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Abstract
Characterisation of hydromorphological attributes is crucial for effective river management. In the Philippines, such applications are usually solely based on
water quantity and quality. This paper uses the River Styles Framework as an alternative template for identifying the diversity of river morphodynamics as a
valuable input to river management. Eight distinct River Styles (river types) were identi�ed in the Bislak catchment (586 km2), north-west Luzon, indicating
considerable geomorphic diversity within a relatively small catchment area. Three River Styles in Con�ned valley settings occupy 57% of the catchment area,
another three in Partly-con�ned valley settings occupy 37%, and two in the remaining 6% are found in Laterally-uncon�ned valley settings. Five characteristic
downstream patterns of River Styles were identi�ed within the tributaries. We �nd that variation in channel slope for a given catchment area (i.e. total stream
power) is insu�cient to differentiate the type of river in a given reach. Hence, topographic analyses should be complemented with broader-framed, catchment-
speci�c approaches to predict river character and behaviour. Geomorphologically-informed analyses can support management applications in the Philippines,
explicitly incorporating understanding of river diversity and dynamics. 

1. Introduction
Recognition of morphological diversity and understanding of river processes (dynamics) are essential for effective river management (Brierley and Fryirs,
2005, Gurnell et al., 2015, Rinaldi et al., 2016, Hohensinner et al., 2018). Differences between rivers are often contextualised at the reach scale (10− 1-101 km;
Belletti et al., 2017) where geomorphic structure and function are approximately uniform, determined by a set of boundary conditions within which the river
operates (Frissell et al., 1986; Brierley and Fryirs, 2005; Wyrick and Pasternack, 2014). Imposed boundary conditions (e.g. geology, tectonics, and climate)
in�uence the valley setting and topography of the landscape, while �ux boundary conditions such as the interaction of water discharge and sediment
transport induce reach-scale variability in morphodynamics (Brierley and Fryirs, 2005). Alterations to �ux boundary conditions, including human-induced
pressures and disruption to water and sediment �ows, may irreversibly damage �uvial systems (Rhoads, 2020). Integrating principles from hydrology,
geomorphology, and ecology strengthens the potential of river management applications (Brierley and Fryirs, 2008; Brierley et al., 2019), this requires detailed
information of river morphological diversity across multiple spatiotemporal scales (Gurnell et al., 2016).

A range of classi�cation schemes have been developed to assess river morphological diversity. Generally, these schemes seek to categorise reaches by
grouping similar process and form characteristics. Classi�cation schemes vary in their approach, the environment for which they were developed, and the
spatiotemporal scales over which they are applied (Kondolf et al., 2003; Bu�ngton and Montgomery, 2013). However, Kasprak et al. (2016) demonstrate that
the underlying principles and premises of such geomorphological analyses are inherently consistent, with differing approaches generating similar outputs (i.e.
maps). Classi�cation based on hydrology and river geomorphology (hydromorphology) often provides a �rst step in the analysis of river systems (Fuller et al.,
2013), and is a fundamental starting-point when integrating interdisciplinary components of analysis (e.g. Sear et al. 1995; Gilvear 1999; Kondolf et al. 2003;
Downs and Gregory 2004; Brierley and Fryirs 2005, 2008; Meitzen et al. 2013; Tadaki et al. 2014; Rinaldi et al., 2016, Dallaire et al., 2019). Many river
classi�cation schemes were designed to improve scienti�c understanding, rather than with an explicit focus on river management (Rinaldi et al., 2016).

Spatially-hierarchical frameworks that support river management strategies, include those to maintain ecosystem functions (Dollar et al., 2007; Beechie et al.,
2010), mitigate the effects of �ood hazards (Rinaldi et al., 2013; 2015) and restore degraded rivers (Beechie et al., 2010). These frameworks use a nested
spatial hierarchy to organise and structure complex river systems, wherein large-scale features (i.e. a river) are subdivided into sequentially smaller features
(e.g. segment to river reach to geomorphic unit/s to microhabitat subsystems; Frissell et al., 1986). The River Styles Framework developed by Brierley and
Fryirs (2005), incorporates spatially-hierarchical geomorphic analyses within a catchment-based approach to river management. Knowledge of the catchment
(including what is happening both upstream and downstream of a site) is essential to contextualise local adjustment (Brierley and Fryirs, 2009), especially as
disturbances may occur anytime and anywhere in a catchment (Gurnell et al., 2016). The River Styles Framework provides a set of consistent and generic
procedures and guidelines for river assessment that can be locally or regionally adjusted to different situations. The framework has four stages. Stage One
involves identifying and characterising River Styles. Stage Two uses geomorphic principles to assess evolution, and river condition, with recovery potential
assessed in Stage Three. Target conditions and priorities are set in Stage Four to realise effective river management (Brierley and Fryirs, 2005).

