Accepted Manuscript —

Journal of

South American
Earth Sciences

Detecting and quantifying hydromorphology changes in a chilean river after 50 years
of dam operation

Hernan Alcayaga, Sebastian Palma, Diego Caamano, Luca Mao, Marco Soto-Alvarez

PII: S0895-9811(18)30539-X
DOI: https://doi.org/10.1016/j.jsames.2019.04.018
Reference: SAMES 2174

To appearin:  Journal of South American Earth Sciences

Received Date: 28 December 2018
Revised Date: 22 April 2019
Accepted Date: 23 April 2019

Please cite this article as: Alcayaga, Herna., Palma, Sebastia., Caamano, D., Mao, L., Soto-Alvarez, M.,
Detecting and quantifying hydromorphology changes in a chilean river after 50 years of dam operation,
Journal of South American Earth Sciences (2019), doi: https://doi.org/10.1016/j.jsames.2019.04.018.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.jsames.2019.04.018
https://doi.org/10.1016/j.jsames.2019.04.018

hydromorphological
effects and
planform evolution

Hydrological
flow regime

!

Rapel dam
(1968)
‘], -
sediment 0 200 400 m
1924 1978 2004
transport [ ] I

Changes in fluvial morphology due to Rapel dam



15
16
17
18
19
20
21
22
23
24
25
26

Detecting and quantifying hydr omorphology changesin a Chilean river after 50 years of dam

operation

Hernan Alcayaga Sebastian PalrfiaDiego CaamaffoLuca Mad and Marco Soto-Alvaréz
(1) Assistant Professor, Dept. of Civil Engineering, ikénsidad Diego Portales, Chile. E-mail:
hernan.alcayaga@udp.cl (hernan.alcayaga@udp.cl)
(2) Graduate Research Assistant, Dept. of Civil Enginge Universidad Diego Portales, Chile.
(3) Associate Professor, Dept. of Civil Engineering,wgmsidad Catdlica de la Santisima Concepcion,
Chile; dcaamano@ucsc.cl
(4) Senior Lecturer, School of Geography, University bincoln, Lincoln, LN6 7TS, UK;

lumao@lincoln.ac.uk

Abstract

This study identifies and characterizes hydromolgiioal changes along the Rapel River
downstream of the first large dam built in Chil®§8). A hydromorphological analysis is carried
out to assess changes on the hydrological flonnregibed sediments, and fluvial morphology
along a 19 km river reach. Results classify curmglobal hydrological quality as “Moderate”
(according to the Indicator for Hydrological Altémn in RlverS, IAHRIS), however specific
indicators within this classification scheme idéat quality as “Poor”. The morphological quality
decreased from “Very Good” to “Good” (assessed liyy Morphological Quality Index, MQI).
Changes in the planform were particularly intenseng) the post dam period when intensive lateral
mobility occurred, with the corresponding loss e€a@ndary river branches, and with generation of
straighter and regular river sections with presesfcan armor layer observed along the entire river
reach. Between 1991 and 2015 channel stabilizatitmless lateral mobility was observed, which

thought to be associated with the river new equiilib trend. River width, sinuosity and braiding
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index changed at different rates along the studiest reach. Our investigation demonstrates that
the Rapel River experienced changes differently tthose described in the literature given its
lower gradient and hydraulic interaction with trecKic Ocean.

Keyworks: Dams, human alteration, hydromorpholdgitagnostic Rapel River

1. Introduction

Dams have been constructed since ancient timesaf\Ngival., 2006) to develop agriculture and
control water supply, and later to satisfy the meeflhydropower generation and flood protection.
More than half of the world’s large rivers are reged by dams, and currently emerging countries
are constructing new structures for the same dtuiel and energy purposes (Nilssaral., 2005).
Current attempts of reducing carbon dioxide emissiocn producing energy also increase the
likelihood of constructing new dams. Despite thiend, several attempts in the more developed
countries have emerged at exploring small and hyidroelectric power plants. Also, the long-term
impacts of old and inoperative structures led ® phactice of dam removal. For example, more
than 400 dams have been removed in the US (Peatt&Samell, 2013), and a group of European
countries (Sweden, Spain, Portugal, the UK, Swirel, and France) have removed more than
3,450 weirs and dams (Dam Removal Europe, 2017)weder, energy limits economic
development and thus triggers a strong justificafar maintaining the construction of major dams
within the developing world; and these pressuredikely to grow (Oud, 2002). Hydropower dams
may play an important role in climate change adaptaof water resource availability (Berga,
2016), but the environmental and social costs nmestmitigated, and river hydromorphology
requires inclusion in the analysis.

Large rivers in Chile drain runoff from the Andesumntain range to the Pacific Ocean responding
to different geography, geology and climatic paisealong ite. North-South) and across (East-
West) the country. Chilean fluvial systems spatidistribute water from the driest desert in the

world in the Northern regions (Atacama Desert)he éxtremely rainy areas of Patagonia in the
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South. The transversal geography is abrupt an@&daais rivers flow from the Andes range to the
central valley generating very high topographicdiggats. For example, rivers in the Rapel basin
flow from elevations close to 4500 m to 500 m witldipproximate 50 km resulting in average
longitudinal gradient of 8%, and rapidly convertihggh-energy mountain rivers to low energy
systems in the central valley.

Several Chilean rivers present a relatively shimtbhy of human intervention, but there are current
pressures that may result is severe alteratiomaif morphology and dynamics (Andreeti al.,
2013). Despite several studies describing the &ffet dams on fish habitat (Halgt al., 2006;
Garciaet al., 2011; Labordet al., 2016) and on the economic value of landscape(Psncest al.,
2011), very few studies have confronted the hydmminological effects of human intervention in
Chilean rivers (Arréspidet al., 2018; Tranmeet al., 2018).

