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A B S T R A C T

Critical source areas (CSAs) can act as a source of phosphorus (P) during intermittent rainfall events and 
contribute to dissolved P loss via runoff. Dissolved forms of P are readily accessible for plant and algal uptake; 
hence it is a concern in terms of the eutrophication of freshwater bodies. The potential of CSAs to release dis
solved P to surface runoff upon intermittent short-term submergence caused by different rainfall events has not 
been studied at a field-scale in New Zealand previously. A field study was conducted to investigate the potential 
of two different pastoral soil CSAs (Recent and Pallic soil) to release soil P over five rainfall events during winter 
and to explore the mechanisms of P release in these soils. Ten sampling stations were installed within each CSA in 
an area of 6 × 2 m2. Each sampling station had two porewater samplers installed at two depths (2 and 10 cm) 
below the soil surface. Two platinum half-cell electrodes were installed at the same two depths. Porewater and 
floodwater samples were collected following five rainfall events. Redox potentials were measured in-situ. Dis
solved reactive phosphorus (DRP), pH, dissolved organic carbon, cations, anions, and alkalinity of the water 
samples were measured. Soil chemical P fractions were assessed at the beginning, middle and end of the 
experiment. Thermodynamic modelling was used to infer dissolution and formation of P and P-associated 
minerals. The average porewater DRP at the two depths during the rainfall events of the Recent and Pallic soils 
were 0.32–1.3 mg L− 1 and 0.26–2.31 mg L− 1, respectively. The average floodwater DRP concentrations of the 
Recent and Pallic soils were 35 and 43-fold higher than the target DRP concentration (0.01 mg L− 1) for the 
Manawatū River. The study highlights the substantial risk of P loss from CSAs to surface water, driven primarily 
by the reductive dissolution of Fe and Mn oxy(hydr)oxides. The findings underscore the importance of targeted 
management strategies to mitigate dissolved P runoff, particularly in high-risk CSAs frequent submerged during 
rainfall events. This study developed an effective method for monitoring soil porewater P and redox conditions, 
offering valuable insights and practical tools for resource managers seeking to reduce P contamination.

1. Introduction

Agricultural non-point source phosphorus (P) pollution is a major 
concern in maintaining freshwater quality worldwide. Significant 
attention has been paid overtime to managing critical source areas 
(CSAs) within agricultural landscapes to mitigate P loss to freshwater 
bodies (Sharpley et al., 2011; Doody et al., 2012; Shore et al., 2014; Lou 
et al., 2016). Critical source areas generally contribute a dispropor
tionately large amount of P loss (⁓80%), despite representing a small 
area (⁓20%) of the landscape (Pionke et al., 2000; Dahlke et al., 2012; 
Smith et al., 2021). In CSAs, P sources coincide with flow pathways 

which connect to waterways (McDowell and Srinivasan, 2009; Sharpley 
et al., 2011). Therefore, CSAs act as a pathways of P transportation from 
agricultural land to freshwater bodies, thus contributing to 
eutrophication.

The CSAs, being hydrologically sensitive areas, often saturate/sub
merge following rainfall events due to the accumulation of water as a 
result of topography. These areas are often subjected to water table 
fluctuations, surface runoff and drying and rewetting, due to rainfall 
events with different intensities and durations. Since there can be no 
infiltration in saturated soils, P is mobilised in surface water flow (Smith 
et al., 2021).
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Phosphorus is released from soil to porewater (dissolved P) when a 
soil is submerged depending on inherent soil characteristics such as clay 
mineralogy, P sorption capacity, presence of Fe, Al, Ca and Mg minerals, 
and organic matter content (Palihakkara et al., 2024). When the soils of 
CSAs remain saturated long enough to deplete oxygen in soil solution 
due to microbial respiration, it creates an anaerobic environment. Be
sides inherent soil characteristics, external factors such as duration of 
saturation (eg: length of a rainfall event and subsequent water flow over 
soil), air temperature (Kumaragamage et al., 2020), and the presence of 
vegetation (Zhang et al., 2016) also affect anaerobic conditions and 
subsequent dissolved P release. The overall redox status of soil changes 
upon submergence. For example, the soil pH shifts towards neutrality 
(Ponnamperuma, 1972) and the redox potential (Eh) of soil reduces 
under submergence (Maranguit et al., 2017). As a result of this, in 
calcareous soils, dissolution of Ca and Mg phosphates increase the P 
concentration in soil solution upon submergence (Amarawansha et al., 
2015). In acidic to neutral soils, where Fe, and Mn are mainly respon
sible for P sorption, reductive dissolution of Mn and Fe oxy(hydr)oxides 
influences P release (Kröger et al., 2012; Scalenghe et al., 2012; Amar
awansha et al., 2015). Although Mn reduction occurs at an early stage of 
the reduction sequence (⁓200 mV), Fe reduction occurs at a later stage 
below 0 mV (Marschner, 2021).

The dissolved forms of P are associated with increased growth of 
aquatic plants in freshwater bodies as they are readily accessible for 
uptake. Hence, significant attention has focused on dissolved P losses 
from agricultural landscapes worldwide, including in New Zealand 
(Thomas et al., 2016, 2017; King et al., 2017; Smith et al., 2021; Ross 
et al., 2022). Field-scale studies have been conducted in New Zealand to 
quantify subsurface P losses and/or associated mechanisms of P release 
in several soil types including Melanic Orthic Gley soil (Smith et al., 
2021), and Recent and Brown soils (Smith et al., 2016). However, the 
potential of CSAs to release dissolved P to surface runoff upon inter
mittent short-term submergence caused by different rainfall events (eg: 
different durations and intensities) has not been studied at a field-scale 
in New Zealand previously.

Therefore, the objectives of this study were (1) to investigate the 
potential of two different pastoral soil CSAs to release P to overlying 
floodwater over intermittent rainfall events, (2) to explore the re
lationships between different soil and rainfall characteristics with P 
release, and (3) to elucidate the mechanisms of P release in these soils 

under submergence using thermodynamic modelling and P fraction
ation. It was hypothesised that the reductive dissolution of Fe/Mn oxy 
(hydr)oxides during temporarily submergence would release sorbed P, 
consequently elevating the P concentration in the soil solution and that 
the magnitude of P release due to submergence would depend on soil 
characteristics and the duration and intensity of rainfall events.