Rivers in the Philippines are particularly dynamic, with �uctuating sediment supply driven by monsoon and typhoon related landslides, earthquakes, and
volcanoes (Gran et al., 2011; Catane et al., 2012; Gob et al., 2016; Dingle et al., 2019). Additional pressures from anthropogenic activities include: �ow
alteration for �shing (Fig. 1e); dam construction, arti�cial alignment and con�nement (Fig. 1a, h, i); gravel extraction (Fig. 1f); and �oodplain use for agriculture
(Fig. 1d) and recreational purposes (Fig. 1b, c). A major aspect of river management is in the containment of water and sediment by engineered structures
(Fig. 1h). Water bodies (including rivers) in the country are classi�ed based on water quality standards set by the Department of Environment and Natural
Resources coupled with its intended use (DENR Administrative Order 2016-08). River basin management plans exist but only for the 18 major catchments
(drainage area > 3000 km2). Morphological attributes of rivers are infrequently addressed in these plans. Analyses of physiography, climate, geology, and land
use lack �uvial geomorphological detail (i.e. stream network characteristics, geomorphic units, bed material, sediment, and �ow regime). Consequently, gaps
in hydromorphological understanding have resulted in local, reactive, and often incoherent management interventions such as misplaced dikes and river
training measures that are expensive to build and maintain. Such structural interventions (e.g. Figure 1h) that impose a particular width and/or alignment on a
channel not only modify water �ow and sediment �uxes, they also restrict the capacity for adjustment, effectively ‘�ghting’ against the prevailing river
behaviour (Brierley and Fryirs, 2009). In light of the increasing magnitude and variability of river �ows (Tolentino et al., 2016) and growing pressures on water
supply from climate change and �oodplain land use from agricultural and urban development (Eccles et al., 2019), such management responses increase
problems for the future. Hence, geomorphologically-informed approaches to river management in the Philippines are critical.

2. Study Area
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The Bislak Catchment, Ilocos Region, Luzon Island, Philippines (Fig. 2a) is 586 km2 in area, with elevation from sea level to 1857 m (Fig. 2b) and slopes up to
71° (Fig. 2c). Most headwaters are bounded by the Luzon Central Cordillera (LCC) Mountain Range and the river network �ows west towards the South China
Sea. The Bislak River is a valuable resource for the local community; as a water source for domestic and agricultural purposes, a habitat for freshwater
species, an economic resource for aggregate (i.e. sand and gravel) extraction, a food source, and a recreational and cultural amenity through the annual River
Ritual. Almost half the population of the municipalities of Bacarra (15,937) and Vintar (15,753) reside on the Bislak River �oodplains (Philippines Statistics
Authority, 2015), in locations highly susceptible to �ooding (Paringit and Pascua, 2017). In attempts to mitigate the �ood and erosion hazards, hard
engineering structures have been installed along the riverbanks in the downstream reach, and the riverbed is frequently dredged to reduce the effects of
aggradation and increase channel conveyance.

2.1 Landscape units
Three morphostructural regions (landscape units) are identi�ed in the Bislak Catchment: Steep Uplands, Rugged Hills and Lowland Plains (Fig. 2d). Steep
Uplands which comprise headwater areas account for 59% of the catchment area (mean elevation 705 m). Rugged Hills, 36% of the catchment (mean
elevation 170 m), are characterised by partly-con�ned valleys ranging from 25 to 1300 m in width. Only 5% of the catchment area is classi�ed as Lowland
Plains (mean elevation 20 m), where the river occupies an alluvial plain with continuous �oodplain. Open forests and grasslands dominate the Steep Upland
and Rugged Hills landscape units, while wooded grasslands are more abundant on moderate to lower slopes (Fig. 2e). Settlements and agriculture are
concentrated on the Lowland Plains.

