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ARTICLE INFO ABSTRACT

Keywords: The tropical Andes has been less studied in terms of erosion processes in comparison to other major mountain
Suspended sediment concentration ranges in the world. Environmental gradients are steepest along the western flank of the Andes that is charac-
Erosion terized by marked differences in vegetation, rough topography with deeply incised canyons, and highly variable
Topography . . : : . s

Climate and extreme precipitation patterns. Previous efforts mostly focused on sediment fluxes in large rivers draining to
Land cover e.g. the Amazon basin while small to medium-sized rivers such as the ones flowing towards the Pacific Ocean

Andes have been relegated. They highlighted the link between sediment yield, anthropogenic and natural factors, e.g.
climate, topography, river runoff, lithology and vegetation cover.

In this study, we identified the spatial patterns of specific sediment yield along the western slopes of the
Peruvian Andes between 3° and 13° S latitude for 21 catchments. We collected and analysed data from 22
environmental factors to elucidate their importance on spatially varying sediment yield. The sediment load was
derived from gauging stations, reservoir sedimentation and water turbidity over a 30-yr period. The specific
sediment yield varies strongly along the Peruvian western Andes as a consequence of the spatial variation in
climate, topography and land cover controlling sediment production and transport. We reported higher-than-
average specific sediment yields for the central part (6°-11°S) with values of 2130 and 2300 t km 2 yr~! and
low and uniform yields of 39 to 551 t km~2 yr~! in the southern part (11° — 14.5° S). Given the scarcity of data
on sediment yield, we included an uncertainty assessment based on bootstrapping approaches as to get a better
grasp on the potential range of specific sediment yields in the study region. Using statistical techniques including
Spearman correlation rank, univariate and multivariate regression analyses, we were able to determine the
importance of the 22 environmental variables on the specific sediment yield. About 55 % of the observed
variance can be explained by river discharge (Qqp) and river steepness index (kssg). By adding an anthropogenic
variable based on land cover, the explained variance in SSY increases up to 63 %, however, the effects of land
cover on specific sediment yield are not clear because of spurious correlation between land cover, river discharge
and topography. Our study therefore provides important new insights in the ongoing scientific debate on sedi-
ment yield variability in the western Andes.

1. Introduction load in the tropics is 30 % higher than the pre-industrial load, and that

the sediment delivery to the Pacific Ocean has increased by almost 10 %

Tropical (23°27' N — 23°27’ S) mountain regions are susceptible to
soil erosion due to steep topography, prevalent precipitation either
seasonally or year-round, and a high probability of earthquakes and
landslides (Aalto et al., 2006; Syvitski et al., 2014). A past study, based
on global sediment delivery models, predicted that the modern sediment

(Syvitski et al., 2005). Moreover, the area is prone to rapid land use
change including deforestation (Hansen et al., 2013) and extreme pre-
cipitation events (Syvitski et al., 2014) that potentially induce an in-
crease in sediment fluxes (Restrepo et al., 2009; Milliman & Farnsworth,
2011). A global assessment on soil erosion listed several tropical regions
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as Brazil, African territories along the Equator, India, Central Eastern
Ethiopia, Mexico, Indonesia, and Peru as hotspots of erosion with
erosion rates above 2 000 t km 2 yr’1 (Borrelli et al., 2017). This was
confirmed in recent work by Browning and Sawyer (2021) who classi-
fied about 88 % of the tropical region as having medium to high
vulnerability to erosion. However, past assessments are mostly based on
global soil erosion and sediment transport models that are not yet well
constrained for the tropical region because of data scarcity (Shahgeda-
nova et al., 2021). This is particularly the case in tropical mountain
regions, where the availability of empirical data is limited in time and
space (Rosas et al., 2020; Vanacker et al., 2020).

The tropical Andes has been less studied in terms of hydrometeo-
rology and erosion processes, in comparison to other major mountain
ranges in the world (Vanacker et al., 2007; Pepin et al., 2010). Its
impressive length, continuity and height significantly disrupt the at-
mospheric circulation resulting in a wide variety of environmental
conditions (Garreaud, 2009; Poveda et al., 2020). Environmental gra-
dients are steepest along the western flank of the Andes that is charac-
terized by marked differences in vegetation, rough topography with
deeply incised canyons, and highly variable and extreme precipitation
patterns (Tote et al., 2011). These environmental conditions pose
particular challenges for erosion and sediment flux monitoring
(Vanacker et al., 2020). Moreover, the connectivity between the sources
of sediment (e.g., rill and gully erosion, landsliding, bank erosion) and
the river network is not well studied. Temporary or permanent sediment
storage, erosion and remobilisation can occur across the river system,
and affect the transfer of sediment from hillslopes to floodplains and
river channels. Recent studies on the western Andes (Martini et al.,
2020; Restrepo et al., 2020; Vergara et al., 2022) illustrated how sedi-
ment connectivity can modulate the geomorphic response to distur-
bance events, and the importance for catchment management and risk
assessment.

Previous efforts were mostly focused on sediment fluxes in large
rivers draining to e.g. the Amazon basin (e.g. Armijos et al., 2013;
Vauchel et al., 2017) while small to medium-sized rivers such as the ones
flowing towards the Pacific Ocean have been relegated (Latrubesse and
Restrepo, 2014). Most of them are undocumented: in the global dataset
of Milliman and Farnsworth (2011), only 450 of the approximately 23
000 rivers correspond to small- to medium-sized catchments (drainage
areas between 100 and 3000 kmz), and only four of the 70+ documented
rivers draining the western Andes contained sediment data, i.e. the Mira,
Patia and San Juan rivers in Colombia (Restrepo and Lopez, 2008) and
Chira River in Peru (Milliman and Farnsworth, 2011). Often, small to
medium-sized rivers are sampled during a few years only to obtain an
operational concentration-discharge curve; afterwards, sampling is
reduced or stopped assuming no temporal change in sediment produc-
tion and transport (Milliman and Farnsworth, 2011). The importance of
studying sediment delivery from small and medium-sized catchment
was highlighted in the global study of Harrison (2000) who showed
higher than average sediment delivery in these catchments where
erosion processes are enhanced due to steep hillslope and river gradients
and higher coupling between hillslopes and river channels. Similar ob-
servations were made by de Vente et al. (2013) who concluded in their
study on erosion models that more efforts are needed to constrain
erosion rates in small to medium-sized catchment.

Sediment yields are commonly determined at sediment gauging
stations, where data on water discharge and suspended sediment con-
centration are available. In the tropical Andes, extreme rainfall events
during e.g. ENSO events can transport disproportionally large amounts
of sediments, and high-frequency SSC monitoring is therefore required
for reliable sediment yield estimates (Navratil et al. 2011; Vanacker
et al. 2020). As an alternative to suspended sediment sampling, turbidity
records are increasingly used to estimate sediment loads in the Andes.
They offer the advantage of continuous monitoring, even during
extreme flood events when the river valley is not accessible for sediment
sampling (Lewis, 1996; Navratil et al., 2011; Ellison et al., 2014. Lopez-
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Tarazon et al., 2009). However, permanent gauging stations with long
time series of hydrometeorological records are scarce in the tropical
Andes (Vanacker et al., 2020; Shahgedanova et al., 2021). Alternatively,
information on reservoir sedimentation has been used to derive esti-
mates of the total sediment yield of the upstream area, as periodic sur-
veys of the bathymetry and/or topography of small ponds, reservoirs or
lakes can provide information on the volume of sediment accumulated
over a given time period (Molina et al., 2008; Vanacker et al., 2015;
Verstraeten and Poesen, 2002). Such estimates of sediment deposits
include the material transported in the river system as suspended and
bedload.

