Spatial analysis of the impacts of the Chaitén volcano eruption (Chile) in three fluvial systems
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ABSTRACT
The eruption of the Chaitén volcano in May 2008 generated morphological and ecological disturbances in adjacent river basins, and the magnitude of these disturbances depended on the type of dominant volcanic process affecting each of them. The aim of this study is to analyze the morphological changes in different periods in river segments of the Blanco, El Amarillo and Rayas river basins located near the Chaitén volcano. These basins suffered disturbances of different intensity and spatial distribution caused by tephra fall, dome collapses and pyroclastic density currents that damaged hillslope forests, widened channels and destroyed island and floodplain vegetation. Changes continued to occur in the fluvial systems in the years following the eruption, as a consequence of the hydrological processes indirectly induced by the eruption. Channel changes were analyzed by comparing remote images of pre and post-eruption conditions. Two periods were considered: the first from 2008 to 2009-2010 associated with the explosive and effusive phases of the eruption and the second that correspond to the post-eruption stage from 2009-2010 to 2013. Following the first phases channel segments widened 91% (38 m/yr), 6% (7 m/yr) and 7% (22 m/yr) for Blanco, Rayas and El Amarillo Rivers, respectively, compared to pre-eruption condition. In the second period, channel segments additionally widened 42% (8 m/yr), 2% (2 m/yr) and 5% (4 m/yr) for Blanco, Rayas and El Amarillo Rivers, respectively. In the Blanco River 62 and 82% of the islands disappeared in the first and second period, respectively, which is 6 to 8 times higher than in the El Amarillo and approximately twice the Rayas. Sinuosity increased after the eruption only in the Blanco River but the three study channels showed a high braiding intensity mainly during the first post-eruption period. The major disturbances occurred during the eruptive and effusive phases of Chaitén volcano, and the intensity of these disturbances reflects the magnitude of the dominant volcanic processes affecting each basin. Inputs of sediment from dome collapses and pyroclastic density currents and not ash fall seem to explain morphologic channel change magnitudes in the study segments. The resulting knowledge can facilitate land use planning and design of river restoration projects in areas affected by major natural geological disturbances.
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1. Introduction
The morphological characteristics of rivers are functions of the flow regime, sediment supply, historical catchment land use, topography (Rosgen, 1994; Church, 2002), living vegetation and large wood (Buffington, 2012; Gurnell, 2014; Iroumé et al., 2014). Quantitative classiﬁcations to evaluate channel patterns and planform geometry have been developed based on parameters such as braided pattern or channel sinuosity (Schumm, 1985; Rosgen, 1996; Buffington and Montgomery, 2013).
Rare but high-magnitude natural events such as volcanic eruptions, wildfires and extreme floods events may supply additional sediment at rates several order of magnitudes higher than under presumably undisturbed or less disturbed conditions (Madej, 2001) triggering river channel adjustments (Kataoka and Nakajo, 2002; Dale et al., 2005; Zheng et al., 2014). Among natural events, explosive volcanic eruptions have undoubtedly the potential to disturb entire landscapes provoking substantial hydrological, morphological, ecological responses as well as economic and social impacts (Dale et al., 2005; Pierson and Major, 2014; Zheng et al., 2014). Abundant volcanoclastic material may trigger process-cascades of hydrological and sediment transport process in river systems (Gran and Montgomery, 2005; Pierson and Major, 2014). Specific yields of sediment flushed through watersheds disturbed by eruptions are among the highest recorded (Korup, 2012). The subsequent discharge of sediment and the adjustment of channels may last up to several decades (Hayes et al., 2002; Gran, 2005; Pierson and Major, 2014; Zheng et al, 2014).
Volcanic eruptions may accelerate erosion, dissection and destruction of islands leading to the obliteration of in-channel and riverine vegetation which in turn provides excess material for massive pulses of dead wood into the channels (e.g. Meyer and Martinson, 1989; Ulloa et al., 2015a). In fact, large wood provides potential nuclei for vegetation colonization, forest island growth and coalescence, and, thus, finally forest floodplain development (Fetherston et al., 1995). Hence, islands are vital factors for channel stabilization, aquatic, riverine and riparian biodiversity, trapping sediments, increasing flow resistance (Gurnell and Petts, 2002; Wyrick and Klingeman, 2011; Belletti et al., 2013). Therefore, channel islands may contribute to flood mitigation by lowering flow velocities (Gurnell, 2014).
In a first stage volcanic disturbances are associated primarily with ash fall, dome collapses and pyroclastic density currents (PDCs). Subsequently mass wasting, wood recruitment, fluvial reworking of deposits, and remobilization and re-deposition of tephra takes place. Finally these adjustments may result in a gradual degradation or even a complete elimination of island and floodplain forests (Swanson et al., 2013; Ulloa et al., 2015b). The control of channel island development exerted by vegetation colonization is not static but evolves over time, mainly responding to external factors, such as flow regime, substrate grain size and catchment-scale properties such as geology, land-use and vegetation species pool sustaining colonization (Gurnell, 2014).
The aim of our study is to analyse morphological changes of channel and island systems as well as riparian vegetation cover over time. Therefore, we focus on selected channel segments of three rivers located in the vicinity of the Chaitén volcano that experienced varying disturbances due to diverse earth surface processes of different magnitudes. To this end, we use time series of satellite images covering time steps during both pre- and post-eruption conditions, a methodology which has been validated to identify and classify fluvial island (Picco et al., 2014; Ulloa et al., 2015b) and recognize river morphologic patterns (Ulloa et al., 2015a; Bizzi et al., 2016).

