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Abstract 

 

Agricultural intensification is related to changes in agricultural practices, land 
use management and alterations to landscape features. The use of a model to 
represent real-based scenarios of agricultural practices, land use management and 
landscape features alterations providing quantitative effects on flow and sediments 
was not found in previous studies. Therefore, this contribution examines flow and 
sediment generation under agricultural change scenarios by applying a physically-
based, spatially-distributed model, SHETRAN, in two agricultural catchments in 
southwest England. Model calibration was conducted on the Blackwater catchment 
(18 km2) with evaluation on the Kit Brook catchment (22 km2) using 15-minute flow 
and suspended sediment data from September 2010 to October 2014. Calibration 
simulations were performed at a 50 x 50 m grid resolution using a 2010 land cover 
map where winter barley was the dominant arable crop. Parameter sensitivity was 
evaluated by one-at-a-time and multi-criteria methods, in addition to model 
sensitivity to changes in DEM resolution. Simulated catchment scenarios included: 
a) historic land cover maps; b) land cover end-member; c) crop types; d) soil 
compaction effects; e) arable fields varying in slope range; f) grass and woodland 
riparian buffers; and g) randomized spatial arrangement of cropped fields. In three 
subcatchments, alterations of landscape features included: a) roads, b) sunken 
lanes, c) urban areas and d-f) the removal of them (substituted by grass). 

Model calibration presented a Nash-Sutcliffe coefficient of 0.8 and 0.6 in 
model evaluation. The parameters to which the model is most sensitive were 
saturated hydraulic conductivity, Stickler coefficient, and the erodibility coefficients. 
Sensitivity analysis on grid resolution showed increases in flow and sediment flux 
peaks and decreases in event flow/sediment duration with decreasing grid size. 
Comparison of past land covers indicate small flow volume (Qv) variations. 
However, sediment yield (Sy) increased linearly with cropland area. The woodland 
cover end-member presented Qv (16%) and Sy (35%) reductions compared with the 
grass cover end-member. The use of grass as a cover crop after harvesting showed 
sediment reduction by up to 62% for maize, 49% for spring cereals and 28% for 
winter cereals. Removing a soil compaction effect from arable land produced minor 
changes in Qv and Sy. Arable fields in low slope areas reduced Sy by 30%; 
whereas crops located on slope >7° increased exports by 22% (Blackwater). 
Riparian buffer showed Sy reduction with a higher efficiency in woodland (14% 
Blackwater, 22% Kit Brook) than grass buffer (11% Blackwater, 19% Kit Brook). 
Altering cropped field spatial arrangements varied Sy 7-13%. 

Subcatchment scenarios showed contrasting behaviour, especially in Sy, 
which was attributed to differences in topography and land cover. Road 
representation (on-level and sunken) contributed to faster flow arrival and longer 
event duration. Sunken lanes had a slightly higher impact on 4-year flow compared 
with roads, but were highly variable in Sy. Urban areas showed flow spatial 
distribution changes that provoked a 3% Qv increase; whereas Sy were reduced 
60% as paved areas are less prone to soil detachment compared with grass. The 
results show higher impact in Sy than Qv at catchment and sub-catchments scale, 
suggesting SHETRAN use as a tool for soil erosion prevention and land use 
management. 
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Chapter 1 

 

Introduction 

 

1.1 Problem statement 

Agriculture is the most extensive land use type in Europe (Eurostat, 2016). 

Since 1770, it is estimated that there has been a decrease in European forest and 

woodland by 0.9 million km2 and in pasture by 0.1 million km2; meanwhile arable 

land had increased by 0.9 million km2 (Ramankutty and Foley, 1999). At present, 

arable land occupies 25 % of the total area (Eurostat, 2016). The most common 

crop types are wheat, barley, maize, potatoes and sunflower, which cover 63% of 

the cropland area (Leff et al., 2004). 

In the UK, agriculture covers 69% of the total land area (DEFRA, 2016) of 

which arable fields occupy 54% (DEFRA, 2017). Crop areas have declined over the 

last few decades (1984 – 2017) (DEFRA, 2017), nevertheless individual changes 

are important to highlight. Wheat, the major arable crop (1.65 million ha), has 

increased over this period, in conjunction with barley (0.84 million ha), and 

particularly winter seed (DEFRA, 2017). Over the last century, agricultural 

intensification has led to increasing impacts on ecosystems, and soil and water 

resources (Robinson and Sutherland, 2002). Many factors are related to this 

environmental alteration; its implications are complex and the consequences difficult 

to predict.  

Agricultural policies have been the main driver for crop production, 

intensification and modifications to agricultural systems in Europe. The aim of self-

sufficiency set by the European Common Agricultural Policy (CAP) in 1950 caused 

expansion in agricultural production (Parris, 2004). The intensification led to field 

sizes increases. For example, fields in Somerset and Warwickshire were 6 ha on 

average in 1945 and by 1972 were estimated to have increased in size by 45% 

(Westmacott and Worthington, 2006). This increase in field size was estimated to 

have resulted in a reduction in hedgerows by 55% in southeast Essex (Conyers, 

1986). Currently, arable field size in England ranges between 15 and 30 ha 

(Posthumus et al., 2008). Moreover, the addition of compensation payments to 

purchase modern equipment in the early 1990s increased the use of heavy 

machinery by farmers (Lowe et al., 2002). The cropping intensification, use of 

machinery and inappropriate soil management have led to a range of field and 
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catchment-scale impacts on soil and water resources, including increased soil 

erosion (Boardman, 2013), soil compaction (Richard et al., 2001), reductions in 

stream and lake water quality (Withers and Jarvie, 2008), and eutrophication 

(Johnes, 1996).  

As a consequence of this environmental degradation, subsidies for 

environmental protection (soil and water) were introduced as part of the CAP in 

2003 (European Commmission, n.d.) to encourage farmers to adopt mitigation 

practices. For example, the Agricultural Land Classification (ALC) of England and 

Wales (National England, 1988) recommended an optimal cropping slope degree 

lower than 7° with a maximum limit of 18°. Another common strategy is the use of 

riparian buffers (Hickey and Doran, 2004) especially for water quality improvement 

in rivers (Muscutt et al., 1993). Despite these developments, by 2009 the Water 

Framework Directive (WFD) reported only 44% of rivers in the European Union with 

‘good’ and ‘high’ ecological status (European Commission, 2012).  

Changes in agricultural systems can alter water and sediment generation 

areas and the way they connect to streams (Bracken et al., 2013); therefore, the 

efficiency of mitigation practices may be related to the interaction of agricultural 

practices and land use management. This issue has been considered by several 

authors, although the studies are limited to field based investigations (Boardman et 

al., 2009; Evans, 2017; Robinson and Boardman, 1988). Additionally, agricultural 

intensification in the UK has also been associated with the development of road 

transport networks (Byron et al., 2000) affecting catchment geomorphology (Sofia et 

al., 2016) and slope-to-stream connectivity (Pechenick et al., 2014) by rerouting 

paths of flow (Jones et al., 2014; Jones et al., 2000) and sediment (Boardman, 

2013b; Pechenick et al., 2014). Moreover, paved roads and urban areas are linked 

to increases in flow generation (Boardman, 2013b) and sediment transport 

(Gruszowski et al., 2003) along with flooding (Pregnolato et al., 2017), water 

pollution (Crosby et al., 2014; Sutherland et al., 2012) and other ecological impacts 

(Coffin, 2007; Karlson et al., 2014). Hence, there is a concern over how changes in 

agriculture land use and management and their interaction with human landscape 

alterations (e.g. roads) can affect flow and sediment delivery to rivers (Brown et al., 

2013; O’Connell et al., 2007). 

Understanding the current situation can help to prevent future impacts. 

Despite the prediction that total arable land is expected to decrease between 5 and 

10% by 2080, compared with 2000 (Rounsevell et al., 2005); crop productivity is 

predicted to increase by 25 to 163% (Ewert et al., 2005) along with an expected 

further increase in the size of cropped fields (van Meijl et al., 2006). Additionally, 
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further impacts may also result from an unpredicted future urban development in 

otherwise predominantly rural catchments (Rounsevell and Reay, 2009; Wheater 

and Evans, 2009).  

 

1.2 Hypothesis 

SHETRAN model can represent agricultural changes and land use 

management to quantify the effect on flow and sediment; via model calibration, 

evaluation and sensitivity analysis; and systematic simulation of roads and 

agricultural scenarios. 

 

1.3 Aim and objectives 

The overall aim of this thesis is to quantify the impact of changes in 

agricultural land use, landscape features and management measures on flow 

generation, soil erosion and sediment transport. This will be achieved through the 

following six objectives: 

 

i. Characterize event, seasonal and annual variability in measured flow and 

sediment transport in paired agricultural catchments; 

ii. Use a physically-based, spatially-distributed model to simulate hydrological, 

soil erosion and sediment transport processes at a paired catchment scale on an 

event based temporal scale, assess model performance through a calibration and 

evaluation process, and establish sensitive parameters using the one parameter at a 

time (OAT) and multi-criteria methods. 

iii. Evaluate the sensitivity of simulated flow and sediment fluxes to digital 

elevation model (DEM) grid size. 

iv. Quantify the effects on flow and sediment generation from changes in recent 

agricultural land cover (1990 - 2015) under contemporary climatic conditions. 

v. Simulate the effects of crop type (i.e. winter cereals, spring cereals, maize), 

arable soil compaction, arable field location, and riparian buffer mitigation measures 

on catchment-scale runoff and sediment exports. 

vi. Quantify the effects of landscape features, namely road and lane networks, 

in agricultural sub-catchments on hydro-sedimentary transport between hillslopes 

and the stream network. 
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1.4 Thesis structure 

Chapter 1 gives a background for the research with a brief explanation of the 

issues to be addressed. The aim and objectives are presented. 

Chapter 2 reviews agricultural land use and its effects on runoff and soil 

erosion processes in Europe, with particular reference to contemporary agricultural 

practices (tillage, harvest, crop rotation) and landscape modifications in the UK (e.g. 

addition of drainage channels, roads). The application of the hydrological and 

sediment connectivity concept is introduced when considering the effect of 

agricultural landscape features on flow and sediment delivery. In addition, 

conceptual frameworks, modelling approaches and their use as management tools 

are discussed. 

Chapter 3 includes the model selection process with a review of the 

physically-based spatially-distributed models and the advantage of using a 

modelling approach, followed by SHETRAN process description, a description of the 

required parameters, and detailed model applications. 

Chapter 4 is divided into six sections to present the methods. The first 

section describes the study catchments located in southeast England; terrain 

(elevations and slopes), texture and soil types, and the land use, alongside 

description of climate data and approaches to hydrological data analysis and 

estimation of catchment suspended sediment yields (event, seasonal and annual 

scales). The second section outlines SHETRAN model calibration and evaluation 

processes, as well as sensitivity analysis of model parameters and DEM resolution. 

The third section presents scenarios of spatial changes in crop areas by recent land 

cover maps and land cover end-member scenarios (arable, grass and deciduous 

woodland), arable land under different types of crop, soil compaction effects, as well 

as hypothetical variations in the spatial arrangement of cropped fields. The last 

section considers alterations to landscape features at the sub-catchment scale. 

Scenarios include the addition and removal of roads and lanes as well as urban 

areas.  

Chapter 5 presents hydrological and suspended sediment behaviour over a 

four-year measurement period in the two agricultural catchments with reference to 

the climatic and land cover characteristics. The paired catchments are compared on 

event and seasonal scales. This chapter also shows SHETRAN model calibration of 

discharge and event-based sediment flux in the Blackwater catchment, and its 

corresponding evaluation in Kit Brook. Model sensitivities to variations in parameter 

values and DEM resolution are explored. Flow and sediment flux analysis of the 
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agricultural land use scenarios in the two catchments are presented. The last 

section of the chapter presents flow, erosion and sediment yield responses to 

alterations in landscape features at sub-catchment scale. 

Chapter 6 presents discussion of the results in the context of previous 

research, addressing objectives and research findings. 

Chapter 7 provides a summary of the key conclusions from the research, 

thesis contributions, as well as suggested future work. 
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Chapter 2 

 

The effect of agricultural practices and land 

management on surface runoff, soil erosion and 

sediment 

 

This chapter presents a literature review to show the effects of agricultural 

land use and management practices on runoff and soil erosion under different 

environments and is divided into four sections. The first provides field evidence of 

changes in flow and sediment yield with agricultural land use, providing the reader 

with reported values that can be used for result comparison and modelling. The 

second section reports the main findings in terms of modelling agricultural practices, 

the scenarios that have been represented, and models used. The third section 

focuses on the existing guidelines for controlling soil erosion and mitigation 

practices. The final section presents concepts and examples in terms of hydrological 

and sediment connectivity, and aims to give an overview of relevant concepts and 

their possible applications in this contribution.  

 

2.1 Field evidence of agricultural impacts 

Continuous long-term data records have been collated over several decades 

for catchments across the UK to understand their hydrological behaviour in 

response to changing conditions. Climatic and stream flow data can provide 

information about catchment-scale hydrological processes to identify seasonal 

responses (Birkinshaw and Webb, 2010; Burt and Heathwaite, 1996), whereas high-

resolution measurements of sediment flux can be used for interpreting catchment 

responses to changes in land use and management (Gao and Puckett, 2012; Perks 

et al., 2015). Moreover, historical data sets have been used to assess impacts of 

land use on flow at a local scale (Beven et al., 2008). Modern techniques (e.g. 

remote sensing and geographical information systems; DEM, DTM) have been used 

as a tool for analysing catchment surface complexity (Wu et al., 2008) and to 

characterize soil and vegetation properties. Furthermore, recent studies have 

focused on the role of spatial differences in soil characteristics (Bradley et al., 2005) 

to provide runoff and sediment generation behaviour under agricultural land uses. 
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Several studies have related agricultural intensification to soil degradation in 

the UK (Gregory et al., 2015; Palmer and Smith, 2013). The main impacts are on 

infiltration rates, causing storage and hydraulic conductivity changes, contributing to 

increases in runoff and soil erosion (Fohrer et al., 2001; McHugh, 2007; Wheater, 

2006). In England and Wales, 17% of soils show signs of erosion (Environment 

Agency, 2004); with annual losses from cultivated land generally less than 5 t ha-1 

but occasionally exceeding 100 t ha-1, equivalent to a 1 cm thick layer of soil 

(DEFRA, 2002).  

A review (Brazier, 2004) of water erosion rates across the UK from hillslope 

to catchment scales using different techniques and over varied periods showed 

average soil erosion rate ranged from 0.22 - 4.89 t ha-1 yr-1 by aerial photography 

with field validation (1982-1987); 0.6 - 10.5 t ha-1 yr-1 by 137Cs method (30 years 

record) and 0.001 - 6.3 t ha-1 yr-1 observed soil erosion rates from field surveys 

(1973-79, 1982-92 and 1990-94). Similar results were obtained in a study of 248 

fields across England and Wales (average of 6.7 t ha-1 yr-1) by Walling et al. (2010). 

Moderate erosion values at a field scale are considered to be around 3 t ha-1 yr-1 

(DEFRA, 2005). 

Lands under crops generate more soil erosion as more proportion of the soil 

is bare compare to other vegetation (e.g. grass and woodland) and exposed to soil 

detachment by raindrop/leaf drop impact. Recent studies have linked farming 

practices to runoff and soil erosion, with tillage being highly related to sediment 

generation increases (Brazier et al., 2011). Li et al. (2007) compare tillage 

operations against no tillage practices, showing higher average annual runoff from 

tilled fields. Event-scale surface runoff response from minimum tillage practice (the 

use of shallow tines and disks) showed increases in the volume, peak flow and 

event duration compared with traditional plough operation (turning soil to 15 – 20 cm 

depth, leaving a rough and bare soil surface) (Deasy et al., 2014); the increases 

were related to the non-inverted soil action on the tillage practices. Deasy et al. 

(2014) also examined the effect of tramlines in fields, the absence of them showed 

reductions in volume, event duration with insignificant decreases in peak flow. 

The impact of tramlines were assessed in a plot (15 x 2 m) study (Withers et 

al., 2006) on ploughed soils (20 – 25 cm depth); tramlines showed increases in 

runoff (46%) and sediment loss (50%), compared with plots without tramlines. The 

study also revealed that late-drill practices (late October) produce higher runoff 

(142%) and soil losses (531%) than early drilling (end September). The effects on 

soil erosion by delayed agricultural operations (e.g. drilling operations in early 

November instead of mid-September) have also been monitored in southern 
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England (1982 to 2001), where increases in soil losses were observed in the years 

characterised by wet autumns (1982,1987 and 1990) in areas covered mostly by 

winter cereal (Boardman, 2003). Similarly, Evans, (2005) reported higher erosion 

incidents in autumn than in spring in fields predominately cultivated with winter 

cereals. Winter cereals are considered to produce moderate erosion rates when 

sown early but are highly susceptible to erosion on late sown crops (DEFRA, 2005). 

In southern England, besides winter cereals, spring cereals and maize have been 

associated with increases in runoff and erosion (Boardman et al., 2009; Evans, 

2017). The predominance of cereals in southern England, which cover 41% of the 

farmed land (DEFRA, 2015), makes erosion from these crops considerable. For 

example, flow response from the period 1996 – 2002 on the River Axe (south-west 

England) presented increases in flow peaks and duration, especially in wet periods, 

and particularly in the period 1990-2002 (Climent-Soler et al., 2009). During these 

years increases were related to autumn-sown and late harvested crops (land cover 

changes obtained from DEFRA June Agricultural Census). In the same catchment, 

soil degradation comparison between 2004 and 2007 showed increases in severe 

and high categories of soil structural degradation (Palmer, 2007).  

In areas with vulnerable soils and closely coupled drainage systems 

agricultural fields are estimated to be at high risk of subsurface sediment loss 

(Chapman et al., 2003). A study of sediment contribution sources in two agricultural 

catchments in the UK showed a high contribution of suspended sediment load (30 – 

50%) from the field drains (Russell et al., 2001). Roads (unpaved and paved) have 

also been associated with increases in sediment delivery (Croke and Mockler, 

2001). Unpaved roads are associated with higher sediment yields (Cao et al., 2009; 

Gruszowski et al., 2003; Macdonald et al., 2001; Thomaz and Peretto, 2016; Ziegler 

et al., 2004; Ziegler and Giambelluca, 1997). There is also potential for paved roads 

to affect stream flow (Fryirs and Brierley, 2018); monitoring studies suggest peak 

discharge increases associated with paved road features (Buchanan et al., 2013; 

Montgomery, 1994) and sediment deposited on roads may be readily remobilised 

and transported to streams (Croke and Mockler, 2001; Jones et al., 2000). 

Nonetheless, there is still a lack of knowledge on how paved roads in UK may affect 

streams (Fryirs and Brierley, 2018). The impact of these features and their 

interaction with arable fields in the supply and transfer of sediment has not been 

fully assessed (Brown et al., 2013; O’Connell et al., 2007). 

Arable fields are prone to soil compaction due to the use of heavy 

machinery. In Europe, compacted soils are estimated to cover an area of 0.33 

million km2 (Soanea and van Ouwerkerkb, 1995). The extent of soil compaction on 
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arable land has been quantified by measuring the physical properties of the soils. 

Increases in soil strength, bulk density and volumetric water contents on compacted 

soil, along with decreases in porosity, soil aeration, water infiltration rate, and 

saturated hydraulic conductivity, have been reported (Hamza and Anderson, 2005; 

Nawaz et al., 2013). Increases in soil bulk density are strongly related to tractor 

wheel pressure (Medvedev and Cybulko, 1995) in which higher values on topsoil 

(0.12 - 0.17 m) than subsoil (0.32 - 0.57 m) have been estimated (Gysi et al., 1999). 

The use of dual tires have been reported to cause less soil compaction rather than 

single tires (Servadio et al., 2005). However, machinery traffic frequency can cause 

deeper soil compaction. Soil up to 0.6 m showed increases in bulk density values as 

the frequency of tractor traffic increased (Botta et al., 2006). Thorud and Frissell, 

(1976) observed that artificial compaction was alleviated after 9 years in the 0-7 cm 

layer but persisted in the 15-22 cm layer. Soil compaction can generate increases in 

runoff and soil erosion with decreases in infiltration, which may contribute to 

increases in catchment flow and sediment yield (Inman, 2006; Posthumus et al., 

2011). 

Previous studies show a link between agricultural practices and changes in 

runoff and sediment generation, but establishing such causal relations is made 

challenging due to complex catchment-scale responses to individual rainfall events. 

When suspended sediment concentrations (C) are compared against discharge (Q) 

on an event scale, one of the most complex catchment behaviour is the suspended 

sediment-discharge hysteresis (C-Q loops). There are several event categories 

characterized by different C-Q loops (Williams, 1989) comprising straight line, 

clockwise, anticlockwise and figure-eight loops (clockwise or anticlockwise).  

A simple method for hysteresis C-Q quantification involves computing a 

hysteresis index (HI) (Lawler et al., 2006). The method was applied in agricultural 

catchments with different soil drainage conditions (poorly drained, well-drained and 

moderately drained) (Sherriff et al., 2016). The majority of the events were clockwise 

(positive HI) on the poorly and well-drainage catchments, whereas moderated 

drainage catchments presented more anticlockwise events. The clockwise events 

were observed primarily in wet periods in which HI values decreased as wet 

conditions continued. Sediment contributions of the clockwise events were 59% and 

35% on poorly and well drainage catchments, respectively, whilst anticlockwise 

events contributed to 23% of total sediments in the moderately drained catchment. A 

principal component analysis suggests that antecedent rainfall and soil moisture 

conditions are the main controlling factors for the analysed hysteresis events. 

Similarly, in a Mediterranean catchment (Seeger et al., 2004) a principal factor 
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analysis showed that soil moisture conditions (SWC, water content of the upper 

20cm of soil) can explain 78% of the variance for the clockwise, anticlockwise and 

eight-loop events. The SWC was higher in anticlockwise (93.4 mm) than clockwise 

(89.8 mm) and eight-loop events (70.8 mm); however, antecedent rainfall conditions 

(3 days before the event) were found to be similar for clockwise and anticlockwise 

(61 mm), whereas SWC were very low for eight loop events (7 mm).  

Seeger et al. (2004) determined that sediment exhaustion of clockwise 

events (decrease of SSC before Q) could be explained as rapid-easily available 

sediment removal. On the other hand, Sherriff et al. (2016) suggested that clockwise 

behaviour is attributed to stream sediment resuspension in the poorly and well-

drained catchment, and the anticlockwise behaviour in the moderate drainage 

catchment could be attributed to sediments near channels or in rapidly connected 

soils. Similarly, sediment resuspension and bank erosion were attributed as possible 

causes of clockwise hysteresis patterns in a 53 km2 agricultural catchment in south-

eastern Australia (Smith and Dragovich, 2009). 

Even though HI studies show that antecedent conditions (rainfall and soil 

moisture) are important variables for the control of C-Q loops behaviour, none of 

these studies have used variables that were linked explicitly to agricultural land use 

practices. Furthermore, C-Q loop behaviour in small UK catchments has received 

limited attention. The use of spatial and hydrological datasets can help to 

characterise catchment hydrological and suspended sediment behaviour, 

specifically when comparing paired catchment responses at event scale. Moreover, 

climatic records coupled with land cover records can be used to identify seasonal 

drivers of catchment runoff and sediment exports. 

 

2.2 Simulating agricultural impacts 

Catchments under agricultural activities have been linked to peak flow and 

sediment discharge increases (Jarritt and Lawrence, 2007; Yüksel et al., 2008). This 

section examines different modelling based approaches to investigating the effects 

of agricultural land use and management on surface runoff, erosion and sediment 

transport. There are broadly three types of hydrological models: empirical, 

conceptual and physically-based (Merritt et al., 2003). Each type of model has been 

used to link agricultural land use and land management to runoff and soil erosion 

responses. 

Empirical models use statistical analysis of observation to characterise 

responses; although useful for data analysis, they are limited as a result of the lack 
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of physical representation, disregarding catchment heterogeneity and relying on 

potentially unrealistic assumptions. The impacts of agricultural land use have been 

assessed using various empirical models. The General Watershed Loading Function 

model (GWLF) (Haith and Shoemaker, 1987) uses the runoff equation of the Soil 

Conservation Services Curve Number (USDA-SCS, 2004) to provide a statistical 

estimation of the spatial distribution of runoff under different land uses. The GWLF 

model was applied to identify spatial patterns prone to producing runoff in a 

catchment, and results were compared with the Variable Source Loading Function 

(VSLF) model, which is an adaptation of GWLF that uses the concept of variable 

source areas (VSA) (Schneiderman et al., 2007). Crop areas in the GWLF model 

are more susceptible to producing runoff, whereas in the VSLF model areas near 

the stream were more susceptible. Using an adaptation of the RUSLE model and a 

transport rate equation (Van Oost et al., 2005) in three small catchments in Belgium, 

the effects of agricultural land use using three different historical maps (1947, 1969 

and 1990) were examined. In general, historical land cover maps presented 

reductions in arable land and as a consequence reductions in erosion rates up to 

28% were predicted (Van Oost et al., 2000). 

Conceptual models incorporate the mechanisms of hydrology as a dynamic 

behaviour for a general catchment description (Aksoy and Kavvas, 2005). The 

TETICS (Peña et al., 2016) conceptual model was applied in the Colombian River 

catchment to explore the effect of flow changes using recent land cover maps (1991 

and 2000), along with scenarios involving complete catchment coverage by forest, 

crops and grassland. Comparing the map from 1991 against 2000, an increase in 

grassland (38%) with a proportional reduction in forest produced increases in mean 

annual maximum flow of 2%. Compared with forest, mean annual flow increased 

12% and 10% in scenarios with grassland and cropland, respectively. Croke et al. 

(2004) when examining a 2,157 km2 catchment in northern Thailand using the 

IHACRES conceptual model found that complete catchment cover by grass can 

increase runoff up to 74% compared with forest cover.  

Reforestation can also have impacts on sediment transport. The conceptual 

model LASCAM (Viney and Sivapalan, 1999) was applied on the Ellen Brook 

catchment (673 km2) in Australia. Two hypothetical scenarios of reforestation and 

urbanization were simulated (Zammit et al., 2005) with phosphorous and nitrogen 

exports examined; both elements are assumed to be transported in dissolved form 

and with sediments (Viney et al., 2000). Results showed that full-reforestation can 

reduce runoff by 40% and sediment loads by 97%. An increase in runoff of 4% was 

observed for the new settlement, whereas no sediment exports were reported for 
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the urban scenario. However, phosphorus and nitrogen increased by 4.4% and 

11.8% respectively. Though these previous results provide clear evidence of how 

grassland and forest can help to reduce runoff and sediment export, in reality such 

changes (100% catchment cover) are not possible, therefore the location of arable 

areas and its contribution to flow and sediment have been analysed. 

Conceptual models provide a representation of a system; however they 

struggle to provide quantitative effects. Furthermore they tend to fail on the 

identification of parameters’ values and usually those parameters have a limited 

physical interpretability. Hence, physically-based models are normally applied for 

broader catchment representation. They use fundamental physical equations 

incorporating distributed or homogenous (lumped) parameters representing 

components of the catchment. Physically-based spatially-distributed models (PBSD) 

are frequently used to understand cause-effect relationships, though the use of a 

large number of parameters is required (measurement and/or estimated). 

Many physically-based spatially-distributed models (PBSD) have been used 

to estimate discharge, sediment generation and transport at catchment scales 

(Aksoy and Kavvas, 2005; Jetten et al., 1999; Merritt et al., 2003). One of the first 

and most used model, the Universal Soil Loss Equation, USLE (Wischmeier and 

Smith 1958), has been used to estimate annual soil loss from rill erosion based on 

rainfall, soil erodibility, slope length, slope steepness, soil cover and management 

practice factors. Its revised version, RUSLE (Renard et al. 2010), has been broadly 

applied to address the effects on flow and sediment generation by agricultural 

practices. Runoff and sediment generation under agricultural land use and land 

management scenarios have been analysed globally, under different climatic 

conditions, and catchment scales. Hydrological implication of agricultural land use 

were assessed by the SWAT model on an artificial V-shaped catchment; hillslopes 

were inclined 15% with a 2% inclination-longitudinal stream (Fohrer et al., 2001). 

Extension scenarios comprising different single crop coverage (forest, pasture, 

barely) indicate pasture and barley increases (up to 80%) for interflow, base flow 

and runoff when compared with forest land; whereas actual evaporation was 

reduced. In the same study, simulations on 81.70 km2 catchment (55.4% forest, 

10.1% grassland, 0.5% cropland, 5.4% urban and 27.6% fallow) were compared 

with two agricultural base-reality scenarios (ProLand model predictions). The fist 

scenario (S1) was cover with 23.8% forest, 46.1% grassland, 23.8% cropland and 

6.4% urban; while in the second scenario (S2) 81.9% was forest, 11.4% cropland, 

0.3% fallow and 5.4% urban. Actual evaporation, interflow and base flow were not 

significantly affected in these scenarios, however runoff increased by 75% (S1) and 
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33% (S2) compared with the base run, illustrating how cropland extensions can lead 

to increases in runoff.  

Lukey et al. (2000) show a reduction in sediment exports using a SHETRAN 

simulation by changing badland to forest (82% catchment cover) on a 0.86 km2 

catchment in south-east France. Results present 10% reductions in erosion rates 

with values ranging between 0.03 to 2.75 t ha-1 yr-1, which is regionally considered 

very low. Reduction in discharge and sediment yield from woodland extension have 

also been shown in other studies (Bathurst et al., 2007; Birkinshaw et al., 2011; 

Croke et al., 2004; Jones et al., 2014). 

Bormann et al. (2007) show that crop field extension can contribute to 

increases in runoff; however, crop type is strongly related to increases in sediment 

generation. For example, erosion rates by different types of crops (leaf index 

variation over time) using the LISEM model were compared with measured data in a 

Belgium catchment of 2.9 km2 (Takken et al., 1999). Plots with variable areas under 

different crops types were measured and simulated. Sugar-beet, chicory, and maize 

produced the highest erosion rates (measured plots and simulated plots). 

Catchment erosion rates compared well, 39.4 t ha-1 measured against 39.0 t ha-1 

predicted. However, observed spatial patterns in net erosion in the catchment 

showed greater spread than simulated. The authors concluded that it is possible that 

the omission of tillage effects influenced the inaccurate predicted spatial net erosion 

patterns.  

Different approaches have been used to simulate tillage practices with PBSD 

models. Assessment of tillage practices were undertaken using the SWAT model in 

two small catchments located in the south of Turkey (Özcan et al., 2017), which 

illustrated that with eleven hypothetical scenarios and average annual sediment 

loads (2008 - 2010); a reduction of 9.3% was reported at the optimal scenario in 

which conventional tillage operations was replaced by no tillage and terrace systems 

on agricultural lands. 

Control-tillage plot scenarios were evaluated using the LISEM model for a 

Belgian Loess Belt catchment (Takken et al., 2001b, 2001a), where runoff and soil 

erosion were simulated whereas the tillage scenario was constructed by a GIS 

regression model. The control-tillage scenario was first constructed by calculating 

the topographically based runoff pattern; second, water was assumed to follow the 

tillage direction; and finally combining the two flow patterns to create a flow direction 

map. Results presented a 35% reduction of total erosion under the control-tillage 

scenario. 
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Schob et al. (2006) assessed the effect of runoff and erosion by present land 

use (August 2002) and erosion protection scenarios on a 3.77 (km2) catchment in 

eastern Germany using the EROSION 3D model. Two scenarios are important to 

highlight; scenario 4 which assumed conservation tillage on all fields and scenario 5 

with changes in arable land (with erosion values higher than 2 kg m-2) to grass in 

combination with conservation tillage practice on all fields, both were compared with 

the current land use scenario. The actual land use scenario presented a runoff of 

4,881 (m3 m-1) and a net erosion of 64 t ha-1. Large decreases in runoff and erosion 

rate were obtained in scenario 5 (10.6% and 92.2% respectively) whereas, scenario 

4 presented increases of 7.9% in runoff with decreases in erosion rate by 44.7%.  

More detailed land use management practices have been incorporated into 

the hydrological model MHYDAS (Lagacherie et al., 2010) by overlapping 

geographical information (i.e. ditches, field limits, etc.) with soil and land use maps 

to assess its impacts on runoff and soil erosion at event scales. Runoff, peak 

discharge and time of peak arrival at the catchment outlet for three events were 

simulated on a small (0.91 km2) vineyard catchment (78% cover) in southern France 

(Moussa et al., 2002). A series of different scenarios were assessed and compared: 

a current scenario (man-made ditches), three tillage scenarios, and no drainage 

network. The tillage scenarios represented all vineyard fields with non-tillage, all 

vineyard fields with tillage, and all catchment fields with fresh tillage. Changes in the 

saturated hydraulic conductivity were considered to simulate differences in 

agricultural practices, and constant soil parameters were assumed on ditches. 

Results showed increases in runoff (14%) and flow peaks (16%) under the tillage 

scenario; with time to peak position slightly increased. Removal of artificial drainage 

network presented a reduction in runoff and peak discharge but notably time to peak 

delayed (10 min in average). Sediment yield was quantified using the MHYDAS 

erosion module under the same catchment (Gumiere et al., 2011) in three 

scenarios: no grass strips, current situation (18% of fields with 3-m-wide grass strip) 

and all the fields with 3 m-wide grass strips. Compared with non-grass strips, soil 

loss decreased 18% and 45% in current situation and in all fields with 3m-wide 

grass strips, respectively. 

The above examples illustrate the way in which agricultural intensification 

can influence and modify runoff and sediment exports; however, this can be reduced 

through careful management with human impact mitigation practices using different 

strategies.  
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2.3 Mitigation strategies to reduce agricultural impacts 

In the UK, the agricultural land management manual to prevent soil erosion 

(DEFRA, 2005) suggests ploughing, harvesting and rolling operations for different 

crops be undertaken during particular seasons. For example, for winter cereals 

rolling in the autumn is not recommended and preferentially avoids ploughing and 

tramlines when sowing with a minimum of 25% of the land covered by this crop 

before early winter. However, as such strategies can normally reduce crop 

production it is more difficult to be applied by farmers; under these circumstances, 

other strategies have emerged. 

Buffer zones or strips have been postulated as optimal in reducing runoff, 

sediment yield and river pollutants and have been assessed in several studies 

(Duchemin and Hogue, 2009; Sahu and Gu, 2009; Taylor et al., 2016; Xiao et al., 

2011). The main mechanisms affected by this control strategy are: infiltration 

increases in buffer strips zone due to changes in soil structure, reduction of surface 

flow by the buffer vegetation roughness and the filtering effects from vegetation 

density (Muscutt et al., 1993). 

The application of grass ley (grazing/silage fodder) set-aside in sandy soils in 

east Shropshire, showed runoff and erosion rates reductions on low and high 

slopes. Gradual reductions in erosion rates through time were observed, and 

attributed to the ley cover maturity (Fullen et al., 2006). Furthermore, reductions can 

be affected by the growing season and grass species (Pan et al., 2017). Grass 

strips planted with Poa pratensis and Festuca ovina on sandy soils exhibited 

reductions in runoff and sediment exports compared with bare soil (Melville and 

Morgan, 2001). Ponded areas, along with sediment deposition, were observed upon 

the grass strips. 

In the UK, other types of conservations techniques have also been 

assessed. For example, forest strips have been used to reduce soil erosion, 

especially in streams with bank erosion problems (Muscutt et al., 1993). However, 

more attention has been given to crop field slopes. Steep slopes on sandy soil 

higher than 7° are considered at high risk (rills likely to be formed and gullies may 

develop) (DEFRA, 2005).  

Hessel et al. (2011) investigate the effects of cropping slope (scenarios with 

25°, 20° and 15°) using LISEM model on a small catchment (3.5 km2) in northern 

China with different rainfall events (15.1 mm average and 69.9 mm h-1 intensity). 

Results showed that scenarios with 15 ̊ slope limit presented the highest reductions 

in peak discharge (56.4%), total discharge (50.1%) and total soil loss (71.4%) 
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compared with real scenarios (1998 land cover map). Even when slope degree in 

this study doubles the maximum slope threshold for the UK, results showed a link of 

sediment generation with high slope degree. 

Soil losses have contributed to increased water pollution by sediments 

(Johnes, 1996; Mattikalli and Richards, 1996). Although the relationships between 

water quality degradation and agriculture practices are evident (Edwards and 

Withers, 1998; Mattikalli and Richards, 1996; Worrall and Burt, 1999), the link 

between agricultural practices and streamflow, which influences suspended 

sediment loads, are more difficult to predict. Furthermore, the impact at a local-scale 

of rural landscape alterations, such as the loss of field barriers (e.g. hedgerows, 

grass near streams, stone walls etc..), as well as changes to landscape features 

(e.g. roads) have received little attention (O’Connell et al., 2007).  

Several studies have linked runoff and sediment generation increases to 

unpaved roads (Fu et al., 2010; Reid and Dunne, 1984; Ziegler et al., 2000). 

However, the effects of paved roads in UK have not been fully studied. 

Nevertheless, several studies have presented photography evidence of runoff and 

sediment transport alteration by this landscape features (Boardman, 2013b, 2013a; 

Evans, 2017). 

