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Abstract Sediment drying associated with large water level
fluctuations is an increasingly common feature of temporary
streams and lakes worldwide. Drying-induced sediment aera-
tion and re-flooding periodically alter redox conditions, and
therefore stimulate redox-sensitive processes influencing
phosphorus (P) binding forms. We experimentally tested the
effects of drying on P binding forms, and the P sorption po-
tential, by drying and re-flooding lake sediments in the labo-
ratory. Wet and dried fine sediments were re-flooded in col-
umns, and the overlying water was continuously re-stocked to
a constant P concentration. We measured changes in P forms,
P uptake rates, and the pore water dynamics in each column
over 36 weeks. Drying decreased the fraction of stable P, stim-
ulated the mineralization of organic P, and increased the pro-
portion of labile and reductant-soluble forms. Drying of sed-
iment furthermore reduced its P sorption affinity and capacity
by up to 32 % in batch equilibrium experiments, and led to a
fourfold increase in sediment compaction which increased P
uptake rates by a factor of 1.7 in sediment column experi-
ments. Compaction due to drying also induced the develop-
ment of a sharp gradient below which P was mobilized. These
results indicate that in fine sediments, a single drying event
can result in the transformation of P components into more
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labile forms which accumulate in the uppermost sediment
layer, therefore raising the potential for a pulsed P release
under reducing conditions.
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Abbreviations

BD Bicarbonate/dithionite

BEE  Batch equilibrium experiment
DM Dry mass

EPC, Equilibrium phosphorus concentration at net zero
sorption

NRP  Non-reactive (with molybdate blue reagent)
phosphorus

gmax ~ Maximum sorbed phosphorus

SRP  Soluble reactive (with molybdate blue reagent)
phosphorus
TP Total phosphorus

Introduction

Most aquatic systems experience water level fluctuations,
which temporarily expose the previously flooded sediments
not only to air but also to desiccation. Such water level fluctu-
ations occur seasonally or as single events in lakes and reser-
voirs (Wantzen et al. 2008b), and temporary streams are also a
common phenomenon (Tockner et al. 2009). Sediment drying
can range spatially from minor water level fluctuations affect-
ing only the littoral zone, to large drawdown events which also
affect the profundal zone of a lake. Understanding the processes
associated with sediment drying is important because the
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frequency and spatial extent of sediment drying will increase
globally, due to changes in climate and land use, as well as
increased water withdrawal (Coops et al. 2003; Havens and
Steinman 2015).

Drying and re-flooding of sediments can have marked ef-
fects on biological, chemical, and physical processes (Lake
2003), especially redox-sensitive processes such as phospho-
rus (P) dynamics and carbon (C) turnover (Fabre 1988; de
Vicente et al. 2010). A significant portion of the sediment P
may be bound to iron (Fe) oxides and hydroxides. The binding
of Fe to P depends on the following: (i) whether Fe occurs in
amorphous or more crystalline structures (the latter have less
binding places than the former) (Qiu and McComb 2002), and
(i1) whether Fe occurs as ferric Fe(Ill) or ferrous Fe(IT) (the
latter has a lower sorption potential than the former); thus, P
dynamics is redox-sensitive (Roden and Edmonds 1997). P
also occurs in organic P forms, the mineralization of which
depends on redox conditions, too (Aller 1994).

Drying and re-flooding of sediments can also affect biolog-
ically mediated P dynamics. A significant amount of P can
accumulate in microbial cells, and this P may be released
when these cells rupture upon extreme drying or rapid re-
flooding (Turner and Haygarth 2001), or under anoxic condi-
tions (Reddy et al. 1999).

The effects of droughts on P dynamics are of particular
relevance to the trophic state of freshwater ecosystems, which
is often controlled by the availability of P to autotrophs in the
water column. However, those effects are not yet fully under-
stood, particularly in rivers and lakes (Dahm et al. 2003;
Withers and Jarvie 2008). Changes in P availability during
drying and re-flooding have been widely studied in forested
soils, agricultural sites, floodplains, and wetlands (for example
Grierson et al. 1998; Baldwin and Mitchell 2000; Turner and
Haygarth 2001; Nguyen and Marschner 2005; Zak and
Gelbrecht 2007; Gilbert et al. 2014). However, detailed infor-
mation on changes in P availability in sediments during des-
iccation and re-flooding of sediments in rivers and lakes is
rare, and mostly focused on short-term P release (Steinman
et al. 2014; Tang et al. 2014).

Most studies from rivers and lakes report increased P re-
lease following drying and re-flooding, due to bacterial min-
eralization of organic material (Qiu and McComb 1994; Watts
2000a; Xiao et al. 2012). In contrast, microbially driven P
release after re-flooding may be restricted, as especially
sulfate-reducing bacteria experience an osmotic and oxic
shock (Mitchell and Baldwin 1998). A shortage of sulfide in
the oxidized sediments decreases Fe reduction and Fe fixation
to sulfide, and can therefore prevent the immediate release of
P (Caraco et al. 1989).

Detailed data are either contradictory or absent concerning
the underlying processes and changes in the sediment sorption
capacities, the sorption affinity for P, and the chemical P
binding forms in the sediments. For example, although
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Baldwin (1996) and Kerr et al. (2010) both reported reduced
P sorption affinity in dried sediments due to crystallization of
amorphous Fe oxides (mineral aging), their reports were in-
consistent regarding the changes in P binding forms. In con-
trast, Brand-Klibanski et al. (2007) reported increased soil P
sorption capacity after soil flooding and subsequent soil dry-
ing, due to an increase in the soil content of amorphous Fe
oxides.

Re-flooding is often associated with increased concentra-
tions of organic and inorganic nutrients in the water (first
flush) that are released from accumulated organic material,
such as leaf litter and manure, and from microbial organic
matter turnover in soils and sediments (Birch 1960; Watts
2000a, b; Corstanje and Reddy 2004; Qiu et al. 2004;
McComb et al. 2007; Brothers et al. 2014). Additionally, P
concentrations are often greater from point sources, such as
effluents from sewage treatment plants, during periods of wa-
ter shortage and diffuse sources, such as outputs from inten-
sively managed agricultural fields, increase P concentrations
during following first flush events (Withers and Jarvie 2008).
In addition to these external P inputs, P is also supplied to the
sediments by seston sedimentation, especially in lakes
(Hupfer et al. 1995; Kleeberg 2002).

Information is lacking on the potential of dried and re-
flooded sediments to retain these P inputs, and conclusions
are unreliable regarding the trophic conditions of affected eco-
systems. More detailed information would therefore be advan-
tageous to evaluate possible effects on a perennial aquatic
system when surface water disappears. In addition, the P up-
take capacity of sediments, which represents the potential to
remove P from the water column, has often been estimated by
the microcosm batch equilibrium technique (Nair et al. 1984).
In this technique, the sediment particles move loosely in the
water. However, this method disregards sediment bulk density
and diffusion pathways within the sediment profile, thus prob-
ably overestimating the sorption potential. Furthermore, the
stratification of geochemical gradients such as P, Fe, and sul-
fate concentrations in the pore water cannot be simulated.
Comparison of P uptake in experimental sediment columns
(mesocosms) would be more precise (Reddy et al. 1999;
Young and Ross 2001).

