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1 | INTRODUCTION

Soil erosion is the main soil degradation process in Mediterranean cli-
mate areas, which causes not only soil losses but also the exportation

| Ivan Lizaga® | Leticia Gaspar® | AnaNavas?®

Abstract

This study examined phosphorus (P) delivery and transport in flood events in an agro-
forestry catchment, with cropland and forestland as the main land uses. Sediments
were collected in artificial-lawn mats (MATS) distributed in five locations across the
catchment (MAT1 to MAT5) along 20 seasonal campaigns during 5 years, in which
rainfall with different characteristics was recorded. The properties analyzed in the
surface soils under different land uses, and in the MATSs used for collecting sediments
included particle size and other properties such as soil organic matter (SOM), low fre-
qguency magnetic susceptibility (xLF) and P and Ti concentrations. The rainfall charac-
teristics of the events recorded in each campaign were analyzed and the campaigns
were grouped using cluster analysis taken into account the characteristics of the sed-
iments collected. There was a P enrichment in the sediments compared to the sedi-
ment sources. The greatest P concentration was associated to sediment rich in clay
and SOM. However, the sediment showed lower xLF, which could be due to higher
erosion rates from the most degraded soils. The highest P losses were recorded at
the catchment outlet, where the surface occupied by croplands was higher, with P
values around 1.3 x times higher than at the headwaters. The differences between
monitoring campaigns were attributed to differences in precipitation patterns that
influence the hydrological response. The higher P concentration in the sediment dur-
ing the campaigns that accumulated higher amount of rainfall in shorter periods of

time confirmed the direct influence of rainfall intensity on the P mobilization.

KEYWORDS
ephemeral streams, land uses, phosphorus, phosphorus mobilization, rainfall intensity, soil
binding

of significant amounts of nutrients out of the catchments. It implies
loss of soil fertility and in addition a risk for water quality. The magni-
tude of soil erosion depends on rainfall and soil characteristics, but
land use and its management play also an important role (Da Silva
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et al., 2017; Garcia-Ruiz, 2010). Rainfall intensity, which is directly
linked to the energy that the drop impact has to detach the soil parti-
cles, is the most relevant rainfall characteristic in the first phase of the
erosion process, while rainfall amount is directly linked to runoff
response.

In the last decades, the number of events of high intensity seems
to increase (Abbasnia & Toros, 2018; Kharin et al., 2007; Ramos &
Duran, 2014; Vallebona et al., 2015) and that increase could be accen-
tuated under climate change projections (Hosseinzadehtalaei
et al., 2020; Nadal-Romero et al., 2022). Studies carried out in Medi-
terranean climate areas indicated that most soil losses by erosion in
each year are produced in a reduced number of events of high magni-
tude (Ramos & Martinez-Casasnovas, 2009) and the more frequent
extreme events would increase soil erosion (Nadal-Romero
et al., 2022) and channel bank erosion (Gaspar et al., 2019; Lizaga
et al., 2019).

Soils rich in fine material, in particular soils rich in silt content, are
very susceptible to be eroded (Ramos et al., 2000), and the degree of
soil protection in these cases is important to reduce the effect of the
drop impact. Forest and vegetated areas offer higher cover degree
than croplands, where the soil remains bare during long time periods,
making them more prone to erosion processes (Oliveria, et al., 2015).
On the other hand, in areas where croplands have been abandoned,
the degradation process has increased very rapidly, leaving on top of
the surface exposed soils that are very susceptible to be eroded
(Garcia-Ruiz & Lana-Renault, 2011).

Among land uses, croplands, due to fertilization practices, tend to
have higher nutrient levels, in particular of P, than other land uses,
which implies higher potential nutrient sources to water bodies. In
fact, croplands are considered dominant nonpoint sources of nutrient
to water bodies (Ma et al., 2016) and the proportion of cropland in a
catchment has the strongest positive effect on its nutrient concentra-
tions in streams, while increasing proportion of forest and wetland
has an opposite effect (Djodjic et al., 2021). Nevertheless, manage-
ment practices influence the amount of P to be delivered under any
land use (Jin et al., 2009; Yuan & Koropeckyj-Cox, 2022).

There is an increasing concern about P levels reaching water bod-
ies from croplands and on the establishment of changes in the man-
agement to reduce these loads (Wang et al, 2017). However,
croplands are not the only source and all land uses should be consid-
ered as potential P sources (Granger et al., 2021) and, under high
intensity events, the P contribution from streambeds and riverbanks
can be also relevant (Ramos et al., 2022).

In addition, the form in which P is linked to soil particle conditions
the total P delivery and exportation (Gérard, 2016; Spohn, 2020). For
this reason, the analysis of additional soil properties can help in the
understanding of processes. In this respect Ti concentrations and
the low frequency magnetic susceptibility (xLF) have been considered
among the properties that can provide useful information about the
origin of P and on the soil surface changes due to erosion. As Tita-
nium, mainly in form of TiO,, normally decreases from the soil surface
to the bedrock (Kaup & Carter, 1987), some differences can be found
in eroded soils. On the other hand, the XLF has been associated to the
interaction of factors such as topography, climate or soil properties,

among other factors (Magiera et al., 2006) and their values can reflect
the intensity of existing processes in different positions of the land-
scape (Yang et al., 2009), which may vary as a result of erosion
processes.

