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Abstract: Exact knowledge of the physical structures of different river sections that govern their
ecological structure and function is essential for the efficient conservation and management of
riverine ecosystems. Eleven Andean river basins (Maipo, Rapel, Mataquito, Maule, Itata, Biobio,
Toltén, Valdivia, Bueno and Puelo) comprise large scale latitudinal and altitudinal gradients and
accommodate 71% of the Chilean population that strongly depend on their ecosystem services.
Here, based on 16 hydrogeomorphic variables (on basin, valley and channel scales), we assessed
the riverine landscapes (Functional Process Zones; FPZs) of these river basins using a top-down
multivariate statistical approach. Two steep valley and downstream slope FPZs, three sinuous FPZs
and two braided FPZs emerged in 8906 river sections. The proportion of the occurrence of FPZs
was characterised by a clear latitudinal pattern which is strongly related to the proportions of each
river basin within the large morphostructural units of Chile. As such, the proportion of each river
basin within the Andes Cordillera, Central Valley and Coastal Cordillera is a strong driver of the
fluvial geomorphology and, thus, of the FPZs’ arrangement in each river network. FPZ classification
captured geomorphic diversity that coincided with the latitudinal and altitudinal gradients of Chilean
Andean river basins strongly related to the hydrological characteristics of the assessed river basins and
large scale spatial distribution of fish fauna endemism. As such, the identified large geomorphic units
(FPZs) that are strongly tied up with hydrology and ecology hierarchies of riverine landscape provide
robust operational tools that can be instrumental for river ecosystem monitoring and management at
a basin scale.

Keywords: river ecosystems; geomorphology; Chile

1. Introduction

Rivers are complex adaptive ecosystems that respond to natural and anthropogenic
disturbances in complex ways [1]. Understanding the ability of rivers to respond to
disturbances requires a paradigm where they are viewed as hierarchical, dynamic and
multidimensional ecosystems [2]. Conceptual frameworks proposed to understand river
ecosystems identify geomorphology, hydrology and ecology as important subsystems or
hierarchies that allow river issues to be identified and studied at appropriate scales [3,4]. In
the geomorphology hierarchy, the river basin is at the highest level of organisation; with
a wide spatial extent that is shaped by long-term geological and climatological processes,
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they are thus relatively resistant to change. Nested within the river basin at the next level of
organisation or scale are Functional Process Zones (FPZs). These are large sections of rivers
with relatively uniform geological histories, and channel morphologies controlled by similar
discharge and sediment regimes [5]. FPZs contain common structural and functional units
that promote similar functional ecological organisations [2,6,7]. The geomorphic hierarchy
continues down to the reach, site and microhabitat level [3].

In the last two decades, the study and management of river systems has had a notable
shift from a reach or site-based focus to more holistic larger landscape or river basin-scale
focus [8]. This shift was, among others, a result of increasing recognition that reach/site-
based approaches to the study of rivers often failed to address problems that contribute
to longer-term declines in the structure and function of rivers at the river basin scale [2,9].
Increasingly, river research focuses on the structure and processes occurring within FPZs
as the most appropriate scale for understanding river ecosystems and their response to
disturbances [7,10,11]. At this level of river hierarchy, complex biological responses can be
disentangled in order to understand which are the key variables that should be managed
to maintain river resilience [12]. For example, ref. [10] showed how study at the FPZ scale
allows one to disentangle the complex responses of macroinvertebrate assemblages to flow
regulation due to dam operation. The type and position of the FPZ within the river net-
work were the primary drivers of macroinvertebrate responses to flow regulation. Indeed,
recognition of FPZs of different complexities within river networks is instrumental for com-
parisons within and among different river basins in order to unravel the complex ecological
responses to changes in hydrology and other natural or anthropogenic disturbances.

The Chilean Andean rivers between 32° and 41° S hold a distinctive spatial distribution,
running from ~3000 m.a.s.l. in the Andes Cordillera to the Pacific Ocean, from East to
West, with a parallel distribution from North to South. Furthermore, these basins remained
isolated for more than 10,000 years [13]. The Chilean economy and social wellbeing
depend strongly on these rivers as they provide water for human consumption, irrigation,
hydropower, mining, industries and recreation as well as dilution of domestic and industrial
wastewaters. Furthermore, accelerated expansion of the multipurpose use of these rivers
has not been accompanied by an increase in the generation of knowledge about their
ecosystems’ functioning and resilience [14]. As a consequence, increasing anthropogenic
pressures threaten the ability of these rivers to continue the provision of a diverse range
of ecosystem services that are highly valued by the society. Eleven Andean river basins
located between 32° and 41° S comprise natural and anthropogenic gradients. From North
to South, the Maipo, Rapel, Mataquito, Maule, Itata and Biobio rivers are described as rivers
with discharge dominated by snowmelt and torrential flows, whereas more southern Toltén,
Valdivia, Bueno and Puelo rivers are characterised by discharge regulation due the presence
of large headwater lakes or lake chains [15]. Furthermore, a gradient of anthropogenic
interventions in these river basins runs between a high level of alterations mainly due to
network fragmentation and pollution (Maipo, Rapel, Biobio and Maule rivers), through
medium alteration (Mataquito and Itata rivers), to less altered and still non-fragmented
large river networks (Imperial, Toltén, Valdivia, Bueno and Puelo rivers).