Furthering our understanding of the complex catchment response to 

modifications to agricultural environments is an important challenge. In the next 

section, the concepts of hydrological and sediment connectivity are considered in 

terms of their potential utility for investigating sediment delivery in agricultural 

catchments. 

 

2.4. Concepts of hydrological and sediment connectivity and 

their application to investigating sediment delivery in 

agricultural catchments 

The concept of ‘connectivity’ can be ambiguous, as its meaning depends on 

the applied research field (e.g. Biology, Ecology, Geomorphology, etc.). However, 

there is general agreement that ‘connectivity’ can provide an understanding of 

process behaviour in a system and the relationship between different properties 

(Tetzlaff et al., 2007; With et al., 1997). 

In geomorphology, three major types of ‘connectivity’ have been identified 

(Bracken and Croke., 2007): Landscape, Hydrological and Sediment. Landscape 

connectivity has been defined as ‘the way in which landscape compartments fit 

together in a catchment influencing the operation of biophysical fluxes’ (Brierley et 
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al., 2006); hydrological connectivity as ‘the water-mediated transfer of matter, 

energy and/or organisms within or between components of the hydrological cycle’ 

(Pringle, 2003), and sediment connectivity as ‘the transfer of sediment from a source 

to a sink in a system via sediment detachment and sediment transport, controlled by 

how the sediment moves between all geomorphic zones in a landscape’ (Bracken et 

al., 2015). 

Under a hydrological connectivity approach, two subtypes of connectivity 

have been termed: Structural and Functional. Structural connectivity is considered 

as the degree to which landscape elements are linked to each other, independently 

of other attributes in the system of interest (Tischendorf and Fahrig, 2000; With et 

al., 1997). On the other hand, functional connectivity is related to the influence of 

structural interactions on hydrologic responses of the system (Bracken et al., 2013; 

Bracken and Croke, 2007). Structural connectivity does not capture the dynamic 

response of the system; however, its aspects have been easier to measure and 

quantify (Wainwright et al., 2011). Conversely, functional connectivity captures the 

process responses; however, quantification depends on the system in question, 

making it difficult to generalize (Lexartza-Artza and Wainwright, 2009). 

Hydrological connectivity considers flow pathways in four dimensions 

(lateral, vertical, longitudinal and time) (Ward, 1989). Water originates in the 

hillslope regions of watersheds and transports to the channel network via surface or 

subsurface flow (lateral), water connections from upstream to downstream 

(longitudinal) and movement of water through soil (vertical). The same approaches 

have been used for sediment connectivity (Hooke, 2003), though different features 

that affect sediment mobilization on catchment-scale have been defined (Fryirs, 

2013; Fryirs et al., 2007a). Buffers (lateral) are a type of feature that impedes 

sediment movements from hillslope to channel; barriers (longitudinal) restrict 

sediment transport from upstream to downstream and blankets (vertical) affects 

sediment reworking times. 

Several approaches have been used to access hydrological and sediment 

connectivity. These may be grouped as a) field monitoring, b) connectivity indices 

and c) computer modelling based approaches (Bracken et al., 2013). Connectivity 

quantification by field monitoring aims to find relationships between processes 

through measurements (e.g. soil-moisture, water-table, flow discharge, sediment 

flux). Anderson et al. (1997) examined an instrumented hillslope in Oregon, 

illustrating how expansion of subsurface saturation areas near the channel had an 

important control on flow paths. Runoff paths and infiltration variability have been 
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reported as the key to hydrological connectivity (Yair and Kossovsky, 2002; Yair and 

Raz-Yassif, 2004).  

Additionally, studies have investigated the influence of other structures on 

catchment behaviour. Recent monitoring undertaken to identify topographic controls 

on runoff (roads, ditches, dams, canals etc.) have identified roads as rapid overland 

flow generation features (Reid and Dunne, 1984; Ziegler et al., 2000). In two 

catchments on the Peninsular Malaysia, Southeast Asia, Negishi et al. (2008) found 

that 79% of total runoff and 28% of total sediment export was associated with the 

unpaved roads. Similar results were observed on a small catchment in Spain 

(Marchamalo et al., 2016), where agricultural tracks contributed to rill formation, 

provoking high erosion and sediment movements. Moreover, sediment record 

analysis along with historical land use maps and rainfall datasets in a study 

conducted in a small catchment (9 km2) located in Yorkshire, UK (Lexartza-Artza 

and Wainwright, 2011), attributed increases in sediment due to erosion and 

transport via different paths over time (e. g. field boundaries and artificial water 

bodies). These sediment export increases have been highly related to the presence 

of roads; for example, Boardman, (2013a) shows the hydrological implication of 

sunken lane (’roads or tracks that are incised below the general level of the 

surrounding country’) in southern England by measuring physical characteristics and 

hydrological properties. However, the studies focused on field observations and 

encouraged others to quantify the water and sediment entering the lanes and the 

possible sources (e.g. drainage, farm fields etc.). 

The disadvantage of quantifying connectivity by monitoring is that runoff and 

sediment yield tends to vary by scale. Moreover, study areas become more 

complicated with increasing spatial scale (e.g. vegetation types, soil characteristics, 

landscape structures, etc.), therefore the relationship between catchment processes 

are more complex to establish. Furthermore, monitoring large catchments can be 

expensive and time intensive. 

Connectivity indices were developed mostly for topography and water 

infiltration analysis. For example, the Topographic Wetness Index (TWI), developed 

originally for TOPMODEL (Beven and Kirkby, 1979), estimates hydrological areas 

with similar characteristics based on their topographic position (Römkens et al., 

1997). Another example is the Index of Connectivity (IC), which is based on 

topographic and land cover information, and was developed for understanding flow 

path connections (Borselli et al., 2008), whilst Cavalli et al. (2013a) adapted the IC 

to evaluate sediment. The adapted IC index was applied in two small catchments 

(Strimm and Gadria) in the Eastern Alps (Italy). The results showed downstream 
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and plain areas were well connected, with high sediment deposition areas near the 

main channel. Similar results (well-connected sediment paths on plain and 

downstream areas) were presented for a 264 km2 catchment in Southwest Turkey 

(D’Haen et al., 2013). The study showed the role of the lithology areas (e.g. 

limestone) in connectivity paths. Although results presented low connectivity IC-

adapted with high erosion rates, the author attributed this to other process 

influencing sediment delivery (e.g. hydraulic conductivity).  

A common criticism of connectivity indices is the variability of values at 

different topographic resolutions. The index based approach reveals only static 

catchment behaviour and does not provide insight into the dynamic nature of flow 

and sediment fluxes.  

Under a dynamic approach, models are useful tools for runoff and sediment 

transport simulations. A range of different types of models have been applied to 

examine hydrological and sediment connectivity (Aksoy and Kavvas, 2005), some 

models have been developed specifically to focus on connectivity (Gumiere et al., 

2011), whereas other models have been applied to examine connectivity-related 

questions (Baartman et al., 2013; Lesschen et al., 2009) 

Meerkerk et al. (2009) defined a connectivity function and contribution area 

function to understand runoff generation on terraces using a conceptual model in 

two sub-catchments (0.5 and 1.3 km2) in south-east Spain. The scenarios indicate 

that the presence of terraces can reduce connectivity, and concentrate flow areas 

and peak discharge whilst compacted surfaces (roads and farmyard) that cover only 

a small percentage of the catchment, had concentrated flow comparably to 

cropland. Agricultural terraces are common features across much of Mediterranean, 

and their role in hydrological connectivity has been analysed using the conceptual 

runoff and erosion model (LAPSUS) on the Carcavo catchment (30 km2) (Lesschen 

et al., 2009). Scenarios with the exclusion of vegetation patches (S2) and 

agricultural terraces (S3) were compared with the current situation (S1, which 

included vegetation patters and terraces). Increases of 45% in S2 and 284% in S3 

were identified relative to S1, moreover sediment yields increased by 196% (S2) 

and 836% (S3). The results indicated that agricultural terraces help to retain runoff, 

and their removal or abandonment (S3) produced a better connected path to the 

main channel, allowing more sediment to be transported from the catchment. Even 

though terraces are not common landscape structures in other catchments around 

the world, this research illustrates the importance of catchment features in 

creating/hindering pathways or connection or disconnection (Fryirs, 2013) 
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Hydrological connectivity, overland flow and soil erosion rates were 

examined applying the IC index (Borselli et al., 2008) and the revised Morgan, 

Morgan and Finney (RMMF) model. Four land use scenarios (López-Vicente et al., 

2013) were simulated on the Estanque de Arriba catchment (0.74 km2) in Central 

Spain. The scenarios corresponded to a current scenario (2009), past scenario 

(1920) and two future scenarios; the first future scenario comprises total vegetation 

recovery on abandoned land and the second with non-vegetation recovery. Spatial 

analysis of the IC on past and current scenario presented high IC values in the 

artificial channel located at the bottom of the catchment. For the two future 

scenarios lower IC values were found on the artificial channel, authors justified the 

lack of irrigation systems in the future as a consequence of low connectivity. The 

spatial patterns of the effective cumulative runoff (CQeff) showed low values of 

cumulative runoff in fields located between boundaries of agricultural fields (wall of 

terraces). Comparing average soil erosion rates (Eav) of the current scenario (2.5 Mg 

ha-1), decreases were estimated for future scenarios (1.5 and 2.3 Mg ha-1) and 

increases in the past scenario (3.7 Mg ha-1). The low values in the first future 

scenario were related to the high percentage of abandoned fields with vegetation 

recovery. Though the research is primarily focused on the impacts of terraces, a 

common feature in Mediterranean countries, the procedures used in this 

investigation helped identify new approaches for connectivity quantification.  

Landscape structures such as artificial drainage have been incorporated in 

the MHYDAS model (Tiemeyer et al., 2007). Results on the Roujan catchment (0.71 

km2) in France showed a shorter event duration and greater flood intensity from 

drainage when compared with the removal of the artificial network (Lagacherie et al., 

2010). Other applications of MHYDAS model have shown how sediment and flow 

can be highly affected by this man-made structure (Gumiere et al., 2011; Tiemeyer 

et al., 2007). Nonetheless, research tended to have a lack of spatial erosion 

representation, which has been found necessary for sediment connectivity 

assessment. In this terms, the Integrated Hydrological model (InHM) have been 

used to simulated flow and sediment transport by these catchment structures 

(Hepper et al., 2007; Heppner et al., 2006). 

The use of models under hypothetical scenarios have examined how water 

and sediment fluxes can be affected by changes in the arable systems, with 

agricultural practices playing an important role in the hydrological catchment 

behaviour. Additionally, the above studies of connectivity have shown that the 

location of concentrated water and sediment across the catchment strongly depends 

on catchment features. However, flow and sediment transport analysis at local and 
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event scales using scenarios that incorporated agricultural land management 

practices, and landscape features changes in the UK, have rarely been undertaken. 

Furthermore, hydrological and sediment connectivity analysis through landscape 

alteration (e.g. roads) has received little attention. In this context, the crops field 

arrangement (.e.g. field rotation), agricultural practices such as cropping and 

harvesting and landscape features like roads explored in this contribution can shows 

how these catchments' spatial and temporal variations influence the interaction 

between surface flow paths and sediment sources. The previous concepts are 

useful to explain in which extent agricultural changes, land use management and 

landscape natural modifications alter flow and sediment delivery to rivers. 

Furthermore, it shows the importance of capture these variations with a model for a 

future connectivity analysis in the context of mitigation strategies for soil erosion and 

river contamination by sediment. 

 

2.5 Summary 

This chapter shows how agricultural land use is affecting the natural 

hydrological response of catchments. In the UK, the extension of arable land has 

been related to increases in runoff and soil erosion. However, there is a lack of 

information of how spatial distribution of cropland arrangement influences flow and 

sediment generation. The presented information discusses crop growth and 

management in terms of erosion risk (winter cereals, spring cereals and maize); 

however, there is less literature exploring the impacts of non-protective crop cover 

on soil erosion. Furthermore, the impact of rainfall variability has not been taken into 

account to determine the extent of sediment generation from these crops. 

Information on mitigation practices has been somewhat limited to monitoring, 

especially from grass strips, in which successful reduction of sediment transport 

have been reported; however, studies do not consider cropland proximities to 

streams. The recommendation to limit cropping on slopes of < 7° is valuable in 

reducing erosion risk, though there remains a lack of quantitative information on 

sediment generation.  

It was found that several conceptual frameworks consider a connectivity 

approach with a lack of applicability. Moreover, the indices of connectivity focus on 

static representation, whereas the use of physically-based models allows dynamic 

catchment behaviour to be reproduced. Furthermore, runoff and sediment 

movements have been attributed to landscape structure (e.g. roads); however, there 

is an absence of studies that present the effect of these structures on flow and 
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sediment transport. Also, erosion variability associated with roads has received 

limited attention, as well as spatial runoff and net erosion by this feature. Under the 

preceding information, there is an opportunity to quantify the impacts of arable land 

arrangements, type of crops, areas of risk and landscape structural elements such 

as roads using a physically-based spatially distributed model.  
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Chapter 3 

 

Physically-based spatially distributed models 

 

3.1 Model review and selection 

Physically-based models have been used extensively to predict the impacts 

of climate variability and land use on catchments  (Birkinshaw et al., 2011; Croke et 

al., 2004; Fohrer et al., 2001; Moussa et al., 2002). There are a wide range of 

models; the detail and complexity vary, with a range of required parameters and 

properties, equations and solutions differing in each model covering a variety of 

spatial scales. The complexity of physically-based models reflects the 

representation of the physical process incorporating at least two essential 

processes: the hydrological cycle and sediment transport. The hydrological cycle 

often includes sub-processes as precipitation, interception, evaporation, 

transpiration, infiltration, runoff and groundwater. The sediment transport 

contemplates three principal components; entrainment, transport capacity and 

deposition. Physically-based models are generally classified according to their 

properties of: i) spatial scale (size of the catchment), ii) temporal distribution (event-

based or continuous), iii) process description (lumped or distributed), iv) variables 

description (deterministic or stochastic), and v) equation solutions (steady-state or 

dynamic). A summary table (Table 3.1) reflects a range of the models available 

based on Aksoy and Kavvas, (2005); Daniel et al. (2011); Jetten et al. (1999); Merritt 

et al. (2003) and incorporates descriptions of INCA (Whitehead et al., 1998), 

CAESAR (Coulthard et al., 2000) and SHETRAN (Ewen et al., 2000). 

The SWAT, GeoWEPP, CAESAR and THALES models were discarded, as 

they do not meet the main objective of simulated hydrological, soil erosion and 

sediment transport processes on an event based temporal scale. The KINEROS2 

and EUROSEM were rejected based on the lack of a GIS tool, essential for the 

creation of scenarios. The CREAMS’ field-scale (0.04-0.40 km2) did not fit with the 

study catchment (18 km2 and 22 km2). The INCA model software was unobtainable. 

Scale resolution in SHETRAN model, up to 25 x 25 m; compared to the limited 100 x 

100 m in LISEM, resulted in the selection of SHETRAN for application within this 

thesis. Furthermore, SHETRAN have been extensive apply in UK agricultural 

catchments. In addition, it has an important support groups for guidance (Website, 

Google and Facebook). 
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Table 3.1. Characteristics of physically-based models 

Name (Acronyms) Spatial 
distribution Temporal scale Catchment 

evaluation Variables Solution 
equation 

GIS 
tool Reference 

Système Hydrologique Européen and 
Transport modelling system 

(SHETRAN) 

Any size 
Catchment 

Event Based & 
Continuous Distributed Deterministic Dynamic 

(2D) Yes 
Ewen et al., 

2000 

Limburg Soil Erosion Model (LISEM) Any size 
Catchment Event Based Distributed Deterministic 

Steady-
Steady 

(1D) 
Yes De Roo, 1996 

Integrated Nitrogen model for multiple 
sources assessment in Catchments 

(INCA) 

Large-
Catchment Event-Based Semi-

Distributed Deterministic Dynamic 
(1D) Yes Whitehead et 

al., 1998 

Soil and Water Assessment 
Tool(SWAT) 

Small-
Catchment Continuous Semi-

Distributed Not found Dynamic Yes Neitsch et al., 
2009 

Geo-spatial interface of the Water 
Erosion Prediction Project (GeoWEPP) 

Small-
catchment Continuous Distributed Deterministic 

Steady-
Steady 

(1D) 
Yes Flanagan et 

al., 2007 

European Soil Erosion Model 
(EUROSEM) 

Small-
catchment Event-Based Distributed Deterministic Dynamic 

(1D) No Morgan et al., 
1998 

The Kinematic Runoff and Erosion 
Model (KINEROS2) 

Small-
Catchment Event-Based Distributed Deterministic Dynamic 

(1D) No Woolhiser et 
al., 1990 

Cellular Automaton Evolutionary Slope 
And River (CAESAR) 

Any size 
Catchment Continuous Distributed Not found Dynamic 

(2D) Yes Coulthard et 
al., 2000 

Named after Thales of Miletos(a) 
(THALES) 

Small-
Catchment Continuous Distributed Deterministic Dynamic 

(1D) 
Not 

found 
Grayson et 
al., 1992 

Cascade 2 Dimensional Sedimentation 
(CASC2D-SED) 

Any size 
Catchment Event-Based Distributed Deterministic Dynamic 

(2D) Yes Julien et al., 
1995 

A field-scale model for Chemicals, 
Runoff , and Erosion from Agricultural 

Management Systems (CREAMS) 

Small-
Catchment Event-Based Distributed Deterministic 

Steady-
Steady 

(1D) 

Not 
found Knisel, 1980  

a) Greek philosopher who recognized the influence of topography on runoff generation 
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The above equation 3.1 and linear regression are running sequentially for each 

grid in the catchment, but there is no interaction between them. The temperature is 

assumed to be above 0° C, without considering snow involvement, otherwise this 

module is replaced by snow-melt module (not used and described here). 

 

Overland/Channel flow module 

This module within the SHETRAN model has four basic types of flow interaction 

(Figure 3.4): i) between any two overland elements (grid-grid, grid-bank or bank-bank); 

ii) between channel link and adjacent overland element (grid or bank); iii) between two 

channel links (including channel tributaries); and, iv) between grid/channel elements 

and catchment boundaries. 

Type i represents the overland flow running in x and y direction and type iii 

represents the flow in channel. Type ii represents in bank flow, which can take one of 

three forms: inflow channel, full-bank without overflow channel and overflow channel 

(Figure 3.4). Type iv represents the boundary conditions at the land and channel.  

The overland boundary conditions can be specified as head or flow. The head 

conditions are defined for any grid or bank element, internal or on the catchment 

boundary. Flow conditions are given just for grid elements in the catchment boundary 

only. Elements with no flow condition have a default zero value. The channel boundary 

conditions can be prescribed as flux or weir; all boundary conditions are given at the 

ends of the channel link. The upstream ends where the catchment is not hydraulically 

connected to another element are considered as a default weir condition. The 

downstream boundary condition can be prescribed as flow or described by a flat-

crested weir. 
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Equation 3.3 

 
Where: 
K(x,y)=Overland Strickler coefficients across the x and y directions (m1/3 s-1).  
W(x,y)=Widths of the elements across the x and y directions (m). 
ho=Water depth above ground in the element (m). 
zg=Ground bed level (m above datum). 
Zu=Water surface elevations in upstream (m). 
zd=Water surface elevations in downstream (m). 
L(x,y)=Distances between the centres of two elements (m). 

 

�D � �EDFD� � ?�DFDℎH;IJ= 7
��KL . ℎH��M :;NI=C . ?�DFDℎH;IJ= 7
 �KO 
 KP�QD :;NI=C Equation 3.4 

Where: 
Kl=Channel Strickler coefficients (m1/3 s-1). 
Al=Cross-sectional area of the channel (m). 
Ll=Distances between the centres of two channel links (m). 
 

The lateral fluxes in banks Qb (m
3 s-1) are calculated for the inflow channel with 

a resistance equation (Eq. 3.5), for the full-bank without overflow channel as zero flow 

and for the overflow channel with a broad-crested weir equation (Eq. 3.6). 

 

�R � S. 6UVW<9��8@ . 8R�;6<= Equation 3.5 

�R � W<9��8@ . 8R�;"<=�8A . 8R� Equation 3.6 

Where: 
g=acceleration due the gravity (m s-2). 
zu=Upstream water surface elevations (m). 
zd=Downstream water surface elevations (m). 
zb=Bank elevation, if not banks are assumed zb=0 (m). 
 

Variably saturated subsurface module 

The basin is considered as containing a set of columns with ground surface 

information allowing to model porosity, heterogeneous and anisotropic medium. Lateral 

flow interaction between cells within the continuous columns and vertical flow in each 

column is simulated using a three dimensional flow equation in saturated and 

unsaturated media (Eq. 3.7). Within this approach infiltration-excess and saturation-



31 

 

excess runoff are contemplated, and infiltration between columns and channel links are 

considered. 

 

X#ᴪ#% � ##1 Z[14\ #ᴪ#1] . ##2 Z[24\ #ᴪ#2] . ##8 Z[84\ #ᴪ#8] . #�[84\�#8 
 ^ 

X � _�`� . A_Aᴪ 

^ � ^� . ^`� . ^% 
Equation 3.7 

Where: 
η=Storage Coefficient (dimensionless). 
Ψ=Pressure potential (m). 
K(x,y)=Lateral hydraulic conductivity (m day-1). 
Kz=Vertical hydraulic conductivity (m day-1). 
kr=Relative hydraulic conductivity (m day-1). 
Θ= Volumetric Soil Water Content (dimensionless) 
Ss=Specific storage (dimensionless) 
n=Porosity (dimensionless) 
q=Specific volumetric flow (m3s-1). 
q(w,sp,t)=Accounts for well abstraction, spring discharges and transpiration losses, 
respectively (m3 s-1). 
 

SHETRAN characterizes the water retention curve (θ and ᴪ relation) using the 

Van Genuchten model (Eq. 3.8). 

 a�b� � acd� . a�ef 
 acd�g1 . �i|b|�kl�N�N km � Equation 3.8 

Where: 
θSAT= Volumetric saturated soil water content (m m-1) 
θRES= Volumetric residual soil water content (m m-1) 
n= a measure of the pore-size distribution (dimensionless) 
α= related to the inverse of the air entry suction (dimensionless) 
 

The model can represent aquifers, ground water under low permeability layers, 

and bottom/lateral boundary condition. The aquifers can be confined, semi-confined 

and unconfined; the exchange of flow with channel can be generated through the 

channel bed or channel sides. The bottom boundary conditions allows the antecedent 

conditions to be simulated with a different water table depth (m above sea level) for 

each soil column or a head value (m) for every grid in every column. The lateral 

boundary conditions are applied to create boundaries to simulate sub-regions of a 

catchment. 
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where: 
h=Water depth (m). 
dm=Effective drop/drip diameter (m). 
dmin=Minimum value allowed (1x10-4m). 
dl=Leaf drip diameter (m). 
DRAINA=Water drainage rate from canopy, obtained from water flow module (m s-1). 
PNETTO=Net precipitation included canopy drainage, obtained from water flow module 
(m s-1). 
 

If net precipitation (PNETTO) is zero, dm is set as dmin; the middle term in dm 

equation describes the dominance of leaf drips over raindrops. To prevent unrealistic 

soil erosion a user defined threshold DLSMAX (m) can be specified, Dr will be set to 

zero if the erosion rate is equal or greater than this threshold. 

The raindrop momentum (Eq. 3.11) over an area of overland (A1) requires 

knowledge of drop size distribution (Marshall and Palmer, 1948) and the rainfall 

intensity. The area of ground that raindrops sticke is only A(1-Cc). 

 so � �1 
 ���|N��� �� � �QF� ∗ �{u�gQF�, 1l� Equation 3.11 

Where: 
Cc=Proportion of ground shielded by dominant vegetation canopy (decimal fraction). 
I=Rainfall intensity. 
PLAI=Maximum proportion of ground covered by vegetation (decimal fraction). 
LAI=Leaf area index (dimensionless). 
a1 and b1=Parameters changing according to the I (Luke et al., 1995). 
 

The leaf drip momentum is calculating by simple equation (Eq. 3.12) 

 

sP � ;�6=�PI�IwNJQP�n�F��F� 
�P � �s� � �1 
 }���I��� ��	

s� � |I . �IwN 
Equation 3.12 

Where: 
g=acceleration due the gravity (m s-2). 
ρ=Water density (kg m-3). 
Ld=Proportion of drainage that falls as leaf drip (dimensionless). 
dl=leaf drip diameter (m). 
DRAINA=Water drainage rate from canopy, obtained from water flow module (m s-1). 
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Vd=Leaf drip fall speed (m s-1). 
M=Average mass of leaf drips (kg).  
β=Friction constant (kg m-1). 
X=Average leaf drip fall distance (m). 
a2 and b2=Parameters varying in proportion Vd and dl (Luke et al., 1995). 
 

To calculate the rate of erosion by overland flow Dq (kg m-2 s-1), each grid of the 

hillslope component is considered as uniform sheets (Eq. 3.13). 

 

n� � tp��1 
 �o� Z   ¡� 
 1] ,			uv	  !  ¡�0, ¢�ℎ£¤u¥  

  � ��¦§ 

Equation 3.13 

Where: 
Kf=Overland flow erodibility coefficient (kg m-2s-1). 
Cr=Proportion of ground shielded by rock cover (decimal fraction). 
τ=Shear stress due the overland flow (N m-2). 
τec=Critical shear stress for initiation of sediment motion (N m-2). 
ρ=Water density (kg m-3). 
g=Acceleration due the gravity (m s-2). 
h=Water depth (m). 
S=Water surface slope in the flow direction (m m-1). 
 

To assume a protective soil effect resulting from the accumulated loose 

sediments and preventing unrealistic erosion, a threshold DLSMAX is defined by the 

user. If this threshold is surpassed then Dq is equal to zero. 

There are two options to calculate τec using, the Shields curve (Eq. 3.14) 

(Shields, 1936) or an empirical equation (Eq. 3.15) (Smerdon and Beasley, 1961). 

  ¡� � ��¨ 
 ���n©�|J�∗�ª 
�∗ � {|} ?0.03, n©�;«¬=.®¯ C Equation 3.14 

Where: 
ρs=Sediment particle density (2,650 kg m-3). 
ρ=Water density (kg m-3). 
g=Acceleration due the gravity (m s-2). 
D50=Sediment particle diameter that is greater than the diameter of 50% of the particles 
(m). 
R*=Particle Reynolds number. 
a3 and b3=Parameters depending on R* (Lukey et al., 1995a). 
v=Water viscosity (m2 s-1). 

 

 ¡� � 0.493}10N.�J±² Equation 3.15 
Where: 
Fc=Fractional clay content of sediment by weight (dimensionless). 
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In the calculation of overland flow erosion, each grid element of the hillslope is 

divided into four faces. The face across which the flow into, or out of, the element is 

greatest is chosen and the slope across this face is calculated. If flow is from hillslope to 

a channel element, the overbank flow is used (see channel component). 

Total eroded sediments (GD) are obtained by a relation of detached sediments 

and bulk density (Eq. 3.16). 

 ³´ � �no . n��/��OD¶ Equation 3.16 

 

Once eroded sediments are calculated, they are routed in each grid across its 

four faces in proportion to the discharge. A total volumetric transport capacity Gtot (m
3 s-

1) is calculated, two options are permitted: The Yalin equation (Eq. 3.17) (Yalin, 1963) 

or the Engelund-Hansen equation (Eq. 3.18) (Engelund and Hansen, 1967). 

 

³·H· � 0.635� � Mn©�¸ Z1 
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Equation 3.17 

 
Where: 
τ=Shear stress due the overland flow (N m-2). 
ρ=Water density (kg m-3). 
l=Flow width (m). 
D50=Sediment particle diameter that is greater than the diameter of 50% of the particles 
(m). 
ρs=Sediment particle density (2,650 kg m-3). 
τec=Critical shear stress for initiation of sediment motion (N m-2), using Shields equation 
and not allowing other option. 

 

³·H· �
»¼½
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 Equation 3.18 

Where: 
Q=Water flow rate (m3 s-1). 
S=Water surface slope in the flow direction (m m-1). 
g=Acceleration due the gravity (m s-2). 
h=Water depth (m). 
ρs=Sediment particle density (2650 kg m-3). 
ρ=Water density (kg m-3). 
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It should be emphasized that both the above equations were developed for 

sediment transport in channels and for non-cohesive particles. The equations are used 

for each grid face; the sum of these capacities is the total particle sediment flow 

capacity. The total sediment flow capacity (Eq. 3.19) is limited to the user threshold 

FPCRIT to prevent unrealisctic values. 

 ³ � g³·H·, �}q�����l Equation 3.19 

 

Total eroded sediments (GD) are divided in user defined sediment groups by 

size fraction (Ci), each one is routed using a two dimensional mass conservation 

equation. As sediments are incompressible, the mass equation can be se as a volume 

balance equation (Eq. 3.20). 

 ��¿~ℎ��� . �1 
 À� �K~�� . ���Á~,Â~���}, Ã� � 0 Equation 3.20 

Where: 
ci=Sediment concentration of each size group (m3 m-3). 
h=Water depth (m). 
λ=Loose sediment porosity (dimensionless). 
zi=Depth of loose soil of each size group (m). 
g(xi,yi)=Volumetric sediment transport rates per unit width in the X and Y directions of 
each size group (m3 s-1·m-1). 
t=time (s). 

 

The above equation is discretized to find the total volume of available 

sediments, in the entire sediment group, Gsum, which includes the sediments in the 

element at the beginning, plus the sediments eroded in that element, and the sediments 

coming for adjacent elements (Eq. 3.21). 

 

³�Ä� �)��Á,Â�Åk
~,N  Equation 3.21 

 

The total volume of available sediments, Gsum, is compare with the total 

sediment flow capacity, G, to determine whether there is net deposition or erosion of 

sediments in that element (Eq. 3.22). 

 

³�Ä� � Æ³�Ä�	uv, ³ ! ³�Ä�³		uv, ³  	³�Ä�  Equation 3.22 
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The remaining sediments and those removed from the grid at the end of the 

time step, are divided on a user defined proportion for each size group (e.g. fine 

sediment [≤25 um] 60%, coarse sediment [>25um] 40%). Sediment moving flow out of 

the grid, are also separated in the same proportion across each grid face. 

 

Channel module 

This component simulates erosion in bed channel and channel bank by the 

stream flow. The rate of detached material per unit area (kg m-2 s-1) from one bank is 

determined (Eq. 3.23) and then multiplied by two (to reflect both banks). 

 

�R � t[R Z ÇRÇRÈ 
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Equation 3.23 

Where: 
kb=Bank erodibility coefficient (kg m-2 s-1). 
τb=Critical shear stress for initiation of motion of bank material (N m-2). 
K=Proportional contant (dimensionless). 
a4 and b4=Parameters depending on H/B ((Luke et al., 1995)). 
τ=Shear stress due the channel flow (N m-2). 
ρ=Water density (kg m-3). 
g=Acceleration de the gravity (m s-2). 
H=Flow depth (m). 
B=Effective channel width (m). 
S=Long stream water surface slope (m m-1). 
 

The critical shear stress can be calculated either by the Shields curve (Eq. 3.14) 

or clay content formula (Eq. 3.15). It is assumed that the detached material retains the 

size distribution of the bank material. The bank erosion rate in a linked channel element 

is taken to be the maximum outflow face (similar to overland flow erosion). 

For bed erosion the material is assumed to be non-cohesive, so sediments are 

already detached. Two layers in the channel are simulated; the top in which sediments 

are available for mobilization by the flow and bottom which is out of flow reach. The 

total thickness of the top layer is given by non-explicit equation (Eq. 3.24). 
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w� � Æ¸H , uv	nQ§ ! ¸HnQ§, ¢�ℎ£¤u¥ Equation 3.24 

Where: 
δo=Maximum depth of the top bed sediment layer, defined by the user (m). 
DLS=Total depth of loose bed sediments, time-varying and calculated by the model (m). 
 

A capacity sediment transport rate for each sediment group (defined by user 

accordingly to particle size) is required for routing sediments. There is a maximum of 

one fine sediment size group (particle diameter < 0.25mm) that is assumed to travel at 

flow velocity. There are a maximum of six non-fine sediment size groups (particle 

diameters > 0.25mm) that can be transported using one of three different equations. As 

this contribution focuses on simulating fine sediment, those equations are not described 

here, but for more detail see the SHETRAN sediment transport component document 

(Lukey et al., 1995a) 

It is assumed in the model that all fine sediments are transported in suspension, 

having a deposition rate (kg s-1·m-1) (Eq. 3.25). 

 

�AÉ � ËÌÍÉÈÉÎ` �" 
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Equation 3.25 

Where: 
B=Effective channel width (m). 
cf=Concentration of fine particles in suspension (m3 m-3). 
Df=Fine sediments particle size(m). 
g=Acceleration due to gravity (m s-2). 
v=Kinematic viscosity of water (m s-2). 
ρs=Sediment particle density (kg m-3). 
ρ=Water density (kg m-3). 
τecf=Critical stress of channel (N m-2), (eq.3.14) with Df replacing D50. 
α=Ratio of settling to re-suspension critical shear stress. Constant specified by user by 
empirical calibration (dimensionless). 
 

A process of infiltration (Eq. 3.26) is simulated that involves the penetration of 

fine sediments in the top layer. 

 

w¿P�w� � ËÐ�wP �¿� 
 q������, uv	¿� ! q�����0, ¢�ℎ£¤u¥  Equation 3.26 

Where: 
cdf=Concentration of fine sediments in the bottom layer (kg) . 
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Wf=Average fine sediment particle settling velocity (m s-1). 
dd=Depth of bottom bed sediment layer (m). 
cf=Concentration of fine sediment in the flow (kg m-3). 
FICRIT=Mobile fine sediment concentration threshold for infiltration. Define user value 
for critical concentration of fine sediments in flow (dimensionless). 
 

A simple condition (Eq. 3.27), representing the clogging by fine sediments of 

channel bed pores, is used to stop infiltration. 

 qÊ��F� < qÊ����� Equation 3.27 

Where: 
FBETAf=Bed sediment fraction (top and bottom bed layer) of the fine sediment size 
group (dimensionless). 
FBICRIT=Fines bed sediment fraction above which there is no infiltration. User defines 
critical value of fine sediments concentration in bed (dimensionless). 
 

The rate of infiltration in the top bed layer is limited by the sediment settling 

velocity (Wf). The total depth of top bed sediments cannot be greater than δo. 

The fine and non-fine sediments that cannot be carried by the flow remain as 

loose material. An armouring process is simulated by passing the finer sediments from 

the bottom to the top bed layer until δo is reached, so eventually the top layer will be 

composed of coarse material protecting the bed from further erosion and the fine 

sediments are mobilized within the flow. 

The fine sediments are moved if the shear stress (τ) in the channel is greater 

than the critical shear stress, otherwise a proportion is protected (fdc) (Eq. 3.28).  

 

vP� � Ë{u� �1, ∑w′�~∑w¿u� , uv	)w�~ ! 0	0, ¢�ℎ£¤u¥  Equation 3.28 

Where: 
d'ci=Depth of sediments in the top bed layer at the end of time period over all non-fine 
sediments. 
dci=Depth of sediments of each size group in the top bed layer at the beginning of the 
time period. 
 

Channel flow transport of fine mobile material is routed as cohesive sediments; 

dispersion is assumed insignificant and is not modelled. The transport of fine sediments 

is assumed with one-dimensional equation for conservation of sediment mass (Eq. 

3.29). 
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��F¿~��� . �1 
 Ô�Ê �K~�� . �³~�} � Õ¨~ Equation 3.29 

Where: 
ci=Sediment concentration of each size group (m3 m-3). 
A=Flow cross sectional area (m2). 
ϕ=Bed sediment porosity (dimensionless). 
B=Active bed for which there are sediment transport (m). 
zi=Depth of bed sediments (m). 
Gfine=Volumetric sediment transport rates each size group (m3 s-1). 
qsi=Sediment input from bank erosion and overland flow supply (m2 s-1). 
t=time (s).  
 

The volumetric sediment transport rate Gi (m3 s-1) is calculated from the 

sediment concentration (Eq. 3.30). First, the non-fine sediments are routing to know the 

volume in the top bed layer, afterward fine material (Gfine) in the top layer is determined.  

 ³�~k¡ � ¿~Ö¨~F Equation 3.30 

Where: 
ci=Sediment concentration of each size group (m3 m-3). 
Usi=Water flow speed (m s-1). 
A=Flow cross sectional area (m2). 

