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Abstract 
 
Digitizing and Mapping Channel Heads Across Various Forested Regions in Sweden 
Using a High-Resolution DEM – A Regional Analysis of How Landscape Properties 
Influencing Channel Head Initiation 
Amanda Jarefjäll 
 
Acting as a hydrological link between the terrestrial landscape and the larger downstream river network, 
channel heads and their immediate headwaters are essential geomorphological features in our landscape. 
Not only due to their ability to transport water and sediment and cycling of nutrients, but as an important 
component for ecosystem productivity and aquatic habitats. Yet, many of our low order streams remain 
poorly mapped which consequently make development of management policies and protection of them 
more difficult. A possibility to derive more accurate stream network maps may be achieved by using 
high resolution digital elevation data (DEM) and hydrological models. A central part in stream network 
modelling is to develop reliable methods to predict the start of a channel, i.e. the channel heads. Different 
landscape variables influence the formation and maintenance of channel heads, stressing the need to 
study their controls in different physiographic regions. Factors influencing channel head formation in 
the Swedish landscape are yet still relatively unexplored. Investigating the regional and temporal 
controls on in this landscape are especially interesting since it has a long history of human alterations 
such as digging of extensive drainage networks, deepening, and straightening of natural stream channels.  

The objective of this study is to explore channel head distribution and formation in 12 different 
forested regions in Sweden using statistical - and GIS analysis. By digitally tracing channel networks 
upstream using ArcGIS software and a high-resolution DEM (0.5 x 0.5 m), a total of 394 channel heads 
have been identified and digitized. By calculating the channel heads contributing areas, i.e. the drainage 
area threshold needed for channels to form, this study have examined regional variations in the size of 
the contributing area and whether the variability could be attributed to local and average upslope 
topographic-, soil and hydrological indices. 42 % of the digitized channel heads were identified as being 
subjected to man-made alterations in some way, remaining were classified as naturally formed channel 
heads. The contributing area to the channel heads reveled large variability ranging from 0.1 to 58.0 ha 
for natural to 0.04 to 193.6 ha for more altered channel heads. No evident relationship between size of 
contributing area and type of Quaternary deposit could be found. Highest median was found in channel 
heads formed on fine sediment, such as clay, (8.9 ha) however no statistically significant difference in 
median between different deposits could be confirmed. Channel heads showed only insignificant to 
weak correlations to the extracted landscape variables, such as the catchment slope and soil moisture 
index. This could partly be explained by the relatively gentle topography in the investigated regions. 
The results within this study have highlighted the difficulties to apply traditional methods using 
topographic indices when delineating and predicting the start of the stream channels in forested and 
cultivated regions in Sweden. Yet, it has explored the possibility of using high resolution DEM to map 
and analyze small-scaled landscape features such as channel heads.  
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Populärvetenskaplig sammanfattning 
 
Digitalisering och kartläggning av startpunkten av små vattendragen i Sverige genom 
högupplöst höjdmodells data – en analys kring hur landskapets egenskaper påverkar 
vattendragens initiering 
Amanda Jarefjäll 
 
En stor del av landskapets flodnätverk består relativt små vattendrag och fåror och fyller viktiga 
funktioner för vårt ekosystem och akvatiska livsmiljöer. Trots detta saknas dessvärre många av dessa 
vattendrag på nuvarande kartor vilket försvårar bevarandet och förvaltningen av dem. Med hjälp av 
hydrologiska modeller och satellitdata kan vi dock förbättra kartläggningen av dem. En viktig pusselbit 
i hydrologisk modellering är att estimera var i landskapet vattendragen initieras, och förstå vilka faktorer 
och processer som påverkar formationen av dem. Ett vanligt sätt att studera initieringen av vattendrag 
är att beräkna hur mycket vattenflöde som krävts för att överskrida erosion tröskeln och därmed erodera 
en fåra. Detta brukar benämnas som den bidragande arean, på engelska the contributing area. Hur stor 
area som krävts påverkas bland annat av topografin i landskapet, klimat, geologi, jordtypernas 
sammansättning och markanvändningen. Alla dessa variabler skiljer sig både på lokal nivå men också 
regionalt och globalt. För det svenska landskapet är det fortfarande relativt outforskat vilka faktorer som 
formar och initierar startpunkten för ett vattendrag. Denna studie syftar därmed till att öka kunskapen 
om hur formationen av vattendragen i Sverige ser ut och ifall den kraftiga utdikningen i svenska 
landskapet har påverkat ytavrinningen till våra naturliga vattendrag. Genom högupplöst 
höjdmodellsdata och geografiska informationssystem har vi noggrant undersökt markytan och således 
kunnat digitalisera startpunkten för små vattendrag över totalt 12 svenska skogstäckta områden spridda 
från norr till söder. För att kunna urskilja vilka vattendrag som blivit påverkade av mänsklig aktivitet så 
som utdikning, klassificerades dem som modifierade eller naturliga. Därefter beräknades den 
bidragande arean till de digitaliserade startpunkterna. Information om det lokala och omkringliggande 
landskapets lutning, form, fuktighet, jordtyper och avrinning extraherades för varje startpunkt för att se 
om variationen i dessa variabler kunde korreleras med hur stor area som krävts för att initiera 
vattendraget. Resultatet visade på en stor variation på den bidragande arean till vattendragen, både 
regionalt och mellan de olika starttyperna. De modifierade vattendragen hade en signifikant större 
bidragande area. Detta tyder på att dränering och artificiella flödeskanaler påverkat naturliga 
avringningsprocesser som således kan minska tillrinningen och arean till de mer orörda vattendragen. 
Korrelationsanalysen visade svaga och icke-signifikanta samband mellan landskapsvariablerna, vilket 
dels kan förklaras av det relativt flacka landskapet i de undersökta områdena. Detta indikerar till 
exempel att användandet av topografiska indicier som metod för att prediktera vattendragens startpunkt 
för liknande områden i Sverige kan generera både en över- och underestimering av vattennätverkets 
utbredning. Formationen av ett vattendrag i det svenska landskapet verkar istället styras av komplexa 
interaktioner mellan processer under och över jordytan, samt graden av mänsklig aktivitet.   
 
Nyckelord: vattendragsstartpunkter, initiering av vattendrag i skogstäckta områden, bidragande area,
högupplöst höjdmodells data, DEM analys
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1 Introduction 
A channel head is commonly defined as the highest point upstream of concentrated water flow 

and sediment transport between definable banks (Dietrich & Dunne, 1993). Located at the 

bottom of the zero order drainage basin, the position of channel head is not only an important 

component in understanding the drainage basin geomorphology, it also act as a direct link 

between the terrestrial landscape and fluvial processes (Dietrich & Dunne, 1993; Gomi et al., 

2002; Grieve et al., 2018). Therefore, the channel head location has an important role in the 

hydrological connection between the landscape and the downstream surface waters. Yet, 

channel head and their immediate headwaters are still not fully understood in many landscapes. 

The lack of systematic understanding and the actual extent of low order streams is highlighted 

as one of the challenges in hydrological research which gave rise to the term Aqua Incognita 

by Bishop et al. (2008).  As channel heads and low order streams have the capability to transport 

water, sediments, nutrients, and organic matter downstream, they act as an important 

component for aquatic habitats and ecosystem productivity (Gomi et al., 2002; Wohl, 2017). 

Similarly, headwaters along with the riparian zone provide important ecosystems functions, 

such as the cycling of nutrients and buffering of pollutants (Wohl, 2017). Consequently, 

protection and development of management policies of headwaters and the riparian zones are 

vital (Kuglerová et al., 2017). Essential in management of headwaters is to improve the 

mapping of them. Currently, there is a discrepancy between the actual stream networks and the 

ones shown on the map, where the extent of low order streams is underestimated (Downing et 

al., 2012; Heine et al., 2004; Ågren et al., 2015). As the availability of high-resolution digital 

elevation model (DEM) data set are growing, they are becoming increasingly common in 

hydrological modelling and related stream network mapping research (Jaeger et al., 2019; 

Pelletier, 2013). Delineating the start of stream channels, i.e. the channel head, within a 

landscape is a central part in stream network modelling (Clubb et al., 2014; Wohl, 2018). 

Therefore, by improving our knowledge about the factors that control the initiation of a channel, 

we can more effectively map the stream network using high-resolution DEMs.  

A common approach when studying channel head initiation in the landscape is to incorporate 

information about topographic features. One method is to study channel head formation in 

relation to the local valley slope, commonly referred to as the slope-area threshold method. This 

is a slope dependent threshold suggesting that the contributing area, i.e. the drainage area 

needed to initiate a stream, is inversely related to the local valley slope (Montgomery & 

Dietrich, 1988). This method has been shown to be valid for some settings, especially for 
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regions characterized with steeper topography (Avcioglu et al., 2017). Yet, the method has also 

been proven to be insufficient, for instance in flatter terrains, regions with complex geology or 

channel heads originating from subsurface flow (Garrett & Wohl, 2017; Płaczkowska et al., 

2015). Instead, regional factors such as runoff regimes, geology, curvature, and land use have 

found to be influencing the channel head location and its corresponding contributing area 

(Clubb et al., 2014; Garrett & Wohl, 2017; Henkle et al., 2011; Jaeger et al., 2007; Julian et al., 

2012; Roy et al., 2009).  

