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Abstract  14 

Topographic indices represent and simplify complex surficial processes fundamental to 15 

characterizing landform dynamics and to prioritizing river basin conservation and 16 

management goals. A method of characterizing landform dynamics integrating the 17 

steady-state river channel elevation and the hypsometric analysis is presented. The chi 18 
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(𝜒) metric, a proxy for the steady-state river channel elevation, gages the stability of 19 

drainage divides while hypsometric analysis quantifies the stages of basin geological 20 

development.  Using a 30m SRTM DEM and the TopoToolbox tool in MATLAB, 𝜒 - 21 

values along stream networks are computed. At the channel heads of opposing stream 22 

networks of a divide section, equal 𝜒 – values indicate a stable divide while across 23 

difference in 𝜒 - values suggest unstable divide with a potential to migrate from low 𝜒 24 

– values towards the high 𝜒  – values side of the divide. To classify the degree of 25 

potential divide mobility, the quantity called mean chi difference (𝜒𝑚𝑑) is proposed. 26 

The features of the aggressive and victim river streams are visually differentiated using 27 

their elevation profiles, map-view arrangement and pathways to discharge points.  28 

Hypsometric analysis examines the erosional stages of basins indicated by the 29 

hypsometric integrals (HI) and hypsometric curves. A basin and its subbasins show 30 

different levels of geologic development that the disaggregation of large basin into 31 

small hydrologic units enables the identification of areas of different erosional stages. 32 

The prioritization of subbasins considers the intersection of highly mobile divides and 33 

highly erosional areas. Over the study area, nine subbasins are identified which are all 34 

located at the headwaters of major basins in the island. A considerable earthquake-35 

triggered landslide has been found in one of the identified subbasins. The study presents 36 

a new approach in the initial characterization of landforms in order to facilitate the 37 

identification and prioritization of highly erodible areas for high consideration 38 

especially at the local or village level. 39 

Keywords: 𝜒-map, divide stability and migration, hypsometric analysis, basin geologic 40 

development, river basin management  41 

I. Introduction 42 
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Landforms are functional regions on the earth’s surface, and are bounded segments 43 

and may be discontinuous [1] that change shape overtime. Landform evolution and its 44 

unique characteristics is a time-integrated product of extremely long periods of 45 

weathering and surface processes [2], driven primarily by tectonics and climate [3, 4]. 46 

These processes, operating at varying intensities in distinct climate and tectonic 47 

systems, formed highly regionalized associations between landforms, ground 48 

conditions, geohazards and resources characterizing a geomorphological environment 49 

[2]. The current topography is a fingerprint of these processes and is fundamentally the 50 

basis of landform dynamics analysis constituting modern geomorphic analysis.   51 

Advances in the quantitative characterization of terrain and processes, and 52 

enhancement of theories, observations and modelling of surface and sub-surface 53 

processes, are critical to providing knowledge on what governs ‘catchment form and 54 

function’ [5], runoff processes and erosion [6], substantiate ground engineering 55 

practices [7], facilitate geo-hazard assessment [8, 9], predict spatial patterns of soil 56 

properties [10, 11] among others. Nonetheless, such information and knowledge are 57 

indispensable to developing a sustainable river basin management plan. As 58 

Schwanghart et al [12] emphasized, characterizing a river basin is critical for future 59 

economic development pathways.   60 

Efforts to characterize the evolution of landscapes give rise to the development of 61 

topographic indices which can be used as rapid  assessment tools proxy of different 62 

surficial processes [12, 13, 14, 15]. The fundamental basis is the existing surface 63 

topography that resembles the complex interaction of these processes occurring over a 64 

geologic time setting. The same topography becomes the fundamental basis for 65 

developing river basin management strategies.  66 
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River basins are hydrologic unit comprising of drainage divides and stream channel 67 

networks. Drainage divides set the boundary between adjacent basins and any changes 68 

in the boundary conditions affect the whole catchment. The stream channels on the 69 

other hand, are the pathways that transport water, sediments and nutrients from uplands 70 

to oceans. The rate of fluvial erosion along river bedrocks is governed by the stream 71 

power model.  These elements of a basin are previously assumed to be static however 72 

observations of stream capture [16, 17,  18], long-term erosion studies [19]  and 73 

numerical modelling [20] demonstrated that basin shape and network topology adjust 74 

in response to any perturbations to boundary conditions. Erosional topography likewise 75 

uses natural drainage basins on the assumption that the form of each drainage basin 76 

results from the interaction of slope-wasting and channel-deepening processes within 77 

the limits of the drainage divide, and hence that each basin should be treated as a unit 78 

[14]. 79 

The development of the 𝜒 – metric as a measure of divide stability by Willet et al 80 

[21] is fundamentally based on the ‘differential rates of river channel erosion on 81 

opposite sides of a divide’. It was argued that when disequilibrium exists between 82 

opposing river channels, the shared drainage divide is set in motion until equilibrium is 83 

reach. 𝜒 is an integral solution to the stream power model proposed by [22] and is 84 

expressed as: 85 

𝜒 =  ∫ (
𝐴𝑜

𝐴(𝑥)
)