Sediment yield is controlled by environmental and/or anthropogenic
factors (Kemp et al., 2020). Numerical models based on global datasets,
such as BQART (Syvitski and Milliman, 2007) or stream-power models
(Crawford, 1991), can provide first insights in the controlling factors (e.
g., Campforts et al., 2020). Based on a global assessment, Syvitski and
Milliman (2007) concluded that geological factors (relief, area, and li-
thology of the catchment) explain 65 % of the variation in sediment
yield whereas climatic and anthropogenic factors collectively explain an
additional 30 % of the variability. When focusing on regions with few
observational data, direct application of geomorphic transport laws is
not straightforward. Following the Tropical Andes from north to south,
the specific sediment yield ranges from 5 to 1150 t km ™2 yr! (Moquet
et al., 2020; Restrepo et al., 2009; Tenorio et al., 2018; Vanacker et al.,
2007). These authors attributed the observed variation in specific
sediment yield to multiple environmental factors amongst which mean
annual runoff, relief ratio, lithology and catchment area (Restrepo et al.,
2006; 2009; Vanacker et al., 2015; Litty et al., 2017) and land use and
management (Molina et al., 2008; Restrepo et al., 2015). Exceptionally
high values are reported for northern Peru where El Nino Southern
Oscillation (ENSO) events strongly control the temporal variation in
sediment fluxes. The sediment yields during moderate ENSO events are
estimated to be 5 to 11 times the rates during normal rainy seasons (Tote
et al., 2011), and up to 60 times’ increases are reported during extreme
events resulting in sediment fluxes up to 1000 and 3000 t km 2 yr?
(Morera et al., 2017). In the Chilean Andes, south of the Tropical Andes,
the spatial distribution of specific sediment yield is more uniform with
rates generally below 700 t km~2 yr~! (Pepin et al., 2010; Carretier
et al., 2013). Here, topography and vegetation cover are being identified
as the main controlling factors (Pepin et al., 2010; Tolorza et al., 2014).

Within the Tropical Andes, there is a clear gap in observational data
on sediment yield for the western flank of the Andes Mountains (Rosas
et al., 2020). A recent systematic review by Vanacker et al. (2022) on
water erosion in the Andes identified critical gaps in knowledge and
research on soil erosion and sediment yield, and a need for empirical
work on erosion and sediment yield in data-scarce regions such as e.g.
areas with very low to low precipitation. Of the 132 documented case-
studies, only 8 studies included data on the western margin of the
Andes. This region, particularly along the coasts of southern Ecuador
and Peru, is characterised by torrential and extreme precipitation events
(Litty et al., 2017; Rau et al., 2017) leading to landslides, mud- and
debris flows, reactivation of gully systems and flooding of alluvial and
coastal plains (Romero et al., 2007; Tote et al., 2011). This was observed
during the rainy season of 2018-2019 when a multitude of
geomorphologic-related disasters caused damage to critical infrastruc-
ture, water supply and sanitation, hydropower generation and local
economy (INDECI, 2012; 2017; ENFEN, 2017). For example, Morera
et al. (2017) estimated that 60 % of the storage capacity of the Poechos
reservoir was lost over the past 36 years due to reservoir sedimentation
during two extreme ENSO events. It is expected that the vulnerability to
natural hazards will further increase over the next decades due to
increasing climate variability (Poveda et al., 2020).

In response to this state of knowledge, our study addresses the
following questions: (1) How is the specific sediment yield changing
along the western flank of the Peruvian Andes?; and (2) Which envi-
ronmental factors are associated with the spatial variation in specific
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sediment yield? We first compiled a new dataset that comprises pub-
lished and unpublished information from river gauging stations, water
quality monitoring, and reservoir sedimentation of 21 catchments
distributed over the Peruvian western Andes. Based on these pre-
liminary results, we studied environmental data over 30-years period
(1990 - 2019) on climate, water discharge, lithology, topography and
vegetative cover were obtained from satellite-based products to fill gaps
in local databases. We carried out statistical correlation and univariate
and multivariate regression analysis to study the association between
specific sediment yield and environmental variables in the region.

2. Study area
2.1. Topographic and geological setting

The catchments are located along the western flank of the tropical
Andes between 3° and 14.5° South (Fig. 1). Its northern part (between
3°and 6° S) is characterised by a large coastal plain that extends 100 km
from the Pacific Ocean to the western Cordillera, and an altitude varying
between 0 m along the coastline and 2500 m a.s.l. in the headwaters.
The area is underlain by siliciclastic and mixed sedimentary rocks, un-
consolidated Quaternary sediments in the coastal plain and intermediate
volcanic and acid plutonic rocks in the upper catchment with some
metamorphic rocks (Hartmann and Moosdorf, 2012). The coastal plain
becomes much narrower, i.e. up to 10 km width, in the central part
between 6° and 11° S. In this region, the topographic relief increases
from 0 to 100 m a.s.l. in the coastal plain to a mean altitude of 3000 m a.
s.l. in the western Cordillera with peaks up to 6000 m. This region is
characterised by Cretaceous acid plutonic and intermediate volcanic
rocks, with Paleogene-Neogene mixed sedimentary rocks in the head-
waters. South of 11° S, the coastal plain becomes very narrow. The
escarpment of the western Cordillera has a steep gradient between 11°
and 14.5° S, with an average elevation of 4000 m a.s.l. Cretaceous acid
plutonic and intermediate volcanic rocks and unconsolidated sediments
are dominant, but outcrops of pyroclastics and carbonate sedimentary
rocks can also be found.
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2.2. Soils and geomorphology

Arenosols are the predominant soil type along the western flank of
the Peruvian Andes (Gardi et al., 2015). Arenosols are developed on
sand-rich parent material, and characterised by weak profile develop-
ment, low water holding capacity and poor nutrient content. In the
northern part (3° — 6° S), they cover 50 % of the area. Cambisols and
Leptosols are the main remaining soil groups that prevail at altitudes of
1800 to 3500 m, with the former being sandy soils with initial soil
formation with at least one subsurface horizon and the latter being
shallow soils developed on hard rock or gravelly material (Gardi et al.,
2015). During intermittent or torrential rain events, soils and sediments
can be mobilised on the hillslopes by overland flow, and transported as
mud and debris flows to the river network (Mettier et al., 2009). Most of
the deposits of sediments in the alluvial plains are related to dry river
courses or gullies that can be activated during the wet season (Luque
et al., 2020), and extreme rainfall events (Tote et al., 2011). Likewise,
the predominant soil groups in the central and southern regions (6° —
14.5° S) are Arensols and Leptosols, while Fluvisols can be found in areas
of recent alluvial or marine deposits that are exposed to periodic
flooding (Gardi et al., 2015). The fluvisols are found in the floodplains,
and may contain significant amounts of humus in the upper parts. The
central and southern region is prone to soil erosion by water, including
active gullying (e.g., Inbar and Llerena, 2000), and mass movements
(Harden, 2006; Luque et al., 2020).

2.3. Climate and land cover characteristics

In the northern part (3° — 6° S), there exists a clear contrast in
precipitation amounts and regimes between the coastal plain, mountain
foothills and headwaters. In the coastal plain, the average annual pre-
cipitation is 90 mm yr~!: about 90 % of the annual precipitation falls
from January to May. During strong ENSO events (1982-83 and
1997-98), the precipitation reaches peaks of 1000 mm yr~!. The
mountain foothills have an average precipitation of 370 mm yr~?, but
show high monthly variability of precipitation amount in the wet season
(January to April). The variability is caused by ENSO events (reaching
precipitation rates higher than 2700 mm yr~ ') and local convective

Land Cover

Precipitation [ croplands
mmyrt B corests
| Raad [ Grasstonds
[ Non-vegetated Land
B scvonnos
B strublonos

Urban and Built-up Lands

-82 -81 -80 -79 -78 =77 -76 -75 -74

Fig. 1. Spatial distribution of the 21 catchments in the Peruvian western Andes. (a) Topography of the region extracted from Lehner et al. (2008). The circles show
the location of the outlet of the catchments, and their colour/shape indicates the data type (SSC: suspended sediment concentration, RT: rating curve, TU: turbidity
and BAT: sediment storage in reservoirs). (b) Lithology based on Hartmann and Moosdorf (2012) (c) Average annual precipitation based on Aybar et al. (2017). (c)

Land cover of 2018 based on Friedl and Sulla-Menashe (2019).
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storms mainly related to the Kelvin waves. The mountainous headwaters
are part of the bi-national Catamayo-Chira catchments, and have an
average precipitation of 1024 mm yr~'. About 70 % of the annual pre-
cipitation falls in the rainy season (January to April). The precipitation
fluctuation is related to local convective events related to the Madden
and Julian Oscillation. Vegetation patterns in the northern area are
strongly linked to precipitation patterns. The coastal plain is barren with
total vegetative cover below 10%, the mountain foothills have a domi-
nance of annual grasses, herbs and shrubs (generally < 2 m high), and
the headwaters are covered by savannas with a tree cover between 10
and 60 %, deciduous broadleaf forest and grasslands.

In the central and southern part (6° — 14.5° S), there is a remarkable
difference in climate between the coastal plain and mountain foothills
that are the driest region in Peru with an average annual precipitation of
16 mm yr’1 (Rau et al., 2017) and the mountainous headwaters. In the
headwaters of the central part, the annual precipitation is 492 mm yr '
(Rau et al., 2017). The rainy season runs from December to April but
there is strong interannual variability in monthly precipitation, whereby
the precipitation peaks are not related to strong ENSO events. South of
11° S, the headwaters have an average precipitation of 366 mm yr !,
with 85 % of the annual precipitation falling during the wet season
(December to March). The vegetation pattern is a result of the climatic
conditions, with bare land and irrigated crops in the coastal plain and
annual grasses and shrublands in the remaining areas (Fig. 1).

