 3.4 0.2

Wilk’s l 0.033 0.428 0.040 0.438 0.193 0.847

% Explained Variance 89.9 10.1 88.5 11.5 94.9 5.1

P values 0.000 0.077 0.000 0.011 0.000 0.020

Degrees of Freedom (df) 30 14 22 10 4 1

Functions at group centroidsa Functions at group centroidsa Functions at group centroidsa

Group 1o0.6 mg/g 2.91 0.53 �2.61 �0.53 1.63 0.15

Group 2 ¼ 0.6 mg/g 0.27 �2.47 �0.34 2.42 �0.32 �0.91

Group 3 40.6 mg/g �4.50 0.44 4.08 �0.41 �2.28 0.23

Classification functionsb Classification functionsb Classification functionsb

Group 1 Group 2 Group 3 Group 1 Group 2 Group 3 Group 1 Group 2 Group 3

Experimental parametersc

TP H2O (F2) �2.67 �16.92 �32.68 4.13 0.46 �3.52

TP HCO3 (F1) �203.84 �258.58 �156.28 �166.29 �213.61 �107.40

TP NAOH (F2) �58.69 �72.46 �81.10

TP HCl (F1) 75.65 95.55 123.67

IP HCl (F1) �135.51 �199.05 �184.53 �42.04 �81.90 �40.57

Total IP (F1) 146.33 303.78 292.18 46.13 168.59 126.71 �79.41 �66.41 �43.76

PO H2O (F1) �24.60 �24.02 �27.52 �28.96 �33.04 �39.77

PO HCO3 (F2) �1.08 �8.57 �51.60 27.83 28.60 �3.48

PO HCl (F2) 13.03 14.24 �25.06 14.49 20.39 �11.23

Total PO (F1) �2.16 �0.30 98.19 �48.79 �60.49 17.06

OP H2O (F2) �5.39 �0.75 6.19

OP HCO3 (F1) 31.73 41.88 28.84 30.68 40.78 24.91

OP NAOH (F2) 8.69 10.55 3.83 �7.77 �9.82 �18.42

OP HCl (F1) �34.39 �43.25 �49.81

Total OP (F2) 29.29 71.63 83.10 �20.24 9.18 17.14 �34.21 �23.52 �20.55

Constant �131.96 �134.51 �119.80 �96.87 �90.11 �68.53 �42.03 �27.30 �14.59

a Unstandardized canonical discriminant functions evaluated at group means.
b Fisher’s linear discriminant functions.
c F: Function. Parameter classification in the factor structure matrix (Function 1 and Function 2). Classifications according to the pooled

within-groups correlations between the discriminating variables and the standardized canonical discriminant functions.
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two parameters did not enable the differentiation between

medium and high P concentrations assigning only half of the

cases correctly.

Inspection of the parameters included in Table 5 shows that

the distribution of P to inorganic and organic plays the most

important role in the determination of P burden in the

sediment (backward DA mode). Based on the classification in

the factor structure matrix a second group of parameters

(forward DA mode) that affects IP and OP can be detected.

Inorganic P seems to be affected by the distribution of

TP-HCO3, IP-HCl, and PO while OP by the distribution of

TP-H2O, OP-NaOH and PO. Further, a less significant third

group of four remaining variables is evident from the

standard DA mode assignations.

Compared to our previous attempt, employing only P

fractions, the present approach offers several advantages.
Firstly it enables a very clear discrimination between P level a

task which could only partially be achieved when only P

fractions were included in the model especially for the higher

concentration levels (Groups 2 and 3). Secondly, this dis-

crimination is based only on P species and fractions thus

leaving out the geochemical characteristics of the sediment

thus reducing the number of analysis and the overall

experimental effort.

Since IP is considerably dominant over OP for point and

non-point sources, it can be inferred that the proposed

approach enables the spatial profiling of P based on the point

and non-point sources of sedimentary P. To validity of this

conclusion was further assessed with the aid of multi-

dimensional scaling to the important variables of the DA.

The three-dimensional scatter plot from the first three

ordination axes (Fig. 4) shows that the proposed procedure
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Table 5 – Classification matrix for discriminant analysis of phosphorus burden in Louros river sediment

