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Colloids can be important for facilitated transfer of phosphorus (P) to groundwater (GW) and contribute to
elevated P concentrations later delivered to surface water. To assess the role of colloidal P and other P fractions
in delivery processes via below-ground pathways, this study investigated the influence of catchment and flow
event characteristics on particulate (>450 nm), medium-sized colloidal (200–450 nm) and fine (<200 nm) P
fractions in two agricultural hillslopes (TG, TA). Total and dissolved P fractions and their derivatives were also
monitored. Samples in both stream and GW were taken weekly during baseflow conditions and every 2 h during
storm conditions. Higher frequency monitoring of streamflow was also conducted to delineate hydrological
flowpaths and determine P loads and hysteresis processes. Results indicated that during baseflow fine P was
dominant in the streams (80 to 100 % of total P) and in shallow GW in TA (83 to 96 %) whereas in TG shallow
GW was dominated by PP (55 to 96 %) possibly due to colloidal Fe-P complexes. Similarly, in TG shallow GW
was dominated by PP (79 to 81 %) during high flow events. During a larger flow event (within the period of land
fertilization) the quickflow pathway (24 % of total flow) delivered 3.2 g ha− 1 of PP which was dominant in the
stream (44 to 68 %). A smaller flow event (within the period of prohibited land fertilization) facilitated delivery
of P via deeper baseflow pathways (87 % of total flow) as fine reactive P (1.3 g ha− 1), also dominant in the stream
(73 to 78 %). The research indicated a very limited presence of medium-sized colloidal P but a large presence of
fine P that may contribute to elevating P concentrations above environmental thresholds. Further work should
constrain the controlling factors for colloidal P presence/absence and also on the extent and speciation of coarser
and finer fractions in the hillslope to stream continuum.

1. Introduction
Phosphorus (P) is a key nutrient for plant growth and food security
(Cordell and White, 2014) but it can also be lost from agricultural land
and contributes to the eutrophication of water bodies (Withers et al.,
2014). This is a continuing global problem (Sinha et al., 2017) and a
challenge for achieving water quality targets. In many countries, for
example, the principal issue in trying to achieve good ecological status is
an excess of nutrients from terrestrial sources (Sharpley et al., 2000;
Schoumans et al., 2014; Sinha et al., 2017).
For the most part, research and mitigation measures for P have
focused on above ground hydrological pathways (Doody et al., 2012;
Moloney et al., 2020) and there has been little focus on below-ground P
delivery to surface water (Holman et al., 2008; McDowell et al., 2015).

However, subsurface pathways can contribute to maintained P delivery
to surface water over the year including summer periods of high
eutrophication and ecological risk (Shore et al., 2017).
Concentrations of P in GW are influenced by soil chemical and
physical properties such as aluminium (Al) and iron (Fe) content
(Lookman et al., 1995; Mellander et al., 2016), pH and clay content
(Mabilde et al., 2017) or macropores and preferential flowpaths (Bol
et al., 2016; Julich et al., 2017). Other influences include bedrock P
(sediments) and dissolution of P-rich minerals (McGinley et al., 2016)
and GW P concentrations can therefore vary in space. Temporal varia
tions have been related to GW depth (Mabilde et al., 2017) and P release
from Fe-oxide reductive dissolution (Dupas et al., 2015; Neidhardt et al.,
2018). Moreover, hydrological dynamics of hillslope shallow subsurface
flows are highly variable in both space and time (Bachmair et al., 2012)
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Fig. 1. Location of the two study catchments in Ireland and instrumentation with study hillslopes and transects (T). For reference, the graph shows average con
centrations (± standard error; only bars in the positive direction are shown) of total dissolved P (TDP), dissolved reactive P (DRP) and dissolved unreactive P (DUP) in
stream and shallow GW (monthly grab samples, 2010–2017 – unpublished ACP data). MS and DS denote midslope and downslope, respectively.