In light of the above-mentioned studies, predicting the channel head and their spatial 

distribution are challenging irrespective of the environmental conditions. Since all landscape 

settings is unique there is a need to develop our understanding of channel heads across different 

parts of the world. Yet, regional controls of channel head initiation for cold temperate regions, 

such as Sweden, is still relatively unexplored. Exploring channel heads across the Swedish 

landscape is particularly interesting as its hydrological landscape has a long history of man-

made alterations such as artificial drainage networks and/or straighten and deepening of natural 

channels (Hasselquist et al., 2018). The effect of ditches was seen in a study by Ågren et al. 

(2015) where the authors observed a lowering of the threshold for stream initiation during high 

flow conditions for ditches (1 ha) compared to natural stream channels (2 ha). However, there 

is still a scarcity of studies examining both the distribution and statistical relationships to other 

environmental variables for channel heads within different Swedish landscape settings. For this 

reason, this study will examine channel heads in Sweden in 12 regions across the country 

though statistical- and GIS-analysis using a LiDAR-derived high-resolution DEM. Larger 

landscape heterogeneity is a substantial challenge for channel head delineation at national-scale 

and requires fine-resolution data. As the ability of capturing small-scaled surface features, such 

as ditches and low order streams, is increasing when using high-resolution DEMs (Lidberg et 

al., 2017), digital mapping of channel head locations is becoming more effective. This reveals 

a potential to move from catchment-scale investigations, towards examine areas in more detail 

over regional scales in various climatic, hydrological, and geomorphological settings.  

2 Research aims 
The aim of this thesis is two-fold. Firstly, by mapping channel heads using a sub-meter scale 

resolution DEM (0.5mx0.5m), the objective is to evaluate channel head formation in various 

forested regions across Sweden. By including regions on different latitudes, ranging from 

northern to southern Sweden, the project will examine the spatial variability of contributing 

area thresholds for channel heads in regions with various climate and runoff regimes. Secondly, 
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the project will assess if the size of channel head contributing area could be attributed to 

different environmental variables, and if any statistically significant relationships can be found. 

Specifically, the following research questions will be addressed: 

I. How does the contributing area to channel head initiation vary between the natural and 

altered channel heads in Sweden?  

II. How does soil-landscape variability affect the area needed for initiating a channel?  

III. Can regional variation in slope, profile/planar curvature, soil moisture, elevation, and 

runoff reveal any significant correlation to the size of the contributing areas in the 

Swedish landscape? 

3 Background 
3.1 Channel heads  
Channel heads are commonly defined as the highest point upstream of concentrated water flow 

and sediment transport between definable banks (Dietrich & Dunne, 1993). Using this 

definition, Julian (2018) outlines three criteria for channel heads. First, the concentrated water 

flow is moving in one downstream direction. Second, the channel heads need to have definable 

banks created by fluvial geomorphic processes of the concentrated water flow. These two 

criteria together prevent that nonconcentrated water flow, such as overland flow, spring flow 

and wetlands to be counted as streams. The third criterion refers to the prerequisite that a 

channel head also includes sediment transport, which involves both erosional and depositional 

processes. This criterion separates stream channels from rills and gullies as well as prevents 

most canals and drainage ditches to be counted as streams. Dietrich and Dunne (1993) explained 

the difficulty in finding a globally useful criterion for a well-defined bank, but an important 

distinction is that the bank must be recognizable as a morphological feature independent of the 

flow. Consequently, channel heads and their headwaters do not require perennial flow, only 

frequent enough to incise a channel and create definable banks. For that reason, it is not unusual 

that channel heads and their headwaters have ephemeral- or intermittent flow, e.g. only flows 

as a direct response to precipitation or are temporally dried out (Julian, 2018).  

As previously mentioned, as channel heads act as the direct link between the terrestrial 

landscape to the downstream river network they dictate watershed characteristics such as water 

travel time, source areas and drainage density (Julian, 2018). Channel heads can be present in 

a wide range of environments and are initiated and maintained by various hydrogeomorphic 

surface and subsurface processes. The dominant mechanism for initiating a channel depends on 
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the landscape characteristics since runoff patterns will be influenced by topography, geology, 

soil, climate, vegetation, and land use (Julian, 2018).  

Another important distinction is the difference between stream heads and channel heads. 

The stream head simply refers to the upstream extent of concentrated surface runoff at a 

particular time. Thus, due to variation in stream flow the start of the stream head may shift 

upslope and downslope the stream channel (Dietrich & Dunne, 1993; Jaeger et al., 2007). The 

geomorphological feature of the channel head, however, may persist the fluctuations in stream 

flow. Instead, the locations of channel heads are controlled by competing influences of fluvial 

transport in channels and the diffusional hillslope transport processes (Wohl, 2018). 

 

3.2 Processes controlling channel head locations 
 

A common surface process initiating channel heads is overland flow (Julian, 2018). Overland 

flow refers to when water flow downslope on the surface outside the confines of a channel. If 

the infiltration capacity of the hillslope is low relative to precipitation intensity, the water 

remains on the surface and move downslope. This is referred to infiltration excess overland 

flow or Hortonian overland flow (Horton, 1945). This is common on paved surface, in areas 

with spares vegetation, steep hillslope gradients, thin soil with low permeability, and during 

intense precipitation events. Another type of overland flow is the saturation excess overland 

flow which occur if the soil is saturated with water, and then the additional precipitation or 

irrigation will cause the flow to return from the subsurface (Wohl, 2018). When these types of 

overland flow occur, it can generate rills and gullies, which in turn produce concentrated water 

flow, which possibly result in definable banks. The channel heads resulting from these 

processes often occur at “topographic convergence”, where the accumulation of runoff exceeds 

the sediment erosion threshold (Julian, 2018). Further surface process affecting channel heads 

and their location is the downslope movement of sediment where sediment moves through mass 

movement and gradual diffusive processes. Mass movement includes slides, flows and creep, 

whereas diffusive processes instead refer to when rain splash and overland flow cause 

movements of individual grains (Wohl, 2018).  

Channel heads can also form due to subsurface processes. Water that has been infiltrating 

the ground can move downslope either above or below the water table. Generation of channel 

heads from subsurface water movement can occur in two ways. One is when erosion from a 

macropore is sufficient to cause a collapse into the cavity, thereby initiating a channel head. 

Alternately, a channel head can occur when the preferential flow in a macropore or a pipe can 
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intersect with the ground surface. At this intersection, the downslope flow concentrates at the 

surface hence creating a channel head at the point of intersection (Wohl, 2018).  

Like any other feature in nature, channel head locations are not constant and are affected by 

surrounding process and alterations. If the magnitude of the forces and processes forming a 

channel head change over time, it may lead to that a channel head location both advance and 

retreat over time (Dietrich & Dunne, 1993). Natural disturbances like wildfire or landslides can 

increase surface runoff and sediment mobility, hence result in the displacement of the channel 

head (Hyde et al., 2014; Wohl, 2013). For instance, Wohl (2013) observed a displacement 

upslope of channel heads after a severe forest burn in the Colorado front Range, which was 

believed to be caused by increased post-fire erosion. Similar disturbances can have 

anthropogenic origin like land cover change due to cropping, dam building or urbanization 

(Julian et al., 2015; McNamara et al., 2006; Roy et al., 2009).  Forest conversion, road building 

and shifting agriculture have for example shown an upslope migration of channel heads thus 

decrease the contributing area needed (McNamara et al., 2006). On the other hand, the 

contributing area may increase with of urbanization due to piping and burial of headwater 

streams (Roy et al., 2009).   

 

3.3 Challenges with channel heads and current research 
 
Despite their importance, the vast majority of channel heads and their immediate headwaters 

remain poorly mapped, unrecognized, and consequently unprotected (Julian, 2018). 

Considering the presumably excessive number of channel heads across the globe, field mapping 

these features would be both expensive, time-consuming, or even impossible. Instead, a primary 

focus in research has been to improve the mapping channel heads and stream networks using 

topographic data and models (Clubb et al., 2014; Hancock & Evans, 2006; Heine et al., 2004; 

McNamara et al., 2006; Montgomery & Foufoula-Georgiou, 1993; Papageorgaki & Nalbantis, 

2018; Shavers & Stanislawski, 2020). This offers a possibility of improving the prediction and 

mapping of channel heads, and subsequently generate a more detailed stream network.  

A simple approach in modelling channel heads is to set a channel initiation threshold. This 

threshold can be expressed at the point where the concentrated flow is sufficient to erode a 

channel, consequently forming a channel head (Dietrich & Dunne, 1993; Montgomery & 

Dietrich, 1989). By setting a threshold of the required upslope contributing area, or source area, 

needed to initiate a channel, one can apply this at the terminus of all flow lines when modelling 

a stream network in a catchment (Julian, 2018). Thus, this threshold therefore regulates the 



 6 

extent of the stream network. However, due to the many interacting processes described in 

previous sections, a channel head’s contributing area may have large variations across 

physiographic provinces, or even within a small watershed (Bischetti et al., 1998; Wohl, 2018). 

