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Introduction

Phosphorus (P) availability is one of the main controls on 
primary production in freshwater ecosystems, and high con-
centrations of P are a primary driver of harmful freshwater 
algal blooms (Paerl and Otten 2013; Hoffmann et al. 2016; 
Huisman et al. 2018; Haque 2021). The sequestration of P 
in wetlands is an important regulating ecosystem service, as 
any removal of P from the water/sediment dispersal network 
improves water quality by reducing the likelihood of down-
stream eutrophication. Indeed, wetlands are commonly 
considered water ‘filters’ (Comin et al. 1997), through con-
trolling sedimentation processes (Reddy et al. 1999), and 
by removing, retaining, and regulating P, along with other 
nutrients and anthropogenic contaminants (Gensel et al. 
2022). Anthropogenic activities have increased the volume 
of sediment and associated nutrient and contaminant loads 
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Abstract
Floodplain wetlands are valued for providing ecosystem services, yet these services are threatened due to land-use pres-
sures and climate change. Further, regulating ecosystem services such as phosphorus (P) assimilation and storage are 
influenced by floodplain morphology and water and sediment dispersal processes, which vary over time. To investigate 
the influence of hydro-geomorphic processes on total sediment-associated P in surface sediment, this study evaluated 
the surface inundation and sedimentary characteristics of different regions of a spatially complex semi-arid floodplain in 
South Africa. Data collection involved stratified floodplain surface sediment sampling to characterise surface variations 
in geochemistry, particle size and organic matter content. This was paired with a Sentinel-2 imagery-derived frequency 
of inundation and a LiDAR DEM to incorporate both the influence of hydro-geomorphology and sedimentology on sedi-
ment dispersal dynamics and P sequestration on the floodplain. P in surface sediment was strongly affiliated with organic 
content, Fe, Al and mean particle size. PCA revealed that sample variability was associated with sediment geochemistry 
and particle size (component one, 63.48% of variance explained) and frequency of inundation and distance to continuous 
channel (component two, 15.19% of variance explained). An analysis of geomorphic units within the floodplain found 
that the incomplete avulsion and resultant crevasse splay, as well as abandoned channels, were hotspots of P in surface 
sediment. However, the spatial extent of other features, with moderate concentrations of P in surface sediment, highlights 
the importance of geomorphic diversity in overall ecosystem service provision.
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delivered to rivers (Owens et al. 2005), and it is widely rec-
ognised that phosphorus bound to sediment that is trans-
ported in rivers contributes substantially to a river’s total 
phosphorus flux (Owens and Walling 2002). As such, the 
role of wetlands in regulating and retaining these fluxes of 
materials may be crucial, particularly in dryland environ-
ments, where water resources are already limited (Wiener 
et al. 2022).

In soils and sediment, phosphorus may occur in multi-
ple forms: (i) bioavailable P (orthophosphate), which may 
be transported in run-off water and river flows, and cycled 
within freshwater wetlands through redox reactions or 
pH-driven P precipitation, mineral complexation or elec-
trochemical adsorption, or biological uptake and release 
(Mitsch et al. 2023); (ii) potentially bioavailable P, which 
is not strongly adsorbed to sediment or organic matter par-
ticles and may enter the soluble phase when geochemical or 
environmental parameters change (e.g., Bruland and Rich-
ardson 2006), and; (iii) non-labile or refractory P (Psed), 
which is strongly adsorbed (Nair and Harris 2004), may be 
transported through the landscape in association with vector 
particles, and may be stored with deposited sediment (i.e., 
rendered biologically unavailable) for periods longer than 
one or more growing seasons. The deposition and burial 
of flow-dispersed Psed in freshwater wetlands is a highly 
effective mechanism of long-term P sequestration (Kadlec 
and Wallace 2008). Solution P entering wetlands with chan-
nel or hillslope inflows can also precipitate and become bur-
ied within wetlands as insoluble P complexes with calcium 
and/or magnesium (in alkaline soil environments) or with 
iron and/or aluminum (in low pH environments) (Jensen et 
al. 1992; Kröger et al. 2012; Wiener et al. 2022). However, 
under anoxic, reducing conditions, P may be leached from 
ferric phosphate compounds (Palmer-Felgate et al. 2011). 
While some P will remain in the water column, dissolved 
bioavailable P can be utilised by plants or may attach to 
newly formed ferrous hydroxides (Reddy et al. 1999). Dur-
ing drying, the decomposition of organic matter may oxi-
dise organic P complexes, which increases P mobility when 
re-wetting occurs (Olila et al. 1997). Phosphorus cycling in 
wetlands is therefore hypothesised to be strongly influenced 
by the hydrological regime and by the geomorphic pat-
terns and timescales of water and sediment dispersal, both 
of which are sensitive to the effects of anthropogenic cli-
mate change and catchment land use and land cover change 
(Zhang et al. 2011; Schönbrunner et al. 2012). Thus, climate 
or catchment-driven changes in the flux boundary condi-
tions for wetland P sequestration could drive some wetlands 
to become contaminant or nutrient sources as stored sedi-
ment and P is mobilised (Gensel et al. 2022; De Freitas and 
Grenfell 2024). There is currently limited capacity to pre-
dict how and where these changes will manifest, and are 

therefore poorly equipped to develop anticipatory manage-
ment strategies, especially in already climatically-variable 
dryland environments (Zhang et al. 2011).

