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Abstract Substantial transformations of biogeo-

chemical phosphorus (P) fractions can occur within

a few hundreds of years under humid and tropical

conditions; however, slower changes are expected

under dry and temperate climate. The objective of

this study was to infer P transformations over time by

comparing suspended sediments in the Danube River

to floodplain soils developed from such sediments

over different time periods in the continental climate

of Central Europe. We analyzed suspended sediments

from 20 flood events between 1990 and 2006, and

floodplain soils from seven sites along a chronose-

quence covering about 500 yrs. The studied flood

sediments had similar characteristics over the 16-yr

observation period. Total phosphorus (TP) averaged

732 mg kg-1, and biogeochemical fractionation

yielded important primary mineral contributions

(apatite phosphorus, AP, *80% of TP). The TP

concentrations of the floodplain soils were in the

range of the Danube sediments and showed little

variation along the chronosequence. However, the

distribution of P among biogeochemical fractions

changed considerably in less than 500 yrs of soil

development. The youngest soils (\20 yrs) were

dominated by AP, as was observed for the Danube

sediments. In less than 250 yrs of pedogenesis, AP

markedly decreased and organic phosphorus (OP)

increased, and in less than 500 yrs, OP reached AP

levels. This shows that while P biogeochemistry in

very young floodplain soils is strongly related to the

river sediments, significant transformations can occur

in less than 250 yrs of soil development in the dry

and temperate climate of Central Europe.
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Abbreviations

MAT Mean annual temperature

MAP Mean annual precipitation

MAPET Mean annual potential evapotranspiration

Introduction

The transport of phosphorus (P) with river sediments is

part of a global biogeochemical translocation process,
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connecting the P pool of terrestrial soils with that of

ocean sediments. When river sediments are deposited

on floodplains, some P (temporarily) escapes this

global process and is returned to the terrestrial

environment, once more exposed to the agents of

weathering and soil formation. The biogeochemistry of

P in river floodplains is influenced by the nature of the

deposited sediments (e.g., their P concentrations and

forms, the degree of pre-weathering) and by their

alterations in the course of soil formation.

Walker and Syers (1976) devised a conceptual

model describing P transformations as a function of

soil development. According to this model, primary

mineral P dominates in the early stages of pedogen-

esis and slowly dissolves with time. The released P is

partly taken up by organisms, thus entering the

organic pool, and partly sorbed onto surfaces of

secondary minerals. With progressing soil develop-

ment, the latter fraction gets incorporated into the

structures of pedogenic oxides. The model further

shows an asymptotic decline of total P toward a

terminal steady state, at which time occluded and

organic P prevail and losses from the system

approximately equal gains (Walker and Syers 1976).

The Walker and Syers model was later supported

by an extensive review of P fractionation studies that

covered a wide range of soil orders representing

different development stages (Cross and Schlesinger

1995). Likewise, Crews et al. (1995) found that soil P

pools on a 4-million-yr chronosequence in Hawaii

followed the model of Walker and Syers (1976).

Primary mineral P comprised about 80% of total P

contents at a 300-yr-old site, about 60% at a 2,100-yr-

old site, and decreased to 1% after 20,000 yrs of

pedogenesis. Organic P contents increased from the

youngest site to a maximum after 150,000 yrs of soil

development and then declined again. Occluded P

contents increased steadily with soil age (Crews et al.

1995).

Other studies in humid and tropical environments

found notable shifts in biogeochemical P fractions

within a few hundreds of years. For example, Singleton

and Lavkulich (1987) reported a decline of primary

mineral P in the upper 10 cm of a sandy soil

chronosequence on Vancouver Island from about

190 mg kg-1 at a 127-yr-old site to about 10 mg kg-1

at a 550-yr-old site. Schlesinger et al. (1998) studied

the distribution of biogeochemical P fractions in soils

developing on the pyroclastic material of the 1883

Krakatau eruption. After 110 yrs of soil development,

they found most soil P still in the primary mineral

(apatite) form; however, losses of apatite P from

surface horizons were accompanied by marked accu-

mulations of organic P.

