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Climate change is considered as one of the main factors controlling sediment fluxes in mountain belts.
However, the effect of El Nifio, which represents the primary cause of inter-annual climate variability

in the South Pacific, on river erosion and sediment transport in the Western Andes remains unclear.
Using an unpublished dataset of Suspended SedimentYield (SSY) in Peru (1968-2012), we show that
the annual SSY increases by 3-60 times during Extreme El Nifio Events (EENE) compared to normal
years. During EENE, 82% to 97% of the annual SSY occurs from January to April. We explain this effect
by a sharp increase in river water discharge due to high precipitation rates and transport capacity during
EENE. Indeed, sediments accumulate in the mountain and piedmont areas during dry normal years, and
are then rapidly mobilized during EENE years. The effect of EENE on SSY depends on the topography, as
it is maximum for catchments located in the North of Peru (3-7°S), exhibiting a concave up hypsometric
curve, and minimum for catchments in the South (7-18°S), with a concave down hypsometric curve.
These findings highlight how the sediment transport of different topographies can respond in very
different ways to large climate variability.

Numerous studies on erosion mass balance at global, regional or local scales highlight the control of geological'?,
climatic** and anthropical®~ constrains on erosion rates. Indeed, some of the highest recorded erosion rates
occur in tropical mountain ranges, where large magnitude earthquakes and rainfall events are frequent®®. This
observation questions the impact of such extreme events, relatively to average conditions, on the source to sink
mass balance of mountains belts. This is particularly timely since the current global climate change may affect
the relative frequencies of large and small rainfall events in many places, at local or regional scales’. Because of its
large range of climatic conditions and its rainfall variability, the west coast of the Andes represents one of the most
appropriate mountain range to investigate this issue. In particular, the El Nifio-Southern Oscillation (ENSO)
induces a large spatial variability of annual precipitation from North to South and along the coast. Exploring the
impact of El Nifio on the sediment discharge at the outlet of the western Andean basins can help to decipher the
rainfall characteristics that control the historical and long-term trend of sediment fluxes.

The Andes with ~9000 km of mountain chains cover a wide range of climate zones, from the dry Sechura and
Atacama deserts to the humid Amazon basin. The western Peruvian Andes (3-18°S) are located in a region where
frequent floods and recurrent large earthquakes occur'®, which in turn influence sediment fluxes in this moun-
tainous region'"'2 It is also an area where extreme hydrological and climatological processes occur, partly driven
by the irregularly periodical ENSO, which is characterized by changes in atmospheric pressure and sea surface
temperature around the Pacific Ocean. When an El Nifio or a La Nifia event dominates the Southern Oscillation
(SO), exceptionally warm or cold ocean temperatures occur in the tropical Pacific, respectively'®. As a result, El
Nifno and La Nifa have significant impacts on the climate in the Andes and its spatial and temporal variability.

Throughout Andean human history, El Nifio events have caused catastrophic cultural destruction', and the
periods September 1982 to August 1983 and September 1997 to August 1998 are categorized as the strongest
meteorological events since the last ice age in the early Holocene epoch!®. Quantitative elements based on ENSO
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indices allows to define them as “Extreme El Nifio Events” (EENE), that have a strong impact on ecosystems,
agriculture, and extreme weather events at global scale!®!”. Over the past 35 years, EENE have affected the clima-
tology, hydrology and also the sedimentology of catchments all along the Andes, yet with an impact that varies
spatially. In western Ecuador (1°N-3°S)!® and northwestern Peru (3-5°S)'?, EENE produce 5.4-11 times the mean
river discharge (Q) and mean suspended sediment yield (SSY), respectively. Consequently, farmlands, houses,
bridges, and roads are destroyed, which causes great economic losses, and floods and epidemics kill thousands of
people and animals®. In central Chile (27-35°S), an increase in runoff and SSY by a factor of two were observed?!.
In contrast, dry conditions or low Q and SSY were observed in southern Chile (35-40°S)%, the eastern Bolivian
Andes*, northwestern Colombia (2-11°N)** and northwestern Venezuela®. Western Peru, characterized by a
large range of different landscapes, topographies and climates, is therefore a key area to understand the impact
of EENE on sediment transport. In addition, although high mountainous systems, i.e. areas above 1000 m sea
level®®, on the western side cover only 7% of Peru, they supply fresh water to 64% of the 31 million inhabitants. To
benefit from this natural resource, successive national governments have invested billions of dollars in building
eight multipurpose hydraulic systems along the Peruvian coast for fresh water use. However, the high suspended
sediment load occurring during EENE places water infrastructures and water availability at high risk, which
intensifies local conflicts for access to water and affects aquatic ecosystems. Additionally, some studies suggest
that the recurrence and severity of the EENE will increase during the global warming and climate changes'”?’.

Nevertheless, up to now, no complete or robust dataset existed on sediment transport for western Peru?.
Indeed, no single institution monitors, processes, and supplies a national hydro-sedimentology database using
consistent methods. Therefore, records are often incomplete and not widely available, in turn preventing a clear
and robust assessment of sediment transfer in Peru from the central Andes to the coastal plane and to the Pacific
Ocean. Thus, it is still unknown how EENE impacts the hydrosedimentary processes and hazards involved during
sediment transfer from the continent to the ocean. In response, this study compiles an unpublished and extensive
database of SSY in Peru and investigates whether EENE is the main agent responsible for the spatial and temporal
variability in SSY along the western Andes.

Materials and Methods
Geomorphological setting. The western Peruvian Andes (study area) are located on the Pacific coast from
3-18°S and 70-81°E. They run from Ecuador to Chile and are bounded in the east by the Amazon watershed and
in the west by the Pacific Ocean. Geology and geomorphology of Peru is strongly associated with the Andean
orogeny that began during the early Cretaceous period and took its present form during the Cenozoic era. In turn,
Andean watersheds have a wide variety of underlying lithology. In this study, 20 hydrologic stations and water-
sheds, with a surface area ranging from 638 to 16,949 km?, were studied along the western Peruvian coast (Fig. 1).
Eleven stations are located in the Andean mountains (228-1833 m a.s.l.), and nine are located downstream
in the piedmont (15-105m a.s.l.) (Table 1). Most monitored rivers flow perpendicular to the Andean chain and
drain into the western escarpment. Main rivers begin at 2800-5000 m a.s.l. and range from 80-550km in length®.
The study area can be divided into three latitudinal regions: (i) northern, which has a low local relief and eleva-
tions below 4500 m a.s.1; (ii) central, which has steep slopes and a rugged topography reaching 6768 m a.s.l., with
more than 15 peaks higher than 6000 m a.s.1.%%; and (iii) southern, which rises up to 6000 m a.s.l. and includes
steep rivers. This spatial variability of the topography is also associated to marked differences in the hypsometry
of the considered catchments with: catchments in northern Peru that have concave up hypsometric curves, while
catchments in central and northern Peru have concave down hypsometric curves (Fig. 1; section Dataset and
Data Analyst).