The objective of our study was to investigate the dy-
namics of P mobilization and uptake in Fe-rich sediments:
those exposed to drying and re-flooding with P-enriched
water, and undried re-flooded sediments. We compare and
evaluate the results of the two approaches: the batch equi-
librium technique and sediment column study. We hypoth-
esized that: (i) oxidative processes during drying would
significantly increase the fraction of labile P, due to the
mineralization of organic P, and (ii) drying would signifi-
cantly reduce the P uptake potential of the sediments, due
to a loss of potential sorption places by mineral aging and
shifts in the P binding forms.
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Methods and material
Sediment sampling and drying

A total of 17 undisturbed sediment cores (¢ 6 cm) were col-
lected in February 2011 with PVC tubes from one single lo-
cation of the profundal zone of Lake Miiggelsee, a shallow
polymictic and eutrophic lake southeast of Berlin, Germany
(52°26'N, 13°39'E). The lake has an approximate area of
7.3 km?, with a mean depth of 4.9 m. The limnological and
sediment properties of the lake were previously described in
detail by Driescher et al. (1993) and Kleeberg and Kozerski
(1997). Profundal sediment cores were chosen because these
sediments had never been exposed to previous drying events.

The diagram in Fig. 1 gives an overview about the process-
ing of the 17 sediment cores and the applied study techniques.

Each of the 17 cores was sliced into three separate layers:
upper layer (0-2.5 cm), lower layer (>2.5-12.5 cm), and base
layer (>12.5 cm). Every layer of each core was sieved
(<2 mm), and then for each of the three layers, all 17 samples
were pooled into three plastic containers. Subsamples of the
upper and lower layers were air-dried on trays under labora-
tory conditions (20 °C) for 4 weeks (termed “dried” hereafter)
to reach 3 % residual gravimetric moisture, a moisture level
observed in situ in sediments of temporary waters (Kerr et al.
2010). Meanwhile, water saturated un-dried sediments,
(termed “original wet” hereafter) of each of the three layers
were kept in closed dark containers at 4 °C.

Batch equilibrium experiment
To determine changes in sediment P sorption affinity and

sorption capacity due to sediment drying (Reddy et al.
1999), three sorption models were fitted to the sorption

curves. We applied the commonly used linear, Langmuir,
and Freundlich sorption isotherms to ensure comparability
with other studies. Sorption curves (i.e., sorbed P vs. equilib-
rium P concentrations) were determined in a standardized
method under aerobic conditions (batch equilibrium experi-
ment—BEE) at 20 °C, following Nair et al. (1984). Twelve
0.5 g dry mass (DM) aliquots of dried and original wet sedi-
ments, from both upper and lower layers, were shaken in
centrifuge plastic tubes for 3 h in 20 mL of a KH,PO, solu-
tion, with 1 of 12 P concentrations: 0, 0.5, 1.0, 2.5, 5.0, 10, 25,
50, 100, 200, 250, and 500 mg L! (Kleeberg et al. 2010). The
slurry was centrifuged (10,000 xg), and the supernatant was
passed through 0.45 um cellulose acetate syringe filters
(Whatman) prior to the determination of equilibrium soluble
reactive P (SRP). The SRP concentrations were determined
with a spectrophotometer (San++ CFA, Skalar, Breda,
Netherlands) following the molybdate blue method (Murphy
and Riley 1962).

The SRP concentrations in the pore water of the wet sedi-
ment, prior to the addition of a P solution, were determined by
the same procedure of sediment centrifugation and photomet-
ric detection. For P sorption calculations, these values were
included in the initial P concentration in the solution
(Kleeberg et al. 2010). However, the results were not different
whether pore water P was included or excluded, but were
routinely included.

The concentration of sorbed P (g) was calculated from the
difference between the initial and equilibrium P concentrations
(C) in the solution: q= Vsolutionx(cinitial_cequi]ibrium)/ Msediment-
The P sorption capacity was determined as ¢, from the
Langmuir model, and the P sorption affinity was defined by
the sorption energy (model coefficient £ in all models) and
EPC, (concentration at zero net sorption, g=0 in the linear
and Langmuir models). To properly calculate ¢,,.x with the
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Langmuir isotherm, it is typical to choose a wide range of P
concentrations, including unnaturally high concentrations.
However, such high P concentrations may lead to P precipita-
tion in the batch tube, which artificially increases P uptake
potential, and therefore overestimates the calculated ¢,,.x. The
P sorption potential is therefore more accurately estimated
using a range of low concentrations, and fitting a linear iso-
therm, with linear coefficient £ and EPC, being the important
estimates (Brand-Klibanski et al. 2007). The range of concen-
trations was therefore curtailed for proper fitting of isotherms.

Sediment column experiment

To investigate P uptake under stratified conditions over long
time spans, we created eight artificially stratified sediment
cores by re-packing the three pooled sediment layers into
PVC tubes (o 6 cm). These tubes allowed for undisturbed P
diffusion in the pore water and long-term transformation and
exchange processes (Reddy et al. 1999).

A total of eight PVC tubes were first loaded with a 15-cm
depth of the wet base layer, to allow upward microbial re-
colonization into the dried sediments above. The tubes were
then stocked with the upper and lower layers, maintaining the
original sequence with the upper layer on top: four tubes were
stocked with dried sediment layers, and four tubes were
stocked with original wet sediment layers. The sediment dry
mass of the dried upper and lower layers was equal to the dry
mass of the wet sediments of the upper and lower layers (de-
termined at 105 °C for 8 h). The upper layer was 2.5 cm thick
in the wet sediments and 0.5 cm thick in the dried sediments.
The lower layer was 10 cm thick in the wet sediments and
2.5 cm thick in the dried sediments.

Each of the eight artificial sediment cores in the PVC tubes
was slowly flooded from above with tap water (<50 pg
SRP L"), avoiding sediment surface disturbance and
allowing the air enclosed in the dried sediments to escape. A
water column of 25 cm above the sediments was finally
obtained.

The PVC tubes were put into large racks and placed in a
climate chamber at 10 °C (annual mean temperature of the
surface water in Lake Miiggelsee). The overlying water was
constantly aerated using flexible tubes, to maintain a constant
oxygen level (saturation) throughout the water column. After
5 days of adaption, KH,PO, stock solution was added to the
water for the first time to obtain a P concentration of 2 mg L ™",
exceeding the P concentration of the original pore water
(0.9 mg L™" in the upper layer and 1.4 mg L™ in the lower
layer, determined as total dissolved P after centrifugation).

Over a 36-week period, sediment P uptake rates were de-
termined by measuring the SRP concentrations in samples
from the overlying water. After each sampling, abstracted wa-
ter volume was replaced (again with tap water which had in
contrast to lake water constant conditions during the period of
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36 weeks) and P concentrations were returned to 2 mg L™
using the P stock solution. Measurement frequency ranged
from twice a week (weeks 0-5) to biweekly (weeks 30-36)
(Fig. 3). Water pH and specific conductivity were measured in
the overlying water every 3 weeks with dipping probes
(WTW, Weilheim, Germany).

To determine the dynamics of P, Fe**, and sulfate (SO4°")
concentrations in the pore water, two tubes with wet sedi-
ments, and two tubes with dried sediments, had been equipped
with rhizon pore water samplers (Eijkelkamp, Giesbeek,
Netherlands). The pore water was sampled on five dates, using
1 mL syringes and transferred into safe lock microtubes
(Eppendorf, Germany), and analyzed for the following: (i)
SRP and Fe?" with a spectrophotometer (Sunrise, Tecan,
Mainnedorf, Switzerland) using microtiter plates (Laskov
et al. 2007), and (ii) SO,>~ with ion chromatography (LC-
10A, Shimadzu, Kyoto, Japan). The samples determined for
Fe®" analysis were in a separate set of vials, to which diluted
(1:50) sulfuric acid was immediately added (1:12), and vials
were immediately closed in order to prevent Fe precipitation
and oxidation.