𝑚

𝑛
𝑑𝑥

𝑥

𝑥𝑏
      (1) 86 

where 𝐴 is the upstream drainage area, 𝐴𝑜 is an arbitrary scaling area, 𝑥 is the location 87 

of a point along the channel, 𝑥𝑏 is the base level, and 𝑚 and 𝑛 are empirical constants.  88 

A 𝜒 difference across a divide implies disequilibrium. This state of disequilibrium sets 89 

the divide in motion moving from lower to higher 𝜒 area until equilibrium is reached.  90 

𝜒 is use to map the horizontal motion of drainage divides and the dynamic evolution of 91 
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river channels, and to identify transient erosional signals [21]. Willett et al [21] found 92 

out that  𝜒- maps are more interesting as they are simple to calculate and also provide a 93 

rapid visual assessment of divide stability over a large area, and further lauded the 94 

capability of 𝜒 to characterize the variability of river network’s topology and geometry 95 

in a river basin as they transmit tectonic and/or climatic signals throughout the 96 

landscape. 97 

Recent studies on the use of 𝜒  - metric has established its strong relation to 98 

predicting landslide events which is useful in assessing hazard vulnerability of physical 99 

infrastructure. An investigation was carried out by Dahlquist et al [23] on the role of 100 

landslide-generating events on the reorganizations of drainage basins and landscape 101 

evolution. Their study conducted a topographic analysis using channel metrics to assess 102 

drainage divide stability and migration over areas where natural disasters have triggered 103 

large landslides. The study found out that the resulting area exchange between basins 104 

due to landslides was consistent with landforms that advanced towards steady-state 105 

conditions as suggested by the channel metrics.  Similarly, Schwanghart et al [12] used 106 

the topographic metric that expresses river steepness together with the earthquake 107 

ground acceleration to predict the degree of earthquake damage to hydropower projects 108 

in the Himalayan region. Using these metrics, the study identified some areas along the 109 

Himalayan river network as unsuitable for hydropower infrastructure due to high 110 

probabilities of earthquake-triggered landslides.  111 

Hypsometry quantifies the erosion proneness and stage of geologic development of 112 

a basin [14]. Hypsometric analysis examines the distribution of ground surface area, or 113 

horizontal cross-sectional area, of a landmass with respect to elevation [15]. The 114 

hypsometric curve and hypsometric integral (HI) of drainage basins are common 115 

tectonic geomorphologic indices [24]. The geometry of the hypsometric curve classifies 116 
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a basin into different stages of geologic development while HI represents the area under 117 

this curve and expresses the volume of a basin that has not been eroded but is not 118 

directly related to relative active tectonics [25]. In the analysis of El Hamdouni et al 119 

[25], the shapes of the hypsometric curves were considered whether convex in its upper 120 

portion, convex to concave or convex in the lower portion, and also the corresponding 121 

HI value.  They also classified HI values into high (> 0.5), intermediate (between 0.4 122 

to 0.5) and low (<0.4). High HI values were convex shape, intermediate HI values were  123 

convex to concave or straight, and low HI values tended to have concave shapes [25]. 124 

Together with hypsometric curve, high HI values were possibly associated with young 125 

active tectonics while low HI values were related to older landscapes that have been 126 

more eroded and less impacted by recent active tectonics, according to the study. An 127 

assumption was made that if the shape of the curve in its lower portion was convex, it 128 

may relate to uplift along a fault or perhaps uplift associated with recent folding [25]. 129 

Hypsometric analyses have been incorporated in a number of geomorphologic 130 

studies. Together with other topographic metrics, hypsometric analysis was used to 131 

assess key drivers  of landscape changes associated with climate change and tectonic 132 

activity in ground engineering practice in the study of Geach et al [7]. Their study 133 

identified engineering constraints and geohazards, and created a constraint map that 134 

was used to target areas for further investigation and also to advise construction 135 

methodologies and limitations. Radaigeh and Mosar [26] investigated on the tectonic 136 

controls of fluvial landscapes and drainage development in western Switzerland using 137 

classical geomorphic indices including hypsometry. Their study used a high-precision 138 

DEM for the hypsometric analysis which revealed that abnormally high HI were 139 

spatially associated with hanging walls of thrust fault while low ones were observed 140 

along paleo-ice stream pathways.   Together with other geomorphic indices, the study 141 
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confirmed significant tectonic controls on the evolution of drainage systems and 142 

uncovered evidences of reactivated faults.  143 

In the southern Coastal Range of eastern Taiwan, the effects of tectonic uplift  and 144 

basin scale on HI were examined by Chen at al [24]. The study proposed a ‘scale-145 

dependence index’ (SDI) - the logarithmic regression coefficient between the mean area 146 

and the mean HI of every order of subbasin, to represent the degree of basin HI scale 147 

dependence and to distinguish a basin’s topographic tendency between range interior 148 

and range front. Low SDI corresponded to high scale dependence. The study found out 149 

that basins approaching a range interior steady state have low scale dependence while 150 

their HI values positively correlate with rock uplift rates. Further, the study observed 151 

that basins approaching a range front non-steady state were highly scale dependent but 152 

their HI were not correlated with rock uplift rate. 153 

Singh [14] carried out a hypsometric analysis to estimate the erosion status of basins 154 

and to prioritize areas for soil and water conservation measures. Looking at two basins 155 

in the lesser Himalayan region, his research enabled the identification of basins highly 156 

susceptible to erosion. The study also found out that higher annual sediment yield come 157 

from basin with higher hypsometric value indicating youthful nature of landmass. 158 