and can influence GW P loads delivered to surface water. Controlling
factors include rainfall (Duan et al., 2017; Lehmann et al., 2007), soil
topography (Bachmair and Weiler, 2012) and/or preferential flowpaths
(Anderson et al., 2009) as well as bedrock topography and permeability
(Tromp-van Meerveld and Weiler, 2008; Graham et al., 2010). Conse
quently, inter-storm event variability can be observed in the quantity
and speciation of P to event climatic drivers and pre-event soil condi
tions (Van Esbroeck et al., 2017) as well as to P sources and seasonality
(Bender et al., 2018). Therefore, despite attenuation processes
(adsorption) occurring in the subsurface soil and bedrock (Neidhardt
et al., 2018), GW P contribution to stream P can be a concern (Mellander
et al., 2016). This can be indicated by a higher contribution of
bioavailable P (to total P (TP)) associated with a greater proportion of
baseflow in rivers (Schilling et al., 2017) and P concentration pressures
greater during baseflow than during stormflow (Shore et al., 2017).
Most surface water and GW monitoring campaigns focus on the total
and dissolved (<450 nm) P fractions, but recent stream monitoring
research has included highly mobile colloidal P fractions. For example,
colloidal P in fractions from 1 nm to 1000 nm have been found to
represent 30 % of stream total dissolved P (TDP) by Gu et al. (2020) and
up to 100 % of TP by Gottselig et al. (2014) with stream P dominantly
bound to Fe-rich colloids (Baken et al., 2016b). However, in these
studies monitoring of colloidal P was carried on a limited frequency and
time window and with no consideration of the role of GW. Hence, as
below-ground flowpaths can contribute to substantial P delivery to
streams in GW driven catchments, leading to elevated P concentrations
throughout the year, an assessment of the role of GW colloidal P in P
delivery processes is required. This is especially relevant as colloidal P
appears to be a much more significant contributor to P losses from
agricultural lands in some landscapes (forested, riparian wetland and
arable areas) than previously assumed (Gottselig et al., 2014; Gu et al.,
2020; Jiang et al., 2015), and is a potentially bioavailable P form
(Montalvo et al., 2015).
A better understanding of how landscape properties control the

spatio-temporal occurrence and intensity of colloidal P delivery is also
required to better evaluate and quantify processes controlling P transfers
in catchments and subsequently better target mitigation measures to
minimise P losses. In particular, the role of soil chemical and physical
properties in controlling colloidal P sources, mobilisation and concen
trations in soil solution is of concern (Henderson et al., 2012; Ilg et al.,
2008; Jiang et al., 2013; Mohanty et al., 2015; Siemens et al., 2004;
Fresne et al, 2021). Additionally, the process of colloidal P transfer
through the soil profile and unsaturated zone (USZ) to GW is not widely
assessed in the field. Agricultural land and fertilization management are
also known to control colloidal P processes (Heathwaite et al., 2005;
Schelde et al., 2006). Moreover, as the quantity and speciation of P
varies with storm events (Bender et al., 2018; Van Esbroeck et al., 2017),
understanding how the interaction of these landscape structures with
climatic variables control colloidal P dynamics in GW and surface water
is required. This would provide better evaluations of the inter-annual
occurrence and intensity of colloidal P delivery and the effect of
climate change on colloidal P processes. The knowledge gap here is
related to colloidal P transfers from hillslope GW to adjacent surface
waters in agricultural catchments.
Therefore, the aim of the present study was to investigate pathway
dynamics and the below-ground delivery of P. For this a hillslope to
stream experiment was established to separate out the 450 nm threshold
so that colloidal P could be considered. The experiment considered P
species either side of this threshold with the intention to isolate the
medium-sized colloidal P species more particularly between 450 nm and
200 nm in a first campaign. Previous batch scale work had suggested this
medium-sized colloidal P fraction had a role in P mobilised from Irish
soils but with the extent determined by soil chemical properties and
fertilizer type (Fresne et al., 2021). As a follow on from this work, the
objectives in this study were to examine the role of colloidal P and other
P fractions delivered to surface water via below-ground pathways in
catchment hillslopes to streams:
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Table 1
Transect soil and lithology characteristics.
Transect

Location

Soil typea

Soil
textureb

TPb (mg
kg− 1 soil)

M3-Pb (mg
kg− 1 soil)

M3-Feb
(mg kg−
soil)

TG

DS

Gleysol

602

90

261

MS

635

45

DS

Cambisol/
Podzol
Luvisol

Sandy
Loam
Loam
Loam

1042

MS

Cambisol

Loam

1010

TA

DPSb
(%)

Hillslope zone –
Geological zone – Screen
depthc

Bedrock hydraulic
conductivityd (m d-1)

818

8.3

0.5

349

791

4.0

131

300

978

10.2

56

171

1034

4.6

Near stream, shallow –
Weathered rock – 4–7 m
Upland, shallow –
Bedrock – 10.5–13.5 m
Near stream, shallow –
Transition zone – 3.5–6.5
m
Upland, shallow –
Weathered rock – 6–9 m

1

M3-Alb
(mg kg−
soil)

1

2.8
4.2
4.2

a

World Reference Base classification
soil tests on composite soil samples (0–40 cm) taken in January 2018 in the study locations (from Fresne et al., 2021). TP: total P; M3-P: Mehlich 3 extractable P;
M3-Fe: Mehlich 3 extractable iron; M3-Al: Mehlich 3 extractable aluminium; DPS: degree of P saturation
c
from Mellander et al. (2014)
d
from McAleer et al. (2016)
b

1) with contrasting dominating soil chemistry and land use;
2) during contrasting (duration, total rainfall, seasonality) rainfall
events.

and minor siltstone and is classified as a productive aquifer. Hydrolog
ical pathways are mostly below ground within the shallow weathered
bedrock. Arable has predominantly arable crop production (spring
barley) with soils dominated by well drained Brown Earth (Cambisol)
(80 %). The bedrock is Ordovician volcanic slate and silt-stone and is
poorly productive with fissure-flow within the stratified zones of highly
permeable weathered rock (Mellander et al., 2012).

