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ABSTRACT 
The goods and services that lakes provide result from complex interactions between 

meteorology, hydrology, nutrient-loads and in-lake processes. Hydrology and nutrient loads 

are, in turn, influenced by socio-economic factors such as human habitation, water 

abstraction and land-management, within their catchments. Models provide a means of 

linking these different domains and also of forecasting and evaluating the effects of different 

management scenarios on lakes. This paper describes the application of such models to 

Loweswater, a well-studied lake with water quality problems in the English Lake District, 

where a community-based approach to catchment management is being undertaken.  

Three models were linked. Firstly, PLANET (Planning Land Applications of Nutrients for 

Efficiency and the environmenT), an ‘off the shelf’ farm nutrient budgeting model, was 

supplemented by local information on septic tanks and used to produce an annual nutrient 

load to the lake. Secondly, GWLF (Generalized Watershed Loading Function), a generic 

nutrient runoff model, was used to generate daily nutrient runoff values using input from 

PLANET plus additional information on land-cover, air temperature and rainfall within the 

catchment. Thirdly PROTECH (Phytoplankton RespOnses To Environmental CHange), 

driven by input from GWLF and locally measured meteorology, was used to forecast the 

abundance of different algal types within the lake. The linked models were used to describe 

the current impact of catchment management on lake water quality, validated by in situ 

measurements, and to explore the potential impact of a number of alternative catchment 

management scenarios. Issues surrounding the use of generic modelling applications for 

catchment management and relevance for stakeholders living in and/or managing land 

within the catchment are discussed. 

 

Keywords: Catchment, modelling, water quality, farming, expert opinion.  

 

1. Introduction  

An understanding of the impacts that land managers and occupiers have on their 

environment is key to achieving sustainable use of natural capital and the ecosystem 

services that flow from it (Daily and Matson 2008; Swinton et al. 2007). All ecosystems, 

including those that are managed, have an important role in supporting human well-being 

(Assessment 2005). The challenge for scientists is how to address the inherent complexities 
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of socio-ecological systems (Carpenter et al. 2009; de Lange et al. 2010) when providing 

advice on sustainable resource management.  

Despite concerns surrounding the use of hydrologically-defined surface water catchments for 

understanding complex socio-ecological systems (de Lange et al. 2010; Herr and Kuhnert 

2007), catchments have received international recognition as potentially suitable units for the 

integration of land and water management issues, including stakeholder involvement, within 

the concepts of Integrated River Basin Management (IRBM) and Integrated Catchment 

Management (ICM) (Hooper 2005; Mitchell 1990). The UNESCO ‘Hydrology for the 

Environment, Life and Policy’ (HELP) initiative, launched in 2001, is centred on a number of 

catchments of varying scales. Within the UK, the Rural Economy and Land Use programme 

(RELU) (Lowe and Phillipson 2006) further recognised the potential importance of catchment 

based approaches to rural, land and water management by funding research aimed at 

exploring options for catchment management with a strong emphasis on stakeholder 

engagement (Lane et al. 2006; Macleod et al. 2007; Smith 2010). These studies, alongside 

other catchment approaches (see (Everard 2004), have strongly advocated the importance 

of integration across different areas of scientific expertise, and of engagement with 

stakeholders, to provide effective solutions to management problems (see (Andersson et al. 

2008). 

Whether scientific tradition, or the problem being studied, should dictate the approaches 

taken towards ecosystem management is an important question (see (Liu and Costanza 

2010); (Jakeman and Letcher 2003). If science is going to play an important role in the 

provision of management advice, the scale of study needs to be relevant to the provision of 

that advice (Jakeman and Letcher 2003; de Lange et al. 2010). Catchments vary 

enormously in size, and the issue of scale is particularly important when looking at the level 

of detail at which investigations can be conducted from water, land and socio-economic 

perspectives. Natural sciences that cover land and water, using field-based studies, tend to 

focus either on the micro-scale and study a reduced set of variables with relatively high 

control, or focus on the landscape scale using large amounts of data collected over a wide 

range of sites to identify effects/trends (Bilotta et al. 2010; Boix-Fayos et al. 2009; Collins et 

al. 2007). However, for catchment management the most relevant scale is the scale at which 

it is possible to understand and affect human impacts which may be intermediate between 

the micro- and macro-scales.  