To address this problem, we investigated hydro-
geomorphic processes of total (labile and non-labile) 
sediment-associated P sequestration in a semi-arid, hydro-
geomorphologically complex meandering river floodplain 
system, located near Cape Agulhas in water-scarce South 
Africa. The system is fed by the Nuwejaars River and is 
located upstream of the Soetendalsvlei limnetic depres-
sion and the Heuningnes Estuary (De Mond), proposed and 
listed Ramsar wetlands of international importance, respec-
tively. The objectives of the study were to (1) evaluate the 
surface inundation hydroperiod and sedimentary character-
istics of different regions of the floodplain, (2) determine 
where and in what concentrations phosphorus was being 
stored, and (3) investigate factors influencing the spatial 
distribution and storage of phosphorus across the floodplain 
system. To achieve these objectives, floodplain surface 
sediment sampling was stratified to capture the hydrologi-
cal and geomorphic gradients represented on the floodplain, 
and surface sediment samples were analysed to charac-
terise their geochemistry, particle size and organic matter 
content. Laboratory data were subsequently paired with a 
geospatial hydroperiod analysis combining a Sentinel-2 
imagery-derived frequency of inundation and a LiDAR 
DEM, to investigate factors that govern the spatial distribu-
tion of P concentrations, and the potential for P sequestra-
tion and storage. This combined approach incorporates both 
the influence of hydro-geomorphology and sedimentology 
on sediment dispersal dynamics and P sequestration on the 
floodplain.

Study Area

The Wiesdrift River Floodplain is a 12.24 km2 wetland sys-
tem situated on the Agulhas Plain, approximately 160 km 
southeast of Cape Town, within the Overberg region of the 
Western Cape, South Africa (Fig.  1). The non-perennial 
Nuwejaars River has a catchment area of 760 km2, form-
ing part of the greater Heuningnes Catchment. Originating 
northwest of the town Elim, in the Bredasdorp mountains, 
the river flows in a south-eastward direction and meanders 
through the low-gradient Agulhas Plain lowlands, feeding 
floodplain wetlands through overbank flows. Distal mar-
gins of the river floodplain host several endorheic pans that 
intermittently flood in winter but typically dry up when 
high evaporation rates and temperatures persist in summer 
(Khungwayo 2022). Seven kilometres downstream of the 
floodplain, the river enters Soetendalsvlei, a large, shallow 
freshwater lake fringed by stands of Phragmites australis 
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and Typha capensis and recently incorporated into the Agul-
has National Park. Thereafter, the Nuwejaars and Kars Riv-
ers combine to form the Heuningnes River, which flows into 
the Indian Ocean at De Mond, which is a Ramsar Wetland of 
international importance protected by the provincial conser-
vation authority, Cape Nature.

The climate of the Nuwejaars River catchment, classified 
under the Köppen classification system as a ‘warm summer 
Mediterranean climate’, is characterised by wet, cool win-
ters and dry, hot summers (Kottek et al. 2006). The mean 
aridity index (MAP/PET) of the catchment (0.44) indicates 
a semi-arid climate (Trabucco & Zomer 2019). Mean annual 
rainfall in the coastal region of the Agulhas Plain is 450 mm, 
while the mountain and foothill parts of the catchment fur-
ther north receive an average of 650 mm per annum ( Privett 
et al. 2014). Seventy per cent of the rainfall occurs during 
the winter months, typically peaking in July (Privett et al. 
2014). Precipitation in the region is predominantly associ-
ated with the passage of cold fronts and cut-off lows. The 
mean annual temperature is 16.9 °C (Schulze 1997).

Flows in the Nuwejaars River peak in August and typi-
cally fall during the summer months between October 
and April, ceasing seasonally or for longer periods dur-
ing drought (Seaton et al. 2020). Between November and 

March, potential evaporation exceeds precipitation (Kraaij 
et al. 2009), facilitating plant growth within the channel dur-
ing periods of low to no flow (Jagganath 2021). The wet-
land system is classified as a meandering river floodplain 
(Grenfell et al. 2019), however it is unusual in thatthere is 
a partial avulsion toward the central floodplain that diverts 
flows over a crevasse splay to a large area of backswamp, 
such that low flows within the system are not strongly chan-
nelled (Fig. 2).

The natural vegetation cover is Fynbos of the Cape 
Floral Kingdom, a highly diverse vegetation that includes 
fine-leaved sclerophyllic shrubland adapted to both a Med-
iterranean-type climate and periodic fires. The region con-
tains Overberg Sandstone Fynbos (which spans nearly 55% 
of the Plain), Limestone Fynbos, Ferricrete Fynbos and 
highly threatened Lowland Fynbos (Mucina and Rutherford 
2009). The catchment land use is dominated by agriculture, 
including grazing for cattle and sheep, dryland cultivation 
of wheat and canola, as well as cut flower farming. Some of 
the catchment retains a natural cover and is primarily used 
for wildlife conservation. In the immediate vicinity of the 
Wiesdrift Floodplain, livestock, grain and dairy farming are 
prevalent, with the floodplain used for seasonal grazing. A 

Fig. 1  The Wiesdrift Floodplain wetland along the Nuwejaars River with Soetendalsvlei and the estuary at De Mond located downstream
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Fig. 2  Location of surface sediment samples collected on the Wiesdrift 
Floodplain overlaying the 2018–2023 hydroperiod output. Surface 
sample colours indicate P concentration relative to hydroperiod at each 