In terms of nutrient losses and exportation, an example of such
an area in which the erosion processes can imply a serious concern
can be found in a vast band extending at the south of the Pyrenees
(Aragdn, Spain). In this area, cropland and forestland intermix with
areas that, after being cultivated for decades, were abandoned, giving
rise to significant changes in land use and cover (Lasanta et al., 2016;
Navas et al., 2017). In the region, previous studies have shown the
magnitude of the erosion processes and its impact on soil losses
(Lizaga et al., 2020; Navas et al., 2014), but less information exists on
its effect on P exportation depending on rainfall characteristics.
Although the P mobilization in the streams associated to an excep-
tional event in this particular area was previously analyzed (Ramos
et al., 2022), we hypothesize that P dynamics could differ under dif-
ferent rainfalls that generate regular floods. To cover this gap, we
focus on fine sediments accumulated in small lateral aggradation bars
of a system of ephemeral streams draining an agroforestry catchment
after rainfall of regular characteristics during the annual seasons.
Although P can be transported by runoff as dissolved and
particulate P, we focus on the particulate fraction. Previous studies
carried out under simulated rainfall in soils of the area under different
land uses/land covers and using different rainfall intensities confirmed
that the concentration of dissolved P in the runoff was very low and
in many cases negligible compared to the concentration of P associ-
ated to soil particles (Ramos et al., 2019). This research tries to assess:
(i) the characteristics of interest to understand the behaviour of P in
the sediments transported by runoff generated in rainfall events of
different characteristics that trigger floods, and (i) the sediment vari-
ability between areas with different predominant land use. The infor-
mation was recorded in 20 monitoring seasonal campaigns extending
from 2014 to 2019, in which rainfall events of different magnitude
that produced floods were recorded. The characteristics of the rain-
falls as well as of the soils under different land uses and other sedi-
ment sources (all of them termed as sources) were evaluated. In
addition to P concentration in the sediments, other soil properties
such as SOM, the xLF, and Ti concentrations were considered, which
together with grain size could give information about the P origin and

about the impact of rainfall on soil surface changes due to erosion.

2 | MATERIALS AND METHODS

21 | The study area

The research was conducted in a small catchment (843.3 ha) located
in the northern border of the Ebro valley, Spain, at elevations between
638.3 and 963.9 m a.s.l. The catchment is drained by a system of
small ephemeral streams of which the longest is the Cenera stream
that is a tributary of the main catchment previously studied (Ramos
et al., 2022). The streams incise the fluvial terraces creating talus of
altitudes between 1 m to more than 3 m at the outlet of the Cenera
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catchment. Streambanks have been found to be very active in supply-
ing sediments during extreme floods (Gaspar et al., 2019) and are also
included as sediment source in this study. In the incised streams, sedi-
ments accumulate in lateral aggradation bars that have small develop-
ment only 10-30 cm above the active streambed. During very high
floods in some reaches, the small lateral bars can be washed out and
fully removed. The main land use/land covers comprise croplands
and forest areas that include open forest, afforested areas and scrubs
(Lizaga et al., 2018) (Figure 1). The forest and the scrublands occupy
the highest altitudes, while the croplands are located at the valley
floors and on fluvial terraces on gentle slopes. The afforested lands
are at intermediate altitudes, occupying previously cultivated and later
abandoned areas. In addition, some areas covered by very degraded
soils (barren land) can be found at scattered locations in the catch-
ment. The croplands cover 13.8% of the surface, while the forest
areas represent about 82% of the total surface, and the degraded soils
represent a small percentage (2.4%). The area has a continental cli-
mate, with cold winters and hot and dry summers (average maximum
temperatures of about 17°C and average minimum temperatures of
about 7°C (https://www.aragon.es/-/atlas-climatico-de-aragon), and
with about 550 mm of annual precipitation, which is mainly concen-

trated in spring and autumn.

2.2 | Characteristics of the sediment sources

The soils of the Cenera catchment were characterized in field surveys
as Cambisols (68.9%), Calcisols (1.4%), Leptosols (14.6%), Fluvisols

(5.1%) and Regosols (9.9%) (Machin-EEAD-CSIC, personal

300000 700000 1100000 (a)

Study Area

5
4250000 4550000 4850000

FIGURE 1

communication). The characteristics of the soil surface (0-2 cm) were
analyzed in a total of 35 points covering all land uses: 10 in croplands
and 25 in forest areas (7 in open forest; 13 in afforested areas and 5 in
scrublands). In addition, highly degraded soil was sampled at 12 points
in barren lands and another 14 points were sampled in streambanks.
The distribution of the sampling points is shown in Figure 2.