3. Materials and methods
3.1. Compilation of dataset on sediment yield
3.1.1. Data sources

We compiled data on specific sediment yield for 21 catchments

Table 1
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distributed over the Peruvian western Andes (Table 1, Fig. 1). Data were
obtained from public institutions in Peru and Ecuador (Superintendence
of Services and Sanitation, SUNASS; National water management pro-
jects, PE, and National Institute of Meteorology and Hydrology,
INAMHI), unpublished data from private companies (Abel Rodriguez;
V&A Consulting Engineers) and recent publications by Onate-Valdivieso
and Bosque Sendra (2014), Morera et al. (2017) and Rosas et al. (2020).
Sediment yields were derived from (i) data on suspended sediment
concentration and discharge, (ii) water turbidity, (iii) published
concentration-discharge curves and (iv) bathymetric data from human-
made reservoirs (see Table 1 and Fig. 1). To constrain sediment yield
variation over the western Andes, we focused on the time period
1990-2019 during which most observational data were collected
(Table 1). We included four catchments (#11, 14, 16, 19, Table 1) that
had exceptionally long time series extending beyond the envisaged time
period (#11, 14, 16) or that covered important gaps in terms of spatial
coverage (#19, Fig. 1).

To obtain the sediment yield over the 30-year time interval, we
developed concentration-discharge curves based on suspended sediment
concentration or turbidity data, and derived the average specific sedi-
ment yield based on reconstructed timeseries of discharge data (sections
3.1.2 and 3.1.3 respectively for more details). For the bathymetric data,
we derived the specific sediment yield from the annual average sediment
storage in the reservoir (see section 3.1.4).

3.1.2. Specific sediment yield derived from suspended sediment
concentration or turbidity

3.1.2.1. Relation between suspended sediment concentration and dis-
charge. For 14 catchments (Table 1, “SSC” catchments), we had detailed
information from sediment gauging campaigns, that included data on

Overview of the 21 study catchments, with indication of geographic location, catchment area, data period, frequency of sampling, and type and number of samples.
The data types are classified as suspended sediment concentration (SSC), water turbidity (TU), concentration-discharge curve (RC), and bathymetric data (BAT).

D Station River Latitude Longitude Catchment area Data period Sampling Data N°
©) ©) (km?) frequency type samples
18 Al - Conta San Juan —13.4371 —75.9708 3020 Apr. - Jun. ~ 3 per month SSC 6
2019
2% C2 - Chavin Canete —12.7450 —75.9445 3360 1998-2001 - RC -
3? C3 - Putinza Canete —12.6682 —75.9598 3120 Jan. - Mar. 2 per day SSC 72
2018
42 C4 - Huantan Canete —12.4514 —75.8644 2200 Jan. - Mar. 2 per day SSC 70
2018
57 C5 - Azuchas Canete -12.3110 —75.8140 1390 Jan. - Mar. 2 per day SSC 56
2018
6° H1 - Santo Domingo Chancay —11.4954 —77.1665 2750 2014-2018 1 per day TU 1693
Huaral
7¢ S1 - Bocatoma Santa —8.6595 —78.2949 10 500 1999-2010 1 per day SSC 3961
Chavimochic
8¢ S2 - Condorcerro Santa —8.6500 —78.2500 10 400 1999-2010 1 per day RC -
9¢ S3 - Tablachaca Tablachaca —8.6476 —78.2319 3190 2003-2010 1 per day SSC 2094
10°¢ S4 - Chuquicara Santa —8.6605 —78.2118 7170 2003-2010 1 per day SsSC 1630
118 S5 - La Balsa Santa —8.8667 —77.8167 4290 1975-1989 ~1 per week SSC 617
12¢  J1-Yonan (Gallito Ciego)  Jequetepeque —7.2500 —79.1000 3300 1991-2017 - BAT 9
13¢ L1 - Raca Rumi Reque —6.6333 —79.3167 2370 1969-2017 - BAT 14
(Tinajones)
14°  CCl - Ardilla Chira —4.5167 —80.4333 11 900 1981-1992 1 per day SSC 3147
15°¢ CC2 - Chipillico (San Chipillico —4.7144 —80.1184 490 1960-2008 - BAT 3
Lorenzo)
16! CC3 - Puente Macara —4.4003 —79.9503 2460 1972-1992 1 per day SSC 6178
Internacional
17¢  CC6 - Arenal Catamayo —4.0544 —79.3736 1160 1977-2006 1 or 2 per year SsC 23
18°  CC7 - Uchima Catamayo —4.2303 —79.2036 47.7 1977-1991 1 or 2 per year SSC 10
19°  T1 - Puente Tumbes Tumbes —3.5833 —80.4667 5290 2014-2018 2 per year SSC 7
20¢ T3 -El Tigre Tumbes —3.7687 —80.4566 4690 2004-2012 - RC -
21° 71 - Bocatoma La Palma Zarumilla —3.5667 —80.2167 787 2014-2016 2 per year SsC 5

Sources: ® Rosas et al., 2020. ® SUNASS, Superintendence of Services and Sanitation. ¢ PE, National water managment projects (Cha vimochic, Jequetepeaue Zana,
Olmos Tinajones and Chira Piura). ¢ Morera et al., 2017. ¢ INAMHI, Ecuadorian Hydrology and Climate office. f Onate-Valdivieso and Bosque Sendra, 2014, & Private
company data.
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suspended sediment concentration and discharge at the time of sam-
pling. The suspended sediment concentration was determined on 0.5 or
1 1 water samples, that were treated according to the existing protocols
at the official instances (SUNASS or INAMHI). The discharge was
derived from water height measurements (on a graduated scale at the
gauging station) using the existing rating curves, or from discharge
measurements with a current meter in the case of the San Juan River at
Conta (Table 1).

For these locations, the average specific sediment yield was derived
based on the sediment concentration — discharge curve, which is the
correlation between the suspended sediment concentration of a water
sample (SSC,in g 1"or kg m~2) and the discharge (Q, m® s~ 1. The curve
is typically calculated by linear regression in log space: log SSC = log o
+ plog Q where a and f are the regression coefficients (Crawford, 1991).
Work by Harrington and Harrington (2013) showed that the conversion
to log space and the subsequent de-transformation from log to normal
space increases bias in the SSC estimates. Therefore, some authors (e.g.
Asselman, 2000; Khaleghi and Varvani, 2018) suggested to apply power
regression, SSC = a QP, especially when the input data show strong
differences in sediment dynamics between the rainy and dry seasons
(Harrington and Harrington, 2013). The hydrological regime in the
catchments draining the Peruvian western Andes has unimodal distri-
bution, and, therefore, the sediment load is predominant in the wet
season. Thus, a power fit (Eq. (1)) was applied to the dataset (SSC and
Q), using least-square distance criteria for minimizing errors. The
regression has the form:

62
SSC = aQ’ + > ¢

where o and f are the coefficients to fit the power law equation and ¢
is the residual standard error. The goodness of fit was assessed by the
residual standard error (RSE), the determination coefficient, R?, and p-
value. Given the limited number of sediment data, and the important
gaps in the sediment record, we applied bootstrapping techniques to
better constrain the overall uncertainty on the sediment yield estimates
(see more details in section 3.1.2.4). For 3 catchments (Table 2.1, “RC”
catchments), we had information on the sediment rating curve from
previously published work (Rosas et al., 2020; Morera et al., 2017).

3.1.2.2. Relation between water turbidity and suspended sediment con-
centration. For one catchment (Table 1, “TU” catchment), we had
detailed information on temporal variations in water turbidity based on
measurements collected over the time period 2014-2018. However, for
the site, no local calibration of the turbidity sensor was available. We
revised existing SSC-turbidity relations from literature (Lewis, 1996;
Navratil et al., 2011; Ellison et al., 2014) to transform the turbidity
values into suspended sediment concentrations. Previous work by Lewis
(1996) showed good agreement between turbidity and suspended
sediment concentration for a small mountain catchment in northern
California, with model errors between 2 % and 8 %. Similar results were
observed in the southern French Alps with an average uncertainty of ~
10 % in the SSC estimations (Navratil et al., 2011).