site. Smaller inset map indicates sample location relative to mapped 
geomorphic units and collated longitudinal zones with n samples for 
each zone indicated
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(generally flat surface topography of the floodplain that is 
not a component of another floodplain feature), an alluvial 
ridge (located adjacent to a channel at an elevated posi-
tion relative to the surrounding floodplain), an abandoned 
channel / ox bow (located within a linear topographic low 
associated with a previous channel course), crevasse splay 
(located downslope of the position where the main channel 
loses confinement and due to topographic position is likely 
to receive surface flow from the discontinuous channel) or 
backswamp / floodplain depression (located in floodplain 
topographic hollows not associated with a previous channel 
course). This was done using the LiDAR surface elevation 
model. Further, for a longitudinal comparison, samples were 
grouped by transect/s, the selection of groupings for these 
zones was based on observable longitudinal variation in the 
geomorphology (in terms of common geomorphic features 
and changes in longitudinal slope) of the floodplain, result-
ing in six zones (Fig. 2). Sediment samples were prepared by 
oven-drying at 40 °C and then gently crushed using a pestle 
and mortar. The resultant samples were thoroughly mixed 
before sub-sampling. The organic matter content was deter-
mined using loss-on-ignition, wherein dried, pre-weighed 
sub-samples are burnt in a muffle furnace at 550 °C for 4 h, 
and sample loss calculated (Heiri et al. 2001). To determine 
the particle size distribution of samples, 1 g of each sample 
was pre-treated to remove organic matter by the addition of 
hydrogen peroxide, following by gentle heating. Thereaf-
ter, samples were analysed in a dispersant solution (sodium 
hexametaphosphate) using laser diffraction in a Saturn Digi-
Sizer 5200. To ascertain the concentration of total phospho-
rus, as well as selected elements known to be associated 
with P (iron, manganese, magnesium, calcium and alumi-
num), samples were subjected to aqua regia microwave 
digestion. Thereafter, the extracts were analysed at the CAF 
laboratory at Stellenbosch University using a Thermo iCAP 
6000 inductively coupled plasma atomic/optical emission 
spectrometer (ICP-AES/OES). The recovery values on ref-
erence material WQB-1 of 98 to 103% were obtained for P 
and 99 to 110% for the other selected elements.

Data Analysis

To gain an understanding of the sediment dispersal patterns 
and associated phosphorus within the Wiesdrift Floodplain 
a Principal Components Analysis (PCA) was used to inves-
tigate the relationships and patterns between variables at 
each sample point. The PCA was run in SPSS (v.30) using 
the full dataset of 58 samples. The analysis utilised a cor-
relation matrix with Oblimin rotation, which was selected 
as some correlation between variables and/or components 
was likely (e.g., distance from channel influences particle 
size, which in turn is related to chemical constituents of 

dairy farm is situated at the southern end of the Wiesdrift 
Floodplain.

Methods

Data Collection

A surface water inundation hydroperiod for the Wiesdrift 
Floodplain was determined by calculating the percentage of 
images in which a particular pixel was flooded using Sen-
tinel-2 imagery (< 20% cloud cover, resulted in 127 images 
from 2018 to 2023), applying an unsupervised learning 
algorithm and thresholding on Google Earth Engine to 
assign water frequency values to each pixel in the manner 
of Wu et al. (2019). The resultant image selection provided 
a reasonably even temporal distribution across seasons and 
years (i.e., ~ 25 images / year, and ~ 10 images / month over 
the period of record). Thereafter 0.5 m resolution LiDAR-
derived terrain data and Sentinel-2 imagery were integrated 
to classify inundation patterns, the method and results are 
reported by Askew et al. (2025). Although the usage of the 
terrain data reduced error in surface water model outputs, 
some floodplain reaches with dense vegetation cover may 
have a slight under-estimation in frequency of inundation 
(Askew et al. 2025). Further, the frequency of inundation 
output is based on a surface expression of water, and likely 
under-estimates frequency of saturation close to the ground 
surface.

In order to capture the full range of longitudinal and 
cross-sectional transitions within the floodplain system, 
surface sediment samples were collected using an auger 
between the 1st and 4th of October 2022 along eight tran-
sects orientated across the width of the floodplain (Fig. 2). 
Current floodplain processes of the floodplain were the 
focus for this study, and as such, surface samples were used 
for comparison. Further, surface sediment is typically the 
most active in terms of P assimilation (e.g., Yan et al. 2022). 
Effort was made to sample the full variety of geomorphic 
units visible in the floodplain, resulting in a total of 58 sur-
face samples (taken to a depth of 10 cm using an auger), 
with between 5 and 8 taken from each transect. Sample 
location was recorded using a Trimble GeoXH Differential 
GPS, yielding a positional accuracy in xy co-ordinates of 
< 1 m following post-processing. For each sample, the dis-
tance to the nearest continuous channel (determined using 
a combination of 80 mm resolution images captured at the 
same time as the LiDAR survey and field observations) and 
height above channel (i.e., HAND, which in this case was 
the channel shown in Fig. 2) was subsequently determined 
in ArcGIS Pro v3.5.0. Further, each sediment sample was 
classified as being located on or within a floodplain surface 
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and floodplain depressions are more common toward the 
southern end of the floodplain, likely an indication of reduc-
ing sediment supply for infilling toward the downstream 
reaches. Due to the sheer expanse of the floodplain surface, 
the number of samples for all geomorphic units other than 
the floodplain surface are over-represented relative to area, 
although this was necessary to establish the range of vari-
ability within each unit.

As might be expected, backswamp / floodplain depres-
sions have the highest frequency of inundation (26% over 
the 5-year record) of all units, with other units ranging 
between 14 and 18%. There may be some underestima-
tion of frequency of inundation for well-vegetated units 
(e.g., abandoned channel / ox bow and the crevasse splay). 
Unexpectedly, surface sediment was finest within the cre-
vasse splay complex with a mean particle size of fine sand 
and 51% of the sample within the silt and clay fraction. In 

particles). All input variables were standardized prior to 
analysis, and an Eigenvalue of > 1 was required for extrac-
tion. During exploratory analysis 20 variables (Table  1) 
were incorporated, but ten variables were subsequently 
excluded from the final analysis due to either a lack of sig-
nificant contribution to the resultant components, or a high 
and significant correlation to another variable that offered a 
superior contribution to the PCA (see full correlation table 
in supplementary Table S1).

Results

Spatial Variation in Floodplain Surface Sediment 
Characteristics

The floodplain surface, accumulated through long-term ver-
tical accretion processes, dominates the floodplain (78% of 
the surface area) and is bisected by the current channel’s 
alluvial ridge and crevasse splay complex (8% and 6% of 
the surface area respectively; Table 2; Fig. 2). Backswamps 

Table 1  Descriptive statistics of input variables
Variable Minimum Maximum Mean Std. 

