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Environmental Impact: Drying significantly affects sedimentary P dynamics, changing
both P speciation and P adsorptive capacity. Therefore sediment drying has the potential

to alter the dynamics of P following re-inundation.
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speciation of phosphorus.

Nirmala W. Attygalla?, Darren S. Baldwin*®, Ewen Silvester?, Peter Kappencd and
Kerry L. Whitwortha.

aDepartment of Ecology, Environment and Evolution, La Trobe University

Wodonga, Victoria, Australia, 3689

PCSIRO Land and Water and the Murray-Darling Freshwater Research Centre, PO

Box 991, Wodonga, Victoria, Australia, 3689. E-mail: Darren.Baldwin@csiro.au

cAustralian Synchrotron, 800 Blackburn Rd, Clayton, Victoria, Australia, 3168

dDepartment of Chemistry and Physics, La Trobe University Melbourne, Victoria,

Australia, 3086



Page 3 of 25

©CoO~NOUTA,WNPE

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Environmental Science: Processes & Impacts

Abstract

Phosphorus is an important nutrient for plants and algae, and can be the limiting nutrient
in aquatic ecosystems. However, oversupply can lead to significant water quality issues.
The largest source and sink of P in most aquatic systems is the sediment. As a
consequence of drought, in many places sediments that normally would have remained
inundated are now being desiccated. Based on previous studies, it is often difficult to
predict what impact drying will have on the cycling of P. This is because most of these
studies have looked at drying across a chronosequence in the field, where there may be
differences in sediment composition or microbial community structure. In this paper we
present the results of a study where sediment was exposed to progressively more severe
drying in the laboratory — starting with wet sediment, followed by air drying and then
sequential oven drying at 30, 50 and 85 °C. Drying resulted in a shift in P speciation,
notably with an increase in NaHCOs;-extractable reactive P and a decline in NaHCO;-
extractable unreactive P, likely indicating an increase in bioavailable, easily
exchangeable P. Drying also resulted in a decline in the microbial-P fraction. Drying
significantly affected the P adsorption characteristics of the sediment. The total amount
of P adsorbed by the sediment and the linear adsorption co-efficient both declined, while
the amount of native P adsorbed to the sediment and the equilibrium P concentration
both increased. Drying also affected iron speciation with a shift from more reactive
oxalate-extractable Fe to more recalcitrant citrate-dithionate-bicarbonate-extractable Fe,
suggesting an increase in iron crystallinity and hence decrease in P adsorption capacity.
The increase in crystallinity is consistent with Fe EXAFS results, which showed that
drying resulted in an increase in edge-sharing neighbours. We hypothesise that the shifts
in P speciation, the decline in P adsorption capacity, the increase in the equilibrium

phosphorus concentration, as well as the death of micro-organisms (as evidenced by a
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decline in microbial P) on drying all contribute to the Birch effect — the initial pulse of P

and/or N upon inundation of dried soils or sediments.

Keywords: P XANES, eutrophication, drought, Birch effect
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1. Introduction

Drought has been a feature of the climate across most continents in the last few decades,
including extended periods of drought in Sahelian Africa', south-western United States?,
South America and south-eastern Australia®. One of the features of drought is the
exposure to air and subsequent desiccation of sediments that normally would be
inundated and, therefore, potentially anoxic. Water level drawdown, sediment oxidation
and subsequent desiccation can have a significant impact on sediment chemistry®,
mineralogy”® and sediment microbial ecology’. However the specific response to
desiccation seems to be highly variable — especially with respect to phosphorus
biogeochemistry. Phosphorus is an important nutrient for plants and algae, and can be
the limiting nutrient in aquatic ecosystems. However, in oversupply it can lead to
significant water quality issues. The largest source and sink of P in most aquatic systems
is the sediment®. The effect of drying of sediments on P dynamics is complex and
includes various interdependent physical and biogeochemical changes. Previous field

5,6,9-12

studies have shown that drying of soils and sediments can result in a decrease, an

13716 or have no effect'” on orthophosphate binding capacity. Similarly, the

increase,
effect of desiccation on P speciation seems to be inconsistent. For example, Kerr et al.'®
reported a shift towards more reactive P species in river sediments on drying, while de
Vincente et al.'? reported a shift towards less bioavailable pools in lake sediments as a
consequence of desiccation.