The turbidity study by Ellison et al. (2014) on selected rivers in
Minnesota (USA) best represented the turbidity data for the Chancay-
Huaral catchment (#6, Table 1). The Minnesota data include 314 sam-
ples of SSC and turbidity in nephelometric turbidity ratio units (NTU) for
the years 2007 to 2011. The turbidity data included values between 1
and 990 NTU representing at the same time low and high turbidity
values, reducing the possibility of overestimation of high values. The
following power regression model (R = 0.74, p-value < 0.01) for the
SSC-turbidity relation was established based on the dataset of Ellison
et al. (2014):

SSC = 3.70* 10 *Turbidity** )

The turbidity data expressed in NTU of the Chancay-Huaral
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catchment were converted into suspended sediment concentrations (g
) using equation (2). Then, the method described in section 3.1.2.1
was used to derive the sediment rating curve, which is the relation be-
tween the suspended sediment concentration (SSC, in g 17! or kg m™3)
and the discharge (Q, m3 s ).

3.1.2.3. Reconstructed timeseries of river discharge. For the 18 catch-
ments with information on suspended sediment concentration, sediment
rating curve or turbidity, we collected daily timeseries of river discharge
Q, m? s~ 1). Data were extracted from the observational database of the
Peruvian National System of Hydric Resources (Sinrh), which contains
daily discharge information from a network of hydrological stations.
Although quality and quantity of available observational data improved
in the last decade, there are important gaps in the discharge records over
the period 1990-2019. Therefore, we filled gaps with information from
the GloFAS-ERAS global river discharge dataset (Harrigan et al., 2020).
The GloFAS System provides gridded daily river discharge data, with a
resolution of 0.1° x 0.1° (~11 km x 11 km). The data covers the period
from January 1st 1970 until now, and is updated almost instantaneously
so that it can deliver near real-time data. The database has been used for
global flow estimations (Dottori et al., 2016; Alfieri et al., 2020), and has
been used previously for Peruvian rivers by Bischiniotis et al. (2019).

The GIloFAS-ERAS5 dataset and the hydrological data from the
gauging stations show similar temporal patterns in river discharge, but
there exists a systematic offset in daily river discharge due to underes-
timation of the peak discharge in the GIoFAS-ERAS dataset. Therefore,
direct gap filling was not possible. To correct the gridded data for this
systematic bias, we made a linear regression between both datasets, y =
ax + b, where b = 0 to avoid the shift in the hydrographs. The coefficient
of determination (R%) between the observed and the gridded discharge
data was calculated to assess the downscaling performance. Then, this
site-specific regression equation was applied to the GloFAS-ERAS5 river
discharge product to obtain bias-corrected daily discharge for the 18
locations. These data were then used to complete the time series of the
hydrological stations. From the gap-filled daily discharge data of each
station for the 1990-2019 period, two variables were extracted for
further analyses: the quantile 50 (Qs() and quantile 90 (Qgg). The former
represents the median discharge, and the latter is an estimate of the
discharge during storm events.

3.1.2.4. Uncertainty analysis of sediment yield data. To account for the
uncertainty on the sediment rating curve, a bootstrapping approach was
applied, with resampling of individual observations with replacement
(Wilks, 2019). The replacement was limited to max. 10 % of the original
dataset, and 100 resamples were done per station for the reconstruction
of the concentration - discharge relationship using power law re-
gressions (Eq. (1)). We used the regression equations to obtain a
continuous record of suspended sediment concentrations. Then,
continuous timeseries of daily solid discharge, Q, (kg s~ 1) were obtained
by multiplying the daily discharge, Q, by the estimated suspended
sediment concentrations obtained from the 100 power law regressions.
For the 100 simulations, the daily data were then aggregated at annual
timestep, and the mean annual sediment yield was calculated for the
period 1990-2019. From the simulations, an ensemble means, and the
95 % confidence interval was derived for the mean annual sediment
yield and the specific sediment yield (SSY, t km ™2 yr1).

3.1.3. Sediment yield derived from bathymetric data

For three catchments (Table 1, #12, 13 and 15), bathymetric data
was available from reservoirs. In all three cases, the information was
derived from standard bathymetric surveys during which measurements
on the water depth were realized with a single-beam echosounder from a
boat that was precisely geolocated with GPS receivers. These data allow
to reconstruct the sediment volume that is deposited in the reservoir
over a given amount of time. For the three reservoirs for which data
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were available, the inventories cover a time period of 26 to 48 years. We
collected information on 9 bathymetries in Gallito Ciego reservoir (#12)
that were carried on between 1991 and 2017, 14 (annual) bathymetries
in Tinajones reservoir (#13) and 3 bathymetries in San Lorenzo (#15)
reservoir that were realized every 10 years. From the sediment volumes,
the specific sediment yield of the contributing catchments, SSY (t km 2
yr 1) can be derived as follow:

SR*BD
SSY =100 STE*A 3
Table 2
Description of the analysed environmental factors.
Type Symbol Unit Description
Physical Variables Z m Catchment average altitude
A km? Catchment area
AvgS % Average catchment slope
R m Relief, difference between the
max. and min. elevation
ksas log Steepness index 1st quantile
ksso log Steepness index 2nd quantile
ksys log Steepness index 3rd quantile
Precipitation patterns AvgP mm yr! Mean annual precipitation
MaxP mm Mean maximum monthly
month ™! precipitation
Pos mm Precipitation on the wet days
in the study period
Pgg mm Precipitation on the very wet
days in the study period
Ppk - Precipitation peakedness
Discharge patterns Qso m®s-! 50 % discharge percentile
Qo0 m3s! 90 % discharge percentile
Lithological strength Ly - Lithological composition index
Lg - Lithological erodibility index
Land cover and %G&Sh % Area cover by Grasslands and
vegetation changes Shrublands
%C % Area cover by Croplands
%F&Sa % Area cover by Forest and
Savannas
% % Urban and Non-Vegetated
U&noV Lands
%Vinc % Area with an increase of
vegetation
%Vdec % Area with a decrease of
vegetation
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where SR is the average annual sediment volume accumulated in the
reservoir from the bathymetric data (m® yr™1); BD the dry sediment bulk
density (t m’3); STE the sediment trap efficiency of the reservoir (%); A
the catchment area (km?). The bulk density of the sediment trapped in
the reservoirs #12, #13, and #151is0.98,1.35and 1 t m > respectively.
The model from Heinemann (1981) was applied to correct the sediment
volumes for incomplete sediment retention in the reservoir, as this
model is suitable in contexts with limited data availability. The empir-
ical model relates the STE to the ratio of the reservoir storage capacity C
(m®) over the average annual river inflow, I (m>):

119.6$

STE= =24 5012+ 1.02¢

@
The rivers draining the western Peruvian Andes predominantly
transport sand and gravel during high flow events. Unpublished data
show that sands are predominant in the suspended fraction, and that
medium and coarse gravels dominate in the bedload material. Given the
coarse nature of the sediments, and the low organic matter content, we
did not account for compaction in our sediment yield estimates. The
uncertainty on the specific sediment yield, 5SSY, results from the error
on the bathymetric surveys and the error on the annual river inflow. The
latter is similar to the before-mentioned error on the discharge mea-
surement (6Q/Q = 10%). The former error on the bathymetric surveys is
the result of position uncertainty expressed by a horizontal (6H) and
vertical error (5§V). The international standard for hydrographic surveys
(IHO, 2008) sets the maximum error values based on the total depth of
the reservoir (d) and the under-keel-clearance of the ship that performs
the survey (the vertical distance between the bottom of the ship and the
riverbed). For reservoirs shallower than 100 m, equations (5) and (6)
were applied to obtain relative errors with a 95 % confidence level:

6H = 5+ 5%d 5)
8V = +4/0.25 4 (0.013 + d)* 6)

3.2. Environmental factors

The physical and environmental characteristics of each catchment
were described by 22 variables (Table 2). The variables were derived for
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Fig. 2. Distribution of the monthly discharge for the study period (1990 — 2019). The blue bars show the mean monthly discharge Q (m®s™!) and the black diamonds
show the maximum values. The percentages in the corner of the figures report the proportion of observed river flow data that existed for a given station. Data gaps
were filled using downscaled GloFAS-ERAS river discharge product. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 3. Concentration-discharge curve obtained for the SSC and TU gauging stations. The black line represents the ensemble-mean curve and the dotted lines the 95
% confidence interval. The figure shows the average of the residual standard errors (RSE), the average determination coefficient (R?) and p-values from the

bootstrapping analysis.

the area upstream of the sampling station. They included seven physical
variables, five meteorological and two hydrological variables, two var-
iables for lithological strength and nine for land cover.