2. Materials and methods

2.1. Experimental sites

Critical source areas (Fig. 1) were identified on two Massey Uni
versity farms located in the Manawatū-Whanganui region of New Zea
land, namely Dairy 1 (S 40⁰ 22′ 27″, E 175⁰ 37′ 05″), and Dairy 4 (S 40⁰ 23′ 
39″, E 175⁰ 36’ 55”). According to the New Zealand Soil Classification, the 
soil types were a Recent and Pallic soil, respectively (Hewitt et al., 
2021). A brief comparison of the two sites is given in Table 1. The CSA 
site at the Dairy 4 (⁓16.4 ha) had a relatively large catchment area 
compared to Dairy 1 (⁓5.4 ha) site. The Dairy 1 site directly connected 
to the Manawatū River (⁓100 m distance), while the Dairy 4 site con
nected to the Manawatū River via the Hopkins River and the Turitea 
Stream (⁓3000 m distance). Both CSAs experienced surface runoff and 
had natural drainage while the Dairy 4 site also had subsurface tile 
drainage. The subsurface drainage water collected by the tile drainage 
system was discharged to the Hopkins River downstream from the 
sampling location.

2.2. Experimental setup

Ten sampling stations were installed within each CSA in an area of 6 
× 2 m2. Out of the ten stations, five were installed along the centre line 
with 1 m spacing between each station. The other five stations were 
installed in two parallel offset lines, positioned 0.5 m from the centre 
line. Each sampling station comprised of two porewater samplers 
installed at two depths: 2 and 10 cm below the soil surface. Porewater 
samplers were made using 0.5 cm diameter polytetrafluoroethylene 
(PTFE) tubes connected to 6 μm pore diameter filter cloth at one end and 
the other end of the tubes were connected to 50 ml syringes. Two 
platinum half-cell electrodes were installed at the same two depths. 
Previous studies suggest that the 0–2 cm soil layer retains around 80% of 

Fig. 1. The experimental sites located within critical sources areas at Massey University dairy farms, Palmerston North, New Zealand A: Dairy 1 farm site (Recent 
soil), B: Dairy 4 farm site (Pallic soil).
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the P from P fertiliser additions, dung and litter returns via sorption and 
therefore disproportionally contributes to P runoff via desorption (Vadas 
et al., 2007a, 2007b), hence the focus on the 2 cm depth in the current 
study. Electrodes were also installed at a depth of 10 cm depth as this is 
where more than half of the root mass of pasture is generally located 
(Crush et al., 2006) and is a potential source of P release from soil. The 
sampling arrangement at the two experimental sites are shown in Fig. 1.

2.3. Soil, porewater, floodwater and in-situ data collection

Representative bulk soil samples (0–10 cm depth) were collected 
from both CSAs for initial soil characterisation. Porewater samplers 
were placed under suction in the morning via attached syringes and 
porewater was collected after 12 p.m., following five rainfall events 
between July and August 2022. Although each field had ten sampling 
stations, porewater could not be collected from all ten stations in each 
rainfall event, due to issues with clogging and suction. Hence, there were 
a number of missing data. The five rainfall events will be referred as 
event 1, 2, 3, 4 and 5 in this paper. Surface flow was collected close to 
the soil surface using a syringe. The surface flow drainage pattern at the 
two sites were different. Surface runoff accumulated at the site with time 
following a rainfall event at Dairy 1 farm, whereas it drained off quickly 
following a rainfall event at Dairy farm 4. Therefore, a sufficient amount 
of porewater was collected only in four out of the five events at each site.

In-situ redox potential was measured using an Ag/AgCl reference 
electrode (ORION) and a voltmeter. The voltmeter reading was cor
rected to the standard hydrogen electrode by adding the potential of the 
reference electrode (+200 mV). Redox status was expressed as pe which 
is the negative logarithm of electron activity calculated using the Nernst 
equation (Lindsay, 1979). Rainfall and climate data were collected from 
the Palmerston North Ews NIWA weather station 21963 (S 40⁰ 22′ 52″, E 
175⁰ 36’ 32”) located adjacent to Dairy 1 farm and ⁓1400 m from Dairy 
4 farm. Representative soil samples from 0 to 2, 2–8 and 8–10 cm soil 
depths were collected from both sites at the beginning, at the middle 
(the third rainfall event) and at the end of the last rainfall event, for P 
fractionation. The soil samples taken under submerged conditions were 

purged with nitrogen gas, sealed, and stored at − 28 ◦C until P frac
tionation analyses were performed. Representative soil samples were 
also taken from both sites from the 0–10 cm depth at the end of the 
experiment, to measure the oxalate extractable Fe, Al and Mn 
concentration.

2.4. Initial soil characterisation

After air drying and sieving through a 2 mm sieve, soil samples were 
analysed for soil texture by hydrometer method (1986, Standards As
sociation of New Zealand), soil pH in 1:2 (v/v) soil:water slurry followed 
by potentiometric determination, anion storage capacity (Saunders, 
1965) and cation exchange capacity (Blackmore et al., 1987). Available 
P was determined by Olsen method (Olsen and Sommers, 1982) fol
lowed by molybdenum blue colorimetry (Murphy and Riley, 1962) and 
Mehlich-3 method (Mehlich, 1984) followed by Inductively coupled 
plasma optical emission spectroscopy (ICP-OES). Phosphorus fraction
ation was undertaken by a modified Hedley procedure (Hedley et al., 
1982) as explained in section 2.6. Mehlich-3 extractable Ca, Mg, Fe, Mn, 
Al and Zn concentrations were determined by ICP-OES. Total organic 
carbon (TOC) was determined by thermal conductivity detector (Ele
mentar Analyser) by catalytic combustion (900 ◦C, O2) and separation 
(Nelson and Sommers, 1996). The oxalate extractable cations (Fe, Al and 
Mn) were determined by acid ammonium oxalate method (McKeague 
and Day, 1966) followed by Microwave plasma atomic emission spec
troscopy (MP-AES, Agilent 4200) and this was repeated the soil samples 
collected at the end of the experiment.