2.2 Climate
The Bislak Catchment has a Type I climate classi�ed as having two distinct seasons, dry from November to April and wet from May to October (Coronas,
1920). Annual rainfall totals are high (Fig. 2b), and in�uenced by the Southwest Monsoon that advances from May to October, and the Northeast Monsoon
from October to March. Mean annual rainfall (1969–2018) at the Laoag Synoptic Station (10.5 km southwest of Vintar) is 2019 mm, with the maximum
monthly mean being 546 mm in August. An increasing average monthly rainfall was observed in the region from 1969 to 2018 (PAGASA). The International
Best Track Archive for Climate Stewardship (IBTracs) shows that 83 tropical cyclones crossed within a 100 km radius of the Bislak Catchment from 1980–
2019 (NOAA NCDC), most of these being from May to November. Recently, the Ilocos Region was placed under a state of calamity due to tropical cyclone
impacts caused by Typhoon Ompong (Mangkhut; 2018) and Typhoon Ineng (Bailu; 2019).

2.3 Geology
Catchment geology is heterogenous, with thick sequences of sedimentary rock units and local exposures of intrusive and volcanic igneous rocks (Fig. 2f). The
Steep Uplands are underlain by conglomerates, breccias, sandstones, and intrusive rocks of the Bangui and Bojeador Formations. Further downstream, less
resistant sedimentary rocks belonging to the Pasuquin Limestone and Laoag Formation are exposed in the Rugged Hills. Recent alluvial deposits dominate
the Lowland Plains. Northeast-trending lineaments along ridges in the upland areas re�ect tectonic structures, mainly the Vigan-Aggao Fault (Philippine
Institute of Volcanology and Seismology, 2008).

3. Methods

3.1 Topographic Analysis
Topographic analysis used a nationwide digital elevation model (DEM) acquired in 2013 and generated through airborne IfSAR technology, with 5 m spatial
resolution (1 m root-mean-square error vertical accuracy; Gra�l and Castro, 2014). TopoToolbox V2 was used to extract the stream network and calculate
catchment areas using standard �ow-routing algorithms (Schwanghart and Scherler, 2014). An upstream area threshold value (1 km2) delineated the
transition from debris �ow-dominated channels to alluvial channels (Montgomery and Foufoula-Georgiou, 1993); only alluvial channels (> 1 km2) were
considered for analysis. Non-parametric quantile regression was applied to remove data artefacts and errors in longitudinal pro�les (i.e. hydrological
correction). Quantile carving along the central tendency of the stream network elevation data (τ = 0.5) ensured downstream decreasing elevations
(Schwanghart and Scherler, 2017). Because channel slope was variable over short distances, slope values were averaged over 0.2 km segment lengths (n = 
1129). The mean elevation [m], mean slope [m/m], and median catchment area [km2] were extracted for each segment length and exported to a stream
network shape�le. The position of the stream network was validated against recent Google Earth imagery. Thematic maps for land cover, geology and faults
were provided by the National Mapping and Resource Information Authority (NAMRIA), Mines and Geosciences Bureau (MGB), and Philippine Institute of
Volcanology and Seismology (PHIVOLCS).

3.2 River Style identi�cation
The procedural tree that underpins Stage One of the River Styles framework was used to identify different river types across the Bislak Catchment (Brierley and
Fryirs, 2005; Fryirs and Brierley, 2018). The naming convention followed Fryirs and Brierley (2018). Segments of the river with similar con�nement (position of
the channel on the valley bottom), channel planform (continuity, number of channels, sinuosity), geomorphic unit assemblage, and bed material texture were
classi�ed into discrete reaches termed River Styles (Brierley and Fryirs, 2005; Khan and Fryirs, 2020). Each River Style represented a spatial unit with distinctive
hydromorphological attributes. River Styles were identi�ed from satellite and aerial image interpretation in Google Earth, viewed at the reach (~ 1:75,000 to
1:10,000) and unit scales (~ 1:5,000 to 1:500). Geomorphic attributes were ground-truthed and veri�ed during �eld visits to accessible sites. The spatial
distribution of River Styles was mapped and the longitudinal pro�les for the major tributaries interpreted alongside the boundaries of landscape units, valley
settings, geology, contemporary process zones, and sediment transport regimes. The approach enabled the identi�cation of controls on the position and type
of river across the catchment (Rhoads, 2020).
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3.3 Stream power
Stream power is widely used as an indicator of the capacity of rivers to erode and transport sediment (Jain et al., 2006; Bizzi and Lerner, 2015). Total stream
power is calculated as: Ω = γQS, where Ω [kg.m.s− 3] is total stream power, Q [m3.s− 1] is discharge and S is reach slope. γ is the unit weight of water [kg.m− 2.s− 

