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Abstract: Understanding sediment dynamics in peri-urban catchments constitutes a research challenge
because of the spatiotemporal complexity and variability of land-uses involved. This study investigates
differences in the concentration of total sediments (TSC) and suspended sediments (SSC) in the
small peri-urban Mediterranean Ribeira dos Covões catchment (40% urban area) in central Portugal.
Suspended sediment responses at the catchment outlet (E) and in three upstream sub-catchments,
during periods of urbanization (2011–2013) and stabilizing land-use (2017–2018) are compared for
storm-event datasets encompassing similar ranges of rainstorm sizes and antecedent rainfall condition.
The Quinta sub-catchment, with the lowest urban area (22%) but subject to major construction activities
affecting 17% of its area, led to highest TSC and SSC during urbanization (attaining 4320 mg/L and
4184 mg/L, respectively), and a median reduction of 38% and 69%, respectively, during stabilization.
Espírito Santo sub-catchment, with highest urban area (49%) and minor construction activities,
displayed similar median TSC in both periods (258–240 mg/L) but highest SSC reduction (76%),
highlighting the impact of the anthropogenic disturbance mainly on fine-particle sediments and a
good connectivity with the stream. Porto Bordalo sub-catchment, with 39% urban area and subject
to the construction of a four-line road covering 1.5% of its area, showed the lowest TSC and SSC
concentrations and the lowest median reductions in both periods (31% and 64%, correspondingly),
mainly because of the impact of an unplanned retention basin established with soil from the
construction site. Overall, median TSC and SSC reduced 14% and 59% at E, from urbanization
to stabilization. Information about sediment dynamics should guide stakeholders in establishing
strategies to reduce sediment loads and mitigate the impacts on urban aquatic ecosystems.
Keywords: urbanization; land-use; suspended sediment concentration; spatiotemporal variation

1. Introduction
Society is facing increasing environmental challenges, such as land degradation, particularly
in urban areas where most of the world’s population reside. Erosion is one of the main soil threats
identified by the European Commission [1] and a primary source of sediment to surface waters [2].
Although organic and inorganic materials eroded from the land surface can play an essential role
in surface waters, by transporting nutrients to aquatic food webs, creating ecological habitats and
structuring channel morphology [3], changes in sediment quantity and quality driven by human
activities tend to have negative effects on (i) drainage capacity of rivers and hydraulic infrastructures,
Water 2020, 12, 665; doi:10.3390/w12030665