The SO,>  reduction rates and Fe>" mobilization/
consumption rates were calculated by integrating concentra-
tions across pore water depth, and so the differences of con-
centrations between pore water sampling dates.

At the end of the 36-week experiment, sediments from the
four columns without rhizon pore water samplers were sliced
into layers at 1.0-cm increments, using a sediment core cutter,
by pushing wet sediment cores through the PVC tube. For
each increment, the samples of two columns were combined
with either previously dried sediments or original wet
sediments.

Sequential phosphorus fractionation

To determine changes in P binding fractions due to drying and
P uptake, we performed P fractionation by a sequential extrac-
tion procedure, following Psenner et al. (1984), with slight
modifications as described in Hupfer et al. (1995). This P
fractionation was performed on (i) original wet and laboratory
dried sediments of the upper and lower layers, and (ii) the
samples from the sliced sediment columns at the completion
of the sediment column experiment.

The five extractants, used in sequence, were solutions of
ammonium chloride (NH4CI), bicarbonate/dithionite (BD),
sodium hydroxide (NaOH), hydrochloric acid (HCI), and per-
sulfate digestion (K,S,0g). In the extracts, SRP and total P
(TP) (after 5 % K,S,0g digestion at 120 °C) were measured
with a spectrophotometer (San++ CFA, Skalar, Breda,
Netherlands). The main fraction of organic P was determined
as non-reactive P (NRP) in the NaOH extracts and calculated
as the difference between TP and SRP. The dissolved Fe*" and
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Mn?" concentrations in the BD extract were measured with
atom absorption spectrophotometry.

For each sampled sediment column increment, the changes
of P, F e2+, and Mn?>" concentrations were calculated using the
reference data from the corresponding layer of the original wet
or laboratory dried sample. The P concentrations of extracted
fractions given on volumetric basis were calculated using the
bulk density of the corresponding wet or dried layer.

The TP concentrations in the sediments were determined
by (i) direct photometric measurements after H,SO4/H,0,
digestion at 160 °C (Kleeberg et al. 2010), and (ii) direct
measurements after microwave-assisted aqua regia dissolu-
tion and detection with an ICP-OE spectrometer (iCAP
6000, Thermo Scientific, USA). The TP concentrations,
which were calculated as the sum of P fractions and by
H,S04/H,0, digestion, accounted for >83 and >94 % of TP
by ICP-OES detection, respectively.

In addition to P, five other elements (Al, Fe, Ca, Mn, and
Mg) were also simultaneously extracted from the original sed-
iment by aqua regia dissolution and measured by ICP-OES
detection.

Further subsamples of sediment were used for determina-
tion of loss on ignition (450 °C) and detection of total C and N
concentrations with a C/N elemental analyzer (Elementar
vario EL, Hanau, Germany).

Statistical analyses

The statistical analyses were performed using R software
(version 2.14.2, Thaka and Gentleman 1996) and Office
Excel software (Microsoft, 2010) with the significance level
set to a=0.05. For reasons of clarity and comprehensibility,
applied tests are given together with the results.

Results
Sediment properties

The sediment was rich in C, Ca, and Fe. It contained about
16.5 % total C and 1.5 % total N, and was characterized by the
atomic ratios of Fe/S/P=10:4:1 and H/C/N/S=43:36:3:1
(Table 1). The sediment contained, per gram DM, the follow-
ing: 130.2 mg Ca, 2.3 mg Mg, 64.0 mg Fe, 1.5 mg Mn, and
11.1 mg Al The loss on ignition accounted for 25 % of the
total dry mass.

During the sediment column experiment, a small propor-
tion of organic C and N compounds were mineralized in both
layers of the dried sediments, and in the upper layer of the wet
sediments, as indicated by the slight decrease in %C and %N.
Proportionally more N than C was mineralized, which led to a
slight increase in the C/N ratio in these zones (Table 1).

Sediment drying

During drying in the laboratory, the sediments cracked and
compacted. For the upper layer, this compaction was to
20 % of the former thickness (from 0.08 to 0.38 g
DM cm_3), and for the lower layer, this was to 25 % of the
former thickness (from 0.10 to 0.40 g DM c¢m ). The com-
paction was irreversible over the course of the whole sediment
column experiment (36 weeks) because the sediments did not
re-expand during re-flooding.

Drying also led to a shift in the proportion of P fractions in
both layers (Table 2). The amounts of directly available P
(NH4CI-P) and reductant-soluble P (BD-P) increased, while
more stable Fe and Al oxide-bound P (NaOH-SRP) and or-
ganic P (NaOH-NRP) decreased. The increase in NH4CI-P
was an average of four times greater than was the amount of
P taken up from the evaporating pore water (~11 ug P g’
DM) during experimental sediment drying.

Sediment drying also increased the concentrations of
reductant-soluble Fe (BD-Fe) (upper layer: from 8.1+0.2 to
10.3£0.1 mg Fe g~ DM; lower layer: from 3.7+0.1 to 7.9+
0.2 mg Fe g~' DM) and reductant-soluble Mn (BD-Mn) (up-
per layer: from 0.33+0.11 to 0.68+<0.01 mg Mn g ' DM;
lower layer: from 0.26+<0.01 to 0.64+0.03 mg Mn g~' DM).
The molar ratio of Fe/P in the BD extract thereby increased
from 2.5 to 2.8 in the upper layer, and from 1.8 to 3.2 in the
lower layer.

The two more stable P fractions (HCI-P and residual P)
remained unaffected by drying, and the TP yield (sum of all
P fractions) in dried sediments was not significantly different
from that in wet sediments.

Batch equilibrium experiment

The range of low P concentrations in the present study (c
<10 mg L' or ¢ <400 pg g ") could be described by a linear
model, but could not be properly included in Freundlich and
Langmuir models (Fig. 2). Models were therefore curtailed to
ensure prediction accuracy. The linear sorption equation was
applied only for P sorption values ¢ <400 ug g ' DM, for the
Freundlich model ¢ >500 ug g ' DM were selected, and the
Langmuir equation was defined only for ¢ >0 ug g ' DM
(Table 3) (Barrow 1978, 2008; Reddy et al. 1999).