2.5. Porewater and floodwater sample analysis

After filtering the porewater and floodwater samples through 0.45 
μm cellulose membrane filters, they were analysed for DRP by molyb
date blue colour method (Murphy and Riley, 1962) using ultra
violet–visible spectrophotometer (JENWAY 7315) and pH using a glass 
pH electrode (ORION STAR A214) within 12 h of sampling. Porewater 
samples were analysed for cations (Ca, Mg, K, Na, Fe, Al, and Mn) using 

Table 1 
Comparison of the two experimental sites at Dairy 1 and Dairy 4 farms.

Dairy 1 farm site Dairy 4 farm site

New Zealand Soil Classification Recent soil Pallic soil
Local soil name Manawatū loamy gravel Tokomaru silt loam
USDA Classification (Sub Order) Fluvents Aqualfs
Soil profile

Catchment area (ha) ⁓5.4 ⁓16.4
Altitude (meters above sea 
level)

35 80

Nearest freshwater body Manawatū River Hopkins River (Hopkins River flows to the Turitea Stream which flows to the 
Manawatū River)

Distance (m) to the nearest 
freshwater body

⁓100 ⁓500

Drainage Free draining Naturally poorly drained soils, artificial draining- tile drainage 60 cm below the soil 
surface

Predominant pasture species Perennial ryegrass/white clover species Perennial ryegrass/white clover species
Sources of P Mineral P fertiliser, organic P (eg: cow dung and plant 

debris)
Mineral P fertiliser residue, organic P (eg: cow dung and plant debris), effluent runoff 
from higher in catchment
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MP-AES (Agilent 4200) and for anions (Cl− , F− , NO3
− , NO2

− and SO4
2− ) 

using ion chromatography (Dionex™ Aquion™). Alkalinity of the 
porewater samples was measured by titrating against 0.1 N H2SO4 in the 
presence of methyl orange indicator. Dissolved organic carbon (DOC) of 
porewater were measured using a carbon/nitrogen analyser (Shimadzu 
TOC-LCSH).

2.6. Phosphorus fractionation study

Three replicates from each of the 0–2, 2–8 and 8–10 cm depths at the 
beginning, at the middle (rainfall event 3) and at the end of the exper
imental period were analysed from both sites. The three soil depths were 
selected to represent the entire depth measured by the porewater sam
plers (2 cm and 10 cm depth). The samples were subjected to sequential 
P fractionation using a modified Hedley procedure (Hedley et al., 1982). 
The first few steps of the extraction which involved transferring soil, the 
supernatant of distilled water extract and adding 0.5 M NaHCO3, were 
conducted while purging nitrogen gas. Acidified potassium persulfate 
oxidation was used for the digestion and the residue was analysed for 
total P (TP). The difference between TP and inorganic P (Pi) was esti
mated to be organic P (Po) (Tiessen and Moir, 1993). Aqua regia 
digestion was used to determine the P in the soil residue left after 
sequential extraction (Chen and Ma, 2001).

2.7. Phosphorus speciation study by thermodynamic modelling

Visual MINTEQ 3.1 (Gustafsson, 2013) thermodynamic modelling 
software was used to predict the solid P species based on the composi
tion of porewater samples across the rainfall events. Soil Eh, pH, pore
water DRP, DOC, alkalinity, concentrations of cations (Ca, Mg, Na, K, 
Mn, Al and Fe), and anions (Cl− , F− , NO3

− , NO2
− and SO4

2− ) were used as 
input parameters. The Stockholm Humic Model (SHM) was used as the 
state-of-the-art model to simulate the complexation to natural organic 
matter while assuming that fulvic and humic acids were present in 
similar quantities (50% each) in porewater. The data collected from the 
2 cm depth was used for this modelling.

2.8. Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics 28.0.0 
software. Porewater DRP, pH, Eh, cations (Ca, Mg, Fe, Mn) were ana
lysed using two-way ANOVA to compare different depths (two depths; 2 
and 10 cm), over five rainfall events for each soil separately. One-way 
ANOVA was performed to compare the floodwater DRP over rainfall 
events of the two soils separately. Pearson correlation analyses were 
performed separately for each soil to explore relationships between DRP 
concentrations in porewater at both depths (together and separately) 
and floodwater DRP, pH, Eh, pe + pH, DOC, porewater Fe, Mn, Ca, Mg 
and Al concentrations. Regression analyses were performed to explore 
the relationships between rainfall characteristics (previous 24 h pre
cipitation, previous 24 h dry period, previous four-day precipitation, 
and previous four-day dry period) and floodwater DRP and porewater 
DRP of the two depths of the two soils.

3. Results

3.1. Initial soil characteristics

The Recent soil was slightly acidic (6.5), whereas the Pallic soil (5.8) 
was moderately acidic at the beginning of the experiment (Table 2). The 
clay % of the Recent and Pallic soils were 18 and 32%, respectively. The 
total organic carbon and CEC of the Pallic soil were 2.4 and 1.8-fold 
higher than that of the Recent soil (Table 2). The Olsen P concentra
tion of both the Recent (69 mg L− 1) and Pallic (66 mg L− 1) soils were 
high. Anion storage capacity (ASC) was low in the Recent soil (19%) and 
nearly moderate in the Pallic soil (29%). Compared to the Recent soil, in 

the Pallic soil, the sum of oxalate extractable Fe and Al was 1.3-fold 
higher at the beginning of the experiment.

3.2. Rainfall and temperature variations

There were 36 rainfall events totalling 277.9 mm of rainfall over the 
experimental period. Rainfall events were defined as events with a 
minimum rainfall of 1 mm with at least a 1 h interval. However, out of 
36 rainfall events, only 5 were selected for sampling based on their 
timing of the rainfall event (morning hours) and their ability to create 
temporary flooding conditions in the CSA sites. The rainfall event 
characteristics were analysed to examine the rainfall amount in the 
previous 24 h before sample collection, the number of dry hour within 
24 h before sample collection, the previous four-day rainfall amount and 
the dry hour within four days before sample collection (Supplementary 
Table S1). The highest rainfall intensity recorded during this experi
mental period was 7.3 mm/h at the last day of sample collection 
(Supplementary Fig. S1). Average air temperatures on the sample 
collection days were 13, 12, 13, 17 and 12 ◦C for events 1, 2, 3, 4 and 5, 
respectively (Supplementary Table S1).