Therefore, applying a constant area threshold may not always be appropriate since it can lead 

to both under- and over estimations of the extent of the channel network. A solution to this is 

to use more complex methods which integrate topographic characteristics such as the local 

valley slope to calculate slope-dependent thresholds for channel initiation. In the pioneer study 

by Montgomery and Dietrich (1988) the authors observed an inverse relationship between the 

local valley slope and the contributing area for channel heads in regions of Oregon and 

California. Their results revealed that the contributing area above the channel head decreases 

with increasing valley gradient for valley slopes ranging between 5 – 45°. This relationship can 

be applied to define a threshold for channel initiation. However, the authors also noted that the 

predicted relationship within their study supported channel heads located in steep humid 

landscapes where channels were initiated by land sliding. Thus, the relationship might be less 

appropriate for channel initiation by overland flow in gentle valleys. Similar result was 

observed by Avcioglu et al. (2017) where they examined the applicability of slope-area 

threshold method for deriving channel heads location across three different physiographic 

regions in Alabama, U.S. Analogous to Montgomery and Dietrich (1988) they observed an 

significant inverse relationship for all regions, however with a weaker correlation (r2=0.45) for 

the region with flatter topography.  

The validity of the slope-area relationships has been further investigated for various climates 

and landscape settings. For instance, Anderson (2019) investigated the slope-area threshold 

method within primeval and managed forest of Northern Michigan where a significant 

relationship was observed for both types of forests, and no significant difference in the relation 

between them. A study preformed in the semi-arid Colorado Front Range, observed only weak 

relationships between local slope and contributing area. The authors explained this by the local 

control of bedrock geology and the mixture of surface- and subsurface initiated channel heads 

(Henkle et al., 2011). Similar results were acknowledged in a study by Garrett and Wohl (2017) 

who investigated slope-area relationships on field-mapped channel heads in the semi-arid 

western Colorado. Their findings revealed that while channel heads originated from surface 

flow showed a significant slope-area relationship, subsurface-initiated channel heads did not. 

This demonstrated that the strength of the inverse relationship may vary depending on whether 

channels are generated from surface runoff or subsurface flow. Moreover, subsurface-initiated 
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channel heads had larger contributing drainage area, longer basin length, and shallower local 

gradient compared to those originated from surface runoff (Garrett & Wohl, 2017).  

Efforts have been made in trying to incorporate more variables when predicting channel 

head locations. Heine et al. (2004) examined different methods to derive an accurate stream 

network from DEM data. Results revealed that identifying streams using a logistic regression 

gave a high accuracy. The regression included slope at the channel head, contributing area, 

average upstream slope and profile/planar curvature. Based on the explanatory power of the 

variables used, the authors argued that the area draining to a cell is the dominant factor when 

determining the probability that a stream channel to occur. Yet, the high significance of the 

average upslope planar curvature variable also showed that concave topography creating 

converging water flows paths, allowing for a stream channel to form. This could also generate 

a positive feedback process where the erosion resulting from the concentrated water flow, 

creates concave topography (Heine et al., 2004). Comparable results were found by Julian et 

al. (2012) where a suite of landscape variables characterizing topography, geology, climate and 

landcover were used to find possible statistical relationships for predicting channel head and 

their contributing area. By investigating contrasting physiographic regions across mid-Atlantic 

U.S., their aim was to develop process-based explanations between channel head locations and 

physiographic influence. It was found that the variable showing the highest explanatory power 

between the regions varied from being the local slope, local planar curvature or average profile 

curvature (Julian et al., 2012). These studies demonstrate the applicability of using more 

topographic variables than slope when predicting channel head locations.  

 

3.4 Study area 
This study focuses on channel heads located in forested regions within the Swedish landscape. 

Sweden is situated in Northern Europe, bordering to Norway in the west, Baltic Sea in the east, 

Finland in the north-east and Nordic Sea in the south-west. Based on Köppen-Greiger climate 

classification, the majority of the land area in Sweden is within the cold temperate zone. This 

zone is characterized by cool summers, cold winters, seasonal snow covers and coniferous 

forest being the dominate vegetation type. The mountain range in the north-western part of the 

country fall within the polar tundra zone (Beck et al., 2018; SMHI, 2021b). The annual mean 

temperature ranges from 7 – 9 °C in the south and 0 – -2 ° C in the north. Precipitation falls all 

year, though being as most frequent during the summer and autumn. Due to Sweden’s close 

proximity to the Atlantic Ocean and low-pressure zones coming from the west/south-west, 
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regions located in the western parts of the country experience the highest amount of 

precipitation (SMHI, 2021b). The Swedish bedrock is made up of Precambrian crystalline rock, 

remains from sedimentary rock cover and the Caledonian mountain range. The landscape has 

been strongly influenced by the several glaciations occurring during the last 2.6 million years, 

with latest ending around 10 000 years ago. Most of the soil cover was deposited during the last 

glaciation, and glacial till is the dominating Quaternary deposit (Andréasson, 2015; SGU, 

2021). According to statistics by the Swedish National Forest Inventory, a large part of the 

Swedish land cover is forested areas (63 %), whereas 58 % are classified as productive forest 

(Table 1; Nilsson et al., 2020).   
 

 
Table 1. Summary of the land cover and soil type (%) for Sweden. 

 

 

 

 

Land use class a % land area by traditional 
land use class 2015 – 2019 Quaternary deposits b % cover in Sweden 

Prod. Forest land 58 Till (medium grain size) 49 
Mires 13 Till (fine grain size) 12 
Alpine areas 12 Till (coarse grain size) 9 
Arable land 7 Sediment (fine grain sizes) 9 
Urban land 3 Sediment (medium grain size) 6 
Subalpine woodland 2 Sediment (coarse grain size) 1 
Rock surface 2 Peat  8 
Other land 2 Rock outcrop 6 
Pastureland 1   
a Land type division and data based from Skogsdata 2020 (Nilsson et al., 2020) 
b Data obtained from Markinfo by SLU (SLU, 2021) 
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Since one of the objectives of this study is to study the spatial distribution of channel heads and 

their contributing area, the investigated zones stretch over Sweden. The zones comprise of 213 

tiles, each covering an area of 2.4 x 2.4 km, distributed across the north-east coast, central or 

mid-east region, south-west coast, south region (Figure 1a).  

 

 

Table 2. Mean annul precipitation and temperature for the different regions.  

Region Prec. [mm]a Temp [°C] b Elevation range [m] 

N.East coast 500 – 600 2 – 4  -0.2 – 363.0 
M.East/Central 500 – 800 4 – 6  -0.6 – 315.7 
S.West coast 800 – 1300 8 – 9  7.8 – 188.6 
South 600 – 800 8 – 9 22.0 – 183.2 

a Annual mean precipitation for normal period 1991 – 2020 (SMHI, 2021a) 
b Annual mean temperature for normal period 1991 – 2020 (SMHI, 2021a) 

 

Figure 1. Location overview map of the investigated zones throughout Sweden where a) showing the mosaicked 
tiles in respective zone. Zone 12 is the Krycklan catchment, while zone 1-11 comprises in total of 213 square tiles 
(individual tile area = 5.76 km2 ), b) zones are grouped according to their spatial location. 
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The study areas were selected by experts in forestry and hydrology based on the following 

criteria: 1) the landscape had to be dominated by forest, 2) it had to be scanned during the 

ongoing high-resolution national laser scan of Sweden, and 3) each region should represent a 

“different” type of landscape than the other areas, concerning topography, soil conditions, 

runoff, land-use and tree species. A total of 12 zones were included where one was the Krycklan 

catchment – a unique, long-term research site for the Swedish University of Agricultural 

Sciences (Laudon et al., 2021; Laudon et al., 2013). To allow for a spatial comparison on 

different latitudes in Sweden, the zones were grouped according to their spatial location, i.e. 

three in the north-east coast (N.East coast), two along the mid-east/central (M.East/Central), 

two on the south-west coast (S.West coast) and three located in the south (Figure 1b). The mean 

annual temperature and precipitation ranges between 2 – 9 °C and 500 – 1300 mm year-1, 

respectively (Table 2). 
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4 Methodology and data 
All topographical analyses and calculations were preformed using ArcGIS Pro 2.5.1 and/or the 

geospatial data analysis platform Whitebox Geospatial Analysis Tools (GAT) (Lindsay, 2014). 

In the sections that follows, I will describe the procedures, data and methods used within this 

study. An overview of the workflow is summarized in Figure 2.  

 

 

 

 

 

 

 

 

 

 

 

 
4.1 Digital elevation data and pre-processing 
 
The high-resolution DEM provided by the Swedish University of Agricultural Sciences (SLU) 

was used as the main data input for the mapping of the channel heads. The DEM is based on 

the ongoing laser scanning of Sweden referred to as Laser Data Forest (Laser Data Skog). The 

laser scanning started in 2018 by the Swedish Mapping, Cadastral and Land Registration 

Authority (Lantmäteriet, 2021a). It is based on measurements using airborne laser scanning 

with a point cloud resolution of 1 – 2 points m-2 and with a vertical and horizontal positional 

accuracy of <0.1 and 0.3 m, respectively. Laser data acquisition and point density varied due 

to the variability in season, vegetation, and topography (Lantmäteriet, 2021b). From the LiDAR 

data, a DEM was generated with a 0.5 m x 0.5 m cell resolution within the tiles representing 

each investigated zone (Figure 1). Before any hydrological calculation can be done, the DEM 

Figure 2. Workflow chart showing the different procedure during the GIS analysis. The attribute table with the 
extracted values was converted to tables and exported to MATLAB for statistical analysis 
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requires pre-processing since it often contains artefacts (Jenson & Domingue, 1988; Marks et 

al., 1984). For the purpose of this study, the breaching algorithm was used, first introduced by 

Martz and Garbrecht (1998). The algorithm evaluates the local outlet of each closed depression 

in a DEM. Thereafter it determines if the elevation of cells along a path from the lowest cell to 

the outlet of that sink can be lowered to eliminate/reduce the size of the depression. The pre-

processing was conducted in following steps: 

 

I. Burn streams at roads.  Road banks often act as dams in the DEM while the water drains 

underneath the roads in culverts. Therefore, to correct for where streams are crossing 

roads, the tool “Burn Streams At Roads” in Whitebox GAT 3.4 was used (Lindsey, 

2014). By using stream- and road lines produced by the Swedish Mapping, Cadastral 

and Land Registration Authority, the algorithm “burn ditches” in the 0.5 m DEM across 

the roads at these locations allowing the water to continue downstream.  