We tested the following hypotheses: (1) major modifications occur immediately after the eruption; (2) the magnitudes of channel geomorphologic changes reflect the dominant volcanic processes and the portion of the catchment affected.
In the subsequent sections we first illustrate the study area, and then we outline the adopted methodology. In the two dedicated final sections we report the obtained results and discuss their main implications with respect to channel morphodynamics of rivers affected by different processes triggered by volcanic activity. We outline as well, based on the insights gained, research priorities to enhance river management from a geomorphic standpoint.
2. Study area
2.1 Chaitén Eruption and study area
The Chaitén volcano erupted as the biggest rhyolitic eruption since the eruption of Katmai volcano in 1912 (Pallister et al., 2010; Major and Lara 2013). The Chaitén volcano (72 ° 39'7.4 "W 42 ° 50'1.2" S; 1100 m asl in elevation) is located in southern Chile about 150 km south of Puerto Montt and sits about 17 km west-southwest of the much larger and heavily glaciated Michinmahuida volcano (2400 m asl elevation) (Fig. 1). The regional tectonic setting is characterized by active subduction and intra-arc strike-slip tectonics along the Southern Chile Trench and the Liquiñe-Ofqui Fault zone, respectively, and Quaternary arc volcanism in the SVZ (Sepúlveda et al., 2005; Lange et al., 2008; Watt et al., 2011). The latest eruption of the Chaitén produced an ash column to altitudes of about 18-20 km and winds widely dispersed that tephra eastward across Argentina and out to the South Atlantic Ocean (Major and Lara, 2013). About 4 km2 of forest were severely damaged and the foliage of other approximately 50 km2 of forest was also affected (Swanson et al., 2013). During the explosive phase between May 2nd and 12th (Major and Lara, 2013) PDCs descending the north-northwest and east-northeast flanks (Major et al., 2013) were followed by an effusive phase lasting approximately nine months. During the first phase, the dome of the volcano rapidly grew accompanied by small collapses, with two major failures occurred between June and November 2008 and again on February 19, 2009. The latter spilled over the crater rim and moved through the Blanco River valley (Major and Lara, 2013; Pallister et al., 2013). The eruption has had several Holocene predecessors (Naranjo and Stern, 2004; Watt et al., 2011; Lara et al., 2013; Amigo et al., 2013).
The process chains induced by the Chaitén eruption comprised tephra fall, dome collapses and pyroclastic density currents that severely damaged hillslope forests, affected the drainage networks, widened channels and destroyed island and floodplain vegetation (Major et al., 2013; Pierson et al., 2013, 2014; Swanson et al., 2013; Ulloa et al., 2015b). Heavy rainfall occurred in May 2008 after the onset of the eruption, causing floods and generating, among others, fast and massive aggradation of the Blanco River due to entrained sediment and large wood (Umazano et al., 2014; Ulloa et al., 2015a). As a consequence, the river changed its course and severely damaged the town of Chaitén, destroying the local airport and forcing the evacuation of the inhabitants (Major and Lara, 2013). In addition, sediment and large wood pulses substantially reduced both island abundance and size in the Rayas River (Ulloa et al., 2015b).
Long-term mean annual rainfall in the city of Chaitén is 3200 mm with a maximum annual rainfall exceeding 4200 mm during the last 15 years (Dirección General de Aguas, online data, www.dga.cl, January 2015). The studied rivers present a rainfall regime with winter peaks and snowfall participation contributing only at higher altitudes. The main basins’ and segments’ properties, as well as a detailed description of the major disturbances are summarized in Table 1.
2.2 Study rivers
Here, we focus on three adjacent river basins of Chaitén volcano, namely Blanco (also known as Chaitén), El Amarillo and Rayas (compare Fig. 1 for an overview). Table 1 lists the geomorphic responses to the eruption observed in the distinct basins and their main properties.
The Blanco River headwaters drain the southwest of the Michinmahuida volcanic complex before merging on the southern flanks of Chaitén volcano with Ash or Caldera Creek. The latter drains the Chaitén volcanic cone. The Blanco River basin is the smallest of the study catchments (compare Table 1). Its lower part is formed by a glacial valley (approx. 350 m wide) with volcanic and fluvial deposits (Peralta, 1980; Lara et al., 2013). The valley is mostly covered by second and old-growth native forests with a basal area of 30-70 m2/ha and a density of 700-1000 trees/ha (Swanson et al., 2013). The studied segment is 4.0 km-long and is located immediately upstream (of) the Chaitén city (Fig.1). See Ulloa et al. (2015a) for a detailed description.
The second site is the El Amarillo River basin. This basin is located on the south-eastern slopes of Michinmahuida volcano and is unconnected to the Chaitén volcano. The lower part of the basin has a wide glacial valley with river deposits covered by grasslands, scrub and degraded forest (Peralta, 1980). The El Amarillo River was impacted primarily by ash fall in the upper part of the basin, which changed the albedo, increased snow melting and reduced the infiltration capacity of soils promoting streamflow and sediment discharge (Alfano et al., 2011; Swanson et al., 2013). The study segment is 10.2 km-long and extends from the El Amarillo bridge (upstream) to the confluence with the Yelcho River (compare Fig. 1). The basin is mostly covered by second and old-growth native forests with similar characteristics than those described for the Blanco catchment.
The third study site is the Rayas River basin located on the western slopes of Michinmahuida volcano. The river drains most of the Chaitén volcano complex, i.e. its north-western, northern and north-eastern slopes (Fig. 1). The Rayas River basin is the largest of all studied basins. The studied segment is 17.6 km long, stretches between the Rayas River bridge and three kilometres before its outlet into the Pacific Ocean (Fig. 1). It is located in a valley filled with glacial and fluvial deposits of volcanic origin (Lara et al., 2013). Here, tree density ranges between 2100 and 2600 trees/ha with a tree basal area of 76 to 82 m2/ha (Swanson et al., 2013) (Table 1). See Ulloa et al. (2015b) for details of this segment.
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Fig. 1. Location of the study basins (in red, green and yellow the water divides of the Blanco, El Amarillo and Rayas, respectively). The studied segments are depicted in blue. The area affected by tephra fall > 10 cm thickness is marked with the dashed line.
Table 1. Main properties of the study basins and channel segments, as well as the major damage observed.
	River basins
	Blanco River
	El Amarillo River
	Rayas River