Climate and Extreme El Nifio events in the western Peruvian Andes. Because the Andes form
the main barrier to atmospheric circulation in the Southern Hemisphere*!, they strongly influence the global
and South American climates. ENSO strongly alters the inter-annual variability of climate and hydrology in
the Andes. Its spatiotemporal characteristics involve distinct phases. In recent decades, study of ENSO has pro-
duced several classifications, such as weak, moderate and strong El Nifio/La Nifa, as well as EENE, canonical
and Modoki El Nifio e.g.'®*2. The intensity of the ENSO phase and its impact on the Pacific coast remain under
debate. Dozens of El Nifio/La Nifia indexes exist and depend greatly on the parameter and/or the region of the
ocean considered, e.g. EINifio 1 2, 3, 3.4, and 4. In this study we only focus on two EENE periods (1982-1983
and 1997-1998), which are two of the most outstanding events that have had consequences at the worldwide
scale e.g.*>. Using quantitative arguments to define EENE, an El Nifio event is considered extreme when more
than 9 consecutive months have indices E (Eastern Pacific) of the ENSO'¢ higher than two. This occurs only in
1982/1983 and 1997/1998 over the monitored time period [1963-2012]. Therefore, we differentiate two climatic
responses based on their impact on the Pacific coast of Peru. The first are EENE periods, which include two
periods, from 1 September 1982 to 31 August 1983 and from 1 September 1997 to 31 August 1998. The second
are non-EENE periods, which include normal years and weak, moderate and strong El Nifio/La Nifia variants.
During normal years, mean annual precipitation in the western Peruvian Andes is generally low and displays
a latitudinal gradient (~1000 mm/yr in the north to ~400 mm/yr in the south). The hydrological year begins in
September and ends in August in all watersheds and does not change with latitude. Seasonal expansion of easterly
equatorial winds carry moisture from the Atlantic to the Andes and cause precipitation to occur mainly during
the austral summer (January-March)*. On average, 90% of annual precipitation falls from October-April, with
a peak in February and March. The rest of the year (May to September) is dry, with less than 50-100 mm of
precipitation®4,
During EENE, a pronounced eastward extension of the western Pacific warms and develops atmospheric con-
vection, which increases atmospheric moisture and greatly increases rainfall in the usually cold and dry equato-
rial eastern Pacific. This massive reorganization of atmospheric convection causes severe disturbances in global
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Figure 1. (a) Suspended sediment yield (SSY) data along the Andes Mountains. Circle centres indicate the
locations of hydro-sedimentological stations, while their size is proportional to the SSY. Red and lead circles
represent data from this study and the literature?®-**, respectively. The black dotted line separates the Pacific and
Atlantic watersheds. (b) Location of the 20 studied stations/watersheds in the northern, central and southern
Peruvian Andes. Watersheds are numbered generally from north to south, according to Table 1. Topography

is based on the Shuttle Radar Topography Mission (SRTM) digital elevation model (DEM) witha 90m 90m
resolution. (C) Studied catchments with concave up (blue background) or concave down (gray background)
normalized hypsometric curves are located in North (3-7°S) and South (7-18°S) Peru, respectively. The map
was generated using ArcGIS for Desktop 9.3 (www.esri.com/software/arcgis).

weather patterns e.g.!”?’. In Peru, daily precipitation is more frequent and stronger during EENE years than dur-
ing normal years*. Three sub-regions with different precipitation patterns during EENE were observed in north-
ern, central and southern Peru*. The most pronounced effect of EENE on precipitation occurs in Northern Peru,
which experiences an easterly wind-driven monsoon in the mountains and intermittent westerly wind-driven
intense precipitation events on the Pacific coast. Consequently, catastrophic floods occur in the eastern equatorial
region of Ecuador and northern Peru. For example, the Sechura desert (4.5-7°S) receives up to 4 m of precipi-
tation from December-June during EENE, while it receives almost no precipitation during the same period in
normal years®.

Sediment flux data analysis on the western Peruvian Andes. This study compiled an unpublished
hydro-sedimentological dataset from 20 watersheds (Fig. 1). Hydrologic stations have basic equipment, such as
limnigraphs/limnimeters, to record hourly water levels. Daily to monthly stream gauging has occurred since
1968 to monitor changes in the calibration curves and to calculate hourly water discharges. Daily average SSC
samples are available from 1972 to 2012. Long-term data series include the EENE of 1982-1983 and 1997-1998
(Table 2), yet some hydro-sedimentological stations have no information during EENE (Supplementary Table 1).
Nevertheless, SSC samples at each station include extreme water discharge peaks, those considered above 95%
percentile of the historic Q time series*® (see shaded areas in the Supplementary Fig. 2). Estimate of SSY uncer-
tainty due to the infrequent sampling of SSC was based on Morera-Julca, et al*. They indicate that a daily SSC
sampling identifies annual and seasonal sediment flux cycles in the study area. Because the SSC dataset includes
some temporal gaps, we rely our analysis on the use of sediment rating curve (SRC) to complete the time series
(see Dataset and Data Analysis section).

Distribution of monthly averaged SSC and Q for each station shows two marked patterns, one with a
power-law univocal relationship and one with a clockwise hysteresis loop (Supplementary Fig. 1). Univocal
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Stations Watershed

Coordinates (deg.) Elevation (m) Avg.

Altitude SSC SSC | SSC Area | Slope

Code | Watershed | Station Lon. Lat. (m) Q (period) | Q (n) | (period) (n) |Gaps | Avg. | Max. |(km? | (degree) | Treatment.
1 Zarumilla | Palmales** 80.19 3.65 42 1980-2012 | 3428 |2011-2012 |86 |71% |319 |1242 |[639 7.5 a,b,c
2 Tumbes El Tigre** 80.47 3.78 22 1963-2012 | 17897 |2004-2012 | 2082 | 13% 1023 | 3875 | 4708 |16.2 a,b,c
3 Chira Macara* 79.94 441 384 1973-2012 | 14244 | 1973-1992 | 5896 | 14% 1745 | 3866 | 2472 | 19.4 a,b,c
4 Chira Ardilla** 80.42 4.50 105 1976-2012 | 13148 | 1980-1992 | 1926 |52% | 674 |3048 | 11934 |9.1 a,c
5 Chira Ciruelo* 80.13 4.27 228 1975-2012 | 13515 | — - 1756 | 3772 | 4230 |20.2 a,c
6 Chira Aliviadero** 80.52 4.67 62 1976-2012 | 13148 | 1981-1992 | 3955 | 10% 1406 | 3946 | 13546 |16.4 a,c
7 Chira Pte. Sullana** 80.82 4.89 16 1972-2012 | 14609 | 1972-1992 | 7094 | 13% 1210 | 3946 | 16949 | 14.1 a,b,c
8 Piura Pte Nacara** 80.19 5.12 81 1972-2012 | 14609 |1973-1974 |33 | 95% | 876 |[3656 |4662 |14.6 a,b,c
9 Piura Ejidos** 80.63 5.13 24 1986-2012 | 9497 | 1986-2006 | 6136 |15% | 629 |[3656 |7490 |11.1 a,b,c
10 Piura Sanch Cerr** 80.62 5.17 22 1972-2002 | 12428 |1973-1992 | 5462 | 21% | 623 |3656 |7614 |10.5 a,b,c
11 PEJEZA Yonan* 79.09 7.24 441 1986-2012 | 9497 | 2003-2012 | 2964 |10% | 2571 [4195 |3290 |[19.5 a,b,c
12 PEJEZA Ventanilla* 79.27 7.29 246 1949-2012 | 9252 | 1968-1975 | 2556 | 12% | 2411 | 4195 |3631 |19.4 a,c
13 PEJEZA Paltas* 78.90 7.18 752 1970-2012 | 1674 |2007-2012 | 1673 |24% | 3101 [ 4158 | 1035 |14.4 a,c
14 Santa Tablachaca* 78.23 8.65 525 2002-2012 | 3609 |2002-2012 |3542 | 12% | 3270 | 4969 |3131 |204 a,b,c
15 Santa La Balsa* 77.83 8.86 1833 1954-2012 | 17897 | 1975-2007 | 8182 |30% | 4061 | 6685 |4933 |[19.3 a,b,c
16 Santa Condorcerro* | 78.26 8.66 470 1957-2012 | 16709 | 1999-2012 | 4726 | 9% 3655 | 6685 | 10403 | 21.1 a,c
17 Santa Santa* 78.21 8.66 523 2002-2012 | 3653 | 2002-2012 | 3652 | 11% | 3827 | 6685 | 7190 |21.3 a,b,c
18 Cafiete Socsi* 76.21 13.03 | 310 1974-2012 | 13879 |2004-2012 | 182 |93% |3778 | 5873 |5803 |[22.4 a,b,c
19 Ocofia Ocofia** 73.15 16.39 15 1984-2012 | 3657 |2007-2011 |126 |91% |3764 | 6403 | 15971 |15.1 a,b,c
20 Sama Sambalay* 70.48 17.62 | 924 1963-2012 | 17897 |1997-2012 | 439 |82% |3541 [5719 |1701 |[17.5 a,b,c