3.3. pH, Eh and overall redox status of soils during submergence

The initial soil pH of the two soils increased into the neutral pH range 
with submergence (Supplementary Fig. S2). The average pH of the 2 cm 
depths of the Recent soil and Pallic soils were 7.4 and 7.2, respectively. 
The average pH of the 10 cm depths of those soils were slightly higher at 
7.6 and 7.5, respectively. The average floodwater pH of the Recent and 
Pallic soils were 7.3 and 7.4, respectively. The interactions between 
event × depth of the porewater pH of two soils were not significant. The 
porewater pH at the 10 cm depth of the Recent soil was significantly (p 
< 0.05) higher compared to that of event 1 and 4. In the Pallic soil, the 
porewater pH at the 10 cm depth measured in events 2 and 5 were 
significantly (p < 0.05) higher than the other two events.

The overall redox status of soil can be categorised as oxic (>14), sub- 

Table 2 
Initial physico-chemical properties of the two study site soils sampled to a depth 
of 0–10 cm at the start of the experiment.

Recent soil Pallic soil

pH 6.5 5.8
Anion storage capacity % 19 29
Olsen P (mg L− 1) 69 66
Mehlich-3 P (mg L− 1) 147 133
Total organic carbon (g 100g− 1) 2.0 4.7
Textural class Loam Silty clay loam
Clay% 18 32
Sand% 39 14
CEC (cmol(+) kg− 1) 12 22
Oxalate extractable cations (mg kg− 1)
Fe 3642 4645
Al 833 1312
Mn 88 231
P fractions (mg kg− 1)
H2O-P 16.8 21.2
NaHCO3-P 300.2 346.6
Fe/Al-P 420 781
Ca-P 309 230
Stable P 53 235
Mehlich-3 extractable cations (mg L− 1)
Fe 681 545
Mn 46 75
Ca 1233 1735
Mg 170 254
Al 568 800

pH was measured in 1:2 soil: water slurry. CEC: Cation exchange capacity. H2O- 
P: Organic and inorganic P extracted by distilled water. NaHCO3-P: Organic and 
inorganic P extracted by NaHCO3. Fe/Al-P: Organic and inorganic P extracted by 
NaOH. Ca-P: Inorganic P extracted by HCl. Stable P: Residual P.
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oxic (9–14) or anoxic (<9) based on the pe + pH values. Both depths of 
the two soils examined in the current study were in an anoxic condition 
during the five rainfall events (Fig. 2). The pe + pH value of the 2 cm 
depth varied from 6.32 to 7.37 across the four rainfall events in the 
Recent soil, while it varied from 4.72 to 6.27 in the Pallic soil. At the 10 
cm depth, this value varied from 7.38 to 8.23 in the Recent soil and 7.06 
to 7.52 in the Pallic soil (Fig. 2). The average Eh recorded for any depths 
of any of the rainfall events of the two soils were below 33 mV 
(Supplementary Fig. S2). The Eh of the 10 cm depth of both soils showed 
high Eh values (more oxidised) compared to the 2 cm depth 
(Supplementary Fig. S2). The Eh of the 10 cm depth soil was signifi
cantly (p < 0.05) higher compared to the 2 cm depth in rainfall events 2 
and 4 in the Recent soil. A relatively oxidised layer was observed in the 
Recent soil below ⁓4 cm, compared to the soils above this depth when 
the soil profile was sampled at the end of the experiment (Table 1). This 
may be due to a trapping of oxygen below the 2 cm layer due to a fine silt 
layer on the soil surface, preventing/delaying infiltration. This observed 
fine silt layer might have developed due to the constant deposition of silt 
particles as water often flows in these CSAs. However, the increase of the 
pe + pH value at the 10 cm depth compared to 2 cm depth, was not 
significantly different except for event 2 in the Recent soil (p < 0.05).

3.4. Variation of porewater and floodwater DRP following rainfall events 
and relationship with rainfall characteristics

The interaction between event and depth was not significant for 
porewater DRP in either of the soils. Further, the porewater DRP con
centrations measured at two soil depths were not significantly different 
in either of the soils. The porewater DRP measured at different rainfall 
events from the two soils were not significantly different except during 
rainfall event 3 for the Pallic soil, which reported significantly (p < 0.05) 
higher DRP concentration than the other events. The porewater DRP 
concentrations from the 2 cm depth varied from 0.65 to 1.03 mg L− 1 and 
it varied from 0.32 to 0.98 mg L− 1 at the 10 cm depth of the Recent soil 
across four rainfall events (Fig. 3). In the Pallic soil, the porewater DRP 
concentrations varied from 0.26 to 2.31 mg L− 1 at the 2 cm depth and 
0.27–1.02 mg L− 1 at the 10 cm depth.

The floodwater DRP concentrations measured from the two soils 
were not significantly different among the rainfall events, except in 
rainfall event 4 in the Recent soil, which was significantly (p < 0.05) 
higher than the DRP concentrations measured from the other three 
rainfall events (Fig. 5). The floodwater DRP concentrations during the 
experimental period varied from 0.13 to 0.87 mg L− 1 and 0.19–0.54 mg 
L− 1 in the Recent and Pallic soils, respectively. The DRP concentration 
measured from neither depth of the two soils were significantly corre
lated with floodwater DRP (data is not shown).

The floodwater DRP of the Recent soil showed significant negative 
relationships (range of R2 = 0.32–0.52, p < 0.05) with the previous 24 h 
and four-day rainfall amounts (Fig. 4). However, the porewater DRP at 

any of the depths of the Recent soil showed no significant regression 
relationship with rainfall characteristics. Comparatively, the porewater 
DRP at the 2 cm depth of the Pallic soil showed significant negative 
regression relationships (range of R2 = 0.20–0.30, p < 0.05) with both 
previous 24 h and four-day rainfall amounts, while both depths showed 
significant positive relationships (range of R2 = 0.16–0.35, p < 0.05) 
with the previous 24 h and four-day dry periods (Fig. 4). The floodwater 
DRP measured from the Pallic soil did not show a significant relationship 
with any of the rainfall characteristics. However, since these relation
ships were derived from only 5 rainfall events out of 36, there is a 
possibility that they may be biased or not representative of other rainfall 
events.