Deviation
Frequency of 
Inundation (%)*

2 81 16 12

Modal particle 
size (µm)

4.2 449.4 251.4 131.1

Median particle 
size (µm)

5.2 312.4 132.7 86.3

Mean particle 
size (µm)*

13.0 307.0 148.9 74.0

Sediment surface 
area (cm2)

0.07 1.00 0.39 0.29

Kurtosis -1.44 8.14 0.02 1.84
Skewness -0.24 2.77 0.70 0.72
Sand (%) 4 92 62 24
Silt (%) 7 73 29 18
Clay (%) 2 25 9 7
Silt and clay 
(%)*

8 96 38 24

Al (mg/kg)* 1604.0 66328.0 21756.3 18109.3
Ca (mg/kg)* 25.0 2869.0 736.8 570.1
Fe (mg/kg)* 1213.0 32195.0 9704.4 6634.8
Mg (mg/kg)* 145.0 7063.0 1940.2 1409.1
Mn (mg/kg) 2.0 285.0 91.6 70.7
P (mg/kg)* 23.0 478.0 137.8 128.0
Organic content 
(%)*

0.54 18.44 5.19 4.33

Height above 
channel (m)

0.4 2.8 1.6 0.6

Distance to con-
tinuous channel 
(m)*

4 1507 552 525

* indicate variables included in the final PCA (n = 58)

Table 2  The proportion of the floodplain occupied by each geomorphic 
unit relative to the number of samplesas well as mean values and stan-
dard error for selected surface sample characteristics 

Geomorphic unit
Flood-
plain 
surface

Alluvial 
ridge

Aban-
doned 
channel / 
ox bow

Crevasse 
splay

Back-
swamp / 
floodplain 
depression

Floodplain 
surface 
area (ha, 
% in 
brackets)

671 ha 
(78%)

73 ha 
(8%)

9 ha 
(1%)

50 ha 
(6%)

62 ha 
(7%)

Mean fre-
quency of 
inundation 
for whole 
unit (%)

15% 18% 16% 17% 29%

Sample 
character-
istics

Mean Mean Mean Mean Mean

n (% of 
total)

17 (29%) 11 (19%) 11 (19%) 13 (22%) 6 (10%)

Frequency 
of Inunda-
tion (%)

15 ± 2 14 ± 3 16 ± 2 16 ± 1 26 ± 11

Mean par-
ticle size 
(µm)

163 ± 15 161 ± 22 137 ± 25 113 ± 20 187 ± 33

Silt and 
clay (%)

33 ± 4 33 ± 7 40 ± 8 51 ± 8 26 ± 4

P (mg/kg) 113 ± 30 153 ± 36 176 ± 46 166 ± 38 49 ± 12
12Organic 
content 
(%)

4.35 ± 0.9 5.58 ± 1.4 5.97 ± 1.3 6.73 ± 1.5 2.11 ± 0.5

Distance 
to con-
tinuous 
channel 
(m)

529 ± 114 521 ± 177 284 ± 132 712 ± 129 817 ± 296
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organic content ranged from 0.5 to 18.4%, the highest value 
was found on the crevasse splay in Zone D/E.

Spatial and Sediment Associations with P

One of the major difficulties when investigating P associa-
tions with sedimentary characteristics, is the high degree of 
collinearity between variables. For this reason, a variety of 
approaches were used to qualitatively establish which factors 
were most important in determining associations with sedi-
ment P concentration. Initially, Pearson correlations were 
used to investigate relationships between different variables, 
the complete two-tailed Pearson correlation table is pro-
vided in Supplementary Data S1. Outputs indicated a high 
degree of correlation between P and many sediment char-
acteristics, such as organic content (r(58) = 0.903, p < .001), 
a variety of elements such as Fe (r(58) = 0.844, p < .001) 
and Al (r(58) = 0.857, p < .000), and to a lesser extent, mean 
particle size (r(58) = − 0.622, p < .001) and percentage silt 

contrast, the backswamp / floodplain depressions, which 
were expected to be much finer in texture, had a mean par-
ticle size of fine sand with just 26% of the sample within the 
silt and clay fractions. It is likely that aeolian erosion selec-
tively removes the finer fraction during the summer months 
as vegetation cover reduces in this floodplain’s oftensaline 
backswamp environments. The alluvial ridge and floodplain 
surface unit were typically coarser than all units with a 
lower proportion of fine silt and clay. Mean organic content 
and P concentration were highest in abandoned channels 
(5.97% and 176 mg/kg) and the crevasse splay (6.73% and 
166 mg/kg).

When considering the full dataset, P concentration var-
ies between 23 and 478 mg/kg (Fig. 3). All sediment in the 
floodplain is medium sand and/or finer with an overall mean 
of 148 μm which corresponds to fine sand. The proportion 
of silt and clay at each sample varies from 8% (an aban-
doned channel in longitudinal zone H) to 96% (a sample in 
longitudinal zone C on the crevasse splay). Similarly, while 

Fig. 3  Variability in selected 
surface sediment characteristics 
shown in box-and-whisker plots 
for (a) P concentration, (b) mean 
particle size, (c) percentage silt 
and clay, (d) frequency of inun-
dation, (e) organic content and (f) 
distance to continuous channel

 

1 3

Page 7 of 16    121 



Wetlands          (2025) 45:121 

variability in the data, a Principal Components Analysis was 
run on the full dataset. Initial runs allowed for a reduction 
of the input variables as redundant variables could be iden-
tified. The final PCA outputs indicated that the sampling 
adequacy was acceptable (KMO = 0.821) and Bartlett’s test 
of sphericity demonstrated that correlations between items 
were large enough for PCA (χ2(45) = 698.96, p < .001).