One of the possible reasons for the discrepancies in the role that desiccation plays
in sedimentary P dynamics is that most of this research is based on field studies; the
extent of desiccation is based on studying a chronosequence, usually including
inundated, damp and dry sediments at the edge of a river, lake or wetland; i.e. not under
controlled conditions. In the current study we examine P speciation, using a modified
SEDEX extraction scheme'’, and sediment P adsorption characteristics, based on
adsorption isotherms, of sediment from a floodplain wetland that had been exposed to
progressively more severe drying regimes in the laboratory. Phosphorus dynamics is
often closely linked to iron dynamics in sediments. Therefore we also explore shifts in
iron mineralogy in response to drying using both sequential extraction and x-ray

absorption spectroscopy.

2. Materials and Methods
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2.1 Sampling and initial handling

Inundated sediment was sampled to a depth of 10 cm using a soil auger from randomly
selected sites from an unnamed wetland on the Kiewa River floodplain in north-eastern
Victoria, Australia (36°34°S, 147°5°E). The wetland was quite shallow (< 0.5 m in depth)
and would most likely have periodically dried out during the period of drought this
region experienced from about 1996 to 2010.° Immediately on arrival at the laboratory
(< 1 h), the sediment was sieved (10 mm) to remove coarse woody debris, homogenised,
and randomly placed into 25 polystyrene trays. Five trays (hereinafter Ty.t) were
randomly selected, their content transferred individually to polycarbonate centrifuge
tubes and then centrifuged at an average relative centrifugal field (RCF,,) of 5900 g for
20 min at 5 °C (Beckman Avanti centrifuge) to remove pore-water before immediately
undergoing analysis. The remaining sub-samples were subjected to a ‘sequential’ drying
treatment. Firstly, all the remaining sediment was air-dried at ambient temperature
(approximately 20 °C) for 7 days. Five sub-samples of air-dried sediment (hereinafter
T.,ir) were then set aside for subsequent analysis. The remaining sediment was transferred
into an oven (Thermocentre) and dried at 30 °C for 7 days. Five sub-samples were then
removed for analysis (hereinafter Tsp). The remaining sediment was further oven-dried at
50 °C for 7 days, and a further five sub-samples removed (hereinafter Tsg). The
remaining five sediment samples were then dried at 85 °C for 7 days before being

analysed (Tss).

2.2 Chemical analyses

All results are expressed on a dry weight (DW) basis by taking into account the moisture
content, which was determined by drying a sub-sample from each treatment at 105 °C for
24 h.

2.2.1 Phosphorus. Unless otherwise stated reactive phosphorus (rP) was
measured on centrifuged and/or filtered samples using the standard ascorbic acid assay™
and total phosphorus (TP) was measured using the ascorbic acid assay after NaOH-
K5S,05 digestion.21 Unreactive phosphorus (uP) was determined from the difference
between TP and rP.

Microbial biomass phosphorus was determined by the fumigation-extraction

22,23
d >

metho with certain modifications. Sediment samples (10 g DW or equivalent) were

fumigated with chloroform (CHCIls) vapour in a desiccator for 24 h. Non-fumigated
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samples were treated similarly, except that the desiccator contained no CHCl;. After
residual CHCI; was removed by evacuation, both fumigated and non-fumigated samples
were shaken with 200 ml of 0.5 M NaHCOs; (pH 8.5) (at a 20:1 solution-to-soil ratio) in
250-ml Thermo Scientific Nalgene (HDPE) centrifuge bottles on an orbital shaker for
30 min at 20 °C. The extracts were centrifuged (RCF,, = 1600 g, 10 min, 5 °C; Allegra
X-15R Beckman Coulter) and the supernatants were passed through 0.45-pum cellulose
acetate filters (Millipore). CHCls-released inorganic P (P;) was calculated as the
difference between fumigated and non-fumigated samples. Microbial biomass P was
calculated from CHCl;-released P; by dividing by 0.4.%