Soil samples were air-dried, homogenized and sieved to
<0.063 mm to make the results comparable to those of the fine sedi-
ments trapped in the MATs. Particle size analyses (USDA) were per-
formed using a Coulter LS 13320 laser diffraction particle size analyzer
(Beckman Coulter, Inc., 2011), after eliminating the organic matter. Soil
organic carbon (SOC) was measured on a subsample finely ground via
a dry combustion method using a LECO RC-612 multiphase carbon
analyzer (LECO Corporation, St. Joseph, MI, USA, LECO, 1996). The
SOM was obtained by multiplying soil SOC by the Van Bemmelen con-
version factor (1.724). Total P and Ti content were analyzed by ICP,
and the xLF was determined using a Bartington susceptibility meter.

2.3 | Sediment characterization
Sediments were collected after flood events using artificial-lawn mats
(MATSs), placed at different locations within the catchment (1-5)
(Figure 2), at accretion sites in lateral bars where the stream energy is
reduced and natural deposition can take place.

Samples were collected in 20 seasonal campaigns in the period
extending from October/2014 to October/2019. Two replicates were
collected in the last 12 periods and the average values were used in

further analysis. The trapped sediments were dried and sieved to

(b)

o

Location of the study area and photographs of the main land uses in the Cenera catchment (a, pine afforestation and open forest

and scrubland in the front; b, croplands; c, barren land; d, stream banks in the incised stream. [Colour figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 2 (a) Location of the soil
sampling points in the Cenera catchment
under different land uses/land covers (C,
cropland; F, forest; BL, barren land; SB,
streambanks) and of the trap MATs (Mat
1 to 5) for collecting sediment. b: Scheme
of the study setup: The MATSs are placed
to retain the transported sediment below
the water level reached during storm
events triggering high floods (coloured in
red). The regular water level is coloured in
blue. (c-e) Photographs of the MATs
during different events. (c) MAT5 after a
flooding episode in campaign 18. (d) MAT
5 during a high water episode of a low
energy event. (e) MAT4 full of sediment
after a high-intensity rainfall and flood
event collected in campaign 15. [Colour
figure can be viewed at
wileyonlinelibrary.com]

< 0.063 mm and the same parameters than in the sediment sources
were evaluated in each sample.

24 | Rainfall characteristics

The characteristics of the rainfall events registered during each sea-
sonal campaign were evaluated using the data recorded in a tipping
bucket rain gauge located in the catchment, with information recorded
at 1-min interval. The accumulated precipitation along the time period
and in each erosive event (= 12 mm) (Xie et al., 2002), besides the max-
imum precipitation records in different intervals (24 h and 1 h) were
considered in the analysis. The data was checked and completed when
necessary with the information from Sos del Rey Catdlico (Lat: 42°29’
50”N; Long: 1° 12’ 55" O; elev: 639 m a.s.l. and Yesa (Lat: 42° 37" 13"
N: Long: 1° 12’ 13" O; elev: 490 m) meteorological stations, which
belong to the Spanish Meteorological Agency-AEMET).

2.5 | Data analysis

The characteristics of the sediment sources in the catchment and their
variability were assessed by taking surface samples (0-2 cm) under
each land use/land (cover cropland, forest, scrubland, afforestation,
streambank and barren land). The characteristics of the sediments

collected in each period were analyzed and compared to the proper-

ties of the sediment sources in the upstream areas from which each
MAT could receive eroded material. The relationships between differ-
ent properties in the sources and in the sediments were evaluated
using a multivariate analysis (correlation matrix). The differences in
the composition of the sediments between campaigns were explained
taking into account the characteristics of the recorded events. A clus-
ter analysis was applied to the sediment properties, using the rainfall
characteristics as external variables. The Ward (hierarchical) and the
k-means methods were applied and the Euclidean distance was used
to measure the similarity between the objects. The number of clusters
was determined using the Elbow method calculating the total
within-cluster sum of square for different number of clusters. In addi-
tion, the use of both methods allowed confirming the optimal number
of groups. For the retained clusters, the centroids (average sediment
characteristics) were evaluated as well as the characteristics of the

rainfalls recorded in each period.

3 | RESULTS
3.1 | Soil properties under the different land uses

The average soil characteristics under the main land uses/land covers
(sources) are shown in Table 1. The soils have high siltsoces cONtents
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TABLE 1

Average values and standard deviation of the properties in the surface layer (0-2 cm) of the sources: soil particle distribution-

USDA, low frequency magnetic susceptibility (XLFsources), Soil organic matter (SOMggyrces), total phosphorus (Psources) and titanium (Tisources)

concentration.

ClaYsources (%) Siltsources (%) Sandsources (%) XLFsources (10° M*/kg)  Psources (Mg/kg)  Tisources (Mg/kg)  SOMsources (%)
Cropland 133+29a 709+29a  157+31ab  37.6+184ab 381 + 83a 2972 +393a 28+14a
Forest 145+20ab  709+32a  164+25ab  430%218a 267 £74b 2999 +474ab  7.8+3.3b
Scrubland 137+ 46ab  692+4.7a 17.1+42ab  36.5+30.0a 258+ 117 b 2952 + 497ab 80+49b
Afforest. 16.3+4.9a 69.0+59a  147+58ab  429+214ab 266 +33b 3164 + 489 a 50£27c
Streambank  138+25ab  733+43ab 129£58b 264+151b 291£35b 3318 +310b 2.3+0.7 ad
Barrenland  112+40ab 747+56b  11.7+83b 122+52¢ 278 +23b 2959 + 272 a 05+04d

Note: Different letters indicate significant differences between land use/land cover.