During the past fifty years, fluvial geomorpholagidiave developed qualitative and quantitative
models to predict river behavior (Wohl, 2014). Gafethe most relevant reasons that motivated
these models is to understand channel responsemttmal and human-induced disturbances.
Relevantly, dams have been identified as the singbst profound human alteration to fluvial
systems (Granét al., 2003). The changes produced by the operatiothaxfe structures can be
dramatic on fluvial processes, as they are domihbtethe reduction of both sediment load and
flood magnitude (Buffington, 2012; Petts and Guin2013; Vietz and Finlayson, 2017). The
effects of dams on fluvial hydromorphology have rbegeasured and surveyed for more than 80
years (Lane, 1934; Williams and Wolman, 1984; Pigudl., 2017) and currently, scientists and
engineers have at their disposal conceptual, ecapirdnalytical, and numerical models to predict
these changes (Grant, 2012; Alcayapal., 2018). Thus, there is a major challenge reggrtie
understanding of the “natural” morphological rivstates before the construction and operation of
large dams, nonetheless, there is also a needsidep whether these alterations are reversible.
Our study seeks to identify and characterize thardmporphological changes produced along the

Rapel River downstream the only dam located indb&stal mountain range, and the first large
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Chilean dam that has been operating for 50 yedmss,Tbased on several time-distributed data, this
study described the complex response of the rivertd the alterations induced by the dam on both
discharge regime and sediment transfer from théregos part of the catchment within the study
area. As suggested by previous methodological waskseral well-established methods were
combined for addressing an analysis of the rivepoase to impoundment. The large amount of
collected data and considered parameters repreflemtstrength of this work. The long-term
hydromorphological effects of the Rapel Dam arentbescussed, as each river responds to dam
closure in a peculiar way due to a multitude oftdes E.g. morphological and sedimentological
characteristics of the river, hydrological regimelalam features) and interactions between them.
For this reason, this interesting case-study remtesa good contribution in the challenge of
increasing the dataset of analyzed situations whithurn, represents the best way for deriving

ever better general evolutionary-models of impouaindieers.

2. Material and methods

2.1. Sudy area

The Rapel river basin is located in central Chiteg( 1a) drained by an area of 13,766kimat
supports two main economic activities: agricultarel mining (CADE-IDEPE, 2004). The River
Rapel receives its name at the confluence of twin nrébutaries, Tinguiririca and Cachapoal
Rivers (Fig. 1b), which bring water from the Andasuntain range contributing with up to 87% of
the Rapel River discharge (Benites, 1984). Hydrplagd morphology impacts in this basin have
being recently identified, and the main pressuresaasociated to irrigation and river mining taking
place in the upper and middle part of the basin BEADEPE, 2004). Fig.1b shows the Rapel
reservoir as a product of the Rapel dam built edbastal mountain range in the late 60s, storing
water since 1968 and fully operational by 1971 (Batin, 2013). It is important to note that the
Rapel Dam is the only large dam located in the nteioncoastal range, as all the others are

distributed along the Andes.
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The Rapel hydropower plant was initially operatgdtie state (through the government agency
ENDESA), and after privatization is currently opgedhby ENEL. The effective annual average
water discharge is 178 *s (CADE-IDEPE, 2004); during high-energy demaneénscios the
turbines can supply up to 535%s1 (ENEL, 2017). The flow outlet is located at them’s lower
portion of the wall, with water discharge followirgydropeaking operations (ENDESA, 1972).
This reservoir is known by its high sedimentatiates, that between 1968 and 2010 were estimated

on 15910° m® for ‘coarse' sediment and 16 m® for ‘fine-grained' sediment (Lecaros, 2011)

considering the initial water storage capacity @7&B0° m.

2.2. Hydrology alterations

Hydrological data prior to dam operation (defineehas undisturbed discharge) was available for
the period 1940 - 1966. Daily average discharge measured at theuente Rapel gauging station
corresponding to the study site most upstream @eston (Rapel Bridge, Fig. 1c). The record at
this station stopped right after the dam becameatipeal, and a short term sample of current
discharge (define here as disturbed discharge)olvtgined by installing a pressure sensor at the
same upstream cross section (levelogger SolinBtl; Fig. 10, and by calibrating a stage
discharge relationship using Acoustic Doppler Cuirrerofiler discharge measurements under
different flow scenarios. This allowed for the dieynent of a daily average discharge record for
the period between May 2016 and March 2018. Thesored daily average water discharge was
correlated with the daily average energy produgethb Rapel hydropower plant (following Ibarra
et al., 2015). A second order polynomial regression Itedufrom this correlation defined as:
Q.=510"/F* + 0.0325F + 5.9132 with a correlation coefficient af’ = 0.96; whereQy is daily
discharge in s andP is mean daily power produced in MWh. This relattipsallowed for the
reconstruction of an average daily discharge tierges for the period of 2000 to 2016, hereby

denoted 'disturbed discharge'. Although this apgrda subject to limitations during flood events
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due to the portion of discharge flowing through $pdlways (not accounted as produced energy), it
is considered appropriate based on ENDESA (201digating this scenario as rariee( seldom)
during the time period for which discharge is apprated by the polynomial regression. A
comparison between the undisturbed and disturtmahadige for a hydrological year shows that the

hydrological flow regime in the Rapel River is stgly affected by dam operation (Fig. 2).