Sediment phosphorus speciation was determined using a modified SEDEX
sequential extraction procedure®'? (Table 1). Briefly, well-mixed soil samples (0.5 g DW
or equivalent) were placed into 50-ml acid-washed centrifuge tubes (polycarbonate). For
each extraction step, 25 ml of extractant solution was added and the tubes were shaken
on an orbital shaker for 16 h in the dark at 20 + 1 °C. The tubes were then centrifuged
(RCF,y = 5900 g, 20 min, 5 °C; Beckman Avanti) and the supernatant filtered through
0.45-pum cellulose acetate membranes (Millipore). As proposed by Ruttenberg,'® each
extraction by the principal extractants in steps I, II, III and IV of the sequence (Table 1)
was followed by successive MgCl, and H,O washes in order to prevent problems
associated with secondary adsorption onto residual solid surfaces. The rP concentrations
were determined on all extracts after first neutralizing the sample with concentrated acid
or base as required. Because of reactivity issues, rP in the citrate-dithionite-bicarbonate
(CDB) extract was determined on isobutyl alcohol extracts using the tin chloride assay””*
after first diluting the supernatant by 1 in 10 with Milli-Q water (Millipore — SuperQ) to
overcome interferences. Total P was also determined on the NaHCOj3; and NaOH
extracts.

Phosphorus L; ;-edge x-ray absorption near edge structural (XANES) spectra
were acquired on the soft x-ray beamline at the Australian synchrotron. Spectra were
collected in the energy range 125—155 eV in total electron yield mode. All spectra were
normalised against incident beam intensity (Ip) and energy calibrated against Au 4fs/ 7,2
absorption lines. Phosphorus-containing standards used included: phytic acid, sodium
dihydrogen phosphate and iron(IIl) phosphate. As will be discussed, total P levels in the
samples were too low to allow usable spectra to be acquired using this technique.

Phosphorus sorption characteristics were determined using phosphate adsorption

isotherms based on a batch equilibration procedure developed by Nair et al.> For each
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replicate, 1 g (DW) of sediment was placed in 50-ml acid-washed polycarbonate
centrifuge tubes and suspended in 25 ml of standard orthophosphate solutions with P
concentrations of: 0, 100, 250, 500, 1 000, 2 500, 5 000, 10 000, 20 000 pg P | spiked
with 2 drops of chloroform. Stock phosphate solution was prepared by dissolving
analytical grade anhydrous KH,PO,4 in a 0.01 M CaCl, matrix. The tubes were shaken on
an orbital shaker for 24 h at 20 + 1 °C in the dark. The tubes were then centrifuged
(RCF4 = 5900 g; 10 min; 5 °C; Beckman Avanti) and the supernatant passed through
0.45-pm cellulose acetate filters (Millipore) prior to rP analysis. The P adsorption
isotherms were determined by measuring the amount of orthophosphate remaining in the
solution (C;) and the amount of orthophosphate retained by the sediment (S”) after 24 h;
S” was calculated as the difference between the amount of P in solution at 24 h and at

0 h.® The linear adsorption co-efficient (Kg), the amount of native phosphate adsorbed to
the sediment (S;) and the equilibrium phosphate concentration (EPCy) were calculated in

the linear portion of the isotherm using the best fit of the data to the relationship:***’

S’:cht—SO

EPCy is the same as C; when S’ is 0.

2.2.2 Iron. Oxalate-extractable iron (Feo) and citrate-dithionite-bicarbonate-
extractable Fe (Fecpg) were determined by sequential extraction.”® Sediments were first
washed with high-purity water and then treated with two consecutive 30-ml hydrogen
peroxide (30% w/w in H,0) rinses to remove soluble salts and organic matter,” and then
air-dried. For each sample, 1 g of soil (DW or equivalent) and 40 ml of 0.2 M NHy-
oxalate (pH 3.2) were placed in 50-ml acid-washed centrifuge tubes and shaken on an
orbital shaker for 4 h in the dark at 20 + 1 °C. The tubes were then centrifuged
(RCF,y = 2200 g; 10 min; 5 °C; Allegra X-15R Beckman Coulter) and the supernatants
filtered through 0.45-um cellulose acetate membranes (Millipore) and frozen until
analysis. The residual soil was washed with 20 ml of 1 M NacCl then extracted twice with
20 ml of a solution containing 0.3 M Na-citrate with 2.5 ml of 1 M NaHCO3 and 0.5 g of
Na-dithionite (pH 7.6) in a water bath at 80 °C for 15 min. The tubes were centrifuged
(RCF,y = 2200 g; 10 min; 5 °C; Allegra X-15R Beckman Coulter) and the supernatants

filtered. The residual soil was then washed as above. The supernatants were filtered then
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combined and frozen until analysed. Total Fe in solution was measured by flame atomic
absorption spectroscopy (Varian AA240FS).