 

II. Breach depressions. The sinks were thereafter removed in the stream-road-burned DEM 

using a breaching-filling sink method developed by Lindsay (2016), where the 

breaching was conducted on a cell path length of 50 cells. This method has shown to be 

a suitable pre-processing method for high resolution DEMs in the Swedish landscape 

(Lidberg et al., 2017).  

 
4.2 GIS data used for identifying channel heads 

  
Several types of GIS data were used to assist in the digitalization of the channel heads from the 

DEM. This were for instance (1) a soil moisture index (SMI) raster provided by SLU (2m x 

2m) produced in 2020, (2) a base map layer in ArcGIS Pro software showing 0.5 m to 1 m 

resolution satellite images collected between 2012-2019, (3) a vector layer consisting of 

mapped ditches produced by SLU and the Swedish Forest Agency during 2019-2020, and (4) 

a vectorized streamline- and road network layer from the Swedish Property map (1:12 500) 

produced by the Swedish Mapping, Cadastral and Land Registration Authority. The stream line 

layer is currently the most detailed map of streams in Sweden (Ågren et al., 2015), however, it 

is estimated that ca 80% of the stream networks are missing on this map as it was drawn from 

aerial photos and the majority of the smaller streams were hidden under the tree canopy. 

Additionally, rasters of terrain derivatives were calculated to make landscape features more 

visible and highlighted, which will be described in subsequent sections.  
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4.2.1 Flow accumulation raster 
 
To trace the flow paths within the investigated zones, a flow accumulation grid was generated 

from the pre-processed DEM in ArcGis Pro software. Using the D8 (eight flow directions) 

algorithm, first introduced by O'Callaghan and Mark (1984), the function calculates the flow to 

each pixel from the eight neighbouring cells. Using the D8 flow direction raster as an input, the 

accumulated flow to each pixel could be calculated. This method was first introduced by Jenson 

and Domingue (1988) and the function generates a raster with the accumulated weight of all 

cells flowing onto each downslope cells. Cells of high pixel values indicate concentrated flow, 

while low values or zero indicate topographic highs. From this raster, cells with high 

accumulation of flow could be identified and a rasterized stream network could be extracted. 

Additionally, the flow accumulation raster was used to generate vectorized stream networks at 

different stream initiation threshold of 1, 2, 10 and 30 ha. These would be utilized to assist in 

the identification of stream direction during the mapping of the channel heads. 

  

4.2.2 Hillshade raster 
 
The hillshade function in ArcGIS Pro produces a greyscale 3D representation of the landscape 

where shading from the relative position of the sun makes the topography more visible. This 

technique allows for a better visualization of the terrain and highlights the relief in the 

landscape. For the scope of this study, the multidirectional hillshade was used which means that 

it enabled light from six different directions (Figure 3a). Additionally, z-factor of 2 was applied, 

which added vertical exaggeration, hence amplifying topographic features such as stream 

channels.  

 
4.2.3 High pass median filter raster 
 
The Whitebox tool High Pass Median Filter (HPMF) provides a raster which calculates the 

value of the grid cell at a centre of a window based on the median of the surrounding grid cells. 

Using the DEM as an input, the tool calculated a raster layer where the cell values indicate 

whether its elevation is above or below the median of the surrounding cells, i.e. negative values 

for cells lower than the median or positive if above. Consequently, this filter could help to 

identify continuous stream channel segments or other topographic depressions in the landscape. 

Figure 3b illustrates the utilization of the HPMF where the blue colours in the image represent 

cells having a value lower than the median. This could therefore highlight both natural incised 

stream channels as well as agriculture ditches.  
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4.2.4 Slope and curvature rasters 
 
As water flow paths are controlled by the gradient over larger distances and not the 

microtopography, the DEM was aggregated into 25 m x 25 m cell size since 25 m cells size 

was considered to be sufficient for capturing the overall variability in slope and curvature. The 

aggregation also increased computational efficiency. Using the spatial analyst toolbox in 

ArcGIS Pro 2.4, slope and profile/planar curvature were calculated at each investigated zone. 

While the slope rasters give information about the gradient within the landscape, the curvature 

rasters give information about the shape or curvature of the slope. This can therefore yield 

information about the physical characteristics such as the concavity of the drainage basin 

(Figure 4). The profile curvature is parallel to the slope, where positive cell values indicate 

upward concave surface causing an accelerated flow. Negative values indicate upward convex 

shape of the surface which will decelerate the flow, and zero values indicate linear surface. 

Planform curvature is perpendicular to the slope, where positive cell values imply that the 

surface is convex, and the flow is diverging. Negative values indicate laterally concavity, and 

the flow is converging, while 0 values indicate a linear surface (Heine et al., 2004).  

 
 
 

Figure 3. Images showing example of a) multidirectional hillshade. This raster allows for a better visualization 
of small-scaled features in the landscape. This example illustrates how a natural channel (bottom right corner) 
connects to a ditch network, b) a HPMF raster of the same area as in (a). The blue cells indicate negative 
values, which denotes that these pixels have a median lower than surrounding cells.  

a b 
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4.3 Identifying and mapping of channel heads  
 
In traditional field mapping techniques, channel heads are identified by walking upstream until 

the channel head is located and thereafter marking its location using a handheld GPS (Henkle 

et al., 2011; Julian et al., 2012; McNamara et al., 2006; Płaczkowska et al., 2015). A similar 

procedure was used within this study, however the channel heads where instead identified and 

mapped using on-screen digitized technique. Each stream network was traced upstream until it 

no longer was visible in the multidirectional hillshade raster. At the identified channel head, a 

point vector feature was recorded.  

Since one of the research aims was to investigate impacts from human interventions, an 

important part was to separate altered channel heads from the natural channel heads. Therefore, 

the channel heads were divided into different categories depending on their start type (Table 3), 

where a conceptual figure representing the different start types are shown in Figure 5. Altered 

heads, or Start type 2, refer to the heads that have been modified in some way, e.g. been 

straightened, deepened or dug for agricultural purposes, and the head is connected to artificial 

channel networks upstream. Natural channel heads on the other hand are the heads that were 

identified as “undisturbed”, hence show no indication of human impact.  

Figure 4. Illustration showing planar and profile curvature and how the cell values indicate the shape of the 
surface. Positive planar curvature indicates diverging flow, negative converging flow, 0 linear flow. Positive 
profile curvature values indicate upward concave shape, accelerating the flow, negative values upward convex 
shape deaccelerating the flow, values of zero indicate a linear surface. Modified from Heine et al. (2004) 
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When all channel heads were mapped, they were snapped to the closest flow accumulation cell 

so that the heads fell on cells with highest accumulated flow, with a search distance of 

maximum 10 m. To analyse the upslope characteristics of the channel heads, the watershed 

above each channel head was calculated. Using the D8 flow accumulation raster and the 

snapped channel heads as pour points, the Watershed tool in ArcGIS Pro generated a raster 

delineating the individual catchment areas for the channel heads. 

 
4.4 Variables extracted for analysis 
 
To add the topographic, soil and hydrological information to the digitized channel heads, each 

corresponding value from the rasters were extracted to the attribute table of the vector points 

using the ArcGIS tool Multivalues to points (see Figure 2). Each row in the point vector attribute 

Table 3. Description of the different start types used when identifying channel heads as point vectors. 

Start type Description Classification  

1 Natural channel head  Natural 

2 Altered channel head connected to ditches Altered 

Figure 5. Conceptual figure of the different channel head start types. Start type 1 are channel heads ending in 
mineral soil. Start type 2 are channel heads connected to ditch network upstream (dashed lines represent ditches).   
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table represents a digitized channel head and each column represents the corresponding values 

of the overlaid raster layers. 

The extracted topographic data included the local slope, planar/profile curvature, and 

elevation at the channel heads. To extract information about the catchment area for the channel 

heads, the ArcGIS tool Zonal statistics was used to calculate the average slope, planar/-profile 

curvature and average soil moisture index for the generated watershed for each channel head. 

Furthermore, to extract information what type of the surface the channel heads were formed in, 

a Quaternary deposit map was used. The data is produced by the Swedish Geological Survey 

(SGU), and for the purpose of this study the deposits were simplified into five different 

categories: till, peat, rock outcrop/thin soil, course sediment (silt to boulders) and fine sediment 

(e.g. clay). 