The PCA revealed two components that explained 78.67% 
of variance; component one Eigenvalue = 6.35 (variance 

and clay (r(58) = 0.680, p < .001; Fig. 4). When considering 
physical variables associated with floodplain structure and 
morphology, the results were more difficult to interpret. P 
had a weak but significant negative correlation with distance 
to continuous channel (r(58) = − 0.354, p = .006). In contrast, 
while there was a negative correlation with P and hydrope-
riod, it was not significant (r(58) = − 0.129, p = .336).

To establish the relative importance of physical attri-
butes to local sediment characteristics in explaining overall 

Fig. 4  Scatter plots with best fit regression lines depicting the relationship between P and (a) mean particle size, (b) percentage silt and clay, (c) 
organic content, (d) distance to continuous channel and (e) Al
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channel), and a generally lower frequency of inundation. 
Thus, the analysis underlines the multiple factors respon-
sible for P assimilation in floodplains. P can only accu-
mulate where sediment is dispersed through overtopping 
(component 2, lower P concentration values with increas-
ing distance from the channel). The relationship between 
P and frequency of inundation is more complex (Fig. 5b), 
but overall component two suggests that higher P values are 
associated with intermediate to low frequencies of inunda-
tion. There are multiple potential explanations for this pat-
tern in P accumulation with hydroperiod. Firstly, regions 
close to the channel, where sediment actively accumulates, 
are typically sloped and are not zones of long-term water 
storage (i.e., they are not depressions or backswamp envi-
ronments) and are more likely to be seasonally inundated. 
As such, they have intermediate to low values of inundation, 
but high P concentrations. Secondly, as frequency of inun-
dation increases past the peak of 17% indicated in Fig. 5b, P 
concentration decreases. This can be explained by either (a) 
a reduction in sediment dispersal within depressions which 
are often further away from the main channel and are likely 
wet through the accumulation of precipitation inputs rather 
than river flow, or (b) potentially as an indicator that P may 
be mobilized from sediment stores under reducing condi-
tions, resulting in lower P concentrations within surface 
sediment. Thus, while frequency of inundation on its own 
is a poor predictor of P, the output PCA suggests that when 
considered in conjunction with other factors, hydroperiod 
has an influence on surface sediment P.

Geomorphic Associations with P Concentration

Samples were grouped into longitudinal zones ranging from 
A at the upstream end of the floodplain, to H at the lower-
most distal portion of the floodplain. Zones A and B are char-
acterized by a wide and distinct alluvial ridge, with multiple 
abandoned channel features located on the ridge. At Zone 
C, the main active channel abruptly loses confinement in 
an incomplete avulsion, with flow separating into multiple 
surface channels, spreading water diffusely over a wide sur-
face. Zone D / E incorporates the lower portion of the active 
crevasse splay. At Zone F /G, small flow re-entry channels 
return water to the primary channel from the crevasse splay 
and floodplain surface. Backswamps and floodplain depres-
sions (the latter potentially formed through a combination 
of aeolian and animal erosion) become more common on 
the floodplain boundaries downstream of Zone C.

Analysis of P concentrations in surface sediment shows 
a clear increase at Zone C at the head of the crevasse splay 
complex (Fig. 6a). This region of the floodplain, where the 
channel first loses confinement and spreads water laterally, 
is likely a focus point of enhanced sediment aggradation as 

explained = 63.48%), component two Eigenvalue = 1.52 
(variance explained = 15.19%). All variables loaded onto 
one of two components (Table 2). Component one included 
mean particle size, proportion of silt and clay, Al, Ca, Fe, 
Mg, P and organic content (Table 2). Mean particle size was 
a negative loading, indicating an inverse relationship to the 
other variables. Component 1 includes variables related to 
sediment characteristics, including geochemistry and parti-
cle size. Component 2 included frequency of inundation and 
distance to continuous channel, both physical attributes spe-
cific to sample location. The outputs of the structure matrix 
were similar.

A plot of individual sample Anderson-Rubin factor scores 
per component relative to P concentration indicates that 
high P values are typically associated with positive scores 
for component one and negative scores for component two 
(Fig.  5a). This is consistent with what is known about P 
assimilation, it is typically higher when the proportion of 
silt and clay increases (e.g., Moustakidis et al. 2019). P also 
attaches to organic material within sediment, and may form 
complexes with other elements (e.g., Al and Fe) commonly 
found in clay minerals. The negative scores for component 
two indicate that high P values are associated with proxim-
ity to the channel (i.e., low values are typically far from the 

Fig. 5  (a) Anderson-Rubin factor scores for individual samples by P 
concentration, (b) Scatter plot of P concentration relative to frequency 
of inundation indicates there is no linear relationship between the vari-
ables. The clustering of frequency of inundation values between 10 
and 40% is a characteristic of the seasonal floodplain environment, 
with an outlier of 81% located within a backswamp

 

1 3

Page 9 of 16    121 



Wetlands          (2025) 45:121 

followed closely by the crevasse splay (166 mg/kg; Fig. 6b; 
Table  3). The lowest P concentrations were found within 
backswamp / floodplain depressions (49 mg/kg), suggesting 
that they do not receive floodwater and sediment from the 
river, but are instead inundated through local rainfall inputs.

Discussion

Both hydrology and geomorphology are key drivers of eco-
system service provision by floodplains (e.g., Steiger and 
Gurnell 2003; Tsheboeng et al. 2014), yet controls on the 
spatial distribution and dynamics of contaminant and nutri-
ent storage in complex wetland systems have not been well 
studied, and we currently have very little capacity to predict 
how future changes in flux boundary conditions (e.g., Chao-
pricha and Marín-Spiotta 2014) will influence the spatial 
distribution and dynamics of long-term storage. As a point 
of departure to addressing these challenges, we evaluated 
controls on the spatial distribution of phosphorus concentra-
tions across the Wiesdrift Floodplain Wetland system. Our 
initial analysis indicated that variables related to sediment 
chemistry and characteristics were more easily related to 
P, while the relationship between P and hydrogeomorphic 
variables was more difficult to quantify.