www.mdpi.com/journal/water

Water 2020, 12, 665

2 of 19

increasing flood hazard [2]; and (ii) ecological status of aquatic communities [4]. Suspended sediment,
the dominant type of sediment generated within catchments [2], has been recognized as the most
pervasive water quality problem globally [5], affecting products and services provided to society, such
as water supply and recreation activities [6].
Excessive amounts of fluvial sediments harm the physical, chemical and biological processes in
aquatic ecosystems. Suspended sediment increases turbidity and lead to reduced amount of light
penetration, with detrimental impacts on photosynthesis, which affect dissolved oxygen concentration
and primary productivity [7]. Suspended sediments are a major source of non-point pollution, since they
can transport (i) nutrients, including nitrogen and phosphorus, contributing to eutrophication of rivers
and lakes [8]; and (ii) contaminants, such as heavy metals [9,10], polycyclic aromatic hydrocarbons [11]
and polychlorinated biphenyls [12]. Sediments have adverse impacts on development of fish [4], filter
feeders such as mussels [6] and benthic invertebrate communities [13]. In Europe, only 38% of surface
waters are in good chemical status [13]. In USA, pollution associated with sediment load is the most
prevalent cause of impairment of aquatic systems [14]. In North America, the annual cost of suspended
sediment influx to riverine ecosystems is estimated to range from $20 to $50 billion [15].
Understanding sediment dynamics is necessary to develop management strategies required
to mitigate the impacts on the ecological status of the aquatic systems [4,16]. It is well-established
that fluvial sediment loads and dynamics are affected by a combination of geological, lithological,
topographical, climatic and land cover features of the catchments [6,17,18], as well as human activities,
such as urbanization, mining and river regulation [19,20]. The complex spatiotemporal nature of these
variables affects sediment-discharge relationships and determines their non-normality [21], making it
difficult to understand and predict sediment concentrations and loads [4]. In Mediterranean areas,
sediment concentrations vary by several orders of magnitude at a given discharge, depending on
the spatial and temporal variability of intense rainstorms [22]. There have been many syntheses of
knowledge of fluvial sediment dynamics in particular environments, including mountainous [4,23]
and agricultural areas [24], as well as urban catchments [25,26]. In urban catchments, however, limited
knowledge is available regarding the impact of distinct urban patterns (e.g., design, location within the
catchment and stormwater design arrangements) on sediment yields [6]. Furthermore, limited research
has focussed on peri-urban catchments [5], characterized by mixed land-use landscapes and dynamic
and radical land-use change [27]. In these catchments, sediments from sealed surfaces (e.g., concrete,
gravel roads) and house yards, can provide a relatively unlimited supply of sediments since they
tend to be repaired by adding material from external catchments [6]. This input of particles coupled
with increased runoff from urban surfaces and its effectiveness in eroding available sediment sources,
lead to higher sediment loads than background values (e.g., in forest), even after the substantial
increases recorded during construction works [2]. Furthermore, peri-urban catchments tend to
comprise distinct mosaics of runoff sources and sinks which affect sediment connectivity between
hillslope and the stream network [28,29] and lead to highly variable catchment sediment yields. Finally,
high urbanization pressure in peri-urban catchments tends to lead to fast development of the built
environment and dynamic changes in landscape patterns [30], making it more complex to assess
temporal changes in sediment loads. Peri-urban expansion has been recorded even in countries with
decreasing population, such as Portugal [31], highlighting the need to understand sediment dynamics
and mitigate land degradation.
This study investigates spatial and temporal dynamics of fluvial suspended sediments in a
Mediterranean peri-urban catchment, over a period of active urbanization and a subsequent period
of relatively stable land-use. The specific objective is to assess the spatiotemporal variability of
suspended sediment concentrations at the Ribeira dos Covões catchment outlet and in three upstream
sub-catchments, located in central Portugal, characterized by different urban patterns, during storm
events during two distinct periods of active urbanization and relatively stable land-use. This knowledge
is relevant to guide urban planning and develop best management practices to reduce the anthropogenic
impacts on water resources and aquatic ecosystems within peri-urban catchments.
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2. Material and Methods
2.1. Study Area
The study focussed on the peri-urbanizing Ribeira dos Covões catchment, on the outskirts of the
city of Coimbra, in central mainland Portugal (40◦ 130 N, 8◦ 270 W). The catchment, which drains into
the much larger Mondego river, has a surface area of 6.2 km2 , with elevation ranging from 205 m in the
headwaters to 30 m at the outlet. Catchment lithology comprises Jurassic dolomitic and marl-limestone
units on the eastern side and Cretaceous and Tertiary sandstones conglomerates and mudstones in
the west, with Plio-quaternary sandy-conglomerates and alluvial deposits in downstream areas [30].
The climate is humid Mediterranean, with a dry summer from June to August, and an autumn/winter
period characterized by sequences of much wetter weather. Mean annual temperature is 15 ◦ C and
mean annual rainfall is 980 mm, with a highest daily fall since 1958 of 102 mm [30]. Storms of
particularly high intensity over short periods tend to occur at the end of the summer dry season.
The catchment has perennial streamflow at the outlet, supplied by several springs, mainly located in
the eastern sandstone area. Baseflow represents 33%–37% of streamflow. Mean annual runoff is 135 mm.
This represents 17% of mean annual rainfall, but ranging from 14% in driest to 21% in wettest years [29].
From 1950 to 2011, population increased from 14,315 to 26,632 inhabitants, and is currently mainly
devoted to the tertiary sector [32]. The increase of population over the last few decades led to significant
land use changes, mainly rural up to 1972 to around 40% urban, 56% forest and 4% agricultural by
2012. In 2012, major disturbance activities included the construction of (i) an Enterprise Park in the
extreme southwest part of the catchment, covering about 5% of the catchment area, which started in
late 2008 with deforestation; and (ii) a four-lane highway crossing the northwest part of the catchment
(Figure 1). Some detached houses were also built in SE and NW urban areas and some deforestation in
the middle part of the catchment were recorded (Figure 1). After 2013, land-use stabilized because
of a national economic crisis. Since 2017, despite a recovery of the national economy, little further
urbanization (and catchment land-use change) has occurred. In 2018, clear-felling of small areas of
forest was carried out for fire protection purposes, as a consequence of new and stricter legislation
regarding the control of biomass in forest areas, following severe wildfires recorded in 2017.
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of varying design and population density, and with differing storm drainage systems. In the
Enterprise Park, a detention basin was constructed to collect runoff from upslope paved surfaces and
delay its discharge into the stream during large storms. This detention basin also led sediment
retention especially during the construction phase. Nevertheless, sediment fingerprinting evidence
showed that bare soil surfaces within the Enterprise Park area were the main source of sediments at
the catchment outlet in 2012, though less dominant in 2015 due to increasing vegetation cover [27].
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In general, urban development is dispersed over the catchment, comprising distinct urban cores
of varying design and population density, and with differing storm drainage systems. In the Enterprise
Park, a detention basin was constructed to collect runoff from upslope paved surfaces and delay
its discharge into the stream during large storms. This detention basin also led sediment retention
especially during the construction phase. Nevertheless, sediment fingerprinting evidence showed that
bare soil surfaces within the Enterprise Park area were the main source of sediments at the catchment
outlet in 2012, though less dominant in 2015 due to increasing vegetation cover [27].
2.2. Catchment and Sub-Catchment Sampling Strategy
In order to investigate the spatial variability of suspended sediments, four sites within the Ribeira
dos Covões catchment were selected for this study (Figure 1): the catchment outlet, ESAC, and three
upstream sub-catchment sites draining areas of contrasting urban pattern. The three sub-catchments
are (1) Quinta, with a relatively low urban area (22%) but including the Enterprise Park; (2) Espírito
Santo, the most urbanized (49% urban), comprising mostly detached single-family houses, with
relatively low surface sealing downslope and high imperviousness only in some upslope areas, with
storm runoff infiltrating either in nearby or (after routing) downslope pervious areas (e.g., forest); and
(3) Porto Bordalo, 39% urban, and comprising either rows of attached-houses or more closely packed
detached houses with greater surface sealing, as well as part of the highway, with storm runoff from
downslope impervious areas being piped directly to the stream. Quinta and Espírito Santo are located
on sandstone whereas Porto Bordalo is in the limestone area. ESAC has a perennial flow regime,
whereas Porto Bordalo has an ephemeral stream and Espírito Santo and Quinta have seasonal flows.
The main characteristics of the four selected sites are summarised in Table 1.
Table 1. Main topographical, lithological, land-use (in 2016) and hydrological characteristics of the
catchment and sub-catchments investigated in Ribeira dos Covões (adapted from [34]).
ESAC–(Outlet)

Porto Bordalo

Espírito Santo

Quinta

Area (ha)
Mean slope (◦ )

620
10

113
12

56
8

150
4

Sandstone (%)
Limestone (%)
Alluvial (%)