	Total catchment area (km2)
	70
	196
	292

	Catchment area at the upstream end of the study segment (km2)
	53
	150
	99

	Mean slope (%)
	50
	42
	39

	Mean altitude (m asl)
	616
	334
	728

	Altitude range (m asl)
	7 – 1545
	27 – 2328
	5 - 2451

	Cover (CONAF, 1997)
	
	
	

	Old growth forests
	44 %
	63 %
	47 %

	Shrub forests
	40 %
	10%
	30 %

	Snow and glacier
	16 %
	22 %
	23 %

	Grasslands
	0 %
	5 %
	0 %

	Segments
	
	
	

	Length (km)
	4.0
	10.2
	17.6

	Segment slope (%)
	1.1
	0.6
	0.8

	Pre-eruption planform
	Wandering
	Braided/Wandering
	Braided

	Classification (Rosgen, 1994; 1996)
	C4
	D4/C4
	D4

	Main disturbances
	PDCs along the channel margin and valley floodplain, during the explosive phase (2-12, May 2008).
Dome collapse and PDCs deposits down Chaitén River valley, June and November 2008 and on 19 February 2009.
Burning of forests in ~50 % of catchment.
Fluvial deposits <8 m thick covered ~2 km2 of the river valley.
Tephra fall >10 cm covering ~63% of the catchment area.
References: Major et al. (2013), Pallister et al. 2013), Ulloa et al. (2015a).
	Tephra fall and deposits <20 cm deep, during the explosive and effusive phases, covering ~65% of the catchment area.
References: Alfano et al. (2011), Swanson et al. (2013).
	PDCs during the explosive phase (2-12 May 2008).
Burning of forests and tree removal in an area of ~4 km2.
Fluvial deposits <2m thick covered ~5 km2 of the river valley.
Landslides after the eruptive phase.
Tephra fall >10 cm covering ~61% of the catchment area.
References: Major et al. (2013), Pallister et al. (2013), Swanson et al. (2013).



3. Materials and methods
3.1 Remote sensing and study period
We quantified changes in channel and floodplain geometry across the timing of the volcanic eruption using satellite images obtained before and after the eruption (Table 2).
Table 2. Summary of image characteristics used for photointerpretation.
	