2.3. Assessment of the hydrological and morphological quality

The Rapel River downstream the dam is immediatethfined by the coastal mountain range for 24
km, downstream of which channel expansion allowscfannel lateral migration; and this defines
the upstream boundary for our investigation aldreglower 19 km of the river (Fig. 1c). This area
of the Rapel receives only minor tributaries, amatdires an average longitudinal slope of 0.1% and
a bed dominated by gravel particles downstrearhdestuarine area corresponding to the last 4 km
before the river reaches the Pacific Ocean, andenhe substrate was identified as sand-bedded.
Several indicators and procedures available tosagd® hydromorphological quality of rivers are
used, most of which were developed in Europe asponse to the Water Framework Directive (
Syrah-CE of Chandesrit al., 2009 in France; IHG of Olleret al. 2011 in Spain; and MQI of
Rinaldiet al., 2013 in Italy).

In this study we assessed the hydrological quefithhe Rapel River using 23 indexes chosen from
the original formulation of the Indicators of Hydlvgical Alteration in RlverS (hereon IAHRIS)
developed by Martinez (2006), Martinez and Fernar{@810), and Fernandetal. (2012). These
indexes are calculated from the record of dailyrage discharge ({p and involve an extended
analysis at different time scales. The IAHRIS dfeess the discharge frequencies from a flow
duration curve in three different classes: a)>Qy as floods (eight indexes are used); <QQsy

and Q > Quse as ordinary flow values (nine indexes are used) &) < Qusy @s droughts (six
indexes are used). Thus the IAHRIS output is asiflaation of the global and partial hydrological

status in five classes: high, good, moderate, @out,bad, which are referred to a basal or referenc



156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181

status. In this study, the reference status isiderexd to the hydrological condition before dam
constructionige. the aforementioned undisturbed discharge).

The morphological quality was assessed using thgpMibogical Quality Index (MQI) developed
by Rinaldi et al. (2013; 2016).The calculation of MQI was made using 21 of the a@Rgjinal
indicators. The MQI rates the overall hydromorplgidal quality with values ranging from zero
(highly disturbed) to one (without alteration). Bleeare classified into five categories: Very Poor
for MQI <0.2; Poor for 0.2< MQI <0.5; Moderate for5< MQI <0.7; Good for 0.7< MQI <0.85;
and Very Good for MQI>0.85. The morphological cdimti used as the reference status was also
used for the IAHRIS.

An analysis was carried out to determine whethdrdpeaking has influenced the estuarine area as
a land-costal transitional zone. The water leveld electrical conductivity were surveyed through
the Level-Temperature-Conductivity sensors LTC1 Bf€2 (Fig.1c), discharge estimated from
the LIM station readings, and tide levels obtairfemm the San Antonio tide gauge located

approximately 40 km from the Rapel River outlet.

2.4. Bed sediment size

Samples of surface and subsurface bed sedimenéstalern at 28 locations along the river study
reach (20 for surface analysis, and 8 consideréid faocface and subsurface samples). The selected
locations for sampling were chosen in point baid &ithin the active channel (Figure 1c). Surface
samples were taken by separating the surface Vaiflerfast-drying spray paint, using the area-by-
number method (Vericagt al., 2006). The surface and subsurface samples wtamgared
volume-by-weight, treating the collected surfacetarial according to Bunte and Abt (2001) as
originally proposed by Kellerhals and Bray (1973ubsequently, the size curve for each sample
was constructed and the percentiles (16th, 50tH, &th) calculated, to finally estimate the

armoring index as (IDsy).
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2.5. Topography and aerial photos

Several surveying campaigns were realized betwe®6 2and 2017. First a polygonal was
established based on seven reference points that spatially distributed in order to be used as
base stations for surveying the floodplain, bamid @ver bathymetry along the study reach. Three
RTK-GPS Receivers were used, always linked to drileeopredefined polygonal base stations. The
vertical accuracy tolerances were set to £15mm+1fipniReal-time Kinematic Position (Spectra
precision, Epoch 50 and 80). Bathymetry was sumeadieectly with the receivers on wadable
areas, and a synchronized GPS-Echosounder cortfuvered the deeper portions of the river
(Hi-Target, HD-380). The combination of topograpdnyd bathymetry data allowed the generation
of a terrain approximation from which the 1D hydiaigeometric model was created. Bankfull
field observations allowed identifying the corresgimg water surface elevations, and the related
discharges were back calculated through the assemhb} hydraulic model.

One geographic map (1924) and five aerial phot86%11978, 1991, 2004, and 2015) from the
Chilean Military Geographical Institute (IGM) antet Chilean Aerial Photogrammetric Service
(SAF) were georeferenced with an associated Tadat Rlean Square Error (RMSE) of 1.4; 7.3;
5.3; 6.2; 3.1, and 2.8 m, respectively. These miages were used for a) observing changes before
and after planform analyses, b) estimating chanigeshannel width, c) defining channel
confinement, d) characterizing lateral migration tbé river, e€) defining braided rate, and f)
calculating sinuosity. The river was divided in téver portions (Fig. 1¢c)The lateral mobility of
the banks along the river portions was calculatethf1955 to 2015 using the Winterbottom (2000)
Method, and following the approach defined by Dewgal. (2017). Sinuosity corresponds to the
ratio between the length of the river following thealweg and the distance in a straight line
between the upstream and downstream end of thé rgaey, 2014). The braiding index was
calculated as twice the total length of the islaadd bars divided by the mid channel river length

(Brice, 1960; Pradhagt al., 2018). Cross sections were defined every 20@ngahe river profile,
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and the channel banks displacements were digitafizen pairs of sequential time georeferenced

photos.