Different classifications based on characteristics such as hydrological regime, slope
or bed sediments have been proposed for Chilean rivers; see [15-19] for examples. Fur-
thermore, ecological classifications based on fish composition related to the hydrological
characteristics of the river basin [20] as well as eco-hydrological classifications have been
suggested [21]. These classifications, however, have generally considered the hydrological
regime as the main factor that determines the structure of the river ecosystem.

To date, management actions for Chilean rivers have been relatively ineffective be-
cause the scale of the issues and their hierarchical influence are not well understood or
considered [14]. Assessment of specific characteristics and the spatial arrangement of func-
tional process zones (FPZs) may provide an appropriate framework to monitor and manage
resilience in riverine ecosystems. In this study, we used an approach based on Geographic
Information System (GIS) tools to characterise riverine landscapes and classify FPZs of
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eleven Chilean Andean river basins located between 32° and 41° S. We expected that FPZ
classification would capture the main geomorphic (dis)similarities at the latitudinal and
altitudinal gradients of the eleven river basins and that it would relate to the hydrological
characteristics previously described for these river basins.

2. Materials and Methods
2.1. Study Area

Eleven river basins located in central-southern Chile between latitudes 32°55" and
42°09' S, and longitudes 69°48’ and 72°22' W were considered in this study (Figure 1). The
human population of this area is about 12,316,144 inhabitants (71% of the total population
of Chile) [22] and is concentrated in a few big cities located in the Central Valley and coastal
plains. Table 1 summarizes the principal characteristics of the studied river basins. In the
northern part of the study area, between the Maipo and Biobio River basins, the climate
is dominated by the Pacific anticyclone [23,24]. According to the Képpen—Geiger climate
classification [25], the predominant climate type is a warm-summer Mediterranean climate
(Csb). In the southern part of the study area, between the Imperial and Puelo River basins,
the climate is dominated by the southern westerlies [23,24] and is a temperate oceanic
climate (Cfb) according to the Képpen-Geiger climate classification [25]. The Biobio and
Imperial River basins are located in a climatic transition area with a mixed influence of the
southeast Pacific anticyclone and the westerlies [23,24,26]. The climate variability of the
study area is influenced by oscillations characterised by different periodicity such as the
El Nifio-Southern Oscillation [27], the Pacific Decadal Oscillation [28] and the Antarctic
Oscillation [24,29]. Approximately 30% of the winter storms are warm winter rainstorms
caused by atmospheric rivers [30].

The region of the studied river basins is composed of a number of morphostructural
units from East to West: Andes Cordillera, Central Valley and Coastal Cordillera [31]. The
Andes Cordillera is a chain of high mountains with a strong relief and steep slopes that in
its western part of the Chilean territory mostly comprises Oligocene-Miocene continental
volcanoclastic rocks, intruded by Miocene-Pliocene granitoid [13]. The Central Valley is
a geological depression with an approximately 70-km-wide plain formed between the
Andes and the coastal range with a Mesozoic to Quaternary sedimentary infill [13,31].
The Chilean Coastal Cordillera consists of low and topographically smooth mountains
composed predominantly of Late Palaeozoic and Mesozoic igneous rocks, with paired belts
of Palaeozoic metamorphic rocks cropping out south of 34° S.

According to the soil taxonomy classification system, most of the study area is covered
by six orders, namely Alfisols, Entisols, Inceptisols, Mollisols, Ultisols and Vertisols, as
well as Andisol and Histosol series [32]. The study area includes most of the cultivated
and productive land in Chile, with the majority of farms (72%) and forest plantations
(54%) in the country [32]. The rainfall regime, soil properties, high slopes and land uses
make the study area particularly vulnerable to erosion processes [32]. During the irrigation
season between October and April, the river basins between the Maipo and Biobio rivers
experience water extractions that limit river flow to the minimum allowed environmental
flows (10% of the average monthly discharge).