	Blanco River
	Rayas River
	El Amarillo River

	Pre-eruption Period
	May 2005-May2008
	May 2005-May2008
	Feb 2006-May2008

	Source
	Google Earth®
	Google Earth®
	Google Earth®

	Day of image acquisition
	5 May 2005
	5 May 2005
	2 February 2006

	Type
	Real color
	Real color
	Real color

	Horizontal resolution (m)
	2.6
	2.6
	2.6

	Post-eruption Period 1
	May 2008-Mar 2009
	May 2008-Jan 2009
	May 2008-Mar 2010

	Source
	Worldview-1
	Worldview-1
	Ikonos

	Day of image acquisition
	8 March 2009
	3 January 2009
	25 March 2010

	Type
	Panchromatic
	Panchromatic
	Panchromatic/four-band multispectral

	Horizontal resolution (m)
	0.5
	0.5
	0.8/3.2

	Post-eruption Period 2
	Mar 2009-Jan 2013
	Jan 2009-Jan 2013
	Mar 2010-Sep 2013

	Source
	Google Earth®
	Google Earth®
	Google Earth®

	Day of image acquisition
	18 January 2013
	18 January 2013
	 14 September 2013

	Type
	Real color
	Real color
	Real color

	Horizontal resolution (m)
	2.6
	2.6
	2.6


We define “first period” as the period from before the eruption and the first available image after the eruption. Thus, the first period covers only one year for the Blanco and Rayas rivers, but two years for the El Amarillo River (Table 2). We assume that images from 2005 for both the Blanco and Rayas rivers and from 2006 for the El Amarillo represent undisturbed conditions just before the May 2008 eruption. We can do so, because the last eruption affecting the area prior to the Chaitén eruption occurred between AD 1625 and 1658 (Lara et al. 2013); hence we can exclude any disturbance due to antecedent volcanic eruptions.
We refer to “second period” as the period covered between both post-eruption image sequences. Therefore, the second period is four years long (between 2009 and 2013) for the Blanco and Rayas rivers and three years long (from 2010 and 2013) for the El Amarillo River (Table 2).
All images show similar low flow conditions. Thus, the hydrological conditions are comparable in terms of water stage allowing us to robustly delineate both active channels and vegetated islands for all study periods. Consequently, we can exclude bias in mapping due to varying water stages during the distinct time steps. We georeferenced and corrected all images using GIS software (Esri ArcGIS 9.3).
3.2 Channel analyses
We chose segments of 4.0, 10.2 and 17.6 km-long for the Blanco, El Amarillo and Rayas rivers, respectively, to achieve a relatively similar ratio of channel length to the fraction of the catchment area above the segment. The respective ratio ranges between 0.05 and 0.06 km/km2. Channel segments were chosen in the lower course of the study rivers and having similar longitudinal slopes.
We mapped the active channel, i.e. the area covered by water and unvegetated sediment bars (Belletti et al., 2013), and the maximum disturbance widths (MDW). The maximum disturbance width is defined as the maximum area of the valley bottom affected by PDCs and floods. Based on the delineated polygons of active channels, we estimated channel area for each period. Channel widths were calculated using the mean of 10, 23 and 40 cross sections along the channel segment of the Blanco, El Amarillo and Rayas rivers, respectively. In order to provide a more robust estimate, the sections for each segment were selected to be approximately the same distance apart. 
We mapped the vegetated islands within the active channel and using photointerpretation we classified their vegetation cover according the maturity and size of the vegetation (Mikus et al., 2012; Picco et al., 2014). We distinguished arboreal and shrubby vegetation by estimating vegetation height based on canopy texture, shape and shadows (Kollman et al., 1999; Picco et al., 2014). Following this approach we classified the islands into the following three categories (Mikus et al., 2012):
(1) Pioneer islands: vegetation patches in the channel, initial stages of development, vegetation height 3-5 m;
(2) Building islands: pioneer islands, showing an intermediate stage of development indicated by heterogeneous crown texture; and
(3) Established islands: mature, high and dense vegetation cover with even crown texture.
Based on these criteria, we characterized pre- and post-eruption channel morphology by accounting for (1) total number of islands; (2) total area covered by islands; and (3) classified vegetation cover of each island typology. We assessed the eruption effects for both, the first and second period separately. By doing so, we also accounted for potentially fast recovery effects as data from (Gran and Montgomery, 2005) may suggest. Finally we grouped the islands into such that (1) remained unmodified in shape or surface (hereafter called unmodified), (2) were modified either by decreasing in size or dissected into multiple sub-islands (hereafter called modified), and (3) disappeared (hereafter called disappeared) during both post-eruptive periods.
In addition we also analyzed the morphodynamics of each segment based on changes in sinuosity and braided patterns (Schumm, 1985; Rosgen, 1996). The sinuosity index was calculated by dividing the longitudinal distance measured along the thalweg and the length of the straight-line from the upstream to the downstream end of each segment and the braiding index was defined as the mean number of flowing channels detected along the cross sections already considered.
 3.3 Statistic analysis
All data were subjected to non-parametric statistical tests. Kruskal–Wallis tests were used to assess significantly differences in channel widths and island sizes for the different study segments and time periods in a given segment. Kruskal–Wallis tests were also used to compare differences in island size per category in each study segment. Differences were considered statistically significant for p <0.05.
In order to analyse significant differences among entire distributions, we performed the Kolmogorov-Smirnov test at a significance level of 0.05 for empirical cumulative distributions for island size.
All statistics were performed using the statistical environment R (Team, 2009).
4. Results   
4.1. Pre-eruption characteristics of active channels and island systems
Before the eruption, the active channel in the Blanco River segment was narrower than those of the El Amarillo and Rayas (Table 3). However, the differences were only significant between the Blanco and Rayas rivers (p=0.02). Although the total number of islands was lower, the island density (number of islands per unit of active channel area) was higher in the Blanco than in the El Amarillo and Rayas segments (Table 3). The sinuosity index was relatively low in all three segments, with a maximum value of 1.4 in the segment of the El Amarillo River. Regarding the braiding index, only segments of rivers El Amarillo and Rayas showed high values (greater than 1.5; Table 3). No relationship between these indices was observed.
Table 3. Active channel width and island characteristics in the study segments, pre-eruption condition.
	