The hydrological variable comprised of simulated runoff data obtained from SMHI. SMHI 

produces annual and seasonal runoff off maps using the hydrological model S-HYPE. By 

dividing the landscape into nearly 38 000 sub-basins the S-HYPE model have allowed for a 

nation-wide simulation of water flow and transport of nutrients. The model input data is a 

precipitation and temperature grid (4 x 4 km cell size) which is based on data from a temperature 

and precipitation database (Lindström et al., 2010; SMHI, 2020). Using this simulated runoff 

data, a vector layer containing polygons representing each subbasin and corresponding 

information about average annual-, winter (Dec - Feb), spring (Mar - May), summer (June - 

August) and autumn (Sep-Nov) runoff for the time period 1982 - 2015. By superimposing the 

mapped channel heads on the polygon layers, information of the subbasins average annual and 

seasonal runoff (mm/ year or mm/season) at each head could be extracted.  

The accumulated flow at each channel head was also extracted from the D8 flow 

accumulation raster. Using this, the contributing areas were calculated by taking the flow 

accumulation cell value at the corresponding channel head and multiplying it with the cell area 

(0.25 m2). A summary of all extracted variables is presented in Table 4. 
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4.5 Statistical analysis 
 
The attributes for the digitized channel heads were thereafter exported to MATLAB to compute 

descriptive statistics and statistical analysis. As a measure of the variability in the contributing 

area, the mean absolute deviation (MAD) was calculated. It returns an estimator of the 

variability between the median of the dataset and the absolute value of all differences |𝑑!| 

between the median and each observation (X1) in the dataset: 

 

𝑀𝐴𝐷(𝑋) = 𝑚𝑒𝑑𝑖𝑎𝑛|𝑑!|,     (1) 

where, 

𝑑! =	 |𝑋! −𝑚𝑒𝑑𝑖𝑎𝑛(𝑋)|     (2) 

 

Where X is the calculated contributing area for each mapped channel head. This measure of 

variability is resistant to outliers, thus being a reliable measure of a spread within a dataset 

(Helsel & Hirsch, 2002).  

Table 4. Description and abbreviation of the variables extracted for the channel heads. 

Variable Description Source/resolution 

Contributing area (AC) Contributing area above channel head [ha] DEM (0.5m) 

Topographic variables   
Local slope (Sloc) Slope at channel head [degrees] DEM (25 m) 
Average slope (Savg) Avg. slope of watershed above channel head [degrees] DEM (25 m) 

Local plan curvature 
(PLCloc) 

Transverse curvature at channel head, perpendicular to 
flow direction 

DEM (25 m) 

Average plan curvature 
(PLCavg) 

Avg. transverse curvature of watershed above channel 
head 

DEM (25 m) 

Local profile curvature 
(PRCloc) 

Longitudinal curvature at channel head, perpendicular 
to flow direction 

DEM (25 m) 

Average profile curvature 
(PRCavg) 

Avg. longitudinal curvature of watershed above channel 
head 

DEM (25 m) 

Elevation  Elevation at channel head [m] DEM (0.5 m) 

Soil variables  
 

Soil moisture index (SMI) Average soil moisture index of watershed above 
channel head 

SLU (2 m) 

Quaternary deposit Local Quaternary deposit at the channel head  SGU (2 m) 

Hydrological variables    

Runoff Modelled average annual/seasonal runoff between 
1982 – 2016 [mm season-1 and mm year-1]  

SMHI (based on  
S-HYPE model, grid 
cell size of 4x4 km) 
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A one-sided Wilcoxon rank sum test was used to test the null hypothesis that distribution of 

calculated contributing areas in the different regions and channel start types are equal. A 95 % 

confidence interval was used, and the null hypothesis was rejected if p<0.05. This test was also 

applied on the median contributing area on different Quaternary deposits. As a next step in the 

statistical analysis, variables were inspected by producing scatterplots with contributing area as 

dependent variable (y) and the remaining variables as the independent variable (x). Relationship 

between the variables was examined by producing correlation matrices. To choose appropriate 

correlation measure, the data set was checked for normality using histograms and qq-plots. 

Since no variables obeyed a normal distribution and log transformations did not solve 

satisfactory normality, the non-parametric Spearman’s rank correlation coefficient (ρ) was 

used. This is a rank-based coefficient that depends on the ranks of the data and not the 

observation themselves, and the variables are separately ranked from smallest to lowest. This 

implies that ρ is resistant to outliers. Computation of ρ yields a value between -1 and 1, where 

0 indicate no correlation (Helsel & Hirsch, 2002). The significance of the correlation was tested 

on a 95 % confidence interval and was considered statistically significant if p<0.05.  
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5 Results 
A total of 394 channel heads were mapped during the digitization process. The majority (229) 

were classified as natural channel heads, while 165 were classified as altered (Table 5). It should 

be noted that the ditch networks connected to the channel were not traced upstream. The most 

upstream point at these heads were when a natural channel was connected to a ditch. Highest 

proportion of altered channel heads relative to the natural ones in was found in the southern 

region, where altered head stand for 67 % of the total amount of mapped channel heads in this 

region. The region having the highest number of natural channel heads were found in the mid-

east/central region. The north-east coast and the south-west coast show almost an equal 

distribution between the two start types (Table 5).  

 

5.1 Variation in contributing area  
 
5.1.1 Comparison between natural and altered channel heads 
 

The contributing area draining to altered channel heads revealed a large variability, ranging 

from 0.04 ha up to 193.6 ha, with a MAD of 7.3 ha (Table 6). When examine the variability in 

the contributing area between the different regions for altered heads (Figure 6), the north-east 

coast showed the highest MAD (13.0 ha) revealing that many channel heads within this region 

have large deviation from the median. This was true for the southern region as well.  The lowest 

median was found in the south-west coast (7.6 ha) being significantly lower compared to the 

other regions, except for the mid/east central.  

The median of the contributing area of the altered heads was also significantly higher than   

the natural channel heads, both when testing the total populations as well as separately for each 

region (p≪0.05). The contributing areas to the natural channel heads range from 0.1 – 58.0 ha 

with a total MAD of 4.3 ha. The mid-east/central has the highest median (7.3 ha), being 

Table 5. Total number of mapped channel heads and percentage of altered - /natural channel heads. 

Region Natural channel heads Altered channel heads 

 No. % of total No. % of total 

All (n = 394) 229 58 165 42 

N.East coast (n =104) 54 52 50 48 

M.East/Central (n = 123) 94 76 29 24 

S.West coast (n = 115) 64 56 51 44 

South (n = 52) 17 33 35 67 
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statistically significantly higher than the other regions, with the exception for the north-east 

coast.  
 

 

 

 

 

 
  

Table 6. Descriptive statistics of the contributing area [ha] for natural and altered channel heads.  

St. Type No. Median Min Max 25th pclt 75th pclt MAD 

 Natural 
All 229 6.3 0.1 58.0 2.3 10.9 4.3 
N.East coast 54 6.5 0.1 58.0 1.2 12.4 5.5 
M.East/Central 94 7.3 0.1 44.3 3.3 11.5 4.2 
S.West coast 64 4.4 0.3 42.0 1.6 9.1 3.7 
South 17 3.5 0.5 18.1 1.7 6.3 2.1 

 Altered 
All 165 10.2 0.04 193.6 3.9 24.7 7.3 
N.East coast 50 14.9 0.04 163.3 3.9 34.1 13.0 
M.East/Central 29 9.5 0.4 119.3 3.8 23.6 6.3 
S.West coast 51 7.6 0.5 133.8 3.8 14.9 5.1 
South 35 13.0 0.5 193.6 5.3 45.7 10.1 

a b 

Figure 6. Boxplots showing contributing area [ha] in a) natural channel heads b) altered channel heads. The plots 
show both the total variation within each start type, as well as the variation within each geographical region.  
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5.1.2 Formation of natural channel heads in different Quaternary deposits 
 
The distribution of channel heads formed on different type of Quaternary deposits varied 

between the regions. However, the majority of the channel heads are located on till, which was 

expected since this is the dominating Quaternary deposit in Sweden (Figure 7). Channel heads 

formed on peat were relatively abundant in the south-west coast (n=24), the mid-east/central 

region (n=28), and north-west coast (n=12). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Natural channel heads formed on fine sediment, e.g. clay, required the largest contributing area, 

with a median of 8.9 ha, followed by peat. Peat has also the highest variability relative to the 

other deposits. Lowest contributing areas were found for heads located on thin soil/rock outcrop  

(Table 7). Observing the boxplot, heads formed on till, peat and coarse sediments have large 

differences between the minimum and maximum contributing area, ranging between 0.1 ha up 

Figure 7. Natural channel head distribution in the different Quaternary deposits in the investigated regions. 
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to 58 ha (Figure 8).  Despite the large variability on the contributing area needed for a channel 

to form, there was not enough evidence to confirm that the median is significantly different 

between the different (p≫0.1). Variation in contributing area for altered channel heads divided 

by Quaternary deposit type can be found in appendix 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Table 7. Descriptive statistics of the variation in contributing area [ha] for different Quaternary deposits. 