The rivers within the studied basins flow predominantly from East to West and are
characterised by a total length between 200 and 400 km, Strahler’s orders up to eight,
and annual mean discharges at the mouth between 100 and 1000 m?/s (Table 1). All the
studied rivers flow from the Andes through the Central Valley to the Pacific Ocean and are
characterised by river longitudinal slopes in the Andes between 5 and 10% [33,34]. Most of
the studied river networks are free-flowing, with the exception of the Rapel, Maule and
Biobio rivers that accommodate large reservoirs for hydropower production and irrigation.
Consistently, these are the most fragmented river networks [35] (Table 1). The study area
accommodates 91 of the 148 existing hydropower plants in Chile, with a total power of
5.05 GW, i.e., 76% of the national installed hydropower. Furthermore, 30 new hydropower
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plants with a total potential of 0.65 GW are under environmental evaluation or construction
in the study area [36].
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Figure 1. Geographic location of the eleven studied river basins and their river networks assessed in
this study. Yellow area represents the Andes Cordillera; white area is the Central Valley; and green

area corresponds to the Coastal Cordillera.
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Table 1. Geographic position, catchment area, maximum altitude, climate, mean annual precipi-
tation and mean annual discharge at the mouth of eleven studied river basins. Csa, hot-summer
Mediterranean climate; Csb, warm-summer Mediterranean climate; Cfb, Oceanic climate (Marine
west coast) [25].

Maximum

. Latitude Longitude Area . Predominant Flow PPyma Oma  Fragmentation
Basin ©’) ©) (km?) Alt(i::;de Climate Regime * (mm) (m3/s) Index **
Maipo ~ 32°55'-34°18'S  69°48'-71°38' W 15273 6546 Csa-Csb Snowmelt 650 134 0.393
Rapel  33°54'-35°00'S ~ 70°01'-71°51' W 13,766 5138 Csa-Csb S“"rzvi‘;‘e“' 882 169 0.463

Mataquito  34°48'-35°38' S 70°24'-72°11' W 6332 4058 Csb S“Orzvilr’l‘e“' 1373 113 0.080
Maule  35°06'-36°35'S  70°21-72°27' W 21,052 3931 Csb S“Or‘;"ilr’l‘elt' 1400 495 0.361
Ttata 36°12/-37°20'S  71°02/-72°52' W 11,326 3178 Csb Snor‘;vi‘:elt' 1764 331 0.044
Biobio  36°52-38°54'S  70°50'-73°12' W 24,369 3487 Csb Rain 1873 971 0.436
Imperial ~ 37°49'-38°58'S  71°27'-73°30' W 12,668 3066 Csb-Cfb Rain 2056 264 0.002
Toltén  38°36/'-39°38'S  71°24/-73°14' W 8448 3710 Cfb Rain 2062 540 0.016
Valdivia  39°18'—40°12'S  71°36'-73°24' W 10,244 2824 Cfb Rain 2592 546 0.021
Bueno  39°54'~41°17'S  71°40'-73°43' W 15,366 2410 Cfb Rain 2861 394 0.025
Puelo  41°21-42°09'S  71°46/-72°22' W 3094 3343 Cfb Snowmelt- g 629 0.001

rain

* from [24]; ** estimated based on [35].

2.2. Riverine Landscape Characterisation

The characterisation of riverine landscapes in order to identify groups of river reaches
with similar hydrogeomorphic character (FPZs) was based on 16 hydrogeomorphic vari-
ables [37,38]. First, the river networks of the eleven river basins were digitalized using
Google Earth Pro 7.3 satellite images. Subsequently, the river network of each river basin
was segmented into sections between 1.5 and 3 km long. The lengths of each section
were defined based on changes in valley or channel widths and confinement. In each of
these sections, data were extracted and 16 hydrogeomorphic variables were calculated
(Table 2). Each variable was calculated using ArcGIS 10.4.1. software based on mod-
els proposed by Williams, D’Amico [37]. GIS data layers were obtained by combining
ArcGIS® tools (v. 10.4.1), ArcHydro extension and FLDPLN model, and a stand-alone
inundation model designed for MATLAB® (v. 9.7) [37]. Each river section was charac-
terised by variables corresponding to three spatial scales: river basin, valley and channel
(Table 2). Elevation was determined from a 12.5 m digital elevation model obtained from
the Natural Resources Information Centre of Chile (CIREN) (Santiago, Chile). Dominant
geology was measured from a 1:1,000,000-scale vector geology map of the catchments [39]
and aggregated into five categories: intrusive rocks, metamorphic rocks, sedimentary
sequences, volcanic sequences and volcano-sedimentary sequences. Mean long-term an-
nual precipitation was derived from raster data sourced from WorldClim (available at
https:/ /www.worldclim.org/data/index.html, accessed on the 1 July 2019). Channel plan-
form was determined based on [37] and categorised as: (1) single channel; (2) multi-channel,
low island density; (3) multi-channel, high island density; and (4) lakes and reservoir. Con-
finement categories were based on [40] and categorised as: Confined: more than 90% of the
channel is in direct contact with slopes, and the river flood valley is limited to some isolated
areas; Partially confined: the channel is in contact with the flood valley for 10 to 90% of
length; Not confined: less than 10% of the channel is in contact with hillsides. Valley width,
valley floor width and channel width were calculated based on transects automatically
generated using the transect construction module of the Digital Shoreline Analysis Sys-
tem (DSAS) software v5.1 (available at https:/ /www.usgs.gov/centers/whcmsc/science /
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digital-shoreline-analysis-system-dsas accessed on the 1 July 2019). Distances between
transects were of 0.6 km for valley variables, and 0.1 km for channel variables. Transects
were generated automatically to optimize the computation time [37].