2. Materials and methods
2.1. Catchment descriptions
Two catchment observatories in Ireland were used for this study as
part of the long-term Agricultural Catchment Programme (ACP) (Fealy
et al., 2010; Wall et al., 2012): ‘Grassland A’ (7.6 km2) and ‘Arable A’
(11.2 km2) (Fig. 1) named hereafter ‘Grassland’ and ‘Arable’. The two
catchments have groundwater-fed streams but contrasting land use and
stream outlet P concentrations (Mellander et al., 2016). Grassland has
mainly intensively managed grassland farms (dairy and beef) with soils
dominated by well drained Brown Earths (Cambisol) and Brown Podzols
(Podzol) (84 %). The bedrock is Devonian old red sandstone, mudstone

2.2. Experimental set-up
In the centre of each catchment a weather station (Campbell Scien
tific Base Weather Station, Fig. 1) monitored rainfall and standard
meteorological parameters at a 10-minute resolution. Stream discharge
at the outlets of each catchment was calculated via rating curves on flat-v
weirs developed using area-velocity measurements (OTT Acoustic
Doppler Current-meters) and water level measurement with ventedpressure instruments (OTT Orpheus Mini) on a 10-minute basis
Fig. 2. Schematic of the automated low-flow and lowdisturbance GW sampler which operated on a 120 min
cycle described as follows: 1) GW is pumped for 15
min (from t0min to t15min) from the piezometer, the
tank is filled; 2) the multiparameter probe installed in
the tank measures sample oxidation reduction poten
tial (ORP) 15 min later (at t30min); 3) the automated
sampler installed in the tank takes a sub-sample 30
min later (at t60min). The pumping of the next sample
starts 60 min later (at t120min) and the same cycle
starts again.
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Fig. 3. Terminology used for the different operational/colloidal P fractions and species.

(Mellander et al., 2016). Total P and total reactive P concentrations were
measured concurrently with stream discharge using bankside analysers
(Hach Phosphax Sigma), used here to characterise storm events.
In each catchment as part of the ACP there are monitoring wells
along hillslope transects with screens sampling the shallow GW
(described in detail in Mellander et al. (2014) and McAleer et al. (2017))
downslope near the stream channel (DS) and midslope (MS) to investi
gate below-ground nutrient transfer pathways. Transects TG (Grassland)
and TA (Arable) were used for this study as they have previously indi
cated relationships with contrasting stream P concentrations (Mellander
et al., 2016) and different P fractions in shallow GW (Fig. 1). Transect
soil and lithology characteristics are shown in Table 1.
In addition to this long-term monitoring instrumentation, mini ly
simeters (Dupas et al., 2015) were installed in triplicate at DS and MS
sites on the TG and TA transects to capture free soil solution in the USZ at
a depth of 40 cm (Appendix Figure A). This was to determine baseline
soil water P concentrations potentially influenced by site static charac
teristics (soil, subsoil), in relation to previous findings by Fresne et al.
(2021) on the influence of soil chemistry on medium-sized colloidal P.
Near-stream (DS) monitoring wells on the TG and TA transects were
set-up with additional equipment to capture chemistry changes during
storm events. The shallow GW was automatically sampled using a
bespoke automated low-flow and low-disturbance GW sampler (Fig. 2).
The system consisted of a pump connected to a timer, an intermediate 4
L tank and an automated sampler (ISCO 1612, Teledyne) and was started
manually at the onset of storm rain. The pumping speed was set to less
than the aquifer recharge rate and the pumped volume (from t0 to t15min)
was three times the volume of the tank to insure a full replenishment of
the tank and limit sample contamination with previous samples. The
intermediate tank was also fitted with an EXO1 multi-parameter sonde
(YSI), with Oxygen Redox Potential (ORP) data collected to further
contextualise GW conditions.
In the streams adjacent to the DS points on the TG and TA transects,
water level and flow velocity were recorded on a 5-minute basis using a
Flowlink velocimeter (ISCO). Stream discharge was calculated on a 5minute basis after determination of water level/wet area relationship
resulting from stream cross-section measurements. Owing to a mal
function with the velocimeter at TG (Figure B), the adjacent stream
(near TG-DS), and immediately after the Grassland catchment outlet,
were manually gauged (OTT Acoustic Doppler Current-meters) during
low and high flow occasions. The relationship upstream discharge-outlet
discharge was used as a substitute to calculate discharge at TG from the
outlet discharge records. In the streams, an EXO1 multi-parameter sonde
(YSI) was also deployed to gather turbidity data (30-min resolution)
during storm events to validate flow pathway delineations in a later