	River

	Active channel characteristics
	Blanco
	El Amarillo
	Rayas

	Nº cross sections
	10
	23
	40

	Mean active channel width (m)
	41 ± 17
	246 ± 167
	326 ± 142

	Active channel width range (m)
	26-83
	65-544
	69-564

	Active channel area (ha)
	22
	231
	541

	Sinuosity index
	1.2
	1.4
	1.2

	Braiding index 
	1.1
	1.7
	2.1

	Nº islands
	13
	47
	193

	Island density (Nº/ha)
	0.6
	0.2
	0.4

	Total island area (ha)
	1.9
	12.4
	80.7

	Total island area in percentage of total active channel area (%)
	8.8
	5.4
	14.9


The pre-eruption size distribution range of the islands showed a similar positive skewness in all study segments (Fig. 2). The median size of the islands was 0.11, 0.06 and 0.18 ha in the Blanco, the El Amarillo and the Rayas rivers, respectively. Islands size differences are statistically significant (p ≤ 0.05) only between the El Amarillo and Rayas rivers.
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Fig. 2. Empirical cumulative distribution functions for individual island sizes (ha) in the studied river segments prior the eruption and during the studied periods. Dashed vertical lines represent the 0.25, 0.75 and 0.95 quantile. The horizontal dashed line depicts the medians. The number of islands in each river and period (n values) indicate a decrease in channel islands from pre-eruption condition.
Prior to the eruption the islands at Blanco River were dominated by established islands with only few islands classified as pioneer islands (Fig. 3). This is different for the El Amarillo and Rayas rivers where established islands were the minority (Fig. 3). Median island sizes per category were similar in the Blanco River (0.16, 0.07 and 0.12 ha for pioneer, building and established, respectively). In contrast, in El Amarillo, established islands were larger (median area of 0.98 ha) as compared with both other classes. The same pattern exists for the Rayas River with median island sizes of 0.11, 0.33 and 0.76 ha for pioneer, building and established, respectively (Fig. 4). Median island sizes per category were statistically different only among the individual classes for each river in the El Amarillo and Rayas rivers.
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Fig. 3. Fraction of categorized islands in the Blanco (a), El Amarillo (b) and Rayas (c) rivers segments prior to eruption.
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Fig. 4. Boxplots of log10-transformed island sizes (ha) expressed in arbitrary units (a.u.), for the different riparian vegetation categories of islands, periods and rivers. White line is the median, boxes encompass the 25th and 75th percentiles; whiskers are the 10th and 90th percentiles; circle represents outliers.
4.2. Impacts of the volcanic eruption on the study segments
After the eruption, active channel widths increased in all studied segments during both first and second periods (Table 4). However, changes were statistically significant only for the Blanco River and during the first period compared to pre-eruption conditions. During the first period, mean active channel width increases was 91% (38 m/yr), 6% (7 m/yr) and 7% (22 m/yr) in the Blanco, El Amarillo and Rayas rivers, respectively. During the second period the channel additionally widened by 42% (8.2 m/yr), 2% (2 m/yr) and 5% (4.2 m/yr) in the Blanco. El Amarillo and Rayas rivers, respectively.
Active channel area increased coherently with the channel width. Increases in the Blanco River active channel area were 64 and 19% during the first and second periods, respectively. In El Amarillo River the increases were 5 and 2% during the first and second periods, respectively. Finally, in the Rayas River the active channel area increased of about 6% during both periods.
Table 4. Active channel width characteristics in the study segments; post-eruption conditions.
	
	River

	Active channel characteristics
	Blanco
	El Amarillo
	Rayas

	Year
	2009
	2013
	2010
	2013
	2009
	2013

	Mean active channel width (m)
	79
	111
	261
	267
	348
	365

	Active channel width range (m)
	38-165
	38-187
	65-557
	65-557
	97-621
	101-645

	Active channel area (ha)
	36
	43
	242
	247
	575
	609


Mean island size decreased immediately after the eruption from 0.15 ± 0.11 to 0.04 ± 0.04 ha, and from 0.42 ± 0.63 to 0.25 ± 0.52 ha in the Blanco and Rayas segments, respectively. In contrast, the island size increased again to 0.16 ± 0.08 and 0.28 ± 0.48 ha, between 2009 and 2013 in the Blanco and Rayas segments, respectively (Fig. 5). In the El Amarillo segment, mean island size remained constant (0.26-0.28 ± 0.40 ha) over time. After the first period island size in the Blanco River is statistically smaller (p ≤ 0.05), as compared with the El Amarillo and Rayas rivers.
Empirical cumulative distribution functions of individual island sizes differ significantly for the Rayas River, for both post-eruptive periods compared to initially undisturbed conditions. Whereas, the same is true for the Blanco River, but only for the transition from pre-eruptive conditions to the first period (Fig. 2). In fact, after the second period island sizes are statistically comparable among all rivers (p ≤ 0.05).
The volcanic eruption changed the classes of the islands along all segments (Table 5). However the magnitudes differed considerably across the segments with the highest impacts in the Blanco River. Here, unmodified islands were only sparsely recorded (0 and 9%) while 62% and 82% of all mapped islands disappeared during first and second periods. In contrast, the El Amarillo River showed only minor effects. In addition, after the eruption there was an increase of about 0.40 island/km and of about 1.25 island/km in the Blanco and Rayas rivers , respectively (Table 5).
Table 5. Island changes during the two study periods, for Blanco, El Amarillo and Rayas rivers. The highest percentages are highlighted. Changes detected are in relation to pre-eruption conditions and changes during second period are benchmarked against first period conditions.
	
