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Abstract

This study investigated the influence of dissolved organic matter (DOM) additions on phosphate sorption kinetics of iron-rich
sediments (39-50% hematite and goethite) from an ephemeral stream in the arid Pilbara region of sub-tropical northwest
Australia. While phosphate sorption in stream sediments is known to be strongly influenced by sediment mineralogy as well as
interactions with DOM, the mechanisms and significance of DOM on P-release from sediments with high sorption capacities,
are largely undescribed. We assessed phosphorus (P) sorption behaviours by adding a range of solutions of known inorganic
P concentrations that were amended with variable loadings of DOM derived from leachates of leaf litter to sediments from
stream pools during the non-flowing phase. We compared the sorption capacity of the sediments and concurrent changes in
DOM composition measured using fluorescence spectroscopy. We show that the low-dose DOM addition (~4 mg L™! DOC)
had the effect of reducing sediment P adsorption capacity, while for the high-dose DOM addition (~45 mg L™! DOC), it was
increased. The high-dose DOM was similar to pore water DOC and likely saturated sediment surface adsorption sites and
produced P-OM-Fe complexes. This resulted in increased removal of P from solution. Sediment P sorption characteristics
were well fitted to both Freundlich and Langmuir isotherm models regardless of DOC concentration. Langmuir P sorption
maxima ranged from 0.106 to 0.152 mg g~!. General P sorption characteristics of these iron-rich sediments did not differ
among pools of contrasting hydrological connectivity. Our results show how humic-rich DOM can modulate the sediment
P availability in dryland streams. Unravelling the complexities of P availability is of particular significance to further our
understanding of biogeochemical processes in aquatic ecosystems where P often acts as a limiting nutrient.
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a key role in regulating P content of the water column and
are recognised to have a strong influence on ecological pro-
cesses within aquatic systems (Reddy et al. 1999). Com-
petition for limited P resources between biotic and abiotic
components of freshwater streams is increased when sedi-
ments are dominated by iron-rich minerals (Fink et al. 2016).
However, dissolved organic matter (DOM) content and com-
position can also influence P sorption behaviours of stream
sediments (McDowell and Sharpley 2001), albeit in incon-
sistent and complex ways (Verbeeck et al. 2017; Wang et al.
2008). Under anaerobic conditions, organic matter enhances
microbially mediated reductive dissolution of iron (III) min-
erals and subsequently releases the phosphate ion (Mitchell
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and Baldwin 1998; Watts 2000a). In contrast, aerobic oxi-
dation of iron (II) back to iron (IIT) produces amorphous
iron (III) oxyhydroxides with high binding capacity, which
in turn enables the recovery (sorption) of a portion of the
P released (Howitt et al. 2008; Verbeeck et al. 2017; Wang
et al. 2008). Thus, changes in redox conditions, including
from wet—dry cycles resulting from variable flow regimes,
will impact P-DOM-Fe interactions in stream sediments.
DOM can also inhibit phosphate sorption to ferric sediments
through the occupation and blocking of mineral surface sites
(Gu et al. 1995). DOM might also act as a chelating agent
in iron-rich sediments capable of interacting with both the
electron acceptors on sediment surfaces ‘freeing’ iron and
phosphate into solution (Baken et al. 2016; Daugherty et al.
2017). We might, therefore, expect that the relative amounts
and compositions of autochthonous sources of DOM (e.g.
proteins from algae) versus allochthonous sources (domi-
nated by aromatic structures and high molecular weight
compounds) to also be important moderators of the ways
that P and iron interact.

Recent studies have demonstrated that the concentra-
tion and composition of DOM of ephemeral streams are
strongly influenced by the dynamics of both surface water
and shallow alluvial groundwater (Fellman et al. 2011; Har-
jung et al. 2018; Siebers et al. 2016). Allochthonous inputs
from riparian vegetation make a significant contribution to
sediment organic matter loads of intermittent and ephemeral
streams, as well as contribute to DOM in the water column
and hyporheic zone (Baldwin 1999; Datry et al. 2018; Fell-
man et al. 2013). Other minor sources of DOM from the
catchment such as soil organic matter, algae, and bacteria
may also be present but are considered to not contribute
significantly to the overall DOM stock. Litter (leaves and
small branch material), as well as coarse woody debris,
may enter reaches and isolated pools directly from over-
hanging riparian vegetation or can be washed into streams
from the surrounding catchment during rainfall and flood
events (Gongalves et al. 2014; Tonin et al. 2017). Direct
input of litterfall from overhanging riparian vegetation is
especially important in dryland regions where the stream
corridor—and particularly around more persistent pools—is
much more productive than the surrounding catchment. This
tannin-rich litter releases significant amounts of DOM in to
the water column through the leaching of fresh litter, as well
from decomposing material. This DOM can then be further
concentrated as surface water contracts during drought (Har-
jung et al. 2018; Siebers et al. 2016). Drying has been found
to enhance processing of DOM in the hyporheic zone of
intermittent Mediterranean streams, with preferential reten-
tion of higher molecular weight fractions at the hyporheic
interface with alluvial groundwater (Harjung et al. 2018).