3.5. Variations in porewater cation concentrations and the relationship 
with porewater DRP and other parameters

The interaction between event and depth was not significant for any 
of the porewater cations (Mn, Fe, Ca and Mg) of the two soils. The 
average porewater Mn, Fe, Ca and Mg concentrations of the 10 cm depth 
of both the Recent and Pallic soils were 1.9–3.9-fold higher compared to 
that of the 2 cm depth (Fig. 5). However, only the Pallic soil showed 
significant (p < 0.05) increases in porewater cation concentrations at the 
10 cm depth compared to the 2 cm depth, with few exceptions (Fig. 5). 
There was no significant difference in the porewater cations among the 
events, except the Mg concentration measured in event 2 of the Recent 
soil, which were significantly (p < 0.05) higher than the other three 
events. The Fe concentration measured from the same event for the 
Pallic soil, was significantly (p < 0.05) lower than the rest of the events.

Pearson correlation analysis showed no significant correlation 
among porewater DRP in the Recent soil (both depths combined) and 
any of the porewater cation concentrations (Ca, Mg, Mn, Fe) or with 
DOC, Eh, pH and pe + pH (Supplementary Table S2). The porewater DRP 
concentration measured in the Pallic soil (both depths combined) 
showed significant correlations with only DOC (r = 0.41, p < 0.01) and 
pH (r = − 0.36, p < 0.05), but not with any of the cations. However, the 
Pearson correlation analysis conducted for separate depths for the two 
soils revealed significant positive correlations between porewater Fe 
concentration and DRP at the 10 cm depth for the Recent soil (r = 0.77, 
p < 0.05) and porewater DRP at the 2 cm depth for the Pallic soil (r =
0.76, p < 0.001).

3.6. Changes in P fractions

The total water extractable P fraction (H2O-P) of the Pallic soil (21.2 
mg kg− 1) was slightly higher than the Recent soil (16.8 mg kg− 1) at the 
beginning of the experiment. This fraction increased by 1.2-fold at both 
the 0–2 and 2–8 cm depths and by 0.4-fold at the 8–10 cm depth in the 
Recent soil towards the end of the experiment (Supplementary Fig. S4). 
The H2O-P fraction of the Pallic soil remained the same at the 0–2 and 

Fig. 2. Overall redox status of the soil solution during each event as pe + pH varied in the 2 and 10 cm depths of the two soils following rainfall events. Redox zones 
are indicated by dashed lines. The error bars represent the standard errors of the means. The rainfall events (X axis) are spaced based on the number of days between 
the events.
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2–8 cm depths and increased by 0.3-fold at the 8–10 cm depth towards 
the end of the experiment (Supplementary Fig. S4). None of these 
changes were significant.

The labile P fraction (sum of H2O-P and NaHCO3 extractable P 
(NaHCO3-P) fractions) in the Recent and Pallic soils ranged from 317 to 
368 mg kg− 1 at the beginning of the experiment (Table 2). This fraction 
increased at all of the three depths in the Recent soil with time, but the 
changes were significant (p < 0.05) only at the 2–8 cm depth (Fig. 6). In 
the Pallic soil, the labile P fraction decreased by ⁓0.3-fold at the 0–2 cm 
depth, remained unchanged at the 2–8 cm depth and increased by ⁓0.4- 
fold at the 8–10 cm depth with time (Fig. 6). None of these changes were 
significant. There were no significant changes in the moderately labile P 
fractions of the three depths of the Recent and Pallic soils with time 
(Fig. 6).

The total P (sum of all the eight fractions) concentration increased by 
0.1 and 0.5-fold at the 0–2 and 2–8 cm depths and remained unchanged 
at the 8–10 cm depth in the Recent soil, with time (Fig. 6). Only the 
increase in total P concentration at the 2–8 cm depth in the Recent soil 
was significant (p < 0.05). In the Pallic soil, although the changes were 
not significant, total P concentration decreased by 0.2-fold at the 0–2 cm 
depth, remained unchanged at the 2–8 cm depth and increased by 0.3- 
fold at the 8–10 cm depth over time (Fig. 6).

3.7. Changes in P species during rainfall events - thermodynamic 
modelling

Two depths of the Recent and Pallic soils were supersaturated with 
Ca, Mn phosphates, namely FCO3-Apatite, and MnHPO4, and with 
several Fe/Al oxy(hydr)oxides namely Fe(OH)2.7Cl0.3, goethite, hema
tite, hercynite, lepidocrocite, magnetite and diaspore in all rainfall 
events (Tables 3 and 4). In addition, the Pallic soil was supersaturated 
with hydroxyapatite, siderite, rhodochrosite, MnCO3 and gibbsite in all 
the rainfall events. The Recent soil was supersaturated with Fe(II) 
phosphates (vivianite) and carbonates (siderite) and Mn(II) carbonates 
(rhodochrosite) towards the middle and the end of the experiment 
(Table 3). The Pallic soil was supersaturated with Fe(Ш) oxy(hydr)ox
ides such as ferrihydrite, maghemite and magnesioferrite only at the 10 
cm depth (Table 4).

4. Discussion

4.1. Impact of rainfall characteristics on DRP release

In the present study, the release of dissolved P from the Recent soil 
was not influenced by rainfall amount or duration. The significant 
negative regression relationships between floodwater DRP of the Recent 
soil and previous 24 h and four-day rainfall amounts (Fig. 4) implies the 
effect of dilution on the floodwater DRP. This may be related to the 