2] which is density (1 [kg/m3]) x gravity (9.807 [m/s2]). Q is a discharge that controls channel form, for which the bankfull discharge is often used (Petit et al.,
2005). In landscape-scale studies, the relationship between catchment area, A, and Q often uses a catchment area-discharge relationship derived for the
region. Using data from 14 gauges in NW Luzon (Irrigation Division: Philippines, 1924) collected in the early 20th Century, the 2-year discharge Q2 was

estimated using the R package fasstr (https://github.com/bcgov/fasstr), and related to catchment area as Q2 = 0.44A1.03 (n = 14; R2 = 0.93 ; se = 0.25). The
exponent is close to 1 (95% con�dence interval 0.85–1.20), justifying substitution of A for Q2 in the stream power equation Ω = γAS. For constant total stream

power, catchment area and slope are thus inversely related, A α S− 1.

4. Results

4.1. River diversity
Eight River Styles are identi�ed along 246 km of stream length (Table 1 and Fig. 3). River Styles in a Con�ned valley setting, where > 85% of either channel
margin abuts the valley bottom margin, account for 57.1% of the stream length. The con�ned reaches located in upstream tributaries of the Steep Upland
landscape unit, have a single-threaded, low sinuosity channel planform and bedrock or coarse bed material texture (boulder to cobble sized) with sculpted
high-energy erosional geomorphic units. In con�ned reaches, there is limited capacity for the river to adjust laterally or vertically, except locally where isolated
pockets of �oodplain are present. River Styles in a Partly-con�ned valley setting, where 10–85% of either channel margin abuts the valley bottom margin,
account for 36.5% of the stream length. These partly-con�ned reaches are mainly located on moderate slopes of tributaries in the Rugged Hills landscape unit,
have one to two channels and a mixed bed material texture (boulder to sand-sized). Mid-channel and bank-attached depositional units occur more frequently
in these reaches than in con�ned reaches upstream. The capacity for adjustment is moderate, particularly where discontinuous �oodplain pockets are present,
meaning that �oodplain stripping and reworking can occur (enabling both lateral and vertical adjustment; Nanson, 1986). River Styles in the Laterally-
uncon�ned valley setting account for only 6.3% of the stream length. These occur within the Lowland Plains landscape unit. The channel planform is
predominantly multi-threaded with a mixed bed material texture (gravel to clay-sized). Geomorphic units in these reaches are products of short and long-term
sediment accumulation such as compound islands and bars. Here, the capacity for lateral adjustment is greatest for these rivers, where the �oodplain is
continuous on both banks of the channel (Fig. 3). Several anthropogenic modi�cations (Fig. 1) designed to restrict lateral channel adjustment are present in
the laterally uncon�ned river types.
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Table 1
Distinguishing attributes of River Styles in the Bislak Catchment.

Valley
setting

River Style %
Stream

Length

Channel
planform

Geomorphic
units

Bed
material
texture

Capacity for adjustment Catchment
area (km2)

Elevation

(m)

Slope
(m/m)

Va
wid
(m

Con�ned
(> 85% of
either
channel
margin
abuts

valley
bottom
margin)

Total
stream
length:

57.2%

Con�ned,
Steep
Headwater,

Bedrock bed

27.8 Single
thread,
low
sinuosity

Instream
units:

Waterfalls,
cascades,
rapids,
bedrock pools,
ri�es, bedrock
outcrops

No �oodplain

Bedrock,
boulder,
cobble

Laterally stable, vertically
stable

< 45 185–
1455

0.01–
1.04

10

Con�ned,

Gorge,

Boulder bed

23.6 Single
thread,
low
sinuosity

Instream units
Cascades,
bedrock steps,
ri�es, pools

No �oodplain

Bedrock,
boulder,
cobble

Laterally stable; limited
potential for vertical
adjustment

2–115 140–780 0.008–
0.24

15

Con�ned,
Occasional
Floodplain
Pockets,

Boulder bed

5.8 Single
thread,
low
sinuosity

Instream
units:

Rapids, pools,
runs, boulder
bars, benches,
ledges

Floodplain
units:

Terrace

Bedrock,
boulder,
cobble

Limited potential for
lateral adjustment
(�oodplain pockets);
limited potential for
vertical adjustment

3–215 115–370 0.005–
0.09

40
12

Partly-
con�ned
(10–85%
of either
channel
margin

abuts
valley
bottom
margin)