Our BEE demonstrated that drying decreased the P sorp-
tion potential. Equilibrium P concentrations at zero net sorp-
tion in the upper and lower layers were six times higher in
dried than in wet sediments for the upper layer and three times
higher in dried than in wet sediments for the lower layer
(Table 3, EPCy). Dried sediments also exhibited a slower in-
crease in sorbed P with rising P concentrations than did wet
sediments (Table 3, k in all models). Both observations, higher
EPC, and lower k values, indicated a reduced sorption affinity
of dried sediments compared to wet sediments. The maximum
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Table1l Concentrations of C, N, Fe, Mn, and P, and the C/N ratio, in two layers of original lake sediments and in the same sediments after two types of
P enrichment: that of wet sediment and that of previously dried sediment. Values are means of laboratory duplicates from pooled sediment samples
C N C/N Fe Mn P
% % molar %0 %0 %0
Max. absolute deviation among duplicates <0.1 <0.1 <0.2 <2.0 <0.1 <0.1
Depth
cm
Original 0.0-2.5 16.6 1.5 11.3 64 1.5 38
>2.5-12.5 16.4 1.4 11.3 64 1.5 32
P enriched: wet 0.0-1.0 15.6 1.4 114 68 2.6 44
>1.0-2.5 15.5 1.3 11.6 68 1.9 4.9
>2.5-4.5 16.0 1.5 11.0 69 1.2 4.8
>4.5-6.5 16.1 1.5 10.9 69 1.5 3.1
P enriched: dried 0.0-1.0 15.5 1.3 11.5 70 2.0 5.5
>1.0-2.0 15.6 1.3 11.7 69 14 4.0
>2.0-3.0 15.7 1.3 11.7 71 1.5 2.9
>3.0-4.0 15.6 1.3 11.8 71 1.6 3.1

P sorption capacity, predicted by the Langmuir model, showed
sorption capacities reduced by 15 and 32 % for dried sedi-
ments in the upper and lower layers, respectively (Table 3,

Gmax)-
Sediment column experiment

During the 5-day adaption time prior to P addition to the water
columns, the four wet sediments already took up 0.2+1.5 mg
P m 2 on average, while the four dried sediment columns
showed a first flush P release of 6.7+5.6 mg m °. The re-
flooding of sediment columns, and P-enrichment of the water,
induced initial P uptake rates which were 1.7 times faster in
previously dried sediments (55+8 mg m > day ") than in wet
sediments (31£6 mg m 2 day ) (Fig. 3). The P uptake rates
differed significantly between approaches (ANCOVA on
logy( transformed data, with date as covariate: F=38.34,
P<0.001) and decreased more strongly and steadily in dried
sediment columns than in wet sediment columns. In the wet
sediment columns, the P uptake rates initially decreased, and
then increased again after 16 weeks, and exceeded the rates in
the dried sediment after 20 weeks (176 vs. 7=+

I mg m 2 day ! by the end of the experiment at 36 weeks).
Replicates of previously dried sediments were very similar to
each other, whereas variation of the wet sediments was greater
than found in the dried treatment (deviation bars, Fig. 3).

The total quantity of P uptake during 36 weeks did not
significantly differ between previously dried sediments (4.1
+0.2 g m °) and wet sediments (3.4£0.8 g m ). The pH of
the overlying water during P addition was higher for the pre-
viously dried sediments (8.6=0.1, n=48) than for the wet
sediments (8.3+0.2, n=48) (r=8.54, df=88, P<0.001). In ad-
dition, the specific conductivity was higher for the previously
dried sediments (1096+211 puS cm™', n=40) than for the wet
sediments (665+102 uS cm ', n=40) (t=11.67, df=56,
P<0.001).

Sequential phosphorus fractionation

Considering that the sediment compacted during drying, the
absolute amounts of all six P fractions by cubic centimeter
volume (i.e., P concentrations in pg cm 2 per 0.5 cm depth)
at different depths in wet and dried sediments are shown in
Fig. 4. There was a high accumulation of reductant-soluble P

Table 2 Concentrations of

phosphorus (P) fractions, and sum NH,4CI BD NaOH HCl Residual Sum

of total phosphorus, determined

by sequential extraction (columns TP Tp SRP NRP TP Tp Tp Tp

from left to right follow sequence

Ofextraction)’ of onglnal wet and 0-2.5 cm Ongmal 15 1788 725 506 1231 358 137 3529

laboratory dried lgke sediments Lab dried 73 2060 482 428 910 355 133 3530

taken from two different layers >25-125cm  Original 4 1126 749 413 1162 393 129 2814
Lab dried 37 1364 608 342 950 377 129 2858

Values, given in microgram per gram sediment dry mass, are means of laboratory duplicates

BD bicarbonate/dithionite, NRP non-reactive P, SRP soluble reactive P, TP total P
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Fig. 2 Measured and modeled isotherms of equilibrium P concentration
vs. change in sorbed P concentration of two layers of sediments, 0-2.5
and 2.5-12.5 cm, from Lake Miiggelsee. Isotherms for original wet and
laboratory dried samples determined with a batch equilibrium

(BD-P) within 0—1 cm in previously dried sediments due to
compaction and a high uptake of P (dried, 1.97 mg cm™ vs.
wet, 0.33 mg cm > within 01 cm).

To focus on the changes in P forms during 36 weeks, we
compared the concentration of P fractions in sliced sediment
cores after the addition of P to previously dried or wet sedi-
ments to the original material from the upper and lower layers
(Fig. 5a—c). To isolate the effects of P addition only, from the
combined effects of P addition and sediment drying, on the
various P fractions, we calculated changes in the P fractions of
dried sediments in two ways: (i) as the difference from the
original wet sediments (combined effects) (Fig. 5b), and (ii)
as the difference from the original dried sediments that were
not yet re-flooded (P addition effect) (Fig. 5¢). A comparison
of these calculations revealed that in the upper 2 cm, the
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experiments. a, b Entire range of P concentrations; ¢, d low
concentrations. Diagrams include equations for the Freundlich
isotherms (for ¢ >0 ug P g ' DM). Details of linear, Langmuir, and
curtailed Freundlich equations are given in Table 3

changes of combined effects were additive, meaning that P
was moved from NaOH fractions to more labile fractions dur-
ing sediment drying (see also Table 2) and also during the
subsequent column incubation with P addition to the columns
(stronger decrease of NaOH-P in Fig. 5b than in Fig. 5c). In
contrast, in the layers below 2 cm, shifts in P binding fractions
were partly compensatory, which means that P in the NaOH-
SRP fraction was lost during drying, and regained during P
addition (stronger increase in Fig. Sc than in Fig. 5b). In con-
trast, the BD fraction increased during drying and decreased
during P addition (stronger decrease in Fig. Sc than in Fig. 5b).
Both methods of calculation revealed the same implications:
above 2 cm depth, the NH4CI-P and DB-P fraction increased,
whereas below 2 cm the NaOH-SRP fraction increased, and
each of'the other fractions decreased. Therefore, the following
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Table 3 Three experimentally determined sorption models (linear,
Langmuir, and Freundlich), for the uptake of phosphorus (P) in original
wet and laboratory-dried lake sediments taken from two different layers.
¢, equilibrium P concentration in milligram P per liter; EPC), equilibrium
P concentration in milligram P per liter at net zero sorption (model

intercept with coordinate); &k, model coefficient denoting sorption
energy; g, microgram adsorbed P per gram sediment dry mass; ¢,
intercept with ordinate in microgram P per gram (theoretic net P loss at
zero equilibrium P concentration); ¢,,.,, maximum sorption capacity in
microgram P per gram.

Linear

Langmuir Freundlich

g=kxctqo

G=Gmax X kX c/(1+cxk) q=kxc"

for ¢ <400 pug P g

forg>0 ugP g for ¢ >500 pg P g™

EPC, k 9 R? EPCy  Gmax k R? k n R?
0-2.5 cm Original 0.04 19,510  -703 0993  0.04 7443 0.10 0974 1948 0.25 0.971
Labdred 025 713 -177 0992 044 6724 002 0955 584 0.40 0.997
>25-125¢m  original 0.02 9,936 787 0908  0.02 10776 020 0988 3453 0.24 0.883
Labdried  0.07 2408 -168 0969  0.16 7381 004 0918 726 0.40 0.994

Values are means of laboratory duplicates

results from dried sediment columns refer only to the differ-
ence from the original dried sediments (Fig. 5c¢).