 

Policy instruments such as the EU Water Framework Directive (WFD) (Union 2000) 

recognise the importance of catchment management for meeting water quality targets. In the 

UK, where approximately 75% of land is farmed1, farmers play a key role in land 

management in rural catchments. Farming activities that have the potential to impact 

negatively upon water quality include field applications of nutrients (fertilisers, manures, 

animal feed, etc), pesticide usage, or the inappropriate storage of animal feed or waste 

(Haygarth 2005; Heathwaite and Johnes 1996). Farmers and other householders in rural 

areas are also heavily dependent upon septic tanks to deal with human waste and these are 

increasingly being recognised as having potentially serious impacts on water quality (May et 

al. 2010). Influencing farmers and other sectors of rural populations, either as individuals or 

                                                           
1
 (http://www.ukagriculture.com/uk_farming.cfm) 

http://www.ukagriculture.com/uk_farming.cfm
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groups, to reduce their impact on water quality will benefit the catchments that they occupy 

and also wider society. However, there are significant challenges associated with affecting 

attitudes, particularly those of farmers, when they have little confidence in the evidence used 

to inform policy decisions (Barnes et al. 2009). For the natural sciences, major challenges 

include identifying appropriate scales at which to work, integrating land and water 

perspectives, and understanding how scientists can use the expertise of stakeholders to 

help facilitate effective catchment management. The SLIM (Social Learning for the 

Integrated Management) Project (Blackmore et al. 2007) has highlighted the need for 

science to become part of a more integrated approach to the management of water 

catchments. 

The work described here focuses on understanding the causes of algal blooms, and ways of 

reducing them, using appropriate data and expertise, including data from farmers and 

householders alongside that collected by scientific experts. The study focuses on 

Loweswater, a small lake in the English Lake District (Fig. 1). The lake experiences regular 

blooms of cyanobacteria (i.e. blue-green algae) (Maberly et al. 2006) and has been the 

subject of a RELU action research project investigating the potential for improving water 

quality through community catchment management. These potentially toxic algal blooms are 

a major water quality issue for Loweswater affecting the use of this amenity by visitors and 

local residents. The approach uses detailed catchment-level information on land use, 

including farm nutrient budgets and losses from septic tanks, alongside meteorological and 

hydrological data, to model nutrient inputs to the lake from its catchment. These nutrient 

inputs are then used to model algal abundance within the lake. A range of catchment 

management scenarios have been used to test the impacts of altering land use on lake 

water quality with the intention of providing useful management advice to land managers 

aimed at reducing the incidence of water quality problems. Ultimately, the project seeks to 

identify general approaches and principles for the management of the rural environment that 

are transferrable to other catchments (Blackmore et al. 2007; Steyaert and Jiggins 2007). 

 

2. Methods 

2.1 Loweswater catchment 

Loweswater is a small lake within a partly upland rural catchment in the Northwest of 

England (Fig. 1). The catchment forms a bowl around the lake with steep slopes to the north-

east and south-west of the lake and shallower more productive land at either end. A number 

of streams flow into the lake from different parts of the catchment. The catchment’s sparse 

population is supplemented with modest numbers of visitors to the area with residential, 

visitor accommodation and farm buildings occupying approximately 1% of the catchment, 

while over 85% of catchment land is farmed. 

Previous work on Loweswater has indicated that phosphorus (P) is probably the main 

nutrient controlling phytoplankton production in Loweswater (i.e. the ‘limiting’ nutrient). The 

concentration of soluble reactive (biologically available) phosphorus (SRP) in the water 

column is extremely low throughout the growing season (Maberly et al. 2006), suggesting 

that any P entering the lake is rapidly incorporated into algal biomass. Evidence from a lake 

sediment core taken in 2000, indicates that raised P levels in the lake result from 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

4 

 

anthropogenic sources and have been in evidence since the 1970s (Bennion 2000). This 

study focuses on P input but also models N input in order to make the models realistic. 

2.1.1 Role of expert opinion 

As the focus of a RELU project experimenting with local-level, community catchment 

management that integrates both natural (land and water) and social sciences (see 

Tsouvalis and Waterton, this issue) the Loweswater catchment has provided the opportunity 

to try out modelling approaches which incorporate a wide range of expertise from land 

management to scientific measurement. The rationale is that increasing local engagement 

with an issue can help to improve the potential for understanding the causes of the problem 

through provision of more accurate site-based information. Additionally, the potential for 

resolving the problem is increased by understanding the causes, and engagement with 

those who can effect change. The expertise associated with data collection is outlined in 

section 2.4 below. 

2.2 Factors impacting on water quality 

The primary land uses in the catchment, apart from residential buildings, are farming and 

tourism. Land is mainly used for beef cattle and lamb production, with eight farms managing 

land that falls within the Loweswater catchment boundary. Only two of these farms are 

completely within the catchment (although 5 have their buildings within the catchment); the 

remaining farms are situated partly within and partly outside of the catchment. Several farms 

include residential accommodation for visitors and the catchment also includes a small hotel. 

As well as farm residences there are a number of individual houses. In total an average of 

59 people are resident in the catchment each night on an annual basis (Webb 2010). 