Total
stream
length:

36.5%

Partly-
con�ned,
Bedrock
Margin-
controlled
Discontinuous
Floodplain,

Cobble bed

15.7 Single
thread,
valley
aligned

Instream
units:

Pools, ri�es,
runs,
compound
bank-attached
bars, mid-
channel bars,
benches,
ledges

Floodplain
units:

Terrace, chute
channel

Bedrock,
boulder,
cobble,
gravel,
sand

Limited potential for
lateral adjustment
(�oodplain); limited
potential for vertical
adjustment

10–255 75–210 0.002–
0.03

11
42

Partly-
con�ned,
Planform-
controlled,

Low Sinuosity
Discontinuous
Floodplain,

Gravel bed

1.7 Single
thread,
low
sinuosity

Instream:

Pools, ri�es,
runs,
compound
bank-attached
bars, mid-
channel bars,
benches,
ledges

Floodplain
units:

Terrace

Boulder,
cobble,
gravel,
sand

Moderate potential for
lateral adjustment
(�oodplain); moderate
potential for vertical
adjustment (�oodplain
stripping and reworking)

2–10 130–200 0.009–
0.03

30
14

Partly-
con�ned,
Planform-
controlled
Wandering,
Discontinuous
Floodplain,

Cobble bed

19.1 Single
thread,
low
sinuosity

Instream
units:

Pools, ri�es,
runs, benches,
ledges

Floodplain
units:

�oodplain,
terrace,
�oodchannels,
chute
channels

Boulder,
cobble,
gravel,
sand

Moderate potential for
lateral adjustment
(�oodplain); moderate
potential for vertical
adjustment (�oodplain
stripping and reworking)

20–550 25–100 0.002 80
20
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Valley
setting

River Style %
Stream

Length

Channel
planform

Geomorphic
units

Bed
material
texture

Capacity for adjustment Catchment
area (km2)

Elevation

(m)

Slope
(m/m)

Va
wid
(m

Laterally-
uncon�ned
(< 10% of
either
channel
margin

abuts
valley
bottom
margin)

Total
stream

length:

6.3%

Laterally-
uncon�ned,
Continuous
Channel,
Braided,

Gravel bed

5.1 Multiple
threads,
low
sinuosity

Instream
units:

Pools, ri�es,
runs,
compound
bank-attached
bars,
compound
islands,
benches,
ledges

Floodplain
units:

Paleochannel,
chute
channels,
�oodchannels

Cobble,
gravel,
sand

Large potential for lateral
adjustment (�oodplain;
but more limited where
anthropogenically
con�ned); moderate
potential for vertical
adjustment
(aggradation/degradation)

550–585 2–25 < 
0.001–
0.002

12
32

Laterally-
uncon�ned,
Continuous
Channel,
Deltaic,

Sand bed

1.2 Multiple
threads,
variable
sinuosity

Instream
units:

Compound
bank-attached
bars,
compound
islands

Floodplain
units:

Paleochannel,
anabranches,
�oodchannels
and
�oodrunners,
backswamp,
chute channel,
levee

Gravel,
sand,
silt, clay

Moderate potential for
lateral adjustment
(�oodplain more cohesive,
but opportunities for
avulsion); limited potential
for vertical adjustment

> 585 0.2–2 < 0.001 > 2

 

4.2 Downstream patterns in River Styles
The distribution of downstream patterns (Fig. 4a) and processes along the river are presented by plotting the stream power against longitudinal pro�le-
catchment area and annotating boundary conditions along the Bislak River (Fig. 5b). The sources of all tributaries in the Bislak Catchment are in the Steep
Upland landscape unit, downstream of which they �ow through con�ned valleys (Fig. 4a and 4c) and wider partly-con�ned valleys before joining the trunk
stream (Bislak River). Five downstream patterns or sequences of River Styles occur in the catchment (Fig. 4b). Pattern 1 is the dominant downstream pattern,
exhibited by 11 out of 17 major tributaries (Fig. 4c and 5a) and is found where tributaries pass through areas with similar catchment controls (i.e. steep slopes
with similar geology). In Pattern 1, the downstream sequence of River Styles is: Steep Headwater, Gorge, and Occasional Floodplain Pockets found in the
Con�ned valley setting; Bedrock Margin-controlled; Planform-controlled, Wandering, Discontinuous Floodplain found in Partly-con�ned valley setting;
Continuous Channel, Braided; and �nally, Continuous Channel, Deltaic found in the Laterally-uncon�ned valley setting. Two subsets arise from this pattern:
Pattern 2 that passes through less resistant bedrock geology and does not contain Occasional Floodplain Pockets; and Pattern 3, a relatively short tributary
that does not contain Gorges. Patterns 4 and 5 are only found in tributaries that initiate in the Steep Upland landscape unit but abruptly enter the Rugged Hills
landscape unit as Partly-con�ned, Planform-controlled, Low Sinuosity, Discontinuous Floodplain. Pattern 4 exits to Bedrock Margin-controlled while Pattern 5
is set back in a Con�ned valley setting with Occasional Floodplain Pockets. 