This study is set out to explore the integration of the 𝜒 -metric [27] and the 159 

commonly used hypsometric analysis [15] as rapid assessment tools in river basin 160 

management. Specifically, the study aims to: a) assess the stability of drainage divides 161 

of river basins using the 𝜒-metric and determine the degree of basin disequilibrium by 162 

evaluating the mean 𝜒 difference of unstable divides, b) examine the spatial variation 163 

erosional landforms using hypsometric analysis, and c) identify and map highly 164 

dynamic and erosional subbasins.  The methodology developed is applied in the island 165 

of Bohol, Philippines. As a rapid assessment tool developed in this study, the 166 
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identification and prioritization of highly erosional areas with their migrating divides is 167 

possible thus facilitating resource planning process.  The study is limited to 168 

demonstration of the use of these tools while further studies are needed to validate the 169 

results.   170 

2. Materials and methods 171 

2.1 The study area and the flow of analysis 172 

Figure 1 shows the geographic location of the study area. The Philippine 173 

Archipelago is located about hundred kilometers off the Asian continent between 174 

Pacific and South China Sea, and is made up of more than 7,100 islands. It is confined 175 

between the Sundaland-Eurasian plate on the west and the Philippine sea plate on the 176 

east. A group of islands in the central Philippines is geologically described as ‘made up 177 

several Cretaceous oceanic lithosphere that were created and emplaced in a variety of 178 

geologic setting and manner’ [28]. These islands emerges from the sea in about Mid-179 

Tertiary [29].  180 

Figure 1. Geographic location of the study site. 181 

Bohol Island covers about 4821 km2 of land area where around 66% of the area is 182 

into agriculture use. The drainage morphology of the island consists of two major basins 183 

dissecting the central part, namely:  the Loboc and the Wahig-Inabanga River Basins, 184 

the former discharges in the southwestern side while the latter drains to the northern 185 

side of the island.  Both basins are of high economic importance where the Loboc River 186 

Basin hosts the famed Loboc River while the Wahig-Inabanga River Basin supports 187 

agriculture activities.  188 

Using the climate data of the PAGASA-Tagbilaran Station (2000-2012), the mean 189 

annual rainfall is found to be 1653 mm where April is the driest month and December 190 

as the wettest month with 78 mm and 185 mm of rainfall, respectively. The temperature 191 
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ranges from 24 oC to 32oC while the average relative humidity is 83%.  On the average, 192 

20 typhoons visit the country annually where around three of these passes the island. 193 

As a tectonically active archipelago, earthquake strikes are a commonplace and the 194 

most recent and destructive one is the Mw7.2 in October 10, 2013. Kobayashi [30] 195 

mapped the ground displacement associated with this earthquake.  196 

The digital elevation dataset used in the succeeding analysis is a Shuttle Radar 197 

Topography Mission (SRTM) data downloaded from https://earthexplorer.usgs.gov. 198 

The elevation data, officially published in September 2014, is a void filled data with a 199 

resolution of 1 arc-second (~30 m). The study area consists of four tiles. Preprocessing 200 

include tile mosaicking, projecting to WGS UTM 1984 Zone 51N, and the extraction 201 

of the study area. The flow of analysis is given in Figure 2.  The following sub-sections 202 

describes the process of arriving at the top priority subbasins using the hypsometric and 203 

χ analyses.  204 

Figure 2. Flow of analysis and the methods. 205 

2.2 Divide stability analysis using 𝝌  206 

𝜒 is computed using the DivideTools [13], a series of Matlab-based tools for 207 

analyzing drainage divide stability built on top of TopoToolbox [31]. The analysis starts 208 

off with running the DivideStability function which computes the values of the metrics 209 

for drainage divide stability. In this study, we are interested only in the 𝜒-metric as a 210 

topographic proxy for assessing disequilibrium of drainage boundaries. Inputs to run 211 

the DivideStability function are a DEM and a flow direction grid, and the parameter 212 

values given in Table 1. The minimum accumulation area is used to define stream 213 

initiation. The theta_ref or the reference concavity is a constant for calculating 𝜒 and 214 

the 'min_elevation' parameter is use to set minimum elevation for base level.  215 

https://earthexplorer.usgs.gov/
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To evaluate across divide stability for a selected divide section, the 216 