3.2.1. Physical variables

The physical variables were derived from a Digital Elevation Model.
The Shuttle Rader Topography Mission (SRTM) has been shown to
represent reliably the drainage network in the Peruvian Andes
(Gonzalez-Moradas and Viveen, 2020). We used the HydroSHEDS
elevation model (Lehner et al., 2008), that is available at pixel resolution
of 3 arc second (~90 m). The dataset is void-filled facilitating the
derivation of continuous hydrological networks. The Toolbox of ArcMap
10.4 was used to extract the catchment-average altitude Z (m); the
catchment area A (km?); the average hillslope gradient AvgS (%); and
the relief R (m) for each catchment. The river steepness index ks was
calculated using the integral method proposed by Mudd et al. (2014).
This method is available in the Chi Mapping Package of LSD TopoTools
(Mudd et al., 2018). To represent the variation in river steepness along
the river channel, we derived the 1st, 2nd, and 3rd quantile of the river
steepness values (ksas, ksso and ksys, respectively).

3.2.2. Precipitation patterns

Precipitation data were derived from the daily precipitation (mm
day’l) of the Peruvian meteorological institute (SENAMHI) Climato-
logical and hydrological Observations (PISCO) product (Aybar et al.,
2017; Aybar et al., 2020). PISCO has a 5-km pixel resolution and covers
the period from 1981 to 2016. The data has shown a good performance
when using monthly values, showing the highest correlation with field-
based observations for the coastal Peruvian region (Aybar et al. 2020).
For every catchment, we calculated the spatially averaged daily pre-
cipitation. From this dataset, we derived the mean annual precipitation,
AvgP (mm yr_l) and the mean maximum monthly precipitation, MaxP
(mm month™1). In order to represent the extreme events, we calculated
the sum of precipitation in the “wet days” corresponding to the upper 5
% of the daily precipitation values (or Pgs, 95th percentile of daily
precipitation records), and the very wet days corresponding to the upper
1 % of the daily precipitation values (or Pgg,the 99th percentile of daily
precipitation records). Finally, we obtained an index representing the
intensity of precipitation events as precipitation peakedness, Ppk (Eq.

(7))
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Fig. 4. Spatial distribution of the specific sediment yield (SSY) in the Peruvian western Andes. The dots are coloured by SSY, and their shape indicates the data type
(SSC: suspended sediment concentration, TU: water turbidity, RC: concentration-discharge curve, and BAT: bathymetric data).
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3.2.3. Lithological strength

The lithological strength was evaluated based on the lithological
erodibility index (Lg) proposed by Campforts et al. (2020). This index is
calculated as:

2
Lp=ZL ®)
. Ly+L
L == t o for non-igneous rocks;
3
I ©)]
L = EL for igneous rocks

Where Ly is a dimensionless erodibility index based on stratigraphic
age, and Ly, is a dimensionless erodibility index based on lithological
strength similar to the erodibility index published by Aalto (2006). The
L;, ranges between 1 (igneous rock) to 12 (unconsolidated sediments)
based on previous studies (Aalto et al. 2006; Campforts et al., 2020). We
used the Global Lithological Map of Hartmann and Moosdorf (2012) that

includes local geological information from Peru. The L, is based on the
stratigraphic age of non-igneous formations assuming higher degrees of
diagenesis and increased lithological strength for older formations
(following Kober et al., 2015). The Ly varies between 1 (Carboniferous)
and 6 (Quaternary). Information for L, is based on the Peruvian
Geological map of INGEMMET (2016) that includes detailed chrono-
stratigraphic information on the geological formations.

3.2.4. Land cover and vegetation changes

Land cover data was derived from the Moderate Resolution Imaging
Spectroradiometer (MODIS) MCD12Q1 Product with 500 m spatial
resolution (Friedl and Sulla-Menashe, 2019). In this product, the land
cover is classified based on the annual leaf area index and the annual
land cover maps are available for the period 2011-2018. Subsequently,
ten land cover classes were distinguished including four forest types. We
regrouped the information in four classes and calculated the catchment-
average percentage of Grasslands and Shrublands (%G&Sh), Croplands
(%C), Forest and Savannas (%F&Sa), and Urban and non-Vegetated
Lands (%U&noV) for the time period 2011-2018. Likewise, we calcu-
lated the percentage of the catchment having vegetation increase (%
Vinc) and decrease (%Vdec) over the 2011-2018 period.
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Summary of discharge, mean sediment yield, mean specific sediment yield (and the lower and upper bounds based on 95% confidence interval) per station for the

period 1990-2019.

D Station Area Discharge Sediment yield Specific Sediment yield
(m®s™) (tkm~2yr ")
km? Qso Qo0 x10% tyr! Average Lower Upper

1 Al 3020 9.38 44.9 237 78.6 13.2 247
2 C2 3360 36.0 120 1850 551 325 812
3 C3 3120 32.1 101 580 186 153 227
4 C4 2200 20.7 59.7 456 207 169 252
5 C5 1390 13.5 37.2 54.6 39.4 25.0 61.5
6 H1 2750 10.4 33.0 543 197 106 337
7 S1 10 500 81.9 312 14 210 1360 860 2990
8 S2 10 400 81.9 312 10 700 1030 71.5 1540
9 S3 3190 18.9 66.4 6780 2130 1100 4450
10 S4 7170 63.1 245 7530 1050 374 2320
11 S5 4290 48.8 220 9870 2300 1830 2780
12 J1 3300 17.2 90.7 4870 1480 1210 1750
13 L1 2370 21.3 80.4 955 403 255 551
14 CC1 11 900 58.9 289 5960 500 302 874
15 CC2 490 5.98 33.0 6010 2330 1770 2900
16 CC3 2460 13.0 68.5 1500 611 342 1080
17 CC6 1160 2.26 8.51 214 184 46.3 484
18 cc7 47.7 0.90 3.30 0.61 12.7 8.06 15.7
19 T1 5290 56.8 250 1250 235 51.4 893
20 T3 4690 42.2 286 1060 225 4.79 609
21 Z1 787 2.73 26 15.8 20.0 1.08 47.9

3.3. Statistical analysis of factors controlling SSY

Given the large number of environmental variables, we first observed
the correspondance between them by using Spearman’s rank-order
correlation. Rank correlation has the advantage of being robust to out-
liers and is not linked to the distribution of the data. Before the corre-
lation analysis, all variables were normalised by rescaling the values

between 0 and 1. Subsequently, we calculated the correlation between
the specific sediment yield and the physical, hydrometeorological,
lithological and land cover variables by means of the Spearman’s coef-
ficient r and tested for significance using the corresponding p-values.
Univariate and multivariate regression techniques were used to
identify the environmental variables that are the best predictors of
specific sediment yield. We applied a forward stepwise selection method

) ) Precipitation ) )
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Fig. 5. Specific sediment yield (SSY) and environmental variables aggregated per catchment. The graphs show the latitudinal variation in SSY, mean altitude of the
catchment, catchment area, mean hillslope gradient and relief, mean annual and precipitation on the very wet days, discharge (90th percentile), lithological

erodibility index, and land cover distribution.
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Cross-correlation matrix. The values represent the Spearman’s rank correlation coefficient between area (A), relief (R), river steepness index (ksso), mean annual
precipitation (AvgP), discharge (Qgo), the percentage of croplands (%C), sediment yield (SY) and specific sediment yield (SSY).

Variables A R ksso AvgP Qoo %C %F&Sa SY SSY
A 1.00 0.77 0.02 -0.19 0.94 0.49 - 013 0.73 0.48
R 0.77 1.00 0.46 -0.55 0.67 0.62 ~0.45 0.66 0.44

Ksso 0.02 0.46 1.00 —0.57 —0.09 0.37 - 0.36 0.22 0.24
AvgP -0.19 —0.55 -0.57 1.00 -0.07 -0.33 0.68 ~0.30 -0.31
Qoo 0.94 0.67 —0.09 -0.07 1.00 0.42 ~0.09 0.73 0.50
%C 0.49 0.62 0.37 -0.33 0.42 1.00 - 0.24 0.62 0.55
%F&Sa -0.13 —0.45 -0.36 0.68 —0.09 -0.24 1.00 -0.10 -0.07
' 0.73 0.66 0.22 -0.30 0.73 0.62 -0.10 1.00 0.92
SSY 0.48 0.44 0.24 -0.31 0.50 0.55 -0.07 0.92 1.00

Physical variables Precipitationvariables Discharge || Lithology Land cover and vegetation
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Fig. 6. Correlation between SSY and environmental variables represented by the Spearman’s coefficient. The river steepness index (1st, 2nd, and 3rd quartile) is here
represented as ksas, ksso, and ksys; the mean annual precipitation as Avp; the mean maximum monthly precipitation as MaxP; the precipitation on the wet days and
very wet days as Pgs and Pgg. the precipitation peakedness as Ppk, the 50th and 90th quantile of discharge as Qso, Qgo; the lithological composition as LL and
erodibility as LE; land cover classes and the increase and decrease of vegetation as %Vinc and %Vdec.

to build the regression models with the set of variables that are statis-
tically most significant. Collinearity and multi-collinearity among
explanatory variables were assessed from the Spearman’s coefficient
and the Variance Inflation Factor (VIF). The latter was used when three
or more variables were included in the regression model, and measures
how much the standard error of the model increased due to the collin-
earity (James et al., 2013). Here, we applied a VIF threshold of 5, and
excluded variables from the regression when this value was exceeded.
The predictive efficiency of the univariate and multivariate regression
models was evaluated by a bootstrapping approach, after the selection of
the best predictors. We resampled (with replacement) the dataset (21
points) 100 times to obtain a set of regressions and their corresponding
coefficient of determination (R%). The ensemble mean regression curve
is reported, with the ensemble mean R? and 95 % confidence interval.
The regression model was first built with the physical, hydrometeoro-
logical and lithological information only. At a second stage, the land
cover information was included to test for improvement in model
performance.