Sediments and soils that are consistently exposed to
drying and rewetting cycles tend to release more P than if
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consistently moist (Baldwin 1996; Grierson et al. 1998).
Drying and rewetting cycles also decrease the P affinity of
streambank sediments compared to sediments that remain
permanently inundated (Watts 2000b). Sediments in ephem-
eral stream channels are exposed to varying degrees of dry-
ing and for differing periods of time—sometimes years—
owing to the contraction and fragmentation of surface water
to isolated remnant pools. Drying of sediments may decrease
P adsorption capacity (Attygalla et al. 2016), while P des-
orption and release from sediments and soils is enhanced
upon rewetting (Baldwin 1996; Grierson et al 1998; Kerr
et al. 2010; Knowles et al. 2012). These effects can per-
sist for extended periods of time—a study of wetland clays
and silts showed P adsorption capacity decreased for sev-
eral weeks after rewetting (Song et al. 2007). Baldwin and
Mitchell (2000) have also shown that wetland sediments
that go through decadal wetting—drying cycles have reduced
adsorption capacity even when the current inundation period
has spanned many years. However, stream channel beds tend
to be more coarsely textured than wetland soils. Further,
there is also high heterogeneity in exposure to the extent
of drying and rewetting within channels of ephemeral and
intermittent streams owing to varying levels of connectivity
to alluvial groundwater (Fellman et al. 2011; Siebers et al.
2016). This process of cyclical drying/rewetting in associa-
tion with increased DOM concentrations in individual pools
and different forms of DOM, allow for the production of
P-OM-Fe complexes, which may enable P to remain sus-
pended in solution as colloidal particles (Baken et al. 2016;
Yan et al. 2017), or form more complex structures that
adsorb to sediment mineral surfaces (Cheng et al. 2004). We
might thus expect that stream sediments in reaches that are
less connected to groundwater and, therefore, dry out more
frequently and for longer periods of time, to show reduced
P sorption capacity and different sorption behaviours in
association with DOM, compared to sediments that remain
persistently inundated.

In this study, we sought to characterise the P sorption
behaviours of iron-rich sediments from pools along an
ephemeral stream in the arid Pilbara region of northwest
Australia. While phosphate sorption in stream sediments
is known to be strongly influenced by sediment mineral-
ogy as well as interactions with DOM, the mechanisms and
significance of DOM on P-release from sediments with
high sorption capacities is poorly understood. Particularly
for ephemeral stream systems in semi-arid and arid envi-
ronments worldwide, we use laboratory P sorption experi-
ments coupled with fluorescence spectroscopy to charac-
terise chemical composition and bioavailability of DOM to
assess how DOM derived from leaf litter leachates (as a
predominant allochthonous source) influenced P sorption.
We expected that an increase in DOM concentration would
decrease the P adsorption capacity of sediments and increase
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P desorption from sediments. We further expected that more
aromatic-like DOM structures—such as humic acids—play
a major role in mediating DOM-sediment—P interactions.

Methods
Study site and sampling

Sediments and leaf litter samples were collected from
six pools along 8 km of Coondiner Creek (—23.00 °S,
119.62 °E), an ephemeral stream in the Hamersley Ranges of
northwest Australia (Fig. 1). Coondiner Creek is considered
representative of many streams in the region that cut through
a network of semi-confined gorges throughout the ranges
(Fellman et al. 2011; Siebers et al. 2016). Stream bed sedi-
ments are primarily reworked channel iron deposits, contain-
ing a high proportion (50-60%) of Fe-hydroxide minerals,
primarily hematite and goethite (Ramanaidou et al. 2003).

The regional climate is sub-tropical and semi-arid to
arid with a mean annual rainfall of ~300 mm that is highly
variable both within and among years. Rainfall occurs pre-
dominantly in the austral summer ‘wet season’ arising from
cyclones, monsoonal lows and tropical thunderstorms, which
punctuate months and sometimes years of prolonged drought
(Bureau of Meteorology, 2018). Mean daily temperatures
range from minima and maxima of 25 to 39 °C in the sum-
mer, and from 8 to 22 °C in the winter, with annual pan
evaporation 1200 to 2000 mm (Charles et al. 2015).

The flow regime of Coondiner Creek is directly linked to
rainfall dynamics, with seasonal discharge during the wet
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summer months (December to March) but with surface flow
only occurring in years with large rainfall events (Dogramaci
et al. 2015; Rouillard et al. 2015). The streams in this region
are extremely intermittent and highly ephemeral (Kennard
et al. 2010). During the ‘dry season’ (April to November),
and in years with no cyclone activity, surface waterways
become disconnected to form a chain of pools along drain-
age lines or dry out completely (Beesley and Prince 2010;
Fellman et al. 2011; Siebers et al. 2016). Groundwater
plays an important role in maintaining surface water vol-
ume in many of these stream pools throughout the catchment
(Dogramaci et al. 2012).

Coondiner Creek was sampled during the relatively
cooler dry season in June 2016, when surface flow had
ceased and the stream had contracted to a series of dis-
connected pools. Pools were classed as persistent (n=3)
where alluvial throughflow maintains water level in the
pool throughout the year, or ephemeral (n=3) where
pools are disconnected from the alluvial groundwater and
hence pools frequently dry out in the weeks to months
following flow cessation, exposing sediments to drying.
Pool classifications were based on previous hydrological
studies of the stream (Fellman et al. 2011), and through
confirmation of their hydrologic status based on their
water isotope composition at the time of sampling (data
not shown but see Dogramaci et al. (2015) and Iles (2019)
for further explanation). Sediments (0—5 cm depth) were
collected using a hand corer from three positions within
each pool at ~40-50 cm water depth and generally within
2 m of the pool edge. The sediment samples from each
pool were passed through a 2 mm sieve. The <2 mm

Fig. 1 a Location of the Fortescue River catchment (solid fill) of the semi-arid Pilbara region (cross hatching), northwest Australia, b the posi-
tion of pools sampled along Coondiner Creek, and ¢ photograph of typical gravelly creek sediments
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fractions were then combined to provide one representa-
tive sample for assessing P sorption characteristics per
pool. Sediments were sealed in plastic ‘zip-lock’ bags
and then packed in a portable cooler for transport to the
laboratory. All sediments were then oven-dried (30 °C)
for 72 h in preparation for adsorption—desorption experi-
ments. Aged leaves were selected from leaf litter of the
most dominant riparian tree species, Eucalyptus camaldu-
lensis subsp. refulgens, adjacent to the pools to prepare
DOM extracts. Litter leachates were prepared by gently
agitating 20 g leaf material in 1 L MilliQ water for 2 h
on a shaker table (Fellman et al. 2013). The leachate was
then filtered (Whatman GF/F 0.7 um) to exclude the bulk
of the particulate organic matter and retain the dissolved
components. The leachate was prepared the day before
batch experiments were performed and stored in the dark
wrapped in foil and refrigerated prior to use.