AcrossDivide function is used. The function allows the selection of a divide, 217 

segmentation of a heterogenous divide into sections, and the calculation of 𝜒 quantities. 218 

In this study, the standard deviation is used as the criteria to define whether a divide is 219 

stable or not. The results are shown in a histogram which displays the degree of 220 

separation or overlap of 𝜒 values on either side of a divide. As described by Forte & 221 

Whipple (2018), the stability of a divide is based on a criteria wherein the ‘mean of one 222 

side of the divide is within one standard deviation of the mean of the other side’, 223 

otherwise a divide is unstable.  The direction of potential movement is from the side 224 

where channels have lower 𝜒 -values to the side with higher 𝜒-values. For unstable 225 

divides, the 𝜒-values at the channel heads at both sides of the divide are extracted and 226 

their means are computed. A measure called the mean chi difference, 𝜒𝑚𝑑, for each 227 

divide section is proposed which represents the degree of potential divide mobility, 228 

computed as: 229 

𝜒𝑚𝑑 =  |𝜒𝑚𝑒𝑎𝑛,1 − 𝜒𝑚𝑒𝑎𝑛,2|   ( 2) 230 

where, 𝜒𝑚𝑒𝑎𝑛 is the mean 𝜒-values, while subscripts 1 and 2 refer to the sides of the 231 

divide section.  The 𝜒𝑚𝑑  values are classified into low (𝜒𝑚𝑑 < 135), moderate (135 ≥232 

𝜒𝑚𝑑 ≤ 255) and high (𝜒𝑚𝑑 > 255). The quantitative classification is based on the 233 

range of 𝜒𝑚𝑑 – values of all identified unstable divide sections in the study area.  234 

The river networks that share an unstable divide are described in Willett et al [21] 235 

Willett et al (2014) as  constantly adjusting their drainage areas either by divide 236 

migration or river capture until an equilibrium condition is achieved. These opposing 237 

river networks are called as the aggressive and the victim streams having lower 𝜒-238 

values and higher 𝜒-values, respectively [21].   To show the features of these river 239 

networks, a sample unstable divide is selected and the opposing rivers are extracted. 240 
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Their corresponding pathways are mapped, and their χ values and elevation profiles are 241 

plotted.  Visual presentation of 𝜒 differences across divides is facilitated by exporting 242 

the outputs to a GIS platform for analysis and map rendering.  243 

2.3 Hypsometric analysis 244 

Hypsometric analysis is used to evaluate the stages of geologic development 245 

and assess the relative tectonic activity of the drainage basins [32]. The analysis 246 

produces two indicators: the hypsometric curve and the hypsometric integral. The 247 

hypsometric curve describes the spatial distribution of basin area versus the altitude of 248 

the basin and its shape indicates the degree of dissection and the stage of development 249 

of the basin [32] while the hypsometric integral is the amount of landmass that is left 250 

after erosion.  251 

The hypsometric analysis set offs with the delineation of basins and subbasins 252 

(Figure 2). This is carried out using the SWAT Watershed Delineator 253 

(https://swat.tamu.edu/). The tool requires a DEM as input, creates flow direction and 254 

flow accumulation rasters, and suggests a range of basin area or number of pixels for 255 

stream initiation. To delineate a high drainage density, the delineator is run under 256 

different basin areas, even below the value recommended by the delineator. This is done 257 

to accommodate small catchments along the coastlines and to disaggregate large basins 258 

into smaller subbasins. However, due to limitations in computing capacity, subbasin 259 

delineation settles to a 300-ha minimum upslope area for stream initiation. The tool also 260 

parameterizes each hydrologic unit and these parameter values are stored in the attribute 261 

tables and in text files.   262 

The hypsometric curve and hypsometric integral (HI) are computed for each 263 

basin and subbasin. The basin and subbasin parameters computed previously are 264 

exported to a spreadsheet to calculate the relative area (
𝑎

𝐴
) and relative altitude (

ℎ

𝐻
)  265 

https://swat.tamu.edu/
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where 𝑎, 𝐴, ℎ and 𝐻 refer to area within the two adjacent contour lines, total area of the 266 

basin or subbasin, contour interval, and relief of the basin or subbasin, respectively. The 267 

hypsometric curve is a plot of the relative area versus the relative altitude. The value of 268 

𝑎

𝐴
  varies from 1.0 to 0.0 at the lowest point in the basin where 

ℎ

𝐻
= 0 to 0.0 at the highest 269 

point of the basin where 
ℎ

𝐻
= 1. The hypsometric integral (𝐻𝐼) computed as: 270 

𝐻𝐼 =  
(𝑍𝑚𝑒𝑎𝑛− 𝑍𝑚𝑖𝑛)