Iron x-ray absorption fine structure (EXAFS) spectra at the Fe K-edge were
collected at the Australian National Beamline Facility at the Photon Factory synchrotron,
Tsukuba, Japan. All samples were stored under nitrogen in 120-ml serum bottles for
transport to the facility. The x-ray energy was selected using a Si(111) double-crystal
monochromator, with spectra recorded at the Fe K-edge (6.79-7.89 keV). The beam spot
size was set to 5 mm (horizontal) x 1 mm (vertical). Data were acquired in fluorescence
mode using a 36-element solid state Ge detector. For the determination of atomic
distances and numbers of neighbours, individual peaks from the radial distribution
function were Fourier filtered and fitted using Viper (v11), using a basis file developed

from a goethite (a-FeOOH) standard.

2.3 Statistical analysis

All statistical analyses except analysis of similarity (ANOSIM) were performed using
Sigmaplot (v12). All samples were assessed for normality and homogeneity of variance.
Differences between sediment drying treatments were investigated using one-way
analysis of variance (ANOVA) coupled with Tukey’s post hoc test on absolute values.
Errors are quoted as + 1 standard deviation from the mean. The ANOSIM analysis was
performed using Primer (v6) on SEDEX speciation data for each individual sample that

had first been standardised to total P concentration.

3. Results

3.1 Modified-SEDEX P speciation

Drying caused a substantial change in sedimentary P speciation (Fig. 1). The ANOSIM
showed that there were significant differences in overall P speciation between all
treatments (global R = 0.914, p = 0.008) except T3pand Tso (p = 0.14).

There was a statistically significant (p < 0.001) increase in MgCl, P following air
drying (from 5.5+ 0.6 to 19.2 + 0.3 mg P kg"' DW), and again after air drying followed
by oven drying at 30 °C (to 22.2 + 0.8 mg P kg”' DW). There was no statistically
significant difference in MgCl, rP between the T3¢ and Tsy treatments (p = 0.79), but it
was higher again (p < 0.001) in the Tgs treatment. Reactive P concentrations in the

NaHCOj; extract followed a similar pattern to that observed for the MgCl, extract.
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Reactive P was significantly higher in the T, treatment (360 + 3 mg P kg'1 DW) than in
the Tye treatment (148 + 10 mg P kg™ DW; p < 0.001) and was higher again in the Ts,
treatment (430 = 11 mg P kg™ DW; p < 0.001). There was no significant difference
between T3¢ and Tso (p = 0.144), but P in the Tgs treatment was once again significantly
higher (460 + 4 mg P kg™ DW; p < 0.001). Unlike rP, uP in the NaHCO; extracts
declined with drying; NaHCO; uP was significantly lower (p < 0.001) in sediments from
the T treatment (170 + 11 mg P kg™! DW) than in the Ty treatment (318 + 8 mg P kg’
! DW). There was no significant difference in NaHCO; uP between the T, and T3
treatments (p = 0.08), nor between the T3 and Ts treatments (p = 0.195), but there was
between T, and Tso (p = 0.006). The Tgs treatment had a lower NaHCO3; uP

(118 + 4 mg P kg! DW) than all the other treatments (p < 0.001). The CDB P also
declined with drying, falling from 290 + 9 mg P kg™ DW for Ty, to 259 + 14 mg P kg
' DW for Tarand 218 + 8 mg P kg'1 DW for Ts; all of which were statistically
significant (p < 0.001). There was no significant difference between CDB P in the T3,
and Ts treatments (p = 0.178) or the Tsp and Tgs treatments (p = 0.153) but there was a
difference between the T3¢ and Tgs treatments (p = 0.012). Reactive P in the NaOH
extract essentially remained constant, varying from 99 + 3 mg P kg”! DW in the Ty
treatment to 110 + 4 mg P kg'1 DW in the Tgs treatment; noting however that the
difference in NaOH rP between Ty and T (106 = 3 mg P kg'1 DW) was statistically
significant (p = 0.007). Unreactive P concentrations in the NaOH extracts fell in
response to initial drying, going from 129 + 4 mg P kg”' DW in the T\, treatment to

90 + 4 mg P kg DW for the T, treatment. Unreactive P was significantly higher in the
T.ir treatment than in the T3 treatment (78 + 9 mg P kg™ DW; p = 0.006) and the Ts,
treatment (77 + 3 mg P kg DW; p = 0.006) but not the Tgs treatment

(81 £5mgP kg'1 DW; p =0.07). The HCI rP concentrations were all low

(<5mgP kg'1 DW). There was no change in the residual P pool between the Ty and
Tair treatments (p = 0.48) but there were differences between T, and T3o (p = 0.01) and
Tair and Tso (p < 0.001). Residual P in the Tgs treatment (13 £ 2 mg P kg'1 DW) was

lower than in all the other treatments (p < 0.001).