To our knowledge, there are no studies available

that determine P transformation rates under dry and

temperate climate, for which we expect slower

changes in P biogeochemistry compared to humid

and tropical conditions. The objective of our study

was therefore to quantify the transformations of

biogeochemical P fractions under the continental

climate of Central Europe. We studied suspended

river sediments and floodplain soils sampled in a

chronosequence scheme (Huggett 1998), i.e., along a

substrate age gradient covering about 500 yrs, at the

Danube River near Vienna, Austria.

Materials and methods

Soil and sediment sampling

We selected seven sampling sites along a chronose-

quence in the Donau-Auen National Park east of

Vienna (Fig. 1; MAT * 9�C, MAP * 550 mm, MA-

PET * 570 mm). For sites I, III, and VI, ages of

\20 ± 5 yrs, \250 ± 30 yrs, and \500 ± 60 yrs,

respectively, were determined for the upper 60 cm of

the pedon using 137Cs (site I) and optically stimulated

luminescence (OSL) dating (sites III and VI, unpub-

lished data). We estimated the approximate age of the

remaining sites by grouping the ratios of oxalate- to

dithionite-extractable Fe (Torrent et al. 1980; Table 1).

Most of the studied soils classify as Fluvisols and show

progressing development with age towards the

Chernozem group (Table 1). The selected sampling

sites represent different land use categories (forest,

grassland, agriculture; Table 1). The forest plant

communities are Salicetum albae (site I), Salici-

Populetum (site III), and Fraxino-Ulmetum (site VI).

The grassland plant communities are Onobrychido

viciifoliae-Brometum (sites IV, V) and Mesobrometum

(site VII). Site II is located in an agricultural field and

was included to assess the impact of agricultural land

use (mainly cereal production) on P biogeochemistry

in the studied floodplain environment. Sites IV and V

are located on grassland divided by a flood control dike

that was constructed between 1882 and 1905 (Fig. 1).
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At each site, we sampled two soil cores 15 m apart

using a soil core sampler with 8 cm internal diameter.

The core samples were divided into the depth incre-

ments 0–5 cm, 5–10 cm, and 10–20 cm from the soil

surface. At the plowed site (site II), we took composite

0–20 cm soil cores, and at the island site (site I), we

took additional samples in 10 cm intervals down to a

depth of 60 cm for comparison with suspended sedi-

ments. Samples were air-dried and sieved (\2 mm).

We collected suspended sediment with a small-

scale sediment trap at the right bank of Danube’s

main channel upstream of the studied floodplain

(Fig. 1). Samples were retrieved from the sediment

trap on a monthly basis, air-dried, and homogenized.

For this study, we analyzed 20 sediment samples,

each retrieved after a flood event in the period

between 1990 and 2006 (Fig. 2, Table 2). The studied

sediment record includes a 100-yr return event (Aug

15, 2002) with a peak discharge of more than five

times the mean discharge.

Physicochemical analyses

Soil pH was measured in H2O at a soil:solution ratio of

1:2.5 (Soil Survey Staff 2004). Total carbon was

quantified by dry combustion (Tabatabai and Bremner

1991), and carbonate was measured gas-volumetri-

cally (Soil Survey Staff 2004). Organic C was

calculated as the difference of total and carbonate C.

Particle size distribution was determined by wet-

sieving (40–2,000 lm fraction) and sedimentation in a

sedigraph (\40 lm fraction) after removal of organic

matter with hydrogen peroxide and dispersion with

sodium metaphosphate (Soil Survey Staff 2004). Iron

associated with amorphous constituents (Feo) was

extracted with acid ammonium oxalate using the

method of Schwertmann (1964). Iron in (amorphous

and crystalline) hydrous oxides (Fed) was estimated

with the dithionite–citrate–bicarbonate method (Me-

hra and Jackson 1960). The extracted Fe was measured

by atomic absorption spectroscopy.

Phosphorus fractionation was performed in dupli-

cate according to the SMT protocol (Standards,

Measurements and Testing Programme of the Euro-

pean Commission), which is based on the procedures

proposed by Williams et al. (1976, 1980). The SMT

protocol is described in Pardo et al. (2003), and

consists of three extraction procedures, each applied

to a 200 mg aliquot of finely ground soil or sediment.