Table 1. Locations details, watershed topographies, and geomorphologic characteristics of hydro-
sedimentology stations. Q  daily average discharge, SSC  daily average suspended sediment concentration.
Q(n) and SSC(n) are the numbers of daily Q and SSC measurements, respectively. *Hydro-sedimentology
inconsistencies data analysis. ®Fill SSY daily gaps. “Frequency sampling and uncertainty analysis. *Mountain
station. **Piedmont station.

SSC-Q relationships were found for mountain stations located downstream of low-slope alluvial plains with
extensive sediment deposits. We suggest that these extended sediment deposit zones act as buffer zones accu-
mulating sediments during dry phases and releasing them by re-incision'® during wet phases, especially during
EENE (Supplementary Fig. 1 and Table 1). This is also supported by the general observation that univocal rela-
tionship occurs when the supply or availability of sediment is not the limiting factor®. At the contrary, clockwise
hysteresis loops were observed for the SSC-Q relationship at piedmont stations. Several exceptions were found at
stations downstream of reservoirs (stations 3, 7, 10, and 12). Clockwise hysteresis loops are generally interpreted
by either a partial exhaustion of sediment availability during the last wet episodes’, and/or by a delayed water
dilution effect in catchments due to contribution of tributaries or groundwater baseflow®’. The larger the baseflow
or dilution effect exists, the more pronounced the hysteresis is>>. Annual bathymetric data (1976-2012) were
analysed for the Poechos (88 m a.s.]), Gallito Ciego (380 m a.s.l) and El Platanal reservoirs (1531 m a.s.l) (Fig. 1)
to quantify sediment yield. Six stations located downstream of the reservoirs were used to estimate seasonal and
annual sediment fluxes. Stations 6 and 12 are located at the outlet of the reservoirs, while stations 3, 7, 10, and 18
are located more downstream near the Pacific Ocean (Fig. 1). For all these former stations, SSC records are not
suitable for hydrological conditions during normal years because the reservoir acts as a barrier and captures a
non-negligible portion of the total SSY upstream. However, their locations on the floodplain help us to under-
stand the impact of inversed spatial rainfall distribution on desert areas during EENE.

Results and Discussion

Water and sediment fluxes during Extreme El Nifio and normal years. To characterize statistics of
river hydrology during EENE and normal periods, we rely our analysis on the use of cumulated density function
(CDF) of daily river discharge from long-term time series (Fig. 2a). We use the CDF to assess the impact of EENE
on the frequency of high (i.e. Q/Quean 1) andlow (i.e. Q/Quean 1) discharge events, as respect to the historical
mean discharge. For all the catchments, the frequency of low discharge events follows similar behaviour, and does
not change significantly when comparing normal with EENE periods. However, the frequency of high discharge
events increases significantly during EENE. This increase is greater for catchments located in northern Peru
(3-7°S, in blue Fig. 1c) than in central of southern Peru (7-18°S, in red Fig. 1¢). Indeed, during normal periods
about 90% of daily discharge events occur for Q/Qean 2.5 for all the catchments, while during EENE periods,
90% of daily discharge events occur 1) for Q/Qpean 12 or 8 when considering the Ardilla and El Tigre stations
(i.e. northern catchments), respectively; or 2) for Q/Quean 4 when considering the Socsi, Condorcerro and La
Balsa stations (i.e. central catchments).
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2012) EENE | 1983 | 1998 | discharge| (t/km 2yr) Variant | segment) segment) segment) segment)
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Code | (mmlyr) km?/s) | km?/s) | km?s) | (m¥s) EENE Historic | a b (i al | bl M2 a2 b2 2 |[cl [dl 2 c2 d2 I
1 671 13.2 81.5 — 11.7 347 763 3.10 096 | 043 |5 0.79 0.02 | 1.3 1.19 | 0.57 | — — — 11.1 | 0.69 |0.61
2 757 23.0 116.3 82.8 116.1 482 1941 6.18 0.77 | 043 |40 |0.13 0.01 | 1.6 1.05 | 0.44 | 61 0.07 0.01 |43.4 /058 |0.51
3 1076 15.1 42.8 27.8 39.5 638 1027 10.30 | 0.93 | 0.46 |60 | 0.24 0.02 | 0.8 1.56 | 0.48 | 102 | 0.19 0.05 | 0.5 1.34 0.41
4 629 9.5 422 48.7 137.5 309 1039 6.42 | 0.84|0.50 |12 0.58 0.09 |6 0.84 | 043 |70 0.03 0.01 209 | 0.68 0.39
5 1058 23.8 52.6 53.7 107.8 499 — — — — — — — — — — — — — — —
6 896 8.8 357 42.5 135.4 11 162 323 048 | 020 |7 0.28 0.03 | 1.6 0.62 | 0.26 | 20 0.05 0.01 6.7 0.42 0.25
7 781 5.1 34.4 28.8 100.9 260 431 2.99 098 | 0.68 |232 | 0.67 0.04 | 2.5 1.02 | 0.68 | 71 0.08 0.01 309 | 0.68 0.62
8 679 6.0 334 38.2 34.1 732 1078 5827 [ 054 [ 054 |83 |0.23 0.08 | 4.7 1.16 | 0.70 | 111 | 0.36 0.20 | 8.6 1.13 0.26
9 578 24 — 41.0 18.4 426 967 18.92 | 0.55 | 0.18 | 68 0.02 0.01 {0.12 [1.65 |0.44| 110 | 0.15 0.01 0.19 1.63 0.37
10 578 57 47.8 60.1 54.7 193 3069 7.80 1.01 | 0.66 |29 |0.59 0.06 | 2.6 1.23|0.71|197 | 0.04 |0.01 |14.0 |1.03 0.53
11 760 8.4 — 26.2 284 608 1100 10.45 | 0.84 | 0.63 | 22 0.33 0.16 | 0.1 1.90 | 0.72 | 40 0.11 0.03 17.3 1.01 0.56
12 699 7.2 18.0 235 26.8 404 2279 0.43 | 1.75| 050 |7 0.79 0.02 |02 195 | 045 | 68 0.29 0.04 |54 1.39 0.36
13 835 18.4 — — 20.0 321 — 8.72 0.92 | 0.51 21 0.42 0.03 | 6.5 1.00 | 0.43 | 100 | 0.24 0.06 |39.5 |0.67 0.25
14 658 9.0 — — 28.1 1925 — 32.19 | 1.20 | 0.75 | 87 | 0.80 0.14 | 18.3 [1.40 | 0.70| 607 | 0.18 0.03 | 561.0 | 0.75 0.61
15 1032 17.8 17.0 39.1 89.3 846 1181 0.13 1.75 | 0.74 1 1.18 0.07 | 0.1 1.86 | 0.67 | 81 0.12 0.01 8.1 1.22 0.61
16 835 13.0 17.7 215 140.0 1350 1659 0.56 147 | 0.78 |44 |0.37 0.02 | 0.1 1.83|0.72 |23 0.06 0.01 30.0 | 0.98 0.51
17 914 159 — — 114.1 594 — 0.48 1.38 | 0.71 5 0.78 0.23 | 0.01 |2.08 | 0.54|93 0.04 0.01 23.1 0.85 0.62
18 638 8.2 8.5 133 50.1 137 203 3.79 1.15 | 029 |21 0.53 0.02 |12 1.41 |0.12 | 152 | 0.25 0.04 |80.6 |0.72 0.17
19 620 53 — 9.4 106.0 148 419 0.01 194 | 0.58 | 120 | 0.61 |0.01 |0.001 |247 |0.62 |12 0.07 0.01 | 7.9 0.94 |0.67
20 327 1.2 — 2.75 4.1 123 179 90 1.30| 0.52 | 211 | 0.57 0.08 | 8.1 2.19 | 043 | 346 | 0.42 0.07 137.6 | 1.62 0.66