For both wet and dried sediments approaches, the added P
was mainly taken up in the BD fraction (mainly from amor-
phous and redox-sensitive Fe and Mn oxides, P uptake up to
1798 and 2480 ug g ' in wet and dried sediments, respective-
ly (Fig. 5a, ¢)), while P was lost from NaOH-SRP (up to —354
and —315 pg g ' in wet and dried sediments, respectively
(Fig. 5a, ¢). The concentrations of NH4CI-P increased slightly
in both approaches (up to 68 pug g ' in previously dried
sediments).

In wet sediments, the net P uptake increased with depth
down to 4.5 cm due to changes in P fractions; below this
depth, the changes in P fractions were negligible. In contrast,
in previously dried sediments, net P uptake was observed to a
depth of only 2 cm, with a maximum uptake zone between 0.5

75+

wet

iR ===-dried

Fig. 3 Temporal changes in rate of phosphorus (P) uptake in sediment
columns that were re-flooded with P-enriched water (constantly re-
stocked to 2 mg L") over 36 weeks after having been dried or not
dried (wet). Data are means=+sd, n=4; four columns contained original
wet sediments, and four columns contained previously dried sediments
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and 1 cm, where P uptake was greater than in the wet sedi-
ments. Below 2 cm, the previously dried sediments experi-
enced a net P loss: while NaOH-SRP increased (up to
550 ug g '), P was lost from BD fraction (up to
—423 ug g ') and from organic compounds (NaOH-NRP)
(up to —244 pg g ). Previously dried sediments lost P from
organic compounds (NaOH-NRP) across all depths, whereas
wet sediments gained organic P across all depths (up to
159 ug g ).

In both approaches, the total increase in P content in the
layers analyzed by fractionation was greater than the total
amount of P removed from the water column (wet, 4.8 vs.
3.4 gm ?; dried, 6.9 vs. 4.1 g m ).

Sediment drying increased the concentrations of BD-Fe
(upper layer, 8.1+0.2 to 10.3+0.1 mg Fe g~' DM; lower layer,
3.7+0.1 to 7.9+0.2 mg Fe g ' DM) and BD-Mn (upper layer,
0.33+0.11 to 0.68+<0.01 mg Mn g ' DM; lower layer, 0.26+
<0.01 to 0.64:£0.03 mg Mn g ' DM). After re-flooding and P
uptake, the wet sediments showed a greater increase in BD-Fe
and BD-Mn than did the dried sediments (Fig. 6). In the wet
sediment, the BD-Fe concentrations increased down to a
depth of 6 cm and also expressed a relatively high Fe/P ratio
(a mean of 2.6) in the BD fraction. The BD-Fe accounted for
9-18 % of the total Fe content of the wet sediment. In dried
sediments, the BD-Fe concentrations decreased rapidly below
1 cm depth (the former upper layer), and therefore had rela-
tively low Fe/P ratios (a mean of 1.6), approaching saturation
of Fe oxides with P. The BD-Fe therefore rapidly declined
from 16 % down to 4 % of total Fe.

In the wet sediments, the concentration of HCl-extractable
Fe decreased below 1 cm depth by an average of 3.3+1.7 mg
Fe gfl DM. In contrast, in dried sediments, the concentration
of HCI-Fe increased by an average of 5.4+1.1 mg Fe g ' DM.
In both approaches, changes in BD-Fe were negatively
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Fig. 4 Phosphorous (P) fractions determined by sequential extraction of
lake sediments that were re-flooded with P-enriched water (constantly re-
stocked to 2 mg L") over 36 weeks after having been dried or not dried
(wet). BD, bicarbonate/dithionite; NRP, non-reactive P; SRP, soluble
reactive P; TP, total P. Dashed lines indicate the boundaries between the
former upper and lower layers (0-2.5, >2.5-12.5 cm) and the wet base

correlated with changes in Fe extracted with HCI (»=—0.90,
t=—4.56, df=5, P<0.01), especially for layers below a depth
of 1 cm, indicating a shift between these Fe fractions.

In both approaches, reductant-soluble Mn (BD-Mn) de-
clined abruptly below 1 cm (Fig. 6), a pattern consistent with
total Fe and Mn concentrations (Table 1). In wet sediments,
losses of HCl-extractable Mn were <0.2 mg Mn g ' DM,
contrasting with the situation in dry sediments in which there
was an increase of 0.2+0.1 mg Mn g ' DM.

1000 0 250 500 750

1000
Mg P cm2 per 0.5 cm depth
material (>12.5 cm) that were originally sampled from the lake before
homogenization, drying, and refilling of sediment columns. Only the
dried sediment columns were sampled down to the base layer. Values
are given on a volumetric base calculated as mass of P per surface area

within 0.5 cm increments of sediment depth. Values are means of
laboratory duplicates obtained from pooled sediment samples

Pore water dynamics

The pore water P concentrations increased up to a maximum
of 7mg L' in the deepest sampled layers of the wet sediments
(about 10 cm) by the end of P addition at week 36 (Fig. 7). In
the upper layers of previously dried sediments, the concentra-
tion of pore water P reached a maximum concentration at a
depth of 2 cm and was greater than that in the corresponding
layers of wet sediments. In contrast, in wet sediments,

a) wet b) dried c) dried*
0.5
1.0 | /
15 |
2.0 |
= ___25 pomain]
B
£ 0 W NH,CI TP +
S 4.0 | / T
S 45 _ % BD TP 1
5.0 & 1
557 NaOH SRP T
607 I NaOH NRP
6.57% ‘ ‘ ‘ ‘
4000 0 1000 2000 3000 -1000 O 1000 2000 3000 -1000 0 1000 2000 3000
Mg g”' DM Mg g' DM ug g' DM

Fig. 5 Changes in phosphorus (P) fractions with depth determined by
sequential extraction of lake sediments that were re-flooded with P-
enriched water (constantly restocked to 2 mg L") for 36 weeks after
having been dried or not dried (wet): a, b changes referring to the
original wet sediment material; ¢ changes referring to dry sediment,
isolating the effect of P addition after re-flooding. Negative values
indicate a loss of P, while positive values indicate an increase of P in a
specific fraction. BD, bicarbonate/dithionite; DM, dry mass of sediment;

NRP, non-reactive P; SRP, soluble reactive P; TP, total P. The dashed lines
indicate the boundaries between the former upper and lower layers (0—
2.5, 2.5-12.5 cm) and the wet base material (>12.5 cm) that were
originally sampled from the lake before homogenization, drying, and
refilling of sediment columns. Values are means of laboratory
duplicates obtained from pooled sediment samples. Figure excludes
fractions with negligible changes (HCI-P, residual-P)
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Fig.6 Changes in the concentrations of Fe** and Mn”*, determined from
a bicarbonate/dithionite extract during sequential fractionation, of lake
sediments that were re-flooded in sediment columns with P-enriched
water (constantly restocked to 2 mg L") for 36 weeks, after having

concentrations of pore water P steadily increased with depth,
reaching maximum concentration at approximately 10 cm.

In wet sediments, the Fe*" concentrations were initially
negligible down to a depth of 3 c¢m, then increased temporar-
ily, but finally declined again towards the end of the experi-
ment. In contrast, in previously dried sediments, the Fe*" con-
centrations rapidly increased at depths of 0—4 cm, peaking at
2 cm depth with a maximum concentration of 50 mg L™ at
week 3. Concentrations decreased thereafter, approaching
concentrations in the wet sediments.