56
41
3

2
98
0

98
0
2

100
0
0

Urban (%)
Woodland (%)
Agriculture (%)

40
56
4

39
57
4

49
46
5

22
73
5

Stream classification
Mean annual runoff (%)
Mean annual surface runoff (%)
Baseflow index (%)
Gauge elevation (m)

Perennial
14–21
9–13
36–39
32

Ephemeral
11–12
8–9
1–2
73

Seasonal
26–31
20–21
23–29
81

Seasonal
13–14
8–9
33–39
83

The four selected sites form part of a hydrological monitoring network installed in Ribeira dos
Covões catchment in 2010 [34]. Chemical aspects of stream water quality (notably nutrients and
heavy metals) at the sites between October 2011 and March 2013 were reported in Ferreira et al. [35].
In another previous study [27], geochemical properties of fluvial bed sediments collected in 2012 and
2015 were used to explore spatial and temporal changes in sediment sources in the catchment, using
the sediment fingerprinting approach.
Water samples were collected at the four sites (ESAC, Quinta, Espírito Santo and Porto Bordalo)
during discrete storm events through (i) a period of active urbanization, from April 2011 to March 2013
(12 storms), and (ii) a period of relatively stable land-use, between November 2017 and December 2018
(11 storms). Sampling started immediately before the commencement of rainfall (whenever possible)
in order to include pre-storm baseflow sediment content, and then covered rising limb, peak and
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falling limb sections of the hydrograph. In PB it was not possible to collect water samples prior to
individual storms due to the ephemeral regime of the stream. The number of samples taken varied
between storms and sampling sites, depending on rainstorm magnitude and discharge response.
The selection of storms was based on weather forecasts and deigned to include (i) the first
rainstorms after the summer dry season, and (ii) winter wet season storms of differing magnitude and
following contrasting antecedent weather. Water samples were collected manually from the middle
of stream sections in 250-mL polyethylene bottles, and stored in a dark chilled cooler (∼4 ◦ C) until
reaching the laboratory. In total, 89 and 91 samples were collected at the catchment outlet (ESAC),
69 and 76 in Quinta, 67 and 87 in Espírito Santo and 83 and 90 in Porto Bordalo, during the urbanization
and land-use stabilization periods, respectively.
Water level data recorded on dataloggers at 5-min intervals at each site were converted to discharge
data using previously derived stage-discharge rating curves [34]. Then, 5-min rainfall data were
provided by two rain gauges.
2.3. Laboratory Analysis
Total sediment (TS), including suspended sediment (SS, the portion of sediment retained by
a filter) and dissolved sediment (TDS, the portion that passes through the filter), was analysed by
the gravimetric method, after water evaporation (Method 2540-B) [36]. Electrical conductivity was
measured in all the samples through potentiometric method (using a COND 51+ sensor). All samples
were analysed in duplicate for each parameter, and mean values were used for data analyses.
For the samples collected during the land-use stabilization period, suspended sediment
concentrations (SSC) were also quantified by filtering samples through pre-weighed 0.45 µm membranes,
drying at 105 ◦ C and reweighing (Method 2540-D) [36]. Suspended sediment concentrations for samples
collected during the urbanization stage were estimated by subtracting TDS from TSC, where TDS was
derived using site-specific linear regressions between TDS and specific conductance.
2.4. Data Analysis
Differences in TSC and SSC at the four sites (ESAC, Porto Bordalo, Espírito Santo and Quinta)
were assessed for the urbanization and stabilization periods separately using the non-parametric
Kruskal–Wallis H test, given the non-normal distribution of the data. For each site, temporal differences
in TSC and SSC between the two periods were assessed using the Mann–Whitney U test. Statistically
significant spatial and temporal differences were then further explored using the Least Significant
Difference (LSD) post-hoc multiple comparison test. Statistical differences were evaluated at the 0.05
significance level. Linear correlations between sediment concentration variables and peak discharge,
storm rainfall, maximum 15-min rainfall intensity (I15 ) and 7- and 14-day antecedent rainfall (API7 and
API14 , respectively) were assessed using Pearson r coefficients. Statistical analyses were performed in
IBM SPSS Statistics 25 software.
3. Results
3.1. Rainfall Characteristics and Runoff Response During Monitored Storms
Storm rainfall characteristics and storm runoff coefficients in the active urbanization (2011–2013)
and relatively stable land-use (2017–2018) periods at the four monitored sites are shown in Table 2.
Storm rainfalls of analysed events ranged from 2.4 to 46.7 mm during urbanization and from 4.0 to
29.2 mm in the stabilization period, covering events with return periods of up to 2 years. Although
the largest storm was recorded during urbanization (storm 12), a greater number of relatively large
storms (> 10 mm) were monitored during the stabilization period. Nevertheless, differences in the
rainfall amount and antecedent rainfall prior to each storm event (API7 and API14 ) recorded during
urbanization and stabilization periods were not statistically significant (p > 0.05). In addition, a broadly
similar range of rainfall intensities (I15 ) were experienced in both periods (p > 0.05).
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Table 2. Rainfall characteristics and runoff response during the 12 and 11 storms monitored during the urbanization and stabilization periods (a : storms recorded after
the summer; I15 : maximum rainfall intensity during 15 min; API7: 7-day antecedent rainfall; API14 : 14-day antecedent rainfall; E: catchment outlet; PB: Porto Bordalo;
ES: Espírito Santo; Q: Quinta).