TABLE 2a

Correlation matrix of properties (USDA texture: claysources, Siltsourcesy SaNdsources, SOil organic matter (SOMgorces), low frequency

magnetic susceptibility (XLFsources) and total phosphorus (Psources), titanium (Tisources) CONcentration) sampled at different locations within the

catchment, considering all land uses/land covers together.

ClaYsources Siltsources Sandsources
Claysources —0.3248 —0.3509
Siltsources —0.7716
Sandsources
XLFsources
Psources
Tisources

Abbreviation: NS, not significant.

XLFsources Psources Tisources SOMsources
0.3224 0.2673 0.4955 0.3459
- ** ok .
—0.6081 —0.1046 —0.3754 —0.5042
ok NS P .
0.3850 -0.0175 0.0381 0.2664
. NS NS -
0.0961 0.4971 0.5482
NS ok ok
0.2686 —0.0270
** NS
0.1703
NS

Note: p < 0.01: significant at 99%; p < 0.05: significant at 95%; p < 0.1: significant at 90%.

(about 70%) and relatively low claysources and  sandsources
contents (about 15%, on average). The XLF.ources and the SOMggurces
presented significant differences among soils under the different land
uses, with the highest values under forest and the lowest in the barren
land. Regarding the rest of the properties, it was observed that the
highest Psources Values were recorded in croplands, followed by the
streambanks. The higher Tisources CONcentration, however, did not vary
significantly between land uses/land covers, although the highest
values were observed in the streambanks.

The relationships between the properties in the sources are pre-
sented in Table 2a and 2b. It can be seen that, when all land uses/land
covers were analyzed together (Table 2a) Psoyrces and Tisources CONCEN-
trations were positively correlated with claygources cOntent and with
the XLFsources Values. A positive relationship between Tisoyrces and
XLFsources and between Pgources and Tisgurces Was also confirmed.
XLFsources correlated positively with SOMggrces. However, no signifi-
cant relationship was found between SOMgyyrces and Pgoyrces OF
Tisources- Considering the analysis separately by land use/land cover,

most of these relationships disappeared in the soils under croplands,

in the barren land and in the streambanks, but remained in the soils
under forest land uses (forest, afforested areas and scrublands) and in
addition, a positive relationship between Psgurces and SOMqgurces Was

confirmed under forest land uses and in the streambanks (Table 2b).

3.2 | Rainfall characteristics

The erosive rainfall events (R > 12 mm) recorded during the 20 moni-
toring campaigns are summarized in Table 3. The accumulated precipi-
tation in the erosive events for each period ranged between about
59.4 and 318.3 mm. The number of events included in each campaign
varied between two and eight, and in 80% of the campaigns at least
one event accumulated more than 40 mm of rainfall. The precipitation
for each individual event ranged between 13 and 95.6 mm. Some
events lasted more than 24 h, and the maximum P4}, reached values
of up to 77.0 mm. In addition, some events recorded high precipita-
tion concentration in a short time period, with hourly intensities of up
to 50.4 mm/h. Besides the erosive events, other rainfall events that
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TABLE 3

Summary of the rainfall events recorded in each analyzed monitoring campaign and their characteristics (accumulated precipitation

in erosive and in non-erosive events (Ry), maximum precipitation recorded in one event (REmax), maximum precipitation recorded in 24 h

(Rmaxoan) and maximum hourly intensity (l,max).

Camp. Sampling date Pyotal (€Fosive + non-erosive)(mm)

1 28-10-2014 3183 + 6.9 6
2 15-4-2015 2857+ 374 8
3 7-7-2015 95.6 + 8.5 3
4 22-9-2015 80.4 + 9.3 5
5 21-12-2015 1133+ 7.5 4
6 22-3-2016 198.7 + 11.5 7
7 17-6-2016 63 4 22.6 3
8 22-9-2016 594 + 104 2
9 21-12-2016 143.8 + 31.0 3
10 31-3-2017 141.8 + 17.6 4
11 27/06/2017 130.2 + 48.2 5
12 22/09/2017 84.2 + 23.2 2
13 26/12/2017 68.6 + 7.3 2
14 6/4/2018 148.0 + 30.8 5
15 28/06/2018 2238 +11.9 4
16 20/09/2018 1442 + 4 4
17 21/12/2018 142.8 +20.8 5
18 18/03/2019 985+ 78 2
19 20/06/2019 161.0 + 33.8 5
20 18/10/2019 89.4+ 13.6 g

accumulated small amounts were also recorded, contributing to an
increase in soil moisture (the amount of rainfall of the non-erosive
events is also indicated in Table 3).