drainage pattern of the Dairy 1 site having Recent soil. At Dairy 1, 
floodwater accumulated at the sampling site with time following a 
rainfall event, which may have diluted the floodwater DRP concentra
tion. The significant negative correlations which existed between the 
previous 24 h and four-day rainfall amounts and porewater DRP at the 2 
cm depth in the Pallic soil, may be due to a dilution effect. Considering 
the larger catchment area of the CSA at Dairy 4 (Pallic soil) farm site 
(⁓16.6 ha), there is a possibility that a high volume of runoff in 
floodwater increased lateral waterflow below the soil surface diluting 
the porewater DRP concentration. However, the same effect of rainfall 
amount on the porewater DRP of the Pallic soil was not observed at the 
10 cm depth. Further, floodwater DRP of the Pallic soil did not signifi
cantly correlate with any of the tested rainfall characteristics. In contrast 
with the Dairy 1 CSA site, floodwater at Dairy 4 (Pallic soil) drained off 
quickly following rainfall. The tile drainage system underlaying sub
surface soil and slope on this CSA might also aided the draining of runoff 
in this site (Table 1). The significant positive regression relationships 
between the porewater DRP measured on the Pallic soil in the previous 
24 h and four-day dry period (Fig. 4) may be due to the concentration of 
the released dissolved P in the soil pore spaces. Previous simulated 
rainfall studies have revealed positive relationships between DRP in 
runoff and rainfall intensity in different soils including mesic Aquic 
Fragiudalfs (Kleinman et al., 2006) and mesic Typic Hapludults (Shigaki 
et al., 2007), which is the opposite to findings of the present study. 
However, it is likely that the effect of rainfall characteristics on the 
porewater and floodwater DRP may have been influenced by other 
factors in this case, such as hydrology and landscape position (Buda 
et al., 2009).

4.2. Effect of overall redox status on DRP release

Although previous laboratory incubation studies with soil monoliths 
on pH, Eh, pe + pH variations under submergence of various soils 
observed significant correlations/linear relationships between those 
parameters and porewater DRP (Vitharana et al., 2021; Weerasekara 
et al., 2021), significant correlations between those parameters and 
porewater DRP were not observed in this experiment, except for pH in 
the Pallic soil (Supplementary Table S2). A glasshouse study, using the 
same two soils from the same catchment revealed significant negative 
correlations (r = − 0.32 to − 0.53, p < 0.01) among porewater DRP and 
Eh and pe + pH (Unpublished: under review). The complex field con
ditions and soil heterogeneity resulting in a contribution of different 
sources for DRP and dilution effect, may be one reason for the lack of 
significant correlation between porewater DRP and these parameters. 
The increase in pH in both soils upon submergence is likely due to the 
reduction of Fe and Mn oxides, which consumes H+ ions (Fageria et al., 
2011). This is supported by Eh values below 33 mV and the pe + pH 
values below 8.2, indicating that Mn and Fe reduction had already 

Fig. 3. Variations in dissolved reactive phosphorus in porewater at the 2 and 10 cm depths and in floodwater measured from a critical source area on a Recent and 
Pallic soil following five rainfall events. The error bars represent the standard errors of the means. The rainfall events (X axis) are spaced based on the number of days 
between the events.
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commenced in these soils. The increasing porewater Mn and Fe con
centrations measured in the two soils with time, suggested the reductive 
dissolution of Fe and Mn minerals (Fig. 5). Similarly, this was evident via 
significant (p < 0,05) correlations among Eh, porewater DRP, Fe and Mn 
concentrations in previous incubation studies conducted under sub
mergence (Amarawansha et al., 2015; Kumaragamage et al., 2020). The 
P release occurred through soil biogeochemical transformations and its 
relationship to soil pH and Eh may have been masked by the dilution 
effect (McDowell et al., 2001, 2004) from rainfall under field condition.

4.3. Risk of P release from the Recent and Pallic soils

Both the Recent and Pallic soils released DRP to porewater at both 
the 2 and 10 cm depths. There can be a diffusion of DRP from porewater 
to overlying floodwater of the two soils as there is a concentration 

gradient where the porewater concentrations of the soils were 1.5–1.9- 
fold higher than the floodwater DRP concentrations. Floodwater DRP 
depends on both DRP release from porewater and efficient diffusion of 
dissolved P to overlying floodwater (Kumaragamage et al., 2020). A 
glasshouse experiment conducted using field soil blocks of these same 
two soils demonstrated significant positive correlations (r = 0.49–0.66, 
p < 0.01) between porewater DRP measured at the 2 and 10 cm depths 
with overlying pondwater under submergence (Unpublished: under re
view). However, since the glasshouse experiment had stagnated over
lying water which did not represent the constantly flowing water 
observed in this field study, the results/observations from the glasshouse 
study cannot be directly related to this current field study. The reason for 
not observing significant correlations between porewater DRP and 
floodwater DRP from the two soils during submergence, may be because 
of other factors influencing floodwater DRP (eg: dilution effect and 

Fig. 4. Regression relationships between rainfall characteristics and porewater DRP at the 2 and 10 cm depths and floodwater DRP from the Recent and Pallic soils. * 
Indicates statistically significant regression (p < 0.05) relationships. Statistically non-significant regression relationships are not shown.
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contribution from other P sources). However, the stagnated floodwater 
following a rainfall event at the Dairy 1 farm site (Recent soil) may have 
given the necessary/more time for DRP diffusion to overlying flood
water, compared to the Pallic soil.

The average floodwater DRP concentrations of the Recent and Pallic 
soils were 35 and 43-fold higher than the targeted DRP concentration 
(0.01 mg L− 1) for the Manawatū River (lower Manawatū sub zone) 
declared by the Manawatū-Wanganui Regional Council (One Plan, 
2024). Considering the proximity of the two CSAs to freshwater bodies; 
⁓100 m (Recent soil) and ⁓500 m (Pallic soil), the elevated floodwater 
concentrations pose eutrophication risk. For example, minor increases in 
P even at picomolar concentrations can potentially stimulate algal 
production under the right conditions (Hudson et al., 2000) and dis
solved P can be absorbed quickly (Barlow-Busch et al., 2006). The 
floodwater from the CSA located at Dairy 1 farm (Recent soil) is directly 
connected to the Manawatū River, while the floodwater from the other 
CSA (Pallic soil) connects to the Manawatū River via two other 

streams/rivers (Table 1). Due to its proximity to the Manawatū River, 
there is a possibility of ground water table rise in the Dairy 1 CSA site, 
especially during winter. This could lead to associated P release due to 
redox induced processes. Therefore, although both soils showed a 
similar magnitude of risk of releasing DRP from soils, DRP release from 
the Recent soil to floodwater is riskier in this case. However, the ulti
mate magnitude of DRP concentration which passes to a water body will 
depend on flow path length (McDowell and Sharpley, 2002; Doody et al., 
2006), dilution (Shigaki et al., 2007), and landscape processes such as 
land use practices (Sharpley et al., 2002).