Floodplain Geomorphology and Surface Sediment 
Characteristics

The sedimentary characteristics of a floodplain wetland, 
influenced by a combination of geomorphic and hydro-
logical processes, are key to its ecological functioning and 
regulating ecosystem services delivery (e.g., Pereira et al. 
2021; Salimi et al. 2021). Spatial variation in geomorphic 
processes creates ecological complexity in terms of vegeta-
tion type and cover, as well as physical, chemical, and bio-
logical processes (Pereira et al. 2021), which all contribute 
to the range and quality of regulating ecosystem services 
that can be provided.

As expected, the geomorphic units identified on the 
floodplain have distinct sedimentological properties, driven 
by a combination of differential particle sizes settling veloc-
ities and distance to the channel. The alluvial ridge and 
floodplain surface were characterised by coarser sediment 
than the abandoned channel / ox bow features. Surprisingly, 
the particle size range occurring on the crevasse splay was 
the finest of the whole floodplain, reflecting the low energy 
environment of this setting. The extreme seasonality of the 
climate, with a prolonged dry season over the austral sum-
mer, results in evaporation and extensive vegetation die 
back over large portions of the floodplain. In particular, the 
backswamp / floodplain depressions are characterised by a 

flow velocity reduces and vegetation cover increases. There 
is also a slight increase in P at the downstream end of the 
floodplain at Zone H, this is potentially associated with his-
torical local point sources due to occasional supplementary 
cattle feeding in this area, although there may plausibly be 
another mechanism or explanation.

 
Although there is substantial variability in P concentra-

tions in abandoned channel samples, the mean P concentra-
tion for this geomorphic unit is the highest (176  mg/kg), 

Table 3  Principal component analysis pattern matrix for sediment 
characteristics and physical distribution of surface samples

Rotated components
Variable Component 

1
Com-
ponent 
2

Zscore: Frequency of Inundation (%) 0.115 0.871
Zscore: Mean particle size (microns) -0.878 -0.351
Zscore: Silt and clay (%) 0.92 0.197
Zscore: Al (mg/kg) 0.935 -0.043
Zscore: Ca (mg/kg) 0.821 -0.083
Zscore: Fe (mg/kg) 0.931 -0.034
Zscore: Mg (mg/kg) 0.851 -0.037
Zscore: P (mg/kg) 0.877 -0.239
Zscore: Organic content (%) 0.863 -0.128
Zscore: Distance to continuous channel (m) -0.19 0.73
Rotation method: Oblimin with Kaiser Normalisation

Fig. 6  Box-and-whisker plot of the P concentration of surface sedi-
ment samples located within each (a) longitudinal zone and (b) geo-
morphic unit depicted in Fig. 2
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results in fine-grained sediment accumulation in conjunc-
tion with some preservation of organic material. This allows 
P to remain attached to sediment, but also for P to attach to 
Fe-, Al- and/or organic complexes, and to be stored within 
the abandoned channel units.

The incomplete avulsion within the floodplain may be 
considered slightly unusual in more humid environments but 
is often a defining feature of many dryland wetlands (Tooth 
and McCarthy 2007; Larkin et al. 2020). Avulsions have a 
major impact on sediment and water distribution across the 
floodplain, influencing the accumulation of sediment asso-
ciated organic matter, nutrients, and contaminants (Larkin 
et al. 2016). Longer water residence times are promoted in 
the crevasse splay, which is well vegetated, increasing the 
potential for sedimentation, which in turn promotes carbon 
sequestration and the retention of nutrients, toxicants and 
contaminants associated with the sediment (Salimi et al. 
2021). Fine particles, which are the most active in chemical 
processes that remove and store nutrients and organic matter 
(Johnston 1991), are also concentrated in the crevasse splay. 
Given that discontinuous channels are likely to become a 
more common feature in some semi-arid environments due 
to the impact of climate change on flow variability (e.g., 
Grenfell et al. 2014), it is possible that the opportunity for 
crevasse splay or ‘floodout’ features to improve downstream 
water quality will increase in the future.

While the crevasse splay is important in terms of nutrient 
storage, floodplain regions which are less geomorphically 
active, that may be inundated in only the largest floods, but 
have a large surface area, also make a large contribution to 
overall floodplain storage of P. For example, the floodplain 
surface has a lower mean surface P concentration (113 mg/
kg) than almost all geomorphic units within the floodplain. 
However, due to its large surface area (671 ha) comprising 
78% of the floodplain, its contribution to the overall P stor-
age ability of the floodplain is likely to be substantial. As 
such, while the crevasse splay complex is more frequently 
inundated and has the potential to trap the finest sediment 
due to diffuse flows, it is not singularly responsible for P 
storage in the floodplain. It is the variety of features, and the 
P storage opportunities offered by each of those features in 
varied flow conditions, that contributes to the floodplain’s 
overall ability to trap P. It is well known that floodplain 
complexity, typically generated through active geomorphic 
processes, is associated with ecological diversity (Scown et 
al. 2015). Similarly, it appears likely that floodplain com-
plexity (comprising both geomorphic and ecological diver-
sity) positively influences ecosystem service provision in 
wetlands by increasing both the range of flow conditions 
under which P storage may occur, as well as the range of 
geochemical processes under which P may be converted to 
non-available forms.

low-density coverage of Sarcocornia sp. (salt tolerant glass-
worts). The sedimentology of this unit, with only 26% silt 
and clay and an organic content of just 2% despite occurring 
within a low energy environment, suggests seasonal desic-
cation and subsequent exposure to aeolian erosion with pref-
erential removal of fine sediment. This, in combination with 
disconnectivity from the main sediment-supplying channel, 
results in backswamps having the lowest surface sediment P 
concentration in the floodplain.