2.6 Channé-forming discharge and hydraulic modeling

The channel-forming discharge is a geomorphologicaicept (from Ignis, 1947 to Blost al.,
2017) often defined as the steady state dischabilgeta represent the geomorphological shaping
effects of a complex hydrological flow regime. Asch, it is clearly a simplification of complex
fluvial processes (Doylet al., 2007) but can still be useful to assess chacimhges in regulated
rivers e.g. Surian, 1999). Among other methods, the charorahihg discharge can be obtained by
three different approaches (Biedenhatral,, 2008): i) identifying the bankfull stage (Yahal.,
2017) based on cross sectional geometry associwgtedwater discharge with field empirical
observations; ii) calculating water discharge cgpmnding to a certain recurrence interval; and iii)
calculating the effective or dominant water disgeaf.e. Wolman and Miller's method, 1960). In
this study the first approach was used and apptiethoth undisturbed and disturbed hydrological
regimes.

Thus, and to avoid the influence of the tide, niness sections located in the upper 10 km of the
study reach were selected. This identification based on a combination of channel characteristic,
through field observation (visual inspection) taesimine floodplain surface elevations, delineation
of the limit of riparian vegetation (using aeriahgios), and detection of locations where the
steepness of the banks change (identified thougttofhography of the cross sections). To associate
bankfull stage with water discharge, a 1D hydraoiiedel in HEC-RAS was built and calibrated
(Palma, 2017). The model was calibrated using theemwsurface elevations obtained from the
Water-Level sensors at different discharges (Fig. Ikhe Manning’s roughness parameter
magnitude was modified to match the observed afulileded data, and the calibrated model was

used to obtain the bankfull stage at each scefiagialischarge).
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3. Results

3.1. Effects of the dam closur e on the hydromor phology of the Rapel River

The operational rules of the Rapel Dam severelgcadd the flow regime of the river in terms of
habitual flow, floods, and droughts (Table 1). Thagnitude of annual volumes (M1), variability of
annual volumes (V1), and maximum (E1) and minimug®2)(indexes for the habitual flow
condition are classified as high quality. On thatcary, for monthly discharges (magnitude and
variability of the volumes), indexes M2 and V3 atassified as poor quality. This suggests that,
even if the dam does not disturb the annual watdurmwves, the monthly volumes are severely
affected. Using the criterion of water turnovererat the reservoir defined as the ratio of reservoi
capacity -CAP to the mean annual runoff - MAR (8eel et al., 2016; Sumkt al., 2017), Rapel
rates 0.12, and is classified as a medium CAP/MANfits means that it does not trap large water
volumes (at the annual scale). The duration angosedity of floods (indexes IHA13 and IHA14)
are not disturbed by the dam operation (high ggalliowever, the magnitude and variability of
large floods are clearly affected (indexes IHA7 &dd11 as poor quality). Additionally, the dam'’s
effects on floods are particularly sensible for tregiability of ordinary floods (index IHA12
classified as bad quality). The variability of tbedinary floods is classified as bad due to the
hydropeaking type of operation (Figure 2a), incireathe frequency of ordinary floods. In the case
of droughts, dam effects are quite strong, as tedday indexes IHA15 to IHA19. It is important to
note that the only index that shows a good quafityHA21 (drought seasonality). The flow
duration curve (Figure 2b) shows the effects gn@sq, (low discharges), where the differences of
the discharge magnitudes for the same percentitggest for the rest of the discharge time series.
Drought conditions (base flows) have been strorgignged, with likely important ecological
consequences on the aquatic and riparian habBats(and Arthington, 2002; Pilotet al., 2018).
With reference to global indexes (Table 2), thebgloindicator (IAG) results in a moderate

hydrological status, with a lower value for drougJiAGp was classified as poor).
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For the calculation of the Morphological Qualitydex (MQI), nine river portions were considered
(R1-R9; Fig. 1c). The water level records from bs#msors, LTC1 and LTC2 (Fig. 3), show a
sinusoidal behavior as expected in an estuaring@mient (MacCready and Gyer, 2010; Ragas
al., 2018). Discharge and water level signals arametnchrony, reflecting the importance of the
downstream tide control in the lower portion of theer, thus this river portion was excluded from
the analysis. Confinement of the river bed wasndefifor each river portion and with the main
geomorphological units characterized and identifigllogether 21 sub-indicators were calculated
for each year with available aerial images forpheod of 1924 to 2015 (Table 3).

The values of the morphological quality for thesffiperiod 1924-1955 are defined as high for the
nine sub-sectiongé. 0.97-0.90) and the morphological quality was siféed as “Very Good”. The
indicator decreased substantially after the constnu of the reservoir (during 1956-1968), where
values of MQI are in the range 0.80-0.71. Indeat;es1978 the morphological quality decreased
in one category and classified as “Good”. This ¢gieaim the hydromorphological quality is mainly
explained by the disturbance in the upstream flod the alteration of upstream factors connected
with sediments discharges (A1 and A2 accordingRimaldi et al., 2016). Overall, although there
was a reduction in the morphological quality dughe dam operation, the river remained in an
acceptable state according to the objectives oEldeNater Framework Directive (Voulvoulit

al., 2017). This alteration was maintained in subsatilyears showing a stable reduction until

2015, when the MQI was “Moderate” level at R1.