Table 2. Quantitative analysis of the observed climatology, hydrology and fluvial sedimentology of the
monitored watersheds. “Historic” indicates that the entire database was considered. “Without EENE” excludes

the period 1 September 1982 to 31 August 1983 and 1 September 1997 to 31 August 1998. a, al, a2, c1, c2 and b,
b1, b2, d1, d2 are the constant and exponent in equations (1), (2) and (3) (see Dataset and Data Analysis). Bold
number indicate the chosen SRC variant.
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Figure 2. Normal-log plot of the Cumulative Density Function (CDF) of daily (a) water discharge and (b)
suspended sediment flux (Qs) both normalized to historical average time series along the west central Andes.
Grey lines were estimated from historic series without EENE periods; and coloureds lines were estimated just
for EENE periods.

Because of the obtained SRC, coefficient a and parameter b, relationship between water and sediment dis-
charge, we expect that EENE influences sediment discharge as well. Therefore, we apply the same statistical
method to assess the impact of EENE on river sediment discharge (Fig. 2b). For all the catchments, the frequency
of low sediment discharge events follows similar behaviours, and does not change significantly when comparing
normal with EENE periods. The frequency of high sediment discharge events is significantly impacted by EENE,
with a higher proportion of large events, especially in northern Peru. Yet, even some stations located in central
Peru (i.e. Socsi) also display a significant change in the frequency of high sediment discharge.
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Figure 3. (@) Historical earthquake magnitude frequency within 5(km of each watershed. Brown circles
represent the historical seismicity recorded by the USGS from 1900-2015. (b) Average spatial gradient of annual
precipitation (mm/yr) from TRMM (3B43-V7) at 0.25°  0.25° resolution (1 September 1998 to 31 August
2012). (c) Strong latitudinal and longitudinal gradient in mean annual runoff. (d) Suspended sediment yields
(SSY) calculated from long-term series (without extreme El Nifio events, 1 September 1982 to 31 August 1983
and 1 September 1997 to 31 August 1998). High SSY and random spatial variability are found along the Andes.
The map was generated using ArcGIS for Desktop 9.3 (www.esri.com/software/arcgis).

These results illustrate the variable impact of EENE on the hydrology and sediment transport of rivers in Peru,
that is associated with more frequent high water and sediment discharge events, especially in northern Peru,
without significant changes in the frequency of low discharge events. The geographic transition between these
two hydrological and sedimentological regimes (northern vs central and southern Peru) is remarkably sharp
(Supplementary Fig. 3) and differs from the transition in hydrological regime observed from 30-35°S in Chile>.
In Chile, the transition in hydrological regime is also influenced by the contribution of EENE to the annual water
discharge, which increases north from 35°S with aridity of the climate. In Peru, the contribution of extreme events
to the water balance decreases southward with aridity, indicating a hydrological context different than those in
Chile. High water discharge events (mean discharge plus 5 times the standard deviation) during normal years
also appear south of 7°S, which indicates that the influence of local climate on water discharge is not yet clearly
defined.

Spatial impact of seismicity and precipitation on sediment transport during normal years. To
infer the potential environmental factors that could influence SSY during normal years, we analyse the spatial
distribution of SSY relatively to mean annual precipitation and to seismicity, excluding EENE years. Indeed,
major earthquakes can trigger numerous landslides, and the last major Peruvian earthquakes had profound
impacts on the landscape®. Following Dadson, et al*®, we use the spatial distribution of the regional cumula-
tive seismic moment as a proxy to infer the potential impact of historical seismicity (1962-2012) on the spa-
tial distribution of sediment transport rates (see Methods). Although major (Mw  8) monitored earthquakes
occurred mainly in central and southern Peru (8-17.5°S), there is no obvious spatial correlation between seismic
moment and SSY (Fig. 3a and d). Indeed, cumulated seismic moment is mainly focused along the subduction
interface, below the coast line, while SSY tends to be greater in the east, close the main water divide. This suggests
that large-magnitude earthquakes were not primary factor influencing sediment production and transport effi-
ciency at the regional scale in Peru during the monitored period. However, the potential long-term influence of
large-magnitude earthquakes older than the timeframe of the seismic catalogue is completely unknown.

On the other hand, annual precipitation is estimated using the Tropical Rainfall Measuring Mission (TRMM)
satellite data (see section Dataset and Data Analysis). During normal years, the TRMM data reveals a strong E-W
precipitation gradient in the western Peruvian Andes (Fig. 3b). This gradient with low values near the Pacific
Ocean (24.8-210 mm/yr) and high values on the areas of high relief (766-1500 mm/yr) is associated with oro-
graphic precipitation as well as the moisture sources from the Amazonian region*’. This E-W annual precipitation
gradient coincides well with the spatial distribution of both water runoff (ranging from ~1 to ~241/km?/s) and
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Figure 4. Close-up of 10 watersheds in the northwestern region from 3.4 to 5.7°S. (a—C) Show the mean
cumulative precipitation amount, mean runoff and mean SSY, respectively, from January-April. All of them

are plotted without the EENE period (January-April 1998). (d—f) Show the observed and estimated cumulative
precipitation, runoff and SSY all during EENE (January to April 1998). Strong gradients are observed from
east to west along the Andes. The red bar denoted the fixed weir at the outlet of the Venados river. The map was
generated using ArcGIS for Desktop 9.3 (www.esri.com/software/arcgis).