4.3 Differentiating river diversity with stream power
There is a general inverse relationship between slope and catchment area (Fig. 5a). Different River Styles occupy different regions of the plot, with con�ned
River Styles occurring on steeper slopes than partly-con�ned River Styles. However, at any given catchment area, more than one River Style is encountered in
both con�ned and partly-con�ned valley settings occurring at all catchment areas between 5 and 120 km2 (Fig. 6a). This overlap between River Styles
becomes more apparent when all data are plotted (Fig. 6b). The regression lines on Fig. 6b have gradients signi�cantly less than the contours of constant
stream power lines, and the gradient of all the data regression is -0.70 [± 0.03]. The signi�cance of stream power is further emphasized when considering the
slope-area data for individual river patterns (Fig. 6c; see Fig. 4 for pattern de�nitions). The relationship between slope and catchment area indicates the
general topographic controls on river morphological diversity in the Bislak Catchment.

5. Discussion

5.1 River diversity and downstream patterns
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Stage One of the River Styles Framework revealed the diversity of �uvial morphology in the Bislak Catchment. The identi�ed River Styles operate under a
combination of imposed boundary conditions (including landscape units, lithology, and valley-setting) which in�uences process zone distributions,
interplaying with �ux boundary conditions that affect stream power (as a function of slope and contributing catchment area).

In the Bislak Catchment, con�ned River Styles are characterised by small drainage areas, and steepest slopes (Fig. 6a). Initiating with a Steep Headwater River
Style (Fig. 5), a change in lithology from metavolcanics to sedimentary bedrock results in transition to a Gorge River Style. With increasing catchment area and
the channel slope remaining high (in the range 0.008–0.24 m/m; Table 1), the stream power gradually increases to a peak of 8340 W/m through the con�ned
valley setting. Even though the stream power remains high (maximum 4305 W/m; Table 1), the storage potential is limited in Occasional Floodplain Pockets
given the limited accommodation space in the valley bottom (Figs. 1b and 6c). Upon entering the Rugged Hills landscape unit, the valley con�nement
transitions to partly-con�ned and the channel slope is reduced (in the range 0.002–0.03 m/m; Table 1). With discontinuous �oodplain, there is a switch to
Bedrock Margin-controlled and Planform-controlled, Wandering, Discontinuous Floodplain River Styles. Stream power falls to a maximum of 2640 W/m and
remains approximately consistent (as increases in discharge from tributary inputs are offset by downstream reductions in slope). At the downstream end of
the Lowland Plain landscape unit, the stream power is reduced to < 2270 W/m because of the decrease in channel slope (in the range < 0.001–0.002 m/m;
Table 1). These downstream patterns are also observed in other tropical catchments (Kuo and Brierley, 2013; Marcal et al., 2017; Nardini et al., 2020). Such
catchment-based �uvial geomorphic understanding is essential for explaining local hydromorphological patterns and processes.

The relationship between slope and catchment area shows the potential to determine the downstream pattern of River Styles in the Bislak Catchment (Fig. 6).
Stream power analysis indicates the general topographic controls on the distribution of River Styles within the catchment. However, the overlap (variation in
slope) between River Styles for a given catchment area (e.g. between con�ned and partly-con�ned River Styles, Fig. 6) suggests that stream power alone is
insu�cient to differentiate and predict river character. To fully appraise the morphological diversity, a hierarchical approach such as the River Styles
Framework can complement topographic analyses to understand river character and behaviour. In the Bislak Catchment, patterns of River Styles re�ect
geologic controls upon valley setting alongside determinants of �ow energy expressed as stream power, including analysis of discharge sediment supply, and
vegetation controls (Bu�ngton, 2012).