3.2. Bed sediments

The sediment distribution along the lower RapeleRidoes not show a general tendency. Sediment
size its not observed to decrease downstream4l-as expected in natural rivers (Sternberg, 1874,
Parker, 1991). Estimated trends would suggestfthat sedimenti(e. die9 slightly decreases in
size downstream, whereas median sizes ¢so9) remained unchanged and coarser mateirial (

ds49) indicates a mild increment in size. This finditgrresponds with the stable armour layer river-
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bed that was found downstream the Dam. The ArmaitioRndex (ARI > 1.0) indicates that the
bed is armoured along the entire study reach, edjyeat C3 and C5 (Table 4). Percentile 90 is
shown in Table 5, and the associated transformatimuired for comparison is listed in the

Appendix .

3.3. Channel-forming discharge
Results are graphically presented in Figure 5 dmed hagnitudes for bankfull stage, bankfull
discharge, and its recurrence interval for the qdast condition are indicated in Table 6. The

average bankfull discharge and associated retuiodparere 482 riis and 1.07 years, respectively.

3.4. Planform

The evolution of river planform from the last 90ay® is presented through the analysis of four
morphological characteristics: a) lateral movendymtamic, b) average width, ¢) sinuosity, and d)
braiding.

3.4.1. Dynamics of lateral migration

The lateral changes of the Rapel River were evatlasing a set of six plan view images from
1924 to 2015, the same years used in the deteliorinat the MQI. The active channélg main
channel, secondary channels and bars) and rivandsl evolution are shown in Figure 6. The
temporal sequence is built up using temporal palggihat represent the dynamic and adjustments
for each morphological unit during the five studpestiods.

The first polygon corresponds the 1924-1955 pettiad represents the changes in river shape for a
pre-dam condition. For this first undisturbed pdyithe bed shows to be highly mobile in the lateral
direction along eight of the nine river portion®.(R2 to R9). The next polygon (period 1955-1978)
indicates lateral mobility throughout large porsoof segments R2, R3, R7, R8, and R9 but with
the loss of secondary channels suggesting an inojp&cto the estimated decrease of high flows and

observed vegetation encroachment in R3. Duringftfiewing period (1978-1991), additional
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straight and regular channels were formed, witla@gpreciable decrease of channel sinuosity (R7).
For the last two periods (1991-2004 and 2004-2Gh8) overall trend is of a reduced lateral
mobility, a disappearance of secondary channel$, @Rincrease of stable channels, and channel
narrowing. Consistent changes were observed si®@8 Wwithin the river portions R2, R3, R7, R8,
and R9 in terms of lateral mobility, which are Highted in Figure 6b showing the main direction
that those changes registered on the aerial imayedifferent perspective for these channel
migrations is provided by Figure 7 where the avereaje of displacement for both river banks is
considered.

3.4.2. Average channel width

The values of average channel width varying in epaued time are shown in Figures 8a and 8b,
respectively. Between 2004 and 2015 there is dfwignt decreased in river average width that is
difficult to associated to a particular physicand, with both increments and decreases, around a
rather constant median value (115-145 m) and therdgoartile rangesi.e. 105-155 m).
Additionally, from 1991 the variability of river wth decreased, suggesting that the banks became
more stable. The range of maximum and minimum \&ahfewidth increased in the downstream
direction, although the median and average valoesod show a clear trend (Figure 8a). The only
clear evidence is that there is an increase ofageechannel width starting from R7, which can
likely be explained by the natural lesser confinetrie the downstream direction.

3.4.3. Sinuosity and braiding index

River portions R1, R4, and R6 have both a verysowosity index and a negligible variation (Fig.
9a), and these are considered stable and withuaaaliigh confinement condition. R2 and R7 have
a larger variation in sinuosity that is associatéth the greater amplitude that the floodplain
presents on these areas. Figure 10 indicateshbadrithmetic mean and the maximum values of
sinuosity (S) remain relatively constant in thedjnit also shows that there is a large difference
between the third quartile (Q3) and the maximunuealof sinuosity, and a sustained increase in

the median approaching progressively to the aritlenmeean.
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The braiding index (B) did not vary much in the m@table and confined river portions R1, R4,
and R6 (Fig. 10), however, there is a downstreandtirshowing a diminishing braiding index
within the others sectors of the study reach. Baeh-braiding index reaches its maximum average
value in 1955, the dam was constructed in 1968thedndex shows a consistent decrease up to
2004 presenting a small increment for 2015.

River portion R2 changed planform-wise more betw&8B4-2015, transforming from a braided
channel with longitudinal and transverse bars tmigue meandering channel with point-bars and a
broad floodplain.

A summary of the analyzed morphological charadiesisis shown in the previous sections
(sinuosity, width and braiding index) and theirages in the time for each the river portions are

presented in Table 7.

4. Discussion and conclusions

In this investigation, a quantitative analysis lo€ tmorphodynamic evolution of the lower Rapel
River downstream of a reservoir in central Chileswarried out. The changes detected in the river -
given that there are no other significant hydratagiand sediment sources of disturbances from
upstream- are assumed to be caused by dam opedatiaddition, downstream the dam there are
no major tributaries that provide water and sedintiegit cannot "compensate” these alterations.
The application of IAHRIS shows that the hydrol@jistatus of the 19 km-long Rapel River study
reach is classified as "Moderate", and this is igaftue to the annual alteration of the water
discharge defined as habitual. Thus, dischargestha not significantly changed from the original
regime since the reservoir has a monthly flow ratjoih capacity. In contrast, at the monthly and
daily scale the effects of dam operations beconméeat: The magnitude and variability of the
monthly and daily flows have been strongly alteesdl were overall classified as "Poor". The
former is explained by the virtual disappearancdlards, the elimination of extreme low flows,

and a change in the frequency distribution of thesgeme events throughout the year. For
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example, the maximum average discharge has dedrégse2% from 1660 fifs to 629 n¥s; its
coefficient of variation was modified from 54% t®%. Therefore, in the current regimiee(
disturbed), there are fewer possibilities for larfieods to perform morphological work.
Additionally, in selected scenarios, the hydropegloperation came to disturb the tidal patterns in
the Rapel estuary, precluding mixing and naturaleyaropagation.