 

3.2.3 Required parameters 

The list of parameters that should be defined by the user for both components is 

given in Table 3.2. The parameters that depend on vegetation type are grouped as 

‘vegetation parameters’; each of them can be introduced as much as vegetation types 

are used. Parameters depending on soil properties are grouped as ‘soil parameters’; 

the number of them depends on type of soil and number of layers. Parameters used in 

the sediment process component are grouped as ‘sediment parameters’; the number of 

them depends on vegetation types and soil/layer types  
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Table 3.2. Model parameters for water flow and sediment transport processes 
Parameter (acronym in model code) Equation Module (acronym in equation) Units 

Vegetation parameters 

Canopy storage capacity (CSTCAP) Eq. 3.1 Interception (S) mm 
Proportion of ground hidden by vegetation at its 
maximum extent (PLAI)  

Eq. 3.1 & 
Eq. 3.11 

Interception (p) & Sediment transport 
raindrop momentum, (PLAI) 

Decimal fraction 

Ratio of total leaf area to area of ground cover 
by vegetation (CLAI) 

Eq. 3.1 & Eq. 
3.11 

Interception (p’) & Sediment transport 
raindrop momentum (LAI) 

Decimal fraction 

Drainage rate when canopy is at its storage 
capacity (CK)  

Eq. 3.1 Interception, (k) mm s-1 

Drainage rate as canopy dries (CB) Eq. 3.1 Interception, (b) mm-1 
Table of moisture soil tension (FET  vs PSI) SHETRAN fit 

curve 
Variable saturated subsurface (Ea/Ep vs ᴪ) decimal fraction vs 

KPa 
Hillslope Strickler coefficient (CATR) Eq. 3.3 Overland Flow (K(x,y)) m1/3 s-1 

Soil parameters 

Lateral hydraulic conductivity (KX and KY) Eq. 3.7 Variable saturated subsurface (k(x,y)) m day-1 
Vertical hydraulic conductivity (KZ) Eq. 3.7 Variable saturated subsurface (Kz) m day-1 
Specific storage (SS) Eq. 3.7 Variable saturated subsurface (Ss) m-1 
Volumetric saturated soil water content (THSAT) Eq. 3.8 Variable saturated subsurface (θSAT) w w-1 
Volumetric residual water content (THRES) Eq. 3.8 Variable saturated subsurface (θRES) w w-1 
Van Genuchten parameter (n) Eq. 3.8 Variable saturated subsurface (n) dimensionless 
Van Genuchten parameter (ALF) Eq. 3.8 Variable saturated subsurface (α) dimensionless 

Sediment parameters 

Proportion of ground shield by near ground 
cover (FCG) 

Eq. 3.11 Sediment transport raindrop/leaf drip impact 
(Cg) 

Decimal fraction 

Proportion of shield by ground level cover 
(FCROCK) 

Eq.3.11 & Eq. 
3.13 

Sediment transport raindrop/leaf drip impact 
(Cr) & Erosion by overland flow (Cr) 

Decimal fraction 

Raindrop impact soil erodibility coefficient (Kr) Eq. 3.11 Sediment transport raindrop/leaf drip impact 
(Kr) 

 J-1 

Average leaf drip fall distance (XDRIP) Eq. 3.12 Sediment transport drip momentum (X) m 
Average leaf drip diameter (DRDRIP) Eq. 3.12 Sediment transport drip momentum (dl) m 
Proportion of drainage that falls as leaf drip 
(FDRIP) 

Eq. 3.12 Sediment transport drip momentum (Ld) Decimal fraction 
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Overland flow soil erodibility (GKF) Eq. 3.13 Sediment transport drip momentum (Kf) kg m-2 s-1 
Soil bulk density (RHOSO) Eq. 3.16 Sediment transport overland erosion 

(Bulkdensity) 
kg m-3 

Sediment flow capacity threshold (FPCRIT) Eq. 3.18 Sediment transport overland erosion 
(FPCRIT) 

Dimensionless 

Loose sediment porosity (PLS). Eq. 3.20 Sediment transport overland erosion (λ) Dimensionless 
Bank erodibility coefficient (BKB) Eq. 3.23 Sediment transport channel component (kb) kg m-2 s-1 
Maximum depth of the top bed sediment layer, 
defined by the user (DCBEDO)  

Eq. 3.24 Sediment transport channel component (δo) m 

Total depth of loose bed sediments, time-varying 
and calculated by the model (DLSMAX) 

Eq. 3.24 Sediment transport channel component bed 
erosion of fine sediments (DLS) 

Dimensionless 

Ratio of settling to re-suspension critical shear 
stress for fine sediments (ALPHA) 

Eq. 3.25 Sediment transport channel component fine 
sediment suspension (α) 

Dimensionless 

Mobile fine sediment concentration threshold for 
infiltration (FICRIT) 

Eq. 3.26 Sediment transport channel component fine 
sediments infiltration (FICRIT) 

Dimensionless 

Fines bed sediment fraction above which there 
is no infiltration (FBIC) 

Eq. 3.27 Sediment transport channel component fine 
sediments infiltration (FBICRIT) 

Dimensionless 

Bed sediment porosity (PBSED) Eq. 3.29 Sediment transport channel component 
transport of fine sediments (ϕ) 

Dimensionless 
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3.2.4 Review of SHETRAN applications 

A frequent problem with PBSD models is the large number of required 

parameters and therefore data, some of which may be unavailable or inaccessible, 

particularly in data scarce regions (Tarawneh et al., 2016). This data uncertainty can 

be reduced by model calibration approaches followed by evaluation procedures; the 

outcomes of both processes provide confidence in further model applications. 

The calibration procedure aims to improve model performance by changing 

the values of selected parameters, either through manual or automatic methods. A 

‘manual’ process is commonly applied, in which the parameters are  changed ‘one-

at-a-time’ (OAT) (Rabitz, 1989). This necessitates determination of which 

parameters require calibration and consideration of the relationship between 

parameters. It also requires a choice of the model output to be calibrated (e.g. 

runoff, phreatic level, soil loss, cumulative discharge, sediment concentration, 

discharge peaks, sediment peaks, etc). Furthermore, multiple different combinations 

of parameter values might give a good fit (Jetten and Maneta, 2010); commonly 

referred as model equifinality problem (Beven and Binley, 1992). The decision on 

parameter to be calibrated depends on information about model sensitivity, results 

from previous applications, and/or user experiences. 

The reported parameters to which the model is most sensitivity in the water 

flow component of SHETRAN are the potential-actual evapotranspiration ratio 

(AE/PE), saturated hydraulic conductivity (Ksat), and Strickler coefficient (Stk) 

(Anderton et al., 2002; Bathurst, 1986; Op de Hipt et al., 2017). The actual-potential 

evapotranspiration ratio (AE/PE) influences water balance; saturated hydraulic 

conductivity (Ksat), the surface and subsurface infiltration and storage; and the 

Strickler coefficient (Stk) influences the surface flow velocity (Ewen et al., 2000). It is 

suggested by SHETRAN developers to calibrate actual-potential evapotranspiration 

ratio and soil depth first; followed by the saturated hydraulic conductivity and 

Strickler coefficient (Birkinshaw, 2016). 

In the sediment transport component, the parameters to which the reported 

model is most sensitive are raindrop soil erodibility coefficient (Kr) and overland flow 

erodibility coefficient (Kf) (Adams and Elliott, 2006; Op de Hipt et al., 2017). The 

adjustment of parameters depends on soil conditions and vegetation characteristics 

in the catchment. Previous work has reported a relationship between raindrop/leaf 

drip erodibility coefficient (Kr) and soil texture (Verhaegen, 1987). In terms of the 

overland erodibility coefficient (Kf), relationships with soil texture are unavailable and 

therefore values of this coefficient must be calibrated empirically.  
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Hillslope surface runoff can occur as a sheet flow (fine, extensive and 

superficial) or be confined in rills or gullies. In the water flow component of 

SHETRAN, flow depth and velocity is an average value in each grid. Therefore, 

sheet flow is the only type of hillslope surface runoff simulated in the model. A 

coarse spatial resolution will generate a wider sheet flow shape (equal to the size of 

the grid), therefore for the sediment transport component, an overland erodibility 

coefficient should be considered in calibration process for an empirical 

representation of combined sheet and rill flow (Wicks and Bathurst, 1996). 

The calibrated performance of the water flow component of SHETRAN has 

been reported in a number of studies, where Nash-Sutcliffe coefficient values in the 

range 0.6-0.8 have been obtained  (Adams et al., 2012; Janes et al., 2017; Mourato 

et al., 2015). The sediment transport component efficiency has also been assessed; 

however, as continuous measurements of sediment flux are more difficult to obtain, 

evaluation has largely focused on individual flow events with different coefficients 

(Adams and Elliott, 2006; Elliott et al., 2012; Lukey et al., 2000). Most of these 

studies employ single values for the erodibility coefficients (Kf and Kr) in the study 

catchments, whereas different erodibility coefficient values were obtained in plot 

scale studies, with different agricultural land uses (tillage, grazed, ungrazed and 

clipped bare) showing that the erodibility coefficient varies spatially with land use 

(Wicks et al., 1992). The soil erodibility coefficients have been reported in the 

ranges of 0.05 - 70 (1 J-1) for raindrop impact erosion and between 5x10-7 to 2x10-5 

(kg m-2 s-1) for overland flow erosion (Bathurst, 2011); however, the applications 

varied in spatial resolution (Bathurst et al., 2006, 2005; Janes et al., 2017; Lukey et 

al., 2000) A study conducted on different spatial resolution scenarios showed 

reductions in the Strickler coefficient with increasing grid resolution (De Figueiredo 

and Bathurst, 2007). No other parameters in the water flow or sediment transport 

components were reported. 

The scale resolution is a common criticism of PBSD models (Beven, 1991; 

Brazier et al., 2010). The parameter values applied to a catchment grid are usually 

an average of a physical property (measured or calibrated). This generalization does 

not capture the natural variability in a given property and how it may affect 

hydrological processes. Moreover, a change in spatial resolution can affect the 

slope of the grid, as larger grids average the elevation of the covered area and can 

lead to the loss of tributaries (Daniel et al., 2011). Error can be minimized by using 

the finest possible grid resolution; however, this requires more computing capacity 

and increases model run times. 

  



45 

 

Chapter 4 

 

Methods 

 

This chapter describes the catchment data, modelling procedures and 

scenarios employed to investigate the effects of agricultural change on catchment 

flow, erosion and sediment exports. It comprises five sections. The first 

characterises the physical and hydro-climatic environment of the two study 

catchments. The second outlines processes for the calibration and evaluation of the 

SHETRAN model along with procedures for sensitivity analysis. The third section 

describes simulations for agricultural land cover and management change scenarios 

and the fourth section details sub-catchment scale simulations that examine 

changes in flow and sediment pathways related to alterations to landscape features, 

namely roads and laneways. The final section summarises the procedures for 

analysing data from the full set of scenario simulations.  

To achieve the aim of quantify the impact of changes in agricultural land use, 

landscape features and management measures on flow generation, soil erosion and 

sediment transport; is necessary to provide a hydro-sediment framework for paired 

catchments comparison; essential for the proxy-catchment test, model calibration in 

one catchment and evaluation in the other. Likewise, give SHETRAN reliability by 

assessing model performance of continuous discharge flow and event scale (flow 

and sediments) studied catchments. A broad understanding to which model outputs 

are more sensitivity by using simple, multi-criterial and DEM methods is require for 

results interpretation. Land use changes are potentially represented by recent 

agricultural land cover maps and end-member scenarios; land use management are 

mimic by scenarios of different crop types, arable soil compaction, set of different 

arable field arrangements and riparian buffer as mitigation strategy. Finally, 

representation of landscape features like roads and sunken lanes requires changes 

in ground elevation and soil properties in a sub-catchment areas were roads are 

located. 

 

4.1 Catchment data and analysis 

The hydrological cycle plays an important role in many fundamental 

catchment processes, influencing rates of chemical weathering, transport of 

dissolved and suspended sediments, and the erosion and deposition of sediments. 



46 

 

Analysis of climatic variables, streamflow and suspended sediments inform our 

understanding of catchment behaviour (Burt et al., 1983; Burt and Heathwaite, 1996; 

Deasy et al., 2014) and response to changes in agricultural land use and 

management practices (Climent-Soler et al., 2009; Palmer and Smith, 2013). This 

section describes the various measurements and datasets used to characterise the 

study catchment environments and outlines procedures for analysing event, 

seasonal and annual variability in measured flow and sediment transport.  

 

4.1.1 Catchment location and topography 

The Kit Brook (22 km2) and Blackwater (18 km2) catchments are part of the 

River Axe hydrological network; located in Devon, south-west England (Figure 4.1a). 

These catchments were selected due the available 4-year flow and sediment record 

allowing model calibration in one of the catchment and evaluation in the nearby one. 

In addition, the catchments presented an extensive agricultural land use ideal for the 

reach the aim of the thesis. Catchment digital elevation models (DEMs) derived from 

Ordnance Survey (OS) mapping data were obtained through EDINA Digimap with a 

5 m resolution. The Kit Brook catchment elevation rises from 42 m at the outlet to 

251 m in the upper northeast reaches (Figure 4.1b), with slope angles ranging 

between 0 and 36° (Figure 4.1c). The elevation of the Blackwater catchment ranges 

from 49 m at the outlet up to 250 m on the crest (southeast) (Figure 4.1c) and 

slopes range from 0 to 36° across the catchment (Figure 4.1d). The mean slope of 

both catchments is 5.5°. 

 

4.1.2 Land cover 

The most recent land cover for each catchment was characterised by 

digitising 2010 imagery from Google Earth for Kit Brook and a 2010 ground-based 

field survey of the Blackwater catchment from the Westcountry Rivers Trust. The 

2010 survey map was classified into four land covers; (1) urban, (2) deciduous 

woodland, (3) arable crops and (4) grass. In Kit Brook (Figure 4.2a) the most 

extensive land cover was grass (57%) followed by arable crops (29%), deciduous 

woodland (13%) and urban (1%). Comparable land cover proportions were 

observed in the Blackwater catchment with 60%, 27% 12% and 1% for grass, arable 

crops, woodland and urban land, respectively (Figure 4.2b). For comparison, 41% of 

the total area is used for arable crops (including temporary grass) in the south-west 

region of England. These crops include wheat (37%), barley (30%), maize (14%), 

oilseed rape (13%), oats (4%), and others (2%), while winter cereals are the most 

common crop type (DEFRA, 2015). 
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4.1.3 Plant growth 

Temperature is one of the factors that most influences the plant growth 

cycle, which can be represented over time by variations in the leaf area index (CLAI 

- unit of the leaf area per unit ground surface area). The plant growth cycle may be 

simulated on the basis of the Heat Unit theory (Boswell, 1926), an approach 

adopted by the Soil and Water Assessment Tool (SWAT), (Neitsch et al., 2002). A 

heat unit (HU) is defined as the difference between daily mean temperature (Tdayµ) 

and the minimum plant growth temperature (Tbase), where HUs are accumulated until 

they reach the level required for plant maturity (PHU) (Eq. 4.1). 

 ¦Ö � �P×ÂØ 
 ��×¨¡ , ¤ℎ£		�P×ÂØ ! ��×¨¡ Equation 4.1 
 

 

The period of dormancy also affects plant growth. Winter dormancy is 

expected when the day length is shorter than the minimum day length for growth; 

this depends on the latitude of the catchment. Summer dormancy is expected when 

soil moisture drops below the wilting point. 

The CLAI daily change is calculated from Eq. 4.2 (see Peñuela et al. (2018) 

for detailed information). Once the maximum CLAI is reached it remains constant 

until the CLAI declines during the period dominated by leaf senescence.. 

 

�QF�~ � Ù 16�QF�x×Á��1 
 qÚÛÄ�I, ¤ℎ�	qÚÛÄ ! qÚÛÄ,¨¡kQF�x×Á�qQF�~ 
 qQF�~�N��1 
 �©�ÜeÝÅÞ��ÜeÝzßà���	, ¢�ℎ£¤u¥	 
Equation 4.2 qQF� � qÚÛÄqÚÛÄ . �Ü��Üá�±âãä�� 	 , ¤ℎ£	qÚÛÄ ∑ ¦Ö~k~,N�¦Ö  

Where: 
LAImax=plant maximum leaf area index. 
FLAI= fraction of the plant’s maximum leaf area index corresponding to a given 

fraction of potential heat units for the plant 
FPHU= fraction of potential heat units accumulated for the plant on a given day in the 

growing season 
FPHU,sen=period dominated by leaf senescence. 
L1 and L2 = shape coefficients 
 

The canopy height (hc) can also be estimated by FLAI (Eq. 4.3) 

 ℎ¿ � ℎ¿x×Á√qQF� Equation 4.3 

 
Where: 
hcmax maximum height from the given plant 
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4.1.4 Soil description 

Soil data was acquired from the National Soil Resources Institute (NSRI) of 

Cranfield University (NSRI, 2017). Using NRSI soil data, six soil classifications were 

identified in the Kit Brook catchment: WICKHAM, BATCOMBE, CHARITY, 

FLADBURY, HENSE and DUNKESWELL (Figure 4.4a; Table 4.1). Each soil is 

characterised by five depth layers and, within each soil class, hydraulic properties 

vary depending on land use (deciduous woodland, arable crops and grass-

permanent pasture). Five soil classifications with five depth layers are identified in 

Blackwater: WICKHAM, MARTOCK, BATCOMBE, BEARSTEAD and CHARITY 

(Figure 4.4b; Table 4.1). The NSRI soils database provides the international 

standard soil classification (WRB, 2007) related to the soil classification of England 

and Wales and topsoil texture of each type of soil (Table 4.1) 
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Table 4.1. Summary of each NRSI soil type for Kit Brook and Blackwater catchments 
Soil type WRB 2007 Percentage of soil cover (%) Percentage of soil texture (a) (%) 

Sand Silt Clay 
Kit Brook 

WICKHAM Eutric Luvic Planosols 6.9 29 41 30 
BATCOMBE Profundic Chromic Endostagnic Luvisols 37.3 18 58 24 

CHARITY Chromic Luvisols 30.9 16 58 26 
FLADBURY Clayic Fluvic Eutric Gleysols 0.1 20 30 50 

HENSE Dystric Histic Gleysols 20.2 60 25 15 
DUNKESWELL Eutric Albic Luvic Stagnosols 4.6 17 60 23 

Blackwater 
WICKHAM Eutric Luvic Planosols 58.5 29 41 30 
CHARITY Chromic Luvisols 17.8 16 58 26 

BATCOMBE Profundic Chromic Endostagnic Luvisols 13.1 18 58 24 
MARTOCK Eutric Albic Luvic Stagnosols 8.8 7 63 30 

BEARSTEAD Eutric Cambisols 1.8 56 31 13 
a) Top soil (0 - 0.25 m) 



  

a)a) 

Figure 4.4. Spatial location of NSRI soil types. a) Kit Brook, b) Blackwater
Mapping derived from soils data © Cranfield University (NSRI) and for the Controller of HMSO [2015]
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ng derived from soils data © Cranfield University (NSRI) and for the Controller of HMSO [2015]
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Figure 4.4. Spatial location of NSRI soil types. a) Kit Brook, b) Blackwater 
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4.1.5 Channel dimensions 

Channel width and depth measurements were obtained in each catchment 

for use in modelling. The selection of measurement locations was driven by the 

need to obtain data from main channels and tributaries, but was limited by public 

access points (i.e. lanes and public pathways) close to the channel network. It was 

not possible to obtain channel width measurements from aerial imagery due to 

extensive canopy coverage obscuring the channels in many locations. For Kit Brook, 

a mean width of 4.20 ± 0.91 m and mean depth of 0.97 ± 0.47 m was obtained for 

the main channel from eight sites, where each site was characterised by four 

measurements. In Blackwater, six sites selected from the main channel gave a 

mean width of 4.49 ± 1.12 m and a mean depth of 1.21 ± 0.37 m. The mean cross-

sectional area for the main channel was calculated in each catchment with values of 

4.08 m2 for Kit Brook and 5.46 m2 for Blackwater; the difference is explained by the 

greater depth of the main channel of Blackwater than in Kit Brook. However, cross-

sectional area of the tributaries were approximately similar for both catchments with 

2.31 m2 for Kit Brook and 2.64 m2 for Blackwater, with a mean width and depth of 

2.32 ± 0.64 m and 0.83 ± 0.43 m, respectively, based on 11 sites. Considering the 

low standard deviation of width and depth measurements in the main channel and 

tributaries, for both catchments; a single main channel width and depth was 

represented by using the mean of measured data. Same approach was use for 

tributaries representation. 

 

4.1.6 Climate data 

The nearest rain gauge station is Raymond’s Hill (50°46'0.84"N 

2°57'46.08"W 85 m) operated by the Met Office. It is approximately 5 km south of 

the catchments and 15 minute precipitation data were available for the period 

overlapping with hydrological measurements. No temperature data were available in 

this station; therefore, the mean daily temperature data were obtained from the 

nearest station; Seavington station (ID 9092, [50°56'26.9"N 2°51'35.6"W 85 m]) is 

approximately 16 km north of the catchments (Figure 4.5).  

Daily potential evapotranspiration (PE, mm) was estimated using a simple 

temperature-based formula PET (m s-1) suggested by Oudin et al. (2005) (Eq. 4.5), 

using daily temperature data from the Seavington station. Climatological data range 

from 1 October 2009 to 30 September 2014. 
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The PET and Penman–Monteith PE (Monteith, 1965) were compared against 

MORECS PE (Hough and Jones, 1997) in which PET fitted better with MORECS PE 

data than Penman–Monteith PE (Kay and Davies, 2008). Furthermore, Oudin et al., 

(2005) found a better hydrological model performance using PET compared with 25 

existing PE formulae. It was not possible to obtain the MORECS PE for this 

contribution, therefore PET was adopted. 

 

4.1.7 Hydrological data 

Measurements of pressure and turbidity (FNU) in a 15 minute time step were 

provided by collaborators from Plymouth University. Troll 9500 probes were installed 

at the outlet of each catchment in September 2010 and measurements continue 

until December 2014 (Appendix B). Pressure data were converted to flow (m3 s-1) 

based on the stage-discharge rating curve using available measurements collected 

for each catchment by Plymouth University collaborators. An extrapolation method 

was used based on four types of regression equation; linear, quadratic, cubic and 

power. Mean and base flow values were also obtained from similar size catchments 

in the region (CEH, 2018) for comparison with flow estimated by the different rating 

relationships (Appendix B). 

In the Kit Brook catchment, the linear regression showed negative discharge 

values during low flow periods, whereas the cubic had unrealistic discharge values 

during high flows; the quadratic ��I � 0.967�	and power regression (	|�¦ 
 ¦¢�� ,�I � 0.955) gave values closest to gauged flow. Although, coefficient of regression 

in power equation was lower than quadratic; therefore, second order equation 

(Figure 4.6a) was used for extrapolation. In the Blackwater catchment, the 

computed discharge showed negative values using the linear regression and greatly 

overestimated values with the cubic regression. The flow estimation using quadratic ��I � 0.995� (Figure 4.6b) power equations ��I � 0.983� showed values 

comparable to gauged flow in nearby catchments (Appendix B). Though, due the 

highest R2 in second order equation; this equation was selected to obtain the flow 

for Blackwater. 

Shaw et al (2011) considerers a reliable exploration, if 20% of the data do 

not exceed the maximum measured pressure (i.e. 0.6 m [Kit Brook] and 1.2 m 

[Blackwater]). The data were 90% and 98% below to the maximum gauged pressure 

in Kit Brook and Blackwater, respectively.  
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(2008), the start of a flow event was defined when flow exceeded the base flow and 

where sediment flux increased above the prior baseline data. The end of an event 

was determined when flow fell to the pre-event level or to a new temporary base 

level which exceeded the flow prior to the event; they are considered to last less 

than 48-hours. Total flow volume (m3) (Eq. 4.6) and sediment yield (t ha-1) (Eq. 4.7) 

per event were calculated, where n is the number of time steps (15 min) in an event. 

The reference date for each event was stipulated as the day in which the maximum 

flow peak was found. Flow volume was converted to flow depth (mm) for 

comparison between catchments. 

 

qM¢¤	¯¢ME{ �)�u�{J	¥�N� ∗ 900�¥�k
~,N  

Equation 4.6 

§wu{��	ÃuMw � g�∑ §w���	¥�N� ∗ 900�¥�k~,N � ∗ 0.0011l ℎ|m  
Equation 4.7 

 
Events were also classified by sediment concentration (C, mg l-1) and 

discharge (Q, m3 s-1) hysteresis relationship (Williams, 1989) (Figure 4.7). A 

quantitative analysis of event C-Q hysteresis was performed using the hysteresis 

index (HI) (Lawler et al., 2006) to assess the extent of hysteresis in C-Q behaviour. 

The analysis involves measuring the width of the loop, using the Qmid point (Eq. 4.8). 

Straight line events are not considered to have hysteresis behaviour, therefore were 

not included in this analysis. 

 �x~P � ���x×Á 
 �x~k� . �x~k Equation 4.8 
Where: 
Qmax= Peak flow of the event 
Qmin= Start of the flow event 
K= Position in which the loop width is evaluated (k = 0.5) 
 

Interpolated sediment concentration values (CRL and CFL) at the Qmid point 

are obtained. If a clockwise loop is formed (CRL > CFL) the HI (dimensionless) is 

positive, and negative if anti-clockwise (CRL < CFL) (Eq. 4.9). The index is termed 

HImid because Qmid is obtained at the middle range of the hydrograph (k = 0.5). For 

the eight loop an average HI (HImean-0.25) was obtained by sampling the loop varying 

k values in intervals of 0.25, 0.5 and 0.75. 

 

¦�x~P � Ë ;�cÜ �±Üm = . 1,							uv	�cÜ ! �±Ü;
�±Ü �cÜm = . 1, ¢�ℎ£¤u¥	 
Equation 4.9 

Where: 
CRL= Sediment concentration value at the Q rising limb. 
CFL =Sediment concentration value at the Q falling limb. 
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÷~ � �� . �Nø~N . �Iø~I .⋯�úø~ú . û~ Equation 4.11 

Where: ÷~=the ith observation of the dependent variable Y ø~N…~ú= the ith observation of the independent variables (X1…Xp) ��…ú=regression coefficients û~= the ith independent identically distributed error 
 

The PCA is a mathematical orthogonal transformation (projection) of the data 

to a new coordinated system (scores) in which the order of the components 

(1st,2nd…nth) is assigned from the variance of the projected data from the highest to 

the lowest (Trauth, 2010) (Eq. 4.12). 

 � � ø ∙ Ð Equation 4.12 

Where: � � þ�~D�, matrix consisting of n row vectors, each vector is the projection of the 
corresponding data vector from matrix X onto the basis vectors contained in the 
columns of matrix W. ø � �ø~��, data matrix, consisting of the set of all data vectors (a vector per row). Ð � �Ð�D�, matrix of basis vectors (a vector per column), each basis vector is one of 
the eigenvectors of a covariance matrix. u � 1…�, where n is the number of row vectors in the data set. � � 1…�, where p is the number of row vectors in the data set 
L is the number of dimensions in the dimensionally reduced subspace, 1  Q ≥ �. 

 

4.2 Model calibration, evaluation and sensitivity analysis 

4.2.1 Model setup 

SHETRAN model simulations require climatological data. Rainfall data with a 

15 minute time-step, and mean daily temperature data were used to estimate daily 

potential evapotranspiration for the period from 1 October 2009 to 30 September 

2014 (see section 5.1.1 for details). Topographic data with a 5x5 m grid resolution 

for Blackwater and Kit Brook was obtained from the Ordnance Survey (OS) via the 

EDINA Digimap service (section 4.1.1).  

SHETRAN Windows v4.4.5x64 is capable of representing catchments with a 

grid number limit of 300 x 300 cells with a maximum number of grid squares within 

the catchment of 40000. The use of 25 x 25 m grid size for Blackwater fits the model 

grid limit (239 x 170). However, in Kit Brook grids overpass the limit (180 x 355). 

Furthermore, use of a grid resolution of 25 m for the complete period (2009-2014, 15 

min step) had a run time of 15 days. The 5 x 5 m DEM was converted to 50 x 50 m 

to produce a reasonable running time (24 hrs for five hydrological years). 

Channel depth and width was provided by field measurements obtained in 

July 2016 (section 4.1.2). The simulated land cover was based on the 2010 field 

survey by the Westcountry Rivers Trust for Blackwater and from Google Maps aerial 
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imagery from 2010 for Kit Brook (section 3.2.2). Vegetation and sediment parameter 

values were selected from a literature review (Birkinshaw, 2008; Lukey et al., 2000; 

Wicks et al., 1992) (Appendix C). NSRI soils data was used in the model, where 

each soil is characterised by five layers with variable depth (0-1.5 m) and different 

parameters values, which also vary depending on land cover (Appendix D) 

 

4.2.2 Calibration and evaluation processes 

The calibration process was performed in the Blackwater catchment. An 

initial simulation was run from October 2010 to September 2014 with a ‘spin up’ 

hydrological year (October 2009 - September 2010) to obtain phreatic surface level 

equilibrium. The soil, vegetation and sediment parameter values as well as model 

configuration settings are given in Appendix C. The first simulation used five soil 

layers (0 - 1.5 m), although for an accurate base flow (Birkinshaw, 2016) 

subsequent simulations required a deeper soil layer from subsoil to bedrock (6th 

layer – 1.5 – 20 m). The water flow component was calibrated by comparing the 

measured 4-year discharge record with the model simulation and by quantitative 

comparison of the selected discrete discharge events (event selection described in 

section 4.1.8). Afterward, the sediment transport component was calibrated using 

the same selected events. 

Model performance was assessed in the Kit Brook catchment for the same 

‘spin up’ and running period as Blackwater (October 2009 to September 2014) using 

parameter values from the Blackwater calibration. Model performance in the Kit 

Brook catchment was evaluated by comparing both measured and simulated 

continuous flow data and for the individual discharge and sediment flux events. 

The Nash-Sutcliffe efficiency (NSE) (Eq. 4.13) was used to assess model fit 

with the continuous discharge record. The NSE is a term that ranges from one, for a 

perfect match, to negative infinity; values over 0.5 are considered to indicate a good-

fit (Moriasi et al., 2007). The selected events were also evaluated by the NSE for 

discharge (NSEQ) and sediment flux (NSESed). 

 

NSE � 1 
 ∑ �Y
 
 X
�I�
,N∑ �X
 
 X��I�
,N  Equation 4.13 

Where: 
X = measured time series 
Y = simulated time series 
n = total length of time series ø = mean of measured time series ÷ = mean of simulated time series 
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For each event, the total flow volume (m3) and sediment load (t) was 

calculated for measured and simulated data. Sediment load (t) was converted to 

sediment yield (t ha-1). Discharge peak (m3 s-1) and sediment flux peak (kg s-1) were 

assigned as the maximum value found in the event. The average absolute 

percentage difference for each event (Absdiff) (Eq. 4.14) was obtained for flow 

volume (Qv), sediment yield (Sy), discharge peak (Qp) and sediment flux peak (Sp). 

 

�F�¥P~�� � 1n ')7���Measured�~ 
 �Simulated�~��Measured�~ � 100:�


,N 0 Equation 4.14 

Where: 
n = number of events 
Measured = the measured Qv, Qp,Sy and Sp in the event i. 
Simulated = the simulated Qv, Qp, Sy and Sp in the event i. 
 
Simulations were run by changing parameter values one-at-a-time (OAT) 

with the objective of reaching the highest possible NSE and the minimum Absdiff. 

The sequence of calibrated parameters can be seen in Appendix K. Model 

performance in the final calibrated Blackwater simulation was assessed by 

comparing measured against simulated data using: a) 4-year of flow data (m3 s-1); b) 

flow duration curves; c) annual mass balance; d) monthly runoff for each 

hydrological year; e) NSEQ and NSESed of each selected event in a monthly window; 

and f) the µAbsdiff (Qv, Qp, Sy and Sp) for events in each hydrological year.  

The µAbsdiffQv and µAbsdiffSy of the events in each of the hysteresis classes 

(section 4.1.7) were calculated to understand the extent to which C-Q hysteresis 

effects observed in the catchments, and which are not represented in the model, 

may contribute to model under-performance.  

 

4.2.3 Sensitivity analysis 

This analysis examined parameters to which model is most sensitive, 

reported in previous studies (Anderton et al., 2002; Bathurst, 1986; Op de Hipt et al., 

2017), which include actual-potential evaporation ratio (AE/PE), Strickler coefficient 

(Stk), and saturated hydraulic conductivity (Ksat) on the water flow component; and 

raindrop soil erodibility coefficient (Kr) and overland flow erodibility coefficient (Kf) for 

the sediment transport component. 

The sensitivity analysis consisted of varying values of parameters (pr) 

upward and downward relative to the base run (final calibration) by factors of 10, 0.1 

and 0.01 (F10, F0.1 or F0.01) with the OAT method; the factor changes were applied to 

parameter values for each of the four land cover types and the maximum possible 

value was used when the parameter value exceeded the physical limit (Appendix E). 
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An adaptation of the sensitivity index (SI) (Sheikh et al., 2010) was 

implemented using extreme simulations (F10 and F0.01) and base run (F1) for each 

assessed parameter pr. The SI was established for cumulative flow volume and 

sediment yield (SIcum) (Eq. 4.15) and the mean of peaks (SIpµ) (Eq. 4.16).  

 §��Ox � �¿E{qN��úo 
 �¿E{q�.�N�úo¿E{qN  
Equation 4.15 

Where: 
pr= assessed parameter 
cumF10 = 4-year cumulative flow or sediments by the change of factor 10 on the 
corresponding parameter pr. 
cumF0.01 = 4-year cumulative flow or sediments by the change of factor 0.01 on the 
corresponding parameter pr. 
cumF1 = 4-year cumulative flow or sediments by factor 1 (base run). 
 §�úØ � ���qN��úo 
 ���q�.�N�úo��qN  

Equation 4.16 

Where: 
pr= assessed parameter ��qN�	= Mean of discharge peaks or sediment peaks by the change of factor 10 on 
the corresponding parameter pr. ��q0.01	= Mean of discharge peaks or sediment peaks by the change of factor 0.01 
on the corresponding parameter pr. ��qN	= Mean of discharge peaks or sediment peaks by factor 1 (base run). 

 
The percentage difference between base run and the corresponding 

sensitivity simulations (F10, F0.1 or F0.01) was also calculated for the cumulative fluxes 

(Cumflux) (Eq. 4.17) and mean of peaks (Fluxpµ) (Eq. 4.18).  

 �E{�DOÁ � 7¿E{q� 
 ¿E{qN¿E{qN : 100 Equation 4.17 

qME}�� � 7��q� 
 ��qN��qN : 100 Equation 4.18 

Where: 
flux= Q (m3) for flow and S (kg) for sediments ¿E{q�  = Cumulative flow or sediments of the corresponded factor of change in 
parameter pr (j = F10, F0.1 or F0.01) ¿E{qN  = Cumulative flow or sediments of base run simulation. ��q� 	= Mean of discharge peaks or mean of the corresponded factor of change in 
parameter pr (j = F10, F0.1 or F0.01) ��qN	= Mean of discharge or sediment peaks of base run simulation. 

 

The multi-parameter sensitivity analysis consisted of running simulations with 

a combination of parameter changes for the water flow and sediment transport 

components. Factorial change parameters (from F0.1 to F10) for the water flow 

component produced 27 simulations (Figure 4.8a) and 9 simulations for the 

sediment transport (Figure 4.8b). The percentage difference in cumulative fluxes 

(Cumfluxj) (Eq. 4.19) and mean of peaks (Fluxpµj) (Eq. 4.20) were calculated to 

assess the relative changes of each simulation compared with the base run 
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was measured as the distance between the intercepts points to the left and right of 

the one-half peak height (Robson et al., 2008). 

 

vME}¤�� � 7Ð�� 
Ð�NÐ� :100 Equation 4.21 

Where: 
flux= Q for flow and S for sediments Ð�	= Mean of width discharge or mean of width sediment of the corresponded grid resolution 
simulation j. Ð�N	= Mean of discharge or sediment width of base run simulation (50 m resolution). 
 

Probability density plots were used to compare the effect of different grid 

resolutions on the distribution of catchment slopes and to support the interpretation 

of changes in model outputs. The percentage of each land use for the grid resolution 

scenarios (25x25 m, 50x50 m, 100x100 m and 200x200 m) was compared to 

indicate the effect of grid size in land cover representation. 

A water balance for each grid resolution simulation was calculated (Eq. 

4.22). Daily cumulative canopy evaporation (CCE); cumulative soil evaporation (CSE), 

cumulative canopy transpiration (CCT), and change in canopy storage (CCS), surface 

storage (CSS) and channel storage (CChS) were compared between simulations. 

 � � � . �d· .	∆§ Equation 4.22 

Where: 
P = Precipitation 
Q = Discharge 
CEt =Evapotranspiration (CCE, CCT and CSE) 
∆S = Change in storage (CCS, CSS and CChS) 
 

Model comparison with measured fluxes (Q and SSC) was undertaken for 

each of the grid-size simulations using the same coefficients (NSEQ, µAbsdiff [Qv, 

Qp, Sy, and Sp]) as in the model calibration and evaluation processes. 

 

4.3 Agricultural land cover change scenarios 

The analysis of the effect of land cover change scenarios on catchment flow 

and sediment generation is divided into two groups (Figure 4.9). The first group 

(light green) simulates catchment-scale changes that can be represented by the use 

of coarse resolution (50 x 50 m grid) and the second group (dark green) with the use 

of a finer grid resolution (5 x 5 m) to model alterations to landscape features such as 

roads. The scenarios in both groups are run under contemporary climatic conditions 

(2010- 2014). 
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were used for model simulations with each land cover map. Specific soil parameter 

values were selected with reference to the land cover in each map using the NSRI 

soils data (section 4.2.1). 

