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A B S T R A C T   

Erosion causes significant soil and nutrient losses that can reach streams and degrade habitats. Phosphorus (P) is 
among the nutrients of greatest concern for water pollution. Due to the increase in the number of storm events 
over the last decade, which could rise further under climate change scenarios, a more in-depth analysis of the 
effect of rainfall on the behaviour of P in fragile environments is needed. Little is known about the mobilisation 
and export of P in mountainous Mediterranean agroecosystems. To contribute to this knowledge, this research 
analysed the variability of P in the sediments of streambeds of different orders in an agroforestry area of the 
Northern Ebro Basin (Aragón, Spain) following an exceptional rainfall event; the implications of different land 
uses were also explored. Sediment composition was assessed before and after the rainfall event in three nested 
subcatchments and then related to soil properties. Phosphorus was mostly linked to the mineral fraction (mainly 
to silicates), while the links between P with clay and organic matter (P-clay, P-OM) were very weak. The P-OM 
links occurred only in the soils of forested areas. Agricultural lands, which are prone to erosion and had the 
highest P concentrations, contribute to P release. However, the streambeds and the lateral erosion of channel 
banks by floods triggered by the rainfall event should be considered as the main contributors to the export of P. 
The high intensity rainfall event led to 35% and 60% reductions in clay and OM, respectively, and to an 
enrichment of P in the sediments, the concentrations of which were lower in the headwaters than downstream. 
This means that the P in streambeds remains exposed in relatively high concentrations following extreme rainfall 
events with implications for the P cycle and water pollution.   

1. Introduction 

Soil erosion is considered one of the main nonpoint pollution sour-
ces, in particular in agricultural areas, where the increase in the use of 
fertilisers required for plant growth leads to an increase in nutrient loads 
to water bodies along with mobilised soil particles. Nitrogen (N) and 
phosphorus (P) are the soil nutrients of major concern worldwide, as 
they are leading contributors to water eutrophication (Carpenter et al., 
1998; Rekolainen et al., 2006; Haque, 2021). However, there are dif-
ferences between the two nutrients. While N is mainly transported dis-
solved in runoff, P is mostly linked to sediment particles and its losses 
through erosion mainly occur in particulate form (Ulen and Kalisky, 
2005; Sadeghi et al., 2017; Ramos et al., 2019), although the soil texture 
determines the forms in which P is transported (Andraski et al., 2003; 
Sharpley and Kleiman, 2003). The levels of P in soils and its release 

depend on the origin of the soil, the way P is bound to the soil, and the 
land use. Indeed, P can occur in soils both in organic and inorganic form. 
Primary P-bearing minerals in soil include apatite, hydro apatite, and 
strengite; the secondary minerals comprise a variety of pedogenetic 
metastable and metamorphous phosphates (Kabata-Pendias, 2011) 
consisting predominantly of mixtures of Ca, Fe, and Al phosphates and 
hydrated phosphates. Phosphorus can also be adsorbed onto charged 
surfaces, in particular clay surfaces or iron and aluminium oxides and 
hydroxides, and to organic matter (OM) which interacts strongly with 
mineral surfaces and metal cations. In addition, P can bind to silicates 
(Spohn, 2020) and could also be linked to mineral fractions through 
other ligands (Hinsinger, 2001; Celi and Barberis, 2005; Kleber et al., 
2007; Darch et al., 2014; Gérard 2016). 

Agriculture is considered the land use which produces the highest 
soil P losses (Girmay et al., 2009; Ramos et al., 2019), and as the main 
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nonpoint source pollution, contributes significant loads of P to water 
bodies (Torrent et al., 2007). Phosphorus mainly binds to small particles, 
becoming immobilised in fixed forms, and thus, unavailable for plants. 
However, it can lead to environmental damage when the soil is eroded. 
Part of the mobilised P can be deposited in different parts of a catch-
ment, and the analysis of its spatial distribution could provide additional 
information regarding the transport and fate of P and its association to 
soil particles. Nevertheless, other land uses (Lai et al., 2015; Wang et al., 
2021) and geomorphic elements can also contribute to P concentrations 
in water bodies. In this respect, several studies (Zaimes et al., 2008; 
Kronvang et al., 2012; Fox et al., 2016; Granger et al., 2021) have shown 
that channel banks are potential sources of P, which could be eroded and 
transported by runoff. Besides, land cover changes have a significant 
impact on P fluxes in catchments (Hervés-Fernandez et al., 2016). 

In addition to soil features and land use, rainfall characteristics drive 
the magnitude of P losses. Among these, rainfall intensity is the domi-
nant factor affecting erosion. High intensity storms have a high kinetic 
energy which controls soil detachment and soil sealing, leading to 
higher runoff rates and a much higher transport capacity of the detached 
soil (Rose, 1993; Van Dijk et al., 2002), and driving the final soil and 
nutrient losses (Ramos et al., 2019). In areas with a Mediterranean 
climate, it has already been shown that most annual soil losses are 
usually due to a reduced number of high-intensity rainfall events (Ramos 
and Martínez-Casasnovas, 2009). The soil and nutrient losses produced 
by extreme events (Martínez-Casasnovas and Ramos, 2004; Gaspar 
et al., 2019; Lizaga et al., 2019), which could even rise since their fre-
quency appears to be increasing due to climate change (Lange, 2020), 
threatening the sustainability of agrosystems. 

There is little available information regarding sediment dynamics 
after extreme storms (Wicherski et al., 2017; Scorpio et al., 2022) and 
the P input coming from sediments deposited in watercourses (Sadeghi 
and Zakeri, 2015). Even less is known about the P input from ephemeral 
watercourses and their changes following exceptional events in non- 

instrumentalised mountain catchments. In previous studies carried out 
in the area, the fingerprinting technique has been applied to identify the 
sediment source apportions to the export of suspended sediments 
(Gaspar et al., 2019) and sediment mixtures (Lizaga et al, 2019). How-
ever, the compositional variability of sediments in the catchment, and P 
contents in particular, have not been explored. 

This research aims to contribute to the knowledge of these two as-
pects, and it was designed to analyse the modifications in the levels of P 
in the streambed sediments of an agroforestry catchment drained by a 
system of ephemeral streams before and after an exceptional rainfall 
event. We hypothesise that increased erosion due to high intensity 
rainfall events could represent a significant source of additional P that 
could be amplified by changes in stream channels. As a novel contri-
bution to understanding the patterns of P mobilisation and export in 
Mediterranean mountain agroforestry systems, we analysed the vari-
ability of P along ephemeral streams of different order in a catchment 
representative in terms of lithology and land uses of a vast region of the 
Northern border of the Ebro valley located at the South of the central 
Pyrenees (Aragón, Spain). We aimed to understand how P is bound to 
streambed sediments in three nested subcatchments. Besides the P 
contents, other soil properties in areas with different land uses (agri-
cultural, forests, and afforested areas, as well as bare soils and channel 
banks) were also analysed to establish their potential link to P levels in 
the streambeds, as well as to confirm how P is bound to sediments. The 
information gained with this research would be of interest for land use 
and landscape management aimed to limit P inputs to water bodies. 