analysis.
2.3. Baseline and storm sampling
To characterise P in the hillslope-stream continuum, baseline sam
ples were taken from the soil solution , shallow GW and the adjacent
stream. Stream water, and DS and MS soil solution and shallow GW
sampling was carried out weekly. Stream samples were manually
collected using a 500 ml Sarstedt polyethylene container. Groundwater
samples were collected using a 200 ml double valve bailer (Solinst,
Canada). Stream water and shallow GW ORP was measured in situ using
an Aquaprobe AP-700/800 (Aquaread). For soil solution, samples were
manually collected using a 100 ml BD Plastipak polypropylene syringe
rinsed with deionized water between each sampling. No samples were
collected when the soil was dry. All samples were stored in 500 ml
Sarstedt polyethylene containers until filtration.
During storm rainfall events, stream water and near-stream shallow
GW (DS) sampling was simultaneously carried out every 2 h at sites
adjacent to the DS sites. Sampling frequency was chosen by examining
the time of passage of historical stream outlet flow peak data to capture
the whole event. Stream and GW samples were collected using the
automated samplers (ISCO 1612, Teledyne) (24 × 500 ml sample bot
tles, automatically pre-rinsed tubing) that were started manually shortly
before storm rain was forecast to begin. Samples were returned from the
field within 24 h of the first sample being taken. After each sampling
campaign, all sample bottles were dishwasher cleaned using a P free
detergent, washed in an 11 % hydrochloric acid bath, and rinsed in two
successive baths of deionized water.
Storms were contextualised according to antecedent daily soil
moisture deficits (SMD) modelled for well-drained soils (Schulte et al.,
2005) from weather stations data, and by the P fluxes in the streams
using the measured P concentrations and discharge data at catchment
outlets.
2.4. Phosphorus speciation and supporting data
Subsamples of the water samples were kept unfiltered or were
filtered using two filter pore sizes (450 and 200 nm). Filtration was
undertaken using cellulose acetate syringe filters (Sartorius) within 1
(baseline samples) to 3 (storm rainfall samples) hours after the samples
were returned from the field. Raw and filtered samples were stored in
cool boxes for transportation to the laboratory, then refrigerated at 4 ◦ C
prior to analysis. Total P species were determined on unfiltered, digested
(alkaline persulphate oxidation (Askew, 2005) for the TP fraction) and
undigested samples (for the total reactive P (TRP) fraction). Dissolved
4
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Fig. 4. Distribution of the concentrations of total
(blue), dissolved (green), medium-sized colloidal
(yellow) and fine (red) P fractions (total (dark
colour), reactive and unreactive (light colour) P
species) in the locations of transect TG over the
baseline sampling period (August 2019-March
2020). SS denotes soil solution, GW denotes
groundwater, DS denotes downslope and MS de
notes midslope. (For interpretation of the refer
ences to colour in this figure legend, the reader is
referred to the web version of this article.)

species were determined on filtered, digested and undigested samples.
Phosphorus was determined by spectrophotometry after molybdate re
action and ascorbic acid reduction (method detection limit (MDL):
0.005 mg l− 1) (Askew and Smith, 2005a). A flow chart of all the P
species is presented in Fig. 3.
In all filtered and unfiltered samples, the difference between a TP
and a RP fraction was considered an unreactive P (UP) fraction. The 450
nm filtrates were considered as ‘operationally dissolved’ but also the
upper boundary of medium-sized colloidal P species. The 200 nm fil
trates were considered a pool of fine colloidal, nano-particulate, and
truly dissolved P, defined here as fine P. The 200 nm filtrates were also
considered as the lower boundary of medium-sized colloidal P species
(adapted from Missong et al., 2018) (Fig. 3). In this way the difference
between ‘dissolved’ 450 nm filtrates and 200 nm filtrates was considered
the medium-sized colloidal P pool and species. Similarly, the difference
between TP and total dissolved P (TDP) was considered particulate P
(PP) whereby the particles were >450 nm and so therefore in the larger
colloidal range (i.e. including up to 1000 nm and other larger particles).
The period of sampling coincided with normal land management
that included fertilisation. A record of this is provided in Table A.
Unfiltered samples were also analysed for iron (Fe) and aluminium (Al)