Sediment mineralogy and elemental chemistry

Sediment pH and electrical conductivity (EC) were meas-
ured in 1:10 (w/v) sediment:solution with a bench top
pH meter (Orion model 520A) and EC probe (YSI model
85). A subsample of each sediment was dried (50 °C)
and ground to a fine powder (< 60 um) for mineralogi-
cal and chemical analysis. OH—extractable inorganic
P (OH-P;) and OH-extractable total P (OH-P,) were
measured after extraction in 0.1 M NaOH (Bowman and
Cole 1978). Extracts were centrifuged at 10,000 rpm for
5 min. A ~10 mL aliquot of supernatant was then acidi-
fied with 1 mL of concentrated HCI for the measurement
of OH-P;. OH-P, was determined after an aliquot of una-
cidified extract was evaporated on a digestion block at
120 °C and then digested in concentrated H,SO,/H,0, at
340 °C. Phosphorus concentrations in OH-P; and OH-P,
extracts were then measured using the modified ascorbic
acid method (Kuo 1996; Murphy and Riley 1962) and
concentration reported in pug P g~! (dry weight). Sedi-
ment geochemical characterisation was determined by
X-ray fluorescence (XRF) by Intertek Genalysis (Perth,
WA). A fused disk of the powdered sample was prepared
with borate flux. Loss on ignition (LOI) was determined
after combustion at 425 °C, 650 °C, and 1000 °C by ther-
mogravimetric analysis. All LOI values are reported as
weight percent (wt%). Sediment crystalline structure and
amorphous content was determined by quantitative X-ray
diffraction (XRD) (PANalytical Cubix®, Almelo, Nether-
lands). Samples were packed and presented as un-orien-
tated powder mounts. ZnO and CaF, internal standards
were added to each sample and amorphous content was
determined by an internal standard scan.

@ Springer

Phosphorus sorption characteristics

Phosphorus (P) adsorption experiments were undertaken
by adding a range of known P concentrations that have
been shown previously as appropriate for sediments that
are likely to have high P sorption capacity (Bentley et al.
1999; Nair and Reddy 2013; Pant and Reddy 2001). Phos-
phate solutions were prepared in a 0.003 M KCI buffer.
Higher concentrations of salt can impact (decrease)
water solubility of organic matter adhered to soil parti-
cles (Turner and Rawling 2001). We were thus fairly con-
servative in the buffer that we used. In the samples with
no DOM additions (DOC,), 5 g sediment was weighed
into 125 mL high-density polyethylene (HDPE) bottles
containing 100 mL of phosphate solution (0, 2.5, 5, 10,
20, 40, or 100 mg L~!in 0.003 M KCI). Solution blanks
were included in all steps of the procedure to assess P
recovery and ensure P was not sorbed to the HDPE bottle.
Samples were mixed on an end-over-end shaker at 22 °C
(£2 °C) for 24 h. Sediments were allowed to settle for
30 min prior to the supernatant being filtered (Sartorius
minisart 0.45 um). P concentrations in the filtered super-
natant were then analysed using a modified ascorbic acid
method (Kuo 1996; Murphy and Riley 1962).

To investigate the effects of dissolved organic matter
(DOM) on P adsorption characteristics, the above proce-
dure was repeated on two further subsets of sediments by
adding eucalypt litter leachates with (i) DOC concentra-
tions of 3.7 mg L™! (DOC,), or (ii) DOC concentrations of
44.6 mg L! (DOC,s). The two DOC treatment concentra-
tions were selected based on prior observations of DOC
concentrations in pools of Coondiner Creek, generally in
the range of 3—-6 mg L™! (Siebers et al. 2016). We used
a tenfold increase to emulate the expected higher DOC
concentrations encountered in sediment pore water and
which would be expected in the hyporheic zone (Harjung
et al. 2018), especially in pools that accumulate organic
matter. The concentration of inorganic P in leaf litter lea-
chates was deemed insignificant (i.e. ug L™!) compared
to the high concentrations of inorganic P we were adding
(mg L) during the adsorption experiments. P concentra-
tions of the filtered supernatant were analysed as described
earlier.

DOM remaining in solution for a subset of P treatments
following batch adsorption experiments was characterised
in order to assess if particular components (e.g. fulvic vs
humic-like) were more likely to be sorbed than others. Dif-
ferences in the optical absorption and DOM fluorescence
properties (methods for characterisation are described in
detail as follows) among the three treatments (DOC,,, DOC,,
and DOC,s) were thus investigated on a subset of samples
(initial P concentration (C;) =0, 40, 100 mg L7h.

The amount of P sorbed was calculated as
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V(Ci - CE)

1
W ey

94e =
where g, is the ratio of P sorbed by sediment (mg g™, G
and C, are the initial and equilibrium P concentrations (mg
L1, V is the solution volume (L) and W is the weight of
sediment (g). Plotting the amount of P sorbed (q.) vs equi-
librium concentration (C,) we examined the linear region of
the curve (C,< 10 mg L™):

q. = K,C, +b. )

Here, the slope is equal to the linear adsorption coefficient
(K)), and intercept (b) equal to initial soil P. The equilibrium
P concentration (EPC,) was then calculated:

b
EPC, = X 3)

1

The experimental data were fitted to both Langmuir and
Freundlich isotherm models using non-linear least squares.
The Freundlich equation is as follows (Freundlich 1907):

g. = KgC\/", 4)

where K (L mg™') is a constant related to adsorption energy,
and n is a correction factor.
The Langmuir equation (Langmuir 1918) used was

K, bC,
T 1+bC,] )

qe

where K; (L mg™") is the Langmuir isotherm constant, and b
(mg g~!) is the maximum adsorption capacity, often referred
toas ‘S, (Pant and Reddy 2001).