In both catchments, the land use from 1990 to 2015 has undergone changes 

related to the extent and spatial distribution in arable land and grass (Figure 4.11). 

In contrast, the spatial extent and pattern of urban areas and woodland deciduous 

do not present important differences. A Mann Kendall test (α = 0.05) for the cropland 

percentage failed to reject the null hypothesis in both catchments (Blackwater p-

value = 0.7, Kit Brook p-value = 0.6), meaning that cropland dose not present a 

monotonic trend. Nevertheless, t-test showed significant changes in cropland areas 

from 1990 to 2015 (Blackwater and Kit Brook p-value <0.05). 
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(100%DW), winter cereals (100%Ar), and grass (100%). The simulations used the 

calibrated parameters and specific soil parameter for each vegetation type. 

 

4.3.3 Crop types 

Cereals are the most common type of crop in south-west England (DEFRA, 

2015). Several studies associate this crop type with increases in sediment exports 

(Climent-Soler et al., 2009; Davidson and Harrison, 1995), where maize in particular 

has been related to higher sediment yields, although observed sediment responses 

to different crop plantings are highly dependent on climatic variability (Evans, 2017; 

Robinson and Boardman, 1988). In this context, it is important to identify periods of 

vulnerability to erosion for each type of crop under varying seasonal patterns in 

precipitation. Furthermore, this identification can help to develop soil erosion control 

practices for future climate conditions. 

For different crop type simulations, the 2010 land cover map (50 x 50 m grid) 

corresponding to the period of contemporary climatic data (2010-2014) was used 

(Blackwater [Ar = 27%] and Kit Brook [Ar = 29%]). The scenarios involve changes to 

leaf are index ratio (CLAI) and ground cover by vegetation (PLAI) over the time 

(following section 4.1.3 approach), proportion of ground shielded by near ground 

cover (FCG) and canopy height (XDRIP) depending on the type of crop (Table 4.2). 

The use of cover crops for soil erosion protection in cultivated land with winter 

cereals, spring cereals or maize is strongly recommended (DEFRA, 2005). 

Scenarios with (WC-Cc, SC-Cc and Mz-Cc) and without cover crop (WC, SC and 

Mz) were simulated to test the effect of cover crops in reducing runoff, erosion and 

catchment sediment exports. 

 

Table 4.2. Parameters of different crop types 
Scenario Type of Crop Maximum 

CLAI 
(ratio) 

Maximum 
PLAI 
(ratio) 

XDRIP 
(m) 

FCG Time 
variation 

WC(a) Winter Cereals 1 0.8 1.1 0.3 
Figure 
4.12a WC-Cc WC with rye 

grass  1 0.8 1.1 0.3 

SC Spring Cereals 1 0.8 1.2 0.3 
Figure 
4.12b SC-Cc SC with rye 

grass 1 0.8 1.2 0.3 

Mz Maize 1 0.7 2.5 0.2 
Figure 
4.12c Mz-Cc Mz with rye 

grass 1 0.7 2.5 0.2 

a) Base run 
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30 cm) showed Ksat decreases (-40%) by wheel tracks compared with non-wheel 

tracks. Jansson and Johansson, (1998) reported porosity (-4%) and Ksat (-27%) 

decreases in a 0 - 5 cm soil layer under wheel pressure. Similar porosity changes (-

3%) were observed in the 5 - 10 cm soil layer, with higher changes in Ksat (-87%). 

However, the study focused on a forest area. Nonetheless, the effects of machinery 

traffic on soil properties are evident. Furthermore, comparing conventional traffic 

machinery operations against non-traffic in cropland, Dickson and Ritchie, (1996) 

showed average bulk density increases of 18% across four soil layers (0 - 150 mm), 

with larger increases (up to 60%) in soil profiles from 150 - 300 mm and insignificant 

differences (p < 0.05) in deeper soil (300 – 500 mm). 

The NSRI dataset (NSRI, 2017) used a pedotransfer function to estimate a 

series of soil properties (e.g. hydraulic conductivity, saturated water content, 

residual water context, bulk density, porosity, etc) from different soil profiles and 

land uses (Hollis et al., 2015). Comparing soil types under arable crops versus 

permanent grass in Blackwater, the vertical saturated hydraulic conductivity (Kvsat) 

for soils under permanent grass was 30% and 19% higher in the first layer (0 – 0.25 

m) and second layer (0.25 – 0.5 m), respectively. In Kit Brook, Kvsat was 29% higher 

on the first and 9% on the second layer under pasture. Soil bulk density (ρbulk) under 

pasture in Blackwater was lower (-22%) in the first layer than in the second (-9%) 

compared with soil under arable crops. Similarly, in Kit Brook, ρbulk in the first and 

second layers was also lower (-23% [0 – 0.25 m] and -8% [0.25 – 0.5 m]) under 

permanent grass. No Kvsat and ρbulk changes were observed on the deeper soil layers 

(0.5 – 1.5 m) in either of the catchments. Detailed soil property differences between 

permanent grass and arable crops can be seen in Appendix N. 

In order to evaluate flow and sediment yield effects resulting from soil 

compaction, a scenario was developed using the 2010 land cover base map (50 x 

50 m) with potential compaction effects represented by the differences in land cover-

dependent soil properties captured in the NSRI dataset. The scenario (Ar2Grs) 

involves changing the soil properties of areas under arable crop that are potentially 

affected by compaction (THSAT, THRES, n, ALF, Ksat and RHOSO) to soil property 

values associated with permanent grass cover for each soil class and soil layer in 

the NSRI database for both catchments. Vegetation properties for each type of land 

cover (i.e. CLA, PLAI, DRIP, Stk) as well as the erodibility coefficients (i.e. Kr, Kf and 

FCG) remained unchanged in this scenario. This approach allows isolation of a soil 

compaction effect from other factors to determine the potential contribution of 

compaction in explaining increases to surface runoff and sediment exports from 

agricultural land (Hamza and Anderson, 2005; O’Connell et al., 2004, 2007). 
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4.3.5 Crop spatial arrangement 

This section focuses on quantifying the effect on water and sediment yield 

resulting from different arable fields’ locations. The scenarios consider (1) arable 

field location in relation to low and high slope areas, (2) the effect of planting a 

riparian buffer as a mitigation practice , and (3) the randomised spatial distribution of 

cropped fields in catchment areas that are not urban or woodland. Arable fields were 

considered to be larger than 1 ha as the majority of cropped fields in southwest 

England range between 1 and 15 ha (DEFRA, 2010). 

The current Agricultural Land Classification (ALC) of England and Wales 

(National England, 1988) provides five grades according to slope degree: grade 1, 2 

and 3a with values lower than 7° and grade 3b, 3c, 4 and 5 with slope limit up to 

18°. For controlling soil erosion in the UK it is highly recommended that cropped 

fields are located on slopes lower than 7° (DEFRA, 2005). Nonetheless, the use of 

machinery on slopes >18° has been reported (up to 20° in Messing and Hoang 

Fagerstro (2001), and a limit of 25° in Hessel et al. (2011). Using the 50 x 50 m grid 

resolution produced a slope range of 0 - 18° in Blackwater and 0 - 22° in Kit Brook, 

both ranges may plausibly allow use of agricultural machinery in any area of the 

catchments.  

The high risk slope scenario consists of locating cropped fields (> 1 ha) in 

the catchments on slope areas that exceed the recommended slope limit (7° - 18°[- 

Blackwater], 7° - 22° [Kit Brook]) (Figure 4.13a and Figure 4.15a). For the low slope 

scenario, cropped areas were located on the lowest slopes (0.1° - 4° [Blackwater], 

0.1° - 4° [Kit Brook]) (Figure 4.13b and Figure 4.15b). The crop areas located in the 

high risk slope scenarios represented 16% and 17% of the total area in Blackwater 

and Kit Brook, respectively. Low slope scenarios have the same arable crop 

percentage as the 2010 land cover map (27% [Blackwater], 29% [Kit Brook]). Urban 

and deciduous woodland areas remain without modification (same location and 

extent).  

The use of riparian buffers is a common mitigation practice to reduce 

sediment entering streams and reaching the outlet of a catchment (Fullen, 1998; 

Fullen et al., 2006). The effect of a riparian corridor was examined using two 

scenarios for each catchment, grass (Figure 4.14a and Figure 4.16a) and mature 

deciduous woodland (Figure 4.14b and Figure 4.16b). Riparian buffer widths 

typically range between 10 – 30 m (Hickey and Doran, 2004), whereas the 

simulated buffer was a 50 m wide strip on each side of the stream as the model grid 

size (50m) does not allow the use of a thinner strip. The 2010 maps were used for 

land cover representation and the land cover in the buffer zone was replaced by 
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either grass or deciduous woodland, therefore percentages of land cover in each 

map varied. The riparian buffer covered an area of 1.7 km2 in Blackwater and 2.2 

km2 in Kit Brook. 

In agricultural catchments, the spatial arrangement of cropped fields 

depends on farmer decisions which can be influenced by the crop rotation stage on 

individual farms, levels of food demand (Angus et al., 2009), agricultural technology 

(Burgess and Morris, 2009) and policy changes for environmental protection (Dwyer, 

2011). In this context, the changing spatial distribution of arable fields is difficult to 

predict on a catchment scale in the absence of map data (e.g. when performing 

future climate change simulations or historic simulations in the absence of spatial 

data). Therefore, to represent uncertainty related to the unknown spatial 

arrangement of crops in a catchment, fields may be randomly assigned as crop 

versus pasture to assess variability in flow and sediment flux under different crop 

spatial patterns. 

A set of scenarios was created to locate cropped fields in areas that were not 

urban and woodland. The fields land cover (arable crops and grass); extent and 

shape (polygons) were obtained from the 2010 land cover map of each catchment 

(Figure 4.17). Then fields were assigned as cereals crops using a Monte Carlo 

method which consists in randomly (normal distribution) locate the fields in the 

catchment until reached total area covered 27% in Blackwater and 29% in Kit Brook 

(based on the 2010 land cover). A set of 5 and 10 field maps with randomised 

cropped fields were created to examine the effect of increasing the number of 

replicates on variability in the predicted flow and sediment yields. Areas lower than 1 

ha were excluded as these were unlikely to represent arable fields. The 15 

simulated scenarios used the same calibrated parameters. 
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Figure 4.15. Kit Brook scenarios with arable crops located on different slope ranges, a) crop
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Figure 4.17. Possible field areas for the randomised placement of crops, excluding fields less than 1
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4.4 Landscape features sub-catchment modifications 

4.4.1 Rationale 

Hydrological connectivity in a catchment comprises lateral (hillslope to 

stream), longitudinal (upstream to downstream) and vertical (water percolation 

through soil) water movements (Ward, 1989). The same concept can be applied for 

sediment connectivity in which the term (dis)connectivity has been developed to 

focus on landscape impediments to sediment transfer (Fryirs et al., 2007b). Under 

this approach, features that link or block sediment transfer have been defined: 

buffers for lateral movements; barriers for longitudinal and blankets for vertical 

(Fryirs et al., 2007a). 

Plot monitoring studies in the UK have shown alterations to flow and 

sediment generation and transport by different features, such as lanes and field 

boundaries (Boardman, 2013b; Lexartza-Artza and Wainwright, 2011). Beyond the 

UK, hydrological models have been used to simulate the effects on flow and 

sediment pathways under scenarios that represent the effect of landscape features 

(e.g. ditches, field boundaries) on sediment delivery to the outlet (Gumiere et al., 

2011; Lesschen et al., 2009). However, the role of landscape modifications such as 

roads in flow and sediment delivery at (sub)catchment scales has not been fully 

investigated using a modelling based approach, and there have been no such 

studies in UK agricultural environments. 

This section uses selected sub-catchments extracted from the Kit Brook 

catchment to represent small features using a 5 x 5 m grid resolution of the digital 

elevation model (DEM). Such features could not be credibly represented at the 

catchment scale using the 50 x 50 m grid. The simulated features include paved 

roads and urban surfaces and the simulations aim to quantify the effect of the 

presence versus absence of these features on sub-catchment scale flow and 

sediment delivery. The use of a finer-scale grid resolution requires the adjustment of 

model parameters as it was found that flow and sediment yield (e.g. event timing, 

section 5.2) predictions are sensitive to DEM grid size (25 x 25 m, 50 x 50 m, 100 x 

100 m and 200 x 200m). 

 

4.4.2 Adjustment of SHETRAN parameters for DEM resolution 

Grid size increases can lead to changes in grid slope (smoothing) and, as a 

consequence, flow velocity is expected to decrease. Lateral fluxes of overland flow 

in SHETRAN are calculated using the Manning's equation (Eq. 3.3). The equation is 

affected by slope degree in which alterations to the Strickler coefficient (inverse of 
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Manning's number) can compensate for the variations in slope, though this 

parameter is related to the soil roughness (affected by soil surface conditions, 

vegetation cover). The relationship between DEM resolution changes and Strickler 

coefficient (Stk) has not been reported in other SHETRAN model applications. 

Furthermore, this DEM-roughness relationship has not been fully assessed in other 

PBSD models. 

In terms of sediment generation, overland flow erosion (Eq. 3.13) was found 

to be the only equation indirectly affected by slope changes as the shear stress ( ) 
of this equation depends on water depth model output which in turn is influenced by 

slope. The adjustment of Kf can compensate the slope variation; though the 

dependencies of surface flow (sheet flow in SHETRAN is equal to the size of the 

grid, see section 3.2.4) in overland erosion suggest that Stk changes along with Kf 

may produce equifinality issues. Furthermore, the use of a smaller DEM grid (e.g. 5 

x 5 m) can represent more realistic surface flow (i.e. sheet flow as rill) for which 

overland flow erosion is expected to be less affected, therefore Kf values were not 

modified. No other model equations/parameters were found to be affected by DEM 

resolution changes.  

Exploring landscape alteration effects on flow and sediment exports required 

the use of a smaller grid size for more accurate feature representation. The finest 

possible resolution at the catchment scale was 25 x 25 m due to a fixed limit on the 

dimensions of the model grid (300 x 300 cells). Consequently, variations of Stk for 

the range of DEM resolutions (25 x 25, 50 x 50, 100 x 100, and 200 x 200 m) were 

run and the same coefficients as in the calibration process were calculated (NSEQ, 

µAbsdiff [Qv, Qp, Sy and Sp]) to select the appropriate Stk for each DEM resolution. 

A regression analysis of Stk was used to obtain values for the required grid size of 5 

x 5 m for use in the sub-catchment simulations described below.  

 

4.4.3 Landscape modifications in sub-catchments 

Subcatchment selection was performed using 5 m resolution topographic 

data. The subcatchments in Blackwater exceed the model’s grid number limit. 

However, in Kit Brook, three sub-catchments were under the grid limit (Figure 

4.18a). The digitised 2010 Google Earth imagery for Kit Brook in addition with road 

maps (Ordnance Survey mapping data through the EDINA Digimap Service) were 

used for land cover representation (Figure 4.18b-d). The subcatchments present 

different land cover percentages (Table 4.3) and ranges in subcatchment slopes 

(Figure 4.19a) and road slopes (Figure 4.19b) that may influence the flow and 

sediment behaviour. The Strickler coefficient of each land use (urban, Deciduous 
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woodland, cropland and grass) was changed according to the adjusted value 

(section 4.4.2), while vegetation, soil and erodibility parameters were the same as in 

the calibrated simulation (Blackwater [50 x 50 m]). Urban land cover soil parameters 

were substituted by literature parameters for conventional impervious asphalt 

pavements roads (Table 4.4). 

 

Table 4.3. Percentage of land cover for each subcatchment 
Land cover type SC1 SC2 SC3 

Land cover percentage (%) 
Roads [total length] 2 [1.5 km] 4 [3 km] 4 [4 km] 

Urban 0 0 26 
Crop fields 84 58 25 

Grass 14 38 45 
SC= Subcatchment 

Table 4.4. Parameter values for urban land surfaces 
Parameter Value (unit) Reference 

Ksat 8.5x10-7 (cm sec-1) Kuang et al. (2011) 
θsat, 0.254 (m3 m-3) 

Norambuena-Contreras, (2015)  θres, 0.176 (m3 m-3) 
VanGenuchten α 0.012 
VanGenuchten n 1.46 

ρdensity 2.4 (g cm-3) Levenberg and Manevich, (2013)  
 

The simulated scenarios examine how the presence of paved roads/lanes 

and urban areas affect flow and sediment delivery to the subcatchment outlets. The 

aim of the road/laneway scenarios was to determine the extent to which paved 

roads/lanes act as surface runoff and sediment delivery pathways between more 

distal cropped fields and the stream network (Boardman, 2013b; Boardman et al., 

2009), thereby increasing sediment exports at subcatchment outlets.  

For this purpose six scenarios for SC1 and SC2 were simulated: a) ‘Rds’, on-

level paved roads (i.e. no elevation modifications) using the 2010 land cover map; b) 

‘Rds-Grs’, road representation with cropped areas substituted by grass; c) ‘RdsRmv’ 

removal of roads and substituted by grass using the contemporary 2010 land cover; 

d) ‘SnkRds‘, elevation changes (-3 m) in areas with roads to represent sunken lanes 

using the 2010 land cover, e) ‘SnkRds-Grs‘, sunken roads scenario with arable 

fields changed to grass; and f) ‘SnkRdsRmv’ sunken roads substituted by grass. In 

SC3, sunken lanes were not contemplated (i.e. scenarios d-f) due the impracticable 

of this feature in urban areas; however two additional scenarios were simulated to 

examine the influence of a small village on flow and sediment generation: d) 

‘UrRmv-Rds’, urban area removal by grass substitution and roads remain, e) 

‘Ur&RdsRmv’, urban and roads removed and cropped and grass areas remained. 

For SHETRAN road spatial representation sees Appendix G. 
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The flow in tributaries was not measured and sediment inflow as an 

upstream boundary condition cannot be incorporated in SHETRAN, therefore the 

upstream boundary conditions for sub-catchments were not considered in the 

catchment-scale simulation. The lack of boundary conditions can affect flow and 

sediment prediction. Nonetheless, the simulations are useful for investigating the 

relative differences in flow and sediment exports related to the different road/lane 

and urban land scenarios. 
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4.5.2 Subcatchment scale simulations (5 x 5 m) 

As well as catchment scale, Qv and Sy were calculated for the scenarios of 

each subcatchment. For the subcatchment scenarios, on-slope net erosion (Eq. 25) 

was calculated as well as on-slope net surface flow (SF, Eq. 4.26).  

§q �);§qP¡ú�Å� 
 §qP¡ú�ÅÞ��=k
~,I  

Equation 4.26 

Where: 
SFdep= Surface water depth for each 15 minute interval (mm). 
i= interval. 
n= number of intervals in the complete period (n=1, 2, …148,131). 
SF= net surface flow (mm). 
 

The analysis also includes the mean on-slope net erosion and on-slope net 

surface flow for each land cover to quantify hydro-sedimentary spatial patterns of 

each scenario by using the zonal statistic function in the Spatial Analysis toolbox of 

ArcGIS. 

The on-slope net surface flow change (SFC, Eq. 4.27) and on-slope net 

erosion change (NEC, Eq. 4.28) were calculated to compare: i) Rds vs RdsRmv, ii) 

SnkRds vs SnkRdsRmv and iii) Rds vs SnkRds. Additionally, the event with the 

highest flow peak (7 July 2012) was selected and used to compare flow and 

sediment arrival times (hydrographs and sedigraphs) between scenarios. Flow 

volume and sediment yield were also examined for this event. 

 §q� � §q× 
 §q� Equation 4.27 ��� � ��× 
 ��� Equation 4.28 
Where: 
a= first scenarios in i, ii, iii 
b= second scenarios in i, ii, iii 
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Chapter 5 

 

Results 

 

The result chapter is divided into four sections. The first (5.1) shows the 

climatic analysis in the agricultural catchments and compares flow and sediment 

yields from the selected event analysis for both catchments. The second section 

(5.2) provides information of the calibration and evaluation processes, including 

continuous and event scale model performance. This section also presents the 

parameters to which the model is most sensitive, a multi-sensitivity analysis and 

DEM resolution sensitivity analysis. The third section (5.3) focuses on the flow and 

sediment generation from the catchment scale scenarios and finally, section 5.4 

presents the subcatchment scale scenario simulations. 

 

5.1 Catchment Data and Analysis 

This subsection outlines hydrological and suspended sediment behaviour 

over the 4-year measurement period in both agricultural catchments with reference 

to the hydroclimatic and land cover characteristics. The paired catchments are 

compared on event and seasonal scale. 

 

5.1.1 Climate and hydrological characterisation  

In south-west England, rainfall is typically associated with Atlantic 

depressions, particularly in autumn and winter months (Met Office, 2013). The 

rainfall (1971-2000) tends to be higher in autumn and winter than in spring and 

summer, with an average annual rainfall totalling approximately 900 – 1,000 mm in 

coastal areas (Met Office, 2013). The annual average rainfall total of the Raymond’s 

Hill station was 1,021 mm during the measurement period (Oct 2010 – Sep 2014). In 

a mean monthly analysis (Figure 5.1a), winter was the wettest season (Atlantic 

depressions influence) and summer the driest (Azores high pressure system 

influence). The annual average potential evapotranspiration (PE) over the 4 years 

was 663 mm with a distinct seasonal distribution. 

The monthly rainfall analysis for each hydrological year (Figure 5.1b) showed 

2013 - 2014 was the wettest period (1,313 mm yr-1) having double the rainfall of the 

driest hydrological year (2010 – 2011, 694 mm yr-1). The third year (2012 – 2013) 

exhibited a pattern closer to the average (wet winter and dry summer); in contrast to 
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higher runoff depth (206.9 mm) and Sy (0.43 t ha-1) in Blackwater was observed, 

with the sum duration of 1,051 min. Nonetheless, in terms of sediment concentration 

(g l-1), Kit Brook (13 g l-1) was two times higher than Blackwater (5.6 g l-1). 

 

5.1.3 Hysteresis index analysis 

From the 46 events in Kit Brook, 30 of them presented C-Q hysteresis, 

whereas in Blackwater 40 from the 53 events showed this behaviour (Table 5.2). In 

both catchments, 60% of the events exhibited a clockwise loop (positive HImid) 

indicating the sediment concentration peak arriving to the outlet before the flow 

peak. The clockwise loop events showed higher HImid in Kit Brook than in Blackwater 

(e.g. Figure 5.6). The other 40% of the events indicated higher HIs values in 

Blackwater than Kit Brook, except for eight anticlockwise loops.  

 

Table 5.2. Events classification of C-Q ratio for Kit Brook and Blackwater catchments 

Class HI Type 
Kit Brook Blackwater 

# 
events 

HIs 
Mean 

# 
events 

HIs 
Mean 

Clockwise loop Positive HImid 18 2.39 31 1.30 
Anti-clockwise loop Negative HImid 9 -0.36 2 -0.12 
Figure-eight loop 
clockwise Positive HImean-0.25 2 0.09 5 0.70 

Figure-eight loop 
anticlockwise 

Negative HImean-

0.25 
1 -0.35 2 -0.39 

Straight events No hysteresis 
behaviour 16 n/a 13 n/a 

n/a = not applicable 
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The sequence of measured flow events and their corresponded HIs and Sy, 
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average of the absolute percentage of difference in flow event volume and peak 

discharge (µAbsdiffQv and µAbsdiffQp) were obtained for each simulation. The model 

discharge calibration was performed by maximising the NSE for the continuous 

discharge record while minimising the µAbsdiffQv and µAbsdiffQp for the 53 selected 

flow events. The obtained parameter values and the corresponding coefficients are 

presented in Table 5.5, the sequence in the table follows the order in which 

parameters were calibrated. 

 

Table 5.4. Calibrated parameters for the water flow component of SHETRAN, in sequence 
order of calibration 

Parameter 
(Unit) 

Description Function 

Depth (m) Soil depth The deeper the soil the greater base flow and 
smaller peak flow. 

Ksat
(a)

 (m day-

1) 
Hydraulic 

conductivity 
Increasing this parameter generates greater 
interflow and reduces flow peaks. 

Stk (m1/3 s-1) Overland strickler 
coefficient 

Increases in the values are directly proportional 
to increases in overland flow velocity; therefore 
higher peaks can be obtained. 

CLAI (ratio) Leaf area index More rainfall is intercepted by the increase of 
these two parameters causing a reduction in 
water that reaches the soil. 

PLAI (ratio) Proportion of 
ground 

 

Table 5.5. Calibrated simulations with the corresponding best fit parameter values, and the 
NSE and absolute average percent difference between measured and modelled event Qv 
and Qp 

Parameter Value NSE µAbsdiff (%): 

   Qv Qp 

 Set-up (Appendix C) 0.60 38.1 47.1 
Ksat

(a)
 (m day-1) 0.05 0.76 30.3 40.9 

 Urban Deciduous Arable Grass    
StkHill (m

1/3 s-1)(b) 1.2  0.6 0.8 1.0 0.77 30.3 41.3 
CLAI 0 1(c) 1(c) 1 0.79(e) 28.6 39.6 
PLAI 0.1 0.9(d) 0.8(d) 0.5 0.78(f) 30.1 40.7 

a) Extra homogenous layer (6th) with 18.5 m depth (1.5-20 m). 
b) StkCh of 20 (m1/3 s-1). 
c) CLAI variation over time, PLAI constant. 
d) CLAI and PLAI variation over time. 
e) 24 events with NSEQ > 0.5  
f) 27 events with NSEQ > 0.5  

 

After obtaining the best-fit discharge, three parameters were calibrated for 

the sediment transport component (Table 5.6) in which the average of the absolute 

percentage difference of event sediment yield and sediment peaks (µAbsdiffSy and 

µAbsdiffSp) were calculated for each simulation. 

The first simulation in Table 5.7 corresponds to last calibration for the water 

flow component and the set-up values of sediment transport component (Appendix 
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C). Following the OAT method, Kf was changed based on reported values for  tillage 

and ungrazed plots (Wicks et al., 1992); however, the parameter required an 

scaling. An over-prediction was obtained with the Kf value of 59 x 10-10 kg m-2 s-1 and 

under-prediction with 6.9 x 10-10 kg m-2 s-1 (2nd and 3rd row in Table 5.7). The upper 

limit Kf was assigned to arable crops and the lower limit to grass and woodland. A 

similar procedure was performed for Kr parameter using values also reported by 

Wicks et al. (1992). The NSE, µAbsdiffQv, µAbsdiffQp, µAbsdiffSy and µAbsdiffSp for all 

calibrated simulations of water flow and sediment transport components in 

sequential order can be seen in Appendix L. 

 

Table 5.6. Calibrated parameters of the sediment transport component of SHETRAN in a 
sequence order of calibration 

Parameter Description Function 

Kf (kg m-2 s-1) Overland erodibility 
coefficient 

Increasing this parameter corresponds 
to increasing particle detachability by 
overland flow. 

Kr (1 J-1) Raindrop/leaf 
erodibility coefficient 

Increasing this parameter corresponds 
to increasing particle detachability by 
raindrop/leaf drip impact. 

FCG 
(dimensionless) 

Proportion of ground 
shielded by near 
ground cover 

Represents low-lying vegetation, 
vegetation litter and snow. The higher 
the value the more protected the soil is 
from raindrop and leaf drip impact 
erosion. 

FCROCK 
(dimensionless) 

Proportion of ground 
shielded by ground 
level cover 

Represents stones, rock or concrete 
surfaces. The higher the value the more 
protected the soil is from drip/drop and 
overland erosion. 

 

Table 5.7. Calibrated simulations with the corresponding parameter change and the NSEQ 
and absolute average percent difference between measured and modelled event Sy and Sp 

Parameter Value µAbsdiff (%) 
  Sy Sp 
 Set-up(a) 556.0 339.9 

Kf (x10-10 kg m-2 s-1)(b) 6.5  91.1 81.6 
Kf (x10-10 kg m-2 s-1)(c) 59 244.8 161.7 

 Urban Deciduous Arable Grass  
Kf

 (x10-10 kg m-2 s-1) 0.0  6.5  59 6.5 

106.1 86.2 Kr (1 J-1) 
FCG 

FCROCK 

0.0  
0.0 
1.0 

1.3 
0.9 
0.0 

11.8 
0.3 
0.0 

1.3 
0.8 
0.0 

a) Kf (6.5X10-7 kg m-2 s-1) and Kr (1.3 1 J-1) spatially homogenous. 
b) Kr, Kr (1.3 1 J-1), FCG (0.3) and FCROCK (0.0) spatially homogenous. 
c) Kr (11.8 1 J-1), FCG (0.3) and FCROCK (0.0) spatially homogenous. 
 

5.2.1.1 Model performance in Blackwater catchment 

Comparing measured with simulated flow (m3 s-1) during the period 2010 - 

2014 showed that the model slightly under predicts flows, in which winter and 
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5.2.2 Model evaluation in Kit Brook catchment 

A lower NSE and larger average absolute percent differences in event 

performance coefficients (µAbsdiffQv, µAbsdiffQp, µAbsdiffSy and µAbsdiffSp) were 

observed when comparing the Kit Brook simulation with the calibrated results for the 

Blackwater catchment (Table 5.9). Model runs in Kit Brook used the 2010 land cover 

map and NSRI soils data, in addition to the final calibrated parameter values 

obtained from the Blackwater simulation (see Appendix L). 

 

Table 5.9. Comparison of model performance coefficients for the Blackwater and Kit Brook 
catchment; both simulations based on grid size 50 x 50 m. 

Catchment NSE µAbsdiff (%) 

  Qv Qp Sy Sp 

Blackwater 0.80 30.1 40.7 106.1 86.2 
Kit Brook 0.60 47.5 65.5 298.1 438.4 

 

The simulated flow (m3 s-1) during the period 2010 to 2014 (Figure 5.18) was 

under predicted in Kit Brook, especially for the period October 2012 to October 2014 

(Figure 5.18b), because measured base flow had higher values than simulated. 

Comparison of flow duration curves shows reasonable agreement between 

simulated and measured above a daily mean flow multiple of mean annual flow of 

two, whereas for lower flows the steeper measured curve indicates more variable 

flows with a larger surface runoff contribution than simulated (Figure 5.19).  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 5.18. Measured and simulated discharge flow in the Kit Brook catchment; a) period 
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Figure 5.18. Measured and simulated discharge flow in the Kit Brook catchment; a) period 

Sep 2014 
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Figure 5.18. Measured and simulated discharge flow in the Kit Brook catchment; a) period 
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A lower event performance was observed in the Kit Brook than Blackwater. 

These results for flow volume and peak discharge suggest the need for bedrock 

layer (1.5 – 20 m) calibration in Kit Brook. Furthermore, flow duration curves in 

section 5.1 suggest a higher permeability in Kit Brook than Blackwater. In this 

context, an adjustment to the Ksat of the lowermost layer (6th layer) for each soil type 

was performed for the Kit Brook catchment (Appendix M). SHETRAN model 

calibrations of the bedrock layer (2.7 to 20 m) have also been reported in other 

applications with similar permeability (Birkinshaw, 2008; Birkinshaw and Ewen, 

2000a). The best simulation was selected by using the same evaluation coefficients 

as above. The Kit Brook scenario simulations described in section 5.3 use the 

adjusted Ksat (Table 5.11). 

 

Table 5.11. Comparison of model performance coefficients for the Blackwater catchment and 
adjusted Ksat in the Kit Brook catchment  

Catchment NSE µAbsdiff (%) 

  Qv Qp Sy Sp 

Blackwater 0.80 30 41 106 86 
Kit Brook 0.70 44 58 202 319 

 

5.2.3 Hysteresis events performance 

Variability in model performance coefficients was also evaluated in relation to 

observed patterns in event C-Q hysteresis. The purpose of this analysis was to 

determine the extent to which effects contributing to the observed hysteresis, such 

as sediment exhaustion, may explain some of the under-performance when these 

effects are not represented in the model. For the straight-line events (class without 

hysteresis) in the Blackwater; the µAbsdifQv, µAbsdifSp, µAbsdifSy and µAbsdifSp 

were higher than for the clockwise loop events (Table 5.12), indicating poorer 

predictive performance for the no hysteresis events. This unexpected result may 

partly reflect a sampling effect, where the sample size for straight-line events (n = 

13) is much less than for the clockwise loop class (n = 31) for Blackwater. The 

reverse was found in Kit Brook, where clockwise loop events presented larger 

differences in model performance coefficients than straight-line events, with a similar 

number of events in each hysteresis class. Clockwise loop events in Kit Brook 

exhibited higher sediment exhaustion compared with Blackwater (section 5.1.3). The 

better model performance for straight-line versus clockwise loop events might be 

expected given that the sediment routing equation (Eq. 3.20) transports sediments 

at the water velocity (i.e. model assumes equal water volume and sediment 

concentration). However, the occurrence of pronounced hysteresis effects does not 



114 

 

appear to explain variable model performance between events and other factors 

must be more important. 

 

Table 5.12. Percentage of difference in volume and sediment yield for each hysteresis class 
in the Blackwater and Kit Brook catchments 

Class Number of events 
µAbsdif (%) 

Qv Qp Sy Sp 
Blackwater 

Straight line 13 35 46 158 120 
Clockwise loop 31 26 37 68 66 
Anti-clockwise loop 2 30 23 237 126 
Eight loop clockwise 5 37 46 136 113 
Eight loop anti-clockwise 2 42 73 93 97 

Kit Brook 
Straight line 16 37 58 301 232 
Clockwise loop 18 60 97 674 603 
Anti-clockwise loop 9 58 77 238 174 
Eight loop clockwise 2 23 35 23 31 
Eight loop anti-clockwise 1 26 31 114 5 
 

5.2.4 Sensitivity analysis 

The sensitivity analysis was performed to identify factors that most influence 

discharge and suspended sediment simulation at the outlet of Blackwater 

catchment. The factor of change analysis was conducted to establish parameters 

that most influence model outputs and the optimal range for good model 

performance. The multi-parameter sensitivity subsection identifies how parameter 

interaction affects model results. Finally, the DEM sensitivity analysis was carried 

out to see how different DEM resolutions influence event-scale predictions of 

discharge and sediment yield. 

 

5.2.4.1 Sensitivity indexes 

The sensitivity analysis showed that variations of Ksat affect flow volume 

(SIcumQ) the most (Table 5.13), although discharge peaks (SIpµQ) are highly 

sensitive to variations in Stk. Results also show that changes in Stk only slightly 

alter flow volume, whereas variations of AE/PE have a low impact on flow peaks. In 

terms of parameters related to sediment generation and transport, Kf was the 

parameter to which the cumulative sediment yield (SIcumS) was most sensitive for, 

whereas sediment flux peaks (SIpµS) were more sensitive to Kr. 
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Table 5.13. Sensitivity index (SI) of cumulative flow and sediments, and mean of event peak 
discharge and sediment flux of the entire simulation period (Oct 2010 - Sep 2014) 

Parameter (unit) SIcumQ SIpµQ 
AE/PE (dimensionless) 0.28 0.33 
Ksat (m day-1) 0.75 1.09 
Stk (kg m-2 s-1) 0.15 1.33 

Parameter (Unit) SIcumS SIpµS 
Kr (1 J-1) 1.17 1.50 
Kf (kg m-2 s-1) 1.27 1.30 
 

5.2.4.2 Sensitivity per factor of change 

Varying Ksat by a factor of 0.01 (F0.01) to factor 10 (F10) leads to increases in 

cumulative discharge (CumQ) and decreases in mean flow peaks (Qpµ) (Figure 

5.26a). The highest flow variations (CumQ and Qpµ) were observed for F10 when 

compared with the base run (F1). The factor change (F0.01 to F10) in Stk increased 

CumQ and Qpµ (Figure 5.26b); the CumQ and Qpµ were more affected by the F0.01 

compared with F10 parameter variations. 
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Table 5.14. Coefficients of evaluation for each DEM grid resolution simulation 
Spatial resolution (m) NSEQ µAbsdiff (%) 

  Qv Qp Sy Sp 

25 x 25 0.7 37.5 49.4 104.9 51.6 

50 x 50 (base run) 0.7 37.2 48.5 88.1 81.3 

100 x 100 0.6 45.8 41.9 105.3 64.1 

200 x 200 0.5 57.9 42.3 101.0 61.1 
 

5.3 Effects of agricultural land use changes on catchment 

flow and sediment generation 

This section presents the results on simulated flow and sediment discharge 

for different scenarios related to agricultural and land management practices in the 

two study catchments. The agricultural practices were simulated using historical 

land cover maps and different crop types with and without soil protection practice 

(rye grass cover crop after harvesting). The scenarios of land management 

practices comprised cropland located on low and high slopes and riparian buffer 

strips using grass and deciduous woodland. In addition, crop spatial arrangement 

scenarios with same percentage of arable land were simulated to examine the effect 

of cropland arrangement on catchment flow and sediment exports.  