5.2 Translation of River Styles principles to guide river management
The diversity of River Styles has revealed differences in river character and behaviour in the Bislak Catchment. Bespoke management strategies will be
required to work with the local river character, behaviour, and capacity for adjustment. It is contended that the principles introduced in this paper are required to
support sustainable river management across the Philippines. Table 2 outlines several key principles of the River Styles Framework (column 1) that are
translated to a simpli�ed understanding (column 2) and can support sustainable river management practices (column 3). Indeed, we argue that effective river
management cannot be reliably conducted independent from geomorphic insights into catchment-scale patterns of river character and behaviour.
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Table 2
River Styles principles that support the understanding of �uvial geomorphology and guide sustainable river management in the Bislak Catchment and more

widely in the Philippines.
River Styles
principles

Translated to a simpli�ed understanding of: Implemented to guide river management through:

Capacity for
adjustment

● Whether the river can adjust laterally, vertically, or both.

● Where the river is likely to adjust i.e. the spatial distribution of
bank erosion.

● Where the river is con�ned and less able (or unable) to adjust.

● Where sediments will be deposited (aggrade) or eroded (degrade)
in the channel.

● Whether the channel can shift (migrate, avulse) and where this
might occur.

● Land-use planning (e.g. where not to build infrastructure or
developments).

● Identi�cation of hazardous buffer zones (�ood- and erosion-
risk).

● Providing ‘erodible corridors’, ‘space to move’, and/or ‘channel
migration zones’ guided by a working with nature principle.

● Strategic placement of necessary river control structures.

River
diversity

● Recognizing the diverse types of river, with various rates of
adjustment, and behaviour.

● Distinct characteristics and hydromorphological attributes.

● Whether the reach is sensitive or resilient.

● Which reaches (parts of the river) should be prioritized for
catchment action planning (e.g. for conservation value), or to
maintain sediment sources to prevent downstream degradation.

● Different types of reach require different types of interventions.

Identifying
geomorphic
units

● The presence of diverse geomorphic units signi�es the types of
river styles.

● Indicates how the river behaves.

● Differentiates erosional or depositional features.

● Understanding where different habitats are located (e.g.
�shing) and recreational areas.

● Areas for sustainable gravel extraction .

Pattern of
rivers

● Whether the pattern is unique or similar to other patterns in the
catchment.

● Whether the boundaries between River Styles are gradual or
distinct (abrupt).

● How sensitive different reaches are to pattern transitions due to
changes in water or sediment supply, from upstream
management decisions and climate change impacts (i.e.
connectivity and offsite impacts).

Position in
catchment
and controls

● Whether the reach is a source zone, transfer zone or
accumulation zone.

● Whether the reach is situated in a low, moderate, or high energy
environment.

● Possible geologic and tectonic in�uences.

● Policies for extractive activities.

● Identi�cation of geomorphic hazards (e.g. landslides, debris
�ows).

● Floodplain zonation.

Tributary-
trunk
relationships
(connectivity)

● Relative �uxes of water and sediment discharge from different
parts of the catchment.

● Downstream changes in grain size and thus roughness and
water depth during high �ows.

● Land-use planning in vicinity of con�uences.

Know your
catchment

● Regional settings and location in�uences the differences
between catchments.

● Locally-appropriated management options, including socio-
economic considerations and indigenous practices.

Nested
hierarchical
approach

● Range of analyses and approaches that can be undertaken in
different scales. Top-down approach on controls on character and
behaviour while bottom-up approach on interpretation of the
character and behaviour.

● Coordination of management approaches from different local
and national government agencies.

The Bislak River serves a range of functions for the community (Fig. 1, b - f). Neglecting the principles of �uvial geomorphology can lead to reactive
management, exempli�ed by expensive and unsustainable attempts to control the river in addressing hydrometeorological risks (Fig. 1g). In the Bislak
Catchment, river management has involved construction of multiple structures including �ood defences, embankments, gabion walls, and �ow de�ectors
(Fig. 1, a,h,i). The structures are frequently damaged and require regular repair following high-magnitude �ows. The effects of the structures on the
geomorphology of the river are often left unaccounted for, but may negatively affect �ow patterns and sediment �ux (Brierley et al., 2011). Disregarding the
principles of �uvial geomorphology often leads to mismanagement of a river, posing threats to the ecosystem the river is supporting (Brierley, 2008).