Urbanization

Stabilization

Storm

Date

1
2
3a
4a
5
6
7
8
9a
10
11
12
13 a
14
15
16
17
18
19 a
20
21
22
23

Rainfall

Runoff Coefficient (%)

Depth (mm)

I15 (mm/h)

API7 (mm)

API14 (mm)

E

PB

ES

Q

19 April 2011
29 April 2011
23–24 October 2011
26 October 2011
02 November 2011
14 November 2011
16 December 2011
04 May 2012
25–26 September 2012
08–10 January 2013
15–17 January 2013
25–29 March 2013
Mean values

4.2
3.4
7.6
3.8
24.0
5.3
3.6
2.4
6.4
9.0
20.2
46.7
11.4

2.4
0.6
1.6
0.9
6.0
2.7
1.1
0.9
1.7
1.0
1.5
2.8
1.9

20.7
4.8
1.8
28.8
20.7
35.5
19.7
47.7
15.6
0.0
25.3
51.8
22.7

20.7
39.1
1.9
28.9
48.8
97.9
22.0
85.4
15.6
7.5
25.3
75.2
39.0

5.6
4.3
3.5
5.0
8.6
19.0
5.3
17.1
20.3
5.6
11.3
29.4
11.3

8.2
6.6
5.5
4.9
9.4
14.4
2.8
5.8
30.2
5.1
8.5
26.2
10.6

15.0
5.3
0.0
17.8
7.8
24.9
7.2
13.7
62.7
20.5
23.7
31.7
19.2

5.4
2.6
0.0
5.0
9.3
11.1
4.2
11.9
18.2
9.7
13.1
23.0
9.5

02 November 2017
05 March 2018
09 March 2018
13 March 2018
24 May 2018
08 June 2018
15 October 2018
29 October 2018
08 November 2018
29 November 2018
18 December 2018
Mean values

4.0
9.0
7.2
14.0
29.2
20.8
13.8
16.8
6.2
16.3
7.8
13.2

1.0
2.4
1.2
5.2
5.8
1.6
4.4
2.2
0.8
1.6
1.6
2.5

0.4
113.8
64.4
46.6
7.2
13.6
14.8
0.2
47.0
46.4
32.0
35.1

8.0
114.2
134.8
155.0
2.4
18.8
15.0
11.0
64.6
66.6
33.6
56.7

2.0
19.6
17.4
20.4
7.3
16.3
8.4
3.8
10.9
17.2
15.8
12.6

15.9
2.6
2.8
6.5
3.7
5.6
37.8
11.1
20.8
10.5
5.6
11.2

3.4
23.3
25.0
22.1
9.6
14.2
15.4
6.4
11.6
32.1
36.8
18.2

0.0
16.0
11.1
27.4
15.1
14.7
5.1
6.2
6.5
22.1
8.3
12.0

Storm rainfalls of analysed events ranged from 2.4 to 46.7 mm during urbanization and from 4.0 to
29.2 mm in the stabilization period, covering events with return periods of up to 2 years. Although
the largest storm was recorded during urbanization (storm 12), a greater number of relatively large
storms (> 10 mm) were monitored during the stabilization period. Nevertheless, differences in the
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urbanization and stabilization periods were not statistically significant (p > 0.05). In addition, a
broadly similar range of rainfall intensities (I15) were experienced in both periods (p > 0.05).
Mean storm runoff coefficients were not significantly different between urbanization and
Mean storm runoff coefficients were not significantly different between urbanization and
stabilization periods for the four sampling sites (p > 0.05), although slightly lower in the latter
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(E: ESAC, ES: Espírito Santo, Q: Quinta, PB: Porto Bordalo), during urbanization (P1) and stabilization
(P2) periods.

At all sites except Espírito Santo, there were significant differences in TSC between urbanization
and stabilization periods (p < 0.05), with median TSC values in the stable period being 38%, 31%
and 14% lower in Quinta, Porto Bordalo and ESAC, correspondingly, than during urbanization
(Figure 3). The greater decrease occurred in the Quinta sub-catchment undergoing major land-use
change. In contrast, the Espírito Santo sub-catchment displayed similar TSC in both periods (258 mg/L
vs. 240 mg/L), since it was less affected by urbanization (p > 0.05).