2. Methodology and methods 

2.1. Study area 

The study was conducted in a small catchment (23 km2) located in 
Barués (Ebro Basin, Spain) (Fig. 1), which is drained by the Vandunchil 

Fig. 1. Location of the study catchment and the three nested subcatchments, land uses and sampling points and view of the water flow during the event in a 
tributary stream. 
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ephemeral stream tributary of the Arba River; the latter is among the 
rivers of the Ebro Basin that are most affected by pollution from 
nonpoint sources from agricultural activities. The hydrological network 
comprises two main tributaries to the main stream that individualise 
two subcatchments (SB1 and SB2) at the headwaters draining to the 
outlet subcatchment (SB3). The lithology, which is rather homogeneous 
over the entire catchment, consists of Tertiary sands and marls 
belonging to the Uncastillo Formation. The strata dipping at low angles 
between 5 and 8 degrees and the regularised slopes determine the 
geomorphological setting. The Quaternary formations consist of a glacis 
and infilled alluvial valleys developed during the Holocene. 

At the headwaters, the valley floors are narrow, widening down-
stream, and the infilling loess-type materials are very homogeneous. The 
highly incised valley floors give rise to the development of high talus 
banks over the streams. The height of the talus banks (around 2 m) at the 
headwaters increases especially in the middle part of the Barués catch-
ment reaching up to 5–6 m at the catchment outlet. The almost vertical 
talus and the non-cohesive material contribute to talus failures, topples, 
and landslides during extreme floods (Gaspar et al., 2019). 

The mapping and classification of the soils performed through field 
surveys by Machín (EEAD-CSIC, personal communication) include Cal-
cisols and Cambisols as the most abundant soils (Table 1) (IUSS Working 
Group WRB, 2015). The soils used for cultivation on Quaternary parent 
materials are alkaline and have low OM contents (<3%). 

The main land use/land covers are agricultural (about 16%), open 
forests (about 50%), and pine afforestation (about 19%) (Lizaga et al., 
2018a). Most of the agricultural land is located on the glacis extending 
on the south-eastern slopes in the lower course of the catchment and on 
alluvium deposits occupying the valley floors at elevations between 600 
and 675 m a.s.l. Forests and rangelands occupy the highest altitudes 
(between 800 and 920 m a.s.l.) and, previously cultivated and aban-
doned revegetated areas are mostly located at intermediate altitudes. 
The upper part of the Quaternary glacis is dissected by the La Reina 
tributary stream, an ephemeral stream where exceptional discharges 
during heavy rainfall events have been documented (Gaspar et al., 
2019). 

The climate in the area can be classified as “continental”, with cold 
winters and hot and dry summers, and rainfall concentrated in spring 
and autumn following drought periods. The mean annual temperature is 
13.4 ◦C and the mean annual rainfall is about 550 mm. 

The exceptional rainfall event considered in this research occurred 
on 19–21 October 2012. This event and the resulting flood were 
described in detail by Serrano-Muela et al. (2015). During the event, 
217 mm of precipitation were recorded over two days, with two main 
rainfall periods that accumulated around 121 and 42.2 mm over five- 
hour periods (Yesa meteorological station), respectively (Gaspar et al., 
2019). The peak intensity reached 17 mm in 15 min, and the stream 
response time was about two hours (based on local resident communi-
cation). The return period of the two-day event ranged between 74 and 
200 years depending on the stations (Serrano-Muela et al., 2015), but 
considering the amount recorded over five hours, the return period was 
higher than 200 years. Figs. 1 and 2 show the magnitude of the flood and 
its effects on soils subjected to different land uses and in channel banks 
of the catchment following the rainfall event. 

2.2. Soil sampling and analysis 

Three nested subcatchments are included within the entire Barués 
catchment. The characteristics of the surface soils across different land 
uses and of the sediments deposited in the streams were analysed. 
Several transects established along different order streams were ana-
lysed within each subcatchment to extract information on the P dy-
namics associated with erosion processes. A sampling scheme of spaced 
samples along the streambeds was previously established to monitor the 
changes produced after storm events, but the exceptional event of 2012 
produced strong modifications at some locations including the full 
excavation of channels. In such cases, it was impossible to collect sam-
ples to compare with the pre-event sampling materials, and therefore, 
some gaps exist in the originally established sampling setting. 

Soils were sampled at the surface (0-5 cm) of areas with different 
land uses from a total number of 117 points distributed within the three 
subcatchments: 19 in agricultural areas, 15 in open forest areas, 15 in 
afforested areas; 46 in scrublands, and in addition, soil was sampled in 
the stream channel banks (22 samples) and in highly degraded soils 
(barren land, 15 samples). This soil sampling was part of a wider 
research project whose objective was to assess the distribution of erosion 
sources in the catchment area. The sediment samples deposited in the 
streams consisted of 0–5 cm long soil cores measuring 6 cm in diameter 
that were collected from each subcatchment before and after the rainfall 
event and prepared for further analysis. 

Table 1 
Distribution of soil types and land uses, and morphometric characteristics of the nested subcatchments and main stream gradients.  

Soil type SB1 SB2 SB3 

area (ha) % area (ha) % area (ha) % 

Cambisol 581.1 68.9 508.4 75.4 522.1 65.8 
Calcisols 11.7 1.4 0.0 0.0 103.5 13.0 
Leptosols 123.5 14.6 113.3 16.8 64.6 8.1 
Fluvisols 43.3 5.1 38.9 5.8 93.8 11.8 
Regosols 83.7 9.9 13.4 2.0 9.1 1.2 
Land use (%) 
Agricultural 116 13.8 75 11.2 236 29.7 
Woodland 693 82.2 568 84.2 535 67.4 
Channel bank 13 1.6 8 1.2 15 1.9 
Barren land 20 2.4 23 3.4 8 1.0 
Morphometric altitude (m) Slope (%) altitude (m) Slope (%) altitude (m) Slope (%) 
mean 793.7 31.9 798.0 31.0 673.5 25.7 
sd 67.1 14.2 64.6 13.3 71.6 15.8 
min 638.3 0.1 630.1 0.1 536.1 0.0 
max 963.9 95.0 949.5 113.3 881.5 110.3 
Subcatchments 

gradient (m) 
Top 963.9  949.5  881.5  
Bottom 638.3 7.9 630.1 7.1 536.1 6.5 
Streams 