Soil Type No. % of total Min Max Median MAD 

 Natural channel heads 
Till 121 53 0.3 58.0 5.7 3.8 
Peat 64 28 0.3 47.0 7.2 4.5 
Coarse sediment 23 10 0.1 25.6 4.7 2.2 
Fine sediment 9 4 1.2 18.4 8.9 3.5 
Rock outcrop/thin soil 12 5 0.1 16.7 3.7 3.3 
       

Figure 8. Variation in contributing area [ha] for natural channel 
heads grouped based on the quaternary deposits they were formed 
on.   
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5.2 Channel heads correlation with landscape variables 
 
The landscape attributes extracted for the channel heads in the four regions are presented in 

Table 8, showing the minimum, maximum and median for each variable. In general, all channel 

heads are found on relatively gentle local slopes (Sloc) with a median around 2°, with Sloc being 

the steepest in the north-east coast. The average slopes of the upslope catchment areas (Savg) 

for the channel heads were overall steeper compared to the Sloc, however still being relatively 

flat (Table 8). Only a few of the variables showed weak statistically significant correlations 

with the contributing area. For instance, Sloc and contributing area showed a weak negative 

correlation for the total amount of natural channel heads (ρ = -0.19, p<0.05). The north-east 

coast was the only region where a significant negative correlation was found for the Sloc (ρ = -

0.34) and the Savg (ρ = -0.30) when the correlation was preformed separately at each region. A 

summary table with correlation coefficients can be found in appendix 3. 

 

 

Observing the other topographic variables such as the planar/profile curvature and elevation, 

neither had a significant correlation to the contributing area. Most channel heads were found 

on concave surfaces with converging flow (PLCloc values <0), whereas the PRCloc showing 

mostly positive values indicating an upward concave surface. The extracted values the planar 

and profile curvature of catchment areas (PRCavg and PLCavg) indicate that many of the channel 

heads are formed on catchments with moderately linear surfaces and no evidence of being 

dominated by either diverging or converging flow. The variability in the average soil moisture 

index for the catchments are relatively equal between the zones with exception for the south, 

Table 8. Landscape variable ranges for natural channel heads for the different regions. Median for each 
variable is shown is in parentheses. An extended table can be found in appendix 2.  

 Natural channel heads  
Variable NE Coast M.East/Central SW Coast South All 
Contributing area 0.1 – 58.0 (6.5) 0.1 – 44.3 (7.3) 0.2 – 41.6 (4.4) 0.5 – 8.0 (3.5) 0.1 – 58.0 (6.3) 

Sloc 0.1 – 11.9 (2.2) 0.1 – 9.1 (1.9) 0.1 – 10.6 (1.8) 0.2 – 7.7 (2.3) 0.1 – 11.9 (2.0) 

Savg 0.8 – 14.8 (3.8) 1.3 – 8.8 (3.7) 0.5 – 11.9 (4.0) 1.6 – 4.5 (3.0) 0.5 – 14.8 (3.7) 

PLCloc -2.1 – 0.2 (-0.2) -0.9 – 0.1 (-0.1) -1.0 – 0.4 (-0.1) -0.9 – 0.3 (-0.1) -2.1 – 0.4 (-0.1) 

PLCavg -0.1 – 0.1 (0.0) -0.0 – 0.0 (0.0) -0.1 – 0.1 (0.0) -0.0 – 0.0 (0.0) -0.1 – 0.1 (0.0) 

PRCloc -0.1 – 1.5 (0.1) -0.4 – 0.4 (0.0) -0.6 – 1.0 (0.1) -0.3 – 0.8 (0.2) -0.6 – 1.5 (0.1) 

PRCavg -0.1 – 0.1 (0.0) -0.1 – 0.1 (0.0) -0.1 – 0.1 (0.0) -0.0 – 0.0 (0.0) -0.1 – 0.1 (0.0) 

SMI 7.1 – 77.7 (30.8) 5.9 – 76.0 (38.8) 4.9 – 68.4 (34.8) 6.5 – 38.2 (16.8) 4.8 – 77.7 (35.0) 

Elevation  16.4 – 297.6 

(178.9) 

12.0 – 231.2 

(128.2) 

39.6 – 156.3 

(112.5) 

45.7 – 117.3 

(68.5) 

12.0 – 297.6 

(126.5) 
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which displays almost 50% lower median index value compared to all the other zones (Table 

8). A significant positive correlation was found between SMI and contributing area for the total 

number of natural channel heads (ρ = 0.26). This positive correlation was also found in the 

north-east coast and the south when analysing the regions separately, yielding a ρ = 0.42 and  

ρ = 0.61, respectively. 

Based on the extracted modelled runoff data for 1982 – 2016, channel heads in the south-

west coast are situated in basins that experienced highest average annual and seasonal runoff. 

The exception was however during spring, where the highest runoff was found in the north-east 

coast and mid-east/central regions (Figure 7). No significant correlation was found to 

contributing area except for a weak negative correlation to the average winter runoff  

(ρ = - 0.13).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Variation in median runoff for the different regions. The median is calculated from the average runoff 
between 1982-2016. 
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The scatterplots in Figure 8, show only the landscape variables where the correlation coefficient 

was statistically significant. Scatterplots for the remaining landscape variables are found in 

appendix 4.  The plots reveal highly scattered data points, and no evident relationship between 

the size of the contributing area and related landscape variables can be found.  

 

 

 
  

a b 

Figure 8. Semilogarithmic correlation scatterplots of the contributing area and the variables where the correlation 
coefficient was found to be statistically significant, either for the separate regions and/or for the total channel 
heads. The regions that were the correlation was significant when preforming the correlation analysis separately 
are highlighted with an individual symbol. The y-axis shows the log contributing area [ha] and is plotted against 
(a) the local slope at head [degrees] (b) the average slope in the catchment area [degrees] (c) the average soil 
moisture index of the channel heads catchment area, d) the average winter runoff [mm season-1].  

c d 
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6 Discussion 
This project has examined the variability in the contributing area needed for initiating a channel 

on a regional scale throughout Sweden. By comparing the size of the contributing area in 

different types of channel heads, different physiographic regions and Quaternary deposits, the 

aim was to examine if there are systematic differences between these characteristics. 

Additionally, a correlation analysis was performed to analyse potential relationships between 

the size of the contributing area and topographic-, soil-, and hydrological variables. Following 

sections will cover the main findings and discuss their implications and agreement with 

previous studies. 

The contributing area draining to the channel heads revealed a large spatial variability. This 

was the case both among different regions and between the two start types. Channel heads 

classified as natural had an overall median of 6.3 ha, where the median hectare ranged from 3.5 

to 7.3 in the south region and the mid-east/ central parts, respectively. This variability was also 

evident when comparing the calculated MAD for the contributing area between the regions 

(ranging from 2.1 to 5.5 ha). The wide range in contributing areas is in line with other studies 

that investigated channel head locations in different physiographic regions. For instance, 

Płaczkowska et al. (2015) reported a range of 0.03 to 14 ha for the Polish flysch region. Even 

higher ranges were seen in studies carried out in the United States, where 1 – 60 ha was found 

for the semi-arid Colorado Front Range (Henkle et al., 2011), and 0.27 to 79.3 ha in five 

physiographic provinces in the Mid-Atlantic U.S (Julian et al., 2012). This confirms the 

challenge in finding a single, suitable threshold parameter for channel initiation when modelling 

stream networks based on LiDAR data, even when using finer resolution. The variation could, 

however, be expected since topography, soil characteristics, climate, and land use differ 

regionally. These characteristics may vary on regional to submeter scale and thus influencing 

surface and subsurface flow paths and erodibility of the surface material (Kampf & Mirus, 

2013). 

It is evident that channel heads connected to ditch networks are characterized by an even 

higher variability in contributing area, ranging from 0.04 to 193.6 ha, and a MAD being 7.3 ha. 

Some ditch channels were possibly former natural channels that has been straightened and 

deepened, therefore increasing the contributing area. Therefore, it is important to bear in mind 

that the contributing area of these channel heads are not indicators for any threshold needed to 

initiate the channel. Instead, the altered channel heads mark the point where a natural stream 

channel connects to an artificial channel. The alterations in the surrounding landscape may 
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possibly have influenced the channel heads even if they appear to be relatively undisturbed and 

origin from natural erosional processes. Since the contributing area is calculated from how 

water flow and accumulate in the landscape, landscapes with extensive ditch networks could 

potentially disrupt natural surface and subsurface downslope processes of water and sediment. 

Instead, the artificial drainage systems may route the water and consequently decrease the 

amount of water draining towards natural channel heads. This could partially explain why the 

contributing area to the natural channel heads in the south region was the smallest since the 

ditch networks was indeed as most pronounced there. However, the degree of influence these 

large alterations have on the channel initiation in the studied regions is difficult to state based 

on the findings in this study. A landscape free from ditch networks and altered stream channels 

could potentially result in longer water travel times thus allowing for more water routing 

towards natural stream channels, compared to if draining ditches are present. This would argue 

that one could expect larger contributing areas to natural stream channels if no draining ditches 

are present. On the other hand, a forested and uncultivated landscape would potentially instead 

generate a catchment containing a finer stream network with more low order streams requiring 

smaller contributing areas. Nonetheless, the effects of other types of land disturbance on 

channel heads contributing area have been observed in previous research where for instance 

channel heads following wildfire or forest clearing decreased the contributing areas compared 

to undisturbed conditions (McNamara et al., 2006; Wohl, 2013).   

Turning now to the correlation analysis for channel heads classified as natural. When 

analysing factors associated to initiation and maintenance of natural channel heads, the 

correlation analysis revealed insignificant or weak to moderate correlations between the 

investigated variables and the contributing area. Although the local slope showed a negative 

correlation for all channel heads (ρ = -0.19, p<0.05), it is too weak to be considered a governing 

factor for the channel initiation. The high scatter in the slope-contributing area plots implies 

that the significant correlation is a result of a weak association between the variables, not a 

causation. This outcome is contrary to that of Anderson (2019) who found significant 

relationships between local slopes and contributing areas in forests in the Huron Mountain Club 

in northern Michigan. This discrepancy could be attributed to variances in the topography. 