At all sites except Espírito Santo, there were significant differences in TSC between urbanization
and stabilization periods (p < 0.05), with median TSC values in the stable period being 38%, 31% and
14% lower in Quinta, Porto Bordalo and ESAC, correspondingly, than during urbanization (Figure
3). The greater decrease occurred in the Quinta sub-catchment undergoing major land-use change. In
contrast,
the665
Espírito Santo sub-catchment displayed similar TSC in both periods (258 mg/L vs. 8240
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Similar spatiotemporal variations were recorded in SSC, with lower values in Porto Bordalo
Similar spatiotemporal variations were recorded in SSC, with lower values in Porto Bordalo
during urbanization (52 mg/L) and stabilization (19 mg/L) than at the other three sites (20–120 mg/L)
during urbanization (52 mg/L) and stabilization (19 mg/L) than at the other three sites (20–120 mg/L)
(Figure 2b). Despite similar median SSCs, the greater urbanization activity in Quinta led to higher peak
(Figure 2b). Despite similar median SSCs, the greater urbanization activity in Quinta led to higher
SSC there than at the catchment outlet (ESAC) and Espírito Santo (p < 0.05). At Q, 75% of measurements
peak SSC there than at the catchment outlet (ESAC) and Espírito Santo (p < 0.05). At Q, 75% of
were higher than at ESAC (339 mg/L in Quinta vs. 254 mg/L in ESAC), and the maximum concentrations
measurements were higher than at ESAC (339 mg/L in Quinta vs. 254 mg/L in ESAC), and the
were almost 3 times higher (4184 mg/L vs. 1525 mg/L). During the stabilization period, however,
maximum concentrations were almost 3 times higher (4184 mg/L vs. 1525 mg/L). During the
similar SSC were recorded at Quinta, ESAC and Espírito Santo (p < 0.05).
stabilization period, however, similar SSC were recorded at Quinta, ESAC and Espírito Santo (p <
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Espírito Santo, SSC decreases were greater for higher then smaller discharges (Figure 4). However,
than
the
previous
urbanization
period
(743
mg/L),
probably
because
of
some
forest
clear-felling
close
Espírito Santo recorded a higher maximum SSC value during the ‘stabilization’ period (1033 mg/L)
to the stream (Figure 2b).
The catchment outlet (ESAC) recorded the lowest percentage fall in median SSC from urbanization
to stabilization (120 mg/L to 49 mg/L). This decrease was clearer under smaller than larger discharges,
contrary to Espírito Santo (Figure 4). Similar findings were noticed also in ESAC and Quinta, although the
decrease in the curve relating SSC and the discharge is not so sharp from urbanization to stabilization in
Quinta regarding higher values. In Porto Bordalo the decrease in SSC from urbanization to stabilization
periods were affected similarly under low and higher discharges. An indication of baseflow SSC
is given by the values for the first sample of each storm event, e.g., before the rise in streamflow,
and the medians of SSC values were much lower than the storm event values, but also showed a fall
between urbanization and stabilization periods from 65 to 5 mg/L in ESAC, 75 to 22 mg/L in Espírito
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Santo and 45 to 32 mg/L in Quinta, and in Porto Bordalo from 33 to 17 mg/L. Suspended sediment
represented a higher fraction of TSC during the urbanization than the stabilization period (Figure 2).
In Q, affected by the construction of the large Enterprise Park, SSC represented in median 50% of TSC
during urbanization, but only 22% during the stabilization period. In Porto Bordalo, SSC comprised
43% of the median TSC during the construction of the major road, covering 1.5% of the sub-catchment
area,
but only 19% of the median TSC during the stabilization period. A decrease in the proportion
of
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before the rise in streamflow, and the medians of SSC values were much lower than the storm event
values, but also showed a fall between urbanization and stabilization periods from 65 to 5 mg/L in
ESAC, 75 to 22 mg/L in Espírito Santo and 45 to 32 mg/L in Quinta, and in Porto Bordalo from 33 to
17 mg/L. Suspended sediment represented a higher fraction of TSC during the urbanization than the
stabilization period (Figure 2). In Q, affected by the construction of the large Enterprise Park, SSC
represented in median 50% of TSC during urbanization, but only 22% during the stabilization period.
In Porto Bordalo, SSC comprised 43% of the median TSC during the construction of the major road,
covering 1.5% of the sub-catchment area, but only 19% of the median TSC during the stabilization
period. A decrease in the proportion of SSC in TSC was also recorded at Espírito Santo (34% to 9%),
despite little land-use change in either period. At the catchment outlet (ESAC), SSC represented 43%
and 19% of TSC during the urbanization and stabilization periods, respectively.
3.2.2. Inter- and Intra-Storm Variations in SSC