As phosphorus (P) is the main nutrient controlling phytoplankton production in Loweswater 

(see introduction), the key processes and structures potentially affecting water quality are 

those associated with P loss to water, i.e. water movement through the catchment, the 

production of animals, including waste management, and human waste management 

facilities. 

2.3 Models 

A series of linked models were used to assess P runoff from the catchment to the lake and 

its impact on water quality (Fig. 2). Models were linked in the sense that the outputs from 

one fed into the next, so that farm nutrient budget information fed into the runoff model and 

nutrient outputs from the runoff model fed into the algal production model. The data required 

to run the models are described in detail in section 2.4 (below). Modelling methodology is 

described in detail in section 2.5. The following three models were used: 

 

2.3.1  PLANET – farm nutrients 

As P loss from agricultural land is potentially a key reason for water quality problems in 

Loweswater, a model focusing explicitly on nutrient loss from managed land, as opposed to 

all other land cover types, was included in the methodology. The farm gate nutrient 

budgeting module of PLANET (Planning Land Applications of Nutrients for Efficiency and the 

environmenT) was used in combination with the estimated soil P deficit (see below) to 

determine the overall nutrient surplus or deficit on each farm within the catchment. The 
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ADAS software PLANET2 is a generic, computer-based nutrient management tool that is 

used by farmers and agronomists to optimise on-farm nutrient management. PLANET was 

selected on the advice of the agricultural consultant (see 2.4.1) and because of its wide 

availability.  

2.3.2  Generalized Watershed Loading Function (GWLF) – nutrient runoff 

 A calibrated nutrient runoff model GWLF was used to estimate average daily flows and 

nutrient concentrations in the streams draining from the catchment to the lake. GWLF is a 

lumped, non-point source nutrient loading model in which the loading functions provide a 

practical compromise between simple empirical export coefficients that predict annual losses 

of nutrients to water and complex chemical simulation models that require unrealistically 

large amounts of detailed data for most practical applications at the catchment scale. GWLF 

was originally developed by Haith and Tubbs (1981) and validated by Haith and Shoemaker 

(1987) to simulate dissolved and total P and nitrogen (N) loads in streamflow. There are 

several versions of the original GWLF model currently in use; this study used a version 

provided by the New York City Department of Environmental Protection and described by 

Schneiderman et al. (2002). The parameterisation of the model for application to 

Loweswater is as described by Schneiderman et al. (2010), Pierson et al. (2010) and Moore 

et al. (2010) in relation to its application to the nearby Esthwaite Water catchment, with some 

minor modifications as outlined below.  

2.3.3  PROTECH – algal growth 

A lake phytoplankton model PROTECH (Phytoplankton RespOnses To Environmental 

CHange) was used to predict the effect of nutrient laden runoff on lake water quality and 

algal species composition and abundance (Fig. 2). PROTECH is a process based 

deterministic model that operates on a daily time step and simulates the physical structure 

within a lake (e.g. temperature profile) and the growth of functional algal types in response to 

changing environmental conditions (see Reynolds et al. 2001 for full details). It has been 

successfully applied to nearly a dozen different water bodies around the world and has been 

used in more than 30 peer reviewed studies (Elliott et al. 2010). 

 

2.4  Data  

The following data were collected/used as input to the models; 

2.4.1  Catchment land cover and land-use and export coefficients 

For the purposes of this study the Loweswater catchment area was initially defined using 

Ordnance Survey (OS) data and expert judgement as to likely direction of water flow from 

land surrounding Loweswater. The catchment boundary (watershed) was further ground-

truthed during survey work in the catchment and following discussion with catchment 

residents with expert local knowledge on the direction of drainage from particular land 

parcels at the margins of the catchment.   

                                                           
2
 http://www.planet4farmers.co.uk 
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Total catchment area was measured at 7.6 km2 with the lake comprising 0.64 km2. Data on 

land cover and associated land uses were collected to parameterise both GWLF and 

PLANET (see below).  The Loweswater catchment was digitally mapped using a geo-

referenced, hand-held, geographical information system (GIS) that had been developed for 

the UK Countryside Survey 2007 (Carey 2008). Mapping was based on underlying 

Ordnance Survey MasterMap, and data, collected as disaggregated vegetation categories, 

were aggregated into categories relevant for the models used.  Catchment mapping was 

carried out by an expert in habitat mapping which resulted in high quality data on the extent 

of different land cover types for model input.  Without such expertise, use of generic land 

cover data such as Land Cover Map (2000) would have resulted in far coarser data 

resolution creating greater uncertainty about model inputs.  