(𝑍𝑚𝑎𝑥− 𝑍𝑚𝑖𝑛)
      ( 3) 271 

where 𝑍𝑚𝑒𝑎𝑛 , 𝑍𝑚𝑖𝑛 , and 𝑍𝑚𝑎𝑥  refers to mean, minimum and maximum elevations, 272 

respectively. The subbasin polygons are converted to points and the kriging 273 

interpolation method is used to create a continuous surface of HI.  To demonstrate the 274 

variation of hypsometric attributes, a major basin and three random subbasins within it 275 

are selected. The spatial variation of HI across the basin and its hypsometric curve is 276 

compared with the hypsometric attributes of the smaller subbasins.   277 

Hypsometric curves are classified by many geomorphologists according to their 278 

shape and the corresponding HI values (e.g.. [25] and [33]). Pavano et al [33] adopted 279 

the foregoing classification: A hypsometric curve characterized by downward concave 280 

curve with HI values greater than 0.6 indicate a youthful condition or inequilibrium 281 

stage where the basin experiences an active base level fall. Hypsometric curves having 282 

an S-shape without any evidence of concavity and HI values between 0.35 and 0.6 283 

indicate a mature or equilibrium stage. The curves with upward concavity and HI values 284 

less than 0.35 indicate a monadnock stage or an old phase. Other studies used different 285 

HI values, but in here, the classification adopted by Pavano et al [33] is applied. 286 

2.4 Basin dynamics at subbasin scale for prioritization  287 

To understand the dynamics of landform evolution relative to divide stability 288 

and stages of erosional development, further analysis is conducted by overlaying the 289 

divide stability maps on the hypsometric integral surface. From the divide stability map, 290 
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divide sections with 𝜒𝑚𝑑  > 255 are highlighted. The subbasins that intersect with these 291 

divide sections are selected. These subbasins are inspected and rank according to their 292 

HI values. The list of subbasins is decreased by selecting only those areas with HI ≥ 293 

0.5. The hypsometric curves of these subbasins are inspected. The final list of subbasins 294 

is considered as the top priority areas described as highly erodible subbasins with highly 295 

mobile divides.  296 

3. Results and Discussion  297 

3.1 Stability of divides between major river basins and at the headwaters 298 

The island of Bohol is one of the tectonically active islands in the Philippine 299 

Archipelago, a major factor that leads to the development and formation of unique 300 

landform features. We investigate on the dynamics of river basins, their divides and the 301 

network of stream channels using 𝜒-maps. The 𝜒-map of the island is shown in Figure 302 

3. The stream network is mapped using the 𝜒-values, and visual presentation uses color 303 

pallet classified by equal interval method. At each divide, disequilibrium is indicated 304 

by the contrasting colors of the opposing stream channels while similar stream color 305 

indicates stable divide. Figure 3A highlights the major basins in the island and emphasis 306 

is directed on the stability of their divides. By visual inspection, it is shown that between 307 

these major basins, there are divide sections that are unstable as indicated by the 308 

contrasting colors while there are also divide sections that are stable as shown by similar 309 

color. However, it is notable that at the headwaters in the southernmost portion of the 310 

island, divide sections shared between major basins and smaller basins facing the 311 

southern coast are showing highly contrasting colors indicating high 𝜒 anomalies.  312 

Figure 3. χ - map and the major basins in the study area. A) Highlights the major basins 313 

in the island. B) χ - map of a stable divide and its histogram. C) χ - map of an unstable 314 

divide and its histogram. 315 
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To investigate quantitatively the 𝜒 similarities and differences of individual divide 316 

section, Forte and Whipple [13] use the histogram of 𝜒 values at the channel heads of 317 

either side of the divide. In this study, two sample histograms of stable and unstable 318 

divides are selected and their locations are shown in Figure 2B and 2C, respectively. 319 

The histogram in Figure 2B shows overlapping of 𝜒-values of the opposing channel 320 

heads.  It also shows that the mean 𝜒-value of one side of the divide is within one 321 

standard deviation of the mean 𝜒-value of the other side. This is the conservative criteria 322 

used by Forte and Whipple [13] to determine if a divide is stable or not. The histogram 323 

in Figure 2C shows a wide separation of 𝜒-values at the channel heads of the opposite 324 

streams. The figure also shows that the mean 𝜒-value of one side of the divide is far 325 

from one standard deviation of the mean 𝜒-value of the other side, indicating that the 326 

divide is unstable. In this case, the divide is migrating from the low 𝜒-value side to the 327 

high 𝜒-value side of the divide, or towards the north direction.  328 

The dynamics of the drainage divides at the headwater of major basins imply 329 

reductions in the catchment areas of the major watersheds while extending the drainage 330 

areas of the smaller drainage basins. This also means that differential erosion rates exist 331 

across the divide: a higher erosion rate in southern side and a lower erosion rate at the 332 

northern side of the divide.  On the other hand, stable divides could mean that erosion 333 

processes at both sides of the divide are more or less at the same rates.  334 

3.2 Mean chi difference (𝝌𝒎𝒅)  and divide migration  335 

The 𝜒𝑚𝑑 of a divide is a quantitative measure of the anomaly between opposing 336 

channel heads that share a divide. It is proposed to show the extent of 𝜒 differences 337 

which can be used as an indicator of the degree of potential divide mobility: the higher 338 

the 𝜒𝑚𝑑 , the higher the degree of divide migration. Figure 4 highlights the divide 339 

sections in the study area, their spatial variation and the direction of migration.  The 340 
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mobile divide sections in Figure 4A are classified based on 𝜒𝑚𝑑 described in Section 341 