	
	First period
	Second period

	
	
	Blanco
	El Amarillo
	Rayas
	Blanco
	El Amarillo
	Rayas

	Type island
	
	Nº
	%
	Nº
	%
	Nº
	%
	Nº
	%
	Nº
	%
	Nº
	%

	Unmodified
	
	0
	0
	38
	81
	35
	18
	1
	9
	36
	84
	53
	30

	Modified
	Total
	5
	38
	5
	11
	82
	42
	1
	9
	3
	7
	32
	18

	
	Divided
	2
	-
	0
	-
	58
	-
	0
	-
	0
	-
	17
	-

	Disappeared
	
	8
	62
	4
	9
	76
	39
	11
	82
	4
	9
	90
	51

	New islands
	
	4
	
	0
	
	7
	
	3
	
	0
	
	7
	

	Total
	
	11
	43
	175
	4
	39
	102


In the Blanco River, both pioneer and building island disappeared following the eruption; pioneer islands disappeared by 2009, whereas building islands gradually decreased from 18 to 8 island/km2 before disappearing by 2013 (Fig. 5a). At the same time, established islands subsequently decreased from 27 island/km2 to, firstly, 22 km2 and, then, 9 island/km2. In general, the Rayas River showed a similar pattern. Here, pioneer (22, 11 and 4.5 island/km2), building (9, 14 and 6 island/km2), and established islands (5, 5, 6 island/km2) decreased over time with the exception of a temporal increase in building islands. If normalized to the area of active channel, the trend remains similar (Fig. 5b).
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Fig. 5. Variation of the number of islands per category, expressed as number per km2 (a) and percentage of the active channel area (b), in the segments of the Blanco, El Amarillo and Rayas rivers.
The effects of the eruption were not restricted to the active channel. In the Blanco River, the maximum disturbance width increased between 82 and 948 m in relation to the pre-eruption widths (between 1.8 and 28 times, respectively; Fig. 6). In contrast, the El Amarillo River did not experience any change outside the active channel (Fig. 7), whereas the Rayas River showed a lower increase between 0 m and 1054 m (between 0 and 3.2 times) (Fig. 8). In the Blanco River, the area affected by MDW was ~0.44 km2/km, while for the Rayas River, it reached 0.30 km2/km.
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Fig. 6. Changes in island system (a, b and c) and in the active channel width, and maximum disturbance width (d) for the Blanco River segment. The yellow lines represent the active channel in 2009 (b) and the orange colour represents the active channel in 2013 (c).
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Fig. 7. Changes in island system (a, b and c) and in the active channel width, and maximum disturbance width (d) for the El Amarillo River segment. The effects of the eruption occurred only within the active channel.
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Fig. 8. Changes in island system (a, b and c) and in the active channel width, and maximum disturbance width (d) for the Rayas River segment.
In general, the Blanco and Rayas rivers presented lower sinuosity than El Amarillo (Table 6). In addition only the Blanco River presented an increase in the Sinuosity index following the eruption. Respect to the braided pattern the Rayas River showed the highest braiding index among all segments. It is also possible to clearly observe that during the first period all segments increased the braiding indices. For the Blanco River this increase was about 136%, followed by a decrease until the same pre-eruption level. The El Amarillo River increased by 20% during the first period, and then decreased to a lower value than in the pre-eruption condition. Finally, the Rayas River showed an increasie of about 33% in the first period, and a subsequent decrease during the second period. However, the final condition is higher of around 14% in respect to the pre-eruption condition. 
Table 6. Variation of sinuosity and braiding indices at the Blanco, El Amarillo and Rayas rivers in the different periods.

	
	
	Pre-eruption
	First period
	Second period

	Sinuosity index
	Blanco
	1.2
	1.3
	1.3

	
	El Amarillo
	1.4
	1.4
	1.4

	
	Rayas
	1.2
	1.2
	1.2

	Braiding index
	Blanco
	1.1
	2.6
	1.1

	
	El Amarillo
	1.7
	1.9
	1.6

	
	Rayas
	2.1
	2.8
	2.4


5. Discussion  
5.1. Comparison of channel segments, pre-eruption conditions
Prior to the eruption, mean segment channel widths were significantly and positively related to catchment area regardless the studied catchment. The active channels of the three study segments were between 1.3 (for the Blanco) and 3 (for the Rayas) times wider than braided river segments with comparable catchment sizes located, for example, in the French Rhône hydrographical district (Piégay et al., 2009). Differences may indicate the variability of geologic processes affecting these two mountainous areas, being past volcanism and seismic processes important in explaining the wider active corridor in these Southern Chilean rivers.
Island size distribution in the Blanco River (Fig. 2) was not significantly different with respect to the other two rivers. The median size of the Blanco River islands was relatively similar in each category but the median size of the pioneer islands is slightly higher than the other categories (Fig. 4). The results for the El Amarillo and Rayas rivers clearly show a gradual increase in the average size of the islands as a function of its degree of evolution, i.e., the larger island area corresponds unambiguously to established islands.
The percentage of each island category contributing to the total island area was different in the studied segments (see Fig. 3). We explain such qualitative differences in island category distribution at least partly by the width of the active channels and typology of rivers (wandering or braided). The Blanco channel is considerably narrower than the other two study segments. This is probably due to the wandering settings of the river, in wich just the more established islands are able to resist up to several decades (Desloges and Church, 1989; Bertoldi et al., 2009).