The H2O-P fraction is important not only within the topsoil but also 
the subsoil layers. This is because, water infiltrates the soil following 
rainfall, then percolates and from there, can be subject to lateral 
movement according to slope gradient (Tarboton, 2003). Therefore, 
H2O-P in both the surface and subsoil depths can easily be mobilised by 
runoff following a rainfall event. An increasing H2O-P and labile P 
fraction at all depths in the Recent soil with time, confirmed that the 

Fig. 5. Porewater concentrations of selected cations (Mn, Fe, Ca, and Mg) measured at the 2 cm and 10 cm depths following five rainfall events on the Recent and 
Pallic soils. The error bars represent the standard errors of the means. Different scales are used for different cation concentrations (Y axis). Significant (p < 0.05) 
differences indicate comparison between depths only.
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Recent soil was more susceptible to P release upon submergence in this 
study. However, attention must be paid to the increasing H2O-P con
centration in the 8–10 cm depth of the Pallic soil, as subsurface loss of 
DRP can still have significant impacts on freshwater quality, especially 
when the soil P sorption capacity is low (King et al., 2015), which is not 
the case for the Pallic soil.

Apart from the P release from soils, several other sources are likely to 
have contributed to elevated DRP concentrations in floodwater in this 
study. For example, P sources such as organic manure (McDowell et al., 
2004, 2007), unutilised inorganic fertilisers (Hart et al., 2004), and 
effluent spray in the upper catchment areas (Che et al., 2022) can be 
mobilised in runoff during rainfall events. Application of effluent at 
Dairy 4 (Pallic soil) in the upper catchment, might have contributed to 
the floodwater DRP concentrations measured in the current study. In 
contrast, soil properties such as degree of P saturation affects P loss risk 
from soil (Pradhan et al., 2021). In this experiment, the Recent soil re
ported low ASC and low concentrations of oxalate extractable Fe and Al 
compared to the Pallic soil (Table 2), further implying a higher risk of P 
loss from this soil.

4.4. Mechanisms of P release

The major P releasing mechanism for the two soils is most likely to be 
reductive dissolution of Mn and Fe oxy(hydr)oxides and subsequent 
release of P. This was supported by severe reduced status in soils, with 
low Eh values (<33 mV) and elevated porewater Mn and Fe concen
trations (Fig. 5). In neutral soils (pH = 7), Mn(IV) ions reduce to Mn(II) 

ions within the redox range of 200 to 100 mV, and Fe(Ш) ions reduce to 
Fe(II) ions within the redox range of 0 to − 100 mV (Marschner, 2021). 
Supersaturation of both Recent and Pallic soils with Fe(II) and Mn(II) 
phosphates towards the middle and the end of the experiment and 
undersaturation of soil solution with several Fe(III) oxy(hydr)oxides 
(ferrihydrite, maghemite, Fe3(OH)8, magnesioferrite) throughout the 
experiment (Tables 3 and 4), suggested that the reductive dissolution of 
Fe(Ш) and Mn(IV)/Mn(Ш) minerals may have occurred, potentially 
contributing to P associated with them. Previous studies reported sig
nificant correlations between porewater Mn and Fe with porewater DRP 
(Smith et al., 2021; Amarawansha et al., 2015). Although significant 
correlations between porewater Mn and DRP were not observed for any 
of the soils in this study, significant correlations with porewater Fe 
concentrations were observed for porewater DRP from the 10 cm depth 
for the Recent soil (r = 0.77, p < 0.05) and the 2 cm depth for the Pallic 
soil (r = 0.76, p < 0.001). Elevated porewater Mn and Fe concentrations 
do not necessarily represent reduced Fe(Ш)-P and Mn(IV)/Mn(Ш)-P 
minerals. In contrary, significant changes in the Fe/Al-P fraction during 
the experiment in any of the soils were not observed, probably because 
the changes occurred in those P fractions were not great enough to 
detect by the P fractionation procedure (Attanayake et al., 2022).

It is possible that dissolution of Ca and Mg phosphates contributed to 
the porewater DRP elevation in these soils, as suggested by the 
increasing porewater Ca and Mg concentrations (Fig. 5). However, the 
fractionation analysis did not show any significant decreases in Ca-P 
fraction with time, in any of the soils corresponding to dissolution of 
Ca-P.

Fig. 6. Labile, moderately labile (NaOH extractable P: Fe/Al-P, and HCl extractable P: Ca-P) and stable P fractions of 0–2, 2–8 and 8–10 cm depths of the Recent and 
Pallic soils at the middle and at the end of the experimental period. The error bars represent the standard errors of the means (n = 3).
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5. Limitations and implications for P management in CSAs

Several factors were uncontrollable in this study given the nature of a 
field experiment. For example, although elevated floodwater DRP con
centrations were reported for both soils in this experiment, DRP release 
from soils were not the sole source of P in floodwater, as there could 

have been contributions from other sources such as organic manure, 
inorganic fertiliser and effluent. Although the DRP release from the 2 cm 
depth was reported, under field conditions, this depth can be slightly 
variable due to depositions with runoff or the erosion of the surface soil 
layer. Although a considerable number of studies have been conducted 
under simulated rainfall conditions at the field and laboratory scale, 

Table 3 
Saturation indices of P minerals from Visual MINTEQ at the 2 and 10 cm depths in the Recent soil during four rainfall events.