P desorption was measured at the conclusion of the incu-
bations. For each of the three treatments (DOC,,, DOC,, and
DOC,s), the supernatant was discarded and the sediment
retained. Then, 100 mL 0.003 M KCI was added to each
bottle and the sediment shaken for 24 h. Samples where then
filtered (0.45 um) and the supernatant analysed for P in solu-
tion as previously described.

Dissolved organic matter characterisation

DOM remaining in solution for a subset of P treatments
following batch adsorption experiments was character-
ised in order to assess if particular components of DOM
were more likely to be sorbed than others. These subset
treatments with initial P concentration (C;) of 0, 40 and
100 mg P L~! were further analysed by absorbance and
fluorescence spectroscopy. Absorbance spectra 200 to
800 nm were measured on a UV-visible spectrophotom-
eter (Varian Cary 50 Probe). Dissolved organic carbon
(DOC) and total dissolved nitrogen (TDN) were measured

simultaneously on a Shimadzu TOC-V analyser coupled
with a total nitrogen module (Shimadzu TNM-1). C:N
ratios of the equilibrated solutions were calculated as the
weight ratios of DOC:TDN. Specific UV absorbance at
254 nm (SUVA,s,) (Weishaar et al. 2003) and spectral
slope (S,75_295) (Helms et al. 2008) were calculated from
the absorbance spectra.

DOM fluorescence was measured on a Varian Cary
Eclipse spectrofluorometer (Varian Medical Systems, Inc.
California USA). Extracts were diluted to within optical
range with an auto-dilutor (Hamilton, Microlab) to avoid
self-quenching due to inner-filter effects (Ohno 2002).
Excitation emission spectra (EEM) were produced for
excitation wavelengths 240 to 450 nm at 5 nm intervals
with emission intensities captured from 300 to 600 nm
at 2 nm intervals. All fluorescence excitation—emission
matrices (EEMs) were corrected for instrument bias using
instrument correction files and normalised to Raman Units
(R.U.) by the area under the Raman water peak at Ex350
nm. Humification index (HIX) was calculated following
the methods outlined in Ohno (2002). The main contrib-
uting fluorescing organic matter components of resulting
EEMs were extracted and quantified via parallel factor
analysis (Murphy et al. 2013; Stedmon and Bro 2008).

Data analyses

Non-metric multidimensional scaling (nMDS) of sedi-
ment characteristics to assess similarity among pools
was performed following normalisation, and quantified
with permutational multivariate analysis of variance
(PERMANOVA) in Primer (Primer v 6.1.18 & PER-
MANOVA + v 1.0.8). Sorption model fitting and statisti-
cal analysis were performed in R version 3.4.1 (R Core
Team 2017). Adjusted R-squared values and residual
sum of squares (RSS) were assessed to support sorption
model selection. Parallel factor analysis (PARAFAC) was
performed in MATLAB (R2012a) using the n-way and
drEEM (v4.0) toolboxes (Murphy et al. 2013). The PARA-
FAC model was trained to look for best fit between three
to seven fluorophore components within the experimental
data. The four-component (C1-C4) model was validated
using split-half analysis (Stedmon and Bro 2008), model
components were compared to other fluorophore com-
ponents in the OpenFluor spectral library (Murphy et al.
2014) with OpenChrom (v1.3.0 Dalton). Peaks are pre-
sented as maximum fluorescence intensity (Fy,,,) values
in Raman units for each component. Finally, differences in
DOM components and indices with pool hydrology, DOM
treatment, and initial P concentration were investigated
with PERMANOVA routines of F,,, values.

max
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Results
Sediment properties

A summary of sediment characteristics is provided in
Table 1. Overall, sediments collected from pools along
Coondiner Creek were iron-rich and similar in character
irrespective of hydrological regime (i.e. there was no min-
eralogical difference between ‘persistent’ versus ‘ephem-
eral’ pools). The OH-extractable inorganic P (OH-P;)
(0.2-1.0 ug P g7') and total P (OH-P) (70-82 ug P g™h
were also similar among pools (Table 1), with the excep-
tion of ‘Pool W’. Pool W had elevated P concentrations
(OH-P;: 4.38, OH-P_: 302 pug P g7'); in contrast to the
other pools sampled, this pool was located about 50 m
from the main channel, and appears to be maintained
by runoff from a small side tributary rather than replen-
ishment via surface or groundwater flows in the creek.
The <2 mm fraction of Coondiner Creek sediments con-
sisted predominantly of sand, with less than 1% fines (silt
and clay).

Elemental XRF showed sediments from all pools were
predominantly composed of iron and aluminium oxides
(Fe 26-42%, Al,05 5-10%) (Table 1). XRD analysis
showed sediment mineralogy was primarily composed of
hematite (20-37 wt%) and goethite (10-16 wt%), along
with quartz (11-23 wt%). Sediment LOI ranged from 2.5
to 3.2% at 425 °C with total LOI 4.3-5.0% at 1000 °C.
Comparison between sediments XRD from ‘persistent’
and ‘ephemeral’ pools indicated that their geochemistry
did not differ with pool hydrology (Fig. 2); centroids and
dispersion between groups were no greater than within
groups for both XRF chemical characterisation (PER-
MANOVA: Pseudo-F=0.689, df=1/4, P=0.69), and
XRD crystalline and amorphous content (PERMANOVA:
Pseudo-F=2.159, df=1/4, P=0.31).