3.2 Microbial biomass P

Microbial biomass declined with drying, falling from 20.3 + 1.8 mg P kg DW in the
Tyet treatment to 7.7 = 1 mg P kg'l DW in the T, treatment and to

34+0.8mgP kg'l DW in the T3¢ treatment. The microbial biomass P in the T3¢ and Tsq

Page 10 of 25
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treatments were similar (Tso =3.1 £ 0.1 mg P kg'1 DW) but was lower again in the Tgs
treatment (1.0 + 0.6 mg P kg™ DW). Apart from T30/Tso couple, all differences were
statistically significant (p < 0.05).

3.3 Phosphorus L;3-edge XANES analysis

High-quality spectra were obtained for reference P-containing compounds, similar to
those reported elsewhere™®. However spectra for sediment samples from all treatments
were featureless, most likely due to the low total P concentrations (an example spectra is
presented in the Electronic Supplementary Information). Using phytic acid as an
example, we demonstrate that rather higher total P levels (in excess of 2500 ppm P)
would be required to allow useable spectra to be obtained for these type of samples (see

Electronic Supplementary Information).

3.4 Phosphate adsorption isotherms
The phosphate adsorption isotherms are presented in Fig. 2. While air drying had some
effect on the overall shape of the adsorption curves, the most dramatic changes occurred
following oven drying at 30 °C (Fig. 2). The maximum amounts of P adsorbed in the Tj,
Tso and Tgo treatments were all similar.

The values of Ky, Sp and EPC, were also affected by drying (Table 2). Values of
K4 were significantly lower in the Ty, treatment than the Ty treatment (p < 0.001) and
were lower again in the T3 treatment (p < 0.001). While the value for K4 was lower in
the Tgs treatment than in either the T, or Tso treatments, the difference was not
statistically significant (p = 0.87 and 0.85 respectively). The Sy increased with increasing
severity of drying and each treatment was significantly different from the others
(p <0.001 except for the T,i;/ T30 couple where p = 0.04 and the T30/Tso couple where
p = 0.002). Like Sy, EPCy also increased as the severity of drying increased and all
treatments were significantly different from each other (p < 0.001 except for the Tyet/Tair

couple where p = 0.04).

3.5 Iron speciation

There was substantially more Feq, than Fecpp in the sediments from the Ty, treatment

(Fig. 3). On drying the concentration of Feo declined while the concentration of Fecpg

increased. There was significantly more Feo, and Fecpp in the Tjo treatment than in any

of the other treatments where the sediment was dried.

10
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3.6 Fe EXAFS

In all samples, the Fe K-edge showed evidence of two Fe-Fe distances; one at ~3.05 A
and the second at 3.45 A. There was a general increase in edge-sharing neighbours at
3.05 A across the series Tye—Tss (Table 3). This increase is consistent with the building
of extended chains of FeOg octahedra, typical of many Fe(oxy)hydroxide minerals (e.g.
goethite, lepidocrocite), and similar to that observed for the transformation of hydrous
ferric oxides to more crystalline Fe(oxy)hydroxides.’' The number of neighbours at
3.45 A initially decreased between Ty and Tair, and then increased across the series.
However, it must be noted that in all samples, there was a strong background Fe
mineralogy that diminishes the changes in EXAFS spectra across the drying series; this
background is likely Fe-containing clay minerals that are largely unaffected by the
drying and heating treatments. As a consequence of this background, the changes in the
numbers of neighbours are small, and similar in magnitude to the uncertainty in the fitted

number of neighbours.

4. Discussion

This study examines how a wet — dry transitional phase could affect P speciation and
adsorption characteristics in a floodplain wetland sediment. In the proceeding discussion
we assume that the P and Fe speciation of the Ty samples are essentially the same as in
the wetland — i.e. transportation back to the laboratory (< 1 hr) and sieving did not
change the speciation. Oxidation of sulfidic materials (including pyrite) has been shown
to shift P speciation in marine sediments from calcium—phosphate mineral phases to iron
phases through acidic dissolution.*>*> While we cannot unequivocally discount that this
has occurred in our sediments during sample processing, a number of studies of the
regional distribution of sulfidic sediments (inland acid sulfate soils) in south-eastern
Australia that have shown that wetland sediments in the study area do not contain

significant levels of reduced-sulfur compounds,34’35

which would suggest that the
likelihood of this occurring during our experiment is low.