(1) One aliquot of the sample was extracted with

20 ml of 1 M NaOH for 16 h. A 10 ml aliquot of the

supernatant was acidified with 4 ml of 3.5 M HCl to

precipitate humic substances. After 16 h, non-apatite

inorganic P (NAIP) was determined in the remaining

supernatant. The residue of the NaOH extraction was

extracted with 20 ml of 1 M HCl for 16 h, and

calcium-associated apatite P (AP) was determined in

the extract. (2) A second aliquot of the sample was

extracted with 20 ml of 1 M HCl for 16 h, and the

residue was placed in a porcelain crucible and

Fig. 1 Study area;

= sampling sites

(numbered I–VII),

PS = run-of-river power

station
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calcined at 450�C for 3 h, then extracted again with

20 ml of 1 M HCl for 16 h to determine organic P

(OP). (3) A third aliquot of the sample was extracted

with 20 ml of 3.5 M HCl for 16 h after calcination at

450�C for 3 h, and total P (TP) was determined in the

extract. In all extracts, phosphate was measured

spectrophotometrically using the molybdenum blue

method according to Murphy and Riley (1962).

Results and discussion

Basic characterization of suspended Danube flood

sediments

The mean grain size distribution of the studied flood

sediments was dominated by silt and sand-sized

Fig. 2 Stream discharge hydrograph of the Danube River at

Hainburg (river-km 1885) for the period between 1990 and

2006 (source: via donau GmbH); the 20 flood events included

in this study are marked with triangles (.)

Table 2 Characterization of suspended sediments from flood events between 1990 and 2006 in the Danube River

Date of flood

peak

Daily mean

discharge (m3 s-1)

CaCO3

(g kg-1)

OC

(g kg-1)

Fed

(g kg-1)

Feo/Fed NAIP

(mg kg-1)

AP

(mg kg-1)

OP

(mg kg-1)

Jul 11, 1990 5,148 193 4.4 5.1 0.55 81 594 89

Jul 29, 1991* 5,121 204 6.9 5.6 0.46 28 569 66

Aug 5, 1991* 9,214

Dec 24, 1991 5,788 213 7.5 3.8 0.50 71 527 56

Nov 24, 1992 5,848 234 1.5 3.6 0.48 34 696 54

Apr 19, 1994 5,706 199 3.8 3.9 0.52 40 566 57

Jun 27, 1995 5,269 204 7.4 4.0 0.50 15 543 63

Sep 3, 1995 5,769 195 6.2 3.8 0.47 \10 612 51

Jul 9, 1997* 7,125 211 6.3 5.8 0.50 52 548 64

Jul 21, 1997* 6,713

Nov 12, 1998 5,266 231 6.2 4.3 0.54 32 601 58

May 23, 1999 5,720 222 2.3 3.3 0.48 \10 728 40

Mar 25, 2001 5,330 200 6.9 3.5 0.60 42 655 45

Jun 20, 2001 4,706 268 14.9 5.8 0.59 38 569 97

Mar 23, 2002 8,669 208 4.9 3.6 0.61 103 597 85

Aug 9, 2002* 6,709 195 8.9 4.3 0.56 99 507 52

Aug 15, 2002* 10,055

Nov 12, 2002 5,178 205 7.0 3.5 0.57 87 625 35

Feb 14, 2005 4,052 204 8.4 4.2 0.59 33 545 75

Mar 20, 2005 5,704 202 9.5 3.4 0.61 97 511 56

Jul 13, 2005 6,557 208 10.5 4.6 0.65 94 525 97

Aug 17, 2005* 4,571 219 7.2 4.7 0.55 14 547 63

Aug 25, 2005* 6,074

Mar 30, 2006 6,967 195 10.6 5.0 0.68 151 552 98

*Composite sample analyzed

OC, organic carbon; Fed, dithionite-extractable iron; Feo, oxalate-extractable iron; Feo/Fed, weathering index; P fractionation

according to Pardo et al. (2003): NAIP, non-apatite inorganic phosphorus; AP, apatite phosphorus; OP, organic phosphorus
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particles (500 g kg-1 and 440 g kg-1, respectively)

and characterized by low clay content (60 g kg-1).