gradient (m) 
Top 756.6  826.0  631.0  
Bottom 640.1 4.5 631.0 4.9 538.0 2.2  
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The soil and sediment samples were air-dried and homogenised. Our 
study focused on fine-grained sediments because nutrients and con-
taminants concentrate in the finer soil and sediment fractions. The 
samples were sieved to ≤ 0.063 mm to analyse the soil particle distri-
bution (USDA). Particle size analyses were performed using a Coulter LS 
13 320 laser diffraction particle size analyser (Beckman Coulter, Inc., 
2011) following the elimination of OM. The soil organic carbon (SOC) 
content of the soils was measured on a finely ground subsample via a dry 
combustion method using a LECO RC-612 multiphase carbon analyser 
(LECO Corporation, St. Joseph, MI, USA, LECO, 1996). The OM content 
was obtained by multiplying the SOC by the Van Bemmelen conversion 
factor (1.724), assuming that OM contains 58% SOC. The total P, Ca, and 
Si were analysed by X-ray fluorescence (XRF) using a Thermo Fisher 
Scientific Niton XL3T 950 He GOLDD XR; the samples were packed into 
XRF sample cups with a 38.2 mm exposure diameter allowing the X-ray 
pulse (3 mm diameter) to strike the surface of the sample. Additional soil 
properties such as the magnetic susceptibility at low frequency (χLF) and 
137Cs were used to extract supplementary information about the P bound 
to soil in the catchment. Low-frequency magnetic susceptibility (χLF) 
was determined using a Bartington susceptibility meter. The 137Cs ac-
tivities were analysed by gamma spectrometry using a coaxial Ge de-
tector (Navas et al., 2014). 

The spatial variability of P concentrations along the streambed sed-
iments before and after the rainfall event was analysed for each sub-
catchment and related to soil characteristics. The soil particle 
distribution, OM and soil inorganic carbon (SIC), total P, χLF, 137Cs, and 
Si and Ca contents of these samples were analysed before and after the 
rainfall event using the aforementioned methods. The percentage of SIC 
was obtained by stoichiometry after estimating the total carbonate 

contents using a Barahona pressure calcimeter. 

2.3. Statistical analysis 

The relationships between the different soil properties were analysed 
using a factor analysis by principal component analysis (PCA) to extract 
the factors, and varimax rotation to maximise the sum of the variance of 
the squared loadings. The analyses were performed separately for each 
subcatchment and land use. The analysis of the changes in soil properties 
in the streams was performed by also considering streams of different 
order and taking into account the predominant land uses upstream. The 
relationship between the soil variables in the streams was analysed 
before and after the rainfall event using factor analysis, considering all 
streams together. 

3. Results 

3.1. Characteristics of the nested subcatchments: Differences in soil 
properties and land use 

The characteristics of soils in areas with the main land uses in each 
subcatchment are presented in Table 2. The information also includes 
the properties of the sediments in the channel banks. The soils in the 
Barués catchment had high silt contents (>70%) and low sand contents 
(<10% in the agricultural and forest lands and slightly greater in the 
channel banks), with clay contents < 20%. The 137Cs activities were 
lower on the agricultural lands and in the channel banks, indicating 
intense erosion processes (Table 2). The soil OM contents ranged be-
tween 2.15 and 2.96% on the agricultural lands, and between 3.68 and 

Fig. 2. Location of the analysed points in each stream transect in the nested subcatchments (size and colour intensity increasing lines represent the different stream 
channel orders), and views of the effects of the exceptional event: a) water flow over flooding the channel section in the main stream; b) erosion in scrubland slopes 
and in a cultivated field directly connecting with a tributary stream, after the rainfall event; c) erosion in the channel banks of a tributary stream after the rain-
fall event. 

M.C. Ramos et al.                                                                                                                                                                                                                               



Catena 216 (2022) 106407

5

6.85% on the forest lands. In the channel banks, the OM contents were 
similar to or slightly lower than those of soils on agricultural lands, 
while the barren lands were the poorest in OM (between 0.46 and 
1.07%). The average P concentration was higher in cultivated soils 
(agricultural lands) as well as in channel banks, while in the forest areas, 
P was slightly lower in the three subcatchments (Table 2). 

The relationships between the P concentrations and the analysed 
properties of the soils and sediments of the channel banks exhibited 
some differences between the three subcatchments. The factor analysis 
was carried out separately for the three subcatchments to analyse the 
effects of land use because the predominant land use differed between 
subcatchments (Table 3). The retained factors explained 84.0, 87.0, and 

93.5% of the variance, respectively, for SB1, SB2, and SB3. The results 
showed a relationship between OM, χLF, and 137Cs levels in the three 
subcatchments (F1, which explained between 48.7 and 50.4% of the 
variance). Regarding P concentrations, some differences were observed 
between the subcatchments at the headwaters and at the outlet. A 
relationship was apparent between P, Si, and χLF in SB1 and SB2 (F2, 
which explained 17.9 and 22.6% of the variance, respectively), while 
there were no significant relationships between P and the rest of the 
variables in SB3. No relationships were observed between P and OM or 
with clay in any of the subcatchments. 

When the analysis of the relationships between variables was per-
formed by land use (Table 4), the relationship between OM, χLF, and 
137Cs was maintained for all land uses except in forests (F1 or F2, 
depending on the land use). The relationship between P and χLF that had 
been observed in the subcatchment analysis was confirmed in forests 
(F1), afforestated areas (F2), and scrublands (F3) but it did not appear in 
agricultural areas, barren lands, and channel banks. The link between P 
and Si concentrations was also clear in all land uses and channel banks 
except in agricultural lands (F1 or F2, depending on the land use) and a 
relationship between P and OM only appeared (F3) in forested lands. 

3.2. Characteristics of the sediments in the stream channel beds 

3.2.1. Pre-event 
The stream transects analysed in the three subcatchments are shown 

in Fig. 2: two transects in SB1, one transect in SB2, and two transects in 
SB3. The points of analysis were located in streams of different order. In 
SB2, all points were located in the stream of order 1, in SB1 there were 
streams of orders 1 and 2, while SB3 included one stream of order 1, and 
the main channel that connected the streams of the headwater sub-
catchments was of order 4. The average characteristics of the sediments 
in the selected streams are shown in Table 5. 

In the analysis carried out before the rainfall event, it was observed 
that both the clay and silt contents were slightly lower in the streambed 
sediments than in the soils of different land uses, while sand contents 
were slightly higher. The OM contents did not follow any pattern and 
had values ranging between 0.8 and 3.5%, which were lower than those 
of soils in the catchment. The 137Cs levels were also lower in the sedi-
ments than in soils, except in the barren lands, and decreased along the 
stream transects, with the highest values recorded in subcatchment SB2. 
The P levels in the streambeds were of the same order of magnitude as in 
the soils, although slightly lower than in agricultural lands and channel 
banks. The P concentrations were observed to decrease along the 
streams. In SB1, the highest values were recorded at the point located in 

Table 2 
Soil characteristics (soil particle distribution (USDA), organic matter content (OM), total phosphorous concentration (P), 137Cs massic activity and low frequency 
magnetic susceptibility (χLF) of the soils in each subcatchment under different land uses.  