using a Varian Vista-MPX CCD-Simultaneous ICP-OES (instrument
detection limit (IDL): 1 µg l− 1) (Gottler and Piwoni, 2005), for organic
carbon (OC) using a non-Diffractive Infra-Red (NDIR) detector after
acidification and combustion (Baird, 2005), and for nitrate-nitrogen
(NO3--N) calculated as the difference between total oxidised nitrogen
(TON) determined by alkaline hydrazine reduction (MDL: 0.1 mg l− 1)
(Askew and Smith, 2005b) and nitrite-nitrogen (NO2--N) determined by
diazotisation (MDL: 0.006 mg l− 1) (Askew and Smith, 2005c).
2.5. Data processing
For each transect, negative concentrations in TP and RP (in the total,
dissolved and fine fractions) within the MDL were replaced by zero
concentrations. Negative concentrations below the MDL were discarded.
Unreactive P concentrations were then calculated as the difference be
tween TP and RP and negative concentrations were managed using the
same procedure as for TP and RP. This procedure occurred when results
were near or below the MDL and a similar procedure was undertaken for
species calculated by difference in the medium-sized colloidal P species.
Percentages of negative values, negative values replaced by zero and
negative values discarded for all P species and fractions of transects TG
5
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Fig. 5. Distribution of the concentrations of
total (blue), dissolved (green), medium-sized
colloidal (yellow) and fine (red) P fractions
(total (dark colour), reactive and unreactive
(light colour) P species) in the locations of
transect TA over the baseline sampling period
(February 2019-June 2019). SS denotes soil
solution, GW denotes groundwater, DS de
notes downslope and MS denotes midslope.
(For interpretation of the references to colour
in this figure legend, the reader is referred to
the web version of this article.)

and TA are presented in Table B. Overall, 12 % of the results in TG and
18 % of the results in TA were processed in this way. The negative
concentrations for the additional chemical parameters (i.e., Al, Fe, TOC,
NO3--N) were handled using the same procedure.
The baseline physico-chemical time series were visualised for each
location and Cook’s D test (Cook, 1979) was performed to statistically
localise and remove potential outliers (assumed when D > 1). Shapiro
Wilk’s normality tests were then performed for each P species, fraction,
and location (as well as for each additional chemical parameter).
Following these tests (data distributions were not normal), median and
interquartile range were calculated for each measured parameter.
For storm rainfall events, measured stream P concentrations at TG
and TA were synchronised with the adjacent total stream flow of the
previous 2 h to calculate P loads delivered during these 2 h.
Concentration-discharge (C-Q) hysteresis was also studied to reveal the
size and mobility of the different P pools (e.g. Bieroza and Heathwaite,
2015). Flowpath separation was carried out on the hydrographs gener
ated by the storms by visual assessment of the inflection points in the
steepness of the event recession limb to delineate quickflow (QF, surface
runoff, drain water and preferential flow), interflow (IF, soil water),
shallow baseflow (SF, shallow GW) and deeper baseflow (BF, deeper

GW) transfer pathways using the terminology for Irish catchments
reviewed in Archbold et al. (2010). Each segment (between two inflec
tion points) represents different dominant transfer pathways. Pathways
were separated logarithmically from the start of the rising limb to the
inflection point, assuming a logarithmic response in baseflow to the
rainfall event. The hydrological transfer pathways were then verified
using turbidity (elevated during QF – presented in Figure C, not verified
during G-2 due to technical issues) using the method described by
Mellander et al. (2012). The average P load for each measured fraction
and species delivered via each pathway was calculated using the average
P concentration and the total stream flow of each pathway. Measured
GW ORP and P concentrations were synchronized with the time when
GW pumping started, which coincided with the time when stream water
was sampled.
3. Results
3.1. Colloidal phosphorus contribution to baseline phosphorus
concentrations
Distributions of the concentrations of the different P fractions and
6
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species in soil solution, shallow GW and stream along the two study
transects TG and TA over the baseline sampling periods are shown in
Fig. 4 and Fig. 5.
In TG-MS, soil solution P and shallow GW P were mainly FRPcoll and
TUP whereas in TG-DS P was mostly TUP (using the terminology in
Fig. 3) (Fig. 4). The fine P (<200 nm; fine colloidal, nano-particulate and
truly dissolved P) fraction contributed to 45 % (based on the median
value) of shallow GW TP at TG-MS and to 4 % at TG-DS. By comparison,
PP (>450 nm; difference between total and dissolved fractions)
accounted for 55 % and 96 % of shallow GW TP at TG-MS and TG-DS,
respectively. TG-stream P concentrations were high (above the Envi
ronmental Quality Standard (EQS) of 35 µg l− 1 of TRP) and P was
dominantly FRPcoll (Fig. 4). This fine P fraction was dominant in TGstream where it accounted for 80 % of TP (65 % as reactive P and 15
% as unreactive P). The medium-sized colloidal P fraction had a limited
contribution (0–2 %) to TP in soil solution, shallow GW and in stream.
In TA-MS, soil solution P was mostly FRPcoll and TUP, and FRPcoll at
TA-DS while shallow GW P was mostly FRPcoll. TA-stream P concen
trations were lower than in TG and below the EQS with P dominantly
FRPcoll (Fig. 5). The fine P fraction was dominant in shallow GW and TAstream where it accounted for 83 % and 96 % of TP at TA-MS and TA-DS,
respectively, and 100 % of TP in TA-stream (reactive P). The mediumsized colloidal P fraction did not appear to contribute to TP in shallow
GW and in the stream and had a limited presence in soil solution at DS (3
% of TP).