 

5.3.1 Recent land cover change 

Blackwater catchment 

Analysis of cumulative flow (Qv) and sediment yield (Sy) of each land cover 

map (1990-2015) and its corresponding percentage of crop area (Table 5.15) 

showed that the map with the lowest cropland (1990, Ar = 13%) exhibited the lowest 

cumulative flow (Qv). Conversely, land cover maps with the highest cropland cover 

(2000, Ar = 38%) presented the highest Qv. The difference between the 1990 and 

2000 maps represented a Qv increase of 7%. The result suggests a significant 

impact on flow generation from the increase in crop area (p-value <0.0001), 

although with a low variability (�¯ � 2%).  

On the other hand, Sy presented an important variation (�¯ � 22%). The 

2000 land cover showed an increase in Sy of 86% compared with the 1990 map. 

Furthermore, a positive linear relationship (R2= 0.9, p-value <0.0001) between crop 

area and sediment export was observed (Figure 5.34) although not all the maps 

followed this linearity. For example, the 1% increase in cropland between map 2010 
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The water balance analysis presented less rainfall interception with the entire 

catchment under arable crops than deciduous woodland or grass, as would be 

expected (Figure 5.39a). The differences in canopy evaporation and canopy 

transpiration between arable crops and deciduous woodland were 69% and 88%, 

respectively. Conversely, soil evaporation was higher under arable crops than 

deciduous woodland and grass as there is more bare soil in arable fields. No net soil 

water storage was observed under cropland in Blackwater. This reflects differences 

in modelled soil characteristics (i.e. porosity, bulk density) and levels of interception 

under the different land covers. On the other hand, soil water storage was higher 

under grass than deciduous woodland. Similar results were obtained in Kit Brook, 

except for soil water storage, where arable crops showed more soil water storage 

than woodland (Figure 5.39b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 5.39. Water balance analysis for each end

 

5.3.3 Crop type

The different crop scenari

sediment yield 

spanning the period from October 2010 to September 2014 (see section 5.1 for 

details).  

In Blackwater

and spring cereals (SC)

(Mz) (Table 5.1

Figure 5.39. Water balance analysis for each end

5.3.3 Crop type 

The different crop scenari

sediment yield with 

spanning the period from October 2010 to September 2014 (see section 5.1 for 

In Blackwater

and spring cereals (SC)

(Mz) (Table 5.17). Similar behaviour was observed in Sy between WC, SC and Mz. 

Figure 5.39. Water balance analysis for each end
in simulated 4

The different crop scenari

 common crops in UK under contemporary climatic variability 

spanning the period from October 2010 to September 2014 (see section 5.1 for 

In Blackwater, there were no difference

and spring cereals (SC); however

). Similar behaviour was observed in Sy between WC, SC and Mz. 

a)

b)

Figure 5.39. Water balance analysis for each end
in simulated 4-year a) Blackwater, b) Kit Brook

The different crop scenarios seek to show differences in catchment flow and 

common crops in UK under contemporary climatic variability 

spanning the period from October 2010 to September 2014 (see section 5.1 for 

there were no difference

however, a decrease of 6% was observed under maize 

). Similar behaviour was observed in Sy between WC, SC and Mz. 

  

 

Figure 5.39. Water balance analysis for each end-member scenario, cumulative millimetres 
year a) Blackwater, b) Kit Brook

os seek to show differences in catchment flow and 

common crops in UK under contemporary climatic variability 

spanning the period from October 2010 to September 2014 (see section 5.1 for 

there were no difference in Qv between winter cereals (WC) 

a decrease of 6% was observed under maize 

). Similar behaviour was observed in Sy between WC, SC and Mz. 

member scenario, cumulative millimetres 
year a) Blackwater, b) Kit Brook 

os seek to show differences in catchment flow and 

common crops in UK under contemporary climatic variability 

spanning the period from October 2010 to September 2014 (see section 5.1 for 

in Qv between winter cereals (WC) 

a decrease of 6% was observed under maize 

). Similar behaviour was observed in Sy between WC, SC and Mz. 

member scenario, cumulative millimetres 

os seek to show differences in catchment flow and 

common crops in UK under contemporary climatic variability 

spanning the period from October 2010 to September 2014 (see section 5.1 for 

in Qv between winter cereals (WC) 

a decrease of 6% was observed under maize 

). Similar behaviour was observed in Sy between WC, SC and Mz. 

131 

 

 

member scenario, cumulative millimetres 

os seek to show differences in catchment flow and 

common crops in UK under contemporary climatic variability 

spanning the period from October 2010 to September 2014 (see section 5.1 for 

in Qv between winter cereals (WC) 

a decrease of 6% was observed under maize 

). Similar behaviour was observed in Sy between WC, SC and Mz. 



132 

 

The table shows that when cover crops are not grown, WC are associated with 

higher water and sediment exports. Comparing WC, SC and Mz with their respective 

cover crop (rye grass) scenarios (WC-Cc, SC-Cc and Mz-Cc), slight Qv reductions 

were observed, whereas larger reductions of 22%, 41% and 50% were obtained for 

Sy. Notably, winter cereals experienced the smallest sediment yield reduction with 

the planting of cover crops, in contrast with maize. 

In Kit Brook similar results were obtained, where WC exhibited the largest Sy 

followed by SC and Mz. In this catchment, the cover crop scenarios (i.e WC-Cc, SC-

Cc and Mz-Cc) resulted in sediment yield decreases of 28%, 49% and 62%, 

respectively. 

 

Table 5.17. Cumulative flow volume (Qv) and sediment yield (Sy) for different crop scenarios 
in Blackwater and Kit Brook 

Period 2010 – 2014 WC SC Mz WC-Cc(a) SC-Cc(a) Mz-Cc(a) 
 Blackwater 

Qv (x107 m3) 4.9 4.9 4.6 4.6 4.1 4.0 
Sy (t ha-1) 3.7 3.6 3.5 2.9 2.2 1.7 

 Kit Brook 
Qv (x107 m3) 6.0 6.0 5.6 5.6 5.0 4.8 

Sy (t ha-1) 3.3 3.2 3.1 2.3 1.6 1.2 
a) Cc =  rye grass as cover crop 

 

The complete analysis period encompasses variable climatic conditions, as 

described in section 5.1. Analysis of the crop type scenario simulation results by 

hydrological year and month can help in identifying periods of erosion vulnerability. 

In general in both catchments, only slight variation in water yield was 

observed between crop scenarios and hydrological years (Figure 5.40 and 5.41). In 

most of the hydrological years, WC appeared as the crop that produced more 

sediment along with SC, except in the hydrological year 2012-2013. This year was 

characterized by rainfall seasonality that was similar to the long-term average (wet 

winters and dry summers) where sediment exports under the Mz scenario slightly 

exceeded WC. This outcome suggests that under average rainfall conditions maize 

crops could produce slightly more sediment than winter cereals.  

In terms of cover crops, the same tendency of the WC scenario to generate 

more sediment than Mz-Cc was observed in all hydrological years. On the other 

hand, the first period (Oct 10 - Sep 11) with rainfall below the mean (-306 mm) 

presented minor differences compared to the cover crop simulations. The abnormal 

rainfall seasonality, Oct 11 – Sep 12 (dry winter and wet spring and summer), had 

the highest sediment reductions (60%) in spring cereals (i.e. SC vs SC-Cc). 

Scenarios Mz versus Mz-Cc had a reduction up to 66% in sediment yield over the 

hydrological year 2012-2013, and a similar reduction was also observed for final 
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year period. The analysis showed important differences in 
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year period. The analysis showed important differences in 
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imilar Qv results were obtained when cropped fields were located on low 

slope areas in both catchments, whereas sediment yields were reduced (30% in 
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The scenarios presented in this section involve placement of arable fields 

dient, the use of grass and deciduous woodland as riparian 

buffer strips, and the randomised spatial arrangement of cropped fields. The flow 

and sediment exports (Qv and Sy) in each scenario are compared with the base run 

imilar Qv results were obtained when cropped fields were located on low 

slope areas in both catchments, whereas sediment yields were reduced (30% in 

the base runs (Table 5.19). In 
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contrast, cropped field placement on higher slope areas had lower Qv compared 

with base runs as a consequence of the lower percentage of crop areas (16% - 

Blackwater, 17% - Kit Brook). Despite this fact, sediment exports exceeded the base 

run by 22% in Blackwater but were reduced by 13% in Kit Brook. Comparing higher 

slope areas scenario with the base run was difficult due the differences of 

percentage of crop areas. However, when compared with similar crop area in 

historical map (i.e. 1990, section 5.3.1) similar Qv were obtained but sediment 

decreased 50% in Blackwater and 30% in Kit Brook. This comparison highlights the 

high sediment generation from cropland in step slopes. Moreover, as would be 

expected, higher erosion was observed in cropped fields located on high versus low 

slope areas (73% - Blackwater, 27% - Kit Brook).  

The simulation of both the riparian buffers (grass and mature deciduous 

woodland) in Blackwater showed a flow volume reduction (4%) compared with the 

base run, probably due the reduction in cropland (3%). Nevertheless, sediment yield 

was reduced by 11% and 14% in grass strips and woodland strips, respectively. 

This low difference between buffer vegetation types is to be expected as the 

modelled soil properties are similar between these vegetation types. Riparian 

buffers in Kit Brook presented lower flow volume than the base run (-5%), again 

probably related to the lower cropland area. Sediment export showed reductions of 

19% for grass strips and 22% for woodland strips compared with the base run. The 

woodland buffer scenario in both catchments showed higher efficiency than grass 

strips. The results also showed higher sediment reduction in Kit Brook buffer 

scenarios than Blackwater, probably due the topography difference between 

catchments. 

The on-slope net erosion of the preceding scenarios is shown in Figure 5.46. 

The Blackwater scenario of cropland on low slopes (0 - 4°) presented erosion areas 

remote to the stream network with high deposition areas observed in areas near the 

main stream (Figure5.46b). This was expected due the Blackwater topography 

(section 4.1.1) in which the lowest slopes are located on ridgetop areas. Conversely, 

erosion zones in high slope scenario (>7°) appear better connected with tributaries 

(Figure 5.46c).  

In terms of buffer scenarios, the same erosion patterns compared to 2010 

Blackwater map were observed. Nevertheless, the different mean net erosion in the 

buffer area; 1.3x10-2 mm (2010 map), -4.0x10-3 (grass strips) and -4.7x10-3 

(deciduous woodland strips) indicated buffer strips act as sediment traps, with 

slightly more efficiency for woodland (negative values indicate net deposition). 

Likewise, buffer scenarios in Kit Brook (Figure 5.47d-e) showed similar erosion 
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patterns compared with base run scenario (Figure 5.47a). Furthermore, the mean 

net erosion in the buffer area showed higher values in map 2010 (1.3x10-2 mm) than 

grass strips (-3.7x10-3 mm) and woodland strips (-3.9x10-3 mm). 

In Kit Brook, the low slope scenario (Figure 5.47b) presented more extensive 

but low-erosion patterns compared with the 2010 map (Figure 5.47a). Furthermore, 

small areas of deposition near the stream were evident in the low slope scenario, 

probably as runoff in those areas was insufficient to transport detached sediments. 

On the other hand, the high slope scenario (Figure 5.47c) showed larger deposition 

areas parallel to the stream (up to -0.8 mm). This deposition could be explained by 

the presence of lower slope grass areas (4 - 6°) located above the cropped higher 

slope areas (>7°) which may reduce the uphill surface flow that enters the cropland, 

thereby limiting the sediment transport capacity. 

 

Table 5.19. Cumulative flow volume (Qv) and sediment yield (Sy) for different slope classes 
and riparian buffers in Blackwater and Kit Brook 

Period 2010 – 2014 Base run Slope Riparian buffer strip 

  0-4° > 7° Grass Deciduous 
woodland 

Blackwater 
Crop area (%) 27 27 16 24 23 

Qv (x107 m3) 4.9 4.9 4.7 4.7 4.7 

Sy (t ha-1) 3.7 2.6 4.5 3.3 3.2 

Kit Brook 
Crop area (%) 29 29 17 27 27 
Qv (x107 m3) 6.0 6.0 5.7 5.7 5.7 

Sy (t ha-1) 3.2 2.2 2.8 2.6 2.5 
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±7% of the mean sediment yield for both the 5 and 10 random scenarios in 

Blackwater, and for Kit Brook it was ±13 and ±10% for the 5 and 10 random 

scenarios, respectively. The range of 7-13% for both catchments provides a relative 

measure of the extent to which crop spatial arrangement influences sediment yields. 

The mean and standard deviation of the 5 and 10 replicate scenarios was similar for 

both catchments suggesting that further random spatial replicates were not required 

to represent the effect of crop spatial variability on flow and sediment yield.  

 

Table 5.20. Cumulative flow volume (Qv) and sediment yield (Sy) on random arable field 
scenarios in Blackwater and Kit Brook 

Period 2010 – 2014 Base run Random fields 
5 

 �	 ± �	g£|��l 10 �	± �	g£|��l 
Blackwater 

Crop area (%) 27 27 27 
Qv (x107 m3) 4.9 4.9 ± 0.0 [0.0] 4.9 ± 0.0 [0.0] 

Sy (t ha-1) 3.7 4.0 ±0.1 [0.3] 4.1 ±0.2 [0.3] 
Kit Brook  

Crop area (%) 29 29 29 
Qv (x107 m3) 6.0 6.0 ± 0.0 [0.0] 6.0 ± 0.0 [0.0] 

Sy (t ha-1) 3.2 3.7 ±0.2 [0.4] 3.7 ±0.2 [0.5] 
 

5.4 Subcatchment flow and sediment flux responses to 

alterations in landscape features 

 

This section aims to simulate landscape modifications on a subcatchment 

scale and their effects on water and sediment yields. Three subcatchments (SC1, 

SC2 and SC3) were extracted from Kit Brook catchment using a 5 x 5 m DEM. The 

use of this finer-scale resolution necessitated the adjustment of the Strickler 

coefficient (Stk), and the results of this adjustment are presented in the first 

subsection (5.4.1). The subsequent subsection (5.4.2) shows the results of 17 

simulated scenarios (6 for SC1, 6 for SC2 and 5 for SC3). The scenarios comprise: 

a) the representation of roads in the contemporary 2010 land cover which comprised 

grass and cropped areas (Rds), b) the substitution of cropped fields by grass cover 

in the presence of roads (Rds-Grs), and c) the removal of roads in the contemporary 

land cover which are replaced by grass cover (RdsRmv). In subcatchments SC1 

and SC2, the presence of sunken lanes (-3 m elevation change) was also 

considered for each previous scenario [i.e. d) SnkRds, e) SnkRds-Grs and f) 

SnkRdsRmv]. In SC3, the 2010 land cover shows the presence of a village. Sunken 

roads were not simulated in the partially urbanised subcatchment (SC3). However, 
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two scenarios in addition to on-level road scenarios (a - c) were simulated to 

observe the effect of removing the urban area while retaining roads [ d) UrRmv-

Rds], and removing both the urban area and roads [ e) Ur&RdsRmv]. Roads 

representation using the 5 x 5 m grid size for each catchment can be seen in 

appendix G. 

 

5.4.1 Strickler coefficient adjustment for different DEM resolutions  

The analysis in section 5.2.4, rebelled Qp and Qw as the most sensitive 

model outputs to DEM changes with minor differences in Qv. Furthermore, Qp 

showed to be most sensitive to Strickler coefficient (Stk) changes; were as Qv to 

hydraulic conductivity (Ksat). Therefore, the only parameter adjusted for 

subcatchment representation was Stk. Several simulations with different Strickler 

coefficients (Stk) for each DEM resolution (25 x 25, 100 x 100 and 200 x 200 m) 

were run and the evaluation coefficients (NSE, µAbsdiffQv, µAbsdiffQp, µAbsdiffSy and 

µAbsdiffSp) were compared between simulations to obtain the simulation that best 

fits the measured flow and sediment yield (Table 5.21). The evaluation coefficients 

for the several simulations can be seen in Appendix P. 

A regression relationship between grid size and Stk for each type of 

vegetation was calculated. The linear regression showed R2= 0.92 (Appendix P), 

with a better fit (R2=0.99) on the second order polynomial equation (Figure 5.48). 

The regression analysis indicates a decrease of Stk with reduced grid size, where 

urban areas showing the highest Stk values and deciduous woodland the lowest. 

SHETRAN studies showed similar Stk trend in respect of vegetation; however, Stk 

in relation with catchment resolution representation presented a high variability 

between the studies. (Bathurst et al., 2005, 2007; Birkinshaw, 2008; Elliot 2012; 

Wicks and Bathurst, 1996). The equations were used to obtain Strickler coefficient 

for the finest DEM resolution (5 x 5 m). The Strickler coefficients for the simulated 

DEM resolutions and the values calculated for the 5 x 5 m DEM are presented in 

Table 5.22. Assuming linearity between grid size resolution and evaluation 

coefficients; model errors (NSE, µAbsdiff [Qv, Qp, Sy and Sp]) related to the 5 x 5 m 

resolution were estimated (Appendix P). This implicates a NSE of 0.8 and µAbsdiff of 

33% (Qv), 79% (Qp), 90% (Sy) and 40% (Sp). 
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possible to observe: a) higher subcatchment and road slope dispersion in SC1 

compared with SC2 and SC3; b) smaller differences in subcatchment and roads 

slope dispersion between SC2 and SC3; c) higher cropland in SC1 than SC2 and 

SC3; d) higher paved areas in SC3 compared with SC1 and SC2, and e) roads 

oriented parallel to stream in SC1 and SC2. The listed characteristics (a-d) are 

important to highlight as they may influence flow and sediment transport pathways in 

the subcatchments. 

 

5.4.2.1 Subcatchment 1 

In terms of flow volume (Qv), the lowest values occurred when cropped 

areas were substituted by grass cover with the presence of on-level roads (Figure 

5.49b), representing an 8% decrease compared with the Rds scenario. The 

substitution of cropped areas by grass in the presence of sunken lanes (SnkRds-

Grs) showed 9% decreases against SnkRds (i.e. Figure 5.49, d vs e). The removal 

of on-level roads (substituted by grass) presented minor Qv differences (1%) 

compared with the representation of roads (i.e. Figure 5.49, a vs c); whereas the 

presence versus absence of sunken lanes (Figure 5.49, d vs f) had a higher flow 

change (3%). This means that the presence of cropped fields has a much larger 

effect on runoff volumes than the road network in the subcatchment. Contrary to 

what it was expected, cumulative flow in roads representation (Rds and SnkRds) 

showed lower values than scenarios of roads substitution by grass cover (RdsRmv 

and SnkRdsRmv). However, the 4-year flow record (Appendix Q) revealed a higher 

base flow in scenarios of roads absence than road representation (e.g. SnkRds vs 

SnkRdsRmv) that explains this Qv difference. The on-level roads scenario showed 

lower Qv than sunken lanes; however, difference was minor (decrease of 1%) 

(Figure 5.49, a vs d). Nonetheless, model uncertainty was significant relative to Qv 

(p-value <0.01) and Sy (p-value <0.01) changes. 

Significant differences in sediment yield (Sy) were present in the 

subcatchment scenarios (p<0.01). The scenarios substituting cropped fields with 

grass cover (i.e. Figure 5.49, a vs b) showed a 70% reduction. In terms of sunken 

roads, sediments were reduced by 84% between SnkRds-Grs and SunkRds (i.e. 

Figure 5.49, d vs e). This percentage of reduction was proportional to the cropland 

areas substituted by grass (84%).  

Comparing the existence of roads with their removal (Figure 5.49, a vs c), 

sediment yield decreased by 2%, whereas replacing sunken lanes with grass 

reduced sediment output by 35% (Figure 5.49, d vs f). In terms of on-level roads 

(Figure 5.49a) versus sunken roads (Figure 5.49d), Sy increased by 50%.  
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Figure 5.50. Flow discharge, flow volume, sediment flux and sediment yield of highest event 
in 4-year simulation (07/Jul/2012) in SC1 scenarios: a) Rds, b) RdsRmv, c) SnkRds and    d) 

SnkRdsRmv 
 

The on-slope net surface flow (Figure 5.51) presented contrasting patterns in 

the simulations of cropped fields and grass (Figure 5.51b, d, e, g) versus grass only 

(Figure 5.51c, f). More extensive overland flow generating areas (pink zone) were 

connected to the road in Rds (Figure 5.51b) compared with Rds-Grs (Figure 5.51c). 

Furthermore, mean flow depth on roads showed higher values for the Rds scenario 

than Rds-Gr (Figure 5.53, a vs b), reflecting a greater flow impact when roads are 

adjacent to cropped fields than grass areas. This explains the Qv difference 

between scenarios (8%). 

On the other hand, when roads were removed (RdsRmv, Figure 5.51d) 

similar net surface flow zones were observed compared with Rds (Figure 5.51b); 

although areas in which roads were located showed the largest surface flow change 

(SFC, Figure 5.52a). The mean surface flow showed higher values in the grass 

areas on RdsRmv than Rds (Figure 5.53, c vs a); however, water depth in grass 

areas on RdsRmv did not reach the levels of roads in Rds scenario. This flow 

behaviour explains the higher Qv in the event of Rds against RdsRmv.  

Similar to on-level roads, on-slope net surface flow in sunken road scenarios 

showed more extensive runoff areas in SnkRds than SnkRds-Grs (Figure 5.51, e vs 

f). Once again a higher mean flow depth is observed on roads from scenarios with 

cropped areas than grass areas (Figure 5.53, d vs e). On the other hand, when the 

paved sunken road surface was replaced by grass cover (SunkRdsRmv, Figure 

5.51g), less extensive runoff generating zones are connected compared with the 

SnkRds scenario (Figure 5.51e). This difference was more evident in the SFC, in 

which upstream areas appeared more connected in SnkRds than SnkRdsRmv 

scenario (Figure 5.52b). Furthermore, mean surface flow showed a larger influence 

of sunken roads in flow depth compared with sunken grass lanes (Figure 5.53, d vs 

f). This difference between scenarios was also reflected in the July event, with Qv 

increased in SnkRds compared with SnkRdsRmv. 

The sunken roads scenarios (SnkRds, Figure 5.51e-g) presented less 

extensive overland flow generating zones compared with on-level roads (Rds, 

Figure 5.51b-d). This might be explain from the surface interaction of on-level road 

and vegetation areas, contrary to sunken lanes in which confined flow do not allow 

this interaction (sunken lanes are -3m depth compared with vegetation areas). This 

interaction is evident in the SFC (Figure 5.52c) in which the areas of positive values, 

located near the road (red and yellow colours, up to 1.9 m), indicated deeper 
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The SC2 showed similar concentrated flow between scenarios (Figure 5.60), 

with net surface flow paths showing upstream-channel disconnection in most of the 

scenarios (Figure 5.60, a-d, f-g), except for SnkRds (Figure 5.60e). Nevertheless, all 

modelled roads scenarios showed higher net surface flow in areas where roads 

were present (Figure 5.62 a, b, d, e), indicating a flow path influence by this feature.  

Similar to SC1, the Rds (Figure 5.60b) showed more extensive net surface 

flow areas than Rds-Grs (Figure 5.60c) as in upslope-cropland areas more flow runs 

to the roads compared with upslope-grass areas (Figure 5.62, a vs d) which 

explains the 5% decrease in Qv. On the other hand, the removal of on-level roads 

(RdsRmv, Figure 5.60d) showed similar flow patterns when compared with Rds 

(Figure 5.60b), except on the areas where roads were substituted by grass; 

evidencing the influence of roads in flow generation (Figure 5.61a). Though, these 

particular scenarios showed only 1% Qv difference. 

In the sunken roads scenarios, flow paths between scenarios presented 

important differences; for example, the SnkRds (Figure 5.60e) showed a flow path 

connecting the upslope flow generating areas to the channel, whereas in SnkRds-

Grs (Figure 5.60f) this flow disappeared before reaching the tributary, probably the 

result of replacing cropland by grass in this upslope area. Furthermore, the mean 

surface flow on roads was higher in SnkRds than SnkRds-Grs (Figure 5.62, d vs e), 

which explains the 6% Qv changes. 

Similar flow paths were observed between SnkRds (Figure 5.60e) and 

SnkRdsRmv (Figure 5.50g). In this scenario, flow lines in the lower subcatchment 

are absent, reflecting replacement of the sunken paved road surface with grass 

cover. The scenario showed a flow line (pink line) in the area where the road was 

removed but this flow path does not connect to the outlet and instead terminates mid 

subcatchment (Figure 5.61g). 

Comparing the on-level roads scenario (Figure 5.60b) with sunken roads 

scenario (Figure 5.60e), less extensive net surface flow areas but confined flow 

paths were observed (Figure 5.61c). This is also represented with a higher mean 

flow depth in sunken lanes than on-level roads (Figure 5.62, a vs d). Nevertheless, 

Qv presented low difference between scenarios (3%). 
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and drier summers). In terms of flow duration curves, a higher level of runoff was 

observed in Kit Brook than in Blackwater.  

In the event selection, a larger number of events was obtained in Blackwater 

(53) than Kit Brook (46), of which 18 occurred simultaneously. The paired events 

showed higher total flow volume and sediment yield, as well as event duration in 

Blackwater than Kit Brook. The Hysteresis Index (HI) revealed a C-Q clockwise loop 

behaviour in majority of the events in both catchments (Table 5.2). Furthermore, 

higher HI values were obtained in Kit Brook than Blackwater.  

Model performance was accurate in terms of event timing; model calibration 

on Blackwater presented a Nash-Sutcliffe coefficient of 0.8 and with a value of 0.6 

on the model evaluation in Kit Brook (using Blackwater calibrated parameters). In 

terms of event performance, an absolute percentage of difference between 

measured and simulated for flow volume, peak discharge, sediment yield and 

sediment peak showed larger errors in Kit Brook than Blackwater (Table 5.9).  

Model sensitivity using a sensitivity index (SI) on the water flow component 

showed hydraulic conductivity and Stickler coefficient as the most sensitive 

parameters; whereas for the sediment transport component the sensitive 

parameters were overland erosion and raindrop/leaf drip erosion (Table 5.13). In the 

multi-criteria analysis, contrasting changes to the erodibility coefficient were found to 

produce similar effects on sediment yield and sediment peaks (Figure 5.29). 

Sensitivity analysis on the grid resolution showed increases in flow and sediment 

peaks and decreases in event flow/sediment duration with decreases in grid size. 

Similar flow volumes were obtained between the DEM resolution scenarios, though 

more complex behaviour was observed in sediments yields (Figure 5.31). 

Comparing grid resolution simulation with measured data, the evaluation coefficients 

showed that the calibrated simulation (50 x 50 m) had the lowest errors followed by 

the 25 x 25 m grid simulation. 

Comparison of past land covers indicate only small variations on total 

streamflow (Table 5.15 and 5.16). In contrast, comparing the map with the highest 

percentage (38% [Blackwater] and 41% [Kit Brook]) of arable land cover (2007) with 

the lowest (13% - Blackwater and 17% - Kit Brook, 1990) revealed an increase of 83 

% and 45 % in total sediment flux for the Blackwater and Kit Brook, respectively. 

Furthermore, a linear relationship was observed between catchment sediment 

exports and crop extension in both catchments in the majority of the land cover 

maps, with some exceptions in which the non-linearity was related to crop field 

location (Figure 5.34 and 5.36). 
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Land cover end-member scenarios showed important water and sediment 

yield variations. The highest flow and sediment generation was obtained under the 

arable crops end-member in both catchments. Moreover, comparing end-member 

scenarios of deciduous woodland with permanent grass cover showed that flow 

volume decreased by 16% in Blackwater and 14% in Kit Brook, whereas sediment 

yield decreased by 24% and 35% in each catchment, respectively (Figure 5.38).  

The different crop type scenarios (with and without cover crop protection) do 

not present important difference in flow volume; nevertheless, crops generated more 

sediment yield when no cover crop protection was assumed (Table 5.17). Winter 

cereals were found the most vulnerable crop to raindrop erosion (Figure 5.42 and 

5.43). 

Removing the soil compaction effect from arable land does not show a 

reduction in flow or sediment yield (Table 5.18); despite that NSRI soil properties 

showing considerable difference between arable crops and permanent grass 

covers(e.g. saturated hydraulic conductivity of first layer [0 - 0.25 m] under 

permanent grass is 30% higher than arable land). 

The scenarios of crop field location in low slopes do not present a difference 

in flow volume compared with the base run in either of the catchments (Table 5.19). 

However, sediment yield was reduced by 30% in Blackwater and 31% in Kit Brook. 

On the other hand, the location of cropland on slopes higher than the recommended 

practice (>7°) showed increases of 22% in Blackwater when compared with the 

base run, despite that the slope scenario covered a lower catchment area (11%). In 

contrast, a sediment yield reduction was observed when crops were planted on 

high-slope locations compared with base run (13%) in Kit Brook; although in this 

slope scenario the percentage of arable land was reduced 12%. 

The riparian buffers (grass and deciduous woodland) showed a low flow 

volume difference compared with base run in both catchments (Table 5.19). 

Nonetheless, both vegetation buffers showed high sediment reduction compared 

with base run, with higher efficiency for deciduous woodland (14% - Blackwater and 

22% - Kit Brook) than grass (11% - Blackwater and 19% - Kit Brook). The scenarios 

with different crop field arrangements did not affect flow volume, whereas crop field 

location presented sediment yield changes that varied up to 0.3 t ha-1 in Blackwater 

and up to 0.4 t ha-1 in Kit Brook (Table 5.19). 

The simulation in the three subcatchments scenarios showed contrasting 

behaviour probably due to differences in land cover (Table 4.3) and slope dispersion 

(Figure 4.19). Nonetheless, in the three subcatchments, removal of crop areas 

showed larger reduction in water and sediment yield than removal of roads (on-level 
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and sunken lanes). In general, flow arrival to tributaries was faster with road 

representation (Figure 5.50, 5.58 and 5.67). However, the 4-year of cumulative flow 

volume did not show important differences between Rds and RdsRmv scenarios; 

neither between Snk and SnkRdsRmv. In terms of sediment yield, higher values in 

Rds than Rds-Rmv were presented in SC1, just slightly higher in SC2, and the 

opposite in SC3. On the other hand, Sy differences between sunken roads and 

removal of them were doubled in SC1 and similar in SC2. At the event scale 

(07/Jul/2012), sediment exports showed similar values for Rds than RdsRmv in SC1 

and SC2 and a decrease in SC3. In contrast, SnkRds presented higher sediment 

compared with SnkRdsRmv in SC1 but lower in SC2.  

In terms of paved roads, the subcatchments showed higher impacts in the 4-

year simulated flow in sunken lanes than on-level roads. Sediment yield was higher 

for on-level roads than sunken lanes for SC2 and lower for SC1. A confined flow in 

the sunken lanes was observed in which in the single event analysis showed faster 

flow arrival to the tributary outlet, compared to on-level roads. Nonetheless, event 

total flow showed higher volume for on-level roads than sunken lanes in SC1 and 

SC2. 

The urban area in SC3 showed impacts in the spatial extent of surface 

runoff, in addition to the highest flow peaks and prolonged events. However, 

sediment yield did not appear affected as, cropped areas in the subcatchment were 

not large enough to quantify an effect, and due to the non-detachment of sediment 

from paved areas; contrary to grass or cropland.  
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Chapter 6 

 

Discussion 

 

The chapter is divided into four sections. The first section considers the 

measured catchment flow and sediment exports at event, seasonal and annual 

timescales. The second section addresses model performance and sensitivity 

analysis with special emphasis on previous SHETRAN applications and comparison 

with this contribution. The third section discusses the results of catchment scale 

scenario simulations, the implications of findings and relation to previous work. The 

fourth section focuses on the subcatchment scenarios and findings concerning 

catchment hydrological, erosion and sediment transport responses to landscape 

features (roads). 

 

6.1 Variability in measured flow and sediment transport 

In the southwest of England, the sea surface temperature of the Atlantic 

waters is the dominant control on region rainfall (Met Office, 2013). In coastal areas, 

the average cumulative annual rainfall (1971 - 2000) ranges from 900 mm to 1,000 

mm with higher precipitation in winter (Atlantic depressions influence) than in 

summer (Azores high pressure system influence) (Met Office, 2013). Congruent with 

rainfall trends (1910 - 2017), the rainfall analysis for the 4-year study period 

revealed an average annual rainfall of 1,021 mm with a seasonal pattern of wet 

autumn-winter and dry spring-summers (Met Office, 2018). Nonetheless, a variable 

behaviour was observed between hydrological years, with the first water year below 

average, followed by an un-seasonal period characterised by wet spring and dry 

autumn, a third year of normal seasonality (wet autumn-winter and dry spring-

summer) and the final year with above average rainfall (Figure 5.1). 

Flow data analysis in both catchments tends to show low flow in summer and 

above mean flow in winter after the soil wets up in autumn. Nevertheless, each 

hydrological year exhibited different flow patterns corresponding to the observed 

rainfall variability (Figure 5.4). Moreover, the event selection process (section 4.1.8), 

showed the greatest number of events in the wettest hydrological year (2013 - 2014) 

compared with the other water years in both catchments (Appendix H). However, 

climatic variability does not only determine flow and erosion responses (Favis-

Mortlock and Boardman, 1995), as there is a relation to agricultural practices 



166 

 

(Posthumus et al., 2011). For example, flow duration curves showed a higher level 

of runoff in Kit Brook than in Blackwater. Likewise, the 18 events that occurred 

simultaneously in both catchments showed greater sediment concentration in Kit 

Brook than Blackwater. This can be related to the higher level of soil degradation in 

Kit Brook than Blackwater, as assessed by Palmer (2007). Nonetheless, the total 

events in both catchments (99) showed a strong positive correlation (0.6) between 

rainfall and flow and sediment generation (Figure 5.8). Variables related to 

agriculture land cover were limited to the leaf area index, in which a no correlation 

with flow and sediment responses was obtained.  

The hysteresis analysis (HI) revealed that majority of events presented a C-

Q clockwise behaviour, which has been associated with in-channel sediment 

remobilisation (Smith and Dragovich, 2009). The availability of this sediment is 

related to bank erosion and sediment storage in lower stream reaches (Sherriff et 

al., 2016). During field reconnaissance only limited evidence of bank erosion was 

observed, indicating other sediment sources areas connecting to the channel 

network. Nonetheless, the potential variables controlling levels of sediment-

discharge hysteresis did not show a clear relationship (Pearson) with HI correlation 

analysis (Figure 5.8). However, the PCA analysis showed some positive correlation 

between total rainfall (RFt) and HI, while LAI showed a negative correlation (PC1). 

This suggests that larger rain events during periods with less canopy cover may 

produce larger C-Q hysteresis effects (HI values).  

Events missing from the datasets due to gaps in measurement and data 

quality issues limited the C-Q hysteresis analysis. For example, the 7 July 2012 

event was the largest flow event in both catchments, but data for this event was 

available only for Kit Brook. Even though the previous analysis provides some 

insight into catchment hydrological behaviour and sediment dynamics, it was not 

possible to link patterns in measured event flow and sediment loads, as well as C-Q 

hysteresis to agricultural land use conditions, underscoring the need for a model 

based approach to better understand links between catchment hydro-sedimentary 

processes and agricultural land use and management. 

The use of two catchments allowed the application of the proxy-catchment 

method (KlemeŠ, 1986), calibration in Blackwater and evaluation in Kit Brook. The 

method provided a high level of model credibility showing a reliable extrapolation in 

catchments with similar environments (e.g. UK agricultural catchments). This 

method has shown a grate general validity for model applications (Pechlivanidis and 

Jackson, 2011; Xu, 1999; Xu and Singh, 2004). 
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6.2 Model calibration, evaluation and sensitivity analysis 

Streamflow simulation 

SHETRAN predicted streamflow in the Blackwater catchment reasonably 

well (NSE = 0.8), with better performance during wetter periods. Peak flows tend to 

be under-estimated, although comparison of measured versus simulated flow 

duration curves shows the accuracy of model flow predictions is better during higher 

flows. The annual water yield was over-estimated, with the smallest error (-3 %) for 

the hydrological year 2012 - 2013 and largest error (34 %) in 2010 – 2011. The 

water balance (Table 5.8) showed that possibly model water yield errors are related 

to SHETRAN evapotranspiration estimation. The addition of a deep, low conductivity 

and homogenous soil-rock layer (1.5 – 20 m depth) below the upper soil profile 

(parameterised using NSRI soil hydraulic data) enabled more accurate simulation of 

base flow, which decreased gradually during extended dry periods. Moreover, the 

hydraulic conductivity of bedrock (2.7 to 20 m) in previous SHETRAN applications 

was similar to the present study (Birkinshaw, 2008; Birkinshaw and Ewen, 2000b). 

The event-scale calibration process produced an average error in discharge volume 

per event of 30% (µAbsdiffQv). In terms of event peak flow (µAbsdiffQp), the average 

error was 41% with the smallest annual average error (19%) in peaks during the 

hydrological year 2012 - 2013 and the largest error (41%) in 2011 - 2012. 