The temperature treatments were chosen to reflect potential summer sediment
temperatures encountered in Mediterranean, semi-arid and arid floodplains. While 85 °C

is obviously an extreme temperature and one not encountered in these types of

11
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1

2

3 316  environments, soil temperatures approaching 50 °C are not unknown in these type of

g 317  ecosystems (Dr Jessica McGregor, La Trobe University, pers. comm.).

? 318 Severity of desiccation had a substantial impact on P speciation in the sediments.
8 319  Almost all operationally defined P fractions responded to the drying treatments.

20 320 However the change in P speciation in response to desiccation appears to occur in

E 321  phases. The largest change in P speciation occurs on initial drying. There was a

13 322 statistically significant difference between Ty and T, in the concentrations of P in all
13 323  fractions with the exception of HCI rP and residual P; combined these latter two

i? 324  fractions represented only about 3% of the sedimentary pool. There were also

18 325  statistically significant differences between T,i; and T3 for many of the P species,

:zlg 326  although the magnitude of change was generally less than the change from Tye( to Thajr.
g; 327  For the most part there was little difference in P speciation between T3¢ and Tso.

23 328 However the P speciation in the Tgs treatment was generally different to that found in Ts
gg 329 and/or Tj, although the extent of change was not as large as seen in the Tye/T,ir and

g? 330 T.i/Ts transitions.

28 331 Desiccation predominantly led to a shift in the P speciation to potentially more
ég 332 available pools. This is consistent with previous studies that have shown that desiccation
g; 333  leads to a shift away from non-reactive to more reactive pools in both lake® and river'®
33 334  sediments. In the current study MgCl, P, which corresponds to easily exchanged P,

gg 335 increased with air drying. This increase in exchangeable P was also reflected by an

g? 336 increase in the amount of ‘native P’ adsorbed to the sediments (Sy). The largest change
38 337 in P speciation on drying was in the NaHCO; P fraction. Reactive P in this fraction

Zg 338 increased by about 200 mg P kg™ DW on drying while non-reactive P fell by about

j; 339 150 mg P kg”' DW. The separate bicarbonate fraction was incorporated into the SEDEX
43 340 procedure because the subsequent CDB extraction, where the target phase was P bound
jg 341  to reducible iron, also extracted substantial amounts of organic carbon when the

jg 342  procedure was applied to freshwater sediments.® In the modified SEDEX extraction

48 343  scheme the organic matter is pre-extracted using bicarbonate alone. Although the

gg 344  bicarbonate fraction co-extracts organic carbon and phosphorus, there is a shift from

g; 345 non-reactive to reactive P. Without confirmatory analyses (e.g. 3P nuclear magnetic

53 346  resonance (nmr)) it is not possible to unequivocally tell whether this represents a shift
gg 347  from organic to inorganic phosphorus phases®®. However given the strong relationship
g? 348  between reactive P and bioavailability™® *” the shift from uP to rP suggests a shift in the
58 349  potential bioavailability of this fraction. A decrease was also observed in NaOH uP

0

12
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between Tye and Tyry, Previously a 3P nmr study has shown that in the modified SEDEX
procedure NaOH can extract poly-phosphates, which are usually unreactive to the
molybdenum blue assay.® Poly-phosphates are used by bacteria as P storage compounds,
which may, in part, explain the strong correlation between the overall decline in NaOH
uP and the overall decline in microbial P with increasing severity of drying (Pearson’s
r=0.92, n=25).

The CDB extraction targets rP bound to Fe phases. Desiccation leads to a
decrease in CDB 1P, an effect previously observed for lake sediments.'? Generally, P
bound to ferric iron is not readily available because of strong complexation. Typically,
release of P from ferric minerals only occurs under anaerobic conditions, when microbial
activity either directly’® or indirectly®® leads to the reductive dissolution of ferric phases
with the concomitant release of P. While anaerobic conditions are common in inundated
wetland sediments, when the sediment is exposed to the air, or prior to the onset of
anoxia, P bound to iron phases will not generally be available. Therefore, the decline of
CDB P with desiccation contributes to P availability, at least under oxic conditions.