first storm after the summer dry period (1144 mg/L in 15 October 2018) (Figure 5) in storm events
that occurred after the forest clear-felling episode of early spring that year. Again, in these storms,
peak SSC occurred at the beginning of runoff, in contrast to peak discharge timing typical in other
events (Figure 6). As a result of this within-period variation, peak SSC in Espírito Santo was not
significantly
Water
2020, 12, 665correlated with rainfall amount and intensity, in both urbanization and stabilization
10 of 19
periods (p > 0.05).
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In general, largest intra-storm variation was perceived in the first storm events monitored after
the dry summer, both in the urbanization (e.g., 2 November 2010, 14 November 2011, 25 September
2012) and stabilization periods (15 October 2018, 29 November 2018) (Figure 5). Maximum SSC values
of 4184 mg/L and 743 mg/L were recorded at Quinta and Espírito Santo, respectively, on 25/09/2012
during urbanization. This rainfall event triggered the beginning of streamflow in both streams,
leading to peak concentrations recorded during the initial stage of discharge and with no baseflow
contribution. Nevertheless, median SSC under baseflow conditions were 156 mg/L in Quinta and
249 mg/L in Espírito Santo, during urbanization, highlighting the considerable increase to peak SSC.
Nevertheless, in most other storms peak SSC occurred either immediately before (e.g., 19 April 2011)
or after (e.g., 08–10 January 2013) peak discharge (Figure 6). During the stabilization period, Espírito
Santo displayed highest SSC concentrations in 2018 from late spring (769 mg/L in 24 May 2018) to the
first storm after the summer dry period (1144 mg/L in 15 October 2018) (Figure 5) in storm events that
occurred after the forest clear-felling episode of early spring that year. Again, in these storms, peak
SSC occurred at the beginning of runoff, in contrast to peak discharge timing typical in other events
(Figure 6). As a result of this within-period variation, peak SSC in Espírito Santo was not significantly
correlated with rainfall amount and intensity, in both urbanization and stabilization periods (p > 0.05).
For Quinta, peak SSC also tended to occur at the beginning of discharge for the initial storms
after the summer, but was associated with peak discharge for other storms (Figure 6). In Quinta,
peak SSC was significantly correlated with I15 during urbanization (r = 0.59, p < 0.05) and with both
rainfall amount and maximum intensity during stabilization (r = 0.84, p < 0.01 and r = 0.70, p < 0.05,
respectively).
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ephemeral flow regime, did not seem to be affected by the first storms after the summer (Figure
summer (e.g., 15-16 October 2018) (Figure 7). In ESAC, significant correlations were found between
During urbanization, highest SSC was recorded in the 14 November 2011 event (598 mg/L), largely due
peak SSC and peak discharge and I15 during both the urbanization (r = 0.63, p < 0.05 and r = 0.82, p <
to construction of a ditch just upstream of the gauging station. Additionally, the greatest intra-storm
0.01, respectively) and stabilization (r = 0.78, p < 0.01 and r = 0.69, p < 0.05, respectively) periods.
variation occurred in the wettest soil conditions of late winter (e.g., 19 April 2011 and 24 May 2018).
Although SSC in Porto Bordalo generally increased with discharge (Figure 7), peak SSC per storm did
not correlate significantly with peak discharge, storm rainfall or I15 (p > 0.05).
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4. Discussion
In contrast to Quinta, Espírito Santo and ESAC, SSC variation in Porto Bordalo, which as an
ephemeral flow regime, did not seem to be affected by the first storms after the summer (Figure 5).
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displayed highest TSC and SSC than the other sub-catchments (p < 0.05). During the urbanization
period, deforestation and construction affected 17% of Quinta sub-catchment, and led to median TSC
4. Discussion
and SSC being about twice has high as those recorded in Porto Bordalo (Figure 2), despite the latter
having twice the urban area (39%) and the active construction of a highway covering 1.5% of the area.
4.1. Impact of Urbanization on Stream Sediments
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additional measures to mitigate sediment loads are required, such as grade control structures [38].
The maximum SSC of 4184 mg/L recorded in Quinta is twice as high as that recorded in a mixed
land-use catchment with 30% urban area (2388 mg/L) in Missouri, USA [5]. In this Missouri
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During the urbanization period, maximum TSC and SSC in Porto Bordalo were 1.3- and 1.4- times
greater than those recorded in Espírito Santo (Figure 2), may be a consequence of the construction of
the highway road. Deposition of excavated soil during construction, however, created an unplanned
retention basin which retained part of the runoff and sediments from this source. Field observation
during events show that this unplanned basin decreases considerably both flow and sediment
connectivity between the construction site and the stream network, despite their close proximity
(Figure 1). This has mitigated the impact of urbanization on sediment dynamics as measured at the
gauging station downstream. Specialized grading to increase surface roughness and reduce runoff
velocity, however, provides an erosion protection measure used in previous projects [38].
At the catchment outlet (ESAC), TSC during urbanization was slightly higher than at Quinta
and Espírito Santo (p > 0.05) (Figure 2), and twice as high as at Porto Bordalo. Similar results were
also recorded for SSC, except that Quinta displayed higher concentrations than at ESAC (p < 0.05).
Although a tendency for SSC to fall with downstream distance has been recorded in previous studies
due to increasing dilution by additional runoff [5], sediment measurements from Ribeira dos Covões
do tend to indicate that Quinta and Espírito Santo are the main sources of sediment to the catchment
outlet. This also accords with previous findings in Ribeira dos Covões, based on geochemical sediment
fingerprinting properties of deposited sediments [27].
Construction sites tend to provide significant sources of sediments when bare soil is exposed,
leading to high SSC in the affected streams [2,6]. Thus, previous studies have reported that under active
urbanization, sediment yields can be anything from 3–420 times than sediment yields in agricultural
and forest areas and that fine-grained sediment yields can reach 21–12,000 times these background
rates [6].
Finer sediments from construction sites are more easily available then coarser sediments and can
be washed off quicker during the subsequent storms. The greatest percentage decrease in median
SSC between the two monitored periods occurred at Espírito Santo (Figure 2). This may indicate that,
despite the minor nature of urbanization period construction activities in Espírito Santo (Figure 1),
there is a relatively high connectivity between the sites and the stream network, favoured by their
downslope location and quick runoff and sediment transport via roads to nearby the outlet (confirmed
by field observations). Nevertheless, during the stabilization stage, in Espírito Santo, forest clear-felling
in spring 2018 close to the stream constituted a visible new source of sediment. The loose soil was
easily washed off in the subsequent storms, leading to very high SSC maxima in storms recorded
between May and October 2018 (Figure 5). Several previous studies have shown that deforestation can
enhance erosion and suspended sediment by up to several orders of magnitude [36]. These findings
also agree with previous authors reporting changes in sediment sources over short timescales [2].