(TG) catchment which was a hotspot as suggested by the higher stream P
concentrations and the higher proportion of DUP in stream and GW at
DS (Fig. 1). One storm event (A-1) was monitored in the Arable (TA)
catchment. Hydrometric and hydro-chemical characteristics of the flow
events are presented in Table 2. Flow event G-1 had a long duration with
low total rainfall, G-2 had a long duration with high total rainfall and A1 had a short duration with low total rainfall. Soil moisture deficit before
the event was low and comparable between G-1 and G-2, and higher
before A-1. Event TP load was higher in TG than in TA especially during
G-2.
3.2.2. Phosphorus in shallow groundwater and stream
During flow events in TG (G-1, G-2), stream P concentrations were up
to ten times higher than those measured in TA (A-1). Fine P (TFPcoll)
concentrations peaks were close or above the EQS (Figs. 7, 10, 11).
During G-1, shallow GW P was dominantly TUP (Fig. 6) with con
centrations peaking at the same time as the first P peak in the stream
where FRPcoll was dominant and two P peaks were observed (Fig. 6,
Fig. 7). The BF pathway was dominant (87 % of the total flow) and
transferred mostly FRPcoll (1.3 g ha− 1) (Fig. 8). The clockwise then anticlockwise C-Q hysteresis (Fig. 9) suggested that a first P source was
easily mobilised or proximal whereas a distant second P source was later
connected (Evans and Davies, 1998; House and Warwick, 1998). In
contrast, during G-2, shallow GW P was dominantly TUP as was stream P
(Fig. 6, Fig. 10), especially when the QF pathway was dominant.
Shallow GW P concentrations peaked at the same time as the second P
peak in stream where two P peaks were observed (Fig. 10). Over the
event, 66 % of the flow occurred as BF that transferred both FRPcoll (1.5
g ha− 1) and TUP (1.2 g ha− 1). Quickflow (QF) only transferred 24 % of
the flow but delivered a high load of TUP (3.2 g ha− 1) (Fig. 8). The C-Q
hysteresis showed that the two P sources were proximal or easily

3.2. Colloidal phosphorus contributions to flow event phosphorus
dynamics
3.2.1. Storm events
Two storm events (G-1 and G-2) were monitored in the Grassland

Table 2
Hydrometric and hydro-chemical summary of the flow events monitored in the two study transects.
Transect
Name of flow event

TG
G-1

G-2

TA
A-1

Date of flow event
Duration rainfall event (h)
Total rainfall (mm)
Maximum rainfall intensity (mm h− 1)
SMD day before event (mm)
Total discharge (m3)
Total discharge (mm)
TP (g ha-1h− 1)
TRP (g ha-1h− 1) (% of TP)
TUP (g ha-1h− 1) (% of TP)

14-15th October 2019
17
11.6
3.6
0.0
12 088
4
0.126
0.094 (75)
0.032 (25)

8-10th February 2020
19
28.6
7.2
2.2
25 111
8
0.339
0.102 (30)
0.237 (70)

12th June2019
8
6.4
1.8
25.2
675
0.2
0.003
0.002 (66)
0.001 (34)

Fig. 6. Phosphorus flow weighted average concentrations in the streams during quickflow QF, interflow IF, shallow baseflow SF, deeper baseflow BF and in shallow
GW (SGW) at DS during flow events G-1, G-2 and A-1. Fine P (red) is included in dissolved P (green) which is included in total P (blue). The difference between TDP
and TFPcoll is TPcoll, the difference between DRP and FRPcoll is RPcoll and the difference between DUP and FUPcoll is UPcoll. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Total P, reactive P and unreactive P (in the total, dissolved and fine P fractions) transfer pathways based on hydrograph recession analysis for flow event G-1.
QF, quickflow; IF, interflow; SF, shallow baseflow; BF, deeper baseflow. Horizontal lines represent the baseline median concentrations. The difference between TDP
and TFPcoll is TPcoll, the difference between DRP and FRPcoll is RPcoll and the difference between DUP and FUPcoll is UPcoll.

mobilised with a larger first source (Fig. 9) (Evans and Davies, 1998;
House and Warwick, 1998).
During A-1, shallow GW P was dominantly FRPcoll (Fig. 6) and
concentrations were stable during the event. In the stream, P was mostly
FRPcoll and to a lesser extent TUP and FUPcoll, especially during QF and
IF where concentrations were higher (Fig. 6, Fig. 11). During the event,
94 % of the flow occurred as BF that transferred most of the P load as
FRPcoll (0.025 g ha− 1) (Fig. 8). The C-Q hysteresis showed that the
unique source of P was easily mobilised or proximal (Fig. 9) (Evans and
Davies, 1998; House and Warwick, 1998).

and land use. Contrasts were also revealed during high flow events of
different magnitudes and timing of the year that may be due to dominant
hydrological flow pathways mobilising different P sources.
4.1. Influences of catchment characteristics on colloidal phosphorus
Monitoring of P fractions during baseflow conditions showed that
fine (<200 nm) P is an important component of stream TP as reported
elsewhere (Gottselig et al., 2014; Gu et al., 2020). However, the results
also indicated a limited presence of medium-sized colloidal P species
both at baseline and in storm samples in all parts of the hillslope to
stream continuum. This finding was constantly observed despite con
trasting SMD, land use, storm sizes and stream outlet nutrient fluxes.
Some further interpretation is provided about other parameters
measured in the samples (Table C) and relationships with larger par
ticulates and finer fractions.