Table 2. Variables used for the determination of the Functional Process Zones. m: meters, mm: mil-
limetres; DL: dimensionless; DEM: Digital Elevation Model.

Scale Variable Unit Abbreviation Data Source
Elevation M ELE 12.5 m DEM CIREN
Basin Dominant Geology DL GEO Chile geological map 1:1,000,000
Mean annual precipitation Mm PRE WorldClim Rainfall Raster
Valley floor width M VFW Floodplain Shapefile
Valley width M VW Valley Shapefile
Valley Ratio of valley width to valley floor width M RAT Floodplain and valley Shapefiles
Right valley slope degrees RVS Slope Raster
Left valley slope degrees LVS Slope Raster
Downstream valley slope degrees DVS Slope Raster
Channel belt width M CBW Channel Shapefile
Channel belt wavelength M CBL Channel Shapefile
Channel belt sinuosity DL CBS Rivi?irel?vilc)izgjé%fggfile
Channel Channel River sinuosity DL RCS Rive\r]arheg;vg;i;:f?i cfile
Channel planform DL PLN Satellite images
Number of channels - NC Satellite images
Confinement DL CcO Floodplain and channel Shapefiles

2.3. Functional Process Zones Assessment

FPZs were assessed using a multivariate statistical approach [2,38]. Data obtained
for each river network were analysed together to allow the emergence of similar FPZs
across the eleven river basins. The final data matrix comprised 16 hydrogeomorphic
variables and 8906 river sections. In order to identify groups of river sections of similar
morphology, a hierarchical UPGMA cluster analysis based on the Gower similarity matrix
was used [6]. Gower’s similarity coefficient applies to continuous and categorical variables
simultaneously [41]. Elevation and precipitation were removed from the cluster analysis
to allow the determination of homogeneous groups independent of their position within
the river network. These variables, however, were used for interpretations of the results
and FPZ descriptions. Furthermore, side-valley slopes on both sides of the river section
were introduced into the clustering as maximum and minimum valley slopes. This allowed
for the resulting clusters to be differentiated by both the steepness of the slope, as well
as the symmetry/asymmetry of slopes between sides. Finally, valley floor width and
channel width were log-transformed to more precisely represent changes in river widths
(an additional meter in width corresponds to a larger relative change in a narrow valley or
channel than in a wider one). The cutting of the resulting dendrogram was defined by the
identification of the inflexion point in the curve of the relationship between the number
of clusters and their similarity [38]. Groups with similar morphology were determined as
FPZs. Groups with less than 1% of the total river segments were classified as singular or rare
sections and were removed from further analyses. A permutational multivariate analysis
of variance (PERMANOVA) [42] on the Gower similarity matrix was used to determine
significant differences among FPZs. The resulting patterns of significant differences among
FPZs and river basins as well as predictor geomorphic variables were visualized using
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unconstrained principal coordinates analysis (PCO) on the Gower matrix and cluster
analyses [43].

After the identification of significantly different FPZs together with their correspond-
ing predictor variables, FPZs were named, characterised, and arrayed onto the streamlines
of each of the eleven river networks to delineate the position of reaches with similar ge-
omorphic character. To assess the organization of FPZs along latitudinal and altitudinal
gradients, the proportion of each FPZ within each river basin was calculated. Finally, the
similarity among the river basins based on their FPZ composition (number of river sections
of each FPZ within a river network) was determined by estimating a Gower similarity
matrix and a hierarchical UPGMA cluster analysis.