2.2. Divides with high 𝜒𝑚𝑑 are located at the headwaters of the major basins that border 342 

smaller basins draining towards the southern coast of the island. These divides extend 343 

in the SW-NE direction and traverse over rocks formed during the Miocene-Pliocene 344 

periods. Other classes of 𝜒𝑚𝑑 are dispersed and found to be between the major and 345 

smaller basins that face east and northwest coastal areas. Between major basins, divides 346 

are stable specially in the interior part of the island. However, in the eastern side of the 347 

island, divides between major basins are predicted to be migrating at a low to moderate 348 

levels. Though 𝜒𝑚𝑑  criteria presented in this study is arbitrary but is useful in 349 

illustrating the purpose of the study.   350 

Figure 4. Divide sections’ 𝜒𝑚𝑑 and direction of migration. A) Divide sections colored 351 

according to 𝜒𝑚𝑑  classification and laid over the geology of the area. B)  A rose 352 

diagram showing the direction of potential migration of unstable divides. 353 

For the selected divides predicted to be migrating, the distribution and the direction 354 

of potential movement is shown in Figure 4B. There are 14%, 40% and 47% divides 355 

classified under high, moderate and low degree of potential mobility, respectively. Of 356 

the total identified divides, 28% are moving in the N and NW directions, 5% towards 357 

the west while 67 % are heading towards the S, SE and SW directions. Divides 358 

classified as high are moving towards the northwest direction. These are the divides 359 

located at the headwaters of major basins that border smaller basins facing to the south. 360 

Six out of nine divides heading towards the south are classified as moderate. Of the 10 361 

divides inclined towards the southwest direction, seven divides are classified low. At 362 

this point, there is little details on the geology of the island that can associate with the 363 

pattern of 𝜒𝑚𝑑 and their migration directions but it is shown that the island consist of 364 

different geological formations which may have different erodibilities and could 365 
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potentially have impacts on divide mobility. Climate on the hand may have a hand on 366 

this spatial difference of  𝜒𝑚𝑑 as the island is often visited by strong typhoons annually. 367 

But since the island is quite small and is surrounded by other islands, it is interesting to 368 

look at their significant contribution, if there are, to the 𝜒𝑚𝑑  anomalies found.  369 

Schwanghart [34] introduce the 𝜒 – inferiority concept  which determines 𝜒-370 

value on each side of a divide and identify which side is more inferior compared to the 371 

other. Victim sides which have higher 𝜒-value are more inferior and that potential 372 

migration proceeds from low 𝜒 towards the high 𝜒 areas. However, with the proposed 373 

𝜒𝑚𝑑, the divide section itself is assigned a degree of potential migration. Since basins 374 

are bounded by divide sections, the 𝜒𝑚𝑑 of its boundaries   This way, we can integrate 375 

this information with the stage of geologic development of a basin. This facilitates the 376 

identification of high priority areas as targets for conservation goals.   377 

3.3 Disequilibrium basin and its river network   378 

The elevation profile of streams found at both sides of a mobile divide may give 379 

additional information on the dynamics of a landform. We select an area where 𝜒 shows 380 

sharp discontinuity across a divide, extract two river profiles that meet at a divide and 381 

investigate on the 𝜒-values and the actual elevation profiles of the rivers, as shown in 382 

Figure 5. The divide has a 𝜒𝑚𝑑 of 367m, and its degree of migration is classified as 383 

high. The figure shows the map view of two opposing river channels which share an 384 

unstable divide predicted to migrate in a northwest direction, and identifies the victim 385 

and the aggressor sides.  Figure 5A shows the spatial distribution of 𝜒 where a sharp 386 

discontinuity across the landscape is emphasized. It is noted that smaller catchment 387 

along the coastal area has low 𝜒-value compared to a major catchment located interior 388 

of the island. Both rivers discharge to the southern coast of the island but their pathways 389 

and lengths differ remarkedly. The victim side has a channel length of 78.3 km and is 390 
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meandering towards its discharge point. On the other hand, the aggressor side extends 391 

its length to only 17.5 km long and goes straight to its outlet point. Figure 5B suggest 392 

that the meandering victim river could have passed through plains and rocks walls 393 

which gave way to soft soil allowing it to shift its banks and change courses towards 394 

the sea. On the other hand, the aggressive stream could have crossed through mountains 395 

and carved steep-walled valley where its course is set on rocks. A dearth of lithological 396 

properties in the island limits information about the nature of these two different rivers.   397 

Figure 5. χ-map of disequilibrium basins and the profiles of the two opposing river 398 

networks that meet at the divide. A) Map view of the pathways of two opposing rivers 399 