Fluorescent properties of litter leachates
and sediment extracts

PARAFAC decomposition of EEM spectra identified four
fluorescing components in the DOM dataset (Fig. 3). Com-
ponent C1 had excitation maxima of 310 and 400 nm with
emission maxima 420-444 nm. Component C2 had excita-
tion maxima of 255, 340, and 445 nm and emission max-
ima of 464-502 nm. Components C1 and C2 were matched
in the OpenFluor library with humic-like components C1
and C2 from Baker et al. (2014) (similarity >=0.93 and
0.92). Component C3 had excitation maxima of 280 and
390 nm and emission maxima 306—356 nm. Component
C3 was matched with the tryptophan-like C5 from Baker

@ Springer

Table 1 Chemical characteristics of sediments collected from Coondiner Creek, northwest Australia

Si0, (%) ALO; (%) Mn(%) CaO (%)

Fe (%)

LOI at LOI at P (%)
425 °C (%) 650 °C (%) 1000 °C

LOI at

Site pH EC@uScm™) OH-P,(ug OH-P (ugPg™})
Pgh

Hydrology

(%)

0.06 0.63
0.07 0.62
0.08 0.77
0.05 0.49
0.08 0.76
0.05 0.37

8.56
8.78
10.56
8.53
9.74
5.47

32.67

42.85
23.70
33.77

32.35
30.35

35.46
35.04

26.13
41.69

33.26
40.39

0.058
0.059
0.052
0.064
0.054
0.074

0.26

0.25
9
0.26
6
0

0.2
0

42
92
41
71
0.87

—_— o = — —

2.76

77
2.82
3.14
2.49
3.22

82.06
70.06

72.19
55.67

77.31
302.60

0.20
0.96
0.72
0.99
0.53

38

79.8
36.3
25.5
27.3
24.1
342

—_— o e = = =

Persistent
Ephemeral
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Fig.2 Non-metric multidimen-
sional scaling (nMDS) plots of a
a XRF elemental and b XRD
mineralogy of sediments. Data
were normalised prior to scaling

.
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et al. (2014) (similarity r*=0.90). Component C4 had
excitation maxima of 250 nm and emission maxima of
304 and was matched with tyrosine-like C6 from Shutova
et al. (2014) (similarity r>=0.93). The leaf litter leachates
used in the experiments consisted of humic-like C1 and
C2 peaks and a tryptophan-like C3 peak. Tyrosine-like
C4 was absent from the leachate. The sediments naturally
contained small amounts of all four components. Sediment
extracts exhibited primarily components C1 and C4 with
trace amounts of C2 and C3 also present.

Phosphorus sorption characteristics

Phosphorus sorption characteristics for sediments are pre-
sented in Table 2. Sorption characteristics from all pools
were generally best described by the Freundlich model
(Table 3; Fig. 4), although there were some exceptions where
a Langmuir model provided a better fit (e.g. persistent pools
were more similar to the Langmuir model when DOM was
present; Table 3). Results for both Freundlich and Langmuir
isotherms are thus reported for comparison.

The Freundlich adsorption energy constant Ky, ranged
from 0.024 to 0.049 L mg™". There was no difference in Ky
values among DOM treatments or with pool hydrology. ‘Per-
sistent’ and ‘ephemeral’ pools also did not differ in sorption
characteristics (Table 3). However, the Freundlich correction
factor (n) was significantly higher in the DOC, treatment
(2.364-3.157) compared to both the DOC,, (1.705-2.192)
and DOC,5 (1.952-2.278) treatments (two-way ANOVA:
P=0.002).

The Langmuir model generally fitted adsorption data
where C, <50 mg L~!, but was less accurate at higher con-
centrations and thus underestimated maximum sorption
capacity (Fig. 4). The Langmuir isotherm constant (K;)

ranged from 0.386 to 1.012 L mg~! (Table 3). There was
no difference in K| values between DOM treatments or
hydrology. Langmuir adsorption capacity (b) ranged from
0.106 to 0.152 mg g~'. P adsorption capacity was signifi-
cantly lower in the DOC, treatment (0.106-0.138 mg g™
compared to DOC, (0.141-0.149 mg g~') and DOC ;s
(0.114-0.152 mg g_l) (two-way ANOVA: P=0.004). ‘Per-
sistent’ and ‘ephemeral’ pools did not differ in sorption char-
acteristics and there was no interaction between hydrology
and DOM.

Desorption of P from iron-rich sediments

The amount of P desorbed after 24 h ranged from O to
0.05 mg g~! across the three DOM treatments, demon-
strating that much of the added P is retained by the Fe-rich
sediment once adsorbed (Fig. 5). However, P desorption
from sediments also increased with the amount of P pre-
viously adsorbed. Increasing the amount of DOM in the
sediment—water mix generally increased the amount of P
desorbed from sediment. A linear fit to the experimental data
indicated that the amount desorbed was 10.0-12.7% (Pear-
son’s r=0.98, 0.87) for the DOC, treatment, 11.7-16.4%
(r=0.35, 0.49) for DOC,, and 17.2-23.9% (r=0.69, 0.95)
for DOC,s. However, when DOMj was added, nearly all
the P sorbed up to 0.1 mg g~! was retained by the sediment
(Fig. 5). In this case, significant desorption occurs only once
the sediment P concentration exceeded 0.1 mg g~'.