3. Results
3.1. Riverine Landscape and Functional Process Zones

8809 sections of the total 8906 sections analysed clustered into eight groups or FPZs
(Table S1). The remaining 97 river sections represented singular or rare sections. Of the
eight identified FPZs, one comprised river sections exclusively of lakes and reservoir
channel planforms and was also characterised by a higher channel belt wavelength and
channel belt sinuosity (a total of 189 river sections) (Figure S1, Table S1). The remaining
seven FPZs represented river channel planforms and were further analysed. Riverine
FPZs were all significantly different among each other (PERMANOVA; Pseudo-F = 1287.7;
P =0.001; Table S2). Based on their similarities and geomorphic characteristics, the seven
riverine FPZs identified for the south-central Chilean Andean rivers are described in Table 3.
Figures 52-54 exemplify river sections with the distinctive characteristics of the three FPZ
groups identified: steep valley and downstream slope rivers, sinuous rivers and braided
rivers. Variables at the channel scale, i.e., channel width, channel planform and number
of channels, contributed the most to dissimilarity among FPZs (Figure 2a). FPZs AHA
and ASDS were similar to each other and different from the remaining FPZs due to their
steep downstream valley slope (Figure 2a). At 65% similarity, FPZs SSC, SMC and SMR
clustered together due to higher channel sinuosity in these FPZs (Figure 2b). Both PCO
and cluster analyses showed higher dissimilarity of braided rivers FPZs (BGDS and BIR)
with the remaining FPZs. This dissimilarity was principally related to the greater number
and density of channels in BGDS and BIR (Figure 2a).

Table 3. Main characteristics of the riverine Functional Process Zones identified for eleven river basins.

Common Ch'are.lcte.nstlcs Number FPZ Name FPZ Abbreviation Geomorphf)loglcal
at 60% Similarity Characterization
Andean High High altitude rivers (>1OQO m.a.s.l.),
1 Altitude FPZ AHA narrow channel in
Steep valley and volcano-sedimentary sequences.

downstream slope rivers

Andean Steep Steep downstream slope rivers,

2 Downstream Slope FPZ ASDS narrow channel in intrusive rock.
Sinuous . . 1
3 Single-channel FPZ SsC Sinuous rivers with single channel.
) ) 4 Sinuous SMC Sinuous rivers with
Sinuous rivers Multi-channel FPZ multiple channels.
5 Sinuous Metamorphic SMR Highly sinuous rivers at low
Rock FPZ elevations in metamorphic rock.
6 Braided Gentle BGDS Braided gentle downstream slope
Downstream Slope FPZ with wide channel and valley.
Braided rivers
- Braided Intrusive BIR Braided rivers with wide channel

Rock FPZ and valley in intrusive rocks.
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Figure 2. (a) Principal coordinate analysis (PCO) diagram showing the position of the riverine FPZs
in relation to the geomorphic variables. (b) Cluster of the seven FPZs showing similarity at 60%. See

variable abbreviations in Table 2.

3.2. Distribution and Compositions of Functional Process Zones in the Study Area

The identified FPZs showed a patchy distribution within the eleven assessed river
basins (Figure 3). In general, high elevation steep slope rivers FPZs, particularly AHA,
tended to be associated with Andean zones whereas BGDS was linked to the central
valley and SMR reflected coastal range effects (Figure 3). However, there was no clear
continuum from upstream to downstream as most FPZs were characterised by a wide
range of elevations (Figure 4a). The exception was SMR, which was strongly associated
with lowlands and thus was consistently present in a higher proportion of river basins
characterised by lower elevations (Imperial, Valdivia and Bueno rivers; Figure 4b).
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Figure 4. (a) Range of elevations of each FPZs in the eleven river basins. (b) Mean elevation of each
of the river basin calculated from elevations of all defined river sections (symbols indicate groups at
65% similarity).

A clear latitudinal gradient of FPZs composition emerged among the eleven river
basins analysed (Figure 5). Dominant FPZs, mostly SSC and SMC, were common in all the
study area. However, the proportion of some FPZs significantly varied from North to South.
For instance, northern basins (between the Maipo and the Biobio) were characterised by a
higher proportion of AHA, which is consistent with their higher mean elevation (Figure 5a).
Towards the South, the proportion of AHA tended to decrease and disappeared in the
southernmost Puelo River basin. Indeed, the Puelo River also displayed a considerable
proportion of steep valley and downstream slope rivers but was represented by ASDS.
Furthermore, the proportion of braided rivers also decreased in more southern basins
(Figure 5a).

At 65% similarity, the river basins were grouped in four clusters based on their FPZ
composition, and this clustering was strongly associated with their latitudinal position
(Figure 5b). The exception was the Toltén River basin, which groups with more northern
basins. This is mainly explained by a lower proportion of SSC in the Toltén River basin in
comparison with other geographically closer basins (Maule, Itata and Biobio). Furthermore,
the Puelo River basin appeared to be dissimilar to all other basins because of the absence of
AHA and a higher proportion of ASDS (Figure 5b).
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Figure 5. (a) Proportion of riverine FPZs in each river basin (ordered from North to South). (b) Simi-
larity among river basins based on their geomorphic characteristics. Symbols represent clusters at
65% similarity.