In contrast, the crevasse splay has a much more diverse 
vegetation cover with plants indicative of freshwater condi-
tions. Personal observations over the study period indicate 
a consistent vegetation cover, albeit at a lower density dur-
ing the summer. This allows the retention of some organic 
material in the surface sediment (6.7%), and when com-
bined with high volumes of fine sediment inputs from the 
discontinuous channel, results in high surface P concentra-
tions, which are only matched in abandoned channel / ox 
bow units typically located close to the active channel. As 
abandoned channels retain the shape and characteristics of 
active channels, they typically retain both water and sedi-
ment during flooding (Reddy et al. 1999).

Overall, the floodplain units with the highest phosphorus 
and organic matter content values have the finest sediment 
textures, which is unsurprising considering clay’s ability 
to adsorb trace metals (e.g., Horowitz 1984) and the fact 
that fine material tends to accumulate in low energy envi-
ronments synonymous with organic matter accumulation. 
Similarly, features with coarser sediment typically contain 
the least phosphorus and organic matter.

Geomorphic Dynamics and Phosphorus Storage in 
the Floodplain

Moustakidis et al. (2019) found that TP concentrations in a 
floodplain in Iowa exhibited a bimodal distribution associ-
ated with variations in inundation due to the occurrence of 
a floodplain terrace that was less frequently flooded. The 
Wiesdrift Floodplain, which does not have any terraces, dis-
plays a less distinct variation in P distribution, although there 
is some distinction between geomorphic units. For instance, 
the abandoned channel / oxbow and the crevasse splay geo-
morphic unit are clear P accumulation ‘hotspots’ within the 
floodplain surface. It is well known that abandoned chan-
nels are effective sediment traps and should therefore pro-
vide an opportunity to store P (e.g., Wohl 2021). However, 
given their potential for permanent waterlogging, it was 
not certain that P would remain attached to sediment and 
thus be stored within the abandoned channel, as opposed to 
being remobilised under reducing conditions. The seasonal 
dynamics of the floodplain, combined with the connectiv-
ity of these units to receiving sediment-laden floodwaters, 
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that inorganic forms of P have a strong affinity for Fe and 
Al oxides. Similarly, McComb and Qiu (1998) found that 
poorly crystalline and amorphous Al hydroxides often coat 
the surface of sediment particles and have a high binding 
capacity for phosphorus, while Zhang et al. (2011) found 
that most of the phosphorus in their study area were associ-
ated with aluminum-phosphorus complexes.

There is potential for long-term storage of P within the 
floodplain, as P becomes insoluble in the complexations it 
makes with mineral compounds. However this may be influ-
enced by redox conditions, temperature, and pH (McComb 
and Qiu 1998). In anaerobic conditions (frequently flooded, 
low oxygen), the reduction of Fe, Al and Mg complexes 
results in a charge imbalance that releases P (White et al. 
2004). However, a substantial portion of the released phos-
phorus has been observed to be adsorbed onto Al minerals, 
which are more resistant to reduction and can act as sinks 
for the released phosphorus under anoxic conditions (Reddy 
et al. 1999; Wiener et al. 2022). In wetlands that occur in 
drylands, persistent waterlogging is less common than in 
humid regions. Almost 88% of the Wiesdrift Floodplain is 
intermittently inundated, defined as “holding surface water 
for irregular periods of less than one season (i.e. less than 
approximately 3 months), at intervals varying from less than 
a year to several years” (Ollis et al. 2015). Oxidising condi-
tions are more frequent than reducing conditions, limiting 
the dissociation of phosphorus.

The presence of organic matter increases the opportuni-
ties for phosphorus to be adsorbed because organic matter 
possesses numerous binding sites that attract and adsorb 
phosphorus ions from the water column (Iles et al. 2022). 
Additionally, the cation exchange capacity of sediments 
increases as the abundance of organic matter increases. 
Therefore, the sediment’s capacity to bind, exchange and 
retain positively charged ions, including phosphorus, 
increases (Liu and Lee 2007; Wiener et al. 2022). Lastly, 
phosphorus can undergo complexation under anaerobic 
conditions reactions with Fe, Al and organic matter, form-
ing organic-phosphorus complexes that are less soluble and 
more stable than inorganic phosphorus forms (Audette et al. 
2020). This increases the retention capacity of phosphorus 
in sediment by preventing its release into the water column.

Variables in Component 1 accounted for the majority of 
variance in the data (63.48%). However, particle size varia-
tion can be attributed to physical sediment sorting due to 
fluvial processes (followed by aeolian sorting processes in 
the case of the backswamp /floodplain depressions), and as 
such, geomorphology strongly influences both components 
represented in the PCA. The second component comprises 
frequency of inundation and distance to the channel, with 
the former considered the most important variable of the 
two governing difference between sample sites. In terms of 

For instance, frequently inundated backswamps or flood-
plain depressions are typically reducing environments, that 
would support remobilisation and subsequent bioavail-
ability of P from sediment to some extent. However, these 
environments are disconnected from the channel, and there-
fore even if P becomes locally available, it is not supplied 
to downstream ecosystems. In contrast, conditions within 
the crevasse splay are likely to be much more seasonally 
variable, and P is likely to occur both in solution as bio-
available P, as well as within sediment; some P will likely 
have potential to become bioavailable (as physicochemical 
conditions changes during the wet season), while some will 
be refractory and permanently stored in organic, Al and Fe 
complexes. The alluvial ridge, which constitutes coarser 
sediment, more quartz and less clay minerals and a typically 
lower organic content, P attached to sediment in this envi-
ronment is potentially more likely to become bioavailable, 
and less likely to become permanently stored. However, the 
alluvial ridge is less frequently saturated than other features 
of the floodplain and thus is less likely to support the reduc-
ing conditions required for P remobilisation.

Factors Influencing Phosphorus Retention in a Semi-
arid Floodplain

Sample variability may be considered in terms of two com-
ponents; component 1 relates to sediment characteristics 
(particle size, geochemistry and organic content), while 
component 2 relates to physical attributes of the floodplain 
environment (distance to continuous channel and frequency 
of inundation). This highlights the relationship between 
variables on the same component, as for example, fine sedi-
ment typically comprises clay minerals which are high in 
Al and Fe.