 

PLANET requires detailed information on land management at the farm level to calculate a 

farm nutrient budget. To collect these data, each of the farmers managing land in the 

catchment was interviewed by an agricultural consultant. Farmers were questioned on all 

aspects of their farming activities, including land area and usage, livestock management, 

and import or export of nutrients in the form of fertilisers, manure/slurry, silage and bought in 

feedstuffs. The use of an agricultural expert to interview farmers considerably enhanced the 

quality and depth of data obtained. Additionally, because the farmers were offered 

anonymity in terms of how the results would be reported, this enabled them to be more open 

about their management practices. 

Export coefficients are a practical and widely used approach to derive P-losses from different 

land cover types. Inevitably, there are site-specific variations in rates of P-loss from any 

given land cover type which will introduce uncertainties. This is particularly the case in 

managed landscapes and since the impacts of farming practices on lake water quality are 

the focus of this study, particular effort was placed on deriving Loweswater-specific nutrient 

export coefficients for high production grass that reflected the actual management of that 

land in the catchment. Export coefficients, expressed as in-stream nutrient concentrations 

(mg m-3), for land cover types other than the heavily-managed land, were gleaned from the 

literature (see Maberly et al. 2006 and Table 1). Export coefficients for high production grass 

(which is the dominant land cover type within this catchment) were calculated from the 

nutrient budget information provided by farmers.  

2.4.2  Soil Phosphorus 

The extent to which a soil is likely to lose P to water bodies will depend on nutrient inputs 

and outputs (farm nutrient budget) as well as current soil P status. Hence, soil samples from 

similarly managed groups of high production grassland fields across all farms were taken, by 

the consultant agronomist, and analysed for phosphorus content using standard agricultural 

soil analysis techniques (Defra 2010). The phosphorus requirement (P deficit) of each group 

of fields was then calculated from this information, taking into account the corresponding 

land use (Rockliffe 2009). A total farm soil P deficit was calculated by summing values for 

each group of fields across the farm. Inevitably, the sampling process involves some degree 

of uncertainty resulting from spatial variability across the fields. This was minimised by 

following a standard protocol (Defra 2010) involving taking up to 25 replicate samples along 

a ‘W’ shaped walk across the sampled area.  
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2.4.3  Septic tank data 

Phosphorus load from septic tanks was calculated from information on their number and 

location within the catchment as well as their condition, number of users, detergent usage 

and level of management.  This information, gathered by an expert on waste management 

who lived locally, was obtained by interviewing householders, where applicable, or derived 

from average annual occupancy figures provided by the owners for visitor accommodation 

(Webb 2010). Calculating the P losses from these systems involved the use of published 

data on average P levels in human waste and actual information on P levels in the 

detergents used by specific households. The opinion of the expert on waste management 

was used to estimate the level of P retention within each type of septic tank. A total of 20 

septic systems were identified within the catchment serving a population equivalent of 59 

people. Webb (2010) estimated that, of the 37.1 kg P y-1 that entered these systems as raw 

domestic waste, 31.4 kg P y-1 was discharged to soil-based soak-away in the form of treated 

effluent, 0.6 kg P y-1 was spread as sludge on land within the catchment and a further 5.1 kg 

P y-1 was exported from the catchment as sludge for disposal elsewhere. There are two 

potential fates for this phosphorus output, each included as a scenario. In a ‘worst case’ 

scenario phosphorus removal by the soil is assumed to be minimal and hence the septic 

tanks are acting as a point source. In an alternative scenario, diffuse phosphorus loss to 

water depends on the soil P-deficit (see 2.5.1).  

 

Webb (2010) also suggests a ‘most likely case’ scenario, whereby the soil would retain 

about 35% of the P in the effluent. This would result in a likely P load to water from this 

source of approximately 26.4 kg P y-1 but this load was not included in the modelling.  

 

2.4.4  Hydrological data 

Daily hydraulic discharge data from Loweswater was required to validate the hydrological 

aspect of GWLF. Measured discharge values were not available for the period 2008-2009. 

They were, therefore, derived from the relationships between available discharge data from 

Loweswater (across the period 13 September 1999 to 5 July 2001) and contemporary flows 

measured at nearby Park Beck and Scale Hill (Fig. 3; R2 values greater than 0.83, P< 

0.001). Park Beck (National Grid Reference NY1513 2048) is the inflow to Crummock Water 

from the catchment that includes Loweswater. Scale Hill (National Grid Reference NY1490 

2143) is the outflow from Crummock Water. Discharge from Loweswater for 2009 was 

estimated by averaging the discharge values simulated for the outflow from the Park Beck 

data and those simulated from the Scale Hill data. 