One of the potential contributors to the decrease in iron-bound P on drying is the
apparent shift to more crystalline iron phases, which would have a lower P-binding
capacity.40 Acidic oxalate usually solubilises short-range (i.e. amorphous and poorly
crystalline) iron minerals, while CDB solubilises both short-range and longer-range
(more crystalline) phases.*' Therefore, in a sequential extraction Fe,, will represent less
crystalline phases while Fecpp will represent more crystalline Fe minerals. On drying,
there was a significant shift from Fe,x to Fecpp, indicating an increase in crystallinity on
drying.

The sequential extraction data are supported by the Fe K-edge EXAFS data. It
should be noted that due to the small contribution of Fe-Fe scattering to the total EXAFS
spectrum we used a highly constrained fitting approach to determine the Fe-Fe distances
and number of neighbours. These constraints included fixing the Fe-O number of
neighbours (6) and the Debye-Waller factor for all Fe-Fe-distances (0.0023 A) across all
samples. As a consequence, the uncertainty in the fitted number of neighbours at these
Fe-Fe distances is high relative to the differences between samples. This is an inherent
problem with such natural samples where the contribution of Fe-oxide minerals to total
Fe-mineralogy is small. Notwithstanding this caveat, the EXAFS study suggests that
there was a general increase in edge-sharing neighbours at 3.05 A across the series Tye—

Tgs (Table 3). This increase is consistent with the building of extended chains of FeOg¢

13



Page 15 of 25

©CoO~NOUTA,WNPE

384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417

Environmental Science: Processes & Impacts

octahedra, typical of many Fe-(oxy)hydroxide minerals (e.g. goethite, lepidocrocite), and
similar to that observed for the transformation of hydrous ferric oxides to more
crystalline Fe-(oxy)hydroxides.>' An increase in crystallinity with desiccation explains
the observed shifts in the P adsorption isotherms. As minerals become more crystalline
both their surface area and the number of binding sites will decrease. Because they have
fewer binding sites, more crystalline phases will have a lower maximum amount of P
that they can bind, hence explaining the differences in the adsorption maxima in the P
adsorption isotherms with extended drying. It also helps explain the shift to larger values
of EPC, with drying. The EPC, represents the concentration above which P will adsorb
to the sediment and hence indicates whether a sediment will act as a source or sink on re-
inundation. The shift to higher EPC, values on drying means that on re-inundation, at
least initially, the concentration of P in the overlying water will be higher than it would
have been if the sediments had not dried out. It is interesting to note that, unlike P
speciation, EPC,, as well as Sy and Ky, continued to change quite substantially with the
severity of desiccation. Increased EPC, because of desiccation has also been reported for
river sediments.'®

The results of the current study are in agreement with a previous hypothesis
proposed by Baldwin® on the effect of increasing desiccation on P dynamics, but raise
some interesting questions about the role of desiccation in shaping P speciation.
Baldwin® proposed that shifts in P adsorption in response to desiccation are due in large
part to changes in iron mineralogy. Freshly exposed sediment has a high affinity for P
because reduced iron in the sediment is rapidly oxidised when the sediment contacts air.
As the sediment dries, dehydration of iron minerals leads to a transformation from
amorphous oxyhydroxides to more crystalline forms — specifically goethite and/or
haematite — with a concomitant loss of adsorption capacity and increase in EPCy. The
more crystalline forms are harder to reduce once the sediment is re-inundated and
becomes anoxic; hence repeated wetting and drying cycles can result in a substantial
decrease in the sediment’s affinity for P,'” with a potential concomitant increase in the
concentration of P in the overlying water.

This study also contributes to our understanding of the mechanisms underlying
the Birch effect.!” The Birch effect, first described in the 1950s and early 1960s°# 2 s
the phenomenon of an initial pulse release of nutrients from dried soils or sediments
upon re-wetting. It is often assumed that this pulse comes from microbial cells that have

been killed either during the drying phase or by osmotic shock on re-wetting.!” This
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study suggests that drying does result in a decline in sediment microbial biomass,
inferred from a reduction in microbial P, with an approximately corresponding increase
in native adsorbed P (Sy), suggesting that microbial necromass may indeed be a source of
P for the Birch effect. However abiotic factors may also contribute to the effect. In
particular the increase in EPC( with drying means that on initial inundation, P would
desorb from the sediment to the overlying water if the P concentration in the overlying
water is less than the EPCy. Therefore drying and subsequent re-wetting of sediments has
the potential to be a significant source of internal loading™ of P to waterbodies. This has
ramifications for the on-going management of waterbodies previously subjected to
nutrient pollution; in particular permanent waterbodies that may start to undergo periodic
desiccation in a changing climate.