Results reported in our present study was based upon data from areas with relatively flat 

topography (median Sloc and Savg approximately 2° and 3.7°, respectively), whereas the study 

by Anderson (2019) was carried out in forested areas where the average local slope at channel 

heads measured approximately 12.7° (primeval forest) and 8.4° (managed forest). Furthermore, 

the remaining topographic indices did not appear to be significantly correlated to channel head 
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locations and nor could other patterns in their relation be observed. Many channel heads appear 

however to be located on concave surfaces with converging flow, whereas the upslope 

catchments appear to have a more linear surfaces and flow. The shape of the catchment area 

could also explain the positive correlation to the average soil moisture index (SMI) in the 

channel heads catchments. This index is generated using machine learning, where terrain 

indices such as the topographic-wetness-index are included (Lidberg et al., 2020), indeed 

making this landscape variable related to surface topography. Even though the positive 

correlation is relatively weak, it suggests that channel heads formed on catchments with flatter 

topography and linear flow will experience more wet to moist soils, which potentially increases 

the area needed to incise the channel.  

The above-described weak correlation to topographic indices does not imply that the 

influence of surface topography on channel initiation should be neglected. However, it suggests 

that channel initiation in forested regions Sweden with a gentler topography are governed by 

more complex interacting subsurface and surface processes, rather than the surface topography 

alone. Weak relationships between the slopes and the contributing areas were also seen in the 

semi-arid Colorado in the U.S (Henkle et al., 2011). The authors argued that channel-heads 

locations for this region instead were controlled by bedrock geology and the mixture of surface 

and subsurface processes. The importance of lithology where also stressed by Jaeger et al. 

(2007) where they observed weak slope-area threshold relationships for catchment underlaid 

by either basalt or sandstone lithology. They argue that the surface topography does not follow 

subsurface topography therefore routing the preferential flow paths in the underlying bedrock 

outside what is delineated for the contributing area. The importance of acknowledging 

subsurface controls was also highlighted by Garrett and Wohl (2017), who demonstrated that 

that strength of the inverse relationship may vary depending on if channels are generated from 

surface runoff or subsurface flow. Subsurface-initiated channel heads within their study had 

larger contributing drainage area, longer basin length, and shallower local gradient compared 

to those originated from surface runoff. They claimed that the type of flow initiating a channel 

greatly influences the location of the channel head (Garrett & Wohl, 2017). It is somewhat 

problematic to draw similar conclusions in this project due to lack of evidence whether the 

digitally mapped channel heads in this project originate from subsurface or surface flow paths. 

However, previous studies on runoff generation in boreal catchments in Sweden have shown 

that boreal streams have large differences in hydrological flow paths whether the catchment is 

wetland or forest dominated (Laudon et al., 2007). Using water isotopes (δ18
 O), Laudon et al. 

(2007), studied runoff generation during spring snow melt season, where results indicated that 



 30 

wetland dominated catchment had a lower fraction of pre-event water, or sometimes referred 

to as old water, compared to forest dominated catchments. The soil water isotopic data also 

indicated that the water in a wetland catchment during this season have two hydrological 

pathways, a shallow near the surface and a preferential pathway between 200 to 250 cm depth. 

The authors argue that overland flow is an important pathway in these catchments, especially 

at the onset of the snowmelt period since a continuous soil frost layer inhibits melt water from 

infiltrating to the peat. The preferential pathways on the other hand probably originate when 

melt water have infiltrating the surrounding forest soils and thereafter flowing along layers of 

higher hydrological conductivity. The influence of landscape properties on runoff generation 

and water flow within a catchment was also observed in a study by Jutebring Sterte et al. (2021) 

who studied water travel times in 14 long-term monitored boreal sub-catchments in Krycklan 

catchment located in northern Sweden. Results showed that water travel times to a stream could 

vary considerably on annual and seasonal scales in different catchments. Longer travel times 

were in general seen in low-conductivity silty sediments on annual and seasonal timescale. 

Mires lead to increased fractions of young water and thus shorter travel times, but this was 

mainly seen in the spring when the soil was frozen (Jutebring Sterte et al., 2021). 

In light of the above-mentioned studies, it is possible to conjecture that the studied channel 

heads within this present study, which are situated in wetland dominated catchments with a 

climate allowing for continuous soil frost layers and heavy spring melt seasons, the water flow 

could potentially be dominated by overland flow during snow melt season. Whereas the channel 

heads located on till and more forested dominated catchment, a larger fraction of the runoff in 

the catchment could originate from subsurface flow paths during melt season. However, due to 

the spatio-temporal variability in runoff within the studied catchments and the absence of 

reliable data whether the channel heads originate from subsurface or surface flow paths, 

conclusions about the dominating runoff processes generating the mapped channel head is not 

possible within the scope of this study. Instead, modelled average runoff between 1982-2016 

was used as hydrological variable to study the general runoff regime in the different regions 

and if this could be related to the size of the contributing areas. Even though the historical 

average runoff may not directly be linked to the thresholds needed to form the channels, it could 

be used to find potential patterns in size of contributing areas and seasonal variations in runoff. 

Yet, no evident relationship between the contributing area and the average runoff at the different 

regions were observed. Only insignificant and weak correlations were found between the 

contributing areas and the annual and seasonal average runoff. Important to note is that the 

extracted runoff variables are based on modelled averages between 1982 – 2016, meaning that 
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the temporal and spatial variability in runoff is likely higher. The choice to only include average 

runoff is therefore a constraint of this study. By including runoff data that possibly exert greater 

influence on fluvial erosion processes initiating channel heads, e.g. the maximum runoff, would 

potentially yield more representative data to understand the effect and influence of hydrological 

variables.  

The rainfall and runoff response in a catchment are also influenced by the landscape type. 

Subsurface characteristics and soil properties influences the runoff erosion potential, 

permeability, infiltration capacity and cohesion, thus influencing where a channel head form. 

The majority of the mapped natural channel heads were located on till (58%) and contributing 

area for channel heads formed in this deposit varied between 0.1 ha to 58 ha. This large 

variability could be attributed to the heterogeneity in grain sizes and sorting in a till. These 

properties shape the infiltration capacity and sediment transport, thus controlling the 

contributing area needed to form a channel in these materials. Till with coarser grain size could 

influence the susceptibility to sediment transport thus decreasing the contributing area. If the 

clay content in a till is high, it may instead increase the area needed to incise a channel. The 

influence of clay on the erodibility was evident in channel heads formed on fine sediment, 

which indeed had the largest median in contributing area (8.9 ha) revealing that more drainage 

area is needed to incise a channel in clay rich deposits. The type of Quaternary deposit could 

be one of the reasons why higher contributing areas were found in the mid-east/central region 

(Table 6). In this region, the majority of natural channel heads were formed on till or peat and 

located on relatively flat topography, thereby increasing the contributing area. This pattern was 

however not seen in the remaining regions. While the deposits showed large internal range in 

the contributing area needed to incise a channel head, there was not enough evidence to confirm 

that the median within the different deposits where significantly different from each other. Yet, 

owing to the large heterogeneity within the subsurface and the relatively course resolution of 

the Quaternary deposit map, the results are subject to uncertainties and should be interpreted 

with caution.  

In conclusion, this study has demonstrated that accurately predicting channel initiation when 

generating stream network maps in Sweden is subject to many challenges. The complexity of 

estimating channel initiation was also highlighted in Anderson (2019) who investigated the 

slope-area threshold method within primeval and managed forest of Northern Michigan. Even 

though a significant relationship was observed for both types of forest types, the slope-area 

relations were variable compared to previous studies. The author claimed this to be elicited by 

local variation in soils, a snow-dominated landscape and the topographic features found in the 
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investigated sites. Similar varying conditions in both landscape and climate are found 

throughout Sweden, which was reflected in the variability in the contributing areas for channel 

heads and the weak correlation to the investigated landscape variables. Instead, no consistent 

spatial pattern of channel initiation thresholds for different regions, surface topography 

attributes or Quaternary deposit type were found. This argues that the amount of water needed 

to contribute the formation of a channel head in flat forested regions within Sweden are a 

governed of more complex interacting subsurface and surface process. Additionally, as the 

hydrology in these catchments are to some degree a result of the long history of man-made 

alterations of the forested landscape, hydrological and geomorphological features have 

inevitably been affected. This further complicates the possibility of finding potential 

relationship between landscape indices and locations of channel heads. Using the contributing 

area as a measure to study and understand processes controlling channel head formation may 

therefore not be as suitable in regions where the hydrology have been fundamentally changed.  

The findings in this study should be considered in the light of several limitations. Firstly, the 

reliability in the mapping of the channel heads is subjected to uncertainties. The LiDAR-derived 

DEM used for mapping the channel heads could be considered to have a high resolution (0.5 

m), where the LiDAR data had a relatively high point cloud density of 1 – 2 m-2. Yet, the data 

is still subjected to errors and deficiencies in capturing small scale features. Płaczkowska et al. 