Model evaluation in Kit Brook catchment had an NSE of 0.6 which falls within 

the reported range  of values indicating a good-fit (Moriasi et al., 2007). Evaporation 

losses differences between calibrated and simulated were higher in Kit Brook (Table 

5.10) than Blackwater (Table 5.8), especially in the last two water years. It is 

possible that the relocation of Kit Brook after the 30/Jul/2013 (Appendix B) 

contributed to these errors. Nonetheless, the average annual runoff of the complete 

period was 10% underestimated compared with measured data; although, it was 5% 

over predicted in Blackwater. In terms of event performance, volume and flow peak 

coefficients (µAbsdiff) had values of 48% and 66%, respectively. It is possible that the 

NSRI soil parameter data extrapolation for arable soil were less accurate for Kit 

Brook as cultivated soils in this catchment have been reported to be more degraded 

than soils in Blackwater catchment (Palmer, 2007). 

In general, simulated discharge in both catchments compared well with 

measured discharge in terms of event timing, and reproduced discharge peaks well 

during wet periods when runoff is dominated by saturation-excess and subsurface 

runoff pathways are less variable and more uniform. Although, errors of flow 

discharge predictions by stage-discharge rating curve (2nd order polynomial 
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equation) may be contributing to model uncertainty. Nevertheless, inaccurate peak 

discharge prediction has been addressed in previous SHETRAN applications where 

better estimation of base flow and poorer prediction of discharge peaks has also 

been reported (Zhang et al., 2013). This error was attributed to the lack of 

representation of surface sealing and crust formation processes commonly found in 

Mediterranean regions. Under-estimation of event peak discharge was also found 

from comparison with flow data from eight gauging stations within a 2,400 km2 

catchment in the UK (Janes et al., 2017). 

On the other hand, successful predictions were obtained in a study of 

double-peak discharge responses (Birkinshaw, 2008); however, estimation of 

phreatic level (two sites) was not accurate showing over-prediction of 0.7 m (depth 

below ground) at a site located far from the stream and similar responses in one 

near to the stream. This phreatic level is related to the base flow. Inaccurate 

phreatic surface level was attributed to the grid scale (50 X 50 m) based on 

comparison to the sites (point measures) as simulated values are the average of 

grid square. Using a ‘blind validation’ method (Ewen and Parkin, 1996), which 

consisted of establishing parameter bounds for the prediction of certain hydrological 

variables (hydrographs, phreatic surface level, peak discharge, soil water potential, 

runoff) and quantifying model uncertainty by degree (perceptual value established 

by the user) where the measured variable lies within the predicted range, a 

successful prediction of phreatic level (90%) but poorer prediction of peak discharge 

(outlet 81% and internal channel 55%) was obtained for a catchment in the UK 

(Bathurst et al., 2004). The under-estimation of discharge peaks and accurate 

phreatic level, or vice versa, is a common problem in hydrological models (Croke et 

al., 2004; De Roo and Jetten, 1999; Marsik and Waylen, 2006). 

The under-estimation of peak discharge by SHETRAN could also be 

attributed to local infiltration variability, in terms of sub-field scale runoff and run-on 

patches not represented in the model, as well as the absence of representation of 

impervious and hydrologically-smooth roads and paths. These features could act as 

efficient flow pathways connecting runoff-generating areas to the stream network 

(Croke et al., 2005; Jordán-lópez et al., 2009) which have been implemented by 

other models (Elliot, 2004; Tiemeyer et al., 2007) but not found in any SHETRAN 

application. 

 

Sediment export simulation 

The best-fit calibration for the Blackwater catchment resulted in mean errors 

in event-scale sediment yield (µAbsdiffSy) and sediment peak (µAbsdiffSp) of 106% 
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and 86% per event. Considering the influence of discharge on sediment generation, 

error in flow simulation could account for 76% and 45% of the sediment yield and 

sediment peak errors, respectively. Larger sediment yield (298%) and sediment 

peak (438%) errors were obtained for Kit Brook. This reflected low model 

performance in Kit Brook, although model inaccuracy can be related to: first, the 

necessary substitution of the HENSE soil type (covering 20% of the catchment) to 

the QUORND based on their similar soil description, as a result of its soil 

parameters absence in the NSRI dataset (Cranfield University, 2018); and second, 

the lack of land cover map corresponding to the measured periods, in which the 

digitalization from Google Earth imagery limited distinction between temporary grass 

and crop rotation fields. Moreover, discharge results indicate improvement to the 

simulated base flow (Figure 5.18) when the Ksat in the lower layer (6th layer) was 

adjusted (Appendix M), which resulted in better model performance (NSE = 0.7, 

µAbsdiffQv= 44% µAbsdiffQp= 58% µAbsdiffSy= 202% and µAbsdiffSp=319%) 

Model sediment yield results from the calibration process (Blackwater) were 

lower compared with other studies but higher for the evaluation process (Kit Brook), 

despite the Ksat adjustment. For example in a small catchment in New Zealand, the 

difference between observed and predicted sediment loads (kg) for 7 events varied 

between -3.3 and 55 (-97 to 134%) depending of the event (Adams and Elliott, 

2006). Similarly, Elliott et al. (2012) showed error of 1, 3, 13 and 110% for a single 

event in four nearby catchments in New Zealand. Errors of 5-year sediment yields 

had also been reported with values ranging from 1% to 190% (used of ‘blind 

validation’ method) in a French catchment (Lukey et al., 2000). In addition, 

considerable uncertainty in sediment peaks has been described in other SHETRAN 

applications (Elliott et al., 2012; Lukey et al., 1995b; Wicks and Bathurst, 1996). 

However, this a common problem in other physically-based spatially distributed 

(PBSD) models (Phomcha et al., 2011; Rankinen et al., 2010). As Adams and Elliott, 

(2006) explained, this lack of prediction in SHETRAN may be a consequence of the 

soil cohesive strength variation, where increases in soil moisture can reduce soil 

cohesion and increase erodibility. The SHETRAN model does not represent spatial-

temporal variability in soil erodibility within overland sediment erosion (Eq. 3.13). 

Seasonal changes in erosion are represented via variability in rainfall intensity in the 

raindrop/leaf drip impact equation and by temporal changes in the proportion of 

ground shielded by vegetation canopy (Eq. 3.9).  

Most of the simulated flow events in both catchments exhibited C-Q 

hysteresis behaviour. C-Q hysteresis may reflect differences in the erodibility and 

levels of sediment exhaustion between catchment sources (Aich et al., 2014; Smith 
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and Dragovich, 2009). These effects were not captured by the SHETRAN 

simulations, as models often predict arrivals of both fluxes at the same time (Adams 

et al., 2012; Elliott et al., 2012; Hessel et al., 2010; Rankinen et al., 2010). The 

hysteresis index (Eq. 4.8) was higher on average in Kit Brook than Blackwater, 

especially for clockwise events (Table 5.2), which is consistent with the larger errors 

observed in Kit Brook. However, when comparing different hysteresis patterns and 

model errors (Table 5.12), it is apparent that model performance does not improve 

for straight-line patterns (i.e. SSC varies in linear proportion to Q), which might be 

expected based on the sediment routing equation (Eq. 3.20). 

Model performance does not vary according to the occurrence of C-Q 

hysteresis suggesting that other factors must be contributing to under-performance. 

It is possible that if major runoff sources occur in a more distant location from the 

channel network than sediment sources, then some hysteresis effects could be 

observed between simulated flow and sediment flux. This difference in runoff-

sediment sources location could in part be related to crop rotation, which was not 

represented in the calibration as the 2010 land cover map was used for the 5 years 

of simulation. Moreover, urban areas (e.g. village and roads) can act as sources of 

flow and sediment transport, though soil parameters of these areas are not captured 

in the NSRI soils dataset. Furthermore, it was not possible to simulate roads at the 

catchment scale due to the grid size (50 x 50 m). These factors could explain some 

C-Q hysteresis behaviour that were observed in the measured data, but not 

reproduced by SHETRAN. 

Another important factor to consider in this section is that NSRI represents a 

permanent grass land cover effect in the soil’s physical and hydraulic properties, 

whereas the land cover maps may include both permanent and temporary grass. 

Temporary grass could have different soil properties (water retention curve, bulk 

density and soil porosity) than permanent or even arable land depending on time 

since last cultivation, as the soil of a field in rotation can take up to 22 months to 

recover (Tuzzin de Moraes et al., 2016). This issue has also been addressed by 

Thorud and Frissell, (1976) in which they observed that artificial compaction was 

alleviated only after 9 years in the 0-7 cm layer but persisted longer in the 15-22 cm 

layer. Furthermore, Froehlich et al. (1985) showed soil compaction effects persisted 

for as long as 23 years in a loamy soil in Idaho. 

 

Sensitivity analysis 

The parameters to which the model is most sensitive on the water flow 

component were saturated hydraulic conductivity (Ksat) and the Strickler coefficient 
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(Stk) (Table 5.13). The finding of Ksat and Stk as the most sensitive parameters is 

consistent with other studies (Bathurst, 1986; Bathurst et al., 2006).  

The sediment transport component produced similar sensitivity index values 

for overland flow erodibility coefficient (Kf) and raindrop/leaf soil erodibility coefficient 

(Kr), which were the parameters to which sediment exports and sediment peaks are 

most sensitive. This similarity in sensitivity means that increases in either erodibility 

coefficient (Kr and Kf) affect sediment output and sediment peaks to a similar extent. 

It is important to note that SHETRAN simulated a sheet surface flow as wide as the 

grid size (i.e. 50 x 50 m). Therefore, calibration of Kf was prioritised over the 

raindrop/leaf soil erodibility coefficient. This is consistent with the reported increase 

in Kf values (kg m-2 s-1) with decreasing grid size; for example, catchments simulated 

with 1,000 x 1,000 m grids (North West, UK) used Kf values between 2 x 10-12 and 1 

x 10-11 kg m-2 s-1 (Janes et al., 2017). Furthermore, catchments under different 

environments also showed a similar trend, w between 5 x 10-7 and 2 x 10-6 kg m-2 s-1 

(Bathurst et al., 2007, 2005) for 500 x 500 m grid (southern Alps Italy and eastern 

Spain); and between 1 x 10-6 and 2 x 10-5 kg m-2 s-1 for 50 x 50 m grid (southeast 

France) (Lukey et al., 2000). Raindrop/leaf erodibility coefficient (Kr) values were 

also found to increase with deceasing grid size but with a lower ratio of change; Kr 

values were reported between 0.02 and 0.05 J-1 for the 1,000 x 1,000 m grid 

resolution, between 0.05 and 0.2 J-1 for 500 x 500 m resolution, and between 1 and 

10 J-1 for the 50 x 50 m grid. The Kf and Kr value in previously reported studies 

varied according to the vegetation type, with higher values for crops than grass, and 

the lowest for woodland. 

Multi-criteria sensitivity analysis (section 5.2.4.3) showed that different 

parameter combinations, particularly those including Stk and Ksat, can produce 

similar changes in cumulative discharge and discharge peaks (Figure 5.28). 

Anderton et al. (2002) followed a comparable approach, although parameters were 

limited to the infiltration module (Ksat and Van Genuchten α and n). The authors 

found similar modelled flow response to some combinations of Ksat and soil depth 

(0-0.2 m and 0.2-3.3 m). Furthermore, an automatic calibration procedure in Zhang 

et al (2013) showed this equifinality problem by the adjustment of Stk, Ksat and soil 

depth. 

Combinations of erodibility coefficients (Kr and Kf) produced similar changes 

in cumulative sediments and sediment peaks (Figure 5.29). Moreover, contrasting 

changes in erodibility coefficients (e.g. S6, Kr [F1.0] and Kf [F
10] and S8, [Kr [F

10] and 

Kf [F
1.0]) produced similar sediment export differences (CumS and Spµ) compared 

with the base run. This multi-criteria analysis in SHETRAN erodibility coefficients 
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was not found in other contributions. The objective of this analysis was to quantify 

how some combinations of parameter changes produce similar Qv, Qp, Sy and Sp 

response that can help in future SHETRAN application; moreover, the method can 

be applied to understanding equifinality in other models.  

The scale resolution sensitivity showed that decreasing grid size increases 

the variance in the slope angle distribution (Figure 5.30a). Higher grid resolution 

leads to increases in CumQ, Qpµ and Spµ but a decrease in Qwµ. More complex 

behaviour was observed for CumS. Nonetheless, lower differences of CumQ, Qpµ, 

Qwµ, CumS, Spµ and Swµ were observed between resolution 25 x 25 m and 50 x 50 

m (Figure 5.31). In the water balance analysis (Figure 5.32), the slight changes in 

canopy transpiration and soil evaporation can be explained from the small 

differences in land cover percentages between each grid resolution simulation. 

Nevertheless, the highest differences were observed in the channel water storage 

which could be explained by differences in the stream network produced by the 

contrasting DEM grid resolutions (Figure 5.33). 

The simulation with the best performance was the 50 x 50 m; this was 

expected as it was the calibrated simulation. Nonetheless, the 25 x 25 m grid 

simulation showed similar model evaluation coefficients. It is possible that a better 

flow volume and sediment yield event prediction could be obtained by using the 25 x 

25 m resolution for the calibration process, but this represents an important 

compromise between model run times versus grid resolution. The 25 x 25 m grid 

simulation took 56 hours to run compared with 12 hours for 50 x 50 m simulation for 

a 3 year period  

 

6.3 Effects of agricultural land use changes on catchment 

flow and sediment generation 

Agricultural intensification has been linked to increases in flow and soil 

erosion, leading to detrimental impacts downstream (Edwards and Withers, 1998; 

Stoate et al., 2001). Field studies have shown agricultural land extension 

(Rounsevell and Reay, 2009), soil compaction (Palmer and Smith, 2013) and certain 

crop types (Robinson and Boardman, 1988) contributing to increases in sediment 

delivery to streams. In this context, several land management strategies have been 

developed for the protection of water resources, such as riparian buffer strips and 

locating croplands in lower erosion risk areas (DEFRA, 2005; Hickey and Doran, 

2004). This section examines simulated changes in flow and sediment export 
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responses to changes in agricultural land cover, land management practices, and 

potential mitigation strategies in both study catchments. 

The results of land use changes and land management practices should 

consider model uncertainty. Under this approach, simulated water yield in 

Blackwater can over predicted 6% observed flow; with an event error of 30% for flow 

volume and 106% for sediment yield. Likewise, 4-year flow volume in Kit Brook can 

under predicted 6% the measured flow; with a flow event error of 34% and sediment 

yield event error of 200%. However, results shows sediment yield of 4 continuous 

years, not possible to qualify in the measured data due the existing noise in some 

periods. Nonetheless, model uncertainty in relation with the estimated Qv and Sy of 

the scenarios was significant. 

 

Agricultural land cover change 

The land cover maps (1990-2015) in both catchments showed significant 

differences in flow volume (p < 0.0001), though with a low variance (Blackwater 

[�¯ � 2%] and Kit Brook [�¯ � 3%]); meaning that in Blackwater a 25% difference in 

crop areas (i.e. comparing map 1990 [13%] with 2007 [38%]) represented only a 7% 

change in flow volume. Similar water yield change was observed in Kit Brook by a 

24% difference in crop area (i.e. comparing map 1990 [17%] with 2007 [41%]). 

Contrasting changes in flow volume with simulated cropland variation have been 

reported; with minor changes in Li et al. (2009); López-Vicente et al. (2013); Peña et 

al. (2016) and larger effects (up to 73%) by Fohrer et al. (2001). However, the 

scenarios in Fohrer et al. (2001) presented reductions in woodland extent in contrast 

to the other studies and this contribution.  

On the other hand, the historic land cover maps in both catchments showed 

greater variability in sediment yields than flow with changes in the mapped extent of 

crop cover (Blackwater [�¯ � 22%] and Kit Brook [�¯ � 21%]). The simulated 

annual sediment yields (e.g. 0.8 - 1.4 t ha-1 y-1 [Blackwater]) were comparable to 

monitoring studies. For example, sediment yields were estimated between 0.16 - 8.0 

t ha-1 y-1 (Owen et al., 1997) and 0.5 -1.2 t ha-1 y-1 (Bilotta et al., 2010) for 

catchments in the Devon. Furthermore, sediment yields for similar size catchments 

(21 - 24 km2) to Blackwater and Kit Brook were reported between 0.23 - 0.33 t ha-1 

y-1 (Harlow et al., 2006) and 0.51 - 1.69 t ha-1 y-1 (Brazier, 2004). 

Results showed a linear relationship between increasing crop area and 

sediment yield (Figure 5.34 and 5.36). The regional land use survey (southwest UK) 

suggests a monotonic trend (p = 0.02), Mann Kendall test (α = 0.05), in cropland 
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between 1995 to 2015 (DEFRA, 2018a), suggesting an increase of 8%. However, 

no such trend was observed in the crop extent from the historic maps (1990-2015) in 

either catchment. Nonetheless, the difference in arable land between the 1990 and 

2015 maps showed an increase of 15% in Blackwater and 5% in Kit Brook.  

Land cover has been found to be a key factor for catchment erosion and 

sediment transport (Bracken and Croke, 2007). Moreover, the spatial arrangement 

of land use can also affect the extent of sediment delivery at the catchment outlet 

(Beuselinck et al., 2000). This was empathized in the on-slope net erosion analysis 

suggesting that cropped field arrangements contributed to an increase slope-to-

stream connectivity in flow and sediment delivery, potentially explaining deviations 

from the linear relationship between sediment yield and crop extent (e.g. map 2015 

in Blackwater and 2010 on Kit Brook). Although the topographic resolution (50 x 50 

m grid) did not allow for the representation of finer landscape characteristics 

(hedgerows, artificial drainage and roads) that may be important features in 

sediment connectivity between hillslopes and the stream network (Marchamalo et 

al., 2016); it was possible to examine changes in erosion patterns by recent land 

cover maps. 

Model uncertainty can influence the estimated flow and sediment yield in the 

scenarios. Hence, the errors in predictions (e.g. 30% Qv and 106% in Sy 

[Blackwater]) relative to the land use simulated responses (Qv and Sy) were 

significant in both catchments (p-value <0.01 [Qv], p-value <0.01 [Sy]). 

 

Land cover end-member simulations 

Land cover end-member simulations allow comparison of the catchment-

specific flow and sediment yield limits. The end-member simulation of a full 

catchment under deciduous woodland showed flow volume and sediment yield 

reductions compared with the cropland end-member, which agrees with other 

studies (Peña et al., 2016; Sriwongsitanon and Taesombat, 2011; Zammit et al., 

2005). The end-member scenarios made it possible to identify a lower flow limit by 

deciduous woodland (4x107 m3 [Blackwater] and 5x107 m3 [Kit Brook]) and an upper 

limit in arable crops (5x107 m3 [Blackwater] and 6x107 m3 [Kit Brook]), corresponding 

to a difference of 28% in Blackwater and 26% in Kit Brook. 

In terms of sediment yield differences between deciduous woodland and 

cropland end-members were 819% and 800% in Blackwater and Kit Brook, 

respectively. Comparing the woodland against grass end-member in Blackwater, 

flow volume decreased 16% and sediment yield reduced 24%. Similarly in Kit Brook, 
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flow decreased by 14% and sediment yield decreased 35% over the 4-year 

simulation period. The excessive sediment generation in cropland end-member was 

attributed to longer periods with lower cover than grass or woodland as well as the 

higher erodibility coefficients that simulated the effects of tillage practices (Wicks et 

al., 1992) increasing the ease with which soil particles are detached by raindrops 

and overland flow (section 3.2.2). 

The water balance analysis (Figure 5.39) showed interception as the most 

affected process in the end-member scenarios. Similarly, Birkinshaw et al (2011) 

showed decreases in canopy evaporation and transpiration and increases in soil 

evaporation after logging in a Chilean catchment (0.35 km2). In SHETRAN, canopy 

transpiration is represented by changing LAI and PLAI parameters, in which the 

ground surface remains unprotected for longer in catchments under arable crops 

than deciduous woodland or grass cover. Canopy transpiration depends on the 

amount of intercepted water on the leaf which again is affected by LAI variation over 

the years. In terms of soil evaporation, water loss depends on soil properties which 

also influence the soil water storage. The full catchment cover by cropland showed a 

decrease in net soil water storage (cumulative over 4 years in the surface and 

subsurface [0-1.5 m]) compared with woodland and grass; probably to the 

compaction effect represented in the soil dataset of NSRI for crop areas. With high 

rainfall intensities, soils under winter cereals may generate infiltration excess 

overland flow, reducing water storage in the subsoil. Soil water storage under grass 

was higher than woodland as roots in deciduous woodland are also contemplated in 

the soil water losses (see Figure 3.2). 

The main finding from the end-member scenarios was the difference in 

runoff and sediment generation between woodland and grass. From a mitigation 

perspective, this provides greater support for the planting of woodland (e.g. 

afforestation, woodland riparian buffer) over grass (e.g. crop field rotation, ray grass 

after harvesting, grass buffer, etc). 

 

Crop type effects 

In the UK, field monitoring has related increased erosion to crop type and 

growing season, as well as rainfall variability (Boardman, 2003; Evans, 2005; 

Watson and Evans, 2007) with maize producing higher soil erosion than other cereal 

crops (Boardman et al., 2009; Evans, 2017). However, the aforementioned authors 

emphasize that changes in rainfall patterns can affect this sediment generation 

tendency, particularly during wet autumns in fields under winter cereals. This 
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behaviour was evident where both catchments presented higher sediment yields 

with WC compared with SC and Mz (Table 5.17), except during the average rainfall 

year (2012 - 2013). Although more flow volume (Qv) was observed in WC than Mz 

in this hydrological year, a lower sediment yield (Sy) was obtained (Figure 5.40, 

5.41). The results suggest that under average seasonally-distributed rainfall 

conditions, wet autumn-winter and dry spring-summer (Met Office, 2018), Mz is 

more susceptible to sediment generation by raindrop detachment than flow 

detachment compared with WC. The slightly lower Qv is a consequence of lower 

cover fraction (CLAI and PLA, Table 4.2) of maize (McConnell and Soffe, 2003) 

compared with winter cereals (Gallagher and Biscoe, 1978; Kiniryt et al., 1995). 

Nevertheless, the flow and sediment export presented only a slight difference 

between crops types over the 4-year simulation period (e.g. Qv 6% higher in WC 

than Mz; and Sy, 5% [Blackwater]).  

The planting of cover crops (WC-Cc, SC-Cc and Mz-Cc) presented Qv and 

Sy reductions when compared with the corresponding no-cover crop practice (WC, 

SC and Mz) in which winter cereals were less susceptible to sediment yield changes 

(22% [Blackwater] and 28% [Kit Brook]) and maize the most affected (50% 

[Blackwater] and 62% [Kit Brook]) (Table 5.17). Moreover, planting of cover crops 

after harvest showed a greater Sy difference between crop types (e.g. WC-Cc 42% 

higher than Mz-Cc in Blackwater and 48% in Kit Brook) with relative smaller Qv 

differences (i.e. WC-Cc 13% higher than Mz-Cc in Blackwater and 14% in Kit 

Brook). The effectiveness of planting the rye grass cover crop after harvesting of 

spring cereals and maize is related to reducing the ‘widow of opportunity’ for erosion 

(Boardman, 2003) – i.e. periods of low crop cover that are vulnerable to raindrop 

impact and overland flow erosion. The three crop types (WC, SC and Mz) showed 

soil raindrop detachment vulnerability from November to January as the leaf area 

index (LAI) presented values lower than 0.1; this ‘window of opportunity’ in SC-Cc 

and Mz-Cc was excluded (November-January, LAI <0.1). In contrast, for WC-Cc, the 

‘window of opportunity’ remained as the growing period of winter cereals takes place 

in those months (LAI < 0.1) (Figure 5.42-43). The ‘window of opportunity’ has also 

been reported for winter cereals by Boardman (2013). The findings in the present 

study contrast to Peñuela et al. (2018), in which spring cereals produced more 

sediment than winter cereals (30 years simulation), and minor differences assuming 

crop cover were simulated between them. The differences might be explained by the 

use of a longer rainfall record against the 4-year record in the present study; in 

which normal precipitation can be assume (central limited theorem) when using 

records >30-year in length (Ojha et al., 2008). Furthermore, Peñuela et al. (2018) 
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focused in a catchment in the northeast of Scotland that may affect rainfall 

seasonality and crop growth patterns. Nonetheless, the results in this contribution 

agree with the findings from a contemporary UK field monitoring study (2004-2013) 

in which 39% of the total number of erosion events occurred under winter cereals, 

compared with a 2.7% for spring barley (Evans, 2017).  

Catchment-scale sediment yield reductions higher than 40% were achieved 

by post-harvest planting of cover crops except for winter cereals, which is the most 

common crop in the region (DEFRA, 2018a). In general, winter cereal appeared as 

the most prone crop to soil erosion; although cover crops would reduce sediment 

yields in this crop. The results suggest that planting of spring cereals with cover 

crops is to be preferred over winter cereals for reducing erosion. Moreover, climatic 

projections for 2080 in southwest England estimate a rainfall increase in winter 

(10%) and decrease in summer (up to 40%) (Murphy et al., 2009) potentially making 

winter cereals a less suitable crop for the region. In terms of maize, rainfall 

seasonality was found to be an important factor driving mechanism for erosion, 

especially during an average year in which probably Mz produced more sediment 

than WC and SC cover.  

The crop scenarios were useful for recognising the importance of canopy 

cover in flow and sediment generation and the importance of reducing the extent 

and duration of exposed bare soil through changes in agricultural practices. 

 

Soil compaction  

Soil compaction in arable fields due to the use of heavy machinery has been 

related to increases in overland flow, erosion and sediment yield during events 

(Holman et al., 2003; Inman, 2006; Posthumus et al., 2008). The NSRI soils 

database predicts that permanent grassland areas and arable land present a 

difference in their soil physical parameters, possibly reflecting soil compaction in 

cropland. For example, the first layer (0 – 0.25 m) showed on average higher Ksat 

(30%) and lower ��OD¶(-20%) under permanent grass cover than crops (Appendix 

N). This difference agrees with observed changes between non compacted soil and 

compacted soil in cropped areas reported in other studies (Ksat = 40% and ��OD¶ �	-
18%) (Coutadeur et al., 2002; Dickson and Ritchie, 1996). Nonetheless, the removal 

of potential soil compaction effect in both catchments did not show a decrease in 

flow volume compared with the base run (Table 5.18). Furthermore, sediment yields 

were only slightly affected. It is possible that removal of soil compaction was not 
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sufficient to affect flow and sediment at the catchment scale as crop areas comprise 

only 27 and 29% of the Blackwater and Kit Brook catchments, respectively. 

Another explanation is that soil property differences between crops against 

grass cover presented larger changes on the second soil layer (0.25 – 0.5 m) than 

the first layer (0 – 0.25 m). Arvidsson, (2001) reported saturated hydraulic 

conductivity decreased and bulk density increased on 0.5 m deep compacted soil 

(four wheel passes of 2.75 Mg) compared with non-compacted, and larger 

differences were observed for the subsoil (0.3 - 0.5 m) compared to the topsoil (0 - 

0.3 m). Although the depth of soil compaction has been associated with wheel load, 

up to 65 cm with 5.8 Mg and no deeper than 40 cm with 1.2 Mg (Meek et al., 1992). 

In this context, even when the NSRI dataset seems to represent soil compaction in 

arable land, the relationship between wheel loads to changes in soil properties may 

be a key factor for runoff and sediment generation behaviour in agricultural 

catchments. 

 

Crop spatial arrangement 

Several studies have shown changes to surface flow and sediment transport 

pathways associated with spatial distribution of arable fields (Moussa et al., 2002; 

Peñuela et al., 2018; Van Oost et al., 2000). The crop spatial arrangement scenarios 

in this contribution consider how the placement of crop areas affects sediment 

delivery to the channel network. For example, cropping in areas that exceed the 

recommended slope (>7°) showed sediment increases of 73% in Blackwater and 

22% in Kit Brook, compared with cropped field under the 7° threshold (Table 5.19). 

This is due to higher overland flow and soil erosion associated with increasing slope 

(Assouline and Ben-Hur, 2006). The scenario of cropped fields located on higher 

slopes covered less percentage of crop area (i.e. Ar=17% [Blackwater] and 17% [Kit 

Brook]) compared with the low slope scenario (0-4°). The results emphasize the 

impact on sediment yields from planting crops on fields that exceed the 

recommended slope (DEFRA, 2005). Furthermore, sediment yield on the high slope 

scenarios exceed 50% and 27% compared with similar crop area maps, 1990-

Blackwater and 1990-Kit Brook, respectively. The use of machinery for agricultural 

activities can exceed the 7° threshold (Natural England, 1988) with some cases over 

18° (Messing and Hoang Fagerstro, 2001) where slope location (e.g. stream 

proximity) can exacerbate sediment delivery for which catchment topography plays 

an important role (Brierley et al., 2006; de Vente et al., 2007). Under this 

circumstance, the results of the high slope scenarios highlight the greater sediment 
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generation influence in Blackwater than Kit Brook that can be explained by the 

difference in the location of high-slope areas in relation to channel networks 

between the catchments (section 4.1.1). On the other hand, the cropping areas on 

low angle slopes (0-4°) show similar sediment reductions when compared with base 

run in both catchments (30%). 

The riparian buffers (grass and woodland) in both catchments did not show 

flow volume differences between them. However, Qv was reduced 4% in Blackwater 

and 5% in Kit Brook compared to the base run. The similar runoff in both scenarios 

largely reflects an effect on overland flow rather than rainfall interception by riparian 

buffers as soil properties between woodland and grass were similar and the main 

difference was the vegetation cover fraction (higher in woodland than grass); this 

agrees with the associated infiltration increase in riparian zones and surface flow 

decrease due vegetation roughness (Muscutt et al., 1993). On the other hand, 

riparian buffers are related to a larger effect in sediment reduction (Melville and 

Morgan, 2001); behaviour also observed in the simulations. The woodland buffer 

showed slightly higher sediment trap efficiency than grass (Table 5.19), probably 

due a higher flow resistance and infiltration rate in woodland than grass strips. 

Nonetheless, the difference was explained by the amounts of sediment trapped in 

each riparian buffer over the 4-year period, observed in the analysis of mean net 

erosion in buffer zones (e.g. -4.0 x 10-3 mm in grass buffer and -4.7 x 10-3 mm 

woodland buffer [Blackwater]). The efficiency of woodland riparian buffer have been 

associated with characteristics of the vegetation cover maturity (Fullen et al., 2006) 

and growing season (Pan et al., 2017), it is possible that other woodland species 

with constant cover like coniferous (scarce in the catchments area) are more 

suitable for sediment mitigation.  

Another point to discuss is the simulated buffer width (50 m), as thinner 

strips are usually simulated and have shown improvements in water quality (Sahu 

and Gu, 2009; Schob et al., 2006; Taylor et al., 2016). In UK, riparian buffer widths 

range between 4 and 24 m (DEFRA, 2018b) and the simulated buffer width (50 m) 

was not found in literature, but was a necessary constraint of the grid size used in 

the catchment scale simulations. Use of a 50 m riparian buffer in Blackwater, which 

covered an area of 1.7 km2, reduced sediment up to 14%; whereas the 2.2 km2 

buffer in Kit Brook reduced sediment by 22%. For comparison, the linear relationship 

between cropland extent and sediment yield found in section 5.3.1 shows that to 

achieve a similar reduction in sediment output by decreasing the area under arable 

crops requires loss of a larger crop area of 3.2 and 6 km2 in Blackwater and Kit 

Brook, respectively. This is important as predictions of future land cover changes 
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show a possible increase in crop production (Ewert et al., 2005; Rounsevell et al., 

2005) and crop field extent (van Meijl et al., 2006) for which the implementation of 

wider riparian buffers could present an approach to mitigate any potential future 

increase in sediment delivery. Finally, higher sediment trap efficiency by the 

simulated riparian buffer (grass and woodland) was observed in Kit Brook than 

Blackwater. This is probably due to the difference in topography between the 

catchments as slope gradient uphill of buffer strips has been reported as the main 

contributing variable influencing soil loss (Xiao et al., 2011).  

The different spatial arrangements of cropped fields (random scenarios) 

indicate that variation in these arrangements did not influence water yield but has an 

effect on sediment exports (Table 5.19). Furthermore, the 15 simulations reinforce 

the findings from the historic maps that certain areas of the catchment 

disproportionately increase sediment yield when planted with arable crops. The 

observed change from the random crop spatial arrangements amounted to a range 

in sediment yields of ±13% (Blackwater) and ±10% (Kit Brook). Similar results were 

observed in Peñuela et al. (2018) but with more pronounced effect (sediment 

changes up to 26%).  

The results show an easy adaptability of the model to simulated real 

situations; this is possible due the structure of the model. For example, the daily 

variation of leaf area index allowed observing the effects of different type of crops; 

the representation of soil as columns with different soil layer allowed the simulation 

of a soil compaction removal effect; the catchment representation by grids and 

model flexibility with ArcGIS allowed the simulation of land use changes through 

different vegetative spatial representation. Altogether, shows SHETRAN as a viable 

method to address real world problems related to land use changes and land 

management practices. 

 

6.4 Subcatchment flow and sediment flux responses to 

alterations in landscape features 

 

The simulated Kit Brook subcatchments (SC1 = 0.48, SC2 = 0.37 and SC3 = 

0.57 [km2]) required the adjustment of the Strickler coefficient (Stk) using the 

calibrated Stk values (grid, 50 x 50 m) in other DEM resolutions (i.e. 200m, 100m 

and 25m) (section 5.2.4.4). De Figueiredo and Bathurst, (2007) also showed 

changes in this parameter for plot, micro-basin and basin applications. The available 

literature of Stk indicates a range of values between studies; nonetheless, reported 
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values were  highest for urban areas and the lowest for woodland (Engman, 1986; 

Kværnø and Stolte, 2012; Rahimy, 2011; Schob et al., 2006). On the other hand, the 

Stk for arable and grass areas were not consistent; although majority of the Stk 

showed higher values in grass than arable land. Under this assumption, it was found 

the adjusted Strickler coefficients in resolution grid 5 x 5 m (Table 5.21) suitable for 

the subcatchment simulations. Moreover, the predicted sediment yields (SC1= 0.7, 

SC2 = 0.5 and SC3 = 0.8 [t ha-1 yr-1]) were consistent with field based studies; for 

example, 2.89 t ha-1 yr-1 in a 0.84 km2 catchment and 0.11 t ha-1 yr-1 in a 0.77 km2 

catchment (Brazier, 2004). 

In general, a larger effect on runoff and sediment yield was observed from 

cropped fields than paved areas; this was expected as according to literature paved 

areas were simulated as transport features (Kuang et al., 2011; Levenberg and 

Manevich, 2013; Norambuena-Contreras, 2015), contrary to crop areas (Bathurst, 

2011; Wicks et al., 1992). Moreover, during larger events agricultural fields have 

greater flow effects due to their larger area compared with roads (Ziegler and 

Giambelluca, 1997). Nonetheless, in the presence of crops areas, the effect of on-

level roads and removal of them was analysed and cumulative flow over the 4-year 

period and event scale flow showed minor changes. However, a faster event-flow 

arrival was observed in road scenarios compared with removal of them (Appendix 

Q); behaviour also noted in monitoring studies (Buchanan et al., 2013; Montgomery, 

1994). On the other hand, the sunken lanes showed higher peak discharge effects 

and relatively small changes in water yield compared with on-level roads (both 3% in 

SC1 and SC2). Rapid runoff in sunken lanes during rainfall events have been 

reported in southern England (Boardman, 2013b) and commonly associated to 

slope and road length/density, and this also applies to on-level roads (Croke and 

Mockler, 2001; Sofia et al., 2016). Under this concept, total roads length in SC3 was 

the largest (4 km), followed by roads in SC2 (3 km) and SC1 (1.5 km). Moreover, the 

subcatchments presented important topographic differences (Figure 4.19). For 

example, there was higher dispersion in subcatchment slopes and road slopes in 

SC1, whereas SC2 and SC3 were similar. However, these characteristics were not 

found to be the main drivers to flow and sediment responses, in which the crop field 

linkage with roads appeared to be the main cause for sediment export increases, 

clearly observed in SC1 (Figure 5.49). This high sediment mobilization by road-

cropland interaction was also observed by Boardman, (2013b). However other 

factors have been considered in terms of road-to-stream connectivity (Croke and 

Mockler, 2001); first, the road location, particularly where roads are orientated 

parallel to the stream (Pechenick et al., 2014) and second, the road-stream crossing 
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point (Blanton and Marcus, 2009). The SC1 and SC2 showed a road orientated 

parallel to the stream and in SC3 a road-stream crossing. 