3.3 | Characteristics of sediments collected at the
outlet of the Cenera catchment

High variability in clay and sand contents was observed among sedi-
ments (sed) collected at the catchment outlet (MAT5) in the different
monitoring campaigns (Figure 3). In most of them, clay,.q content was
smaller than in the sources under the main land uses. Only in four
campaigns, clayseq content (ranging between 4.7 and 21.7%) was
higher than claysources- AN Opposite result was obtained regarding the
sandseq content, which ranged between 7.5 and 35.5%. However, for
all campaigns the differences in siltseq content were very small (aver-
age values 69.4%) and similar to the existing in the sources. The
SOM,q content presented high variability among periods, with an
average value of 2.91% (ranging between 0.75 and 5.32%), which
mean values of the same order of magnitude of the recorded in the
croplands and streambanks, but much lower than the SOMggrces in
the forest land uses. The XLFs.q had much lower values in the sedi-
ments than in the original sources except in the barren land. Regarding
the chemical composition of the sediments, there were clear differ-

ences in Pseq between the analyzed campaigns, with Pseq > Psources

Number of erosive events

REmax (mm) Rmaxogp, (mm) lymax (mm/h)

101.0 67.8 294
63.2 274 15.2
46.1 25.6 7.0
212 212 15.7
49.6 32 7.2
425 20.9 53
328 15.2 8.4
43.8 242 13
75.8 57.6 64
51.0 35.2 9.6
47.0 42.8 218
62.6 53.6 11.8
46.2 45.6 9.8
50.6 16.8 52
95.6 38.8 19.5
73.6 73.6 50.4
40.5 40.5 8.2
71.2 164 2.8
83.0 77.0 16.8
46.1 29.6 19.6

under most of the land uses/land covers. In almost 50% of the ana-
lyzed campaigns, Pscq Were higher than the Pgorees levels existing in
croplands. There was a significant positive linear correlation between
P.eq concentration and SOM..q (r? = 0.88), between P.eq and clayseq
content (> =0.52) and between P,y and the XLFsq values
(r? = 0.63). All relationships are shown in Table 4 (data corresponding
to MAT 1-MAT 5).

3.4 | Relationships between sediment and rainfall
characteristics

The results of the cluster analysis, based on particle size, SOM4 con-
tent and the XLF..q Vvalues, gave rise to similar classification applying
both cluster methods (Ward and k-means). The analyzed campaigns
were classified into three clusters according to the Ward method and
four clusters according to k-means. The difference consisted of one
observation (campaign 8) that was separated in one cluster in the
k-mean analysis, while in the Ward analysis they formed a subgroup
in cluster C2 (although at higher distance than the rest of observa-
tions) (Figure 4). Cluster C1 and C2 grouped 35% of the campaigns,
each, while cluster C3 grouped 30% of the total.

The centroids of the clusters are shown in Table 5. Cluster C1
grouped the events which lead to lower clayseq and high sand.4 con-
tents and the lowest SOMqq4, XLFseq and Psoq concentration. Cluster
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FIGURE 3 Precipitation characteristics (total accumulated precipitation (Rt), maximum precipitation in one event (REmax) and maximum
hourly rainfall intensity (I,max)) and properties (USDA texture: clayseq, Siltseq, Sandseq, SOMqeq, low frequency magnetic susceptibility (xLFseq) and
total phosphorus (Ps.q) and titanium (Tis.q) concentrations of the sediments collected at the five locations within the catchment along the
analyzed campaigns. [Colour figure can be viewed at wileyonlinelibrary.com]

C2 grouped the campaigns in which the sediments had the highest
clayseq and SOM¢q contents and also the highest XLFseq and Pscq con-
centrations, which was near double than that of cluster C1. Cluster C3
grouped the campaigns that gave rise to sediments with intermediate
characteristics regarding to clayseq, SOMseq and XLseq but were richer
in siltseq content. In C3, Psq concentration also had intermediate
values, while the events grouped in C3 cluster had the highest Tiseq
concentration. The isolated episodes in C4 (k-means method), (equiva-
lent to sub-cluster C2.2, Table 5) had similar values to the average of
cluster C2, except for SOM and xLFseq, Which were slightly smaller.
Looking at the characteristics of the rainfalls for the periods
included in each group, it could be observed that C1 included the
periods that accumulated the highest total precipitation and with high
precipitation in individual events. In C1, all campaigns were recorded
in spring and most of events were of long duration (several days). The
number of events was higher than in the rest of the periods (up to
eight events, with five events on average). The average total precipita-
tion was 182.8 mm, with up to 318.3 mm in erosive events and up to
323.1 mm considering the rainfall accumulated in non-erosive events.
The average event precipitation was 39 mm with up to 101 mm, and
with the maximum precipitation in 24 h of up to 77 mm. Clusters C2
and C3 grouped seasonal campaigns with similar average number of
rainfall events (three or four erosive events in the period), but they
had different characteristics. In all cases, the events had lower total
precipitation than those recorded in the events of cluster C1. The
campaigns in clusters C2 and C3 recorded less precipitation than

those in cluster C1, but with higher precipitation concentration (up to
75.8 and 73.6 mm per event, and of up to 52.6 mm and 73.6 mm in
24 h in C2 and C3, respectively). In addition, the precipitation accu-
mulated in smaller periods was higher in the events grouped in C3
than in C2, I, = 50.4 mm/h in
C3vs. 21.9 mm/h in C2). Though events grouped in C2 were recorded

(maximum hourly intensity
in all seasons over the years, the high intensity events included in
cluster C3 were recorded in autumn (50% of the periods). The cam-
paign isolated in the sub-cluster C2.2 (cluster C4 in k-means) recorded
fewer events and less total precipitation than the average of cluster

C2, but it included at least one high magnitude event.