(2021) conducted a morphometric analysis of channel heads based on different LiDAR 

resolutions. The authors claimed that the resolution should not be less than 0.1 m to obtain 

reliable values for morphometric parameters for such small landforms as channel heads. 

However, they also concluded that LiDAR data from Airborne Laser scanning with a resolution 

of 1 meter is sufficient to use when locating channel heads and determining their topographic 

contributing area. Nevertheless, the digital interpretation of the landscape surface and the 

location and start of a channel head may be subjective. This subjectivity is however not 

restricted to digital interpretation, but also during field work. Wohl (2018) highlights the issue 

identifying channel heads, either in the field or from remote imagery. Thus, mapping diffuse 

channel heads always involves a degree of uncertainty owing to the subjectivity of different 

investigators. Furthermore, the mapped channel heads within this current study were classified 

as either natural or altered. Even though a digitized ditch layer was used for assisting in 

separating ditches from natural channels, there were cases where the differentiation between 

natural and altered heads was difficult. While many areas displayed clear evidence of channels 

being straighten and/or deepened, there were cases where channels appeared to be natural and 

undisturbed, however may have experienced man-made alterations. Additionally, in moist to 
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wet areas (i.e. high SMI index), the incision of channels were more diffuse or discontinuous. 

This could be either be explained by errors in the LiDAR measurements where the LiDAR 

pulse not being able to penetrate though the vegetation. But it could also be attributed to wetland 

areas where the flow may be more diffuse. Alternatively, it could potentially be areas where 

the soil is temporarily saturated, thus allowing the water table intersects with the surfaces.  The 

water flow paths may therefore shift from occurring either on the surface or in the subsurface, 

thus identifying the start of a stream channel more difficult. Therefore, the accuracy in the 

delineation of channel heads within these areas includes a degree of uncertainty. Moreover, 

even though the DEM used in this study could be considered to have sufficiently high resolution 

to identify small landscape features such as the channel heads, many of the other landscape 

variables used contains coarser and more generalized data, which lack site-specific information. 

This points towards one of the issues when moving from conducting catchment-scale to 

regional and nation-wide scale studies. Since one have to rely on data, which potentially is 

modelled or interpolated, one might lose many important local characteristics which you only 

can obtained in the field. Nevertheless, despite these limitations, the study has explored the 

possibility of investigating channel head distributions over a nation-wide scale and thereby give 

the opportunity to study regions located in various climate, topographic, soil, and hydrological 

characteristics. Even though being a snapshot of current conditions and local site-specific 

conditions are lacking, this study have provided information of the variability in channel head 

distribution and initiation for different forested regions throughout Sweden.  
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7 Conclusions 
This study has identified and mapped a total of 394 channel heads in different forested regions 

across Sweden, where 42 % were classified as channel heads being disturbed by agricultural 

practise upstream the channel head such as ditch networks, straightening and deepening of the 

channels. The contributing area draining to the channel heads showed large variations and range 

between 0.1 to 60 ha for channel heads classified as natural and 0.1 to 193 ha for channel heads 

that have been altered by humans. The median for altered channel heads was significant higher 

compared to natural. This suggest that artificial drainage systems in the landscape have disrupt 

natural surface and subsurface flow paths, thus decreasing the flow towards natural channels. 

Results also revealed that formation of channel heads in different Quaternary deposits showed 

a large variability in the contributing area needed to incise the channel, yet the study could not 

confirm a statistically significant difference between the types of deposits.  

Contrary to previous studies, only weak to insignificant correlations were found between the 

size of the contributing area and topographic-, soil- and hydrological indices where no evident 

regional difference could be seen. This could be explained by the relatively flat forested 

landscape within the investigated regions. Factors such as subsurface processes and historical 

land-use changes may therefore exert a greater control on current channel head initiation and 

maintenance, rather than surface topography alone. Consequently, using methods such as slope 

dependent thresholds when predicting channel head locations in stream networks modelling in 

the Swedish landscape may therefore generate over- or underestimations in the stream network 

extent.  
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Appendix 1: Variation of contributing areas in altered channel heads in relation to different 
Quaternary deposits 
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 Natural channel heads  

Variable NE Coast M.East/Central SW Coast South All 
Ac [hectare] 0.1 – 58.0 (6.5) 0.1 – 44.3 (7.3) 0.2 – 41.6 (4.4) 0.5 – 8.0 (3.5) 0.1 – 58.0 (6.3) 
Sloc [degrees] 0.1 – 11.9 (2.2) 0.1 – 9.1 (1.9) 0.1 – 10.6 (1.8) 0.2 – 7.7 (2.3) 0.1 – 11.9 (2.0) 
Savg [degrees] 0.8 – 14.8 (3.8) 1.3 – 8.8 (3.7) 0.5 – 11.9 (4.0) 1.6 – 4.5 (3.0) 0.5 – 14.8 (3.7) 
PLCloc -2.1 – 0.2 (-0.2) -0.9 – 0.1 (-0.1) -1.0 – 0.4 (-0.1) -0.9 – 0.3 (-0.1) -2.1 – 0.4 (-0.1) 
PLCavg -0.1 – 0.1 (0.0) -0.0 – 0.0 (0.0) -0.1 – 0.1 (0.0) -0.0 – 0.0 (0.0) -0.1 – 0.1 (0.0) 
PRCloc -0.1 – 1.5 (0.1) -0.4 – 0.4 (0.0) -0.6 – 1.0 (0.1) -0.3 – 0.8 (0.2) -0.6 – 1.5 (0.1) 
PRCavg -0.1 – 0.1 (0.0) -0.1 – 0.1 (0.0) -0.1 – 0.1 (0.0) -0.0 – 0.0 (0.0) -0.1 – 0.1 (0.0) 
SMI 7.1 – 77.7 (30.8) 5.9 – 76.0 (38.8) 4.9 – 68.4 (34.8) 6.5 – 38.2 (16.8) 4.8 – 77.7 (35.0) 

Elevation [m] 16.4 – 297.6 
(178.9) 

12.0 – 231.2 
(128.2) 

39.6 – 156.3 
(112.5) 

45.7 – 117.3 
(68.5) 

12.0 – 297.6 
(126.5) 

SMI 66 – 105 
(98) 

73 – 105 
(92) 

132 – 174 
(164) 

53 – 105 
(60) 

53 – 174 
(98) 

Avg. annual runoff 
[mm year-1] 

29.9 – 47.0 
(39.2) 

52.1 – 109.0 
(67.9) 

223.8 – 256.6 
(244.1) 

97.4 – 183.9 
(106.4) 

29.9 – 256.6 
(70.4) 

Avg. winter runoff 
[mm season-1] 

136.3 – 204.7 
(185.7) 

94.8 – 206.3 
(177.4) 

114.5 – 157.8 
(141.4) 

59.0 – 107.2 
(70.2) 

59.0 – 206.3 
(157.8) 

Avg. spring runoff 
[mm season-1] 

30.5 – 87.1 
(75.7) 

33.6 – 59.2 
(47.1) 

45.3 – 93.3 
(77.2) 

15.6 – 42.6 
(21.3) 

15.6 – 93.3 
(54.1) 

Avg. summer runoff 
[mm season-1] 

50.8 – 100.3 
(89.7) 

63.3 – 101.4 
(87.3) 

142.0 – 196.8 
(187.6) 

39.1 – 84.7 
(45.8) 

39.1 – 196.8 
(90.9) 

Natural channel heads 

Variable N.East Coast M.East/Central S.West Coast South All 

Sloch [degrees] -0.34* n.s. n.s. n.s. -0.19 ** 
Savg [degrees] -0.30* n.s. n.s. n.s. n.s. 
PLCloc n.s. n.s. n.s. n.s. n.s. 
PLCavg n.s. n.s. n.s. n.s. n.s. 
PRCloc n.s. n.s. n.s. n.s. n.s. 
PRCavg n.s. n.s. n.s. n.s. n.s. 
Elevation [m] n.s. n.s. n.s. n.s. n.s. 
SMI 0.42** n.s. n.s. 0.61* 0.26 *** 
Avg. annual runoff n.s. n.s. n.s. n.s. n.s. 
Avg. winter runoff n.s. -0.25* n.s. n.s. -0.13* 

Avg. spring runoff n.s. n.s. n.s. n.s. n.s. 

Avg. summer runoff n.s. n.s. n.s. n.s. n.s. 

Avg. autumn runoff n.s. n.s. n.s. n.s. n.s. 

 n.s. = not significant 
 *p<0.05, **p< 0.005, ***p<0.0005 
 

Appendix 2: Landscape variable ranges for natural channel heads for the different regions. 
Median for each variable is shown is in parentheses. 

 

Appendix 3: Spearman coefficients (ρ) between the contributing area [ha] and the landscape 
variables. Units of the landscape variables can be seen in Appendix 2. The p-values for the 
correaltions are shown in parantheses 
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Appendix 4 (a – e): Correlation scatterplots of the log contributing area [ha] and (a) local 
planar curvature at the channel heads, (b) average upslope planar curvature of the channel 
heads catchment, (c) local profile curvature at the channel heads, (d) average upslope profile 
curvature of the channel heads catchment, (e) elevation at the channel head. 

a b 

c d 
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Appendix 4 (f – i): Correlation scatterplots of the log contributing area [ha] and (f) average 
annual runoff, (g) average spring runoff,  (h) average summer runoff, (i) average autumn 
runoff.  

f g 

h i 
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