In wet sediments, the SO4> concentrations in the pore
water decreased steadily during the experiment, providing
no relevant differences between different depths. In contrast,
in previously dried sediments, there was an initial increase in
SO, concentrations of up to 1423 mg L ™" at a depth of 2 cm
(this accounted for about 16.5 % of the total S being in oxi-
dized form). After a lag time of approximately 3 weeks, these
concentrations declined rapidly being similar to concentra-
tions in wet sediments by the end of the experiment. In the
same 2 cm, SO,>~ concentrations decreased to a minimum at
week 8.

Maximum rates of SO427 reduction and Fe*" mobilization/
consumption were observed for the previously dried sedi-
ments, and for the interval between weeks 3 and 8, reaching
798 mg m 2 day ™' for SO,* and 15 mg m 2 day ' for Fe*".
The development of these rates from one sampling to the next
sampling was positively correlated (r=0.88, r=5.74, df=10,
P<0.001), suggesting that the redox potential was low enough
to cause: (i) Fe(Il) oxides to become reduced, leading to Fe**
production, and (ii) SO, to become reduced, leading to s
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been dried or not dried (wet). Gray shaded areas indicate changes in
concentrations of Fe** (leff) and Mn*" (right) in wet (dark gray) and
dried (light gray) sediments. The dashed line indicates the molar Fe/P
ratio in the BD fraction at the end of the experiment

production, which precipitated the dissolved Fe®", thus re-
moving it from the pore water.

Discussion
Sediment drying

The drying of previously non-dried lake sediments caused an
irreversible compaction and a shift in the proportions of the P
binding fractions (Table 2). The amounts of reductant-soluble
P (BD-P) and directly available P (NH4CI-P) increased due to
losses from Fe and Al oxide-bound P (NaOH-SRP), and from
the mineralization of organic P (NaOH-NRP). This shift in
composition of P forms in the sediments from Lake
Miieggelsee was in accordance with the results from previous
studies performed on dried river sediments (Kerr et al. 2010),
reservoir sediments (Baldwin 1996), and marshland soils (de
Groot and Fabre 1993).

The increase in reductant-soluble P was likely due to the
oxidation of Fe(Il) and the formation of Fe(III)
oxyhydroxides, which preferentially bind P (Fox 1989). The
Fe(II) would be reduced to Fe(Il) again during BD extraction
(Psenner et al. 1984) releasing the bound P. The increase in
directly available P could not be explained by the uptake of P
from evaporating pore water alone. The increase was most
likely of microbial origin, possibly released from lysed and
disrupted cells under the stress of desiccation and the osmotic
shock of rapid re-flooding (Birch 1960; Baldwin and Mitchell
2000; Turner et al. 2003). Mineralization of organic P was
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likely to be facilitated by the aeration of previously anoxic  a decrease in the C and N content of the dried sediments
sediments (Qiu and McComb 1994) and was associated with ~ (Table 1).
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Phosphorus sorption affinity and capacity

Drying caused a decrease in the P sorption affinity and capac-
ity of sediments (Table 3), as has been observed in earlier
studies (Baldwin 1996; Watts 2000a; de Vicente et al. 2010;
Xiao et al. 2012), with sorption parameters very similar to the
results of Kerr et al. (2010). We, too, observed a sixfold in-
crease in EPC,, for laboratory dried sediments, exceeding the
results of Twinch (1987), where only a threefold increase of
EPC, was observed. A threefold increase of EPC, was how-
ever reported by Kerr et al. (2010) for in situ dried sediments.

The decrease in P affinity and capacity may have been due
to numerous causes.

(i) The formation of sediment aggregates during compaction
may have occluded potential sorption places in dried
sediments.

(i) The sediments contained a large fraction of C, which
might have formed coatings on the mineral grains.
Drying can change the molecular structure of these C
compounds, affecting the surface associations of C on
the mineral grains and complexations, which may have
influenced P sorption capacity or affinity. Significant
amounts of P may have been released from C metal-
bridged P complexations due to drying and re-flooding
increasing the EPC,,.

(iii)) The mineralization of organic material during drying,
and cell lysis and disruption of microbes during extreme
drying, could also have released P upon re-flooding,
increasing the EPC (Turner and Haygarth 2001; Xiao
et al. 2012).

(iv) Death of microbial cells during drying and disruption
might also have restricted microbial P uptake compared
to that in the wet sediments. Kamp-Nielsen (1974) ob-
served reduced P uptake from sterilized sediments and
Watts (2000a) observed a reduced P release from un-
sterilized sediments. Our BEE was performed without
fumigation or sediment sterilization, so that biological P
uptake was enabled in addition to chemical P sorption.
This may therefore explain the greater P sorption poten-
tial in our wet samples compared to our dried samples.

(v) The strong drying may have facilitated the formation of a
crystalline structure of amorphous Fe hydroxides, in a
process known as mineral aging. This process involves
the loss of potential sorption places for P, thereby reduc-
ing sorption capacity (Lijklema 1980; Baldwin et al.
2000; Qiu and McComb 2002; de Vicente et al. 2010).

(vi) Finally, the sorption affinity in wet sediments might
have been overestimated, due to aeration of anoxic wet
sediments during shaking in the batch solution that was
not deoxygenized. Traces of oxygen in the batch tube
may have led to the oxidation of Fe(II) to amorphous
Fe(IIT) oxides, increasing the amount of P sorption
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places and enhancing P binding. Brand-Klibanski et al.
(2007) described this as an artifact that causes decreased
EPC, values for reduced soils, when the batch solution
is not under anaerobic (N,) conditions. We did not use a
N, environment in the batch experiment to ensure iden-
tical conditions for both approaches, and we therefore
might have created an artifact that led to underestima-
tion of the EPC, for wet samples that were originally
anoxic. However, the fully oxidized dried sediments in
our study still had a much higher EPC, than the wet
sediments that potentially oxidized during shaking.
Brand-Klibanski et al. (2007) also reported that P capac-
ity and & values were unaffected by the artifact.

The EPC, value for the dried upper sediment layer even
exceeded the long-term mean TP concentrations in the water
of Lake Miiggelsee during summer (but not TP concentration
in the pore water). This implies that the dried sediments of
Lake Miiggelsee may act as a major P source if drying and re-
flooding occurred.

Phosphorus uptake in sediment columns

The sediment column experiment partly confirmed, and partly
contradicted, the results of the BEE. The results of the BEE
were confirmed only during the final third of the sediment
column experiment, when wet sediments had higher uptake
rates than previously dried sediments (Fig. 2). During the first
two thirds of the sediment column experiment, dried sedi-
ments had higher uptake rates.

Initially, as with previously dried sediments, the uptake
rates in wet sediments decreased due to the rising saturation
of P, but then the uptake rates in wet sediments eventually
increased. An active population of microbiota may have con-
tributed to biological P uptake processes in the sediments, as
explained for the BEE. This suggestion is supported by the
observed increase in organic P fractions in wet sediments,
whereas organic P was lost in dried sediments. To corroborate
this, phospho-lipid fatty acid analysis was performed on resid-
ual sediment samples, revealing that the bacterial biomass was
about 40 % lower in previously dried sediments than in wet
sediments, even after 8 months of re-flooding (suppl.
Fig. ESM 1). This was somewhat surprising because the
non-dried base layer should have facilitated the microbial re-
colonization of dried sediments. The structure of bacterial
groups, however, did not differ between the two approaches,
suggesting that the single drying treatment did not select for
specialized groups of bacteria within the time span of our
experiment, but was reported by Baldwin and Mitchell (2000).