10

4. Results
4.1. Specific sediment yield estimates for the period 1990-2019

4.1.1. Uncertainty on the specific sediment yield estimates

The dataset of the Peruvian western Andes consists of 21 datapoints,
for which the specific sediment yield over the period 1990-2019 was
reconstructed based on newly established concentration-discharge
curves for 14 stations, published concentration-discharge curves for 3
stations, turbidity-concentration-discharge relationships for one station,
and bathymetric data for 3 catchments. By regional downscaling of the
GloFAS-ERA5 product, we reconstructed daily time series of river
discharge covering the 30-year period. In almost all cases, there is a good
correlation between the observed discharge data and the gridded
product with R? > 0.40 (see Suppl. Material S1). The mean monthly
discharge (1990-2019) shows the unimodal distribution of the
discharge over the hydrological year with peak discharges in March and
low flow between June and October (Fig. 2). Downscaling the gridded
data allowed us to obtain continuous time series, as important data gaps
were present for sampling stations in the northern and southern part of
the study region (corresponding to catchments # 4, 5, 17, 19 and 21
where more than the 90 % of the discharge information was missing,
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Fig. 7. Potential variables controlling specific sediment yield (SSY). Scatterplots between SSY and area (A), relief (R), discharge (Qso and Qg for 0.5 and 0.9 quantile
respectively), percentage of cropland area (C%), and the precipitation on the very wet days (Pgg). The plots present the Spearman’s coefficient (r) and mention the p-

value (p).

Table 5

Models (univariate, bi-variate, tri-variate) and estimators (R? and RSE), pre-
dicting the SSY in the study region. The included variables are area (A),
discharge (Qso and Qg), relief (R), steepness (kssg), runoff (Qso A1), cropland
percentage (%C), combination of grassland and shrubland (%G&Sh) and forest
and savanna (%F&Sa).

Univariate model R? RSE
SSY = 1.20 A %76 0.34 0.24
SSY = 1.57 Qs *%° 0.38 0.23
SSY = 1.49 Qg *°° 0.37 0.24
SSY = 1.10 R %84 0.45 0.22
Bi-variate model R? RSE
SSY = 0.78 Qs > ksgg 44 0.49 0.22
SSY = 0.56 Qqg % kssq >5° 0.55 0.20
SSY = 0.86 (QgpA~1)*15 RO-85 0.47 0.22
Tri-variate model R? RSE
SSY = 0.58 Qqg %5 kssq 52 96C0-14 0.57 0.21
SSY = 0.50 Qgp >%° kssg **° %G&Sh®2° 0.56 0.21
SSY = 0.26 Qg ®7° kssg *7* %F&Sa®2® 0.63 0.19

Fig. 2).

The reconstruction of the empirical relationships between sediment
concentration and discharge (Fig. 3) is acceptable for the catchments in
the central and southern part of the Peruvian western Andes (6° — 14.5°
S). For most of these catchments (e.g., # 1, 3-7, 9-11), the suspended
sediment samples are well distributed over the hydrological year
including samples taken during dry and wet periods incorporating
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several peak events. For six catchments, the regression model is based on
> 600 river water samples (Table 1). The goodness-of-fit is moderate to
high for half of the catchments, with an ensemble-mean residual stan-
dard error (from the bootstrapping analysis) below 0.55 and a deter-
mination coefficient higher than 0.60. Lower performances correspond
to catchments where the number of samples was limited (e.g. # 19
Puente Tumbes, RSE = 1.80, R? = 0.09; or # 17 Arenal, RSE = 2.42, R?
= 0.13) or where we had to rely on published calibration curves to
convert the turbidity values to sediment concentrations as no local
calibration of the turbidity sensor was performed (e.g. #6 Santo Domi-
ngo, RSE = 1.13, R? = 0.31).

The northern part (between 3° - 6° S) lacks solid data on sediment
fluxes, resulting in high uncertainty on the reconstructed specific sedi-
ment yields. On the one hand, there are catchments in the Chira-
Catamayo catchment like #16 (Puente Internacional) or #14 (Ardilla)
where intensive gauging campaigns were realized in the 1970 s and
1980 s resulting in respectively 6178 and 3147 data points. Notwith-
standing the impressive amount of sediment samples, the relation be-
tween suspended sediment concentration and discharge is weak as
exemplified by RSE values of resp. 1.80 and 1.49 (Fig. 3). On the other
hand, there are catchments like #21 (La Palma), #19 (Puente Tumbes)
or #18 (Uchima) where data on sediment concentration are scarce, and
very low concentrations (SSC < 0.2 g 1_1) were reported during the
monitoring period. This is likely related to systematic undersampling
during high or very high flows.

The bathymetric information corresponds to the main water



M.A. Rosas et al.

reservoirs in the region. The uncertainty is related to the survey mea-
surements and their frequency. The information in San Lorenzo reser-
voir (station #15) located in the northern area shows a SSY peak (2330 t
km 2 yr™1), the station compiles only 3 bathymetric surveys during the
entire study period and the SSY error reach the 24 %. In the central area,
the bathymetric data in the catchment #12 in Gallito Ciego reservoir,
and 13 in Tinajones reservoir, is based in 8 and 13 bathymetric surveys
respectively, and the results present errors under 20 % of the estimated
SSY rate.

4.1.2. Spatial pattern of specific sediment yield

Our results do not show a marked spatial pattern in terms of specific
sediment yield (Fig. 4 and Table 3). In the northern area (3° - 6° S),
where catchments # 12 — 21 are located, the values oscillate widely
between ~ 12.7 to 1750 tkm 2 yr~! (0.01 — 0.56 mm yr ). The highest
sediment yield of 2330 tkm 2 yr~! (0.88 mm yr 1) is observed in station
# 15, San Lorenzo reservoir. In the central area (6° - 11° S), high SSY
values of 2300 tkm 2 yr~! (0.87 mm yr ') were estimated for the upper
catchment in the Santa basin (station # 11) and 2130 t km ™2 yr‘1 (0.80
mm yr~!) in the Tablachaca stream located in the middle part of the
basin (station # 9). The area south of 11° S (from station 1 to 10 in
Fig. 4) has lower SSY values with values below ~ 1050 t km™2 yr!
(0.40 mm yr ).

4.2. Environmental factors controlling specific sediment yield

4.2.1. Latitudinal variation in environmental characteristics

With exception of # 21 La Palma, the 21 catchments correspond to
mountainous catchments, as the mean altitude of the upstream area is
above 1900 m and the average hillslope gradient is between 15 and 60
%. Twenty of the 21 catchments correspond to large catchments with
surface areas above 450 km?, and three catchments are draining surfaces
> 10 000 km?. There is a wide range in river discharge, depending on
catchment size and relief (see Suppl. Material S3), with mean annual
flows between 1 m® s ! and 82 m® s ! and peak flows up to 308 m®s ! in
some of the larger catchments in the central and northern part of the
study area.

The catchments cover the range in precipitation that exists along the
Peruvian western Andes (Fig. 5), where the lowest value of mean annual
precipitation (i.e., 353 mm yr 1) is observed for the southernmost
catchment, and the maximum (i.e., 1288 mm yr’l) in a northern
catchment. The mean maximum monthly precipitation oscillates be-
tween 99 and 387 mm month ™, and is strongly related to the mean
annual precipitation (see Table 4). The discharge (Qgo) shows large
variability, with a maximum value of 312 m®s~! in the central western
Andes. There is a strong positive correlation (Spearman’s r > 0.9) be-
tween the discharge and the catchment area (Table 4). The lithological
erodibility index varies between 0.39 and 0.99 and is lowest in the
northernmost catchments dominated by sedimentary rocks (see S3).