4. Discussion
The analysis of water quality data from multiple hillslope locations
revealed contrasting baseline P concentrations, fractions and species
between the two catchments with different dominating soil chemistry
8
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Fig. 8. Stream phosphorus loads during quickflow QF, interflow IF, shallow baseflow SF, deeper baseflow BF during flow events G-1, G-2 and A-1. Fine P (red) is
included in dissolved P (green) which is included in total P (blue). Stream flow expressed as percentage of event total flow. The difference between TDP and TFPcoll is
TPcoll, the difference between DRP and FRPcoll is RPcoll and the difference between DUP and FUPcoll is UPcoll. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 9. Concentration-discharge hysteresis for flow events G-1, G-2 and A-1. Reactive and unreactive P (in the total, dissolved and fine P fractions) are shown at the
top and bottom, respectively. The difference between TDP and TFPcoll is TPcoll, the difference between DRP and FRPcoll is RPcoll and the difference between DUP and
FUPcoll is UPcoll.

For example, higher TP and Fe concentrations measured in TG
(particularly in shallow GW at TG-DS) (Table C) may indicate that P is
associated with Fe in larger (>450 nm) colloidal P complexes. Coarse
colloids are mostly composed of Fe hydroxyphosphate minerals and Fe
oxyhydroxides (Baken et al., 2016a) and, although recent colloidal P
studies have focused on streams, this is also in agreement with the
recurrent observation that stream P is related to colloidal Fe (Gottselig
et al., 2014; Baken et al., 2016b; van der Grift et al., 2018). Moreover,
concentrations in total OC measured in soil solution and shallow GW
(Table C) suggest the presence of highly mobile Fe-OM associations in
TG. Measurements of shallow GW ORP and NO3–-N concentrations
(Table C) revealed specific geochemical processes, similarly observed
by McAleer et al. (2017), which suggests that these Fe-P complexes
originate from the soil, where similar P forms were observed, or from
upslope. Contrary, fine (<200 nm) P may be dominant as an association
of P with OM and amorphous Fe(Al) oxides in nano-particles in TA, as

observed by Jiang et al. (2015). These differences in P binding forms (e.
g. humic-Al(and Fe) association, Fe(hydr)oxides and clay minerals) be
tween TG and TA can result in different reactivity and solubility of
colloidal P complexes (Beauchemin et al., 2003; Liu et al., 2014) with a
lower reactivity of P bound to Fe complexes, as shown by others (Ilg
et al., 2008; Toor et al., 2003; Weng et al., 2011).
Moreover, soil physical properties (e.g macroporosity) facilitating
water flow in TG compared to TA (not presented here) may limit P
attenuation processes by allowing stable forms of P to bypass the soil
matrix via preferential flow. This can play a significant role in PP de
livery to subsurface P loading (Nazari et al., 2020), and facilitate
colloidal P transport (Bol et al., 2016; Julich et al., 2017) and leaching to
GW (Ilg et al., 2008; Mayer and Jarrell, 1995).
Similarly, lower shallow bedrock saturated hydraulic conductivity
(Ksat) in TG compared to TA (Table 1) may facilitate shallow GW P
attenuation/transformation processes before its delivery to the stream
9

M. Fresne et al.

Catena 208 (2022) 105735

Fig. 10. Total P, reactive P and unreactive P (in the total, dissolved and fine P fractions) transfer pathways based on hydrograph recession analysis for flow event G2. QF, quickflow; IF, interflow; SF, shallow baseflow; BF, deeper baseflow. Horizontal lines represent the baseline median concentrations. The difference between
TDP and TFPcoll is TPcoll, the difference between DRP and FRPcoll is RPcoll and the difference between DUP and FUPcoll is UPcoll.

leading to the geochemical heterogeneity observed between shallow GW
at TG-DS and TG-stream, in agreement with McAleer et al. (2017).
Contrary in TA, the higher shallow bedrock Ksat (Table 1) and the sub
sequent limitation of geochemical processes may explain the geochem
ical homogeneity observed.
The results from these baseflow monitoring campaigns suggest that
soil and bedrock controls influence the below-ground delivery of
colloidal P to the stream. The dominant P fractions in both soil water,
GW and stream water may therefore differ within the landscape (Gott
selig et al., 2020). For example, P fractions in OM-richer soils landscapes
may differ from the particulate and fine P fractions mainly observed in
this study. High permeability soils and landscapes (such as karst land
scapes, for example) may lead to similar P fractions in soil water, GW
and stream water, while lower permeability soils may result in more
heterogeneity. To better support this, investigations of P fractions in
other chemical and physical settings are required. To further refine
process understanding of colloidal P delivery to stream water,