At the beginning of the sediment column experiment, P
uptake rates in columns with previously dried sediments were
almost double those in wet sediment columns, contrasting
with the results of the BEE. These higher rates may be an
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effect of sediment compaction during drying. During the BEE,
wet and dried sediment samples moved loosely through the
liquid in shaken centrifuge tubes; thus, the original bulk den-
sity was irrelevant to the P uptake potential. In contrast, the
higher density of dried sediments in the columns (compared to
wet sediments) provided a higher density of potential sorption
places within shorter distances (Reddy et al. 1999), which
superimposed the effect of reduced sorption affinity as deter-
mined by BEE. This proposed mechanism was supported by
the findings that P uptake in previously dried sediments was
restricted to the upper 2 cm, and was much greater there than
in the wet sediments, where P also diffused into deeper layers.
This may have led to higher uptake rates in previously dried
sediments compared to wet sediments, despite lower sorption
affinity and lower sorption capacity in dried sediments.

These findings imply that results from nutrient sorption
experiments involving the shaking of fine sediment must be
interpreted carefully, taking into consideration in situ bulk
density when accounting for the effects of drying and re-
flooding. In other words, uptake rates cannot always be direct-
ly deduced from sorption affinity and capacity, as determined
by a BEE.

Below the primary P uptake zone at 2 cm, shifts in P frac-
tions appeared to be reversed, indicating a border between
oxidative and reductant processes and products. We therefore
suggest the development of a sharp redox gradient in previ-
ously dried sediments, while in wet sediments the conditions
changed more gradually. In previously dried sediments,
reductant-soluble Fe and Mn decreased abruptly below 1 cm
(Fig. 6). Within the top 1 cm, more Fe and Mn were in oxi-
dized forms than in reduced forms due to drying and water
column aeration, and could therefore be reduced and extracted
with BD. Below 1 cm, anoxic conditions facilitated the reduc-
tion of Fe and Mn; thus, there were fewer oxidized and
reductant-soluble Fe and Mn forms. The reductant-soluble
Mn increased in the uppermost sediment layer and then
abruptly declined. A comparable decrease in total Mn concen-
trations was not observed from the surface to 6.5 cm (Table 1),
but it is possible that Mn was mobilized in even deeper layers,
diffused upwards, and was finally precipitated at the oxygen-
ated surface layer. In contrast, not only reductant-soluble Mn
but also reductant-soluble Fe increased in wet sediments, even
after re-flooding, to a maximum depth of 6 cm, and both may
have been sequestered from the HCI fraction.

The results from pore water analysis in wet sediments also
suggested that redox conditions did not foster Fe reduction,
and a sharp gradient may not have developed. The aeration of
water columns in the laboratory, and higher diffusion rates due
to lower bulk densities, may have supported higher redox
levels in the wet sediment columns compared to the original
sediments in the lake or dried sediment columns. The sup-
posed higher redox levels are supported by the fact that almost
no P was mobilized from the BD fraction in wet sediments,

while it was lost in the anoxic layers of previously dried sed-
iments (Fig. 5a, ¢). There, this P fraction was fixed in more
stable metal oxide compounds that were less sensitive to an-
oxic conditions, as indicated by the increase in NaOH-SRP
(Fig. 5¢). In addition, much more P was mobilized from pre-
viously dried sediments than from wet sediments, as indicated
by the increasing P concentrations in the pore water (Fig. 7).
Remarkably, the pore water P concentrations below 2 cm
exceeded the water column P concentration of 2 mg L™ after
only 3 weeks of re-flooding in both approaches. These high P
concentrations would have restricted diffusive P transport to
deeper layers (>2 cm).

Despite the high pore water P concentrations, in the wet
sediments, P uptake was at its maximum between 2.5 and
4.5 cm. The P was unlikely to be taken up prior to the increase
in pore water P because the amount of P taken up in this depth
far exceeded the amount of P removed from the water column
within the first 3 weeks. A high P uptake in this layer was
more likely to be due to the corresponding increase in
reductant-soluble Fe within the same layer (Fig. 6). The addi-
tional P must have been mobilized in deeper layers, then dif-
fused upwards, and was sorbed to Fe compounds, as indicated
by the increase in reductant-soluble P (Fig. 5) and the slope of
the pore water P profile (Fig. 7). This is in accordance with the
surplus of P uptake detected by sequential fractionation com-
pared to the total amount of P removed from the water col-
umn. Future studies might test this by not including a wet base
layer.

The temporal and spatial development of P, F ¢**, and SO,>
~ concentrations in the pore water also demonstrated the
change between aerobic and anaerobic processes (Fig. 7).
During sediment preparation (sieving and mixing), and espe-
cially during sediment drying, oxidative processes resulted in
the formation of Fe(III) and SO,*". Hence, high amounts of
SO4> were released into the pore water and overlying water
after re-flooding, which explained the increase in conductivity
in columns with dried sediments (Baldwin et al. 2000). With
the onset of oxygen depletion after re-flooding, Fe(Ill) was
reduced again, as indicated by the increase of Fe** in the pore
water.

With the onset of SO,*" respiration at further decreasing
redox levels, sulfate and Fe?" concentrations decreased, likely
due to the formation of S*°, precipitating Fe** (FeS,)
(Baldwin et al. 2000). The SO, respiration indicated one
of two unexpected events: (i) obligate anaerobic bacteria were
not killed or suppressed by the desiccation (Mitchell and
Baldwin 1998; Schonbrunner et al. 2012) or (ii) they quickly
re-colonized from the non-dried base layer.

Pore water concentrations were highly dynamic at a depth
of 2 cm where Fe** concentrations temporarily peaked, and
SO4*” was rapidly depleted (Fig. 7). However, the SO4* re-
duction rates for the sediments from Lake Miiggelsee were
within the range of other lakes (Holmer and Storkholm
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2001). The high SO,*~ consumption may be due to previous
sediment drying stimulating aerobic metabolism, resulting in a
high oxygen demand upon re-flooding (Schonbrunner et al.
2012). This led to a rapid oxygen depletion at depth of 1—
2 cm, while the layers above received oxygen from the aerated
supernatant water. The Fe(IlI) was rapidly reduced at the same
depth as which a lot of P was taken up in the BD fraction. This
resulted in low Fe/P ratios in the BD extracts approximating
saturation of Fe with P.

In anoxic layers below 2 cm of the previously dried sedi-
ments, we observed a net loss of TP from the sediments,
raising pore water P concentrations. The suspected fixation
of Fe in sulfides mobilized P and decoupled the Fe-P-cycle
in dried sediments. The mobilized P most likely diffused up-
wards, and was retained at the lower edge of the assumed
redox gradient, as indicated by high TP concentrations 1—
2 cm immediately below the assumed redox gradient, and
below the peak depth of TP increase at 0.5-1 cm (Fig. 5).
The increase in TP concentrations in upper layers, with simul-
taneous TP decrease in deeper layers, was also described by de
Groot and van Wijck (1993), who also attributed this to an
upward flux of P.