This degree to which landscape elements interact falls under the structural 

connectivity concept (Collinge and Forman, 1998; Turnbull et al., 2008). Overall, 

SC1 presented more characteristics related this structural connectivity: a) steeper 

slope (catchment and roads) than SC2 and SC3, b) a road-cropland interaction 

(higher crop area and near to road), and c) a road oriented parallel to the stream. In 

this particular subcatchment, flow between scenarios was only slightly affected 

(Figure 5.49). However, the on-level road scenario presented a 2% decrease in Sy 

compared with removal of roads and 35% decrease between sunken lane 

representation and the removal of sunken lanes. Furthermore, differences between 

on-level roads and sunken lanes showed sediment increases of 50%. However, the 

interaction of structural characteristics with the hydrological process - functional 

connectivity (Bracken et al., 2013) in SC1 and SC2 presented similar 4-year and 

event flow responses, despite the differences in their structural characteristics 

(except for the road oriented parallel to stream). Nonetheless, sediment presented 

contrasting behaviour (e.g. differences between on-level roads and sunken lanes 

showed sediment decreases of 36% [Figure 5.57]). The results showed a flow and 

sediment disparity as a consequence of how roads act in the subcatchments; as 

corridors, barriers, sink or sources for sediments (Jones et al., 2000). The mean on-

slope net erosion per land cover (Figure 5.56) showed a high variability between 

scenarios, especially in road areas. In contrast, the SC2 scenarios presented low 

variability (Figure 5.64). Under this concept, it can be inferred that the road in SC1 

act as a ‘corridor’ carrying deposited sediments that come from the nearest 

sediment sources (crop field) and the road in SC2 acted as ‘sink’ of sediments 

(deposition). Furthermore, in the sunken lanes representation the road acted as a 

sink (Figure 5.59) 

The subcatchment 3 (SC3) showed a more complex behaviour related to the 

land cover, especially due to the urban area. The higher Sy with removal of the 

urban area and roads (substituted by grass) was related to the increase in soil 

detachment (Figure 5.66). On the other hand, the rest of the scenarios did not show 

important Sy differences as crop area covered 25% of the subcatchment. In terms of 

flow volume; first, it is important to mention that the purpose of this urban 

representation was to capture flow changes by small villages but does not include 

representation of all aspects of urban water management (e.g. sewerage, network 

pipelines etc) (Barbosa et al., 2012; Jacobson, 2011; Loperfido et al., 2014). 

SHETRAN was not developed for this purpose compared with other models 
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(Fletcher et al., 2013; Schirmer et al., 2013). Nonetheless, the representation of 

paved areas showed important surface flow changes compared with the absence of 

paved areas (urban and roads) (Figure 5.68). However, this village representation 

showed minor effects in the 4-year cumulative flow; although the July 2012 event 

(Figure 5.66) showed important differences (Figure 5.67). This event, which lasted 

one day, may reflect the contribution urban areas can make to downstream flooding 

in the UK (Pregnolato et al., 2017; Wheater, 2006).  

The subcatchment results showed a plausible use of SHETRAN to represent 

paved roads. However, field studies are suggested to corroborate used parameters 

values (e.g. soil properties in paved roads) and to provide reliability of paved road 

representation by SHETRAN. Nonetheless, it was found SHETRAN as a tool to 

modelling landscape features and its potential use for flow and sediment 

connectivity analysis. 
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Chapter 7 

 

Conclusion 

 

7.1 Summary of research findings 

The aim of this thesis was to quantify the impact of changes in agricultural 

land use, landscape features and management measures on flow generation, soil 

erosion and sediment transport, for which the use of a physically-based spatially-

distributed model, SHETRAN, was necessary. The model was applied in two small 

agricultural catchments in southwest England (Blackwater [18 km2] and Kit Brook 

[22 km2]) and the simulated scenarios addressed problems related to agricultural 

land use, management practices and landscape modifications in the UK. To reach 

the above aim, six objectives were developed. 

The first objective was to characterize event, seasonal and annual variability 

in measured flow and sediment transport in paired agricultural catchments. 

Measured flow patterns were consistent with average rainfall seasonality in 

southwest England (wet winters and dry summers), except for the period 2011-

2012. The hydrological analysis showed a higher level of runoff in Kit Brook than in 

Blackwater. A total of 99 flow events, 46 in Kit Brook and 53 in Blackwater were 

identified from the measured data. The hysteresis index (HI) analysis of these 99 

events showed C-Q clockwise behaviour in majority of the events, indicating the 

arrival of the suspended sediment concentration peak before the discharge peak, 

and possible sediment exhaustion effects during these events. The HI in Kit Brook 

events presented higher values than Blackwater. Furthermore, events that occurred 

simultaneously in both catchments showed higher sediment concentration in Kit 

Brook than Blackwater. The characterization of the measured data showed 

higher flow levels and sediment delivery in Kit Brook than Blackwater as well 

as more prominent C-Q clockwise hysteresis behaviour. 

The second objective was to use a physically-based, spatially-distributed 

model to simulate hydrological, soil erosion and sediment transport processes at a 

paired catchment scale, assessed model performance through calibration and 

evaluation processes, and establish parameters to which model is sensitive using 

the one-at-a-time (OAT) and multi-criteria methods. SHETRAN showed reasonable 

streamflow performance with Nash-Sutcliffe coefficient values of 0.8 in the 

Blackwater (calibration) and 0.6 in Kit Brook (evaluation). Moreover, runoff over the 
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complete period showed a 6% over estimation in Blackwater and 10% under 

estimation in Kit Brook. Flow duration curves showed better model flow predictions 

during higher flow periods. Nevertheless, event performance showed under-

prediction of peak flow, volume, sediment peaks and sediment exports for both 

catchments. The absolute mean percentage of difference (µAbsdiff) in flow volume 

was 30% in Blackwater and 40% in Kit Brook, with higher differences in sediment 

yield (106% - Blackwater, 298% Kit Brook). SHETRAN showed accurate flow 

prediction for the complete period (October 2010 – September 2014) with 

better event performance during wet periods than dry ones. Prediction of 

sediment fluxes performed well in terms of event timing with a better 

prediction in Blackwater than Kit Brook. 

The sensitivity index (SI) method applied to parameters in the water flow 

component (AE/PE, Ksat and Stk) and sediment transport component (Kr and Kf) 

showed flow volume (Qv) was sensitive to saturated hydraulic conductivity (Ksat), 

and peak flow (Qp) to the Strickler coefficient (Stk); whereas sediment yield (Sy) 

was sensitive to overland flow erodibility coefficient (Kf) and sediment flux peaks 

(Sp) to the raindrop/leaf soil erodibility coefficient (Kr). The sensitivity per factor of 

change, showed Qv increases (70%) and mean of flow peaks (Qpµ)  decreases 

(100%) by varying Ksat values from factor 0.1 (F0.1) to factor 10 (F10). For increases in 

the Stk value (F0.1 to F10), Qv increased by 20% and Qpµ by 130%. Sediment yield 

(Sy) increased by 140% and 120% from F0.1 to F10 in Kf and Kr, respectively. Finally, 

the mean of sediment flux peaks (Spµ) increased by 140% and 150% with increases 

in Kf and Kr, respectively. The multi-response sensitivity analysis highlighted the 

problem of equifinality occurring with Ksat increases in combination with Stk 

decreases, and vice versa. Similar effects were observed in Kr and Kf combinations. 

From the three sensitivity methods, it can be concluded that Stk has a greater 

effect on Qv and Qp predictions than Ksat; whereas Sy and Sp are slightly 

more affected by Kf than Kr. 

The third objective was conducted to evaluate the sensitivity of simulated 

flow and sediment fluxes to digital elevation model (DEM) grid size (25 x 20 m, 50 x 

50 m [base run], 100 x 100 m and 200 x 200 m). This scale resolution sensitivity 

showed higher slope angle distribution by smaller grid size. Flow volume was only 

slightly affected by DEM resolution changes; although flow peak decreased and 

event duration increased with increasing grid size. Similar behaviour was observed 

in sediment flux peaks and event duration; nonetheless sediment yield presented 

over-prediction in all the resolutions (40% in 25 m, 13% in 100 m and 7% in 200 m). 

The water balance analysis reflected only a minor effect from small changes in land 
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cover representation for each DEM resolution. In contrast, the simulated channel 

length differed between DEM resolutions affecting channel water storage; the 

highest values in 25 x 25 m grid size simulation and the lowest in 200 x 200 m. 

Model prediction assessed by the same coefficients as used in the calibration and 

evaluation procedures (i.e. NSE and µAbsdiff [Qv, Qp, Sy and Sp]) showed a better 

performance by the base run resolution than the other resolution, although 

coefficients for the finest DEM grid size (25 x 25 m) showed small differences 

compared with 50 x 50 m. In general, finer DEM grid resolutions tend to produce 

better predictions of flow and sediment flux peaks and event durations; 

whereas flow volumes are not affected by the variations in grid size but 

sediment yields were over predicted. 

The fourth objective sought to quantify the effects on flow and sediment 

generation from changes in recent agricultural land cover (1990 - 2015) under 

contemporary climatic conditions. Simulations showed only minor effects on flow 

over the 4-year study period. In contrast, Sy presented a linear relationship with 

increasing crop extent in the majority of the land cover maps. Those land cover 

maps that did not follow this linearity (e.g. Blackwater 2015 and Kit Brook 2007) 

presented on-slope patterns of erosion and deposition near the stream that may 

explain the Sy differences. Overall, it was found that both the spatial extent of 

cropping along with crop field arrangement influence patterns of erosion and 

slope-to-stream sediment delivery, increasing catchment sediment exports.  

The fifth objective was to simulate the effects of crop type (e.g. winter 

cereals, spring cereals, maize), arable soil compaction, arable field location, and 

riparian buffer mitigation measures on catchment-scale runoff and sediment exports. 

Simulating the effects of crop type over the complete study period (2010 - 2014) 

showed that winter cereals produced the largest flow and sediment generation, 

whereas maize produced the lowest. However, sediment generation under average 

rainfall seasonality (e.g. Oct 2012 – Sep 2013) showed slightly greater effects on 

sediment exports from maize versus winter cereals, evidencing the intersecting 

influence of both crop type and rainfall variability on sediment exports. The monthly 

analysis defined a period of vulnerability for soil erosion in the November, December 

and January months in the absence of soil protection practices (rye grass cover crop 

planted after harvesting). Covering soil with grass in these vulnerable months 

showed important sediment reductions for the three crop types. The highest 

sediment yield reduction (51% Blackwater; 62% Kit Brook) was observed for maize 

(Mz vs Mz-Cc), and the lowest for winter cereals (WC vs WC-Cc) (22% Blackwater; 

28% Kit Brook). The low sediment reduction for winter cereals was related to the 
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limited plant growth that occurs between September – February (Leaf area index, 

LAI < 0.2) during which time the soil remains vulnerable to rainfall impact erosion. In 

summary, the results showed that winter cereals are most susceptible to soil 

erosion due to soil vulnerability during no plant growth in winter months, 

period that tend to coincide with higher rainfall. However, maize was found to 

produce slightly higher sediment exports under average seasonal rainfall 

patterns. Cover crops such as rye grass can reduce erosion and sediment 

delivery to steams with highest efficiency in maize, followed by spring cereals, 

and finally winter cereals.  

Changing soil properties of areas under arable crops to soil property values 

associated with permanent grass cover was used to explore a potential soil 

compaction effect on runoff and sediment exports. Soil under permanent grass 

showed higher vertical saturated hydraulic conductivity (Kvsat) compared with arable 

crops (e.g. 30% [0 – 0.25 m] and 19% [0.25 – 0.5 m] in Blackwater) and lower soil 

bulk density (ρbulk) (e.g. in Blackwater -22% [0 – 0.25 m] and -9% [0.25 – 0.5 m]). 

The scenarios simulations indicated negligible Qv changes and minor differences in 

Sy (3% in Blackwater and 4% in Kit Brook). The soil water storage in the water 

balance analysis presented small changes but not enough to cause runoff 

increases. The percentage of the catchment land under a possible soil compaction 

effect was 27% in Blackwater and 29% in Kit Brook, respectively. Hence, larger 

areas affected by soil compaction may result in further increases in water and 

sediment yield.  

In the UK it is recommended to crop in slopes lower than 7° to avoid high 

levels of soil erosion; however, cropped areas may reach a limit of 18° and in 

particular cases up to 25°. Two scenarios for each catchment were developed to 

assess effect on flow and sediment generation; the first one with cropland in areas 

with slopes lower than 7°, and the second one on slopes >7° (up to 18° in 

Blackwater and 22° in Kit Brook). In both catchments, the scenarios that tested the 

effect of crop fields located on low slopes show similar Qv compared with the base 

run scenario. However, sediment yield was reduced by 30% in Blackwater and 31% 

in Kit Brook. The results from the cropland located on slopes higher than >7° 

scenarios were difficult to quantify when compared with the respective catchment 

base runs as the selected areas did not allow a similar percentage of crop area. 

However, when compared with historical maps with similar crop area (i.e. 1990) flow 

showed only slight changes but sediment decreased 50% in Blackwater and 30% in 

Kit Brook. The outcomes emphasized that crop-slope location is an important 

driver to sediment yield changes. 
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The use of riparian buffer strips (deciduous woodland and grass) as a 

mitigation practice showed deciduous woodland buffers were slightly more efficient 

than grass strips at trapping sediment. Higher sediment reductions were obtained in 

the riparian buffer scenarios of Kit Brook than Blackwater. Overall, the use of 

riparian buffers can mitigate sediment delivery to the stream, although their 

efficiency was found to depend on catchment characteristics. 

The use of a Monte Carlo method for assigning crop cover to fields provided 

the basis for evaluating the effect of crop spatial arrangement on catchment flow 

and sediment exports. In both catchments, the 15 randomised crop cover scenarios 

showed that crop arrangement had a negligible effect on flow. Conversely, the 

predicted sediment yields varied 7-13% with the different spatial patterns of crop 

cover. The results highlight the influence of cropped field arrangements on 

sediment delivery to streams. 

The final objective was to quantify the effects of landscape features, namely 

road and lane networks. For this purpose six scenarios were examined: a) ‘Rds’, on-

level paved roads representation in the current 2010 land cover; b) ‘Rds-Grs’, road 

representation with cropped areas substituted by grass; c) ‘RdsRmv’ replacement of 

the paved road surface with grass; d) ‘SnkRds‘, sunken roads representation; e) 

‘SnkRds-Grs‘, sunken roads with arable fields changed to grass; and f) 

‘SnkRdsRmv’ replacement of the paved surface of sunken roads with grass cover. 

Sunken roads were not evaluated in SC3 due the present of a small urban area but 

to observe the influence of this village, two extra scenarios were simulated: d) 

‘UrRmv-Rds’, urban area removed and roads remain and e) ‘Ur&RdsRmv’, urban 

area and roads removed.  

The cropped fields substituted by grass (i.e. Rds-Grs and SnkRds-Grs) 

showed the lowest runoff and soil erosion. However, the other scenarios presented 

contrasting behaviour between subcatchments related to differences in land cover 

and slope dispersion. A shorter peak flow arrival time was observed in the road 

scenarios compared with road removal but only slight changes occurred in 

cumulative flow over the 4-year period. Sediment yield (Sy) of the complete study 

period showed higher values in Rds than RdsRmv in SC1 (2%) and SC2 (1%), and 

lower in SC3 (9%). Similar behaviour was observed between SnkRds and 

SnkRdsRmv with higher impacts, doubled Sy in SC1 and was similar in SC2. The 

largest event occurred in July 2012 showed higher Qv in Rds than RdsRmv in the 

three subcatchments (4% [SC1], 1% [SC2] and 3% [SC3]). However, minor Sy 

changes were observed in SC1 and SC2, and an increase occurred in SC3 between 

Rds and RdsRmv scenarios. In contrast, SnkRds presented higher Sy compared 
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with SnkRdsRmv in SC1 (35%) and lower in SC2 (-4%). Sunken lanes presented a 

faster flow arrival than on-level roads; attributed to the confined flow in the sunken 

areas. Sediment exports were more affected for on-level roads than sunken lanes. 

The urban area in SC3 showed minor changes in Qv but higher flow peaks 

and prolonged events when compared with removal of the urban area. Furthermore, 

surface runoff was more extensive when the village was represented than when it 

was removed, regardless of the presence or absence of roads. Sediment yield did 

not present important changes as catchment was cover mostly grass (45%) and 

paved areas (30%) compared with cropland (25%). Cropped fields had a larger 

effect on runoff volumes and soil erosion than road network. However, the 

presence of roads near crop fields can cause an increase in flow volume, 

especially at an event scale, impacting sediment peaks and yields. Changes to 

flow surface pathways from urban areas can generate higher flow peaks and 

prolonged events. 

 

7.2 Research contribution  

The use of SHETRAN in a semi-coarse spatial resolution (50 x 50 m) and 

small temporal scale of data (15-minute) for a 4-year simulation of runoff and 

sediment flux has not been previously reported. Furthermore, the representation of 

agricultural land use and management practices in the scenarios showed a plausible 

use of this PBSD model to quantify impacts on runoff and sediment generation. 

Moreover, the thesis presented distinct applications of methods reported in the 

literature to make the following contributions:  

• Analysis of a dataset incorporating flow peaks, flow volume, sediment yield 

and sediment flux peaks of 99 events from two paired agricultural catchment; 

including climate variables for the events along with a variable related to land cover 

(LAI) to explain observed suspended sediment concentration-discharge hysteresis 

patterns (HI). 

• The use of the adapted SI, sensitivity by factor of change, and multi-

parameter criteria together for an extensive sensitivity analysis to detail and 

understand parameter importance in each SHETRAN modelling process. 

• Reporting the effect of DEM resolution on model predictions of flow volume, 

peak discharge, sediment yield and sediment flux peaks and the evaluation of these 

predictions. 
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• Testing the effect of both crop cover extent and spatial arrangement on 

catchment runoff, soil erosion and sediment exports using recent past land cover 

maps for each catchments. 

• The quantification of flow and sediment changes by different crop types with 

and without the soil protection practices (rye grass cover crop after harvesting) using 

a PBSD model. 

• Testing mitigation scenarios related to land use management (e.g. crop field 

locations according to slope; woodland and grass riparian buffer strips) to quantify 

effectiveness in reducing runoff and sediment yield. 

• Applying a Monte Carlo method to randomise crop placement within fields 

across the catchments to test the effect of different crop spatial arrangements on 

runoff and sediment yields with a PBSD model. 

• Simulating the effects of specific landscape features, namely roads, sunken 

lanes and urban areas, on subcatchment flow and sediment transport using a PBSD 

model.  

 

7.3 Further work  

At the end of this contribution some questions emerged; for some of them 

the recommendations below are given for future investigation: 

• What are the implications of agricultural practices for C-Q hysteresis 

behaviour? Is there a relationship between them? The use of a robust event dataset 

is recommended, incorporating more paired events from nearby agricultural 

catchments and other variables related to agricultural practices. 

• How can the problem of equifinality in SHETRAN be reduced? What are the 

equifinality implications of Strickler coefficient and saturated hydraulic conductivity in 

the predictions of sediment exports? Due to model run times (24 hrs), the multi-

parameter method was limited to the parameters to which the results are most 

sensitive found using the SI method. The use of an automatic, multi-parameter 

method that incorporates more parameters (e.g. bank erosion erodibility coefficient) 

is recommended and sediment equifinality calculations from water flow component 

parameters be applied. 

• What are the effects on soil erosion of different crop types and crop spatial 

arrangements under longer-term climatic variability? This question can be 

addressed by applying past and future climate change projections in the simulated 

scenarios.  
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• Can SHETRAN be modified to better quantify flow and sediment transport 

effects associated with landscape features (e.g. surface drains, roads) at a 

catchment scale? One of the advantages of SHETRAN is its ability to simulate 

stream networks as a set of channel links with a width, height and Strickler 

coefficient for each link. In this contribution, the width and height of the links were 

set according to the channel field measurements and the Strickler coefficient was 

left as the default value (20 m1/3 s-1). Perhaps roads and surface drains could be 

incorporated into the channel link network with different parameters. What 

parameters/processes should be considered for simulation of these features? 

• How does the loss of hedgerows from agricultural landscapes affect flow and 

sediment pathways? In the subcatchment this scenario was contemplated. 

However, limited information on hedgerow vegetation and soil characteristics and 

how hedgerows affect surface runoff, combined with the DEM resolution (5 x 5 m), 

restricted the ability to credibly represent hedgerow features within the model. 

Nonetheless, the question remains open.  
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Chapter 8 
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Chapter 9 

 

Appendices 

 

Appendix A. Parameters for the growing cycle of each vegetation type 

Vegetation type Planting Julian date Maturity day PHU Tbase 

(C°) 
LAImax L1 L2 FPHU,sen k 

Woodland 
(deciduous) 

1 364 n/a n/a 5 n/a n/a n/a 0.65 

Winter Cereals 270 205 1800 0 4 5.92 21.47 0.5 0.45 
Spring Cereals 51 221 1570 0 4 5.92 21.47 0.6 0.45 

Maize 121 184 950 8 3 n/a n/a n/a 0.45 
Rye grass 

(cover crop) 
n/a n/a 1400 5 4 1.45 11.55 0.5 0.35 

n/a – data not available 

  



216 

 

Appendix B. Additional information of hydrological data 

Probe in Kit Brook 

The probe (Troll 9500) on Kit Brook was relocated from original site (Site1) to site 15 m downstream (Site2) on 30/07/2013. A second 

probe (Aquatroll 200) was used to record water depth on Site1. Crossover data (02/10/2013 to 05/10/2013 and 21/10/2013 to 29/10/2013) of 

the two probes showed a regression equation of Ã � 	
0.1728}I . 1.051} . 0.0097	��I � 0.991�. This equation was applied to estimated data 

on Site 2 using data of Site 1 before the relocated date (30/07/2013). 

 

Mean flow and base flow of studied and NRFA catchments. 
Catchment 

(NRFA Station) Kit Brook(a) Blackwater(a) Gallica 
(52020) 

Tadburn Lake 
(42020) 

Lumburn 
(47016) 

Mean flow (m3 s-1) 0.65 0.44 0.25 0.29 0.54 
Base flow 0.49 0.26 0.26 0.75 0.63 

Area (Km2) 22.0 18.0 16.4 19 20.5 
Location South West South West South West South West South West 

a) Calculated from October 2010 to September 2014 using converted flow from the quadratic equation. 
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Appendix C. Model setup parameters 
 
Water flow component 

Vegetation Parameters 

Name,  Symbol in 
equations 

Acronym 
in code Unit Values Reference 

Drainage rate when 
canopy is at its storage 

capacity 
k  CK. Mm s-1 0.00001(1) SHETRAN, Slapton example files. 

Drainage rate as canopy 
dries Interception  b CB mm-1 2(1) SHETRAN, Slapton example files. 

Soil moisture tension Ea/Ep vs ᴪ  PSI vs 
FET  

decima
l 

fraction 
vs KPa 

ᴪ 
(KPa) 

Ea/Ep (decimal fraction) 
Ur NH Ar PG 

-1000 0.0 0.0 0.0 0.0 

-150 0.0
3 

0.02
8 

0.0
2 

0.02
5 

-50 0.1
2 0.11 0.0

8 0.10 

-20 0.3
0 0.28 0.2

0 0.25 

-10 0.4
8 0.44 0.3

2 0.40 

-1 0.6
0 0.55 0.4

0 0.50 

-0.1 0.6
0 0.55 0.4

0 0.50 
 

The relation is specified in the 
model as a table of Ea/Ep values 
against ᴪ. 

Overland Strickler 
coefficient  k(x,y) CATR m1/3 s-1 1.0(1) For calibration 

Channel Strickler 
coefficient  kl(x,y)  STR m1/3 s-1 20 For calibration 

    Ur NH Ar PG  
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Canopy storage capacity S  CSTCAP mm 0.3(a) 1.5(b) 0.5(b) 0.1(b) 
a) SHETRAN (data requirements 

file) 
b) (Birkinshaw, 2008) 

Proportion of ground 
hidden by vegetation at 

its maximum extent 
p=PLAI  PLAI 

decima
l 

fraction 
0.3 1.0 1.0 1.0 

a) SHETRAN, Slapton example 
files. 

b) SHETRAN guide 
Ratio of total leaf area to 
area of ground cover by 

vegetation  
p’=LAI CLAI 

decima
l 

fraction 
1.0(a) 4.0(b) 1.0(b) 1.6(b) 

a) SHETRAN (data requirements 
file) 

b) (Birkinshaw, 2008) 
Soil Parameters 

Soil depth  DCRBED m 

Appendix D Cranfield dataset (1st to 5th layer) 

Hydraulic conductivity  K(x,y) Kx, Ky m day-1 

Water content Θ  THSAT, 
THRES w w-1 

Van Genuchten 
parameters 

n and α 
 n, ALF dimensi

onless 
 

Sediment transport component 
Soil Parameters 

Bulk density (kg m-3) ρsoil RHOSO kg m-3 Appendix D Cranfield dataset (1st to 5th layer) 
Raindrop impact soil 
erodibility coefficient,  Kr  GKR 1 J-1 1.3 a) (Bathurst, 2011)  

b) (Wicks et al., 1992)  
Overland flow soil 

erodibility  Kf GKF kg m2 s-

1 65x10-8 a) (Bathurst, 2011)  
b) (Wicks et al., 1992)  

Bank erodibility 
coefficient kb BKB kg m2 s-

1 0.0 Not bank erosion simulation 

Proportion of ground 
shield by near ground 

cover  
Cg FCG decimal 

fraction 0.3 Initial condition. 

Proportion of shield by 
ground level cover  Cr FCROCK decimal 

fraction 0.0 Initial condition. 

    Ur NH Ar PG  



219 

 

Average leaf drip fall 
distance) X XDRIP m 3.0 2.0(a) 1.1(b) 0.5(b) 

a) (Lukey et al., 2000)  
b) (Wicks et al., 1992). 

Average leaf drip 
diameter dl DRDRIP m 0.002 0.004(

a) 0.0055(b) 0.0045(b) 

Proportion of drainage 
that falls as leaf drip  Ld FDRIP decimal 

fraction 0.9 0.3(a) 0.73(b) 0.35(b) 

Equations and Thresholds 
    Value (units)  

Total volumetric 
transport capacity  Gtot ISGSED m3 s-1 Equation 14 (section 2.6) (Lukey et al., 2000) 

Critical shear stress for 
initiation of sediment 

motion 
τec ISTEC N m-2 Equation 17 (section 2.6) (Lukey et al., 2000) 

Sediments flow capacity 
threshold  FPCRIT FPCRIT dimensi

onless 0.5 Initial condition. 

Threshold depth of loose 
sediment above which 

erosion is zero 
DLSMAX DLSMAX m 0.01 Initial condition. 

Initial depth of loose/bed 
sediment  Zi. DLS m 0.0 Initial condition. 

Ratio of settling to re-
suspension critical shear 
stress for fine sediments 

α ALPHA dimensi
onless 1.0 Initial condition. 

Loose sediment porosity λ PLS dimensi
onless 0.49(2) Cranfield soil dataset. 

Maximum depth of the 
top bed sediment layer δo DCBEDO m 0.0 Initial condition. 

Mobile fine sediment 
concentration threshold 

for infiltration 
FICRIT FICRIT dimensi

onless 0.0 Initial condition. 

Fines bed sediment 
fraction above which FBICRIT FBIC dimensi

onless 0.0 Initial condition. 
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there is no infiltration 

Bed sediment porosity ϕ PBSED dimensi
onless 0.65 Initial condition. 

Mobile sediment 
concentration threshold 

for over bank flow 
CONCOB CONCOB dimensi

onless 0.0 Initial condition. 

Initial fraction of 
loose/bed sediment in 

each size group 
FBETAf FBETA dimensi

onless 0.0 Initial condition. 

(1) Same value in all land uses 
(2) Mean of porosity on the first two layers of each soil type (40 cm depth) 

 
 

  



 

Appendix D. Hydraulic conductivity and bulk density of arable and permanent grass in the National Soil 

Resources Institute dataset

Hydraulic conductivity (K

 

Appendix D. Hydraulic conductivity and bulk density of arable and permanent grass in the National Soil 

Resources Institute dataset

Hydraulic conductivity (K

Appendix D. Hydraulic conductivity and bulk density of arable and permanent grass in the National Soil 

Resources Institute dataset

Hydraulic conductivity (Ksat)

Appendix D. Hydraulic conductivity and bulk density of arable and permanent grass in the National Soil 

Resources Institute dataset 

) 
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Appendix D. Hydraulic conductivity and bulk density of arable and permanent grass in the National Soil 



 

Arable (black) and grass (red) saturated hydraulic conductivity at differen

 

 

Arable (black) and grass (red) saturated hydraulic conductivity at differen

 

Arable (black) and grass (red) saturated hydraulic conductivity at differen
not in Cranfield dataset, therefore was replace for QUORND soil in Kit Brook due their similar characteristics.

Arable (black) and grass (red) saturated hydraulic conductivity at differen
not in Cranfield dataset, therefore was replace for QUORND soil in Kit Brook due their similar characteristics.

Arable (black) and grass (red) saturated hydraulic conductivity at differen
not in Cranfield dataset, therefore was replace for QUORND soil in Kit Brook due their similar characteristics.

a) 

b) 

Arable (black) and grass (red) saturated hydraulic conductivity at different soil depth of each soil type, a) Kit Brook b) Blackwater Note: HENSE soil data was 
not in Cranfield dataset, therefore was replace for QUORND soil in Kit Brook due their similar characteristics.

t soil depth of each soil type, a) Kit Brook b) Blackwater Note: HENSE soil data was 
not in Cranfield dataset, therefore was replace for QUORND soil in Kit Brook due their similar characteristics.

t soil depth of each soil type, a) Kit Brook b) Blackwater Note: HENSE soil data was 
not in Cranfield dataset, therefore was replace for QUORND soil in Kit Brook due their similar characteristics.

t soil depth of each soil type, a) Kit Brook b) Blackwater Note: HENSE soil data was 
not in Cranfield dataset, therefore was replace for QUORND soil in Kit Brook due their similar characteristics. 

222

 

t soil depth of each soil type, a) Kit Brook b) Blackwater Note: HENSE soil data was 
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t soil depth of each soil type, a) Kit Brook b) Blackwater Note: HENSE soil data was 



 

Water retention curve (WRC)

 

Water retention curve (WRC)Water retention curve (WRC)Water retention curve (WRC) 

a) 
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Arable (black) and

 

Arable (black) and permanent grass (red) water retention curve (WRC) of each soil layer. a) The six soil types on Kit Brook, b) The five soil ty

 

permanent grass (red) water retention curve (WRC) of each soil layer. a) The six soil types on Kit Brook, b) The five soil typermanent grass (red) water retention curve (WRC) of each soil layer. a) The six soil types on Kit Brook, b) The five soil ty

b) 

permanent grass (red) water retention curve (WRC) of each soil layer. a) The six soil types on Kit Brook, b) The five soil ty
Blackwater. 

permanent grass (red) water retention curve (WRC) of each soil layer. a) The six soil types on Kit Brook, b) The five soil typermanent grass (red) water retention curve (WRC) of each soil layer. a) The six soil types on Kit Brook, b) The five soil typermanent grass (red) water retention curve (WRC) of each soil layer. a) The six soil types on Kit Brook, b) The five soil ty
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permanent grass (red) water retention curve (WRC) of each soil layer. a) The six soil types on Kit Brook, b) The five soil types on 
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Bulk density (

 

Bulk density (ρBulk density (ρDensity) 

a) 
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Arable (black) and grass (red) bulk density ( Arable (black) and grass (red) bulk density ( Arable (black) and grass (red) bulk density ( Arable (black) and grass (red) bulk density ( !"#$%) of each soil layer. a) The six soil types on Kit Brook, b) The five soil types on Blackwater.

b) 

of each soil layer. a) The six soil types on Kit Brook, b) The five soil types on Blackwater.of each soil layer. a) The six soil types on Kit Brook, b) The five soil types on Blackwater.of each soil layer. a) The six soil types on Kit Brook, b) The five soil types on Blackwater.of each soil layer. a) The six soil types on Kit Brook, b) The five soil types on Blackwater.
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of each soil layer. a) The six soil types on Kit Brook, b) The five soil types on Blackwater. 
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Appendix E. Factorial changes for each type of land cover for 

the sensitivity analysis 

Parameter 
(Unit) 

Land 
Cover 

Factor 
0.01 

Factor 
0.1 

Factor 1 
(Base 
Run) 

Factor 
10 

 

AE/PE 
(dimensionless) 

Ur 0.0060 0.060 0.60 1.0(b) 
NH 0.0055 0.050 0.55 1.0(b) 
Ar 0.0040 0.040 0.40 1.0(b) 
PG 0.0050 0.050 0.50 1.0(b) 

Ksat 
(m day-1)(a) 

All types 0.0005 0.0050 0.05 0.5 

Stk 
(kg m-2 s-1) 

Ur 0.012 0.12 1.2 12 
NH 0.006 0.06 0.6 6 
Ar 0.008 0.08 0.8 8 
PG 0.010 0.10 1 10 

Kr 
(1 J-1) 

Ur 0.0 0.0 0.0 0.0 
NH 0.0130 0.130 1.30 13 
Ar 0.0018 0.118 11.8 118 
PG 0.0130 0.130 1.30 13 

Kf 
(kg m-2 s-1) 

Ur 0.0 0.0 0.0 0.0 
NH 6.5X10-12 6.5X10-11 6.5X10-10 6.5X10-9 
Ar 5.9X10-11 5.9X10-10 5.9X10-9 5.9X10-8 
PG 6.5X10-12 6.5X10-11 6.5X10-10 6.5X10-9 

a) Homogenous layer (6th) 
b) Maximum possible value used due the limitation. 
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Appendix F. Classification of the vegetation in the land cover maps 

Vegetation 
type 1990 2000 2007 2010 2015 

Urban 
• Unclassified • Suburban/ Rural 

Development 
• Suburban • Urban • Suburban 

• Suburban/ Rural Development • Continuous Urban    

Deciduou
s 

Woodlan
d 

• Deciduous Woodland • Broad-leaved/ mixed 
woodland 

• Broadleaved 
Woodland 

• Natural Habitat - 
Deciduous 

• Broadleaved 
Woodland 

• Felled Forest • Coniferous Woodland • Coniferous 
Woodland 

 • Coniferous 
Woodland 

• Coniferous Woodland     

Arable 
land 

• Scrub/ Orchard • Arable Cereals • Arable & 
Horticulture 

• Arable land • Arable & 
Horticulture 

• Tilled Land • Arable horticulture    
 • Arable non-rotational    

Grass 

• Grass Heath • Improve Grassland • Rough Grassland • Permanent Grass • Rough 
Grassland 

• Mown/ Grazed Turf • Neutral Grassland • Neutral 
Grassland 

 • Neutral 
Grassland 

• Meadow/ Verge Meadow/ Verge/ 
Semi-natural 

• Calcareous Grassland • Heather 
Grassland 

 • Heather 
Grassland 

 • Rough/ Marsh Grass • Acid Grassland    

• Bracken • Improve Grassland    

• Dense Shrub Heath     

• Open Shrub Heath     

 

 



 

Appendix G. 

a) Subcatchment 1, b) Subcatchment 2 and c) Subcatchment 3

 

Appendix G. 

a) Subcatchment 1, b) Subcatchment 2 and c) Subcatchment 3

Appendix G. SHETRAN road representation in each Kit Brook 

a) Subcatchment 1, b) Subcatchment 2 and c) Subcatchment 3

N road representation in each Kit Brook 

a) Subcatchment 1, b) Subcatchment 2 and c) Subcatchment 3

N road representation in each Kit Brook 

 

a) Subcatchment 1, b) Subcatchment 2 and c) Subcatchment 3 

N road representation in each Kit Brook 

 

N road representation in each Kit Brook subcatchmentssubcatchments 
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Appendix H. Information of the selected events in Kit Brook and Blackwater catchments 

 

Kit Brook Catchment 
Events Reference Date Start* End Total hrs Cumulative 

# Date Time Date Time Area flow volume (mm) Sediment yield (t ha-1) 

1 01/10/2010 01/10/2010 06:00:00 01/10/2010 21:45:00 17:45 2.2 7.77X10-3 
2 03/10/2010 03/10/2010 04:30:00 03/10/2010 17:45:00 13:15 1.3 7.83X10-5 
3 08/11/2010 08/11/2010 03:45:00 10/11/2010 19:30:00 63:45 8.1 3.80X10-3 
4 11/11/2010 10/11/2010 19:45:00 16/11/2010 06:45:00 131:00 15.9 8.06X10-3 
5 17/11/2010 16/11/2010 09:30:00 19/11/2010 12:45:00 75:15 18.4 2.68X10-2 
6 10/02/2011 10/02/2011 07:30:00 13/02/2011 00:00:00 64:30 2.8 2.17X10-4 
7 13/02/2011 13/02/2011 00:15:00 15/02/2011 03:45:00 51:30 5.6 3.53X10-3 
8 15/02/2011 15/02/2011 04:00:00 18/02/2011 15:45:00 107:45 8.4 1.01X10-3 
9 19/02/2011 18/02/2011 16:00:00 21/02/2011 21:00:00 77:00 6.7 2.56X10-3 