2.4.5  Weather data 

Other data required to parameterise GWLF included continuous daily rainfall data for the 

catchment for the period 1/1/2008 to 31/12/2009. These were compiled from records kept by 

a local resident and an automatic rain gauge at the southern end of the lake. Maximum and 

minimum air temperature data used in GWLF was collected at a weather station located on a 

water quality monitoring station situated over one of the deepest parts of the lake between 

December 2007 and February 2010. The water quality monitoring station also provided daily 

data on wind speed, air temperature and relative humidity used to drive the algal model 

PROTECH. Daily cloud cover from a met station 30 km to the south-east (Ambleside, the 

closest available) was also used to drive PROTECH. 
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2.4.6  Lake water quality data to validate the models 

The automatic water quality monitoring station provided data on variation in water 

temperature with depth. Monthly samples collected during limnological surveys provided 

data on phytoplankton abundance expressed as chlorophyll a concentration (the main 

photosynthetic pigment), concentrations of key nutrients (i.e. soluble reactive phosphorus, 

nitrate and silicate) and phytoplankton composition and abundance. Water samples were 

based on an integrated sample collected from the upper 5 m of the water column.  

 

2.5.  Modelling  

2.5.1  Scenarios 

The models outlined in 2.3 were run as described below. The aim was to assess P-runoff 

from the catchment to the lake and its impact on water quality. It was decided that if the 

model was able to provide a good fit to water quality measures under current conditions, it 

could be used to test other land management scenarios in the catchment. The test for fit to 

‘current conditions’ was labeled scenario 1 (S1). A further four scenarios were selected to 

reflect alternative land management options for the catchment. The scenarios were chosen 

in an attempt to provide the Loweswater community with an understanding of the extent to 

which farming per se impacts on water quality and to provide some information on how 

changing farming options may affect water quality. The non-farming scenarios represent two 

significant  landscape changes, one to a wooded (deciduous) catchment in non-upland 

areas, i.e. the ‘woodland’ scenario (S2), and the other to a catchment in which all grassland 

received no inputs and supported no livestock, i.e. ‘natural grassland’ (S3). The latter 

scenario is a somewhat artificial one given the likelihood of long-term vegetation succession 

to eventual woodland, but provides an indication of nutrient inputs from a catchment that 

looks similar to current conditions (although without livestock). Scenarios 4, i.e. ‘no cattle’, 

double sheep (S4), and 5, i.e. ‘double cattle’, half sheep (S5), represent potential, though 

extreme, changes in the livestock composition of the catchment. These scenarios were less 

moderate than likely shifts in livestock composition would be, as it was considered that the 

models were unlikely to be sensitive to less significant shifts in stocking. Essentially, the 

scenarios influenced nutrient runoff values from catchment land cover entering GWLF.  

 

As a result of uncertainty about how much phosphorus enters the watercourses from septic 

tanks, P from these sources was input to the GWLF model in two different ways; (1) as 

diffuse sources of nutrients with nutrient laden runoff generated by rainfall (i.e. with more 

runoff in wetter periods) (this is the default option) and (2) as point sources of nutrients with 

nutrient laden waste discharged into drainage channels at a constant rate (for this option 

scenarios are labelled with an addition A). In (1), P discharge from septic tanks was 

incorporated into the farm nutrient budget in the same way as other sources of nutrients 

such as animal waste and inorganic fertiliser and so output was controlled by the net P-

balance for that land cover type (all septic tanks in the catchment are located on high 

production grassland).  In (2), effluent was added as a direct and constant discharge to the 

watercourse. In the latter case, the worst case scenario was assumed, i.e. that all of the P in 

septic tank effluent would eventually make its way into a watercourse.  
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2.5.2  PLANET  

Detailed data on imports or exports of animals, inorganic fertilisers, slurry and animal 

feedstuffs per farm were input to the ‘farm gate’ nutrient budgeting module of the PLANET 

software. From this information, PLANET derived an overall annual nutrient balance for each 

farm by calculating the differences between the amounts of P and N that entered the farm 

and the amounts that left the farm via an imaginary farm gate. A positive result from these 

calculations indicated a nutrient surplus on the farm, with imports of nutrients exceeding 

exports, while a negative value indicated a nutrient deficit. P surplus values were then further 

modified by subtracting the farm soil P deficit, as estimated from soil P measures (2.4.2, 

above) on each farm from the estimated ‘farm gate’ P surplus.   