monitoring should also include the particulate and fine P fractions
(Gottselig et al., 2014; Gu et al., 2020).
4.2. Influences of storm event characteristics on colloidal phosphorus
Monitoring of P fractions during high flow events showed that during
both events in TG, shallow GW delivered similar P fractions to the
stream most likely due to similar GW redox conditions (revealed by ORP
and NO3–-N measurements – Table D). High GW Fe concentrations
(Table D) and associated stream P and Fe peaks suggest that GW P is
associated to Fe, a common association in the coarse colloidal fraction
(Baken et al., 2016a). During these events, results suggested that GW P
was delivered to the stream 5 (G-1) to 17 (G-2) hours after the flow
started to rise. Similar to baseflow conditions, the low sandstone
bedrock Ks (Table 1) may facilitate the attenuation/transformation of PFe associations before their delivery to the stream by promoting deni
trifying conditions in shallow GW (Table D). Hence, the fine P fraction
10
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Fig. 11. Total P, reactive P and unreactive P (in the total, dissolved and fine P fractions) transfer pathways based on hydrograph recession analysis for flow event A1. QF, quickflow; IF, interflow; SF, shallow baseflow; BF, deeper baseflow. Horizontal lines represent the baseline median concentrations. The difference between
TDP and TFPcoll is TPcoll, the difference between DRP and FRPcoll is RPcoll and the difference between DUP and FUPcoll is UPcoll.

was dominant in the stream during G-1 (85–96 % of TP) even though it
was not dominant in GW, independently of the rainfall event (19–21 %
of TP). However, the high P load transferred via the QF pathway during
G-2 may explain the dominance of TUP in stream during this event. This
is in agreement with Heathwaite and Johnes (1996) who found that PP
represented a significant P fraction in surface runoff and confirmed by
Van Esbroeck et al. (2017) who showed an increase in PP concentra
tions, particularly in surface runoff, with rainfall. Investigation of the
larger colloidal fractions would be needed to show their role as P-car
riers, as PP represented 79 to 81 % of shallow GW TP and 44 to 68 % of
stream TP during G-2.
During A-1 in TA, results suggested that GW P was delivered more
quickly to the stream than in TG (2 h after the flow started to rise) due to
the higher shallow bedrock Ks (Table 1). The fine P fraction had an
important role in-stream (80 to 100 % of TP) due to its dominance in GW
(99 % of TP), the principal contributor of the stream flow. However, PP
contribution to the stream increased when the hydrological flowpath

tended towards more surface water connecting more land (Fig. 6). This
suggests that during an event with more QF pathway PP, which includes
larger colloids, may be dominant and particularly in winter when many
arable fields are bare (e.g., Van Esbroeck et al., 2017).
The results from these storm event monitoring campaigns suggest
various controlling factors on the below-ground delivery of colloidal P.
The hydrological flow pathway and the subsequent mobilised P sources
influence the P fractions delivered to the stream, in agreement with Van
Esbroeck et al. (2017). This suggests that the increasing intensity of
rainfall events may result in an increasing overland contribution of the
coarser colloids in P delivery, independently of the landscapes chemical
and physical settings. The temporal dynamics of colloids have previ
ously been linked to water flux (Gottselig et al., 2020). Contrary, smaller
events may increase the importance of site-specific soil and bedrock
controls on colloidal P delivery. However, further monitoring campaigns
would be needed at the field scale for both stream and GW to cover a
wider range of high flow conditions. This is especially important in Fe11
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Appendix A. Supplementary material

rich catchments (Baken et al., 2016b; Gottselig et al., 2014; van der Grift
et al., 2018) but other landscapes settings should also be considered.
This should be carried out outside and during the ‘closed period’ when
fertilizer application is prohibited to better assess the effect of agricul
tural P sources. This would also help to better constrain the controlling
factors on medium-sized colloidal P in space and time. A higher sam
pling frequency (<2 h) may resolve P concentrations and loads when
short concentrations peaks are observed (e.g. during G-2) that may be
prone to underestimation. The GW sampling setup may also need further
refinement to better quantify the accuracy and precision of this system
and especially with regard to the particulate fraction.
Concurrent to the below-ground sources, stream colloidal P con
centrations can also result from the mobilisation of fine P-bearing sed
iments of the stream bed which can have a strong influence on baseflow
P concentrations (McDowell et al., 2020). The net transport of these
colloids can be strongly controlled by background water chemistry (Ren
and Packman, 2002). Moreover, sediment yield rate can significantly
influence colloidal P loss in runoff during rainfall events (He et al.,
2019).

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.catena.2021.105735.
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below-ground P delivery (either in the fine or larger colloidal fractions)
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PP and possibly larger colloidal sources which can vary through the year
(closed period).
The experimental set-up in this study from hillslope to stream has
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