The number of islands per channel length and total island area were positively correlated with channel width (Fig. 9). This trend indicates a greater number of islands per kilometre in a segment with braided morphology such as the Rayas River. As expected, similar positive trends are depicted for number of islands per channel length and/or total island area and/or total catchment area. This is in line with Mohr et al. (2012) confirming scaling relationships between catchment area, streamflow discharge, channel and catchment properties prior to disturbance.
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Fig. 9. Relationship between the average width of the active channel of each segment and the number of islands per kilometre of the active channel, pre-eruption condition.
5.2 Volcanic processes and channel disturbances
Our results indicate that rather dome collapses and pyroclastic density currents but and not ash fall associated with the different phases of the Chaitén eruption are responsible for the clear morphologic channel changes in the distinct study segments. Dome collapses and pyroclastic density currents introduced large amounts of sediments in the Blanco River generating channel aggradations up to 7-8 m during the first year after the volcano eruption (Major et al., 2013). At the same time, Ulloa et al. (2015b) show that channel aggradation up to 2 m in the Rayas River is linked to pyroclastic density currents. In contrast, tephra fall is not feasible to explain the hydro-geomorphic responses in the catchments. Considerable amounts of ash were deposited across all basins (>10 cm thick) and the percentage of affected catchment area is very similar among study sites (61-65%, Table 1). Consequently, our findings indicate that the deposition of substantial amounts of volcanic ash is not necessarily a main driver for the observed changes in river morphology.
Our results also indicate that major disturbances in the three study segments occurred during the first study period, although channel changes are still adapting to a new equilibrium during subsequent years. The disturbances correspond to changes in the active channels and the island systems of each segment, increased sinuosity in the Blanco River and increase in braiding index in all segments.
The most dramatic channel width changes occurred in the Blanco River segment which received a very high amount of sediment input. This is associated to the intense precipitations and the PDCs along the Chaitén River valley during the explosive phase (Major et al., 2013; Pallister et al., 2013). In this contest, along the Blanco River there was rapid sedimentation, and consequent channel aggradation (Pierson et al., 2013). At the end of the first study period mean active channel doubled compared to pre-eruption conditions, whereas additional channel widening during the second period was lesser, i.e. ~40%. Our results are, thus, comparable with channel widenings after the Pinatubo volcanic eruption as reported by Gran (2005), who also found fast recoveries to pre-eruption conditions.

In contrast to the Blanco River, the active channel of Rayas River did not widen significantly despite receiving comparable sediment loads per channel width from pyroclastic density currents. We assume this can be explained because associated the deposits in the Rayas River were only ~2-m thick compared to ~8 m in the Blanco River channel. For the Blanco segment, the ratio of sediment deposit depth (m) to channel width (m) is ~0.2 (8/40) while it is ~0.01 (2/196) for the Rayas River thus supporting our interpretation. Hence, we argue that the pyroclastic deposits are not thick enough to force the Rayas River to abandon its pre-eruption channel.
The El Amarillo segment affected only by tephra fall showed only negligible changes in channel width (6 and 2% in the first and second study periods, respectively).
Post-eruption channel widening resulted in bank erosions of 4.6, 0.9 and 2.6 ha/km/yr at the end of the second period in the Blanco, El Amarillo and Rayas rivers respectively, becoming a direct source of mineral sediment and wood material to the channel (Gran et al., 2011; Frenzen et al., 2005). Bank erosions in channels affected by the Pinatubo eruption contributed with approximately 80% of the total sediments (Gran et al., 2011) and with 75% of wood load entering the Rayas after the Chatein eruption (Ulloa et al., 2015b).
Compared to the El Amarillo, both the Blanco and Rayas rivers show high variability in channel width. At the same time, both rivers show a disturbed area outside the active channel which is by far larger in spatial extent as the El Amarillo River (Fig. 6 and 8), i.e. 12 and 3 times the pre-eruption channel of Blanco and Rayas rivers, respectively. These areas are characterized by almost dead vegetation after the explosive phase of the Chaitén eruption. These results underpin the effect of dome collapses and pyroclastic density currents causing the major impact on channel morphology following explosive volcanic eruptions. Our results clearly show that the effects of ash fall at least generating deposits with thickness like those observed in the study areas are negligibly compared to such high impact processes.
The same pattern is true for the effects on island morphology. During both study periods, the Blanco River has the highest percentage of Disappeared islands but virtually no Unmodified islands (see Table 5). This is consistent with Major et al. (2013) and Pierson et al. (2013) who showed that abundant sediment supply was provided by dome collapses and PDCs funnelled along a tributary to valley floor in this explicit valley. Thus, we suggest that the associated sediment pulse may play a decisive role. In addition, in this river an important number of new islands were created by avulsion: up to 36% to 75% of the islands existing in 2009 and 2013, respectively. In contrast, most of the islands remained unmodified in the Amarillo River ; changes found in this river are probably due to increased runoff associated higher sediment contribution as a consequence of the ash deposits in the upper part of the basin, which decrease infiltration (Alfano et al., 2011; Swanson et al., 2013). Rates of change in islands such as those seen in the El Amarillo River are similar to those shown by Picco et al. (2014) as a result of extreme flow events.
Somewhere in between the Blanco and Amarillo rivers lies the Rayas River. Here, changes show both a high rate of Disappeared islands, but also a substantial fraction of Modified and Unmodified islands. We explain this pattern by pyroclastic dense currents that burned parts of the forests in the upper basin. The subsequent loss of root strength is known to trigger subsequent landsliding processes with a temporal lag up to several years (Sidle, 1991) which will certainly maintain for years the provision of additional sediment loads into the channels.
Besides a change in frequency of channel islands, there was also a change in island size, most pronounced in the more affected Blanco and Rayas rivers over time. The size of the islands decreased during the first period but recovered during the second period. In the Blanco the increase noticed in the second period can be explained by the development of new islands due to channel avulsion, typical in wandering rivers (Desloges and Church, 1989). (. In contrast the decrease in island size along the Rayas River during the first period was probably due by dissection of existing islands; about 70% of the islands existing prior to the eruption were fragmented into two or more units. 
The relative increase in island size detected during the second period in the Rayas River is consistent with the elimination of islands that were dissected in the first period. This is further consistent with the relative disappearance of pioneer vegetated islands in the most affected basins at the expense of the more developed vegetation. As the pioneer vegetation does not anchor the sediment as strongly as mature vegetation is able to (Gurnell, 2014), the pioneer islands are easier to be eroded (Fig. 3, 5). In fact, in the Blanco River all weakly stabilized pioneer islands disappeared during the first period. The same pattern is true for the second period and for the relatively more stable building islands. The successive elimination of building islands finally explains the increased relative contribution of established islands across both periods and across the heavily affected basins. Hence, our findings strongly argue that it is the root strength that acts as a first-order control on channel morphology in basins that are heavily disturbed by high-impact volcanic eruptions. 