(Inset: histogram showing wide difference of the chi values). B) Longitudinal profile 400 

of the opposing streams. C) χ-transformed profile of the two opposing rivers. 401 

Both channels have the same elevation drop but their steady state river channel 402 

elevation profile have a mean difference of 367 m (Figure 5C). This wide 𝜒 difference 403 

is also depicted in the inset histogram showing a wide disparity of the 𝜒-values at the 404 

channel heads. This seemingly large difference in 𝜒 -values suggests a state of 405 

disequilibrium between the two rivers and also indicates higher erosion rates on the 406 

southeast side (aggressor side) of the divide compared to northwest side (victim side). 407 

This has prompt divide migration towards the northwest side or from the lower χ - value 408 

to higher χ - value channels. One of the repercussions is in terms of changes in drainage 409 

areas: the aggressive side is gaining drainage area while the victim side losses some of 410 

its drainage area. In seismically active landscape, a study by Wolfgang Schwanghart et 411 

al. (2018) found out that rivers having high steepness index, 𝑀𝜒 (defined as the 412 

𝑑𝑧 𝑑𝜒⁄ ) , have high probability of landslide-triggered earthquake that are detrimental 413 

to physical infrastructures such as hydropower plants.        414 

3.4 Hypsometric analysis at different scales 415 
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Hypsometric analysis provide information on the erosion status of basins which 416 

is used as the basis for prioritizing areas for conservation measures [14].  Figure 6 shows 417 

the results of the hypsometric analysis in the island and across a major basin, and the 418 

hypsometric curves of a major basin and selected subbasins within it. The spatial pattern 419 

of landform changes in the island is notable in Figure 6A.  HI values in the island range 420 

from 0.1 to 0.6 where high values are mostly found in the headwater areas of major 421 

basins that border south-facing smaller catchments. Patches of high HI values are also 422 

located in the western part of the island and in the lower portion of the Wahig-Inabanga 423 

River Basin (Figure 6B). As one of the major basins in the island, focus is on the Wahig-424 

Inabanga River Basin because of its high economic importance as the primary 425 

agriculture area.  Within the Wahig-Inabanga River Basin, three randomly selected 426 

subbasins with different HI values are compared in terms of their HI values and 427 

hypsometric curves. Since these curves use nondimensional parameters, they can be 428 

described and compared irrespective of true scale (Strahler, 1952).  429 

Figure 6 Spatial variation of the hypsometric integral in A) island and in the B) major 430 

basin. C) hypsometric curves of the basin and selected subbasins. Reference 431 

hypsometric curves adopted from Pavano et al. (2019). 432 

The Wahig-Inabanga River Basin drains towards the north of the island and has 433 

an HI value of 0.22. Subbasin 431, draining towards the main river from the south 434 

towards the north, is located at the headwater of the basin indicates an HI value of 0.69.  435 

In the middle of the basin, subbasin 260 drains from the west to the east and gives an 436 

HI of 0.28. Subbasin 103 drains from the north to the south in the lower part of the basin 437 

and demonstrates an HI of 0.58. The Wahig-Inabanga River Basin is generally in its old 438 

stages and is graded to base level so that only 22% of the its total landmass has remained 439 

after erosion. Subbasin 260 has undergo erosion that only 28% of its original landmass 440 
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is left. Subbasins 431 and 103 are highly erosional areas where 69% and 58% of their 441 

total land mass, respectively, have remained which may be subject to further erosion.  442 

Meanwhile the hypsometric curves, as shown in Figure 6C, of the basin and of 443 

the subbasins vary in terms of shape and pattern which translate into stages of basin 444 

development: young (convex up), mature (S-shape) and old (concave up). The area 445 

below each hypsometric curve indicates the amount of remaining land masses left after 446 

erosion [15]: the higher the HI values, the higher is the remaining volume of material 447 

and an indicator of still highly erosional landscape. The hypsometric curve of the 448 

Wahig-Inabanga River Basin concaves upward while it crosses below the center of the 449 

diagram. The three other subbasins have hypsometric curves showing different patterns. 450 

Subbasin 431, located in the upstream portion of the basin, resemble a younger 451 

formation. Its curve is convex up and passes above the center of the diagram. Subbasin 452 

260, located in the middle of the basin, has its hypsometric curve concave up but is less 453 

concave than the bigger basin, indicating an old subbasin. Lastly, subbasin 103 in the 454 

lower part of the basin has an S-shape curve. This curve indicates a subbasin that is in 455 

transition to a mature stage.  Although the whole Wahig-Inabanga River Basin is 456 

described as an old drainage unit but investigating on its smaller subbasins, we found 457 

areas of transient erosional landscapes where erosion rates can vary from low to high 458 

as indicated by their stages of development. The convexity of the hypsometric curve is 459 

an indicator of the erosional stage of a basin (Strahler, 1952; Ohmori, 1993). The 460 

younger less eroded basins yield convex shapes with higher hypsometric integrals. The 461 

disaggregation of the Wahig-Inabanga River Basin into smaller units enable us to find 462 

highly erosional areas that need immediate attention and of high consideration in the 463 

planning process for basin development and management.  464 

3.5 Landform dynamics prioritization   465 
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The 𝜒𝑚𝑑  value classifies a mobile divide into different degrees of mobility 466 

while the hypsometric analyses identify catchment areas that are highly erosional. Since 467 

basins and subbasins are associated with divides and their catchment areas, we identify 468 

and prioritize them based on these indicators.  There are six divide sections with high 469 