For the purposes of this project, the traditional measure of phosphorus used by 

agriculturalists (kg of P2O5), was converted to elemental P as commonly used by water 

managers by multiplying the value for kg of P2O5 by a factor of 0.44. This enabled direct 

conversion of the agricultural P surplus/deficit data to the units required to calculate driving 

data for GWLF. Once these calculations were complete, it was then assumed that any net 

surplus in the farm scale nutrient budget was potentially available to generate nutrient laden 

runoff to the lake; in contrast, any deficit in the farm level nutrient budget was taken to 

suggest that the amount of nutrient laden runoff would be negligible. Finally, it was also 

assumed that the farm nutrient surpluses and deficits could not be balanced across farms, 

because the majority of farms drained directly towards the lake shore or bordering streams 

rather than into neighbouring land. This approach reflects a best case scenario in relation to 

potential nutrient losses from farming activities within the catchment in that it assumes that 

best management practices are in place on each farm to reduce runoff from fertiliser 

applications and animal husbandry to a minimum. Nutrient losses from the catchment to the 

lake would be higher if this assumption is incorrect.  

 

The model was originally run using the data collected by the agronomist (2.4.1 and 2.4.2) to 

reflect ‘current conditions’ in the catchment (S1) along with the two alternative septic tank 

scenarios described above (2.5.4). Nutrient runoff  values for the ‘no cattle’ (S4) and ‘double 

cattle’ (S5) scenarios were generated by changing the number of animals within the 

PLANET management software and using the revised nutrient balances to create new 

nutrient export coefficients for farmland using the method of calculation outlined above. 

 

2.5.3  GWLF 

The hydrological part of the model had been calibrated in a previous lake modelling exercise 

using daily rainfall data, minimum and maximum air temperatures, and daily lake outflow 

data for a period between 1999 and 2001 (Maberly et al. 2006). Although the flow calibration 

in this modelling exercise was good (r2 =0.8), the P calibration was less good (r2 = 0.12), with 

one particularly large data peak not predicted by the model. However, excluding this point, 

the average modelled daily load, 0.10 kg SRP d-1 was only slightly more than the measured 

load, 0.07 kg SRP d-1. The optimised hydrological parameters for the catchment were: 

precipitation correction factor = 1.01; snowmelt coefficient 0.4 cm ºC d-1; runoff recession 

coefficient 0.21 d-1; soil water capacity = 10 cm; recession coefficient = 0.081 d-1; slow 

recession coefficient = 0.015 d-1; baseflow capacity = 2.24 cm.  Outflow data for 2009 were 
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generated from the calibrated version of GWLF using daily rainfall and air temperature data 

for the same period (Fig. 4b). In the absence of any measured outflow data, the modelled 

values for 2009 were validated against closely matched  lake discharge data which were 

derived from flow records from the two adjacent monitoring sites, as described in 2.4.4 (Fig. 

3). When all of the data were compared, the modelled data had a relatively low level of fit to 

the ‘measured’ data (R2 = 0.39; P<0.01, Fig. 4a). However, this was mainly due to two very 

high ‘measured’ values (i.e. those above 2 m3 s-1). When these high flow events were 

excluded from the comparison, the level of fit for the remaining points improved (R2 = 0.63; 

P<0.01). The average discharge in 2009 was the third highest at Park Beck and the highest 

at Scale Hill compared to the ten-year period from 2000 to 2009.  

The nutrient delivery part of the GWLF model was initially calibrated using monthly data on 

flows and nutrient concentrations obtained for the inflows compiled during a previous 

modelling exercise carried out between September 2004 and September 2005 (Maberly et 

al. 2006). These data took into account nutrient sources within the sub-catchments upstream 

of the sampling sites, which were situated very close to the lake. For the modelling exercise 

described here, the model was re-run for 2009 using relevant rainfall and air temperature 

data and information on potential nutrient sources within the catchment, including export 

coefficients for the total area of each land cover type (see 2.4.1, Table 1) (but excluding high 

production grass – covered by the PLANET outputs, 2.5.2) and the number and locations of 

septic tanks. Export coefficients for the managed land in the catchment (i.e. 32 mg P m-3) 

were calculated by dividing the overall nutrient surplus for the farms within the catchment (as 

derived from PLANET) by the average annual runoff volume over the catchment in 2009 (i.e. 

about 18.2 x 103 m3 ha-1), after addition of the P loads from septic tanks (see 2.4.3).  

The GWLF model was initially run for conditions in 2009 using nutrient runoff values 

generated by PLANET for the ‘current conditions’ scenario and the two different septic tank 

scenarios outlined above (scenarios S1 and S1A). Subsequent model runs were carried out 

for each of the 4 land cover/use scenarios coupled with the two different septic tank 

scenarios. While the study was, primarily, focused on levels of P entering the lake (due to its 

previous identification as the ‘limiting’ nutrient for algal growth), daily nitrate and silica 

concentrations and lake discharge values were also simulated by GWLF for input into 

PROTECH. 

2.5.4  PROTECH 

PROTECH was used to simulate the development of the phytoplankton population in 

Loweswater in 2009. The simulations were driven by daily meteorological measurements 

(see 2.4.5) and daily nutrient concentrations and discharge values generated by the GWLF 

(above). Eight algal types were selected for the simulation representing the most common 

genera in the algal count data from the limnological surveys during 2009 (see 2.4.6 above). 