Changes in DOM composition with incubation and P
adsorption

Based on extensive prior studies of DOM in the Coondiner
Creek catchment (Fellman et al. 2011; Siebers 2015; Siebers
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Fig.3 Fluorescent DOM
components derived from
fluorescence spectroscopy and
PARAFAC analysis. a Modelled
excitation-emission spectra of
humic-like components 1 and
2, tryptophan-like component
3, and tyrosine-like component
4. b Excitation (red dash) and
emission (blue line) spectral
loading of each corresponding
component
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Table 2 Calculation of linear adsorption coefficient (K)), initial soil P present in the adsorbed phase (b) and equilibrium phosphate concentration
(EPC,) by least squares linear regression (for C, < 10 mg L") for sediments with DOC,, DOC,, and DOC,5 DOM additions

Pool hydrology DOM addition K, (Lg™h b(mgg™) EPC, (mg L") R?

Persistent DOC, 0.007 (0) —0.008 (0.001) —1.06 (0.12) 0.92 (0.02)
DOC, 0.008 (0) —0.007 (0.001) —0.87 (0.06) 0.92 (0.01)
DOC,s 0.007 (0.001) —0.014 (0) —1.99 (0.29) 0.84 (0.04)

Ephemeral DOC, 0.009 (0.003) —0.009 (0) —1.01(0.34) 0.93 (0.05)
DOC, 0.009 (0.003) —0.007 (0.001) —0.75 (0.24) 0.95 (0.04)
DOC,s 0.008 (0.002) —0.013 (0) —1.72(0.5) 0.88 (0.06)

Mean values with standard deviation in parenthesis (n=3)
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Table 3 Freundlich and Langmuir model parameters fitted to experimental adsorption isotherms

Hydrology DOM  Freundlich Langmuir
Ke(Lmg™h) n Adj-R? RSS K, (Lmg™h bmgg? Adj-R? RSS
Persistent  DOC,  0.025 (0.011) 0.625(0.173) 0.92(0.06) 1.48 (1.31) 0.386(0.035) 0.141 (0.009) 0.87 (0.02) 49.99 (4.44)
DOC, 0.024(0.012) 0.474(0.177) 0.77 (0.09) 2.25(1.91) 0.478 (0.170) 0.106 (0.030) 0.83 (0.27) 76.80 (122.69)
DOC,s 0.030(0.003) 0.440 (0.017) 0.87 (0.03) 0.91 (0.30) 0.664 (0.091) 0.114(0.013) 0.93(0.03) 14.12 (6.22)
Ephemeral DOC, 0.047 (0.037) 0.505(0.211) 0.93(0.08) 1.21(1.95) 1.012(0.963) 0.149 (0.034) 0.87 (0.01) 38.53 (8.66)
DOC, 0.049 (0.023) 0.324(0.056) 0.93 (0.05) 0.11(0.07) 0.715(0.684) 0.138(0.021) 0.97 (0.02)  9.93 (2.30)
DOC,s 0.037 (0.011) 0.514 (0.036) 0.94 (0.03) 0.58 (0.36) 0.624 (0.176) 0.152(0.043) 0.87 (0.03) 31.48 (12.99)

Mean values with standard deviation in parenthesis (n=3). Model fits were compared using adjusted-R?, and residual sum of squares (RSS)

K- Freundlich adsorption energy constant, n Freundlich correction factor, K, Langmuir isotherm constant (L mg™!), » Langmuir maximum

adsorption capacity (mg g~)

Fig.4 Experimental data from
batch phosphorus adsorption

0.5 m persistent DOC,| 1

DOC4 ] DOC45
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(g.) and standard error (n=3) — 0.4+ . 1 N
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(black square) and ‘ephemeral’ 0.3 v
(shaded circle) pools versus (®)) ///
equilibrium P concentration E 02 ,/
(C,) shown. The data were fitted ~ Y.
to Freundlich (dashed line) and cg-') £
Langmuir (solid line) isotherms. 0.1
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Fig.5 Mean phosphorus -
adsorption (P,g,) versus desorp- W persistent D OCO D OC4 D OC45
tion (Pgy,,) with standard error @ ephemeral
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‘ephemeral’ (shaded circle) (@))
pools g) 0.04 1 - - N
~
0.02 { * ]
()
o !3“ *
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et al. 2020), DOM in solution at the beginning and end of
24 h incubation in the DOC, treatment was assumed to be
below our DOC analytical detection limit (4 ug L™"). Hence,
carbon-based parameters are reported only for DOC, and
DOC,; treatments (Fig. 6). Interestingly, the DOC concen-
tration remaining in solution following batch adsorption

04 00

T T 1 1 1 T T T 1

02 04 00 02 04
1
IDads (mgg)

experiments was higher for ‘persistent’ pools than ‘ephem-
eral’ pools in both DOC, and DOC,5 treatments. However,
there was no clear relationship between initial P concen-
tration (C;) and final DOC concentration. The C:N ratio of
the equilibrated solution was positively correlated with the
initial P concentration up to 20 mg P L™! for the DOC,;5
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Fig.6 Measured at the conclusion of batch phosphorus adsorption
experiments. Dissolved organic carbon (DOC), C:N ratio, and Spe-
cific UV absorbance at 254 nm (SUVA,s,), Values are means with
standard error (n=3) for sediments from ‘persistent’ (black square)
and ‘ephemeral’ (shaded circle) pools. Note different scales on y-axis
between DOC panels

treatment but at initial P concentrations greater than 20 mg
L~!, the C:N ratio of the equilibrated solution remained
constant (Fig. 6). SUVA,;s, values following batch adsorp-
tion experiments ranged from 0.35 to 1.20 L mg~! m™!' The
SUVA,;, value increased with increasing initial P concentra-
tion for the range 0 to 20 mg P L™ for both the DOC, and
DOC,;s treatments (Fig. 6).