4. Discussion

In this study, we described Functional Process Zones for eleven river basins in a wide
latitudinal gradient of Andean rivers of the southern region of South America. Steep
valley and downstream slope rivers, sinuous and braided river FPZs were identified.
Although these broad categories of hydrogeomorphic patches are commonly known, here
they emerged from statistical analyses using a top-down approach to characterize the
geomorphic structure (digital elevation model data and remote sensing imagery) applied
to small scale river sections [2]. Functional Process Zones (FPZs) are physically distinct
sections of river networks that accommodate unique macroinvertebrates communities, fish
communities [6,44] and food webs [11,45]. Therefore, identifying the geomorphic character
of FPZs provides keystone knowledge to advance the understanding of the structure and
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functioning of river ecosystems and is a first step in managing resilient rivers so that they
continue to provide ecosystem services.

Physical heterogeneity is a strong driver of river ecosystem function, and significant
natural variation in physical conditions among rivers was expected [11,45]. At this scale
of large river sections nested within river basins, seven FPZs captured the geomorphic
variation in the eleven assessed river basins. Based on statistical analyses, the seven riverine
FPZ were differentiated first by channel planform (number and density of channels),
separating braided rivers (2 FPZs: BGDS and BIR) from other river typologies. Next, the
non-braided rivers were divided into two categories, sinuous rivers (3 FPZs: SSC, SMC,
and SMR) and steep valley and downstream slope rivers (2 FPZs: AHA and ASDS). We
found that the proportion of occurrence of these river typologies showed a clear latitudinal
pattern which was strongly related to the proportions of each river basin within the large
morphostructural units of Chile. As such, the proportion of each river basin within the
Andes Cordillera, Central Valley and Coastal Cordillera was a strong driver of the fluvial
geomorphology and, thus, of the FPZs arrangement in each river network.

4.1. Functional Process Zones of the Chilean Andean Rivers

As predicted by the Riverine Ecosystem Synthesis (RES), FPZs are patchily distributed
along river networks, and are partially predictable [2]. The sequence in which FPZs were
placed varied within and among the eleven assessed river basins. Although the number
of FPZs within each river basin was similar (6 or 7), the composition and evenness in the
proportion of each FPZ was not homogeneous. As such, the Mataquito, Maule, Itata and
Biobio River basins appeared to be more geodiverse [46,47] compared to the remaining river
basins that were assessed. Consequently, a higher heterogeneity of habitats, biodiversity
and ecosystem services may be expected in these basins [46,48]. In following paragraphs,
we will discuss main characteristics of each of the principal identified FPZ groups.

4.2. Steep Valley and Downstream Slope Rivers

The steep valley and downstream slope rivers group is composed of AHA and ASDS
that correspond to steep and narrow rivers. These rivers are characterised by high velocity,
turbulent waters that transport significant volumes of materials, and have limited energy
dissipation during large floods [49,50]. These two FPZs emerged from other river sections
due to their higher values of downstream valley slope, confinement, and maximum and
minimum valley slopes. AHA is primarily characterised by rivers with high downstream
slope at high elevations, principally located in the headwaters of river basins with the
highest maximum elevations within the Andes Cordillera. As such, AHA was more
represented in northern rivers, between the Maipo and the Biobio basin. Indeed, the Andes
Cordillera gradually decreases in altitude from the Maipo River basin towards the South
and reaches significantly lower maximum altitudes southern to the Biobio River basin [51].
AHA represents headwater zones that function as sediment supply areas that rapidly
convey sediment downstream [2].

ASDS is the second FPZ in the steep valley and downstream slope rivers group
characterised by a single river channel and occurrence at lower elevations compared to
AHA. Interestingly, ASDS was uncommon in all the assessed river basins with the exception
of the Puelo River basin where it emerged as the most frequent FPZ. The Puelo River is the
only river basin assessed within this study that is located in the Patagonian ecoregion [19],
and consistently, it significantly differed from other assessed basins in its FPZ arrangement.
Patagonian rivers originate in glaciers located in the eastern part of the Andes and are
characterised by waters with a high particulate material content [19]. In contrast with other
assessed basins, 80.1% of the area of the Puelo River basin lies within the Andes Cordillera,
and the Coastal Cordillera is not present within this basin. Thus, most river sections of the
Puelo Rivers were steep and of a single sinuous channel, a geomorphology similar to that
described for other Patagonian rivers such as the Baker and Exploradores rivers [51,52].
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4.3. Sinuous Rivers