Phosphorus is known to have a high affinity for fine-
grained sediment as these particles have larger surface areas 
and thus higher adsorption capacities (Hedges et al. 1999). 
Larger surface areas offer increased binding sites and inter-
action opportunities phosphorus ions, encouraging attach-
ment and adsorption onto the particles, enhancing retention 
and sequestration (Hedges and Keil 1995). In addition, finer 
particles tend to form aggregates more so than coarser parti-
cles due to the Van der Waals force (Sakka et al. 2001). The 
process of aggregation forms larger, more stable structures. 
By means of physical protection and enhanced cohesivity, 
the mobilisation and release of phosphorus is reduced.

Locally, high concentrations of typical clay mineral con-
stituents including Al, Ca, Fe, Mn, and Mg, correspond to 
high concentrations of P in the floodplain. Analysis indi-
cated that Al and Fe have a particularly strong correlation 
with P concentration, which corresponds with literature. For 
example, Reddy et al. (1999) and White et al. (2004) suggest 
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ecosystem services. The properties of fine sediment, includ-
ing larger surface areas, higher adsorption capacities, and 
the tendency to aggregate (enhancing cohesivity), promote 
phosphorus and organic matter attachment onto the par-
ticles, increasing retention and sequestration. Furthermore, 
the mineral composition of the Wiesdrift Floodplain’s sedi-
ment inherently favours phosphorus retention, as. P has a 
strong affinity for iron and aluminum oxides and hydroxides 
which promote the sorption of dissolved phosphorus.

The formation of the crevasse splay in the Wiesdrift 
Floodplain, with its specific hydrological and geomorpho-
logical dynamics, also plays a critical role in the retention 
and sequestration of sediment and phosphorus. While the 
crevasse splay and abandoned channel features represented 
‘hotspots’ of P storage, the general floodplain surface is 
also considered extremely important in terms of ecosystem 
service provision, predominantly due to its large, active 
surface. Frequency of inundation, while not linearly corre-
lated with P concentrations in surface sediment, was found 
to be a key factor explaining sample variability. Neverthe-
less, inundation facilitates hydrologic connection between 
the channel and floodplain, and nutrient exchange, and 
increased inundation frequencies increase the retention and 
preservation potential of these materials, promoting their 
sequestration (e.g., by promoting anoxic soils). Regions of 
the floodplain that were flooded most frequently typically 
had lower surface sediment P concentrations, and this was 
likely due to the water source (i.e., rainfall flooding rather 
than river flooding) which resulted in reduced supply of 
sediment-attached P. P concentrations in surface sediment 
peaked at an inundation frequency of ~ 17%.

Further work is required to disentangle the relationship 
between surface flooding as a result of rainfall as com-
pared to river overtopping, and to further investigate the 
importance of periodic wetting and drying for long-term P 
retention in surface sediments in semi-arid floodplain envi-
ronments. While surface flooding and inundation is more 
easily measured, especially with increasing availability of 
high-resolution imagery, saturation patterns in the upper 
50  cm of soil are key in determining the redox state and 
resulting biogeochemistry which influences P storage and 
should therefore also be a topic of focus in the future. Lastly, 
given that many semi-arid wetland environments exhibit 
salinity gradients, we recommend that the influence of salin-
ity on P cycling be further examined.
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phosphorus assimilation and storage, there is a theoretical 
‘goldilocks’ condition of inundation. Phosphorus accumula-
tion in sediment is less likely in an area that is permanently 
wet, as the phosphorus may remain soluble in the water 
column (Reddy et al. 1999; Aldous et al. 2005). Generally, 
Phosphorus is retained most effectively when wetting and 
drying occurs because its attachment to sediment particles is 
encouraged (Schönbrunner et al. 2012). Intermittent flood-
ing, the dominant inundation pattern of the floodplain, pro-
motes this phenomenon (Thompson et al. 2018). However, 
more severe and longer dry periods (potentially associated 
with a change in climate) increase the risk of organic matter 
oxidation (Olila et al. 1997) and phosphorus release into the 
water after re-wetting (Schönbrunner et al. 2012). Therefore, 
there is likely a certain range in inundation frequency that 
would best promote phosphorus and organic matter reten-
tion and sequestration. In the floodplain, regions contain-
ing the most phosphorus are typically inundated between 
10 and 40% of the time, with P peaking at an inundation 
frequency of 17%. It is unfortunately not possible to disen-
tangle whether this peak is related to the hydroperiod effect 
on geochemistry or mechanisms of fine sediment delivery, 
although it is likely a combination of the two.

An overriding factor governing P storage in sediment is 
obviously the geomorphic processes governing the disper-
sal of water and sediment across the floodplain. Increases 
in flow variability (Grenfell et al. 2014) and overall aridity 
(Larkin et al. 2020) are known to increase the likelihood of 
the development of discontinuous channels, resulting in cre-
vasse splays or floodouts. These features of discontinuous 
rivers have potential for a high net retention of sediment, 
and in conjunction with other characteristics described here, 
are likely extremely important for P storage. In regions of 
the globe likely to be affected by increased aridity in associ-
ation with climate change, discontinuous channels are likely 
to become more common, and the contribution of crevasse 
splays and floodouts to ecosystem service provision is likely 
to expand.

Conclusion

The factors and processes contributing to phosphorus 
sequestration in a dryland river floodplain were investigated 
by evaluating the hydroperiod alongside geomorphological, 
sedimentological and geochemical analyses of the flood-
plain’s sediment. The combination of geospatial and field 
data, along with statistical geospatial analysis, facilitated a 
comprehensive understanding of the Wiesdrift Floodplain 
wetland’s processes and dynamics. The results indicate the 
key role of geomoprhology in enabling and enhancing the 
effectiveness of floodplain wetlands in providing regulating 
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