Subcatchment Land use Clay 
(%) 

Silt 
(%) 

Sand 
(%) 

OM 
(%) 

P 
(mg/kg) 

Si 
(mg/kg) 

Ca 
(mg/kg) 

137Cs 
(Bq kg− 1) 

χLF 
(10-8 m3/kg) 

SB1 Agricultural 15.97 77.20 6.83 2.96 1128 184,872 146,238 5.87 66.73 
Open forest 17.13 77.43 5.43 3.68 913 188,037 135,879 10.55 56.47 
Afforested 15.35 75.80 8.85 5.01 918 177,792 143,989 10.04 63.43 
Scrubland 15.94 75.42 8.64 3.88 1016 181,588 142,819 11.68 52.62 
Barren land 11.85 76.10 12.05 1.01 749 165,850 177,678 0.00 13.65 
Channel bank 13.98 73.79 12.24 2.35 1077 181,027 155,442 3.76 29.04 

SB2 Agricultural 18.00 78.23 3.77 2.18 1163 188,919 140,079 4.24 58.43 
Open forest 16.57 72.00 11.43 6.35 1104 203,420 95,226 19.17 76.76 
Afforested 19.80 75.65 4.55 4.11 871 166,542 164,416 8.77 24.45 
Scrubland 15.51 75.89 8.60 4.42 996 178,373 143,047 13.80 55.47 
Barren land 12.00 71.80 16.20 0.46 803 166,109 159,912 0.00 8.80 
Channel bank 13.93 69.58 16.50 3.08 1187 194,833 132,679 3.88 30.45 

SB3 Agricultural 15.20 78.18 6.62 2.15 1099 167,635 174,619 3.55 32.98 
Open forest 16.98 74.60 8.42 5.04 995 185,307 128,437 15.76 68.78 
Afforested – – – – – – – – – 
Scrubland 15.24 77.61 7.15 3.88 924 169,909 158,434 9.65 48.19 
Barren land 12.71 73.38 14.62 1.07 763 164,344 172,792 2.03 20.88 
Channel bank 12.77 72.34 14.89 1.74 1041 176,994 163,426 0.40 16.68  

Table 3 
Load matrix of the retained components in the factor analysis after varimax 
rotation for the three subcatchments.   

F1 F2 F3 F4 Communality Explained 
variance 

SB1       
P 0.87 − 0.05 0.19  0.80  
Clay 0.34 0.24 ¡0.75  0.75  
Sand 0.25 0.15 0.82  0.77  
OM 0.10 0.94 0.02  0.90  
Si 0.94 0.19 − 0.09  0.93  
Ca ¡0.83 − 0.50 0.10  0.94  
137Cs 0.18 0.92 − 0.03  0.88  
χLF 0.64 0.55 − 0.17  0.75  
Variance 50.4% 17.9% 15.7%   84.0% 
SB2       
P − 0.11 0.88 0.04  0.79  
Clay 0.30 0.26 0.83  0.84  
Sand 0.10 0.29 ¡0.89  0.89  
OM 0.88 0.00 0.16  0.80  
Si 0.26 0.94 − 0.11  0.96  
Ca − 0.55 ¡0.81 0.03  0.95  
137Cs 0.95 0.11 − 0.01  0.91  
χLF 0.75 0.49 0.06  0.81  
Variance 48.7% 22.6% 15.7%   87.0% 
SB3       
P 0.13 0.11 0.03 0.98 1.00  
Clay 0.03 0.32 0.91 − 0.02 0.93  
Sand − 0.15 0.11 ¡0.95 − 0.06 0.93  
OM 0.88 0.22 0.16 0.24 0.91  
Si 0.20 0.95 − 0.02 0.16 0.96  
Ca − 0.37 ¡0.88 − 0.21 − 0.02 0.96  
137Cs 0.94 0.18 0.01 0.02 0.92  
χLF 0.73 0.56 0.16 0.01 0.88  
Variance 49.5% 19.8% 12.7% 11.5%  93.5%  

M.C. Ramos et al.                                                                                                                                                                                                                               



Catena 216 (2022) 106407

6

the upper part of the subcatchment (average 1043 mg/kg), while the 
average P value was 859 mg/kg in the stream of order 2. In SB2, all 
points were along the same transect, but higher P concentrations were 
found at points located at the headwaters than at points close to the 
outlet. In SB3, smaller differences were observed between the different 
points, but the P contents in the streambed sediments were lower than in 
the soils of the subcatchment (Table 1). A similar behaviour was 
observed for Si contents, which decreased along the transect with 
greater values in the nested streams of order 1 than those of order 2 or 
higher. The magnetic susceptibility also presented lower values in 

streambeds than in soils, but higher ones in the headwater subcatch-
ments, and their values increased along each transect. 

The relationships between P contents and the rest of the variables 
analysed in the streambeds considering all streams together are shown 
in Table 6. In the analysis before the rainfall event, three components 
were retained, which explained 77.3% of the variance. A positive rela-
tionship was found between P, Si, and χLF and a negative one with Ca 
and inorganic carbon (SIC) (F1, which explained 46.1% of the variance). 
The previously observed relationship between OM, χLF, and 137Cs in the 
soils was maintained in the streambed sediments (F2), and the third 
factor showed an opposite relationship between clay and sand, but 
which was unrelated to other variables. No relationship was observed 
between P, clay, and OM contents. 

3.2.2. Post-event 
Following the rainfall event, the clay and silt contents as well as OM 

contents decreased in the streambed sediments of all subcatchments, 
while the sand contents increased (Table 5). The 137Cs values decreased 
at all analysed points except at the catchment outlet (Table 5). 
Regarding the P concentrations in the streambeds, a significant increase 
was noted in all subcatchments after the rainfall event, implying an 
enrichment of P relative to the situation before the rainfall event (Fig. 3). 
This enrichment in P was lower at the points located at the head of the 
subcatchments than downstream. Thus in SB1, the enrichment factor 
(ratio Ppost-event/Ppre-event) was 1.12, on average, in the stream transects 
of order 1 while it was 1.25 in the transect of order 2. Similarly, in SB3, 
the enrichment factor was 1.01 in the transect of order 1, while it was 
1.17 (on average) in the transect of higher order in the area close to the 
outlet. Similarly, the Si concentrations in the sediments were higher 
following the rainfall event in all transects except one located in SB3 
(Table 5); the same pattern was noted for P, while Si decreased along the 
transect in the upper subcatchments, but increased just at the outlet of 
the catchment in SB3. The χLF values exhibited a high variability, 
increasing after the event at some points but decreasing in others. 
However, the behaviour was similar in some of the transects. Thus, in 
SB2, χLF increased at all points but decreased downstream (the ratio of 
χLF post-event/pre-event decreased from 1.28 to 1.11). In one of the 
transects of order 1 in SB1, the post-event/pre-event χLF ratio was>1 at 
one point only but decreased along the transect from 1.2 to 0.84. In SB3, 
there was also a decrease along the transect of order 1 from 2.46 to 1.86. 
However, this value increased significantly at the catchment outlet. It 
was also confirmed that the ratios of change were > 1 at the points that 
were located in sectors dominated by agricultural activities. 