The three channel segments showed different morphologic changes during the study periods, but major changes occurred in the Blanco River both in terms of sinuosity and braiding indices. Sinuosity increased after the eruption only in the Blanco River associated to important channel aggradation and did not change at El Amarillo and Rayas rivers; for the latter this could be associated mainly to wider bankfull channels and because channel widths remained relatively un-changed following the eruption as compared with the former, as has been observed elsewhere affected by volcanic eruptions (e.g. Gran, 2005; Meyer and Martinson, 1989). The three channels showed a high braiding intensity mainly during the first post-eruption period, probably associated to the sediment inputs which occurred during this first period, which is consistent with reports from Bridge (1993) and Wheaton et al. (2013) mentioning that fluctuations in sediment loads modify the braiding intensity. Also, Kataoka and Nakajo (2002) account for changes in a river system caused by the introduction of volcaniclastic materials from hyperconcentrated ﬂows after an explosive volcanic eruption, where a meandering river system was replaced by a braided river system. In general, in the three study channels it is possible to appreciate that the braiding intensity decrease during the second period to levels relatively similar to those observed for the pre-eruption condition; after the eruptive phase channel erosion and incision processes led to a decrease of the braiding intensity in all three segments. Meyer and Martinson (1989) observed similar channel patterns after the Mount Saint Helens eruption. 
6. Conclusions
Our study sheds new light into the post-eruption channel morphology evolution and its underlying controls. We provide evidence that the intensity of the disturbances reflects the magnitude of the dominant volcanic processes controlling sediment inputs into the channels. Our results clearly show that it is the large amount of sediment provided by dome collapses and, little less, pyroclastic density currents that plays the decisive role. We judge that from the Blanco river, where changes in channel morphology were strongest due to both processes. Although receiving huge total amounts of sediments from pyroclastic density currents, the Rayas river channel did not widen significantly, likely reflecting insufficient sediment availability that is needed to trigger avulsion and subsequent lateral diversion of an active channel. Against these high-impact processes, the role of ash fall as a presumably important major driver of the morphologic channel is rather negligible, at least with deposits like those observed in the study areas. The effect of the tephra fall covering substantial parts of the three study river basins limited to level rainfall-runoff events with long recurrence intervals– at least when benchmarked against the Amarillo river basin.
Our results indicate that major disturbances seem to occur immediately after the eruption, although channel changes are still observable for subsequent years and that recovery to pre-disturbance conditions is relatively fast in such environments.
Additionally, with respect to possible research priorities, we emphasize, based on the findings of our work, the need to mirror such process dynamics also in the light of material and energy flows at different time and spatial scales ranging from individual storms to longer term inter-seasonal flow patterns, and from single fluvial forms, to river segments and even up to the whole system with its spatial articulation into sediment and wood supply, entrainment, transport and deposition domains. It is also fundamental to estimate the short and midterm geomorphic work done by the conveyor belt. To this aim a full characterization of the sediment storage volumes with respect to their position and their connectivity to the restored river segment, as well as their layer thickness, grain size distribution, vegetation cover and exposure to shear stresses, is necessary to anticipate possible dynamic evolution patterns. In this context we highlight the importance of constant monitoring activities to detect at early stages possible evolution patterns posing at risk settlements and infrastructure to apply the necessary set of river training measures.

To conclude, the acquired knowledge can facilitate land use planning and the design of river restoration projects in areas affected by volcanic disturbances.
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