In relation to the application of MQI, results shtlwat there was a change in the morphological
guality from "Very Good" to "Good". When estimatittys index it was not possible to include the
cross sectional changes since there is no rivexgm@phical information prior to dam construction.
After dam closure, total sediment storage in tlsemenir was estimated to be 177 i (Lecaros,
2011) including the entire grain size spectrum.hdiigh there is no information on sediment
transport conditions before the dam constructibe, ggresence of a well-developed static armour
layer suggests a reduction of sediment supply fupstream. In accordance with the above and in
addition to the fact that there is only availakilitf coarse material (gravel) in the bed (withdé t
possibility of significant lateral sedimentary cobtitions), considerable incision was expected
however not observed in the field. For example,rtherbed around the six elliptical bridge piers
did not show any signs of degradation. The bridgd kevels that are shown in the originals
blueprints from 1952 remain with no significant nba today that could be interpreted as incision.
Indeed, the reduction of sediment input from upstrecan result in river incision and river
narrowing. River incision as a result of damming amning has been widely reported in a variety
of climatic and geographical contextsgy, James, 1991; Kondolf, 1997; Brierlelyal., 2008), and
there are several worldwide examples of verticaikion due to sediment deficie.g., Rovira et al.
2005; Suriaret al. 2009; Wyzgeet al., 2016; Collinset al., 2017), including in the Maipo river in
Chile, where unmanaged in-channel gravel extractiaused considerable river narrowing and
vertical incision (Arréspidest al., 2018). A modest bed incision on most gravel-beers below
dams is generally due to the coarsening and argasfnsurface sediments, which limits bed

incision to values much smaller than for the figemined channels (Grant, 2012). The
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granulometric analysis determined that the bedri®eed at different levels within the domain and
that the size of bed materials does not vary aliveg channel. Williams and Wolman (1984)
mention that in some regulated rivers the sizailligion of the bed material for long distances in
the downstream direction can be nearly constanin(#se Rapel case), but in other cases can vary
considerably. In general, sediment supply downsired dams that affects material bed size is
controlled by tributary contributions and the vglgeology €.g. supply from landslides, rockfalls,
and river banks). This river reach does not havpomant tributaries, but there are vestiges of
several sources of sediments from old landslidessrimerbank erosion. The sediment supply from
these sources is composed by fine sediments (E)gcharacteristic of the coastal mountain range
(Mathieuet al., 2007). These fine sediments are transported fyyesision to the estuarine zone and
ocean, hence this sediment supply is not relevamérms of bed sediment. Static armour layers
have been observed when the delivery of bed mhteria given reach is lower than the river's
capacity to transport that materia.g, Dietrich et al., 1989; Hassan and Church, 2000), which
occurs in the presence of dams with no other seuofesupply. Indeed, armoring as a result of
limited sediment supply conditions is widely regakin the literature (Suriaet al. 2009; Wyzgaet

al., 2012) as a mechanism that can re-establish thandig equilibrium of rivers. In extreme cases,
alluvial rivers also incise until the profile evanatly reaches bedrocle.(. Hajdukiewiczet al.,
2017). In the Rapel River, an armour layer was fmtras consequence of selective transport, due to
the decrease in the magnitude of peak water digetard upstream sediment supply. This explains
the uniform distribution of the surface sedimeirite slownstream.

In the analysis of the temporal dynamics of thenfuem, two periods of change have been
identified. The greatest lateral mobility occurtetween 1955 and 199il¢ first period), with loss

of secondary river branches and with a tendencytdsvthe generation of straighter and regular
river portions. A second period is identified beémel 991 and 2015, and it represents a more stable
channel condition with less lateral mobility andwadjustments only within the path established in

the previous period. The width, sinuosity and brgjdchanged at different rates along the study
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reach. The planform pattern was characterized Isjight downstream increment in width but
almost no change in sinuosity. Braiding decreasedindtream, which is considered to be
associated with a new dynamic equilibrium from dstkeam €.g. Tranmeret al., 2018).

Planform changes were particularly intense during initial 1955-1991 period. However, the
magnitude of the morphological response for therert955-2015 period was not as high as
expected. For example, when comparing the aveege&e-reach pre dam) and post dam values,
the percentage decrease in width, sinuosity, aaiddd index was 29%, 1%, and 50%, respectively.
The section most sensitive to changes in flow atingent was R2, where the bed is currently
narrower and less mobile, with a single and fixedmmel.