Sinuous meandering rivers (sinuosity above 1.3) generally form on moderate-to-low
slopes and are associated with well-developed floodplains [2]. Ref. [53] estimated that the
dominant morphological pattern in Chilean rivers is the sinuous type. Our results were
consistent with this estimation as sinuous river FPZs indeed represented the most abundant
river sections across the eleven assessed river basins. Three sinuous FPZs emerged that
could be further discriminated among them due to their sinuosity level and the number of
channels. SSC represents low sinuosity single channel rivers, meanwhile SMCs are sinuous
meandering rivers with more than one channel. SMR is characterised by a higher sinuosity
and lower elevation compared to SSC and SMC FPZs. SSC and SMC were significantly
predominant in river basins with large areas within the Central Valley (48-61%), such as the
Imperial, Toltén, Valdivia and Bueno rivers. Although SSC and SMC occurred primarily in
the Central Valley, patches of these FPZs were found widespread within the river networks.
In turn, SMR was mostly related to lowland rivers within the Coastal Cordillera of the
Imperial, Valdivia and Bueno River basins [54]. Indeed, these river basins are characterised
by large headwater lakes of glacial origin and are classified as “rivers of constant flow, low
gradient and lacustrine regulation” [15].

4.4. Braided Rivers

Headwater zones of Andean river basins occur in erodible volcanic mountains that
contribute significant volumes of sediment [49]. This sediment supply is subsequently
redeposited during floods resulting in braided rivers [50]. Two FPZs identified in the
study area represented braided rivers and these can be differentiated between them by
lithology. BIR occurs only on intrusive rocks, meanwhile BGDS is present on volcanic
and volcanic-sedimentary sequences. BGDS was more frequent compared to BIR along
all the assessed latitudinal gradient. Consistently, the dominant geology in river basins
between the Maipo and Toltén river basins is composed of >37% of volcanic and volcanic-
sedimentary sequences. Indeed, braided rivers have been previously described in the
Chilean Central Valley [49]. However, we found that braided sections were widespread
within the river networks as predicted by RES, with longer sections in the middle and
lower zones within the assessed basins.

Braided rivers commonly have a higher river metabolism and nutrient uptake because
of their greater spatial heterogeneity and hydraulic connectivity between the river channel
and both floodplains and hyporheic zone [50]. Furthermore, braided and wandering gravel-
bed rivers are also generally characterised by the presence of dynamic vegetated patches
within the river corridor [55]. Ref. [51] found a tendency of an increase in the proportion
of fluvial islands relative to the active channel area in Chilean rivers between 33° and
39° S. Here, we found a clear latitudinal pattern of a decreasing proportion of braided
rivers within basins between 32° and 41° S. Indeed, the northern river basins (Maipo,
Rapel, Mataquito and Maule) are characterised by >40% of their area being located in the
Andes and higher maximum elevations that drive sediment production and transport. In
contrast, the more southern rivers (Itata, Biobio, Imperial, Toltén, Valdivia and Bueno)
are characterised by a higher ratio of their surface being located within the Central Valley.
Furthermore, the Toltén, Valdivia and Bueno rivers accommodate large headwater lakes
that serve as sediment traps.

4.5. Contributions to River Classification and Its Relation with Fish Fauna Distribution

Research of river geomorphology has not received much attention in Chile until re-
cently, when some projects focusing on fluvial form, processes and dynamics as a tool to
develop sustainable river management strategies have started [56]. Previous classifica-
tions of rivers in Chile were based on hydrological regime [15], eco-hydrology [21], fractal
dimensions [16,17] or ecoregions [19,57]. Eco-hydrological classification was carried out
following the River Continuum Concept, using four large-scale controlling factors (climate,
flow, geology and catchment relative position), land-use as mesoscale factor and slope as a
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variable at the reach scale [21,58]. Subsequently, River Environmental Classification was
obtained based on the hierarchical superposition of these six factors [21]. Fractal properties
of 23 Chilean fluvial networks were studied using eight morphometric properties by [16].
While this classification helps to comprehend the drainage patterns, it is difficult to relate
it to the riverine ecosystem function. Ref. [19] proposed the construction of a typology
system based on the European Water Framework Directive that includes expert opinions
and classifies ecoregions and water bodies using categorical ranges of variables at the basin
and reach scale. More recently, ref. [51] proposed a geomorphic hierarchical approach at the
basin and reach scales that identifies clusters with homogeneous geomorphic characteristics
for 19 rivers (sub-basins of larger Andean basins). Despite each of the previous classifica-
tions advancing the knowledge of river systems in Chile, to understand the functioning
of riverine ecosystems, a hierarchical top-down approach with variables derived at all
hierarchical geomorphic scales (basin, valley and channel) should be applied [2]. Only
such an approach allows one to assess processes that are commensurate with the scale
essential for the comprehension of riverine ecosystems and the entire river network [2]. As
such, our work is the first to date geomorphic classifications based on the measurements of
16 variables at the basin, valley and channel scales.