P concentration threshold % Correct Groups assigned by DA

Group 1 Group 2 Group 3

Standard DA mode

Group 1 100 18 0 0

Group 2 100 0 6 0

Group 3 100 0 0 12

Total 100 18 6 12

Forward stepwise DA mode

Group 1 100 18 0 0

Group 2 100 0 6 0

Group 3 100 0 0 12

Total 100 18 6 12

Backward stepwise DA mode

Group 1 100 18 0 0

Group 2 50 0 3 3

Group 3 91 0 1 11

Total 88.8 18 4 14

Fig. 3 – Canonical score graph of the first two discriminant functions for the post hoc classification of the data. Symbols: �

clean sediment (o0.6 mg/g), & marginally polluted sediment ( ¼ 0.6 mg/g) and B P laden (polluted) sediment (40.6 mg/g).
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enables the differentiation of natural from non-natural inputs

and their additional classification to point and non-point

sources. According to the IP/OP ratio (Katsaounos et al., 2005),

points 1 and 6 are influenced by natural inputs while points

2–5 by non-natural sources. As we can observe, points

2–5 form a separate group while points 1 and 6 are placed in

the opposite sides of the graph. The latter trend is attributed

to the different mechanisms controlling for P pattern but

there are both of natural origin. In addition, points 2, 3 and 5

receive P from point sources (aquaculture and municipal
effluent) while point 4 from non-point sources (agricultural

run-off).

3.5. Seasonal pattern of phosphorus speciation

The temporal variation of P speciation as a function of its

fractionation was examined with the aid of non-parametric

analysis of variance by ranks (Kruskal–Wallis ANOVA) and the

median test. More specifically, the Kruskal–Wallis ANOVA by

ranks test was used to check whether the examined variables
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Fig. 4 – Three-dimensional scaling of sampling points as a function of sediment composition.
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come from the same population (reflecting statistically

significant differences among sampling trips). However, this

test does not tell us how the samplings differed, only that

they are different in some way. To characterize the kind of

variation of each variable the median test was run in parallel.

The combination of these methods has been shown to

provide a more representative description of seasonal pat-

terns in such complex data sets than DA while enable the

indintification of temporal changes in a short-term basis. The

results of this analysis tabulated in Table 6 reveal that IP

controls the tempral patern of sediment P especially in the

HCO3 and HCl fractions which are dominated by IP. On the

other hand, no OP species or fractions were found to exhibit

seasonal variation throught the overall study period. This

means that OP is accumulated in the bed sediment and

although undergoes transformations from one form to

antoher (as evidence by the interplay among the various

fractions) it maintains a relatively uniform profile through the

year. This is in agreement with the above discussion

regarding the transformation of OP to recalcitrant forms that

are accumulated into the bed sediment.

Samplings 1 and 6 (end of autumn) present the same trend

with no significant fluctuation from the annual median value.

In winter and summer months a decline in most P species

and fractions is observed. During winter the increased flow

reduces the deposition of particulate P or induce resuspen-

sion of fine sediment (House and Denison, 2002) that carries

the highest P concentrations (Evans et al., 2004). In summer,

increased P evasion is expected due to dissolution/desoprtion

of particulate P into the soluble phase (Jarvie et al., 2002a) as a
result of the reduction of dissolved phosphates in the water

column to values below the Equilibrium Phosphate Concen-

tration (EPC0), a situation which known to induce mobiliza-

tion of particulate P (House, 2003; Jarvie et al., 2005). Not

surprisingly, the highest P accumulation was observed in the

spring and at the beginning of the autumn due to the reduced

flow that increases the sedimentation rate of the fine particles

and to the intensification of the anthropogenic river-side

activities, respectively.
4. Conclusions

The operational fractionation of P in river sediments was

examined as means for indintiyfing the major spatial and

tempral patterns associated with its presence in the sedi-

ments of Louros river. To accomplish a meaningfull data

interpretation the speciation of P in each fraction was

performed and a new speciation method was introduced that

better described the distribution of P species among the

fractions and in the overall sediment sample. Explanatory

data analysis of the raw data matrix revealed that the

appraoch introduced in this study offers significant advan-

tages over mere fractionation analysis. In the first place, it

enables a good interpretation of the observed behavior while

offers the ability of discriminating among point/non-point

and natural/non-natural P inputs simultaneously. Temporal

changes in a short-term basis, were also determined and

ascribed to specific species and fractions thus enabling the
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inditification of sources which contribute to the seasonal

variation of P burden in the sediment.

R E F E R E N C E S

Alberto, W.D., Del Pillar, D.M., Valeria, A.M., Fabiana, P.S.,
Cecilia, H.D., De los Angeles, B.M., 2001. Pattern recognition
techniques for the evaluation of spatial and temporal varia-
tions in water quality. A case study: Suquia river basin
(Cordoba-Argentina). Water Res. 35, 2881–2894.

Baldwin, D.S., 1996. The phosphorus composition of a
diverse series of Austalian sediments. Hydrobiologia 335,
63–73.

Cattell, R.B., 1966. The scree test for the number of factors,
Multivar. Behav. Res. 1, 245–276.

Cross, A.H., Schlesinger, W.H., 1995. A literature review and
evaluation of the Hedley fractionation: Applications to the
biogeochemical cycle of soil phosphorus in natural ecosys-
tems. Geoderma 64, 197–214.