The temporal dynamics are characterized by chaigésvere manifested almost immediately after
dam construction and operation, with several casdies supporting this evidence (Williams and
Wolman, 1984, Petts, 1984; Church, 1995; PettsGunahell, 2013). The changes that occur during
the first decades after dam construction corresgona characteristic response of alluvial rivers,
with high sediment loads and with a rapidly growflwoody vegetation (Petts and Gurnell, 2013).
In the Rapel River, changes in the geometry antiildigion of sediment grain size in the bed seem
to have stabilized. Measurements of the bedloadsp@rt with a Helley Smith during floods
(hydropeaking) for discharges from 220 to 51¥snfthe average bankfull discharge was 48&m
see Table 6), showed that the transport is miniamal only mobilized a small fraction of the
diameters (1.68 - 4.76 mm). This could be assatiatith a current fixed bed given the static
armour layer, suggesting that the Rapel River dtn@am the dam has already reached its new
post-dam quasi-equilibrium state (Petts and Gurn2005). Consequently, if the current
hydrological and sedimentary conditions do not wgdesignificant modifications (they remain
under the geomorphic thresholds, according to C¢hafo2, Schumm, 1979; Schumm 1977), the
morphological characteristics of the Rapel rivesgtl not have significant changes. In this sense, a
short reaction time was observed and based in BettsGurnell (2005), the trajectory of the river

evolution is at the end of the relaxation timetdrnms of Gregory's (2006) theoretical framework,
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the Rapel fluvial system is not significantly sénsi to the alterations caused by the dam on
hydrology regime and sediment dynamic.

One limitation in this study was is that no crosxt®nal data for the pre-dam period were
available, making the interpretation of the resoitse difficult. No stream gauges were available at
the study reach for the post-dam period, and tbehdirges time series were obtained by an indirect
method, which may have underestimated high flows.

The hydromorphological effects of dams are sitesfigeand depend also on the type of operation
of the reservoir. The morphological response otmivto dams vary depending on location,
environment, substrate, water release, and sedilwaaiBrandt, 2000). According to Grant (2012;
p.177): “Every river is different, every dam is gue, and understanding the impact of the latter on
the former will always have an element of art tomptemented the science”. Thus, each evaluation
delivers somewhat different results. We verify tthegt construction and operation of the Rapel Dam
disrupted the continuity of flow and sediment tr@ors downstream, affecting the morphology of
the channels and its dynamics. The hydromorphaddgionsequences of altering these flows have
been smaller than expected, possibly in part becatishe small longitudinal slope of the river.
Although these impacts were not particularly sevérey were sufficient to ensure that the river
does not longer holds a “Very Good” hydromorphatagjiquality status, meaning that its behavior

does not correspond to a natural fluvial system.
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FIGURE CAPTIONS
Figure 1. (a) Location of the Rapel Basin along the Chilgaagraphic context; (b) the Rapel River
Basin and Rapel Dam location also indicate the detapreach under study; and (c) river study
reach.
Figures 2. Comparison between (a) the daily average watehdiges for undisturbed (1966) and
disturbed conditions (2016), and (b) comparisonwbeh the daily flow duration curves for
undisturbed (1940-1966) and disturbed time sef86F-2016).
Figure 3. Records of discharge at LIM station and water le@atTLC1 and TLC2 stations
Figure 4. Grain size distribution downstream trends fay dso and da.
Figure 5. Bankfull stages (XS) and 1D hydraulic model cresstions. XSs for the bankfull stages
are presented in the upper right graphs, where d. Rnindicate the left and the right banks,
respectively. The results for the 1D hydraulic maate presented in terms of water depth for the
average bankfull discharge (483/8).
Figure 6. (a) Planform evolution of the Rapel River betwd®24 and 2015, and (b) a five detail
graphics for those places where the lateral movemas significant.
Figure 7. Average rates of lateral displacement for thedefl the right riverbanks.
Figure 8. Averageriver widths variations in space (a) and time (b)the box-and-whiskers plots

the extreme values are the minimum and maximumhsi¢ivhiskers), the extremes values of the
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box are lower quartile (Q1) and upper quartile (@Be box division line represent the median
value (Q2), whereas the point marker corresponttstonean value.

Figure9. Spatial (a) and temporal (b) variations of aversiguosity index.

Figure 10. Spatial (a) and temporal (b) variations of averbgpiding index.

Figure 11. Typical geologic context in the mountain coastalge, with limited coarse sediments

sources (this photo correspond to the river pof&8rfor Fig.1c).

TABLES
Table 1. Results for IAHRIS method, partial index
Table 2. Results for IAHRIS method, global index
Table 3. Results for MQI method per year, river portionga global quality index
Table 4. Armour Ratio Index (ARI)
Table 5. dyg for surface and sub-surface samplers
Table 6. Bankfull stage, discharges associated and rewernaterval
Table 7. Spatial and temporal morphological configurationténms of observed sinuosity (S),

average width (W) and braiding index (B) separdtgdver portion.

APPENDIX I.

Tablel. Required transformation to compared surface witisarface samples.



Sample

Surface

Sub-surface

Conversion of area-by-weight to volume-by- weight
(conversion factor 1/D)

Conversion of area-by-weight to volume-by-weight
(conversion factor 1/D)

Volume-by- weight

Conversion of area-by- weight to volume-by-weight
(conversion factor 1/D)
Conversion of area-by- weight to volume-by-weight
(conversion factor 1/D)

Conversion of area-by- weight to volume-by-weight
(conversion factor 1/D)

Volume-by-weight

Volume-by-weight

Volume-by-weight
Volume-by-weight
Volume-by-weight
Volume-by-weight
Volume-by-weight
Volume-by-weight
Volume-by-weight