Along the latitudinal gradient, there is a systematic variation in land
cover with a dominance (> 85 % of total surface area) of savannas and
forests in the southern catchments (11° — 14.5° S). In the central area (6°
— 11° S), the areal coverage of grasslands systematically increases (and
savanna decreases) from south to north between 9° and 11° S, with
about 60 % grasslands and 35 % savanna at 9°S. Between 6°and 9° S,
grasslands remain the dominant land cover having > 70 % areal
coverage. In this part, the highest percentages of (irrigated) croplands
can be found. The northern area (3° — 6° S) is mainly covered by
grasslands (> 70 %). Over the period 2012-2018, an increase in vege-
tation cover was observed in the central area and at # 1 station (Conta)
with a maximum vegetation increment of about 12 % in the # 12
(Yonan) and # 13 (Raca Rumi) catchments. In six catchments in the
northern part, a reduction of vegetation cover is observed, up to 19 % for
the #21 catchment in Zarumilla basin. The land cover is strongly asso-
ciated to the precipitation patterns, with a strong positive relation be-
tween the mean annual precipitation (AvgP) and the percentage of land
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covered by forest and savanna (Spearman’s r = 0.68, Table 4). Catch-
ments with dominance of forest and savanna vegetation are typically
located in the northern part of the study region where the mean annual
precipitation is above 1000 mm yr~'; Fig. 5). A negative correlation
exists between precipitation and the surface area covered by grasslands
and shrublands (Spearman’s r = -0.93, S4).

4.2.2. Correlation between SSY and environmental factors

Given the wide scatter of the catchment’s spatial distribution, the
correlation between the specific sediment yield and the environmental
variables is generally weak with Spearman correlation coefficients
below 0.55 (Fig. 6, and S4). Therefore, we included here the environ-
mental variables that are marginally correlated to the specific sediment
yield using a significance level of 0.90. The marginally significant var-
iables are plotted against specific sediment yield in Fig. 7. The SSY is
positively related to catchment area (r = 0.48), and topographic relief (r
= 0.44). Other topographic variables such as the mean slope gradient or
river steepness do not show significant correlation with the SSY. A same
observation can be made for lithological strength and erodibility that are
only weakly (positively) correlated to SSY. None of the precipitation
variables shows strong correlation with SSY (see Fig. 6), instead all of
them present a weak negative correlation. River discharge, in particular
the 50 % and 90 % quartile of the discharge values, shows positive
correlation with the average annual sediment load, SSY (r = 0.49 and
0.50 respectively), see Table 4. The land cover, and land cover change,
data show the importance of croplands in controlling specific sediment
yield, with a strong and positive relationship between the proportion of
the area covered by crops and the SSY (r = 0.55).

4.2.3. Uni- and multi-variate regression model

First, univariate regression models were constructed based on the
observational data for the 21 catchments. In the univariate models, we
use a power law fit between the specific sediment yield and the three
most significant physical variables, i.e., catchment area, discharge and
topographic relief (Table 5). The univariate models have a coefficient of
determination, R?, of 0.34, 0.37 and 0.45 respectively, and a power law
of the topographic relief can explain up to 45 % of the observed variance
in SSY (Fig. 8 a-c). Second, we verified if a bi-variate model improved
the model performance. When we combined discharge and steepness
index (kssg), the model SSY = 0.56 Q3$° ks2° had a R? of 0.55 and a p-
value 0.001. Because of the strong correlation between discharge and
catchment (r > 0.9), we implemented a runoff variable (Qgg A™D to
avoid collinearity in the regression analysis. The model performance of
the bi-variate model (SSY = 0.86 (Qgo A~1H0-15 RO.85y slightly improved
with a R? of 0.47 (Table 5). When plotting the modelled against the
observed SSY values, we still observed an important scatter for the
higher-than-average SSY values (Fig. 8 d).

For the multivariate regression model, we included anthropogenic
variables in the sediment model in the form of land cover variables. The
land cover variable with the highest correlation to SSY, the percentage
of cropland area (%C), was first added to the model. Including the
cropland area improved the overall model performance (R = 0.57, RSE
= 0.21) and the scatter in the modelled SSY was slightly reduced (Fig. 8
e). We further tested if adding additional land cover variables that were
positively related to the SSY (Fig. 6) improved the model fit. When
adding the variable forest and savannas (%F&Sa), the performance of
our model incremented (R? = 0.63, Fig. 8f). However, the positive
correlation between SSY and the percentage of forest and savannas is
contrary to what is expected. Regularly, a dense vegetative cover in-
hibits the sediment production and transport (Molina et al., 2015;
Vanacker et al., 2022).
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5. Discussion
5.1. Global variation in specific sediment yield

In a global study on sediment delivery to the oceans, Milliman &
Farnsworth (2011) calculated that rivers draining the South American
continent deliver 530 x 106 t yr! of sediment to the Pacific Ocean. This
rate is similar to the sediment delivery of rivers draining West and East
Africa having sediment loads of respectively 550 x 106 t yr ' and 400 x
106 t yr 1. They estimated the specific sediment yield, SSY, for the rivers
draining to the Pacific Ocean to range between 100 and 300 t km 2 yr "
The datasets that we compiled here on the Peruvian western Andes show
a much wider range of specific sediment yields with several large
catchments having sediment yields above 1000 t km~2 yr~! (0.38 mm
yr~1) as shown in Table 2. An obvious reason for this discrepancy is the
underrepresentation of time series of observational data from high relief
catchments in global compilations, as well as the extrapolation tech-
niques that tend to underestimate the temporally variable sediment
yields such as the ones observed in the western Andes (Tote et al., 2011;
Vanacker et al., 2020).

In Fig. 9, the observations for the Peruvian western Andes are plotted
with the global data of Milliman & Farnsworth (2011). Although the
new dataset only covers catchments with surface areas below 5000 km?,
its large variation in specific sediment yield can be exemplary for
mountainous river catchments with a two-order-of-magnitude variation
in SSY (SSY between ~ 10 t km 2 yr ! and ~ 3000 t km 2 yr 2, Fig. 9a).
By analyzing sediment loads for nearly 500 rivers worldwide, Syvitski
and Milliman (2007) concluded that catchment area and topographic
relief account for about 65 % of the variance. For the Peruvian western
Andes, we observed similar patterns where catchment area and topo-
graphic relief are positively related to specific sediment yield, and can
explain up to 39 % of the observed variance (Table 5). The empirical
sediment yield model reveals the importance of runoff as a predictor of
specific sediment yield. The hydrological control on sediment yield is
confirmed when plotting our data with the global database (Fig. 9b).
Data from regions with strong environmental gradients such as the
Peruvian western Andes can allow to further unravel the nonlinear
relaltion that exists between specific sediment yield and runoff (mm
yroo).

5.2. Regional variation in specific sediment yield

The specific sediment yield varies strongly along the Peruvian
western Andes (Fig. 4). In our dataset, the southern part (11° — 14.5° S)
shows systematically low and uniform yields of 39 to 551 t km™2 yr~!
(0.02-0.21 mm yr’l) (Table 3). These values are within the range of
published specific sediment yields in Chile, where Pepin et al. (2010)
and Carretier et al. (2013) reported values below 700 t km™2 yr’1 (0.26
mm yr~ ). The central part (6° - 11° S) is characterised by systematically
higher-than-average SSY of 2130 to 2300 t km 2 yr~! (0.80 to 0.87 mm
yr~1) for the Santa River catchment (#9 and 11, Fig. 4). Anthropogenic
activities such as mining were cited to have enhanced sediment pro-
duction (Morera et al., 2013), although national reports (Proyecto
Especial Chavimochic, 2013) rather point to the highly erodible lithol-
ogy of the central part. In the northern part (3° — 6° S), the local vari-
ation in specific sediment yield is remarkable with SSY varying widely
from 12 to 2 330 t km~2 yr~! (0.01 - 0.50 mm yr~?). These values fall
within the range of the specific sediment yields reported for the northern
Andes (Restrepo et al., 2009; Vanacker et al., 2015), where specific
sediment yields of 900 to 1150 t km 2 yr! (0.34 — 0.43 mm yr ') are
reported for rivers draining the western flank of the Colombian Andes.
Similar strong variation in SSY was observed in southern Ecuador with
values ranging between 16 t km 2 yr~! (0.01 mm yr~!) and > 15 000 t
km~2 yr~! (>5.66 mm yr~!) for small degraded catchments (Molina
et al., 2008; Vanacker et al., 2007).