By translating the principles of Stage One of the River Styles Framework to the management of the Bislak Catchment (and Philippine rivers more widely), it
would be possible to identify whether a particular reach is sensitive or resilient to natural and anthropogenic in�uences and to assess the offsite effects of
interventions. Although physical processes and principles which control river form are universal, catchment properties and anthropogenic history mean that
the outcomes of these principles will not always be the same and such differences are critical for effective management (Brierley et al., 2013). These
principles provide an entry point for hydromorphological information to be incorporated into river basin management and catchment action plans. Subsequent
stages of the River Styles Framework, focusing on river evolution and the assessment of geomorphic condition as a basis to predict future trajectories and
trends, are essential in understanding river recovery towards better river management/practice through crafting responsive policies for various river projects
including but not limited to: sustainable river gravel quarrying plans; upstream intervention for �ood mitigation; and river use management.

6. Conclusions
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Sustainable river management cannot be conducted independent of geomorphic insight into both the character and behaviour of rivers. Eight distinct River
Styles are identi�ed in the Bislak Catchment with Con�ned (57%) and Partly-con�ned (37%) River Styles dominating the stream network by length. Examining
the downstream sequences of River Styles, a similar downstream pattern was exhibited by 11 out of 17 major tributaries, where tributaries pass through
similar catchment controls (i.e. steep slopes with homogenous geology). Variation in channel slope for a given catchment area (i.e. total stream power) is
insu�cient to differentiate the type of river in a given reach. The guiding principles of the River Styles Framework regarding reading the landscape, working
with nature, and knowing your catchment by respecting the diversity and the different patterns of rivers at the catchment scale (Brierley and Fryirs, 2005) are
starting points for developing catchment-scale visions and moving towards geomorphologically-informed, sustainable river management.
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Figures

Figure 1

(a) Anthropogenic impacts on the geomorphology of the Bislak Catchment, including �ood and erosion structures. Anthropogenic structures include: (b)
summer huts built on sediment bars; (c) old Vintar Dam turned into a recreational area; (d) �oodplains utilised for agriculture; (e) instream �sh traps on a ri�e;
(f) mounds of quarried sediments; (g) �ow infrastructure interactions during Typhoon Ineng in 2019; (h) concrete dikes downstream of Tamdagan Bridge; and
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(i) gabion failure upstream of Tamdagan Bridge.In this study, Stage One of the River Styles Framework is applied to appraise topographic controls upon river
morphological diversity in the Bislak Catchment, Philippines. Through topographic analysis of a recent digital elevation model (DEM), interpretation of satellite
and aerial imagery, and ground-truthing, we identify distinct River Styles within the catchment. Then, using stream power as a measure of the capacity of
rivers to erode and transport sediment, we evaluate whether a simple stream power model can be used to predict patterns in River Styles. By characterising the
hydromorphological attributes of the Bislak Catchment, we provide a geomorphologically-informed and place-based understanding of river character and
behaviour, which is essential for effective river management.

Figure 2

Regional and catchment setting maps: (a) location map of the Bislak Catchment; (b) elevation and isohyet of rainfall distribution; (c) slope; (d) distribution of
landscape units; (e) land cover (NAMRIA, 2010); and, (f) geology and fault map (PHIVOLCS, 2008; MGB, 2010; NAMRIA, 2010).
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Figure 3

River morphological diversity in the Bislak Catchment. Flow direction in the catchment is generally from east to west. Planform diagrams and aerial photos of
the eight River Styles are arranged in a downstream sequence from left to right.

Figure 4

Downstream patterns of River Styles in the Bislak Catchment. (a) Longitudinal pro�les of the tributaries of the Bislak River. (b) Flow diagram of downstream
patterns in the catchment and list of tributaries exhibiting each pattern. (c) Distribution of downstream patterns across the catchment.
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Figure 5

(a) Distribution of Pattern 1 rivers in the Bislak Catchment. The trunk stream (Bislak River) is represented by thicker lines with markers to show the distance
from the channel head to the outlet. Pattern 2-5 rivers are shown in grey. (b) Stream power against longitudinal pro�le-catchment area for the Bislak River
(annotated with boundary conditions).
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Figure 6

Slope-catchment area relationships grouped by River Style: (a) values extracted at 2.5 km intervals along the stream network (n = 89); (b) values averaged over
0.2 km segment lengths (n = 1129), coloured lines are log-log regressions; and, (c) comparisons between downstream Pattern 1 and Pattern 2. Dashed lines
are contours of constant stream power (S α Q-1, see text for details)