Carbonate contents varied between 190 and

270 g kg-1 (Table 2), reflecting significant contribu-

tions from calcareous sources, such as the Northern

Limestone Alps. The studied sediments had relatively

low hydrous oxide-associated iron contents (Table 2;

Fed; mean, 4.3 ± 0.8 g kg-1), which is characteristic

of young and slightly weathered material. Likewise,

organic carbon contents were low (Table 2; OC;

mean, 7.1 ± 3.0 g kg-1). Tockner et al. (1999) found

organic portions of suspended solids in the Danube

River near Vienna from 50 to 870 g kg-1 (mean,

240 g kg-1). However, they noticed that the organic

matter content of suspended solids was inversely

related to water discharge. The low organic matter

contents of the sediments in our study, which were

collected during high discharge events, seem to

confirm this trend.

Properties of floodplain soils along the

chronosequence

The soils’ particle size distribution was dominated by

the silt fraction (Table 1), as was observed for the

suspended Danube sediments. While the island soils

(site I) had relatively low clay contents, soil textures

were considerably finer on the floodplain (sites

II–VII; Table 1). This is likely caused by decreasing

flow velocity of flood water with increasing distance

from the main channel, which allows finer particles to

settle. The soils’ carbonate contents match those of

the Danube sediments and showed little variation

across the chronosequence (Tables 1, 2). Likewise,

soil pH varied in a narrow range above neutral

(Table 1).

Organic carbon (OC) contents increased markedly

from the island (site I, \20 yrs), where the values

correspond with those of the Danube sediments,

across the chronosequence, to the Chernozem (site

VII, \500 yrs), which contained [40 g OC kg-1

(Table 1). This reflects the different duration of

primary production and organic matter accumulation

at the different sites of the studied chronosequence.

Iron associated with hydrous oxides (Fed) was

relatively low in the island soils (site I), correspond-

ing with the Danube sediments, but was about twice

as high in the soils on the floodplain (sites II–VII,

Table 1). Hydrous Fe oxides have very small particle

sizes (in the nm range) and are often associated with

clay minerals (Kämpf et al. 2000). Therefore, the

observed Fed distribution is likely related to differ-

ences in clay contents (r = 0.90, p \ 0.001) and as

such a result of different sedimentation conditions. In

weakly developed soils, hydrous Fe oxides are

generally dominated by amorphous forms, but pro-

gressing pedogenesis leads to increasing crystallinity.

The ratio of amorphous to total hydrous Fe oxides

(Feo/Fed) is therefore an indicator of soil age and

progressing pedogenesis (Schwertmann 1964; Tor-

rent et al. 1980). In the studied soils, the Feo/Fed ratio

decreased markedly from the island (site I), where

amorphous Fe forms dominated, across the chrono-

sequence, to the Chernozem (site VII), where about

75% of the hydrous oxide-associated Fe were crys-

talline (Table 1).

Phosphorus biogeochemistry in suspended

Danube flood sediments

Total P in the studied flood sediments ranged from

619 to 846 mg kg-1. This is considerably more than

the TP concentrations reported by Teodoru and

Wehrli (2005) for sediments in the Iron Gates

Reservoir (Danube river-km 1045 to 944; TP range

from 120 to 570 mg kg-1) but less compared to

sediments from the Danube Delta and Black Sea,

where 1,090 and 950 mg kg-1, respectively, were

measured (Teodoru and Wehrli 2005). These differ-

ences in sediment quality likely reflect varying

geological provenance and agricultural practices in

different parts of the Danube catchment. The bio-

geochemical fractionation of sediment P yielded

important primary mineral contributions (AP,*80%

of TP), and minor portions of P associated with

hydrous oxides (NAIP) and organic matter (OP,

Table 2). This points to relatively unweathered

source materials (Walker and Syers 1976). However,

mineral fertilizer P from agricultural runoff and P

entering with urban waste waters could have

contributed to the AP fraction in the studied sedi-

ments. Organic carbon was correlated positively

with OP (r = 0.51, p = 0.021) and negatively with

AP (r = -0.64, p = 0.003) in the suspended sedi-

ments. These relationships could indicate

transformations of biogeochemical P fractions asso-

ciated with allochthonous and/or autochthonous

primary production.
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No relations were found between peak discharge

and sediment characteristics. The studied flood sed-

iments had similar characteristics over the 16-yr

observation period, and no temporal trends were

discernible for most properties. The decreasing

tendency in TP load (dissolved and particulate P)

reported by van Gils et al. (2005) for the Danube

River downstream of Vienna is not reflected by the

TP concentrations in the studied sediments. The

reason for this could be that during high flood events,

fresh sediments entering from the catchment are

mixed with older sediments remobilized from hydro-

power impoundments and groyne fields, thus masking

any temporal trends.