The actual changes in molecular structure of P-containing compounds as a
consequence of drying have yet to be elucidated. Sequential extraction is a rather crude
technique for exploring the structural changes in P speciation, principally because it
cannot unequivocally differentiate between organic and inorganic P species.32 As part of
this study we attempted to further explore the sediment P speciation using phosphorus
L; ;-edge XANES, but the native P concentrations appear to be below that required for
useful spectra to be acquired (see Electronic Supplementary Information). Further
studies, using more sophisticated techniques, in particular >'P nmr spectroscopy, are
needed in order to explore both the extent and mechanisms of changing P speciation

through desiccation.

5. Conclusions

This study has shown that drying has a significant effect on sedimentary P dynamics,
changing both P speciation and P adsorption capacity. The latter is associated with
increases in crystallinity of iron phases. Therefore sediment drying has the potential to
alter the dynamics of P following re-inundation. This would include a pulse release of P
immediately upon re-flooding, as well as the potential for less P being adsorbed to the
sediment, leading to a higher concentration of P in the overlying water column. The
results of this study also suggest that repeated short wetting and drying cycles may lead

to continually decreasing sediment affinity for P.
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Table 1: The modified SEDEX sequential extraction protocol used to determine P

speciation.

Step Extractant

Operationally
defined target phase

Reported as

I 1.0 M MgCl,

ITa 1.0 M NaHCO;

IIb

111 0.3 M Naj-citrate
0.56 g N3.2S204
1.0 M NaHCOs

IVa 1.0 M NaOH

IVb

A% 1.0 M HCI

V1 Ashed at 550 °C
then extracted with
1.0 M HCI

Exchangeable/
loosely sorbed P

Reactive P
associated with
labile organic
matter

Non-reactive P
associated with
labile organic
matter

Easily reducible/
reactive P
associated with Fe
or Mn phases

Reactive P
associated with Al
phases

Non-reactive P
associated with Al
phases

Reactive P
associated with Ca

phases

Refractory P

MgCl, rP

NaHCO; rP

NaHCO; uP

CDB P

NaOH rP

HCI rP

Residual P
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531  Table 2: Linear adsorption co-efficient (K4), adsorbed native P (Sy) and equilibrium
532  phosphate concentration (EPCy) for sediments subjected to different drying regimes.

533

Treatment Kq So EPC,
10 (kg™ (mg P kg™) (g1
Tuwet 1580 £330 2.2+1.3 1.3+0.6

13 Tair 627 + 32 71+1.1 11.3+1.3
15 T30 125+5 8.5+ 0.6 67.6 + 2.1

16 Tso 108 + 3 10.9 + 0.8 101.5 + 6.4
18 Tss 60 + 1 212+ 1.1 355+ 14.5
20 534
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535
23 536  Table 3: EXAFS Fe k-edge parameters for Fe-Fe interactions, for natural sediment samples
25 537  from different drying regimes.

538

28 Treatment Atomic pair | Distance () Number of Debye— AE (eV)
neighbors Waller (A)

31 Fe—Fe (1) 3.10 0.77 23 %107
32 Tuet A 0.62
Fe—Fe (2) 3.44 0.78 23 x 10

34 Fe—Fe (1) 3.05 0.94 2.3 %107
35 Tair A -0.36
Fe-Fe (2) 3.44 0.60 2.3 x 10

37 Fe—Fe (1) 3.04 0.94 23 %107
38 T30 -0.36
Fe-Fe (2) 3.43 0.69 23x%x 107

40 Fe—Fe (1) 3.04 0.99 2.3 %107
41 Tso \ -0.41
Fe-Fe (2) 3.43 0.81 23 x 10

43 Fe—Fe (1) 3.04 1.03 23 %107
44 Tgs -0.67
Fe—Fe (2) 3.43 0.83 23x10°

46 539
48 540
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Captions:
Fig 1 P speciation of sediment following different degrees of desiccation, as determined
by sequential extraction. Error bars represent one standard deviation; rP = reactive P, uP

= unreactive P.

Fig 2 Phosphate adsorption isotherms for sediment following different degrees of

desiccation. Error bars represent one standard deviation.
Fig 3 Fe speciation of sediment following different degrees of desiccation determined

by sequential extraction with oxalate (Fe,x) followed by citrate-dithionite-bicarbonate

(Fecpg). Error bars represent one standard deviation.
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