De Groot, C.J., Golterman, H.L., 1993. On the presence of organic
phosphate in some Camargue sediments: evidence for the
importance of phytate. Hydrobiologia 252, 117–126.

Evans, D.J., Johnes, P.J., Lawrence, D.S., 2004. Physico-chemical
controls on phosphorus cycling in two lowland streams. Part
2—The sediment phase. Sci. Total. Environ. 329, 165–182.

Fabre, A., Qotbi, A., Dauta, A., Baldy, V., 1996. Relation between
algal available phosphate in the sediments of the River
Garonne and chemically-determined phosphate fractions.
Hydrobiologia 335, 43–48.

Fang, T.H., 2000. Partitioning and behaviour of different forms of
phosphorus in the Tanshui estuary and one ot iys tributaries,
Norther Taiwna. Coastal Shelf Sci 50, 689–701.

Golterman, H.L., de Oude, N.T., 1991. In: Hutzinger, O. (Ed.), The
Handbook of Environmental Chemistry, vol. 5A. Springer,
Berlin-Heidelberg, pp. 79–124.

Golterman, H.L., Paing, J., Serrano, L., Gomez, E., 1998. Presence of
and phosphate release from polyphosphates or phytate
phosphate in lake sediments. Hydrobiologia 364, 99–104.

Gonsiorczyk, T., Casper, P., Koschel, R., 1998. Phosphorus bindings
forms in the sediment of an oligotrophic and an eutrophic
hardwater lake of the Baltic district (Germany). Water Sci.
Technol. 37, 51–58.

Gonsiorczyk, T., Casper, P., Koschel, R., 2001. Mechanisms of
phosphorus release from the bottom sediment of the oligo-
trophic Lake Stechlin: importance of the permanently oxic
sediment surface. Arch. Hydrobiol. 151 (2), 203–219.

Hedley, M.J., Stewart, J.W.B., Chauhan, B.S., 1982. Soil Sci. Soc. Am.
J. 46, 970.

House, W., 2003. Geochemical cycling of phosphorus in rivers.
Applied Geochem 18, 739–748.

House, A., Denison, F.H., 2002. Exchange of inorganic phosphate
between river waters and bed-sediments. Environ. Sci. Tech-
nol. 36, 4295–4301.

Jarvie, H.P., Neal, C., Williams, R.J., Neal, M., Wickham, H.D., Hill,
L.K., Wade, S., Warwick, A.J., White, J., 2002a. Phosphorous
sources, speciation and dynamics in the lowland eutrophic
river Kennet, UK. Sci. Total. Environ. 282, 175–203.

Jarvie, H.P., Withers, P.J.A., Neal, C., 2002b. Review of robust
measurement of phosphorus in river water: sampling, storage,
fractionation and sensitivity. Hydrol. Earth System Sci. 6,
113–132.

Jarvie, H.P., Jurgens, M.D., Williams, R.J., Neal, C., Davies, J.J.L.,
Barrett, C., White, J., 2005. Role of river bed sediments as
sources and sinks of phosphorus across two major eutrophic
UK river basins: the Hampshire Avon and Herefordshire Wye.
J. Hydrol. 304, 51–74.



ARTICLE IN PRESS

WA T E R R E S E A R C H 4 1 ( 2 0 0 7 ) 4 0 6 – 4 1 8418
Jensen, H.S., McGlathery, K.J., Marino, R., Howarth, R.W., 1998.
Forms and availability of sediment phosphorus in carbonate
sand of Bermuda seagrass beds. Limnol. Oceanogr. 43,
799–810.

Kaiser, H.F., 1960. The application of electronic computers to
factor analysis. Educ. Psychol. Meas. 20, 141–151.

Katsaounos, C.Z., Giokas, D.L., Vlessidis, A.G., Karayannis, M.I.,
2006. Identification of longitudinal and temporal patterns of
phosphorus fractionation in river sediments by non-para-
metric statistics and pattern recognition techniques. Desali-
nation, in press.

Kozerski, H.P., Kleeberg, A., 1998. The sediments and the benthic
pelagic exchange in the shallow lake Muggelsee. Int. Rev.
Hydrobiol. 83, 77–112.

Lilienfein, J., Wilcke, W., Ayarza, M.A., Vitela, L., Lima, S.C., Zech,
W., 2000. Chemical fractionation of phosphorus, sulfur, and
molybdenum in Brazilian savannah Oxisols under different
land use. Geoderma 96, 31–46.

Liu, C.W., Lin, K.H., Kuo, Y.M., 2003. Application of factor analysis
in the assessment of groundwater quality in a blackfoot
disease area in Taiwan. Science Total Environ 313, 77–89.

Massart, D.L., Vandeginste, B.M.G., Deming, S.N., Michotte, Y.,
Kaufman, L., 1998. Chemometrics: A Textbook. Elsevier,
Amsterdam.