Transformations of biogeochemical phosphorus

fractions in floodplain soils

The studied floodplain soils had TP contents between

73 and 252 g m-2 in 0–20 cm depth (Table 3) and

showed relatively high TP concentrations (mean,

713 ± 58 mg kg-1), corresponding with those of the

Danube sediments. This is in agreement with Cross

and Schlesinger (1995), who found similar TP

concentrations in weakly developed soils (Entisols,

US soil taxonomy; Soil Survey Staff 2006). While the

TP concentrations showed little variation across the

chronosequence (data not shown), the distribution of

P among biogeochemical fractions shifted markedly

in the course of floodplain soil development (Fig. 3).

The island soils (site I, \20 yrs) were strongly

influenced by the river. Consequently, their P

biogeochemistry corresponded with that of the sus-

pended Danube sediments and was dominated by AP,

with minor portions of NAIP and OP (Fig. 3). While

NAIP remained at a low level throughout the

chronosequence, AP and OP shifted markedly. In

less than 250 yrs of soil development (sites II–V), AP

markedly decreased and OP increased, and in less

than 500 yrs (sites VI and VII), OP reached AP levels

(Fig. 3). At the oldest sites of our study (sites VI and

VII), land use seemed to have exerted additional

influence on P transformation, with grassland (site

VII) showing higher OP concentrations than forest

(site VI; Table 3, Fig. 3).

The P biogeochemistry across the studied chrono-

sequence was strongly affected by pedogenic

development (Fig. 4). While AP was inversely

related to an index of progressing weathering (1 -

Feo/Fed), OP showed a strong positive correlation

Table 3 Total phosphorus (TP) contents and distribution of P among biogeochemical fractions in Danube floodplain soils; frac-

tionation according to Pardo et al. (2003)

Site 0–20 cm

TP (g m-2)

0–5 cm 5–10 cm 10–20 cm

NAIP

(mg kg-1)

AP

(mg kg-1)

OP

(mg kg-1)

NAIP

(mg kg-1)

AP

(mg kg-1)

OP

(mg kg-1)

NAIP

(mg kg-1)

AP

(mg kg-1)

OP

(mg kg-1)

I a 160 76 615 42 67 678 32 71 638 56

I b 123 61 497 21 63 569 16 63 562 30

II a* 146 87 424 232 87 424 232 87 424 232

II b* 171 87 409 213 87 409 213 87 409 213

III a 191 113 472 147 85 402 207 55 374 201

III b 218 63 421 229 64 440 214 46 474 195

IV a 208 64 281 319 52 300 262 44 317 206

IV b 243 62 315 204 50 317 181 45 326 164

V a 252 82 334 275 57 313 249 44 455 244

V b 197 71 320 312 61 339 266 50 335 249

VI a 113 70 318 289 67 326 304 52 317 273

VI b 148 74 335 327 60 329 262 63 334 265

VII a 73 61 261 473 40 280 423 23 272 307

VII b 107 49 284 478 23 276 395 \10 289 272

*Soil homogenized by plowing

NAIP, non-apatite inorganic P; AP, apatite P; OP, organic P
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(Fig. 4). At 1 - Feo/Fed & 0.65, the amounts of OP

started to overlap with those of AP. The Danube

sediments showed characteristics indicative of young

and slightly weathered material over the 16-yr record,

and took a congruous place among the soil chrono-

sequence samples in Fig. 4.