3.5 | Variability in the sediment composition
recorded across the catchment

The average characteristics of the sediments, recorded during the
20 monitoring campaigns at the different catchment locations, are
shown in Table 6. The sediments were rich in siltseq in all locations
(> 65%) and there was not a clear trend in the clay..q and sand..q con-
tents between the sampling locations up and downstream. However,
despite the variability among periods, the lowest SOMq and Pgeq
contents were observed in the MATs located at the headwaters
(MAT1 and MAT2) and their values increased within the stream from
up to down (MAT1 — MAT3, and MAT2 — MAT4) (Figure 3). At the
catchment outlet, however, while the average P.4 presented
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Monitoring  Collecting Cluster method
Ward method campaign data Ward k-means
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FIGURE 4 Monitoring campaign classification using Ward's and k-means hierarchical clustering method, based on the sediment composition
obtained at the catchment outlet. [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 5 Centroids of the cluster analysis based on the sediment composition at the catchment outlet.

Claysed (%) Siltseq (%) Sandeq (%)
C1 6.9 66.5 26.5
Cc2 14.6 66.6 19.7
c21 14.5 67.8 17.7
C2.2 (C4 in k-means) 15.0 63.7 21.3
C3 10.6 75.4 14.0

XFeea (1078 m%/kg)  Poeg(mg/kg)  Ticea(mg/kg)  SOMacq (%)
11.0 293 2532 147
189 531 2632 4.39
19.8 567 2433 498
16.6 514 2680 3.20
140 353 2787 2.50

TABLE 6 Average (+ SD) of the sediment characteristics recorded at the different locations within the catchment (soil particle distribution
(USDA), low frequency magnetic susceptibility (xLFseq), total phosphorus concentration (Pseq), titanium (Tiseq) and soil organic matter (SOMgeq).

Clayseq (%) Siltseq (%) Sand;eq (%) XLFseq (10° m*/ke) Pseq (mg/ke) Ticed (mg/ke) SOM.q (%)
MAT1 125+49 77.5+35 100+ 6.2 124 +5.2 312+ 88 2362 + 230 20+17
MAT2 9.7+29 66.5+5.5 239+7.2 267+58 353 + 127 2721 + 349 28+35
MAT3 9.1£22 650+ 4.7 257 6.2 202+5.1 389 + 88 2622 + 230 35+17
MAT4 107 £ 1.6 714 +3.7 17.9+47 16.8+4.2 383+75 2365 + 367 41+16
MAT5 11.0+47 69.9 +4.4 19.0£63 150+ 4.5 410 +125 2574 + 203 30+16

the highest values, the SOM,.q and the ¥LF..q were smaller than in
the intermediate positions. Regarding XLFs.q, the highest average
values were recorded in MAT2 and MAT3 and the lowest in MAT1
and MATS.

Given the differences observed between sampling locations, a
detailed analysis was done point by point. The correlation matrix for
each location is shown in Table 4. The positive relationships found at
the catchment outlet between Pseq and clayseq and between P4 and
SOM,.q were confirmed at four of the five locations (MATs 1, 2,
3, and 5 for clay and MATs 1, 3, 4, and 5 for SOM), while positive cor-
relations between Psq and XLFseq Were observed at three of the five

locations (MATS 1, 4, and 5). Ps.q was also positively correlated with
Tiseq in MATs 4 and 5.

4 | DISCUSSION

4.1 | Relationship between phosphorus loss and
rainfall features

The high silt content in the sources of the Cenera catchment (about
70% under all land uses/land covers- Table 1) made them very
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susceptible to suffer erosion processes. A similar proportion of silt
was maintained in the sediments, which was the predominant frac-
tion, with very little variability among campaigns. However, some dif-
ferences were observed in the clays.q and sandseq contents (Figure 3),
which differ in some cases from the contents in the sources. The high-
est clayseq contents occurred in the campaigns with higher precipita-
tion concentration (C2), that is, under high-intensity rainfall events
that accumulate greater energy in shorter periods of time. The rainfall
energy in those events is strong enough to detach the clay particles
that are usually bound by greater cohesive forces.

The enrichment of sediment in clay size particles could be
explained by a first enrichment process due to particle entrainment
and to a further re-deposition of coarser particles (Novotny &
Chesters, 1989). The result observed in the sediment composition in
our catchment is in agreement with the changes recorded in the com-
position of the sediments deposited in channel beds of the main
catchment to which the Cenera stream is a tributary after an excep-
tional rainfall event (Ramos et al., 2022), which led to a decrease in
the proportion of clay and an increase in the proportion of sand. The
average values of clays.q were near double in the sediments recorded
in the events grouped in clusters C2 and C3, which happened in the
periods with higher rainfall intensity, than in those grouped in cluster
C1 (Table 5), which were recorded in the periods with high total pre-
cipitation but of lower intensities. The positive correlations between
Pseq and clayseq and SOMq, and the enrichment in P in the sediments
compared to that in the soil confirm that the mobilization of the mate-
rial contributes to mobilize also the P linked to fine soil particles.