Local measures to mitigate erosion should be implemented to reduce the impacts of disruptive
land-use changes, such as construction works and forest clear-felling. Examples of soil erosion
mitigation strategies include stabilization measures, such as seeding and mulching, and the installation
of physical barriers, e.g., gravel bags, slit fences and straw rolls [38].
4.2. Spatiotemporal Dynamics of Sediments between Urbanization and Stabilization Periods
Human activities involving landscape disturbance, such as construction works and forest
clear-felling, even if in small parts of the catchment, have impacts on sediment dynamics. Under
relatively stable land-use conditions (2011–2013), the four monitored sites displayed lower TSC and
SSC than during the urbanization period (Figures 3 and 4), with similar arrays of rainstorm conditions
(p > 0.05). Nevertheless, SSC decreases are more discernible at relatively low discharges in ESAC
and Quinta, but at higher discharges in Espírito Santo. It is logical that anthropogenic disturbance
sites and/or sources close to the stream network will lower the storm discharge threshold at which
significant suspended sediment and runoff will be generated, as recorded in Quinta. It also would
explain the greater percentage decrease in SSC from urbanization to stabilization phases at lower
discharges (Figure 4). During larger storms, and consequent higher discharges, sediment sources more
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distant from the stream network may become relevant sources of sediments, such as may be the case of
sediments from construction sites in Espírito Santo. Furthermore, other sediment sources over the
catchment can become active only with increased soil saturation and flow connectivity in larger storms
(especially in wet periods), thus explaining the smaller decreases in SSC during high discharges in
ESAC (Figure 4).
In general, really high SSCs were experienced in just a few storms, particularly after the summer
drought (Figure 5), associated with shorter but more intense rainstorms (Table 1), but also in some
winter storms, notably those of 02 November 2011, 13 March 2018 and 24 May 2018 (Figure 5), with
highest I15 (≈6 mm/h, Table 2). Rainfall intensity determines the available raindrop energy to erode
surfaces, and runoff rate transport sediment [39]. Studies elsewhere have also reported the impact of
few extreme events on very high SSC and total suspended sediment loads in relatively small rivers [17].
Storms recorded after the summer are characterized by peak SSCs that vary by several orders of
magnitude depending on antecedent peak discharge (Figures 6 and 7). During these storms, rainfall
rapidly mobilizes sediments from active sources and/or dried, loose material in the dry sections of the
drainage network. In addition, sediments transported from the hillslopes to low-order channels by
relatively small early summer storms may remain stored until subsequent high flows, as described
elsewhere by Gellis [37]. Peak discharge has been considered one of the key factors governing
suspended sediment yields in small catchments [23].
Some studies have also reported sediment flushing from hillslopes and the channel during the
first rainfall events after long dry periods [40], particularly from paved surfaces [41]. This may indicate
that sediments are often supply limited instead of transport limited [17]. Thus, the meteorological and
hydrologic characteristics of previous storms may influence sediment characteristics of the current
storm [37]. The seasonal variation of sediment yields must be considered when planning land-use
activities, such as urbanization and clear-felling. Some authors argue that scheduling activities that
disturb established soil during the drier seasons, avoiding ground disturbance when water and wind
are more likely, should be favoured [38]. This type of planning, however, must be considered carefully
in climate regions such as the Mediterranean, recording short but high intensity storms immediately
after the summer, since it may not be enough to mitigate erosion from construction sites effectively.
In the Ribeira dos Covões catchment, however, sediment dynamics differed between storms and
sites. In Porto Bordalo, rises in SSC after the summer are less pronounced than at the other sites
(Figure 5), possibly due to its ephemeral as rather than seasonal flow regime. At this site, high SSC
values were recorded later in the wet season (e.g., 19 April 2011 and 13 March 2018, Figures 6 and 7),
possibly due to increased connectivity of runoff and sediments eroded from more distant sources. This
type of sediment behaviour, associated with increasing connectivity over the wet season, has also been
reported in studies elsewhere [37].
Differences in available sediment sources affected by land-use changes and in antecedent
rainfall are relevant parameters influencing intra-storm sediment variations, including suspended
sediment hysteresis [26]. Complex sediment patterns can be characterized by (i) clockwise hysteresis,
when sediments increase during the rising limb and decrease during the falling limb of the
hydrograph, as a result, for example, of rapid sediment flushing and depletion in the stream network;
(ii) anti-clockwise hysteresis, when sediment increase is delayed, driven by, for example, sediments
dilution with stormwater runoff on the rising limb and arrival of sediments from more distant sources;
and (iii) other complex hysteresis associated with figure-eight loops, as a result of exhaustion of a
particular sediment source during severe storms, differences in the arrival time of sediments from
distinct sources which become connected with the river over the rainstorm, as well as storage and
resuspension of sediments within the channel during storms [2,23,37]. Hysteresis analysis was not
possible in the current study, because the frequency of sampling was insufficient during some of
the events.
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4.3. Impact of Different Urban Patterns on Sediment Dynamics
In the stabilization period, the previous major construction activities are still to some extent
affecting stream sediment dynamics. Thus in 2017–2018, Quinta remains the sub-catchment with
highest TSC and SSC (Figure 2), despite the percentage reductions of 38% and 69%, respectively,
in median values compared with during the urbanization period. This is due to the extent of remaining
erodible bare surface at these sites. Previous studies have also showed that most human interventions
affect SSC over an extended period of time [2]. The high concentrations of sediments recorded in
2017-18 in Quinta stream, however, indicate also that the retention basin is not being very effective
in trapping the fine suspended sediment fraction, such that SSCs at Quinta are now similar to those
measured at the catchment outlet at ESAC (p > 0.05).
In contrast, in Porto Bordalo, containing the four-lane road construction site, SSC values in the
stabilization period (median 19 mg/L) were much lower than in Quinta (Figure 2). The continued low
SSC values in Espírito Santo in the second period, despite the sub-catchment having the highest (49 %)
urban area and a forest-felling episode in Spring 2018 can be linked to the upslope location of the urban
area, the detached house pattern and a lack of connectivity of runoff with the stream network. Studies
elsewhere reported higher sediment concentrations from catchments with larger urban land-use [37].
Suspended sediment yields from urban catchments tend to be 2–70 times higher than background
levels (in agriculture and forest) [6]. This is because stream channel erosion can persist longer after
urban development, and because in some peri-urban areas gravel roads and parking areas can provide
continuing sources of sediments to waterways [6]. Sealed surfaces, such as concrete and asphalt, can