SSY (ranging from ~123 to ~2000 t/km?/yr). This correlation is observed at least for northern Peru, where the
data have better spatial resolution. Nonetheless, we can contemplate that it also extends to central and south-
ern Peru (watersheds 18-20), following the precipitation pattern. In addition, to this orographic effect, we also
observe a N-S precipitation gradient as illustrated by the presence of some hotspots of more intense precipitation
(' 1000 mm/yr) in northern and central Peru. These precipitation hotspots also spatially coincide with hotspots
of water runoff and SSY (watersheds 5, 15, 16, and 17; Fig. 3b—e). As a result, annual runoff and SSY in the stud-
ied stations have moderate to strong positive correlations (0.5 r 0.9; p-value 0.05). Moderate correlations
(0.5 r 0.75) are found in the Poechos (watersheds 6, 7 and 10), Gallito Ciego (watershed 12) and El Platanal
reservoirs (watershed 18), as well as in areas impacted by mining and with lithology singularities (watershed
14)*2. Overall, our results indicate that spatial variations of precipitation and runoff at the watershed scale mainly
determines the spatial changes in SSY during normal years. Seismicity, lithological changes or anthropogenic
disturbances, such as land use or reservoir, only act as second order factors at regional scale.

Spatial impact of Extreme El Nifio events on sediment transport. The occurrence of EENE com-
pletely changes the intensity and spatial distribution of precipitation. Two regions with distinct precipitation
patterns are observed during the wettest period of EENE (January-April): (i) central and southwestern Peru
(7-18°S), where the normal spatial pattern of precipitation occurs, but with 2 to 4 times more precipitation than
during normal years in the upstream part of the catchments (Figs 4 and 5c¢); and (ii) northern Peru (3-7°S),
where the usual E-W spatial gradient of precipitation is inversed, with more precipitation in the west (Fig. 5¢).
During EENE, even dry areas experience high precipitation and runoff. Precipitation increases by 170-fold in the
downstream part of the catchments located in North Peru (starting at the coast) (0-1100m a.s.1.). From January
to April, cumulative precipitation reaches 2133 mm, when it normally barely reaches 14 mm. As a result, usually
dry to arid areas become the wettest part of the western Peruvian Andes during EENE. In the upstream part of the
catchments of North Peru, cumulative precipitation in the wettest period increases by a factor 4 to 60.

We also observe a very strong increase in SSY during EENE for catchments located in north and central Peru
(Fig. 5a—c). Usually dry-to-arid regions located in north Peru experience the strongest increase in SSY during
EENE. We suggest these regions tend to accumulate sediment during normal years, due to low river transport
capacity, and that the strong increase in precipitation and river transport capacity during EENE leads to high
sediment discharge®®. For example, the semi-arid areas between stations 6 and 7 (3403 km?), receive 2000 mm/yr
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Concentration (SSC) was sampled at the same point near the edge and river surface into ~700 ml bottles.
Distribution of SSC in the water column was assumed to be homogeneous due to the turbulent fluxes in the
mountainous rivers. In the laboratory, each water-sample bottle was weighed and then filtered under a vacuum
pump through a 0.45-pm diameter cellulose fiber filter that had been weighed, as was the empty bottle. The
filter with sediments was heated in the oven at 105 °C for 24 hours and then dried and weighed to determine
suspended sediment mass and SSC. SSC samples from SO-HYBAM were obtained directly using the associated
protocol (http://www.ore-hybam.org/index.php/esl/Tecnicas/Muestras). Daily historic SSC samples are available
from 1972-2012. Sediment flux discharge (Qs) is then simply obtained by multiplying SSC by Q, while suspended
sediment yield is obtained by diving Qs by the surface area of the catchment at the gauging station.

Suspended sediment rating curve using total and direct water discharge. Suspended sediment
rating curve (SRC), established between measured SSC and their related Q, have been widely used to infer SSC.
However, relationship between SSC and Q can often be very complex and strongly non-linear®.

We use SRC in two cases: (i) to fill daily SSC gaps if there were less than 80% of observed daily values per year,
or (ii) to infer daily estimates of SSC during EENE periods only (Sep. 1982 to Aug. 1983 and Sep. 1997 to Aug.
1998), if observed SSC were not available. We did not expect to complete the entire SSC time-series during the
study period (e.g. 50 years), because in most cases SSC records were concentrated in continuous several years
(e.g. 6 years). Gap percentages of daily values were quantified for each year on the period that extends from 01
September year1 to 31 August year2.

In order to increase the accuracy of the infer SSC, three variants of the SRC were tested and then the best fit
was kept:

Variant I. - SRC (see Equation 1 below)

If there are less than 40% of gaps over one year, we use an annual SRC model computed only from the daily
data obtained during the same year; otherwise, we use a global SRC model computed from the pluri-annual daily
dataset.

Variant IL. - Piecewise SRC (see Equation 2 below)

The use of segmentation and truncation to better fit the trends of data highly can improve SSC estimations®.
Here two continuous functions were fitted (lower and upper segments), consequently, two pre-factors, two expo-
nents and two coefficients of determination (r*) were calculated. The breakpoint was defined in two steps:

(i) We divide our datasets in lower and upper discharge classes by locating a temporal breakpoint at the inter-
section of the median of the SSC and the median of the Q original values, however this procedure rarely
leads to the largest r2 The lower piecewise SRC segment comprises low water discharges and they influence
upto3 2% of the annual SSY estimation. The rest 97 2% of the annual SSY depends of the upper piece-
wise SRC segment. Therefore, the second segment will determine the prediction accuracy of the annual
SSY.

(ii) Hence, in order to find the largest r? on the upper SRC segment, we explore in systematic way changing up
and down several times the upper segment range of the independent variable (Q), until finding the largest
r2. Then the rest of the dataset will defined the lower segment. Lastly, the breakpoint was defined for the
intersection of the lower and upper segment projection.

Variant III. - Direct runoff piecewise SRC (see Equation 3 bellow)

To remove the potential contribution of groundwater, the baseflow (Qb), was computed using the generic
filtering method®”. The direct runoff (Qd) was excluded from total Discharge (Q), Q Qd  Qb. Then, the whole
procedure in variant IT was followed, however this time we use Qd instead of Q.

The different equations used for the three variants are:

SSC aQ" @
SSC alQ™forQ , andSSC a2Q"for Q @)
SSC clQdforQ , andSSC c2Qd*for Q ©)

where a, al, a2, cl, c2 and b, bl, b2, d1, d2 are the pre-factor and exponent, respectively, determined with a linear
least-square fitting algorithm using daily Q or Qd in m?*/s and daily SSC in mg/L; is the breakpoint. Numbers
one and two, next to rating parameters, correspond to the first and second piecewise segment (Table 2).

Finally, the best variant (I, II or III) was selected based on the quantification of the Root Mean Square Error
between the observed SSY and inferred SSY (Table 2 and Supplementary Table 1).

SSC-Q hysteresis effect, at stations 1 and 2, was partly removed by using variant III, and considering only
the direct discharge (Qd). However, at station 18 and 19 SRC clockwise hysteresis loops exhibit fluctuations and
dispersion of the Qd-SSC. We assume that this may be attributed to reservoir sedimentation and narrow river
floodplain areas, respectively. Unfortunately, the limited SSC dataset at both stations (Table 1) prevented us from
exploring in more detail the causes of the clockwise hysteresis loops for those catchments.

Along the study area the, annual piecewise SRC, coefficient @ and bare highly variable without unequivocal trends
(increase or decrease), and there is no evolution of the slope SRC after and before the EENE (1982-83 and 1997-98).
In general, piecewise regression model showed better fit than linear least-square fitting algorithm, see Table 2.