Event 1 Event 2 Event 4 Event 5

2 cm depth 10 cm depth 2 cm depth 10 cm depth 2 cm depth 10 cm depth 2 cm depth 10 cm depth

Ca phosphates
Ca3(PO4)2 (β) X X X 0.38 X X X X
FCO3-Apatite 6.76 5.03 12.92 20.48 11.64 10.12 11.50 17.47
Hydroxyapatite X X 2.54 7.40 1.94 1.01 2.22 5.18
Fe/Mn phosphates
Vivianite (FeII) X X 0.99 4.43 2.52 1.13 2.37 4.13
MnHPO4 (MnII) 1.51 1.39 2.11 2.63 2.20 1.90 2.20 2.66
Fe/Mn carbonates
Siderite (FeII) X X 0.20 1.48 0.82 0.29 0.22 1.11
Rhodochrosite (MnII) X X 0.62 1.64 0.63 0.46 0.19 1.31
MnCO3 (am) X X 0.13 1.16 0.13 X X 0.82
Fe/Al oxy(hydr)oxides
Fe(OH)2.7Cl0.3 2.14 2.64 2.53 6.02 2.37 3.55 3.11 5.57
Ferrihydrite (FeШ) X X X 2.48 X 0.38 X 1.90
Ferrihydrite (aged) X X X 2.99 X 0.89 X 2.41
Goethite (FeШ) 1.45 1.90 1.93 5.50 1.93 3.28 2.50 4.93
Hematite (FeШ) 5.24 6.14 6.19 13.35 6.23 8.93 7.34 12.19
Hercynite (FeII) 0.47 0.51 4.37 5.67 3.00 5.94 4.62 7.02
Lepidocrocite (FeШ) 1.01 1.46 1.53 5.11 1.34 2.69 2.11 4.53
Fe3(OH)8 (FeШ, FeII) X X X 4.32 X X X 2.88
Maghemite (FeШ) X X X 6.57 X 1.75 0.57 5.42
Magnesioferrite (FeШ) X X X 6.69 X 0.63 X 4.86
Magnetite (FeШ, FeII) 8.50 9.18 10.44 19.47 10.91 13.54 11.89 18.04
Al(OH)3 X X 0.91 0.61 X 1.47 0.88 1.43
Boehmite X X 0.52 0.23 X 1.12 0.49 1.04
Diaspore 0.87 1.00 2.34 2.05 1.39 2.90 2.31 2.87
Gibbsite X 0.12 1.46 1.16 0.52 2.02 1.43 1.98

X: indicates negative saturation indices.

Table 4 
Saturation indices of P minerals from Visual MINTEQ at the 2 and 10 cm depths in the Pallic soil during four rainfall events.

Event 2 Event 3 Event 4 Event 5

2 cm depth 10 cm depth 2 cm depth 10 cm depth 2 cm depth 10 cm depth 2 cm depth 10 cm depth

Ca phosphates
Ca3(PO4)2 (β) X X X X X X X X
FCO3-Apatite 11.61 17.58 15.17 15.94 10.63 12.96 11.50 17.39
Hydroxyapatite 1.95 5.40 3.87 4.16 1.37 2.62 1.87 5.16
Fe/Mn phosphates
Vivianite (FeII) X X 3.17 3.23 1.13 2.22 1.17 3.72
MnHPO4 (MnII) 2.11 2.53 3.19 3.16 2.43 2.55 2.36 2.69
Fe/Mn carbonates
Siderite (FeII) 0.14 0.12 0.63 0.89 0.40 1.06 0.35 1.47
Rhodochrosite (MnII) 1.05 1.83 1.03 1.44 0.96 1.56 0.97 1.84
MnCO3 (am) 0.57 1.34 0.54 0.96 0.47 1.07 0.49 1.36
Fe/Al oxy(hydr)oxides
Fe(OH)2.7Cl0.3 2.23 3.79 2.44 4.34 1.71 4.35 1.41 4.68
Ferrihydrite (FeШ) X X X 0.46 X 0.76 X 1.01
Ferrihydrite (aged) X 0.51 X 0.97 X 1.27 X 1.52
Goethite (FeШ) 1.54 3.03 1.58 3.46 1.03 3.66 0.69 4.04
Hematite (FeШ) 5.42 8.40 5.50 9.26 4.42 9.68 3.72 10.41
Hercynite (FeII) 6.22 3.10 1.73 4.31 3.31 4.92 2.57 5.82
Lepidocrocite (FeШ) 1.14 2.63 1.15 3.02 0.44 3.07 0.29 3.64
Fe3(OH)8 (FeШ, FeII) X X X X X X X 1.00
Maghemite (FeШ) X 1.62 X 2.40 X 2.50 X 3.63
Magnesioferrite (FeШ) X 1.20 X 1.00 X 1.88 X 2.97
Magnetite (FeШ, FeII) 9.52 12.80 9.80 13.98 8.73 14.73 8.05 16.15
Al(OH)3 1.90 0.19 X 0.63 0.30 0.74 X 0.88
Boehmite 1.51 X X 0.25 X 0.39 X 0.49
Diaspore 3.33 1.63 0.98 2.06 1.73 2.17 1.40 2.32
Gibbsite 2.45 0.74 0.10 1.18 0.85 1.29 0.51 1.43

X: indicates negative saturation indices.
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limited studies have been conducted in actual field conditions to 
quantify DRP loss from CSAs under natural rainfall. The associated 
complexity due to combining numerous factors such as soil heteroge
neity, landscape, hydrology, and climate, made it difficult to detect 
significant correlations between factors affecting DRP release. There
fore, field data should be combined with laboratory or controlled 
environment studies to help explain the processes of DRP loss.

This current study revealed both Recent and Pallic soils release DRP 
to porewater upon submergence, following intermittent rainfall, mainly 
due to the reductive dissolution of Mn and Fe oxy(hydr)oxides. Elevated 
DRP concentrations were recorded in floodwater collected from two 
CSAs in close proximity to the Manawatū River. Further, the effect of 
rainfall characteristics such as intensity and duration can be masked by 
other factors such as hydrology, and landscape position under field 
conditions. The findings of this study underscore the importance of 
targeted management strategies to mitigate dissolved P runoff from 
CSAs which undergo frequent submergence during rainfall events. The 
method established in this study can be used as a practical tool for 
resource managers aiming to reduce P contamination and manage 
eutrophication risks in other high-risk CSAs in the future. Further, the 
study has enhanced current understanding of the mechanisms of P 
release under short-term submergence of CSAs. This knowledge can be 
further extended to identifying and verifying P species using advanced 
techniques, such as X-ray absorption near-edge structure (XANES) 
spectroscopy (Palihakkara et al., 2024). Future research should be 
focused on mitigating P loss from these CSAs during periods of high-risk 
for surface runoff, such as during winter. This study highlighted 
redox-induced P release from CSAs during short-term submergence; 
therefore, as future research, the effect of seasonal variations in soil 
nitrate abundance on P release should be investigated to develop tar
geted P management strategies.
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