The sum of the fractions NAIP, AP, and OP was

generally close to 100% of the TP concentrations,

except for the oldest sites VI and VII, where only 87

and 86% of TP, respectively, were extracted in these

fractions (data not shown). The remaining portion

could be P occluded in the interior of hydrous oxide

structures not extractable with 1 M NaOH; indeed,

this portion was significantly correlated with Fe in

crystalline hydrous oxides (Fed-Feo; r = 0.70,

p \ 0.001). The formation of an occluded P fraction

seems therefore noticeable in the oldest soils (sites VI

and VII, \500 yrs) of the studied floodplain chrono-

sequence, which is consistent with the Walker and

Syers model of P transformations.

The biogeochemical P fractions in an agricultural

field (site II) were comparable to those observed in an

adjacent forest with similar sedimentation history (site

III; Fig. 3). Evidently, the natural biogeochemical

equilibrium has not been altered significantly through

agricultural activities at site II. Likewise, biogeochem-

ical P fractions were similar at sites IV and V (Fig. 3),

which had been separated by a flood control dike about

100 yrs ago. This shows that recent inundation had

minor impacts on P biogeochemistry at site IV.

The island soils (site I, \20 yrs) showed no

consistent depth differentiation of biogeochemical P

fractions (Table 3), which reflects lacking pedogenesis

caused by regular disturbance through the river. With

vegetation development and growth, organic matter

and nutrients are expected to accumulate near the soil

surface. For example, Richter et al. (2006) found an

average net P transfer from mineral soil to plant

biomass and O-horizons in an aggrading pine forest in

the Southeastern US of 82.5 kg ha-1 over 28 yrs. In

the soils on the Danube floodplain, both OP and NAIP

tended to increase towards the soil surface (sites III–

VII; Table 3), which is likely related to pedogenic

development resulting in accretion of organic matter

and amorphous hydrous oxides. This is supported by

significant correlations of OP with OC (r = 0.88,

p \ 0.001) and NAIP with Feo (r = 0.57, p \ 0.001).

The sedimentation conditions in the studied envi-

ronment favored the deposition of coarse material on

the island (site I) and finer particles on the floodplain

(sites II–VII). The latter could have promoted the

accumulation of OP through physical protection of

soil organic matter (Hassink 1995). This is corrob-

orated by significant positive correlations (p \ 0.001)

of OP with the particle size fractions \2 lm, 2–

6.3 lm, and 6.3–20 lm (r = 0.76, 0.77, and 0.72,

respectively) and significant negative correlations

(p \ 0.001) with the fractions 20–63 lm and 63–

200 lm (r = -0.78 and-0.68, respectively). The

Fig. 4 Variations of apatite phosphorus (AP, 4) and organic

phosphorus (OP, d) along a gradient of chemical weathering in

the studied floodplain soils; n = 46, *** = significant at the

0.001 level; Danube sediments (grey symbols; means ± stan-

dard deviation) included for comparison

Fig. 3 Distribution of phosphorus (P) among biogeochemical

fractions in Danube sediments and floodplain soils; P

fractionation according to Pardo et al. (2003): NAIP = non-

apatite inorganic P, AP = apatite P, OP = organic P; Sed:

suspended sediments collected during flood events (1990–

2006) in the Danube River (means of 20 samples); sites I–VII:

weighted averages of the sampling depths 0–5 cm, 5–10 cm,

and 10–20 cm of two replicate soil cores
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observed positive correlation of OP with the coarse

sand fraction (630–2,000 lm; r = 0.66, p \ 0.001)

points to P bound in particulate organic matter.

In summary, the P transformations in the studied

floodplain environment are consistent with the con-

ceptual model of Walker and Syers (1976). The

Danube sediments and island soils (site I, \20 yrs)

are at the beginning of the transformation; sites II–V

(\250 yrs) represent an intermediate stage with

already significant amounts of OP; and at sites VI

and VII (\500 yrs), the loss of AP and concomitant

gain of OP has progressed farthest (Fig. 5).

Our study shows that the P biogeochemistry in

very young floodplain soils is strongly related to the

river sediments; however, significant transformations

can occur in less than 250 yrs of soil development in

the dry and temperate climate of the study area, i.e.,

similarly rapidly as reported for the tropical condi-

tions of Krakatau (Schlesinger et al. 1998).
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