11


http://www.ore-hybam.org/index.php/esl/Tecnicas/Muestras
http://1

References

1. Pinet, P. & Souriau, M. Continental erosion and large-scale relief. Tectonicg, 563-582, https://doi.org/10.1029/TC007i003p00563
(1988).

2. SKklar, L. S. & Dietrich, W. E. Sediment and rock strength controls on river incision into bedrock. Geology29, 1087-1090,
doi:10.1130/0091-7613 (2001).

3. Darby, S. E. et al Fluvial sediment supply to a mega-delta re duced by shifting tropical-cyclone activity. Nature539, 276-279, https://
doi.org/10.1038/nature19809 (2016).

4. Peizhen, Z., Molnar, P. & Downs, W. R. Increased sedimentation rates and grain sizes 2-4[thinsp]Myr ago due to the influence of
climate change on erosion rates. Nature410, 891-897, https://doi.org/10.1038/35073504 (2001).

5. Syvitski, J. P. M., Vorosmarty, C. J., Kettner, A. J. & Green, P. Impact of human on the flux of terrestrial sediment to the global coastal
ocean. Scienc808, 376-380, https://doi.org/10.1126/science.1109454 (2005).

6. Walling, D. E. Human impact on land-ocean sediment transfer by the world’s rivers. Geomorpholog¥9, 192-216, https://doi.
org/10.1016/j.geomorph.2006.06.019 (2006).

7. Dai, Z., Fagherazzi, S., Mei, X. & Gao, J. Decline in suspended sediment concentration delivered by the Changjiang (Yangtze) River
into the East China Sea between 1956 and 2013. Geomorpholog868, 123-132, https://doi.org/10.1016/j.geomorph.2016.06.009
(2016).

8. Hovius, N. et al Prolonged seismically induced erosion and the mass balance of a large earthquake. Earth and Planetary Science
Letters304, 347-355, https://doi.org/10.1016/j.epsl.2011.02.005 (2011).

9. Lee, T.-Y. et al Magnified Sediment Export of Small Mountainous Rivers in Taiwan: Chain Reactions from Increased Rainfall
Intensity under Global Warming. PLoS ONEO, 0138283, https://doi.org/10.1371/journal.pone.0138283 (2015).

10. Bilek, S. L. Invited review paper: Seismicity along the South American subduction zone: Review of large earthquakes, tsunamis, and
subduction zone complexity. Tectonophysiet95, 2-14, https://doi.org/10.1016/j.tecto.2009.02.037 (2010).

11. Keefer, D. & Matthew, C. Assessing Landslide Hazards. Scienc816, 1136-1138, https://doi.org/10.1126/science.1143308 (2007).

12. Young, K. R. & Ledn, B. In Developments in Earth Surface Processes, Vol. 13, 165-180 (2009).

13. Trenberth, K. E. In eference Module in Earth Systems and Environmental Sciences, Vol., 228-240 (Elsevier, 2013).

14. Goldstein, P. S. & Magilligan, F. J. Hazard, risk and agrarian adaptations in a hyperarid watershed: El Nifo floods, streambank
erosion, and the cultural bounds of vulnerability in the Andean Middle Horizon. Catena85, 155-167, https://doi.org/10.1016/j.
catena.2010.11.001 (2011).

15. Rein, B. How do the 1982/83 and 1997/98 El Nifios rank in a geological record from Peru? Quaternary International61, 56-66,
https://doi.org/10.1016/j.quaint.2006.10.023 (2007).

16. Takahashi, K., Montecinos, A., Goubanova, K. & Dewitte, B. ENSO regimes: Reinterpreting the canonical and Modoki El Nifo.
Geophysical esearch Lett885 n/a-n/a, https://doi.org/10.1029/2011GL047364 (2011).

17. Cai, W. et al Increasing frequency of extreme El Nino events due to greenhouse warming. Nature Clim. Changé 111-116, https://
doi.org/10.1038/nclimate2100 (2014).

18. Armijos, E. et al Yields of suspended sediment and dissolved solids from the Andean basins of Ecuador. Hydrological Sciences
Journalb8, 1478-1494, https://doi.org/10.1080/02626667.2013.826359 (2013).

19. Tote, C. et al Effect of ENSO events on sediment production in a large coastal basin in northern Peru. Earth Surf. Process. Landforms
36, 1776-1788, https://doi.org/10.1002/esp.2200 (2011).

20. Bayer, A. M. et al An unforgettable event: a qualitative study of the 1997-98 El Nifo in northern Peru. Disaster88, 351-374, https://
doi.org/10.1111/disa.12046 (2014).

21. Kober, F. et al Denudation rates and a topography-driven rainfall threshold in northern Chile: Multiple cosmogenic nuclide data
and sediment yield budgets. Geomorpholog83, 97-120, https://doi.org/10.1016/j.geomorph.2006.06.029 (2007).

22. Montecinos, A. & Aceituno, P. Seasonality of the ENSO-Related Rainfall Variability in Central Chile and Associated Circulation
Anomalies. Journal of Climat&6, 281-296, doi:10.1175/1520-0442 (2003).

23. Aalto, R. et al Episodic sediment accumulation on Amazonian flood plains influenced by El Nino/Southern Oscillation. Nature425,
493-497, https://doi.org/10.1038/nature02002 (2003).

24. Restrepo, J. D. & Kjerfve, B. Magdalena river: interannual variability (1975-1995) and revised water discharge and sediment load
estimates. Journal of Hydrolog8B5, 137-149, https://doi.org/10.1016/S0022-1694(00)00269-9 (2000).

25. Warne, A. G. et al Regional controls on geomorphology, hydrology, and ecosystem integrity in the Orinoco Delta, Venezuela.
Geomorpholog§4, 273-307, https://doi.org/10.1016/S0169-555X(01)00179-9 (2002).

26. Barsch, D. & Caine, N. The Nature of Mountain Geomorphology. Mountain esearch and Developmeh287-298, https://doi.
org/10.2307/3673231 (1984).

27. Widlansky, M. J. et al Changes in South Pacific rainfall bands in a warming climate. Nature Clim. Chang®, 417-423, https://doi.
org/10.1038/nclimate1726 (2013).

28. Latrubesse, E. M. & Restrepo, J. D. Sediment yield along the Andes: continental budget, regional variations, and comparisons with
other basins from orogenic mountain belts. Geomorpholog®16, 225-233, https://doi.org/10.1016/j.geomorph.2014.04.007 (2014).

29. Armijos, E. et al Suspended sediment dynamics in the Amazon River of Peru. Journal of South American Earth Scieddes5-84,
https://doi.org/10.1016/j.jsames.2012.09.002 (2013).

30. Guyot, J. L., Filizola, N., Quintanilla, J. & Cortez, J. Dissolved solids and suspended sediment yields in the Rio Madeira basin, from
the Bolivian Andes to the Amazon. In Erosion and Sediment Yield: Global and regional persp&siiees Symp., 55-63 (1996).

31. Laraque, A. et al Sediment budget of the Napo River, Amazon basin, Ecuador and Peru. Hydrological Process28; 3509-3524,
https://doi.org/10.1002/hyp.7463 (2009).

32. Morera, S. B. et al Pertinent spatio-temporal scale of observation to understand suspended sediment yield control factors in the
Andean region: the case of the Santa River (Peru). Hydrol. Earth Syst. S&iz, 4641-4657, https://doi.org/10.5194/hess-17-4641-2013
(2013).