The only previous study that identified FPZs in Chilean rivers was performed by [6]
and focused on two river basins that are also included in the present study (Biobio and
Imperial River basins). Ref. [6] analysed only the principal river network and at reach
sections of 5 km, obtaining seven FPZs. From these, Andean and Sub-Andean FPZs
coincided with AHA, Central Valley cobble dominated, Central Valley gravel dominated
with SSC and SMC, and Lowland with BGDS. SMR was not identified by these authors
since they did not include the river network in the Coastal Cordillera. Refs. [6,10] found
that each of these FPZs hosted unique fish and macroinvertebrate communities in the
Biobio River basin. Our river basin classification based on the arrangement of FPZs in each
basin also reveals important coincidences with the distribution of the Chilean native fish
fauna [59]. As such, the cluster conformed by the Maipo, Rapel and Mataquito river basins
overlap with the Central area of fish endemism; the cluster of the Maule, Itata and Biobio
river basins coincides with the South-Central area of endemism; the cluster of the Imperial,
Valdivia and Bueno concurs with the Southern endemism area; and finally, the Puelo River
clustered at low similarity with other southern rivers representing the Patagonian Province.
Only the Toltén basin appears incongruent with the native fish species distribution since it
was placed together with the northern rivers due to a large proportion of its basin being in
the Andes Cordillera. Indeed, the Toltén River basin was not classified by [59] in any of the
endemism areas due to a lack of data when the classification was proposed.

4.6. FPZs, Anthropic Alterations and River Basin Management

There is growing evidence of significant changes and a loss of geodiversity (i.e., vari-
ety of geological, geomorphic and soil features) in multiple river basins worldwide [46].
Indeed, as shown for European rivers, principal changes that have occurred during the
late twentieth century are river channel narrowing and incision, simplification of channel
patterns, reduction in lateral activity and bed sediment storage and fluxes [60]. Apart from
these changes in river channels, at the valley scale, a significant reduction in floodplain
areas has been reported [61]. Furthermore, there is growing evidence of a direct relation
of these geomorphic changes with freshwater biodiversity loss [60]. In comparison with
European rivers, Chilean river basins have been exposed to anthropogenic alterations to
a lesser extent and for a shorter period of time and, therefore, it is still possible to un-
derstand more natural river morphodynamics at a basin scale. However, in some river
basins, changes on a river reach scale are already evidenced [62-64]. As such, changes in
planform and significant channel incision but without changes in vegetation cover have
been reported as an effect of instream gravel mining in a 22 km long river reach in the
Maipo River [64]. In contrast, ref. [62] have reported a significant increase in vegetation
cover (mainly due to the colonisation of the river channel by invasive species such as the
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silver wattle Acacia dealbata) in the Maule River in a 36 km long river reach downstream of a
hydroelectric dam operating since 1985. This increase is attributed to the combined effects
of hydropower operation and ten years of drought and have caused a significant loss of
geomorphic dynamics and channel stabilisation [62]. In addition, the Rapel hydropower
dam was reported to cause significant changes in the channel planform and geomorphic
dynamics of the Rapel River [63]. Specifically, the 19 km long river reach below the dam
operating since 1968 changed from a braided to a single channel river [63]. This change
is reflected in our results, as the river reach of the Rapel River just below the Rapel hy-
dropower dam emerged as ASDS, which was unexpected in the lower part of the basin
and only appeared in this basin and in this particular zone. As such, the appearance of
this FPZ in this zone may be attributed to dam effects. Such a change was not observed
in the Maule and Biobio basins that also accommodate hydropower dams, most probably
due to the much shorter operation time of these dams (the Maule hydropower dam was
constructed in 1985, whereas the Biobio hydropower dams were constructed in 1994, 2004
and 2014; [35]). This corroborates that changes in river dynamics reflected in geomorphic
changes at the FPZ scale occur at a large timescale (decades).

To conserve the resilience of riverine ecosystems and assure the ecosystem services
they provide for the society, exact knowledge of the physical structure of different river
sections that govern their ecological structure and function is essential [2]. Statistically
rigorous classification of river networks in Chilean river basins based on geomorphic
features at basin, valley and channel scales presented here provided an efficient framework
for river classification and allowed the identification and characterisation of distinct FPZs
and their spatial arrangement. Knowledge of FPZs may allow effective selection of sites for
riverine ecosystem monitoring, identification of reference condition sites to assess the effects
of anthropogenic activities on riverine ecosystems and guide river rehabilitation actions.
Our FPZ classification captured the geomorphic diversity that coincided with the latitudinal
and altitudinal gradients of Chilean Andean river basins and was strongly related to the
hydrological characteristics of these river basins and large scale spatial distribution of fish
fauna endemism. As such, river geomorphology assessed by FPZ classification that is
strongly tied up with hydrology and ecology hierarchies provides robust operational units
that can be instrumental for river ecosystem monitoring and management at a basin scale.
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