These were the diatoms Asterionella, and Aulacoseira, the green alga Chlorella, the 

cryptophyte Plagioselmis, the chrysophyte Dinobryon, and the cyanobacteria; Anabaena, 

Planktothrix and Aphanizomenon. As monthly measurements of algal biomass (expressed 

as chlorophyll a concentration) and species level count data were available for 2009, a 

simulation was run for this period using the nutrient concentration and flow data generated 
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by GWLF for conditions in 2009 under the ‘current conditions’ (S1) scenario (see 2.5.1). The 

PROTECH output was validated against these observations (see 3.4).  

Using this validation as a baseline, the model was re-run using GWLF output for each of the 

other nutrient loading scenarios (see 2.5.1). For all scenarios, including ‘current conditions’, 

PROTECH was run for two consecutive years by simply repeating the driving data for the 

second year. The rationale for doing this was that the baseline simulation for 2009 had been 

initialised to reproduce the actual starting conditions for that year (i.e. those for early 

January) in terms of nutrient concentrations in the lake. By running the model for two years 

for each scenario, PROTECH was able to run down this initial nutrient supply and generate a 

new and more realistic baseline starting value for the beginning of the second year. For 

example, the ‘woodland’ (S2) and ‘natural grassland’ (S3) scenarios had greatly reduced 

loads compared to the ‘current conditions’ scenario (S1), which would not be correctly 

reflected in the model output at the start of the year if the starting values had been those for 

the current situation, i.e. S1. 

3. Results  

3.1 Catchment land use 

Improved grassland comprised about 37% of the catchment area with moorland, heathland 

and natural grassland making up a further 48% (Table 1). Woodland comprised 13% of the 

catchment area and less than 1% was arable. The survey of the eight farms showed 

variation in farm size, areas of high production grass and rough grazing, and total livestock 

units on farmland within the catchment (Table 2). High production grass comprised between 

38% and 100% of farm area, with livestock density varying between 0.2 and 1.4 livestock 

units per hectare. 

3.2   Farm nutrient balance from PLANET 

For the majority of the farms, P was in limited supply and most farms were found to be 

running a small P deficit in terms of maximising their productivity (Table 2). The exception 

was Farm 4, which generated a P surplus of about 197 kg P y-1. Overall the total loss of P 

from all improved grassland in the catchment was equivalent to 0.56 kg ha-1 y-1. This 

situation is reflected in the ‘current conditions’ scenario S1 of the catchment management 

options evaluated. 

3.3 Nutrient loads 

Annual P runoff values predicted by GWLF for the various scenarios ranged from 22 to 

378 kg P y-1, or 0.029 to 0.5 kg ha-1 y-1 (Fig. 5). Seasonal variation in the pattern of P delivery 

to the lake for scenarios S1 to S5 is shown in Figure 6. If P from septic tank discharges were 

included as point sources, and therefore not susceptible to uptake in the soil of farms with a 

net P-deficit, the daily loads shown in Figure 6 would increase by 0.09 kg d-1 (33 kg y-1) for 

each scenario. 

3.4 PROTECH validation 

Using the GWLF nutrient input data from the current conditions scenario (S1) as a driver, 

PROTECH was used to simulate the development of the phytoplankton population in 2009. 
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This simulation was compared to the observed phytoplankton data to test whether 

PROTECH was capturing the key changes in algal biomass over the year. The overall 

pattern of change in total chlorophyll a concentration was reproduced reasonably well 

(Fig. 7; R2 = 0.53, P<0.01), although biomass in the late summer tended to be 

overestimated. The algal count data were used to estimate the proportion of the observed 

total chlorophyll a that was made up of cyanobacteria and this estimate was compared to 

that produced by the cyanobacteria in PROTECH. Again, the model captured the seasonal 

dynamics and produced a good fit to the observed values (Fig. 7; R2 = 0.64, P<0.01). The 

predicted annual mean in-lake chlorophyll a concentration of 8.9 mg m-3 accorded well with 

the observed annual means for 2008 and 2009, i.e. 9.0 mg chlorophyll a m-3
 and 9.6 mg 

chlorophyll a m-3, respectively. 