The relationships between P and soil properties after the rainfall 
event are shown in Table 6. Three components were also retained in the 
factor analysis, which explained 87.3% of the variance. However, some 
differences were found in the relationhips observed before the extreme 
event. The relationships of P with Si (positive) and Ca (negative) were 
maintained (in F2), which explained a lower percentage of the variance 
(29.1%). However, the relationship with χLF was lost. On the other 
hand, the relationships between 137Cs, χLF, and OM were maintained 
(F1, which explained a higher percentage of the variance of 43.3% than 
before the event), but without any link to P. The last factor showed the 
same opposite relationship between clay and sand contents. 

4. Discussion 

4.1. Assessment of changes in streambed sediment properties 

The high silt contents in the soils of the studied catchment made 
them very susceptible to erosion, particularly in agricultural lands and 
in the channel banks where the sediments in the bank talus were bare. 
Besides, there were differences in the OM contents between the different 
land uses, with the lowest values on agricultural lands and in the 
channel banks, which indicated a lower water retention capacity. In our 
study area, Lizaga et al. (2018a) indicated that compared to other land 

Table 4 
Load matrix of the retained factors after varimax rotation in the analysis by land 
use.   

PC1 PC2 PC3 Communality Explained variance 

Agricultural 
P 0.16 − 0.12 0.98 0.99  
Clay 0.29 − 0.93 − 0.01 0.95  
Sand 0.21 0.93 − 0.19 0.95  
OM 0.85 0.29 0.14 0.82  
Si 0.94 − 0.18 0.10 0.92  
Ca ¡0.93 0.30 − 0.01 0.95  
137Cs 0.86 0.34 0.01 0.86  
χLF 0.87 − 0.18 0.19 0.82  
Variance 43.5% 33.9% 13.9%  91.3% 
Forest 
P 0.47 0.54 0.45 0.72  
Clay 0.76 ¡0.61 0.12 0.96  
Sand 0.14 0.89 − 0.06 0.81  
OM 0.13 0.00 0.97 0.95  
Si 0.93 0.32 − 0.01 0.97  
Ca ¡0.94 − 0.22 − 0.17 0.96  
137Cs 0.21 0.88 0.15 0.85  
χLF 0.90 0.15 0.24 0.89  
Variance 51.2% 25.3% 12.4%  88.9% 
Scrubland 
P 0.04 0.88 − 0.15 0.80  
Clay 0.09 0.18 0.91 0.87  
Sand 0.60 0.24 ¡0.52 0.69  
OM 0.75 0.24 − 0.07 0.62  
Si 0.35 0.84 0.27 0.90  
Ca − 0.52 ¡0.78 − 0.28 0.95  
137Cs 0.66 0.53 0.24 0.78  
χLF 0.92 0.08 0.11 0.86  
Variance 51.9% 17.1% 11.9%  80.9% 
Afforestation 
P 0.72 0.03 0.48 0.75  
Clay 0.02 − 0.04 ¡0.94 0.89  
Sand − 0.03 0.58 0.54 0.64  
OM 0.22 0.92 0.11 0.91  
Si 0.94 0.07 − 0.16 0.92  
Ca ¡0.82 − 0.50 0.17 0.96  
137Cs 0.30 0.92 0.00 0.94  
χLF 0.69 0.40 0.11 0.65  
Variance 48.5% 20.2% 14.5%  83.2% 
Channel banks 
P 0.94 0.15 0.03 0.91  
Clay 0.07 0.21 ¡0.93 0.91  
Sand 0.16 0.20 0.92 0.90  
OM 0.32 0.82 − 0.01 0.78  
Si 0.95 0.21 0.13 0.97  
Ca ¡0.87 − 0.44 0.05 0.96  
137Cs 0.10 0.96 0.05 0.94  
χLF 0.30 0.88 − 0.06 0.86  
Variance 46.6% 29.9% 13.18%  89.6% 
Barren land 
P 0.28 0.82 0.39 0.90  
Clay − 0.35 0.26 ¡0.80 0.83  
Sand 0.10 0.25 0.91 0.90  
OM 0.93 0.26 0.18 0.96  
Si 0.22 0.93 0.05 0.92  
Ca − 0.04 ¡0.81 0.48 0.89  
137Cs 0.97 0.11 0.15 0.97  
χLF 0.97 0.15 0.14 0.99  
Variance 49.8% 26.7% 13.5%  92.0%  
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uses, the highest erosion losses occur on agricultural lands that are the 
main source of sediments together with channel banks and bare soils 
existing on barren lands (Lizaga et al., 2019). 

Areas with less protection and a lower retention capacity are the 
most susceptible to suffering erosion, as confirmed by their lower 137Cs 
values (Table 2). This was reflected in the composition of the sediments 
of the streambed sediments observed at the head of the catchments 
(Table 5), where the land cover was dominated by forests (e.g., SB1 and 
SB2) and where, in addition, less water in the streams during the flood 
after the event could give rise to a less intense erosion processes than at 
the catchment outlet. These results agree with those of Ghafari et al. 
(2017), who pointed out that the offsite impacts of erosion were mainly 
located in subcatchments close to the outlet where sediment yield was 
high. 

Erosion processes are selective regarding the sizes of particles that 
are mobilised. It was clear that although fine particles could be eroded 
and transported by runoff, erosion processes in streams were likely even 

with higher magnitudes, giving rise to sediments with lower contents of 
smaller particles, while the sand fraction increased. This result agrees 
with that found by Slattery and Burt (1997) who indicated the increase 
of sand–sized sediments in the flow due to the entrainment of coarser 
source material, which could be partially deposited in the streams. The 
lower 137Cs levels found in the streambed sediments denote depletion 
related to intense erosion processes compared to those affecting soils, in 
addition to the preferential export of fine sediments over coarser ones 
that remain in the streams. Erosion in streams seems to increase along 
the transects, as the values of the analysed properties indicate, as well as 
in the transects of different orders. In the streambeds, higher 137Cs 
values were observed in order 1 streams, but they were, on average, 
more than three times lower than on agricultural lands, which were 
characterised by the most eroded soils and in which the 137Cs activities 
were between one third and half of those of woodlands. Regarding the 
OM contents, however, there were no significant differences in 
composition between the soils and the streambed sediments, although 
the values were slightly higher at the points where the dominant land 
cover consisted of forests, in agreement with the higher OM contents of 
forest soils. 