Conceptual model

To summarize the results from our experiments and their in-
terpretation, Fig. 8 shows a simplified conceptual model of the
processes of P mobilization and uptake in sediments that were
re-flooded with P enriched water. The conceptual model com-
pares our main findings between sediments that had been
dried or not dried (wet) prior to the re-flooding. It highlights
the relative composition and changes of the most important P
binding forms (stacked bars), and the most pronounced pro-
cesses in the Fe-S-P cycling. This includes the irreversible
sediment compaction and shift of organic P and metal oxide-
bound P to reductant soluble iron-bound P due to sediment
drying. After re-flooding, the added P was taken up in reduc-
tant soluble P in both treatments. It was also taken up in or-
ganic forms in the wet sediments, while the organic P content
decreased in the dried sediments. Wet sediments had a lower
concentration of (reductant soluble) P per sediment mass than
the dried sediments. This was compensated by the fact that the
P uptake layer in wet sediments was thicker than in dried
sediments. Wet sediments developed a smooth gradient of
redox relevant processes while dried sediments supposedly
developed a sharp redox gradient. The aeration during drying
followed by reducing conditions induced an internal cycling
of Fe, S, and consequently P. This included the oxidation of
iron and sulfide during drying, which produced sulfate and
increased reductant soluble Fe-bound P. After re-flooding, re-
ducing conditions facilitated the reduction of sulfate and iron,
and the precipitation of FeS, induced the mobilization of P in
deeper layers of previously dried sediments.

@ Springer

We detected no drying-related changes in HCl-extractable
P (Table 2), whereas an increase in HCI-P in dried sediments
was reported by Baldwin (1996). Kerr et al. (2010) detected
inconsistent changes in this fraction, depending on sediment
characteristics. This variability suggests that the form and am-
plitude of sediment reactions to drying and re-flooding are
dependent on the native composition of the sediment. We used
sediments which had a high total Fe/P ratio and a high total S
content. Most P was therefore bound to Fe and was highly
sensitive to changes in redox conditions with a high potential
for SO4* -mediated P mobilization. In Fe-poor or more cal-
careous sediments, the Ca-bound P may be differently affect-
ed. Studies comparing different sediment types are necessary
to elucidate the particular effects associated with each type.
This would be important to deduce possible management im-
plications for various aquatic ecosystems.

Considering the mean P uptake rates at the end of our
experiment and presuming that the rates remain stable, another
10 weeks would be needed for the wet sediments to reach the
same total amount of retained P as the dried sediments. In
other words, within 46 weeks (almost one year), both systems
would be able to retain the same amount of P. However, the
dynamics and structure of the sediments would be different,
with undisturbed wet sediments apparently being more effi-
cient at long-term P uptake than are dried and re-flooded sed-
iments. De Groot and van Wijck (1993) proposed repeated
drying and re-flooding as a management tool to remove P
from an aquatic system by taking advantage of greater P re-
lease from dried soils, and subsequent flush out of sediment P.
Our results show that inundation after drying may indeed lead
to a mobilization of P under anaerobic conditions in deeper
layers of sediment.

However, P release might be restricted in the surface layer
due to the oxidation of the Fe as a P binding partner (Wilson
and Baldwin 2008). Drawdown does not seem to be a short-
term option for the removal of P from the water body, as
anoxic conditions have to establish first. However, compac-
tion of sediment during drying will concentrate P in the sur-
face layer, from where it can be released easily under anoxic
conditions and flushed out, or contribute to higher P concen-
tration in the water column.

Another proposition for management of reservoirs,
lakes, and re-flooded fens is to remove the drying-
degraded upper layer, as critically discussed by Kleeberg
and Kohl (1999), Watts (2000a), Van Wichelen et al.
(2007), Zak and Gelbrecht (2007), and Smit and
Steinman (2015). This layer releases P due to enhanced
mineralization of the high organic matter content. If this
layer is removed, the release of P and other substances
upon re-flooding would be restricted, the function of
retaining P would be preserved in the remaining sediment,
and the removed material could be transferred to agricul-
tural sites to serve as a natural fertilizer.
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Fig. 8 Simplified conceptual model of phosphorus (P) uptake and
mobilization in lake sediments flooded with P-enriched water (a),
compared to sediments that were dried prior to re-flooding with P-
enriched water (b). Diagram shows the most pronounced processes and
changes in P pools with respect to the effect of drying. The four stacked
bars indicate the relative concentration of sequentially extractable P pools

Total lake drawdown is an extreme case of sediment expo-
sition to aeration and drying. Many lakes have regular water
level fluctuations that affect only part of the ecosystem; thus, it
is difficult to predict the effects of littoral drying on the whole
ecosystem. The extent to which a system is affected strongly
depends on the morphology, with shallow lakes such as Lake
Miiggelsee, or lakes with broad and shallow littoral zones,
being the most sensitive (Wantzen et al. 2008a). In addition,
the consequences of sediment drying for rivers are distinct
from those of lakes because they are more affected by longi-
tudinal flow and are therefore characterized by shorter resi-
dence times, higher turnover rates, and transportation,
resulting in a more intense aquatic-terrestrial link (Wantzen
et al. 2008a), favoring for instance the input of nutrients such
as P.

The present study emphasizes that one single drying event
can markedly influence processes involving the transforma-
tion of P forms, and functions of uptake and mobilization
within the sediment, which are primarily driven by oxidation
and sediment compaction. When perennial systems, with sed-
iment characteristics similar to those in this study, dry out, P
will accumulate in the near surface layer, representing an im-
portant P source after re-flooding. However, as the sediment
compaction was irreversible, compaction in repeated drying/
re-flooding cycles is limited to the layer of freshly settled
material. In intermittent systems, the effect of compaction will
be more important for single or first occurring drying events,

re-flooding
}
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in the sediment at a particular layer: diagonal hatch, FeFOOH~P, P bound
to iron oxyhydroxides (reductant soluble P); light gray, MeO~P, metal
oxide bound (NaOH-extractable SRP), dark gray, P, organic P (NaOH
extractable NRP); black, other P fractions. Other abbreviations: EA, redox
potential; P, dissolved P
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than for repeated drying events. In addition, the effect of com-
paction will be strongly dependent on sediment composition.
Very fine sediments will be more affected by compaction than
will sediments consisting of larger solid grains, as found in
upstream rivers, where fine particles rarely settle. However, in
intermittent systems, pools of standing water with settling fine
particles can develop during drying events in rivers.
Nonetheless, the effects related to sediment compaction will
be most important in lakes experiencing the first drying event
and least important in intermittent streams.

Conclusion

The drying of formerly permanently inundated sediments
stimulated mineralization of organic P compounds, resulted
in a shift towards labile P, and led to an irreversible compac-
tion of the sediments (Fig. 8).

The sediment drying reduced the P uptake potential of
loose sediment particles in a solution, but not of stratified
sediments. The comparison of two experimental setups
showed that P uptake characteristics of fine, carbon-rich sed-
iments should not be deduced solely from short-term, small-
scale experiments involving sediment shaking, but from ex-
periments considering sediment stratification.

Processes upon re-flooding with P-enriched water facilitat-
ed the formation of a sharp redox gradient, promoting the

@ Springer
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mobilization of P in the anoxic layer due to organic P miner-
alization and decoupling of the Fe-P-cycle. A single drying
and re-flooding event can result in the accumulation of
reductant-soluble P in the near surface sediment layers, thus
raising the potential for P release into the water body under
reducing conditions.
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