Murphy, J., Riley, J., 1962. A modified single solution for the
determination of phosphate in natural waters. Anal. Chim.
Acta, 27, 31.

Owens, P.N., Walling, D.E., 2002. The phosphorus content of fluvial
sediment in rural and industrialized basins. Water Res 36,
685–701.

Pardo, P., Rauret, G., Lopez-Sanchez, J.F., 2003. Analytical ap-
proaches to the determination of phosphorus partitioning
patterns in sediments. J. Environ. Monit. 5, 312–318.

Pardo, P., Rauret, G., Lopez-Sanchez, J.F., 2004. Shortened screen-
ing method for phosphorus fractionation in sediments a
complementary approach to the standards, measurements
and testing harmonised protocol. Anal. Chim. Acta. 508,
201–206.

Persaud, D., Jaagumagi, R., Hayton, A., 1993. Guidelines for the
protection and management of aquatic sediment quality in
Ontario. Ontario Ministry of Environment and Energy, Ontario,
Queens Printer for Ontario.

Ruban, V., Lopez-Sanchez, J.F., Pardo, P., Rauret, G., Muntau, H.,
Quevauviller, Ph., 1999. Selection and evaluation of sequential
extraction procedures for the determination of phosphorus
forms in lake sediment. J. Environ. Monit. 1, 51–56.

Ruban, V., Lopez-Sanchez, J.F., Pardo, P., Rauret, G., Muntau, H.,
Quevauviller, Ph., 2001. Development of a harmogenized
phosphorus extraction procedureand certification of a sedi-
ment reference material. J. Environ. Monit. 1, 51–56.

Selig, U., Schlungbaum, G., 2002. Longitudinal patterns of
phosphorus and phosphorus binding in sediment of a low-
land lake-river system. Hydrobiologia 472, 67–76.

Selig, U., Schlungbaum, G., 2003. Characterisation and quantifica-
tion of phosphorus release from profundal bottom sediments
in two dimictic lakes during summer stratification. J. Limnol.
62, 151–162.

Singh, K.P., Malik, A., Mohan, D., Sinha, S., 2004. Multivariate
statistical techniques for the evaluation of spatial and
temporal variations in water quality of Gomti River (India)—a
case study. Water Res 38, 3980–3992.

SPSS Inc., SPSS Base 13.0S for Windows, /www.spss.comS, 2005.
Sui, Y.S., Thompson, M.L., Shang, C., 1999. Fractionation of

phosphorus in a mollisol amended with biosolids. Soil Sci.
Soc. Am. J. 63, 1174–1180.

Thanasoulias, N.C., Piliouris, E.T., Kotti, M.E., Evmiridis, N.P., 2002.
Application of multivariate chemometrics in forensic soil
discrimination based on the UV–Vis spectrum of the acid
fraction of humus. Forensic Sci. Int. 130, 73–82.

Thanasoulias, N.C., Parisis, N.A., Evmiridis, N.P., 2003. Multi-
variate chemometrics for the forensic discrimination of blue
ball-point pen inks based on their Vis spectra. Forensic Sci. Int.
138, 75–84.

Tiessen, H., Moir, J.O., 1993. Characterization of available P by
sequential extraction. In: Carter, M.R. (Ed.), Soil Samples and
Methods of Analysis. CRC Press Inc., Boca Raton, FL, pp. 75–86.

Uhlmann, D., Roske, I., Hupfer, M., Ohms, G., 1990. A simple
method to distinguish between polyphosphate and other
fractions of activated sludge. Water Res. 24, 1355–1360.

Vega, M., Pardo, R., Barrado, E., Deban, L., 1998. Assessment of
seasonal and polluting effects on the quality of river water by
explanatory data analysis. Water Res. 32, 3581–3592.

Waara, T., Jansson, M., Petterson, K., 1993. Phosphorus composi-
tion and release in sediment bacteria of the genus Pseudo-
monas during aerobic and anaerobic conditions.
Hydrobiologia 253, 131–140.

Zar, J.H., 1999. Biostatistical Analysis, Fourth ed. Prentice-Hall,
Englewood Cliffs, NJ, 663pp.

http://www.spss.com

	Speciation of phosphorus fractionation in river sediments by explanatory data analysis
	Introduction
	Materials and methods
	Description of study area
	Sampling procedure
	Phosphorous fractionation
	Analytical speciation of phosphorous
	Analytical methods
	Data treatment

	Results and discussion
	Development and evaluation of phosphorus speciation protocol
	Analytical phosphorus speciation in sediments
	Phosphates
	Inorganic phosphorus
	Organic phosphorus

	Pattern recognition between phosphorus speciation and fractionation
	Importance of speciation to phosphorus concentration in the sediment and relation to its sources
	Seasonal pattern of phosphorus speciation

	Conclusions
	References