4.2. Phosphorus-soil binding and P losses by erosion processes 

The soils of agricultural lands and sediments of channel banks had 
higher P concentrations than soils in areas occupied by forests and 
scrubland. The contribution of channel banks to P loads in rivers has 
been reported in different areas (Walling et al., 2008; Granger et al., 
2021). The less protected areas are usually more prone to surface erosion 
as confirmed by the depleted 137Cs levels in our catchment. Therefore, 
the mobilisation and transport of nutrients linked to soil particles, which 
are the main form in which they occur (Ulen and Kalisky, 2005; Sadeghi 
et al., 2017), are expected to be greater. As a result, a higher potential 
mobilisation and transport of P are likely and higher P contents are also 
expected in the streambeds of areas where the proportion of arable land 
is larger. However, our results show that the highest P concentrations in 
streambed sediments occurred in areas where forests were predominant 
(at the head of the streams in SB1 and SB3, and in the entire SB2 sub-
catchment). In addition, the P levels along the stream in SB3 were lower 
than in the other subcatchments, while SB3 had the highest area occu-
pied by agricultural lands and channel banks; SB3 also had the highest 
talus along with the lowest gradients of both the catchment and the main 
stream (Table 1), and thus, one might expect a higher contribution of P. 
Despite the more favourable compositional and geomorphic conditions 
for higher P levels in SB3, it is likely that greater water accumulation at 

Table 5 
Mean values of the sediment characteristics in the selected streams before and after the exceptional rainfall event.  

Subcathment Stream order Clay(%) Silt(%) Sand(%) OM(%) SIC(%) P(mg/kg) Si(mg/kg) Ca(mg/kg) 137Cs(Bq kg− 1) χLF(10-8 m3/kg) 

Pre-event 
SB1 1 12.2 69.3 18.6 3.8 4.7 1123 182,210 155,629 1.3 21.9 
SB1 1 12.1 71.9 16.1 1.9 5.1 965 178,902 163,854 0.7 32.0 
SB1 2 12.4 77.0 10.7 3.5 5.9 898 151,058 187,112 1.9 10.9 
SB1 1 13.3 76.0 10.7 3.5 5.5 976 164,651 174,115 1.3 15.6 
SB2 1 12.3 73.5 14.2 3.5 4.9 998 167,931 165,213 2.2 22.5 
SB3 1 12.2 79.4 8.5 0.8 5.4 999 169,793 189,256 0.0 7.5 
SB3 3 15.0 76.0 9.0 3.2 5.5 992 162,233 179,310 1.0 11.5 
SB3 4 12.5 69.4 18.2 3.4 5.6 978 159,010 180,944 0.6 13.5  

Post-event 
SB1 1 9.9 64.5 25.7 2.2 4.9 1154 187,746 158,915 1.2 23.1 
SB1 1 6.8 62.0 31.3 0.7 5.8 1085 181,610 176,712 0.5 24.6 
SB1 2 8.6 66.0 25.5 2.4 5.8 1076 169,836 196,562 1.3 13.3 
SB1 1 8.4 70.6 21.0 0.8 5.5 1149 188,914 170,763 0.0 15.7 
SB2 1 7.3 62.5 30.2 1.0 4.5 1176 196,141 149,630 1.3 26.6 
SB3 1 10.4 69.1 20.6 0.8 4.3 1010 165,171 176,014 0.9 16.5 
SB3 3 7.0 69.8 23.3 0.8 5.9 1098 174,081 186,208 0.4 12.5 
SB3 4 8.1 66.2 25.6 1.0 4.9 1139 183,326 170,797 1.3 19.2  

Table 6 
Results of the factor analysis of the sediments properties in the streambeds 
before and after the exceptional rainfall event.  

Pre-event Communality Explained Variance  

F1 F2 F3         

P 0.79 − 0.11 0.01 0.64  
Clay − 0.06 0.09 ¡0.89 0.81  
Sand 0.20 0.13 0.79 0.68  
OM 0.27 0.80 − 0.14 0.73  
SIC ¡0.85 − 0.46 − 0.02 0.93  
Si 0.80 − 0.04 0.35 0.77  
Ca ¡0.77 − 0.50 − 0.19 0.88  
χLF 0.62 0.43 0.45 0.75  
137Cs − 0.08 0.85 0.15 0.76  
Variance 46.14% 17.8% 13.4%  77.3%  

Post-event 
P 0.00 ¡0.87 0.20 0.79  
Clay 0.44 0.11 ¡0.85 0.93  
Sand − 0.12 − 0.01 0.87 0.78  
OM 0.98 0.09 − 0.16 1.00  
SIC 0.01 0.54 0.50 0.54  
Si − 0.20 ¡0.93 0.17 0.94  
Ca 0.15 0.89 0.33 0.93  
χLF 0.96 0.21 − 0.10 0.98  
137Cs 0.97 0.01 − 0.19 0.98  
Variance 43.3% 29.1% 15.0%  87.3%  
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the catchment outlet would export greater P contents, thus counter-
balancing the larger P inputs at this location. 

The amount of P available for transport by runoff depends on the 
form in which P is bound to the soil. Indeed, P is known to interact with 
mineral surfaces and metal cations and is precipitated with cations, but 
it can also be adsorbed to positively charged particles (oxides and hy-
droxides) and/or to OM. In addition, topography can affect P pools and 
the processes affecting its budget over time (Eger et al., 2018). In the 
study area, the link between P and OM in forest lands was confirmed by 
factor analysis (Table 4); in addition, the higher OM contents in forest 
soils may contribute not only to reducing runoff but also to fixing part of 
the P. However, this would also lead to higher P contents in the soil 
surface susceptible to erosion and it could justify the higher P levels in 
the streambed sediments at the heads of the subcatchments with a 
greater forest cover (SB1 and SB2). Nevertheless, the link between P and 
OM was not the main mechanism for P fixation at the general level in the 
catchment. There was also a link between P and Si across almost all land 
uses (Table 4) as well as in the streambeds (Table 6). In addition, the 
relationship between the concentration of P in soils and χLF could 

indicate a link between P and magnetic minerals. Furthermore, the 
negative relationships between P and Ca in the soils and with Ca and SIC 
in the streambeds likely confirm that P is not linked to carbonates. Thus, 
the P levels found in the soils of areas with different land uses and in the 
streambeds were mainly derived from the P hosted in the parent mate-
rials that were exposed and eroded. This result agrees with those of 
Mage and Porder (2013) in relation to the control of the parent material 
on the total P. 

Depending on the amount of runoff and its ability to detach and 
transport particles, eroded soil could be partially deposited in the 
streams and further removed, a process which would increase with 
increasing rainfall intensity and subsequent floods (Gaspar et al., 2019; 
Lizaga et al., 2018b; Ramos et al., 2019). Thus, besides agriculture or the 
channel banks that have already been considered by several authors as 
the most important nonpoint pollution sources of nutrients (Gburek and 
Sharpley, 1998; Lauble et al., 2003; Zaimes et al., 2008; Ma et al., 2016; 
Granger et al., 2021), streams should be considered as an additional 
source of P contributing to P pollution downstream. 

On the other hand, the higher P levels at the headwaters could be 

Fig. 3. Variability of P levels in streambed sediments in the streams of different order in each subcatchment and the changes after the exceptional rainfall event.  
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attributed not only to land use but also to the erosion process itself, 
which intensifies as more water and more eroded soil are incorporated 
into the stream and move downstream. The influence of the stream order 
on the total mobilised P was also noted by Granger et al. (2021). The 
sediments incorporated into the streams include not only fine particles, 
which are preferentially exported, but also coarser material that can be 
left in the stream when the transport capacity decreases, which leads 
total P concentration to decrease as it occurs at the catchment outlet. 