Udawatta et al. (2004) found that the highest soil P loss occurred
in years with above normal precipitation while Zimmer et al. (2016)
and Sharpley et al. (2008) point out the importance of storm events
for P release from the catchments and its transfer to water bodies.
However, within the storm characteristics, rainfall concentration and
intensity play a particular role (Fraser et al., 1999; Shigaki et al., 2007).
The effect of rainfall intensity on the mobilization of P has been docu-
mented by different authors (Joel et al, 2012; Kuhn et al., 2012;
Messing et al., 2015; Wang et al., 2022). For the main land uses in the
study catchment, the direct effect of increasing rainfall intensity in soil
and P losses was verified under simulated rainfall in laboratory condi-
tions (Ramos et al., 2019), and the results obtained under natural rain-
fall along the period analyzed corroborate their effect on the P
mobilization. Thus, higher particulate P transport is likely associated
with increasing peak discharge that increases with rainfall intensity, as
indicated by Quinton et al. (2001), who suggest that greater flow
energies associated with higher discharge rates may remove more
P-rich material.

The effect of the magnitude of the events on P mobilization is
also confirmed when the events included in clusters C2 and C3 are
compared. While the events in both clusters accounted for similar
total accumulated rainfall, the periods in which the events accumu-
lated less water per event led to lower Ps.q concentration, while the
highest P..q concentrations were recorded under higher intensity
events (C2), which occurred mainly in autumn. These high

intensity events, led to the sediments with higher clayseq and Pseq

concentrations. This result agrees with the loss of clay and P in the
streambeds observed after an exceptional rainfall event analyzed in
the area that exported the finest sediments and associated P out of

the main catchment (Ramos et al., 2022).

4.2 | Spatial variability of the P concentration in
the sediments and its relation to source properties and
land use

The P concentration was much lower in MAT1 than in MATS5, which
could seem contradictory to that mentioned before regarding the rela-
tionship between Ps.4 and clays.4 found at the outlet. However, it
may be justified according to the main land uses existing upstream of
each MAT. Different authors have pointed to croplands as the main
contributing source to total P and its higher contribution compared to
other land uses has been documented in several studies (Ulén &
Kalisky, 2005; Otero et al., 2011; Neidhardt et al, 2019; Ré&ty
et al., 2020; Tian et al., 2022). In our study case, MAT1 receives water
from areas where the predominant land uses are forest and scrubs in
which Pgources levels are smaller than under croplands, while MAT5
receives water from areas that have all land uses, including croplands,
which have the highest P ces Values.

The higher proportion of croplands close to the catchment outlet
could justify the higher P mobilization in the area around the outlet,
which agrees with the results found by Ghafari et al. (2017) who iden-
tified high hazard areas in agricultural lands and in sub-basins located
close to a watershed outlet where the sediment and phosphorus yield
were higher. In this respect, Neidhardt et al. (2019) found total P
levels in soil and sediment at farmland sites more than twofold higher
than in forestry sites, and Réaty et al. (2020) recorded total P losses
about 30 times higher in agricultural than in forestry subcatchments.
In addition, McDowell et al. (2001) indicate that P concentrations are
controlled by overland flow and that erosion from areas of the catch-
ment coincident with high soil P can be also influenced by the channel
sediments. Gburek and Sharpley (1998) also indicate that runoff pro-
duction zones are the areas that control most of the P transport. As
mentioned by Steegen et al. (2000), additional geomorphological fea-
tures affect sediment delivery and export out of a catchment. How-
ever, P losses can differ among management practices (Dugan
et al,, 2022; Fang, 2021; Ramos et al., 2015; Wang et al., 2017).

The analysis of the soil properties showed that P was linked to
the finest fraction as indicated by the relationships between Pyorces
and claysources considering all land uses (Table 2a). This result was also
confirmed for the main land uses (cropland and forest land, Table 2b).
Accordingly, the events that gave rise to sediments with higher clayseq
content also led to higher Ps.yq concentrations, which means higher P
exportation.

Nevertheless, the Psq differed among sampling locations,
although the relationship between Pseq and clayseq Was maintained,
and apart from MAT4 was significant in all the MATs. The differences
in these relationships could be due to the disturbance processes that

take place under different land uses. Clay content is an important
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binding agent of P and influences the particulate P losses (Djodjic
et al., 2021). In our study case, the results recorded after the events
of different characteristics confirmed the binding between P and clay,
and that the mobilization of the clay fraction under high intensity rain-
fall leads to the mobilization of significant amounts of P. The lack of
significance in MAT4 could be due to the higher contribution of bar-
ren land and streambanks to that MAT, which has lower Py rces CON-
centration and for which the clay-P relationship was not significant
(Table 2b). In addition, the P concentration was also correlated with
the SOM content in the sediments and in the soils under forest. SOM
has been identified as an important factor affecting the adsorption-
desorption of soil P (Yang et al., 2019).