33. Pépin, E. Erosion actuelle des Andes: Controle tectonique et /ou climatique sur les bassins du versant Atlantique Master 2 thesis,
Universite Toulouse III - Paul Sabatier (2007).

34. Pepin, E. et al Climatic control on eastern Andean denudation rates (Central Cordillera from Ecuador to Bolivia). Journal of South
American Earth Scienee$ 85-93, doi:j.jsames.2012.12.010 (2013).

35. Restrepo, J. D. & Kjerfve, B. In Environmental Geochemistry in Tropical and Subtropical Environments, Vol., (eds de L. Lacerda, R.
Santelli, E. Duursma, & J. Abrao), Ch.14, 169-187 (Environmental Science, 2004).

36. Restrepo, J. D., Kjerfve, B., Hermelin, M. & Restrepo, J. C. Factors controlling sediment yield in a major South American drainage
basin: the Magdalena River, Colombia. Journal of Hydrolog¥16, 213-232, https://doi.org/10.1016/j.jhydrol.2005.05.002 (2006).

37. Tarras-Wahlberg, N. H. & Lane, S. N. Suspended sediment yield and metal contamination in a river catchment affected by El Nifio
events and gold mining activities: the Puyango river basin, southern Ecuador. Hydrological Process% 3101-3123, https://doi.
org/10.1002/hyp.1297 (2003).

38. Ledn, J. G. & Pedrozo, F. L. Lithological and hydrological controls on water composition: evaporite dissolution and glacial
weathering in the south central Andes of Argentina (33°-34°S). Hydrological Process2% 1156-1172, https://doi.org/10.1002/
hyp.10226 (2015).

39. Gonzalez, L. & Pfiffner, O. A. Morphologic evolution of the Central Andes of Peru. International Journal of Earth Scient6s,
307-321, https://doi.org/10.1007/s00531-011-0676-9 (2012).

12


http://dx.doi.org/10.1029/TC007i003p00563
http://dx.doi.org/10.1130/0091-7613
http://dx.doi.org/10.1038/nature19809
http://dx.doi.org/10.1038/nature19809
http://dx.doi.org/10.1038/35073504
http://dx.doi.org/10.1126/science.1109454
http://dx.doi.org/10.1016/j.geomorph.2006.06.019
http://dx.doi.org/10.1016/j.geomorph.2006.06.019
http://dx.doi.org/10.1016/j.geomorph.2016.06.009
http://dx.doi.org/10.1016/j.epsl.2011.02.005
http://dx.doi.org/10.1371/journal.pone.0138283
http://dx.doi.org/10.1016/j.tecto.2009.02.037
http://dx.doi.org/10.1126/science.1143308
http://dx.doi.org/10.1016/j.catena.2010.11.001
http://dx.doi.org/10.1016/j.catena.2010.11.001
http://dx.doi.org/10.1016/j.quaint.2006.10.023
http://dx.doi.org/10.1029/2011GL047364
http://dx.doi.org/10.1038/nclimate2100
http://dx.doi.org/10.1038/nclimate2100
http://dx.doi.org/10.1080/02626667.2013.826359
http://dx.doi.org/10.1002/esp.2200
http://dx.doi.org/10.1111/disa.12046
http://dx.doi.org/10.1111/disa.12046
http://dx.doi.org/10.1016/j.geomorph.2006.06.029
http://dx.doi.org/10.1175/1520-0442
http://dx.doi.org/10.1038/nature02002
http://dx.doi.org/10.1016/S0022-1694(00)00269-9
http://dx.doi.org/10.1016/S0169-555X(01)00179-9
http://dx.doi.org/10.2307/3673231
http://dx.doi.org/10.2307/3673231
http://dx.doi.org/10.1038/nclimate1726
http://dx.doi.org/10.1038/nclimate1726
http://dx.doi.org/10.1016/j.geomorph.2014.04.007
http://dx.doi.org/10.1016/j.jsames.2012.09.002
http://dx.doi.org/10.1002/hyp.7463
http://dx.doi.org/10.5194/hess-17-4641-2013
http://dx.doi.org/10.1016/j.jhydrol.2005.05.002
http://dx.doi.org/10.1002/hyp.1297
http://dx.doi.org/10.1002/hyp.1297
http://dx.doi.org/10.1002/hyp.10226
http://dx.doi.org/10.1002/hyp.10226
http://dx.doi.org/10.1007/s00531-011-0676-9

40. Schwartz, D. P. Paleoseismicity and neotectonics of the Cordillera Blanca Fault Zone, northern Peruvian Andes. J. Geophys. €83,
4712-4730, https://doi.org/10.1029/JB093iB05p04712 (1988).

41. Gregory-Wodzicki, K. M. Uplift history of the Central and Northern Andes: a review. Geol. Soc. Am. Bull12, 1091-1105,.
doi:10.1130/0016-7606 (2000).

42. Cai, W. et al Increased frequency of extreme La Nina events under greenhouse warming. Nature Clim. Chang®, 132-137, https://
doi.org/10.1038/nclimate2492 (2015).

43. Garreaud, R. D. The Andes climate and weather. Adv. Geosc22, 3-11, https://doi.org/10.5194/adgeo-22-3-2009 (2009).

44. Vuille, M., Kaser, G. & Irmgard, J. Glacier mass balance variability in the Cordillera Blanca, Peru and its relationship with climate
and the large-scale circulation. Global and Planetary Chang@, 14-28, https://doi.org/10.1016/j.gloplacha.2007.11.003 (2008).

45. Lavado-Casimiro, W. S., Felipe, O., Silvestre, E. & Bourrel, L. ENSO impact on hydrology in Peru. Adv. GeoscB3, 33-39, https://doi.
org/10.5194/adgeo-33-33-2013 (2013).

46. Lagos, P, Silva, Y., Nickl, E. & Mosquera, K. El Nifio - related precipitation variability in Peru. Advances in Geoscienbés231-237,
https://doi.org/10.5194/adgeo-14-231-2008 (2008).

47. Mettier, R., Schlunegger, F, Schneider, H., Rieke-Zapp, D. & Schwab, M. Relationships between landscape morphology, climate and
surface erosion in northern Peru at 5°S latitude. International Journal of Earth Scien88s2009-2022, https://doi.org/10.1007/
$00531-008-0355-7 (2009).

48. Seneviratne, S. I. et al In Managing the is s of Extreme Events and Disasters to Advance Climate Change Adaptation, Vol., A Special
eport of Wor ing Groups | and Il of the Intergovernmental Panel on Climate Change, (eds C.B. Figld3#t @hapter 3, 109-230
(Cambridge University Press, 2012).

49. Morera-Julca, S. et al In World Environmental and Water esources Congf@saerican Society of Civil Engineers, 3216-3225,
https://doi.org/10.1061/9780784412947.318 (2013).

50. Smith, H. G. & Dragovich, D. Interpreting sediment delivery processes using suspended sediment-discharge hysteresis patterns
from nested upland catchments, south-eastern Australia. Hydrological Process28; 2415-2426, https://doi.org/10.1002/hyp.7357
(2009).

51. Andermann, C. et al Impact of transient groundwater storage on the discharge of Himalayan rivers. Nature Geosd, 127-132,
https://doi.org/10.1038/ngeo1356 (2012).

52. Hudson, P. F. Event sequence and sediment exhaustion in the lower Panuco Basin, Mexico. Catena52, 57-76, https://doi.
0rg/10.1016/S0341-8162(02)00145-5 (2003).