4.3. Changes of the P contents of streambeds due to the exceptional 2012 
rainfall event 

The rainfall event of 2012 led to significant changes in the particle 
size distribution of sediments in the streams, with a decrease in the clay 
and silt fractions and an increase in the sand fraction, along with a 
significant decrease in OM contents (Table 5). The higher proportion of 
the coarser fraction could be due to two factors: the higher energy of the 
storm that erodes coarser particles, as has been observed during large 
storms (Slattery and Burt (1997), and the deposition along the channel 
of particles of a larger size. 

The high magnitude of the erosion processes during the event 
considered was evident when the 137Cs activities before and after the 
event were compared (Table 5). The values were smaller after the event 
at all points except at the one located at the catchment outlet. In addi-
tion, the P concentrations in the streambeds also varied. While fine 
particles and OM were removed, an increase in P concentrations was 
found in the streambed sediments after the event. This enrichment 
confirms that the P existing in the soils could have had a mineral origin 
rather than being bound to OM or clay. In addition, the relationships 
between P and the other properties analysed in the sediments presented 
some changes (Table 6). The relationship between P and χLF found 
before the event (Table 6) was lost, which could be an additional sign of 
the erosion impacts that affected the surface layer. Yang et al. (2009) 
indicated that χLF values decreased with depth to a low value in the soil 
profile and that its variations across different landscape positions may 
reflect the intensity of the soil processes associated with the interaction 
of factors such as topography, climate, or soil properties, among others 
(Maher, 1986; Magiera et al., 2006). In this case, there were no signif-
icant changes in χLF after the rainfall event in the streams of order 1, but 
the values increased in higher order streams, particularly in SB3, where 
the eroded soil from the surface could have been accumulated. This 
could justify the increase of χLF in the streams at the outlet of SB3. 
Gaspar et al. (2019) and Ayoubi et al. (2022) indicated the potential for 
using magnetic properties in tracking soil degradation, and the changes 
observed in this research after the event could provide an idea of the 
intensity of soil erosion processes. 

In the new situation generated after the rainfall event, sediments in 
the streams with higher P contents were exposed to erosion. Although 
the release of P by mineral sources is very slow as it occurs after 
weathering and subsequent dissolution in water, the existence of higher 
P levels at the surface is of great importance in the P cycle during high 
intensity events that have enough energy to mobilise and export not only 
fine particles but also significant amounts of soil outside the catchment. 
Sediments deposited in streams may undergo remobilisation and release 
P in dissolved forms (Jarvie et al., 2005; Stutter el al., 2008). However, 
the dissolved P could also interact with sediments which would then co- 
precipitate (House, 2003). 

4.4. Limitations and uncertainties of the study 

The analysis of changes in the composition of the streambeds before 
and after the event provides insights into the effects of heavy storms on 
important compositional modifications and on the mobilisation of soil 
particles and P. Despite of the uniqueness of the study which allowed the 
impact of such an exceptional event to be captured, there are some 
limitations in the analysis because the study catchment was ungauged, 

and therefore, there were no records of the discharge or transport of 
solutes or particles. 

Streams are ephemeral and runoff does not happen during dry years, 
especially in the headwaters streams of the upper subcatchments SB1 
and SB2. Over the years, very few events have led to the development of 
small lateral floodplains, and to collect the sediments transported by 
runoff, the sampling points were located in areas where sediments 
accumulated in parts of active channels. Some sampling points that were 
established for controlling regular floods before the event were not 
comparable after the event because of strong modifications of the 
channels with stream reaches where the channel was fully excavated to 
the base of the rock outcrop. 

Other constraints referred to the lack of information regarding the 
soluble P fraction that may have been washed by runoff. Although P 
losses mainly occur in particulate form, the high runoff volumes recor-
ded under high intensity events could not only mobilise significant 
amounts of sediments but also wash away P, which would then be 
exported in its soluble form. Nevertheless, data on soluble P during 
events of such a high magnitude are very difficult to obtain because 
runoff collectors usually collapse and the information may be missing or 
disturbed. 

5. Conclusions 

The field-based observation of the streambeds before and after the 
exceptional rainfall event of 2012 revealed information on the changes 
in streambed sediments caused by intense erosion both in soils and 
streams. The magnitude of the erosion processes during the event was 
confirmed by the changes in 137Cs activities and in χLF, which addi-
tionally confirmed that areas of agriculture and channel banks suffered 
more active erosion processes. Besides having less protection, agricul-
tural lands and channel banks had the highest P contents, which made 
them the main P nonpoint pollution sources of the studied area. 

The observed relationship between P and other soil properties 
confirmed that P in the soils and in the streambeds was mainly bound to 
silicates. Indeed, the P-OM link was only significant in soils under for-
ests, which had higher OM contents. 

The highest P concentrations in streambeds were not recorded in 
areas whose surface was dominated by agricultural lands, but at the 
heads of catchments with forests as the dominant land cover. This could 
be due to the abovementioned binding of P and OM, and to the smaller 
intensity of the processes at the headwaters. In turn, higher runoff vol-
umes were accumulated downstream and this erosive potential likely led 
to higher rates of sediment transportation, producing a dilution effect on 
the P concentrations. 

The exceptional event of 2012 produced significant changes in the 
streambed composition, leading to coarser textures and higher concen-
trations of P at the surface, which could be released and washed away. 
This shows that, in addition to the expected soil P losses, the high 
magnitude of extreme rainfall events can generate situations which 
amplify the potential for P export with environmental consequences 
downstream. The results observed in this study could be considered as 
representative of the impacts of extreme events, not only in the area in 
question but also in other areas with similar climatic and physiographic 
conditions. 
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López-Moreno, J.I., Beguería, S., Sanjuan, Y., García-Ruiz, J.M., 2015. An 
exceptional rainfall event in the central western pyrenees: Spatial patterns in 
discharge and impact. L. Degrad. Dev. 26, 249–262. https://doi.org/10.1002/ 
ldr.2221. 

Sharpley, A., Kleinman, P., 2003. Effect of Rainfall Simulator and Plot Scale on Overland 
Flow and Phosphorus Transport. J. Environ. Qual. 32, 2172–2179. https://doi.org/ 
10.2134/jeq2003.2172. 

Spohn, M., 2020. Phosphorus and carbon in soil particle size fractions: A synthesis. 
Biogeochemistry 147, 225–242. https://doi.org/10.1007/s10533-019-00633-x. 

Stutter, M.I., Langan, S.J., Cooper, R.J., 2008. Spatial and temporal dynamics of stream 
water particulate and dissolved N, P and C forms along a catchment transect, NE 
Scotland. J. Hydrol. 350 (3–4), 187–202. https://doi.org/10.1016/j. 
jhydrol.2007.10.048. 

Torrent, J., Barberis, E., Gil-Sotres, F., 2007. Agriculture as a source of phosphorus for 
eutrophication in southern Europe. Soil Use Manage. 23 (Suppl. 1), 25–35. 