The sediments richest in Ps.q Were the ones that had the highest
SOMgeqy. Within the Cenera catchment, Pso.q and SOMq had higher
average values in the areas where forest land use (forest, scrub and
afforested areas) is predominant corresponding to the locations of
MATs 1 to 4, compared to the area where croplands cover higher sur-
face (MATS5). However, there was an increase in both SOM,.4 and Py
along the streams (MAT1 - MAT3, MAT2 - MATA4), which could be
due to the effect of the increasing runoff downstream. Furthermore,
the highest Ps.q and SOM,.4 values were recorded for the events with
higher precipitation accumulation (C2, Table 5). Deng et al. (2021)
found P loads in surface runoff, mainly driven by particulate P, also
positively correlated with total carbon loads.

Additional information on P changes caused by erosion could be
extracted from the XLF values. The highest xLF values existed in the
soils under forest, followed by the rest of the predominant land uses
(scrub, afforestation, and cropland), which was higher than in the bar-
ren land and streambanks. The XLFsources Was positively correlated
with claysources (Table 2a), which agrees with the results found by Bar-
bosa et al. (2021), besides, this relationship is mainly driven by the
one existing in the forest land use (Table 2b). The relationship
between XLFsources and claysources Observed in the sources was main-
tained in the sediments at three of the five locations (MATs 1-3-5),
and although, there was not significant relationship between Pgoyrces
and XLFsources, and despite the smaller values of XxLFseq compared to
XLFsources, @ strong significant correlation was found between XLFg.q
and Pyoq at the catchment outlet (MAT5) and in other two MATSs
(MAT1 and 4). Furthermore, the significant correlations between
XLFseqg and SOM,q and in turn between XLFseq and Pseq in MATS
1 and 5, could be indicative of the P accumulation. As P is mainly
stored in the soil surface, the higher xLF values in the forest soils are
consistent with the lower disturbance degree that they suffer. These
results also agree with the decrease of xLF associated to the decrease
with soil depth found by Sanjari et al. (2021) in sedimentary parent
materials and as an indicator of soil loss of surface layers by erosion
processes (Lima et al., 2020; Quijano et al., 2014). In the same direc-
tion, a decrease in xLF values has been found in streambed sediments
after an exceptional rainfall event in the area (Ramos et al., 2022).
Therefore, the lower XLFseq compared to XLFsources likely indicates that
the poorest and more degraded soils in the Cenera catchment contrib-
ute in higher proportion to the transported sediments.

On the other hand, the relationships between xLF and Ti values
(Table 2), confirm that both properties give information in the same

direction and that they could be useful for identifying changes in the
soil surface. The low values of Ti in the trapped sediment could be
due to the provenance from deeper soil layers that are likely linked to
soil losses by erosion. The results found in this research indicate a
relationship between Ti and xLF under forest land use where soils are
better preserved and have lower erosion rates (Lizaga et al., 2019).
However, the Ti and xLF relationships disappear in cropland and bar-
ren land (Table 2b), where according to Lizaga et al. (2019), soil degra-
dation by erosion is higher. The lack of correlation between Ti and
XLF in the streambanks is explained by their own origin, since they are
sediments, not soils.

In the sediments collected along the monitoring campaigns at the
different locations in the catchment, Tiseq and XLFs.q had in common
that their values were much lower in the sediments than in the
sources. The relationships between xLF..q and Tis.q Were significant
in four of the five MATSs, and there were also differences between
locations. The differences in XLF are in agreement with the values
found in the soils of the areas that contribute to each MAT except for
MAT1. As previously mentioned, XLF values can reflect the intensity
of processes occurring at different landscape positions pointing to dif-
ferences between headwaters and downstream locations in terms of
different land uses and the amount of runoff circulating in the streams
after the rainfall events. This could justify the lower xLF values found
in the sediments recorded at the catchment outlet in MATS5, where
besides accumulating higher runoff the cropland proportion is greater
than in the other intermediate MATs locations of the catchment.

5 | CONCLUSIONS

The information extracted from the 20 monitored campaigns con-
firmed the influence of rainfall intensity as well as the effect of the
increasing flow along the streams until the catchment outlet in P
mobilization and conveyance. The analysis of the characteristics of
the sediment sources and sediments collected across the catchment
has provided insights into how P is bound to soil particles. P-clay bind-
ing was confirmed in all sediment sources while P-SOM binding was
found only under forest land use. An enrichment in P was observed in
the sediments where both P-clay and P-SOM bindings were observed.
The lower xLF values in the sediments than in the soils, likely denote
that the more degraded soils are more prone to be detached and
transported. In addition, the results confirmed the higher contribution
of croplands to P losses compared to other land uses/land covers,
which is due not only to a higher susceptibility of soil to be eroded
because of its lower vegetation cover, but also due to their location in
areas that experience higher water accumulation of runoff generated
upstream.

The results suggest that, particularly in Mediterranean areas,
where both precipitation concentration of high intensity events are
expected to increase, P mobilization and its loss, in particular from
croplands, may generate higher water pollution problems in the
future. Therefore, it would be necessary to adopt appropriate man-
agement practices in these areas and other of similar environments to

reduce soil and nutrient losses.
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