also be a relevant source of anthropogenic particles to streams, supplementing urban streams with
coarser sediment loads [18,41].
The type of urban pattern and its location within the landscape can also affect overland flow
and stream sediment supply and dynamics [29,40]. In Espírito Santo, runoff from upslope detached
housing is mostly dissipated in surrounding pervious soil, enhancing water retention and infiltration
opportunities. In contrast, in Porto Bordalo, runoff from its urban surfaces is partially piped to the
stream network, thereby enhancing flow and sediment connectivity between the urban areas and
the stream network [34]. This may explain the similar TSC and SSC of Porto Bordalo and Espírito
Santo during the urbanization period, considering the unplanned retention basin downslope the road
construction area in Porto BordaloB. Urban drainage systems are known to have a high sediment
transport efficiency [2].
Lower sediment concentrations in Porto Bordalo may be also partially linked with its marly
limestone soils, compared with the sandstone soils in the other upstream catchments. Analyses of
fluvial sediments in Ribeira dos Covões showed that the limestone area (covering 40% of the catchment)
only provided 10% of the sediments deposited at the catchment outlet [27]. Some authors have reported
suspended sediment yields to be primarily dependent on geology and soil type, together with climate,
land-use and position in the catchment [6,37].
At the catchment outlet (ESAC), median SSC during stabilization (49 mg/L) is lower than the
median concentrations recorded during both wet (139-300 mg/L) and drier seasons (7–102 mg/L) in
Hinkson Creek Watershed, Missouri, USA [5]. This watershed has similar annual rainfall (1036 mm)
than the Ribeira dos Covões catchment, it is less urbanized (30% vs. 40%) and has an area 17 times
higher (230 km2 ). In Missouri catchment, however, variations in estimated annual suspended sediment
yields in individual years from 16 to 313 t/km2 were mainly attributed to differences in annual total
precipitation, rather than urbanization [5]. This comparison between sites indicates a relatively
acceptable suspended sediment situation during the stabilization period, but episodically rather high
sediment levels during the urbanization phase (median SSC of 120 mg/L). However, sediments from
urban areas in Ribeira dos Covões are associated with some pollutants, such as heavy metals, which
may impair aquatic ecosystems [27]. In this study area, concentrations of Pb, Cu and Zn attained
155 mg/kg, 188 mg/kg and 659 mg/kg, respectively, in fluvial sediments derived from urban areas [27].
In 2018, a preliminary survey also identified and quantified some types of UV filters (e.g., octocrylene
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and ethylhexyltriazone) and parabens (e.g., methyl) in fluvial sediments over the Ribeira dos Covões
catchment [42]. Thus, although sediment loads decreased during the stabilization period, the chemical
load may be higher than during urbanization period.
In Portugal, as in other countries, no regulatory framework or legal guidelines for erosion control
measures are established, thus no erosion control is performed in construction sites and/or clear-felled
forest stands, and no specific measures to protect water bodies are implemented. Measurements to
mitigate erosion are mandatory only for farmers receiving financial support to implement the Common
Agricultural Policy. In the last years, however, Portuguese government is providing guidelines no
mitigate soil erosion but only in wildfire affected areas. This lack of regulatory framework leads to
high erosion rates over the landscape, leading, for example to siltation. In 2018, Coimbra municipality
spent 4 million euros to remove ~700,000 m3 of sediments from a 3.2 km section of the Mondego river
(just upstream of the confluence with Ribeira dos Covões catchment), where a dam was constructed in 1981.
A more complete understanding of the impacts of human disturbance, and the mosaic of urban
types on sediment dynamics, and their chemical impact requires further investigation, namely in
Ribeira dos Covões. Such information is relevant to mitigate degradation of aquatic ecosystems, and to
establish efficient strategies to control erosion and reduce sediment loads and flood risk to the stream
system. Simoni et al. [38] propose a structured conceptual planning approach, based on knowledge of
hydrologic and sediment availability and sediment connectivity to channels, to design effective erosion
and sediment flux mitigation measures. In some cases, such as those where sediment loads may impair
water bodies used for human consumption, restrictions and prohibitions on land-use changes may be
recommended, and used to integrate delimited safeguard zones into land-use planning [43].
5. Conclusions
Urbanization and distinct urban patterns affect sediment levels and fluxes in streams inside the
peri-urban Ribeira dos Covões catchment. The construction of an Enterprise Park covering 17% of
the Quinta sub-catchment led to 1.4-2.2 higher SSC than in the other two sub-catchments despite
their much greater percentage urban area. Although the impact of the Enterprise Park construction
was reduced by 69% (in terms of median storm SSC) in the 2017-18 stabilization period, the extent of
bare soil surface in the Enterprise Park meant that the site (and the Quinta sub-catchment) remained
the most important sediment source in the catchment. This was despite partial mitigation by the
construction of a retention basin at the site.
The study shows that landscape disturbance, even in small parts of the catchment, are of great
importance to sediment dynamics. In the Espírito Santo sub-catchment, the construction of a few
houses also had an impact on stream suspended sediments, favoured by the effectiveness of roads in
transporting runoff and sediments to downslope areas. In the same sub-catchment, a small area of
forest clear-felling close to the stream also enhanced sediment concentrations in 2018, in storms over
the subsequent six months. In Porto Bordalo sub-catchment, the construction of a four-lane highway
covering 1.5% of the area also played a relevant role in TSC and SSC, despite significant mitigation due
to an unintentional retention basin created by piles of spoil downslope of the construction site, which
reduced connectivity with the stream network.
Apart from anthropogenic activities and land-use patterns, sediment dynamics are also affected
by rainfall and discharge patterns. During both the urbanization and stabilization periods, suspended
sediment concentrations were usually highest in storms recorded after the summer dry season
associated with shorter but more intense rainstorms and increased sediment availability. Storm
events later in the winter wet season, however, also led to high sediment fluxes, due to the role
of increasing wetness in enhancing the connectivity between less active sediment sources and the
stream network. This is more noticed in the limestone Porto Bordalo sub-catchment, than in the
sandstone sub-catchments.
Mixed land-use mosaics provide distinct sources and sinks of runoff and sediments, reducing the
connectivity of their fluxes downslope. Planners need to incorporate such spatial mosaic strategies,
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with urban areas located further from the stream network, to reduce downstream sediment problems.
Furthermore, planning the best time of land-use changes, based on seasonal differences in peak
sediment concentrations, together with the implementation of specific strategies to mitigate and retain
sediments in source sites (e.g., construction sites and clear-felling forest stands), such as seedling and
sediment traps, must be considered to develop a conceptual approach to mitigate sediment flux control
and natural hazard risk mitigation.
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