Volume-by-weight




IAHRIS  Index name Index Status
Codes vaue Classification
M1 Magnitude of annual volumes 0.85 High
g M2 Magnitude of monthly volumes 0.33 Poor
% M3 Magnitude of volume for each month 0.33 Poor
> V1 Variability of annual volumes 0.93 High
E V2 Variability of monthly volumes 0.37 Poor
= V3 Variability of volume for each month 0.37 Poor
2 V4 Extreme variability index 0.28 Poor
8 E1 Maximum seasonality 0.83 High
T e Minimum seasonality 1.00 High
IAH7 Magnitude of large floods 0.38 Poor
IHA8 Magnitude of bankfull discharges 0.55 Moderate
IHA9 Magnitude of connectivity discharges 0.31 Poor
IHA10 Magnitude of flushing discharges 0.77 Good
IHA11 Variability of large floods 0.35 Poor
4 IHA12 Variability of ordinary floods 0.07 Bad
§ IHA13 Flood duration 0.93 High
" |HA14  Flood seasonality 0.90 High
IHA15 Magnitude of extreme drought 0.17 Bad
IHA16 Magnitude of ordinary drought 0.21 Poor
w |IHAL17 Variability of extreme drought 0.35 Poor
S IHA18  Variability of ordinary drought 0.00 Bad
9 IHA19 Drought duration 0.54 Poor
2 |HA21 Drought seasonality 0.74 good




IAHRIS Index name Globa  Status

Codes value Classification
I1AGy Global Habitual flow Index 0.34 Moderate
IAG Global Floods Index 0.27 Moderate
1AGp Global Droughts Index 0.10 Poor

IAG Global Alteration Index 0.25 Moderate




River segments

Year R2 R3 R4 R5 R6 R7 R8 R9 (?Lljglti)ta)ll
1924 VG(0.92) VG(0.95) VG(0.93) VG(092) VG(0.93) VG(092) VG(097) VG(0.92) VG(0.93) VG(0.93)
1955 VG(0.91) VG(092) VG(0.91) VG(095) VG(0.93) VG(0.90) VG(0.95) VG(0.90) VG(0.93) VG(0.92)
1978 G(0.76) G(0.76) G(0.71) G(0.80) G(0.78) G(0.80) G(0.78) G(0.78) G(0.73) G(0.77)
1991 G(076) G(0.73) G(08l) G(078) G(081) G(080) G(0.79) G(0.74) G(0.78) G(0.78)
2004 G(0.73) G(0.78) G(0.78) G(0.75) G(0.76) G(0.78) G(0.82) G(0.74) G(0.78) G(0.77)
2015 M(068) G(0.76) G(0.73) G(0.72) G(0.73) G(0.72) G(0.77) G(0.70) G(0.76) G(0.73)

VG: Very Good quality, G: Good quality, and M: Moderate quality.



ACCEPTED MANUSCRIPT

s surface ds0 sub-surface ARI
C1 23.2 20.3 11
Cc2 20.8 125 17
C3 417 16.3 26
Cc4 13.8 11.7 12
C5 353 13.8 26
C6 22.3 14.6 15
Cc7 374 20.1 19

C8 23.7 13.0 18




D90 1 2 3 4 5 6 7 8

Surface 5589 3473 5736 4670 5873 4390 69.00 53.15
Sub-surface 4769 2422 2490 5342 2962 3055 47.61 30.25




Criteriafor bankfull stage identification Results

. ) Bankfull Bankfull Recurrence
River  Topography Aerial F'eld. stage dischage interval
XS Bank photos  observation m) (ms?) o0
1 ; E $ $ 7.17 417 1.02
2 :; L z i 6.27 322 1.00
s LYY N am
4 :; s z i 515 469 1.05
5 IF_Q L i m 4.44 413 1.02
6 :; L m L 324 470 1.05
7 IF_Q $ $ $ 2.50 579 131
8 :i i i m 2.89 598 141
9 IF'Q ; ; E 2.60 662 199

XS: control cross section for bankfull stage identification; L: left bank; R: right bank; N: It was
not possible to identify the bankfull stage with this criteria; Y: it was possible to identify the
bankfull station with this criteria



1924 1955 1978 1991 2004 2015

Portions

of river w B S w B S w B S w B S w B S w B
R1 1,0 1418 0,0 1,0 1398 0,0 1,0 1440 0,0 10 1595 0,0 10 1573 0,0 1,0 85,3 0,0
R2 1,2 1429 24 16 1024 31 14 1323 23 15 1335 12 16 1310 04 1,6 86,7 1,0
R3 2,3 99,8 11 22 1329 23 21 1220 0,7 22 1053 0,3 2,2 1180 0,0 2,2 74,9 0,2
R4 1,0 123,3 0,0 1,0 106,0 0,0 1,0 1070 0,0 1,0 1248 0,0 1,1 160,0 0,0 1,0 85,2 0,0
R5 1,3 1288 04 1,2 92,5 0,0 1,3 1212 0,0 1,2 1180 05 1,2 1368 11 1,3 65,1 1,2
R6 1,0 1970 0,0 11 1130 0,0 1,0 120,7 0,0 1,0 1050 0,0 11 1153 0,0 1,0 61,8 0,1
R7 11 1405 0,0 15 72,3 1,6 15 1260 0,0 1,2 100,7 0,0 12 1145 01 13 60,7 1,2
R8 1,0 149,7 0,7 11 1250 05 11 1869 0,0 1,2 1153 0,0 12 1323 00 1,2 74,4 0,0
R9 1,3 1316 0,0 11 1391 0,0 1,2 2239 0,3 12 1568 0,1 1,3 1563 0,0 13 1323 01

S: Sinuosity; W: average width (m) and B: Braiding index
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CCEPTED MANUSCRIP
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Grain size (mm)
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CCEPTED MANUSCRIP
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Legend (a)

—— Cross sections: initial and end of river portions
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Highlights

» Hydromorphological diagnostic to assess changes on the hydrological flow regime, bed-
sediments, and fluvial morphology

* Identifies and characterizes the hydromorphological changes produced along the Rapel
River downstream by the first large dam built in Chile

* Morphological changes smaller than expected and stabilization of the channel