𝜒𝑚𝑑 as shown in Figure 4A. These divide sections are shared with 24 subbasins whose 470 

HI values range from 0.24 – 0.69, as shown in Figure 7, with catchment areas ranging 471 

from 382 ha to 1233 ha. By considering only subbasins with HI values of 0.5 and up, 472 

the list reduces to nine subbasins. These subbasins have catchment areas where more 473 

than 50% of their total landmass remaining after erosion so are considered high erosion-474 

prone areas and their drainage divides are classified with high 𝜒𝑚𝑑. The hypsometric 475 

curves of these nine subbasins exhibit different patterns which are associated with 476 

different erosion processes that are happening in this individual subbasins.  All of them 477 

are in disequilibrium stages as described in Strahler [15]. 478 

The study area is one of the tectonically active islands in the country. In those 479 

subbasins where 𝜒 -values are high, there is a possibility of the occurrence of 480 

earthquake-triggered landslides which may be damaging to properties and lives. Such 481 

event has been recorded in one of these subbasins where the 2005 Mayana landslide 482 

had occurred, as shown in Figure 8. The landslide started as a rock fall along a very 483 

steep northwest-trending fault scarp which was triggered by a 4.9 magnitude earthquake 484 

that occurred about 3 months prior to the event [35]. On these areas, divide instability 485 

is predicted by 𝜒  while high erosion susceptibility is anticipated based on the 486 

hypsometric analysis. It is noted that seismic disturbance may not manifest 487 

instantaneously but may later come out as seismic processes generate and possibly 488 

increase instability of rock formation, similar to this landslide event in Mayana.  489 
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Figure 7. Map of the subbasins that share with high 𝜒𝑚𝑑  divide sections. The color 490 

indicates HI values (light to dark means low to high HI). The dark-colored subbasins 491 

have HI ≥ 0.5. In one of these subbasins, the 2005 Mayana landslide had occurred. Inset 492 

is the latest satellite image of the landslide area extracted from Google Earth. Below 493 

are the hypsometric curves of the nine subbasins arranged from low to high HI values. 494 

4. Conclusion  495 

Identification and prioritization of areas for conservation is a challenge for 496 

developing countries due to limited resources to fund conservation-related programs 497 

and projects. For an area where natural disasters are a commonplace, prioritization has 498 

to reconsider the dynamics of landforms shape by tectonic and climatic forces.  499 

The study presents a method which integrates a proxy for steady state channel 500 

elevation, 𝜒, and the hypsometric analysis in the characterization phase of developing 501 

a sustainable basin management plan. The 𝜒  metric provides information on the 502 

stability and potential mobility of a divide based on the steady-state elevation profile of 503 

river networks. Anomalies in 𝜒-values at the channel heads of opposing river networks 504 

that meet at a common divide indicate unstable drainage boundaries and a potential 505 

divide migration from areas of low to high 𝜒 -values. This potential future divide 506 

migration is associated with changes in drainage area, a basin either losses or gains 507 

catchment area.   508 

On the other hand, the hypsometric analyses, indicated by the hypsometric curve 509 

and hypsometric integral, shows the erosional potential of a landscape based on the 510 

elevation-area relationships. A basin in general can be identified as an old one and is 511 

stable but there could be areas within that basin that are at their earlier stage of 512 

geological development. Disaggregation of a basin into smaller subbasins enable us to 513 
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identify highly erosional areas which must be targeted for soil and water conservation 514 

programs. 515 

In this exercise, the topographic metric, 𝜒 , is integrated with hypsometric 516 

analysis, and a new metric is introduced, 𝜒𝑚𝑑, to develop criteria that allow for the 517 

selection of target areas for conservation. Results of the study emphasize the importance 518 

of incorporating the 𝜒𝑚𝑑  into the routine of basin characterization practice and give us 519 

valuable insights about the stability of divide sections as an important factor in 520 

identifying target areas. The intersection of highly unstable divides and the highly 521 

erosional areas help us narrow down further target areas which facilitate prioritization 522 

process.   523 

The method presented could be used as a rapid assessment tool in the 524 

characterization phase of developing river basin management program. This approach 525 

may be used in conjunction with other existing catchment characterization tools to 526 

guide planners on allocating landforms for development purposes or for conservation 527 

goals especially at the local or village level.  528 
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Table 1 Divide stability analysis parameter 

Parameters  Value 

minimum accumulation area 45000 m2 (50 pixels) 
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 660 

theta 0.45 

minimum elevation 1 m 