However, the reported differences in sediment yield might be the
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result of bias in the observational data. In this study, the dataset on
specific sediment yield includes information from sediment gauging
stations and bathymetric studies. For the Chira-Catamayo basin where
both types of data are available, we typically observed that the bathy-
metric studies revealed higher specific sediment yields. This might be
related to fact that human made reservoirs trap a considerable fraction
of sediment during extreme events, while such events are often under-
sampled in gauging stations; and to the fact that they account for bed-
load transported material. This further emphasizes the need to monitor
sediment production and transport during extreme events, using alter-
native monitoring techniques like small reservoirs or check dams in the
river channel (de Vente et al., 2013; Molina et al., 2008; Rosas et al.,
2020; Verstraeten and Poesen, 2002), or non-invasive techniques such
as UAV-SfM (Clapuyt et al., 2019; Eltner et al., 2016).

5.3. Regional factors controlling sediment yield

Based on the dataset of 21 catchments in the Peruvian western Andes
and the resulting univariate and multivariate regression models, the
catchment area, topographic relief, and river discharge were identified
as the main factors explaining the variation in specific sediment yield
(Fig. 7a-d). This is congruent with previous work on Andean rivers that
reported how topography and runoff exert strong control on the specific
sediment yield in Colombia (Restrepo et al., 2009), Chile (Pepin et al.,
2010) and Ecuador (Vanacker et al., 2015; Campforts et al., 2020).
Although the catchment area is often reported as an important factor,
the relation between specific sediment yield and drainage area is not
straightforward. Our dataset shows a systematic increase of SSY with
increasing drainage area (Fig. 7) congruent with earlier observations by
Restrepo et al. (2009) and Vanacker et al. (2015). Other studies on
Andean rivers (e.g., Molina et al., 2008; Pepin et al., 2010) reported a
decrease of SSY with catchment area. The exact form of the relationship
between SSY and drainage area might depend on the geomorphic
context, and more precisely sediment transport and delivery at the
drainage basin scale (de Vente et al., 2007). In fluvial systems where the
sediment transport capacity exceeds, or equals, the sediment delivery to
the river channel, a positive relation between SSY and drainage area can
be expected. This is the case for the Peruvian western Andes, where the
rivers are draining the steep western escarpment of the Andean range.

The climatic control on specific sediment yield as shown by Dadson
et al. (2003) and Pepin et al. (2013) was not directly confirmed in this
study, as none of the precipitation variables showed positive correlation
with SSY. When analyzing all 21 catchments, we even observed a
negative correlation between SSY and the accumulated precipitation
during the 5 % rainiest days (Pgy, Fig. 7f). Although such results might
seem to contradict previous findings at first sight, we attribute the lack
of significant correlation between sediment yield and climatic variables
at the regional scale rather to (i) incomplete datasets on specific sedi-
ment yields especially for stream gauge derived yields and (ii) spurious
correlation of climatic with other environmental variables such as hill-
slope and river steepness (Table S4). The fact that there exists, for many
catchments, systematic temporal variability in sediment load in
response to climate variability supports this statement.

Our results illustrate the difficulty of deriving sediment yields from
stream-gauged data in montane catchments that are prone to extreme
weather events. The derivation of reliable sediment yields strongly
hinges on the assumption of stationarity in the discharge records, and
the reliability of the sediment rating curve for extreme events (Vanacker
et al., 2020). In this study, the sediment rating curves showed a low
performance (catchments #14, 16, 17 and 18), even with an elevated
number of samples (as in #14 and 16), as very high suspended sediment
concentrations (above 20 g 171) are also reported for specific events
having low discharge. Besides the uncertainty on the sediment rating
curve, sediment sampling was resumed during ENSO events. The lack of
correlation between the specific sediment yield and the climatic vari-
ables might be an artifact of the incomplete datasets for stream gauge-
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derived sediment yields. When comparing the specific sediment yield
estimates that are based on the sediment rating curve (such as #14 and
#16) and the ones based on bathymetric data (#15), we observed clear
discrepancies whereby the latter are two to three times higher than the
former SSY values. The apparent underestimation of the specific sedi-
ment yield from sediment gauging points to the difficulty of extrapo-
lating flow frequency and sediment rating data in non-stationary
hydrological regimes characterized by extreme events, an issue that was
raised before by Vanacker et al. (2020) for the Tropical Andes. By
comparing catchment-average erosion rates from sediment rating
curves, landslide inventories and cosmogenic radionuclides, they
showed that sediment gauging-based average sediment yields were
roughly one order of magnitude lower than landslide-related sediment
fluxes and the cosmogenic radionuclide-derived erosion rates.

Lithological erodibility shows a weak (positive) correlation (~0.30)
with specific sediment yield. The influence of lithology on regional
patterns of sediment yield is not yet clear. Several studies in the Andes
reported strong lithological control on erosion and river incision (e.g.,
Campforts et al., 2020; Carretier et al., 2013) while the other studies did
not consider lithology as an important factor. At a continental scale,
lithology and rock strength is often considered to play a secondary role
in the explanation of specific sediment yields (Syvitski and Milliman,
2007; Milliman and Farnsworth, 2011). We suggest that further research
is needed to identify the role of lithology on sediment production and
transport.

Land cover variables are significantly associated to specific sediment
yield. The percentage of cropland in the upstream catchment is the
variable that has the strongest correlation with the SSY (Fig. 7): catch-
ments with few croplands have systematically the lowest SSY, and the
SSY increases rapidly even with small increments of cropland area of 3
to 4 % (Fig. 7e). Although the areas covered by croplands remain small,
their location in the river valleys and close to the river network probably
plays a major role in the transfer of eroded material to the river network
during rain events. Likewise, previous studies have identified population
density, livestock density, road infrastructure, and mining activities as
important anthropogenic triggers of sediment production (Morera et al.,
2013; Balthazar et al., 2013; Restrepo et al., 2015).

However, the exact role of land cover in protecting or enhancing
sediment yield is difficult to assess at a regional scale because of spurious
correlation between land cover, topography (topographic relief and
channel steepness) and river discharge. Likewise, in some cases the
correlation between vegetative cover and SY is contrary to previous
studies in the matter (Molina et al., 2008; Restrepo et al., 2015).
Expanding the dataset with new observational data would help to
elucidate the additional effect of land cover on sediment yield. There is a
particular lack of knowledge on sediment fluxes during extreme but
infrequent rainfall events, and new monitoring techniques using e.g.
in-situ backscatter turbidity sensors or acoustic doppler meters may
open new perspectives for continuous suspended sediment estimates. A
larger empirical dataset on sediment yields would permit a detailed
geographic analysis whereby sediment yields can be analysed per
regional environment.

6. Conclusions

Understanding the environmental factors controlling sediment yield
is of paramount importance for water quality and sediment management
in the Tropical Andes. Based on a literature review, we identified a clear
gap in observational data on sediment yield for rivers draining the
western flank of the Andes to the Pacific Ocean. We addressed this
knowledge gap by compiling a coherent dataset on specific sediment
yield for the Peruvian western Andes over a 30-year’ period (1990 —
2019). The dataset was constructed from data of sediment gauging
stations, water turbidity measurements, bathymetric surveys, and was
complemented with existing information from previous studies in the
region.
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The specific sediment yield varies strongly along the Peruvian
western Andes. Based on the information from 21 catchments, we re-
ported (i) higher-than-average SSY values in the central part (6°-11° S)
with SSY of 2130 and 2300 t km 2 yr’l, (ii) low and uniform yields of 39
to 551 t km ™2 yr~! in the southern part (11° — 14.5° S), and strong local
variation in SSY in the northern part (3° — 6° S) with values varying
from 12 to 2330 t km~2 yr~1. About 55 % of the observed variance can
be explained by river discharge (Qqo) and river channel steepness (kss).
By adding an anthropogenic variable based on land cover, the explained
variance in SSY only increases up to 63 % because of spurious correla-
tion between land cover, river discharge and topography. Lithology and
precipitation did not show a strong correlation with SSY.

The study further calls attention to the scarcity of empirical data on
sediment yield for the western Andes, and the difficulty of recon-
structing sediment yields from gauging data in areas with non-stationary
hydrological regimes associated to extreme ENSO events. Alternative
methods for sediment yield estimates based on e.g. reservoir or lake
sedimentation or continuous turbidity sensors may allow one to over-
come uncertainties associated with systematic undersampling of
extreme events in gauging stations.
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