10 26/02/2011 25/02/2011 08:00:00 28/02/2011 03:30:00 67:30 3.6 3.26X10-4 
11 24/10/2011 24/10/2011 16:00:00 25/10/2011 14:00:00 22:00 1.8 4.34X10-4 
12 27/10/2011 26/10/2011 20:30:00 29/10/2011 9:15:00 60:45 7.8 7.28X10-3 
13 09/11/2011 09/11/2011 13:30:00 10/11/2011 05:45:00 16:15 3.7 6.36X10-3 
14 12/04/2012 12/04/2012 16:15:00 13/04/2012 09:30:00 17:15 1.0 1.02X10-3 
15 20/04/2012 20/04/2012 17:15:00 21/04/2012 00:30:00 7:15 1.1 2.08X10-3 
16 23/04/2012 23/04/2012 07:30:00 23/04/2012 19:30:00 12:00 3.1 5.61X10-3 
17 07/06/2012 06/06/2012 09:00:00 08/06/2012 19:00:00 58:00 16.7 6.04X10-2 
18 07/07/2012 06/07/2012 12:15:00 09/07/2012 22:00:00 81:45 48.7 1.18X10-1 
19 28/08/2012 27/08/2012 17:30:00 29/08/2012 05:45:00 36:15 5.7 2.56X10-3 
20 29/08/2012 29/08/2012 06:00:00 30/08/2012 03:45:00 21:45 12.8 4.48X10-2 
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21 24/09/ 2012 23/09/ 2012 06:00:00 24/09/ 2012 17:30:00 11:30 11.0 2.29X10-2 
22 26/01/ 2013 25/01/2013 18:00:00 26/01/ 2013 09:45:00 15:45 13.7 2.60X10-2 
23 16/12/2013 13/12/2013 13:30:00 18/12/2013 10:00:00 116:15 19.5 7.88X10-3 
24 18/12/2013 18/12/2013 10:00:00 20/12/2013 21:30:00 59:15 24.0 5.08X10-2 
25 21/12/2013 20/12/2013 21:30:00 23/12/2013 06:15:00 56:45 17.9 3.82X10-3 
26 24/12/2013 23/12/2013 06:30:00 25/12/2013 01:15:00 42:45 39.4 8.82X10-2 
27 27/12/2013 26/12/2013 00:00:00 28/12/2014 04:00:00 52:00 11.8 5.04X10-3 
28 30/12/2013 30/12/2013 06:00:00 31/12/2013 07:00:00 25:00 9.6 1.02X10-2 
29 01/01/ 2014 31/12/2013 09:00:00 02/01/ 2014 19:00:00 58:00 31.0 4.18X10-2 
30 03/01/ 2014 02/01/2014 19:15:00 04/01/ 02:00:00 30:45 11.5 7.60X10-3 
31 04/01/ 2014 04/01/2014 02:15:00 05/01/ 2014 09:00:00 30:45 12.5 1.18X10-2 
32 05/01/ 2014 05/01/2014 09:15:00 06/01/ 2014 04:45:00 19:30 11.6 1.72X10-2 
33 03/02/2014 03/02/2014 17:30:00 04/02/2014 19:30:00 26:00 7.0 3.90X10-3 
34 05/02/2014 04/02/2014 19:45:00 06/02/2014 09:45:00 38:00 24.7 2.96X10-2 
35 07/02/2014 06/02/2014 10:00:00 07/02/2014 19:45:00 33:45 15.1 8.53X10-3 
36 08/02/2014 07/02/2014 20:00:00 11/02/2014 04:00:00 80:00 24.1 1.06X10-2 
37 11/02/2014 11/02/2014 04:15:00 12/02/2014 07:15:00 27:00 8.1 4.72X10-3 
38 12/02/2014 12/02/2014 07:30:00 14/02/2014 05:45:00 46:15 19.7 2.46X10-2 
39 14/02/2014 14/02/2014 06:00:00 17/02/2014 08:45:00 74:45 32.8 2.47X10-2 
40 18/02/2014 17/02/2014 09:00:00 19/02/2014 20:00:00 59:00 22.6 1.23X10-2 
41 25/02/2014 24/02/2014 20:30:00 26/02/2014 23:45:00 51:15 12.7 6.24X10-3 
42 27/02/2014 27/02/2014 00:00:00 27/02/2014 23:45:00 23:45 7.6 5.13X10-3 
43 28/02/2014 28/02/2014 00:00:00 28/02/2014 23:45:00 23:45 6.9 3.63X10-3 
44 02/03/2014 02/03/2014 11:30:00 03/03/2014 06:00:00 18:30 7.6 2.00X10-2 
45 06/08/2014 05/08/2014 04:30:00 06/08/2014 19:00:00 38:30 3.6 3.66X10-3 
46 27/08/2014 27/08/2014 16:45:00 28/08/2014 20:45:00 28:00 2.8 1.65X10-3 
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Blackwater Catchment 
Events Reference Date Start* End Total hrs Cumulative 

# Date Time Date Time Area flow volume (mm) Sediment yield (t ha-1) 

1 01/10/2010 01/10/2010 00:15:00 03/10/2010 04:00:00 51:45 6.3 2.48X10-2 
2 08/11/2010 08/11/2010 03:45:00 10/11/2010 19:30:00 63:45 6.6 3.38X10-3 
3 11/11/2010 10/11/2010 19:45:00 12/11/2010 12:15:00 40:30 10.7 3.86X10-2 
4 12/11/2010 12/11/2010 12:30:00 16/11/2010 07:00:00 90:30 10.2 7.06X10-3 
5 17/11/2010 16/11/2010 09:30:00 17/11/2010 15:15:00 29:45 17.8 1.14X10-2 
6 27/12/2010 27/12/2010 00:00:00 29/12/2010 06:15:00 54:15 6.9 8.13X10-3 
7 05/01/2011 05/01/2011 00:00:00 07/01/ 2011 05:45:00 53:45 7.1 1.15X10-2 
8 10/02/2011 10/02/2011 07:30:00 13/02/2011 00:00:00 64:30 3.9 8.88X10-4 
9 13/02/2011 13/02/2011 00:15:00 15/02/2011 03:45:00 51:30 10.8 2.44X10-2 

10 15/02/2011 15/02/2011 04:00:00 18/02/2011 15:45:00 83:45 9.2 3.28X10-3 
11 19/02/2011 18/02/2011 16:00:00 21/02/2011 21:00:00 77:00 12.7 2.76X10-2 
12 26/02/2011 25/02/2011 08:00:00 28/02/2011 03:30:00 67:30 5.8 1.71X10-3 
13 07/05/2011 06/05/2011 20:45:00 10/05/2011 06:30:00 81:45 2.9 2.39X10-3 
14 10/07/2011 09/07/2011 00:00:00 11/07/2011 08:45:00 56:45 1.8 1.35X10-3 
15 09/11/2011 09/11/2011 13:30:00 10/11/2011 05:45:00 16:15 2.9 7.17X10-3 
16 11/11/2011 11/11/2011 19:45:00 13/11/2011 09:45:00 38:00 3.9 2.26X10-3 
17 12/12/2011 11/12/2011 16:30:00 15/12/2011 04:00:00 83:30 21.5 8.90X10-2 
18 15/12/2011 15/12/2011 17:45:00 17/12/2011 11:30:00 41:45 7.5 1.39X10-2 
19 05/06/2012 05/06/2012 12:00:00 06/06/2012 23:45:00 35:45 2.7 3.00X10-3 
20 07/06/2012 07/06/2012 00:00:00 08/06/2012 01:30:00 25:30 18.8 3.94X10-2 
21 12/07/2012 12/07/2012 12:30:00 13/07/2012 16:15:00 27:45 6.0 4.91X10-3 
22 14/07/2012 14/07/2012 16:15:00 15/07/2012 23:00:00 30:45 4.2 6.79X10-3 
23 24/08/2012 23/08/2012 14:00:00 25/08/2012 13:15:00 47:15 6.6 8.52X10-3 
24 25/08/2012 25/08/2012 13:30:00 26/08/2012 01:30:00 12:00 3.7 4.84X10-3 
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25 24/09/2012 23/09/2012 06:00:00 24/09/ 2012 17:30:00 35:30 15.7 5.22X10-2 
26 09/10/2012 06/10/2012 19:00:00 11/10/2012 12:00:00 113:00 18.1 1.69X10-2 
27 11/10/2012 11/10/2012 12:15:00 13/10/2012 08:15:00 44:00 12.1 8.72X10-3 
28 21/11/2012 21/11/2012 00:00:00 22/11/2012 02:15:00 44:30 36.0 6.96X10-2 
29 22/11/2012 22/11/2012 02:30:00 23/11/2012 02:15:00 05:30 9.4 1.52X10-2 
30 25/01/2013 25/01/2013 18:00:00 26/01/ 2013 20:45:00 26:45 17.8 6.67X10-2 
31 26/01/2013 26/01/2013 21:00:00 28/01/ 2013 12:00:00 39:00 14.6 1.81X10-2 
32 28/01/2013 28/01/2013 12:15:00 29/01/ 2013 23:45:00 35:30 7.0 1.65X10-3 
33 30/01/2013 30/01/2013 00:00:00 30/01/ 2013 23:45:00 23:45 7.4 1.09X10-2 
34 01/02/2013 01/02/2013 02:00:00 01/02/2013 23:45:00 21:45 5.5 4.08X10-3 
35 13/02/2013 13/02/2013 12:30:00 14/02/2013 16:00:00 27:30 7.3 5.09X10-3 
36 05/08/2013 05/08/2013 16:00:00 06/08/2013 10:15:00 18:15 0.8 2.59X10-4 
37 02/10/2013 02/10/2013 18:30:00 05/10/2013 12:00:00 65:30 5.9 6.90X10-3 
38 23/10/2013 23/10/2013 04:15:00 24/10/2013 01:30:00 21:15 6.3 5.86X10-3 
39 25/10/2013 24/10/2013 18:45:00 26/10/2013 04:30:00 33:45 10.3 1.27X10-2 
40 27/10/2013 26/10/2013 22:30:00 28/10/2013 19:00:00 44:30 18.6 2.13X10-2 
41 15/12/2013 13/12/2013 13:30:00 18/12/2013 10:00:00 116:30 25.8 4.72X10-2 
42 18/12/2013 18/12/2013 10:00:00 20/12/2013 21:30:00 59:15 20.8 6.14X10-2 
43 21/12/2013 20/12/2013 21:30:00 23/12/2013 06:15:00 56:30 25.2 5.60X10-2 
44 23/12/2013 23/12/2013 06:30:00 25/12/2013 01:15:00 42:45 36.8 1.27X10-1 
45 03/02/2014 03/02/2014 14:15:00 04/02/2014 19:15:00 29:00 4.2 4.93X10-3 
46 05/02/2014 04/02/2014 19:30:00 06/02/2014 10:45:00 39:15 14.5 3.16X10-2 
47 06/02/2014 06/02/2014 11:00:00 07/02/2014 20:15:00 33:15 19.4 5.20X10-2 
48 07/02/2014 07/02/2014 20:15:00 11/02/2014 01:00:00 76:30 20.0 2.97X10-2 
49 07/04/2014 05/04/2014 18:30:00 08/04/2014 23:45:00 77:15 16.1 3.22X10-2 
50 01/05/2014 01/05/2014 00:00:00 02/05/2014 16:45:00 40:45 6.5 7.95X10-3 
51 10/08/2014 09/08/2013 00:00:00 11/08/2014 04:30:00 28:30 2.3 2.38X10-3 
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52 25/08/2014 25/08/2014 05:30:00 27/08/2014 16:30:00 59:00 8.0 1.11X10-2 
53 27/08/2014 27/08/2014 16:45:00 28/08/2014 20:45:00 28:00 6.4 1.19X10-2 

 

 

Number of events per hydrological year in both catchments 
Hydrological year 2010-2011 2011-2012 2012-2013 2013-2014 

Kit Brook 
Number of events 10 11 1 24 

Blackwater 
Number of events 14 11 11 17 

 

  



235 

 

Appendix I. Paired events in both catchments 

Reference Date Kit Brook Blackwater 

Area flow 
volume (mm) 

Sediment Yield (t 
ha-1) 

Total hrs Area flow 
volume (mm) 

Sediment Yield (t 
ha-1) 

Total hrs 

01/10/2010 2.3 7.77X10-3 17:45 6.3 2.48X10-2 51:45 
08/11/2010 8.1 3.80X10-3 63:45 6.5 3.38X10-3 63:45 
11/11/2010 15.9 8.06X10-3 40:30 10.7 3.86X10-2 131:00 
17/11/2010 18.4 2.68X10-2 29:45 17.8 1.14X10-2 75:15 
10/02/2011 2.8 2.17X10-4 64:30 3.9 8.88X10-4 64:30 
13/02/2011 5.6 3.53X10-3 51:30 10.8 2.44X10-2 51:30 
15/02/2011 8.4 1.01X10-3 83.75 9.2 3.28X10-3 107:45 
19/02/2011 6.6 2.56X10-3 77:00 12.7 2.76X10-2 77:00 
26/02/2011 3.6 3.26X10-4 67:30 5.8 1.71X10-3 67:30 
09/11/2011 3.7 6.36X10-3 16:15 2.9 7.17X10-3 16:15 
07/06/2012 16.7 6.04X10-2 25:30 18.7 3.94X10-2 58:00 
24/09/2012 11.0 2.29X10-2 35.30 15.7 5.22X10-2 35:30 
26/01/2013 13.7 2.60X10-2 15:45 14.6 1.81X10-2 39:00 
18/12/2013 24.0 5.08X10-2 59:15 20.9 6.14X10-2 59:15 
21/12/2013 17.9 3.82X10-3 56:30 25.2 5.60X10-2 56:45 
03/02/2014 7.0 3.90X10-3 26:00 4.2 4.93X10-3 29:00 
05/02/2014 24.6 2.96X10-2 38:00 14.5 3.16X10-2 39:15 
27/08/2014 2.8 1.65X10-3 33:45 6.4 1.19X10-2 76:30 

Total 193.1 2.54X10-1 796:45 206.9 4.34X10-1 1051:00 
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Appendix J. Information of the multiple linear regression analysis 

 

Equation ¦Ã�£¥u¥	��w} � 1	 . 	0.0.01	n· 
 		0.10	��· 	
 	1.42	QF�	 . 	0.04	�q· 	. 	0.024	��	 
 	3.92ø10&�¯ 
 		0.08	§�	 . 	4.4	§Ã 
Regression Statistics 

R2 0.16 
Adjusted R 0.09 

Root mean squared error 2.50 

Error degrees of freedom 90 

p-value 0.03 
Observations 99 

Estimated Coefficients 
 Estimate Standard error T Stat P-Value 

Intercept -0.17 0.83 -0.21 0.83 
Dt (hrs) 0.01 0.01 0.95 0.35 

PEt (mm) -0.10 0.14 -0.72 0.47 
LAI (dimensionless) -1.42 0.86 -1.65 0.10 

RFt (mm) 0.04 0.02 1.78 0.08 
Qp (m3 s-1) 0.24 0.24 1.02 0.31 

Qv (m3) -3.9X10-6 4.0X10-6 -0.97 0.33 
Sp (kg s-1) -0.08 0.39 -0.20 0.84 
Sy (t ha-1) 4.43 31.00 0.14 0.89 
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Appendix K. Information of the principal component analysis 

 

PCA analysis all the hysteresis class together 
Correlation Coefficients 

Variables (Unit) Components 
1 2 3 4 5 6 

Dt (hrs) 0.3 -0.5 0.4 0.5 -0.5 -0.2 
PEt (mm) 0.4 -0.5 0.1 -0.4 0.6 -0.3 
LAI (dimensionless) -0.3 0.2 0.8 0.3 0.5 0.1 
RFt (mm) 0.6 0.1 0.2 -0.2 -0.1 0.7 
Qp (m3 s-1) 0.4 0.6 0.3 -0.2 -0.2 -0.6 
HI (dimensionless) 0.4 0.2 -0.4 0.6 0.5 -0.1 
 

Explained variability 
Component Explained variability (%) 

1 35.1 
2 21.2 
3 16.2 
4 12.6 
5 10.2 
6 4.7 

 

 

 

 

 

 

 



 

PCA analysis for each hysteresis class

 

PCA analysis for each hysteresis class
Component

 

1 
2 
3 
4 
5 
6 

PCA analysis for each hysteresis class
Component 

PCA analysis for each hysteresis class 

Anticlockwise

47.4 
29.3 
10.0 
5.7 
4.8 
2.9 

Anticlockwise 

 

 

Explained variability (%)
Clockwise 

50.6 
30.5 
12.0 
5.9 
1.0 
0.1 

Explained variability (%)

(anticlockwise)

Explained variability (%) 
Eight loop 

(anticlockwise) 
36.6 
22.6 
17.4 
12.2 
7.7 
3.5 

(clockwise)
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Eight loop 
(clockwise) 

61.8 
38.2 
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Appendix L. Calibration sequence and coefficients’ values of each simulation  

 

Water flow component 
# Parameter changed (units) Value NSE µAbsdiff (%) 

Qv Qp 

 Set-up 0.60 38.1 47.1 
2 Hydraulic conductivity of the 6th layer (Ksat

6th) (m day-1) 2.00 0.05 51.5 72.7 
3 Ksat

6th (m day-1) 0.01 0.66 33.1 43.2 
4 Ksat

6th (m day-1) 0.50 0.16 49.7 73.2 
5 Ksat

6th (m day-1) 0.05 0.76 30.3 40.9 
6 Ksat

6th (m day-1) 0.20 0.48 42.3 61.9 
7 Ksat

6th (m day-1) 0.10 0.70 33.1 48.0 
8 Ksat

6th (m day-1) 0.075 0.75 30.4 44.2 
9 Ksat

6th (m day-1) 0.025 0.72 31.3 40.2 
10 Hillslope Strickler coefficient (StkHill) (m

1/3 s-1) 20 0.19 30.8 6296.2 
11 StkHill (m

1/3 s-1) 10 0.06 30.9 4977.1 
12 StkHill (m

1/3 s-1) 8 0.15 30.9 4534.4 
13 StkHill (m

1/3 s-1) 6 0.26 31.0 3933.7 
14 StkHill (m

1/3 s-1) 4 0.42 31.0 3124.1 
15 StkHill (m

1/3 s-1) 2 0.65 30.7 2306.9 
16 StkHill (m

1/3 s-1) 0.5 0.76 29.9 2461.8 
17 StkHill (m

1/3 s-1) 0.1 0.54 35.7 3562.6 
  Ur NH Ar PG    

18 StkHill (m
1/3 s-1) 0.5 0.5 0.5 1 0.77 30.2 42.7 

19 StkHill (m
1/3 s-1) 0.1 0.1 0.1 1 0.75 29.8 47.0 

20 StkHill (m
1/3 s-1) 2 0.1 0.5 1 0.77 29.8 43.5 

21 StkHill (m
1/3 s-1) 1.2 0.6 0.8 1 0.77 30.3 41.6 

22 Channel Strickler coefficient (StkCh) (m
1/3 s-1) 40 0.76 30.4 41.0 

23 StkCh (m
1/3 s-1) 5 0.79 30.2 41.2 
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24 Proportion of ground cover by vegetation (PLAI) constant value over time(2) (fractional) 0.1 0.9 0.8 0.5 0.77 30.0 40.6 
25 PLAI constant value over time(1) (fractional) 0.05 0.98 0.6 0.8 0.77 29.4 39.6 
26 Leaf area index (CLAI) time variation ratio on winter cereals (2), PLAI constant as 24 0 5 4 2 0.79 28.5 39.7 
27 CLAI time variation ratio on winter cereals (2), PLAI constant as 25 0 5 4 2 0.79 30.1 41.6 

28 CLAI time variation ratio on winter cereals(2) and deciduous(2), PLAI constant value over 
time as 24  0.79(3) 28.6 39.6 

29 CLAI as 28, PLAI time variation on winter cereals and deciduous(2)   0.78(4) 30.7 41.2 
1. (Morgan, 1985) 
2. (Neitsch et al., 2009) 
3. 24 events with NSEQ > 0.5  
4. 27 events with NSEQ > 0.5  

 

Sediment transport component 
# Parameter changed (units) Value µAbsdiff (%) 

Sy Sp 

30 Set-up (water flow component parameters as 30) 
6.5X10-7 

556.00 339.9 
1.3 

31 
Overland flow soil erodibility (kg m-2) 6.5X10-8 

393.2 234.7 
Raindrop impact soil erodibility coefficient (1 J-1) 1.3 

32 
Overland flow soil erodibility (kg m-2) 6.5X10-8 

390.3 231.74 
Raindrop impact soil erodibility coefficient (1 J-1) 0.0 

33 
Overland flow soil erodibility (kg m-2) 6.5X10-8 

472.3 301.1 
Raindrop impact soil erodibility coefficient (1 J-1) 130.0 

34 
Overland flow soil erodibility (kg m-2) 6.5X10-9 

183.7 114.0 
Raindrop impact soil erodibility coefficient (1 J-1) 1.3 

35 
Overland flow soil erodibility (kg m

-2
) 6.5X10-10 

91.1 81.6 
Raindrop impact soil erodibility coefficient (1 J

-1
) 1.3 

36 
Overland flow soil erodibility (kg m

-2
) 59X10-10 

244.8 161.7 
Raindrop impact soil erodibility coefficient (1 J

-1
) 11.8 

37 Overland flow soil erodibility (kg m-2) 17.0X10-10 112.7 86.9 
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Raindrop impact soil erodibility coefficient (1 J-1) 1.3 

38 
Overland flow soil erodibility (kg m-2) 27.5X10-10 

132.5 93.3 
Raindrop impact soil erodibility coefficient (1 J-1) 1.3 

39 
Overland flow soil erodibility (kg m-2) 38.0X10-10 

150.4 99.1 
Raindrop impact soil erodibility coefficient (1 J-1) 1.3 

40 
Overland flow soil erodibility (kg m-2) 48.5X10-10 

164.7 105.2 
Raindrop impact soil erodibility coefficient (1 J-1) 1.3 

  Ur NH Ar PG   

42 
Overland flow soil erodibility (kg m

-2
) 0 6.5X10-10 59X10-10 6.5X10-10 

128.5 99.2 
Raindrop impact soil erodibility coefficient (1 J

-1
) 0 1.3 11.8 1.3 

43 
Overland flow soil erodibility (kg m-2) 0 5.48X10-

10 
48.5X10-

10 5.38X10-10 
120.3 96.3 

Raindrop impact soil erodibility coefficient (1 J-1) 0 1.3 11.8 1.3 

44 
Overland flow soil erodibility (kg m-2) 0 4.22X10-

10 38.0X10-9 4.22X10-10 
116.9 95.23 

Raindrop impact soil erodibility coefficient (1 J-1) 0 1.3 11.8 1.3 

46 
Proportion of ground cover by vegetation (erodibility 

coefficients as 42) 
0 0.9 0.3 0.8 109.9 89.5 

47 Critical shear stress for initiation of sediment motion, 
(sediment transport component parameters as 46) Equation 17 (chapter 4) 1,328.1 574.0 

48 Ratio of settling to re-suspension critical shear stress for fine 
sediments (sediment transport component parameters as 46) 0.1 109.9 89.5 

49 Threshold depth of loose sediment above which erosion is 
zero (sediment transport component parameters as 46). 0.1 109.9 89.5 
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Appendix M. Coefficients’ values of the simulations with adjusted hydraulic conductivity in the last soil layer 

# Ksat 6
th layer  (m day-1) NSE µAbsdiff(%) 

Qv Qp Sy Sp 
1 Set-up (Blackwater last calibration)  0.60 47.5 65.6 298.1 438.4 
2 Adjustment 0.075 0.66 45.1 61.2 241.6 386.4 
3 Adjustment 0.100 0.70 44.2 58.0 202.2 319.1 
4 Adjustment 0.150 0.68 44.3 54.9 152.5 245.0 

 
Runoff Simulation #3 

 Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Total Difference (%) 

2010 - 2014 
Measured (mm) 66.0 87.2 115.0 124.4 95.2 34.8 45.6 36.2 37.5 46.7 48.2 39.4 64.7 

-4.3 Simulated (mm) 59.6 69.6 107.8 102.7 77.7 57.3 48.2 46.3 41.9 47.7 47.1 37.1 61.9 
2010 – 2011 

Measured (mm) 30.3 62.2   36.8 23.7 20.22 19.3 22.1 18.0 19.8 20.1 27.3 
43.3 

Simulated (mm) 53.2 55.4   49.7 42.5 34.5 32.3 31.9 30.6 30.3 29.8 39.0 
2011 – 2012 

Measured (mm) 26.5 27.0 53.8 33.2 11.5 5.1 62.7 40.5 67.8 115.5 86.5 71.2 50.0 
-8.1 Simulated (mm) 31.3 35.7 42.6 39.4 34.4 32.3 39.3 42.0 51.8 86.0 60.2 57.5 46.0 

2012 – 2013 
Measured (mm) 115.7 194.6 246.6 226.6 111.6     2.6 41.9 37.9 122.2 

-34.3 Simulated (mm) 78.7 121.6 131.3 121.6 83.6     35.4 35.6 34.1 80.2 
2013 – 2014 

Measured (mm) 91.4 65.2 159.4 235.4 220.9 110.3 99.6 85.0 60.6 50.8 44.5 28.5 104.3 
25.3 Simulated (mm) 75.4 65.5 101.7 180.1 143.1 68.7 64.5 63.6 44.9 38.6 62.4 27.1 78.0 
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Appendix N. Total percentage of change between arable 

crops and permanent grass in National Soil Resources 

Institute dataset for each catchment 

 

Blackwater catchment 
Soil 

(cover %) 
Layer number 

(depth - m) Hydraulic conductivity (m day-1) Difference 
PG vs Ar (%) 

  Permanent grass 
(PG) 

Arable 
crops (Ar)  

WICKHAM 
(59) 

1 (0 - 0.25) 1.053 0.764 27 
2 (0.25 - 0.40) 0.700 0.541 23 
3 (0.40 - 0.70) 0.055 0.055 0 
4 (0.70 - 1.10) 0.063 0.063 0 
5 (1.10 - 1.50) 0.034 0.034 0 

MARTOCK 
(18) 

1 (0 - 0.25) 1.093 0.715 35 
2 (0.25 - 0.45) 0.669 0.514 23 
3 (0.45 - 0.80) 0.040 0.040 0 
4 (0.80 - 1.30) 0.037 0.037 0 
5 (1.30 - 1.50) 0.040 0.040 0 

BATCOMBE  
(13) 

1 (0 - 0.25)(a) 1.114 0.700 37 
2 (0.25 - 0.55) 0.700 0.669 4 
3 (0.55 - 0.95) 0.079 0.079 0 
4 (0.95 - 1.50) 0.092 0.092 0 

BEARSTED 
(9) 

1 (0 - 0.25)(b) 1.114 0.884 21 
2 (0.25 - 0.45) 1.285 1.197 7 
3 (0.45 - 0.65) 1.155 1.114 4 
4 (0.65 - 0.90) 1.176 1.176 0 
5 (0.90 - 1.50) 0.779 0.779 0 

CHARITY  
(2) 

1 (0 - 0.25)(c) 1.053 0.700 34 
2 (0.25 - 0.45) 0.610 0.582 5 
3 (0.45 - 0.95) 0.502 0.502 0 
4 (0.95 - 1.30) 0.049 0.049 0 
5 (1.30 - 1.50) 0.372 0.372 0 

  Bulk density (kg m-3)  

  Permanent grass 
(PG) 

Arable 
crops (Ar)  

WICKHAM 
(59) 

1 (0 - 0.25) 0.990 1.190 -20 
2 (0.25 - 0.40) 1.270 1.400 -10 
3 (0.40 - 0.70) 1.310 1.340 -2 
4 (0.70 - 1.10) 1.360 1.390 -2 
5 (1.10 - 1.50) 1.380 1.400 -1 

MARTOCK 
(18) 

1 (0 - 0.25) 0.9500 1.140 -20 
2 (0.25 - 0.45) 1.2200 1.360 -11 
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3 (0.45 - 0.80) 1.4500 1.450 0 
4 (0.80 - 1.30) 1.5100 1.510 0 
5 (1.30 - 1.50) 1.6000 1.600 0 

BATCOMBE  
(13) 

1 (0 - 0.25)(a) 0.9600 1.3200 -27 
2 (0.25 - 0.55) 1.3400 1.3500 -1 
3 (0.55 - 0.95) 1.3600 1.3600 0 
4 (0.95 - 1.50) 1.4100 1.4100 0 

BEARSTED 
(9) 

1 (0 - 0.25)(b) 1.120 1.390 -24 
2 (0.25 - 0.45) 1.330 1.370 -3 
3 (0.45 - 0.65) 1.400 1.430 -2 
4 (0.65 - 0.90) 1.470 1.470 0 
5 (0.90 - 1.50) 1.500 1.500 0 

CHARITY  
(2) 

1 (0 - 0.25)(c) 1.0700 1.3600 -27 
2 (0.25 - 0.45) 1.3300 1.3600 -2 
3 (0.45 - 0.95) 1.3900 1.3900 0 
4 (0.95 - 1.30) 1.4000 1.4000 0 
5 (1.30 - 1.50) 1.4200 1.4200 0 

a) Grass (0-0.15) 
b) Grass (0-0.20) 

 
Kit Brook catchment 

Soil 
(cover %) 

Layer number 
(depth - m) Hydraulic conductivity (m day-1) 

Difference 
PG vs Ar 

(%) 

  Permanent grass 
(PG) 

Arable 
crops (Ar)  

WICKHAM 
(7) 

1 (0 - 0.25) 1.053 0.764 27 
2 (0.25 - 0.40) 0.700 0.541 23 
3 (0.40 - 0.70) 0.055 0.055 0 
4 (0.70 - 1.10) 0.063 0.063 0 
5 (1.10 - 1.50) 0.034 0.034 0 

BATCOMBE  
(37) 

1 (0 - 0.25)(a) 1.114 0.700 37 
2 (0.25 - 0.55) 0.700 0.669 4 
3 (0.55 - 0.95) 0.079 0.079 0 
4 (0.95 - 1.50) 0.092 0.092 0 

CHARITY  
(31) 

1 (0 - 0.25)(a) 1.053 0.700 34 
2 (0.25 - 0.45) 0.582 0.582 5 
3 (0.45 - 0.95) 0.502 0.502 0 
4 (0.95 - 1.30) 0.049 0.049 0 
5 (1.30 - 1.50) 0.372 0.372 0 

FLADBURY 
(0.1) 

1 (0 - 0.25)(a) 0.938 0.780 21 
2 (0.25 - 0.50) 0.302 0.070 7 
3 (0.50 - 0.70) 0.405 0.405 -2 
4 (0.70 - 1.00) 0.383 0.383 0 
5 (1.00 - 1.50) 0.362 0.362 0 

HENSE 1 (0 - 0.30) 1.053 0.957 35 
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(20) 2 (0.30 - 0.80) 0.976 0.780 23 
3 (0.80 - 1.30) 1.014 1.014 0 
4 (1.30 - 1.50) 0.995 0.995 0 

DUNKESWEL
L (4.9) 

1 (0 - 0.25)(b) 1.114 0.797 35 
2 (0.25 - 0.50) 0.715 0.596 23 
3 (0.50 - 0.80) 0.055 0.055 0 
4 (0.80 - 1.50) 0.112 0.112 0 

  Bulk density (kg m-3)  

  Permanent 
grass (PG) 

Arable 
crops 
(Ar) 

 

WICKHAM 
(7) 

1 (0 - 0.25) 0.990 1.19 -20 
2 (0.25 - 0.40) 1.270 1.4 -10 
3 (0.40 - 0.70) 1.310 1.34 0 
4 (0.70 - 1.10) 1.360 1.39 0 
5 (1.10 - 1.50) 1.380 1.4 0 

BATCOMBE  
(37) 

1 (0 - 0.25)(a) 0.9600 1.32 -38 
2 (0.25 - 0.55) 1.3400 1.35 -1 
3 (0.55 - 0.95) 1.3600 1.36 0 
4 (0.95 - 1.50) 1.4100 1.41 0 

CHARITY  
(31) 

1 (0 - 0.25)(a) 1.0700 1.3600 -21 
2 (0.25 - 0.45) 1.3300 1.3600 -2 
3 (0.45 - 0.95) 1.3900 1.3900 0 
4 (0.95 - 1.30) 1.4000 1.4000 0 
5 (1.30 - 1.50) 1.4200 1.4200 0 

FLADBURY 
(0.1) 

1 (0 - 0.25)(a) 0.840 1.010 -20 
2 (0.25 - 0.50) 1.190 1.330 -12 
3 (0.50 - 0.70) 1.280 1.280 0 
4 (0.70 - 1.00) 1.300 1.300 0 
5 (1.00 - 1.50) 1.210 1.210 0 

HENSE 
(20) 

1 (0 - 0.30) 1.2100 1.2600 -20 
2 (0.30 - 0.80) 1.4100 1.5600 -12 
3 (0.80 - 1.30) 1.4600 1.4600 0 
4 (1.30 - 1.50) 1.4400 1.4400 0 

DUNKESWELL 
(4.9) 

1 (0 - 0.25)(b) 0.9900 1.1600 -17 
2 (0.25 - 0.50) 1.2800 1.3800 -8 
3 (0.50 - 0.80) 1.3400 1.3400 0 
4 (0.80 - 1.50) 1.3900 1.3900 0 

a) Grass (0-0.15) 
b) Grass (0-0.20) 
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Total percentage of changes (PPC) 

Example: Ksat of soil layer #1 in Blackwater 

30	% � g�0.27 ∗ 0.59� . �0.35 ∗ 0.18� . �0.37 ∗ 0.13� . �0.21 ∗ 0.9� . �0.34 ∗ 0.02�l∗ 100 

Soil layer Blackwater Kit Brook 
PPC Kvsat 

1 30 29 
2 19 9 

PPC	�P¡k¨~·Â (%) 
1 -22 -23 
2 -9 -8 
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Appendix O. Measured against simulated discharge flow and sediment flux of each di

model resolution 

. Measured against simulated discharge flow and sediment flux of each di. Measured against simulated discharge flow and sediment flux of each di

a)

. Measured against simulated discharge flow and sediment flux of each di

a) 

. Measured against simulated discharge flow and sediment flux of each di. Measured against simulated discharge flow and sediment flux of each di. Measured against simulated discharge flow and sediment flux of each digital elevation 
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d)
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d) 
a) 25 x 25 m, b) 50 x 50 m, c) 100 x 100 m and d) 200 x 200 ma) 25 x 25 m, b) 50 x 50 m, c) 100 x 100 m and d) 200 x 200 ma) 25 x 25 m, b) 50 x 50 m, c) 100 x 100 m and d) 200 x 200 m 
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Appendix P. Coefficients’ values and adjusted strickler coefficient of the different digital elevation model 

resolution. 

 

Num 
Stk (m1/3 s-1) 

NSE NSEQ NSESed 
µAbsdiff 

Ur NH Ar Grs Qv Qp Sy Sp 
25x25 m 

1 1.2 0.6 0.8 1.0 0.7 7 5 37.5 49.4 104.9 86.0 
2 1.0 0.4 0.6 0.8 0.7 7 5 37.6 35.2 97.8 77.1 

100x100 m 
1 1.2 0.6 0.8 1.0 0.6 10 2 45.8 41.9 105.3 64.1 
2 1.4 0.8 1 1.2 0.6 10 2 46.7 45.0 116.4 68.9 
3 1.6 1.0 1.2 1.4 0.6 7 1 47.3 47.8 125.4 74.2 
4 1.8 1.2 1.4 1.6 0.6 7 2 47.9 50.8 132.0 77.7 
5 2.0 1.4 1.6 1.8 0.6 7 4 48.4 53.6 138.5 80.1 
6 1.0 0.4 0.6 0.8 0.6 11 1 44.4 42.0 92.2 60.0 
7 0.8 0.2 0.4 0.6 0.5 11 0 42.1 43.7 77.3 63.0 

200x200 m 
1 1.2 0.6 0.8 1.0 0.5 8 3 57.9 42.3 101.0 61.1 
2 1.4 0.8 1.0 1.2 0.5 8 3 60.9 45.2 112.8 64.7 
3 1.6 1.0 1.2 1.4 0.5 8 3 63.2 48.3 123.6 69.2 
4 1.8 1.2 1.4 1.6 0.5 8 3 64.9 51.1 131.2 72.2 
5 2.0 1.4 1.6 1.8 0.5 7 5 66.3 54.0 138.5 75.6 
6 2.2 1.6 1.8 2.0 0.5 6 5 67.3 57.4 145.4 79.2 
7 2.4 1.8 2.0 2.2 0.5 6 5 68.2 60.6 152.3 83.5 
8 2.6 2.0 2.2 2.4 0.5 6 4 68.9 63.7 156.9 88.4 
9 1.0 0.4 0.6 0.8 0.4 7 3 54.4 41.6 87.8 60.5 

10 0.8 0.2 0.4 0.6 0.4 8 1 50.3 45.7 75.2 68.6 
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Linear regressionLinear regression between Strickler coefficient and grid sizebetween Strickler coefficient and grid sizebetween Strickler coefficient and grid sizebetween Strickler coefficient and grid size 
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Linear regression between NSE NSE coefficient and grid sizecoefficient and grid sizecoefficient and grid size 
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Linear regression between µAbs

 

µAbsdiff coefficientcoefficients and grid sizeand grid size 
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Appendix Q. Flow discharge and sediment flux (kg s

 

 

. Flow discharge and sediment flux (kg s. Flow discharge and sediment flux (kg s. Flow discharge and sediment flux (kg s. Flow discharge and sediment flux (kg s-1) subcatchment 1 scenarios) subcatchment 1 scenarios) subcatchment 1 scenarios) subcatchment 1 scenarios 
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