53. Carretier, S. et al Slope and climate variability control of erosion in the Andes of Central Chile. Geology1, 195-198, https://doi.
org/10.1130/G33735.1 (2012).

54. Keefer, D. K. & Moseley, M. E. Southern Peru desert shattered by the great 2001 earthquake: Implications for paleoseismic and
paleo-El Nifio-Southern Oscillation records. Proceedings of the National Academy of Sciences of the United States df0America
10878-10883, https://doi.org/10.1073/pnas.0404320101 (2004).

55. Dadson, S. J. et al Links between erosion, runoff variability and seismicity in the Taiwan orogen. Nature426 648-651, https://doi.
org/10.1038/nature02150 (2003).

56. Fryirs, K. Dis)Connectivity in catchment sediment cascades: a fresh look at the sediment delivery problem. Earth Surface Processes
and Landform$8, 30-46, https://doi.org/10.1002/esp.3242 (2013).

57. Yang, S. L., Xu, K. H., Milliman, J. D., Yang, H. F. & Wu, C. S. Decline of Yangtze River water and sediment discharge: Impact from
natural and anthropogenic changes. Sci. ep.5, 12581, https://doi.org/10.1038/srep12581 (2015).

58. Song, C., Wang, G., Sun, X., Chang, R. & Mao, T. Control factors and scale analysis of annual river water, sediments and carbon
transport in China. Sci. ep.6, 25963, https://doi.org/10.1038/srep25963 (2016).

59. Armitage, J. J., Duller, R. A., Whittaker, A. C. & Allen, P. A. Transformation of tectonic and climatic signals from source to
sedimentary archive. Nature Geosdi, 231-235, https://doi.org/10.1038/ngeo1087 (2011).

60. Simpson, G. & Castelltort, S. Model shows that rivers transmit high-frequency climate cycles to the sedimentary record. Geologyt0,
1131-1134, https://doi.org/10.1130/g33451.1 (2012).

61. Braun, J., Voisin, C., Gourlan, A. T. & Chauvel, C. Erosional response of an actively uplifting mountain belt to cyclic rainfall
variations. Earth Surf. Dynan8, 1-14, https://doi.org/10.5194/esurf-3-1-2015 (2015).

62. Milliman, J. D. & Syvitski, J. P. Geomorphic/tectonic control of sediment transport to the ocean: the importance of small
mountainous rivers. Journal of Geolodyo0, 525-544, doi:100(5):525-544 (1992).

63. Brocklehurst, S. H. & Whipple, K. X. Hypsometry of glaciated landscapes. Earth Surface Processes and Landf2&y@07-926,
https://doi.org/10.1002/esp.1083 (2004).

64. NCEDC. Northern California Earthquake Data Center. UC Berkeley Seismological Laboratory, https://doi.org/10.7932/NCEDC
(2014).

65. Williams, G. P. Sediment concentration versus water discharge during single hydrologic events in rivers. Journal of Hydrology11,
89-106, https://doi.org/10.1016/0022-1694(89)90254-0 (1989).

66. Meybeck, M. & Moatar, F. Daily variability of river concentrations and fluxes: indicators based on the segmentation of the rating
curve. Hydrological Process¥; 1188-1207, https://doi.org/10.1002/hyp.8211 (2012).

67. Eckhardt, K. How to construct recursive digital filters for baseflow separation. Hydrological Processk® 507-515, https://doi.
org/10.1002/hyp.5675 (2005).

Acknowledgements

This study was performed at the Geophysical Institute of Peru, and it was supported by the Peruvian PPR-068
program “Reduccién de Vulnerabilidad y Atencién de Emergencias por Desastres”, INNOVATE PERU (www.
innovateperu.gob.pe) through the project “Monitoreo, caracterizacion e identificacion de las principales fuentes
de erosion y sedimentos durante fuertes crecidas o eventos extremos El Nifio en las cuencas binacionales
Puyango-Tumbes y Zarumilla’, CONCYTEC (https://portal.concytec.gob.pe), the HYBAM observatory and the
GREAT ICE Laboratory. Also, we would like to thanks the following institutions: Proyecto especial binacional
Puyango-Tumbes, Proyecto especial Chira-Piura, Proyecto especial Jequetepeque-Zaiia, Proyecto especial
Chavimochic, Proyecto especial Tacna and Duke Energy Company; all of them provide valuable information to
our study.

Author Contributions

S.B.M. conceived the study and wrote the draft of the manuscript. C.A., C.T. and P.S. contributed to the
improvement of the manuscript. G.J.L. made some valuable comments to improve this manuscript. All authors
reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-12220-x.

13


http://dx.doi.org/10.1029/JB093iB05p04712
http://dx.doi.org/10.1130/0016-7606
http://dx.doi.org/10.1038/nclimate2492
http://dx.doi.org/10.1038/nclimate2492
http://dx.doi.org/10.5194/adgeo-22-3-2009
http://dx.doi.org/10.1016/j.gloplacha.2007.11.003
http://dx.doi.org/10.5194/adgeo-33-33-2013
http://dx.doi.org/10.5194/adgeo-33-33-2013
http://dx.doi.org/10.5194/adgeo-14-231-2008
http://dx.doi.org/10.1007/s00531-008-0355-7
http://dx.doi.org/10.1007/s00531-008-0355-7
http://dx.doi.org/10.1061/9780784412947.318
http://dx.doi.org/10.1002/hyp.7357
http://dx.doi.org/10.1038/ngeo1356
http://dx.doi.org/10.1016/S0341-8162(02)00145-5
http://dx.doi.org/10.1016/S0341-8162(02)00145-5
http://dx.doi.org/10.1130/G33735.1
http://dx.doi.org/10.1130/G33735.1
http://dx.doi.org/10.1073/pnas.0404320101
http://dx.doi.org/10.1038/nature02150
http://dx.doi.org/10.1038/nature02150

	The impact of extreme El Niño events on modern sediment transport along the western Peruvian Andes (1968–2012)

	Materials and Methods

	Results and Discussion

	Water and sediment fluxes during Extreme El Niño and normal years. 
	Spatial impact of seismicity and precipitation on sediment transport during normal years. 
	Spatial impact of Extreme El Niño events on sediment transport. 
	Temporal impact of Extreme El Niño events on sediment transport. 
	Bed load transport and reservoir sedimentation during extreme El Niño events. 

	Conclusions

	Dataset and Data Analysis

	Topographic data and hypsometric curves. 

	Acknowledgements

	Figure 1 (a) Suspended sediment yield (SSY) data along the Andes Mountains.
	Figure 2 Normal-log plot of the Cumulative Density Function (CDF) of daily (a) water discharge and (b) suspended sediment flux (Qs) both normalized to historical average time series along the west central Andes.
	Figure 3 (a) Historical earthquake magnitude frequency within 50 km of each watershed.
	Figure 4 Close-up of 10 watersheds in the northwestern region from 3.
	Figure 5 (a) Spatial distribution of suspended sediment flux during extreme El Niño events.
	Figure 6 (a) Normalized annual suspended sediment yield (SSY) and water discharge (Q) plotted as cumulative annual values.
	Table 1 Locations details, watershed topographies, and geomorphologic characteristics of hydro-sedimentology stations.
	Table 2 Quantitative analysis of the observed climatology, hydrology and fluvial sedimentology of the monitored watersheds.