Ulén, B.M., Kalisky, T., 2005. Water erosion and phosphorus problems in an agricultural 
catchment—Need for natural research for implementation of the EU Water 
Framework Directive. Environ. Sci. Policy 8 (5), 477–484. 

Van Dijk, A.I.J.M., Bruijnzeel, L.A., Rosewell, C.J., 2002. Rainfall intensity–kinetic 
energy relationships: a critical literature appraisal. J. Hydrol. 261 (1–4), 1–23. 
https://doi.org/10.1016/S0022-1694(02)00020-3. 

Walling, D.E., Collins, A.L., Stroud, R.W., 2008. Tracing suspended sediment and 
particulate phosphorus sources in catchments. J. Hydrol. 350 (3–4), 274–289. 
https://doi.org/10.1016/j.jhydrol.2007.10.047. 

Wang, R., Cai, C., Zhang, J., Sun, S., Zhang, H., 2021. Study on phosphorus loss and 
influencing factors in the water source area. Int. Soil Water Conservation Res. 10 (2), 
324–334. 

Wicherski, W., Dethier, D.P., Ouimet, W.B., 2017. Erosion and channel changes due to 
extreme flooding in the Fourmile Creek catchment, Colorado. Geomorphology 294, 
87–98. https://doi.org/10.1016/j.geomorph.2017.03.030. 

Yang, P., Mao, R., Shao, H., 2009. An investigation on magnetic susceptibility of 
hazardous saline-alkaline soils from the contaminated Hai River Basin, China. 
J. Hazard. Mater. 172, 494–497. https://doi.org/10.1016/j.jhazmat.2009.07.011. 

Zaimes, G.N., Schultz, R.C., Isenhart, T.M., 2008. Streambank soil and phosphorus losses 
under different riparian land-uses in Iowa. J. Am. Water Resour. Assoc. 44, 935–947. 
https://doi.org/10.1111/j.1752-1688.2008.00210.x. 

M.C. Ramos et al.                                                                                                                                                                                                                               

https://doi.org/10.2134/jeq2003.1782
https://doi.org/10.3390/agronomy12020451
https://doi.org/10.3390/agronomy12020451
https://doi.org/10.1890/1051-0761(1998)008[0559:NPOSWW]2.0.CO;2
https://doi.org/10.1890/1051-0761(1998)008[0559:NPOSWW]2.0.CO;2
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0025
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0025
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0025
https://doi.org/10.1080/10643389.2013.790752
https://doi.org/10.1016/j.geoderma.2018.06.021
https://doi.org/10.1016/j.jenvman.2016.06.071
https://doi.org/10.1016/j.jenvman.2016.06.071
https://doi.org/10.1016/j.jenvman.2019.03.109
https://doi.org/10.2134/jeq1998.00472425002700020005x
https://doi.org/10.2134/jeq1998.00472425002700020005x
https://doi.org/10.1016/j.geoderma.2015.08.036
https://doi.org/10.1016/j.geoderma.2015.08.036
https://doi.org/10.1016/j.catena.2017.03.014
https://doi.org/10.1016/j.jhydrol.2009.07.066
https://doi.org/10.1016/j.catena.2021.105223
https://doi.org/10.1016/j.catena.2021.105223
https://doi.org/10.3390/su13126565
https://doi.org/10.1002/hyp.11001
https://doi.org/10.1002/hyp.11001
https://doi.org/10.1023/A:1013351617532
https://doi.org/10.1023/A:1013351617532
https://doi.org/10.1016/S0883-2927(02)00158-0
https://doi.org/10.1016/j.jhydrol.2004.10.002
https://doi.org/10.1007/s10533-007-9103-5
https://doi.org/10.1007/s10533-007-9103-5
https://doi.org/10.2134/jeq2010.0434
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0115
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0115
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0115
https://www.iemed.org/wp-content/uploads/2021/01/Climate-Change-in-the-Mediterranean_-Environmental-Impacts-and-Extreme-Events.pdf
https://www.iemed.org/wp-content/uploads/2021/01/Climate-Change-in-the-Mediterranean_-Environmental-Impacts-and-Extreme-Events.pdf
https://www.iemed.org/wp-content/uploads/2021/01/Climate-Change-in-the-Mediterranean_-Environmental-Impacts-and-Extreme-Events.pdf
https://doi.org/10.1002/hyp.1302
https://doi.org/10.1002/hyp.1302
https://doi.org/10.1002/ldr.2843
https://doi.org/10.1002/ldr.2843
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0135
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0135
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0135
https://doi.org/10.1002/ldr.2676
https://doi.org/10.1016/j.catena.2016.09.004
https://doi.org/10.1007/s10021-012-9612-5
https://doi.org/10.1016/j.geoderma.2005.02.002
https://doi.org/10.1016/S0031-9201(86)80010-3
https://doi.org/10.1016/j.scitotenv.2014.07.026
https://doi.org/10.1016/j.scitotenv.2014.07.026
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0175
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0175
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0175
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0180
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0180
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0180
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0185
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0185
https://doi.org/10.1002/0470859202.ch55
https://doi.org/10.1002/0470859202.ch55
https://doi.org/10.1007/s10661-017-5937-z
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0205
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0205
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0205
https://doi.org/10.1016/j.geomorph.2022.108173
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0215
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0215
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0215
https://doi.org/10.1002/ldr.2221
https://doi.org/10.1002/ldr.2221
https://doi.org/10.2134/jeq2003.2172
https://doi.org/10.2134/jeq2003.2172
https://doi.org/10.1007/s10533-019-00633-x
https://doi.org/10.1016/j.jhydrol.2007.10.048
https://doi.org/10.1016/j.jhydrol.2007.10.048
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0240
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0240
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0245
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0245
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0245
https://doi.org/10.1016/S0022-1694(02)00020-3
https://doi.org/10.1016/j.jhydrol.2007.10.047
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0260
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0260
http://refhub.elsevier.com/S0341-8162(22)00393-9/h0260
https://doi.org/10.1016/j.geomorph.2017.03.030
https://doi.org/10.1016/j.jhazmat.2009.07.011
https://doi.org/10.1111/j.1752-1688.2008.00210.x

	The impacts of exceptional rainfall on phosphorus mobilisation in a mountain agroforestry catchment (NE, Spain)
	1 Introduction
	2 Methodology and methods
	2.1 Study area
	2.2 Soil sampling and analysis
	2.3 Statistical analysis

	3 Results
	3.1 Characteristics of the nested subcatchments: Differences in soil properties and land use
	3.2 Characteristics of the sediments in the stream channel beds
	3.2.1 Pre-event
	3.2.2 Post-event


	4 Discussion
	4.1 Assessment of changes in streambed sediment properties
	4.2 Phosphorus-soil binding and P losses by erosion processes
	4.3 Changes of the P contents of streambeds due to the exceptional 2012 rainfall event
	4.4 Limitations and uncertainties of the study

	5 Conclusions
	Declaration of Competing Interest
	Acknowledgements
	References