Absorption spectra indicate that the composition of DOM
remaining in solution at the end of the incubation correlates
to the initial P concentration (Fig. 7). The spectral slope
value (S,75_595) increased with increasing P concentration
(Fig. 7). There was an initial rapid increase in slope value as

@ Springer

initial P increased from 0 to 10 mg L~! with spectral slopes
levelling out at higher initial P concentrations. The humifica-
tion index (HIX) ranged from 0.46 to 0.81 (Fig. 7).

PARAFAC analysis of the fluorescence EEM spectra split
the experimental dataset into four DOM components. The
fluorescence maxima for all DOM fluorescing components
were reflective of the DOC concentration of the initial DOM
treatment additions (Fig. 8). F,,, values were significantly
different between DOM treatments (7, 45=256.82, P=0.001),
with DOC,s>DOC, >DOC,. Component correlation plots
while validating the model, also indicated that F,, values
for humic-like C1 and C2 components were highly correlated
(Pearson’s r=0.94). Fluorescence maxima (F,,,) at the end
of 24 h batch phosphorus adsorption experiments for sedi-
ments from ‘persistent’ and ‘ephemeral’ pools indicated that
humic acids (components C1 and C2) were desorbed from
sediments, particularly when initial P concentration was high
(Fig. 8). Fluorescence maxima for these components sig-
nificantly increased with increasing initial P concentration
(Cl: F,45=4.88, P=0.006, C2: F, 45=23.61, P=0.001).
There was also an interaction between initial P and DOM
treatment (C1: F,45=4.55, P=0.003, C2: F,,5=7.99,
P=0.001). Tryptophan-like C3 fluorescence maxima did not
change with increasing initial P concentration (£}, 45=0.09,
P>0.05) and there was no interaction between initial P and
DOM treatment for this component (F, 45=2.18, P>0.05).
Tyrosine-like C4 appears to be either a degradation product
or extracted OM from the sediments as this component was
not present in the initial DOM leachates (Fig. 8). Fluores-
cence maxima significantly increased with increasing ini-
tial P concentration (F, 45=4.71, P=0.017) and there was a
significant interaction between initial P and DOM treatment
(Fy45=11.4, P=0.001).

Discussion

This study provides analysis of P sorption behaviours of
sediments from a sub-tropical ephemeral stream. Sorption
capacity and behaviours were overwhelmingly controlled
by the iron-rich and highly weathered nature of the sedi-
ments, which are ubiquitous throughout the catchment.
Most importantly, the results of this study illustrate the
complex ways that DOM may interact with iron-rich sedi-
ments to influence P availability. Our findings also sug-
gest that both P adsorption and desorption processes are
important for mediating the concentrations of potentially
biologically ‘available’ P in the water column and likely
the hyporheic zone. While the iron-rich sediments exam-
ined in this study act as a sink for P, under field condi-
tions the concentration of DOM in the water column and
in sediment pore water are highly likely to play a role in
regulating P desorption, especially during the protracted
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Fig.7 UV-Vis and Fluorescence indices measured at the conclusion
of batch phosphorus adsorption experiments. Spectral slope (S,75_595)
and humification index (HIX) values are presented as means with
standard error (n=3) for sediments from ‘persistent’ (black square)

periods of zero surface flows that are characteristic of
ephemeral stream systems. In particular, the addition of
DOM may increase P desorption from sediments when
sediment P loading was high (i.e. P 4 is above saturation).
However, DOM desorption appears to increase at high P
loadings, which suggests in more eutrophic settings (e.g.
when nutrients become concentrated in pools as they dry
or if there are external inputs of P), that DOM may be
displaced into the water column. However, in this study,
only the physical desorption or adsorption are addressed,
microorganisms are also likely to play a role in P-release
and, therefore, availability. Below, we discuss in further
detail the mechanisms underpinning our observations and

and ‘ephemeral’ (shaded circle) pools. Note: spectral slope was not
calculated for persistent DOC,, treatments as absorbance was only
measured at 254 nm for these samples

their significance within the hydrodynamic settings of our
study stream.

P sorption behaviours of Fe-rich sediments in a hot
dry environment

Overall, the adsorption isotherms from the sediments from
Coondiner Creek are classical “Type 1” curves, having an
initial steep upward slope until saturation is exceeded and
then reaches equilibrium as the sediment adsorption capacity
is approached (Brunauer et al. 1938). Since Type 1 curves
are typically monolayer, P and DOM appear to be primar-
ily competing for limited surface adsorption sites in the
sediment. While P adsorption behaviour of our sediments
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is comparable to lateritic soils of much finer texture (Singh
and Gilkes 1991; Zhang et al. 2012), the sorption maxima
(0.10-0.15 mg g~ ') was much less than has been estimated
in finer sediments high in Fe (Kerr et al. 2011) or indeed
other tropical soils (0.7-5 mg g~'; Fontes and Weed 1996;
Brenner et al. 2019). The specific surface area of iron oxides
in the sediments used in this study (mostly 1-2 mm) is much
less than sediments dominated by the clay and silt fractions
that predominate in most sediments and which can account
for a significant proportion of the variation in P adsorption
among tropical soils (Fontes and Weed 1996; Brenner et al.
2019).

In our study, XRD and XRF analysis demonstrated that
sediments were of a similar bulk chemical and mineral-
ogical nature regardless of pool hydrology (Fig. 2). This
consistency in sediment type across the 8 km of creekline
examined here is likely due to a high degree of overall
weathering of soils across the catchment as well as rework-
ing during high discharge events, which homogenises the
sediments at scales greater than individual pools. Streambed
sediments in ephemeral dryland systems are typically fairly
homogeneous compared to the fining of sediments with
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distance downstream seen in perennial systems (Singer &
Michaelides 2014; Datry et al. 2017). Further, the frequent
natural drying and rewetting of our sediments under field
conditions along with prolonged exposure to high air tem-
peratures (~45 °C)—such that temperatures of exposed
soils and dry stream sediments exceed 60 °C throughout the
day—will also have contributed to a consistent iron crystal-
linity of sediments among pools (Attygalla et al. 2016). We
note that although air-drying is indeed a ‘standard’ pre-treat-
ment in sorption studies, it can alter extractable P concentra-
tions (Simpson et al. 2018; Wang et al. 2020) and hence this
treatment may dampen the likelihood of any effect observed.

Over periods of years to decades, sediments of ephemeral
streams have prolonged exposure to drying, with only occa-
sional rewetting. As stream intermittency increases globally
(Acuiia et al. 2015), sediment processes in these streams may
experience more regular or extended dry periods, followed
by a rewetting flush. It would be of interest to explicitly test
how sediment P sorption is affected by extended drying.
Our results suggest that sediment P sorption kinetics may
be indirectly impacted by stream intermittency, for exam-
ple, extended inter-flow periods allow for the accumulation
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organic matter from terrestrial inputs that are more humic
increases DOM loads, which in turn can impact on stream
nutrient cycling and metabolism (e.g. Acuiia et al. 2015;
Sabater et al. 2016). As far as we are aware, no study has
investigated post-rewetting ‘reset time’ or the effect of his-
torical frequency of wet/dry cycles on sediment sorption
kinetics in aquatic systems, although the issue was indirectly
explored by Baldwin et al. (2000). Some evidence exists
in the soil science literature (Biinemann et al. 2013; Khan
et al. 2019), although the focus is generally on P desorption
(release) rather than adsorption. The amount of P desorped
from sediments increases with increasing duration of dry-
ing period prior to rewetting (Schonbrunner et al. 2012).
Baldwin et al. (2000) highlighted that microbially driven
SO, reduction is an important process contributing to sedi-
ment nutrient dynamics, while wet—dry cycling could lead
to changes in sediment microbial communities (Baldwin and
Mitchell 2000). It would be particularly useful to investi-
gate changes in sorption kinetics coupled with an assess-
ment of microbially driven anaerobic reductive dissolution
of the mineral phases. More extensive characterisation of a
diversity of mineralogies coupled with drying and rewetting
experiments are also needed to better assess the significance
of changing sediment P sorption properties for nitrogen and
phosphorus limitations in dryland streams (Larned et al.
2010).

Interactions between DOM and P adsorption

This study demonstrates that along with phosphorus, these
stream sediments are a sink for more ‘recalcitrant’, humic-
like DOM. The preferential removal from solution of DOM
exhibiting high spectral slope (S,75_595) When P was absent
or at low experimental concentrations (< 10 mg L"), coin-
cides with P saturation for the stream sediments used in
this study. While this study did not directly measure DOM
molecular weights, molecular weight is strongly correlated
to spectral slope (Helms et al. 2008; Wagner et al. 2015;
Waunsch et al. 2018). Previous studies have also shown that
high molecular weight DOM is preferentially sorbed to goe-
thite (Ohno et al. 2007), a key mineral in our sediments.
The analyses of decreased SUVA,, (Fig. 6), spectral slope
(S575_295), humification index (HIX) (Fig. 7), and fluorescing
humic-like components (Fig. 8) suggests that DOM retained
in solution at lower P concentrations was of decreased aro-
maticity. Thus, it is likely that aromatic high molecular
weight (HMW) DOM is being preferentially adsorbed on
to sediments. Preferential adsorption may also help explain
recent observations of retention of HMW fractions retained
at the hyporheic interface of other streams (Harjung et al.
2018). In contrast, we would expect decreased aromaticity
at higher initial P concentrations if this finding was a result
of P bonding to DOM in solution and breaking conjugated

bonds. Overall, our results are consistent with other studies
that have investigated DOM adsorption in isolation from the
effects of P, showing increased molecular weight of DOM
remaining in solution with increasing DOM concentration
(Gu et al. 1995; Meier et al. 1999).

Phosphorus addition enhanced desorption of native DOM
from the Fe-rich sediments examined. Fluorescence analysis
revealed that humic acids (components C1 and C2) were
desorbed from sediments (Fig. 8), most notably when initial
P concentration was high. However, this was not discern-
ible from DOC analysis alone as DOC concentrations were
below detection limit. This finding suggests that P replaces
DOM associated with sediment surfaces, causing the release
of stored DOM back to the water column. Increasing P con-
centrations have been shown to enhance the release of DOM
from peat sediments (Sokolowska et al. 2011). In eutrophic
systems, the presence of organic matter may also limit des-
orption of inorganic P through preferential desorption of dis-
solved organic P (Wang et al. 2008). Therefore, we suggest
that assessment of sediment P sorption dynamics under field
conditions should consider not only mineralogy and sedi-
ment composition but also the composition and dynamics of
inputs of DOM, especially from humic-rich allochthonous
sources.

The P dynamics in sub-tropical ephemeral streams are
poorly understood, particularly the P sorption behaviours
of sediments and the role of organic matter. For the iron-
rich and highly weathered sediments of the catchment of
our study stream, P sorption capacity was shown to be
largely controlled by the nature of these sediments. While
the iron-rich sediments can act as a sink for P, within the
stream pools the concentration of DOM in the water col-
umn and in sediment pore water are highly likely to play
a role in regulating P desorption. Furthermore, there are
complex ways that DOM may interact with the iron-rich
sediments to influence P availability. The concentrations
of potentially biologically ‘available’ P in the in the pools
and sediments, are to a large extent mediated by the P
adsorption and desorption processes. These interactions,
along with other processes such as microbial activity, are
particularly important during the protracted periods of no
flows that are characteristic of ephemeral stream systems.
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