3.5 PROTECH scenario results 

The results of running PROTECH for the different catchment management scenarios are 

presented as simple metrics from the second year outputs, namely annual mean 

concentrations of total chlorophyll a and of cyanobacterial chlorophyll a. Comparing these 

annual mean chlorophyll a metrics across the scenarios, it was clear that some scenarios 

produced markedly different results to those generated by the ‘current conditions’ scenario 

(S1; Fig. 8). Scenarios ‘woodland’ (S2) and ‘natural grassland’ (S3) show very low levels of 

both P and N input to the lake predicting a sharp decline in both total chlorophyll a and 

cyanobacterial chlorophyll a concentrations which results in a greater than 66% decrease in 

the former metric and a reduction of over 80% in the latter. At these low nutrient levels, and 

for ‘natural grassland’ (S3) in particular, chlorophyll a production in the lake is particularly 

sensitive to the inputs from septic tanks as point sources, where P reaches the lake directly. 

The ‘no cattle’ (S4) and ‘double cattle’ (S5) scenarios produced a much smaller change in 

these annual means, particularly for total chlorophyll a compared to the ‘current conditions’ 

scenario (S1) because P-loads are already high. This suggested that other factors than P 

load (e.g. light, non-phosphorus nutrients) were restraining the total phytoplankton carrying 

capacity of the lake under these conditions. 

The relationship between annual mean total algal chlorophyll and cyanobacterial chlorophyll 

a and total annual mean load of SRP followed a regular pattern and so can be used to 

estimate the response of the lake to other SRP loads. In the case of mean total chlorophyll 

a, this response was best described by a logarithmic curve described by equation (1) with 

standard errors in parentheses: 

y = 3.67 (0.29) ln(x) – 10.20 (1.49)           (R² = 0.95, P<0.001)    (1) 

where y = chlorophyll a concentration (mg m-3) and x = SRP load (kg P y-1).  The response 

for cyanobacterial chlorophyll a increased linearly with SRP load over the range of loads 

used here, as described by equation (2): 

y = 0.028 (0.002) x + 0.029 (0.37)               (R² = 0.98, P<0.001)   (2) 

These relationships make it possible to assess the differential responses of the lake algae to 

altering nutrient loads. Hence, if the ‘best case’ scenario in relation to potential nutrient 

losses from farming activities within the catchment referred to above (2.5.2) is inaccurate 

and nutrient losses from the catchment are greater than estimated, the resultant algal growth 
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can be predicted from the relationship in Figure 8. The empirical logarithmic response curve 

used here suggests a negative concentration of chlorophyll a at a zero phosphorus load. A 

power curve, that fitted the data slightly less-well, gave a small positive concentration of 

chlorophyll a at a zero load. This suggests that the response of phytoplankton chlorophylla to 

low phosphorus loads is not well-defined and more simulations at this range of the load 

range would be needed to reduce the uncertainty. 

 

The measurements and modelled ‘current condition’ scenario place Loweswater within the 

‘moderate’ category (Carvalho et al. 2006) under the EU Water Framework Directive 

(European Union 2000), requiring a programme of measures to be introduced to improve 

water quality. Figure 8 suggests that the current load of SRP would need to be halved to 

achieve ‘Good’ ecological status, while removing high intensity farming altogether (as in 

scenarios S2 ‘woodland’ and S3 ‘natural grassland’) would enable the lake to reach the 

‘High’ category. In contrast, significant changes in livestock densities (‘no cattle’ (S4) and 

‘double cattle’ (S5)) could push the lake towards ‘Poor’ ecological status.  

A final metric extracted from the PROTECH simulations was the number of days per year 

when the concentration of cyanobacteria exceeded a particular threshold. A value of 

10 mg m-3 chlorophyll a is relevant, as this has been defined by the World Health 

Organisation (Chorus 1999) as the threshold above which there is a risk to health.  Under 

‘current conditions’ (S1), cyanobacterial chlorophyll a exceeded this threshold on 28 days a 

year but under the ‘woodland’ (S2) and ‘natural grassland’ (S3) (and both septic tank 

scenarios) this threshold was not exceeded. In contrast, the scenarios in which SRP load 

was increased caused a dramatic increase in the numbers of days of exceedance to about 

150 and 190 days for ‘no cattle’ (S4) and ‘double cattle’ (S5), (and both septic tank 

scenarios), respectively. This would have serious consequences not only for the ecology of 

the lake but also for the local economy due to its negative impact in terms of tourism and 

amenity value.  

4. Discussion  

4.1  Model results 

This work was undertaken in an attempt to inform farmers and landowners in the 

Loweswater catchment (the Loweswater community) about the possible impacts of nutrients 

from farming activities and household waste on lake water quality. As the work was part of 

an integrated approach to catchment management the aim was to involve local expertise 

alongside scientific expertise to maximise the accuracy of the data and make the modelling 

directly relevant to the Loweswater community. Similar modelling approaches elsewhere  

have been recognised as important tools for facilitating collaborative learning (Metcalf et al. 

2010). At Loweswater, the modelling approach succeeded in both engaging with local 

expertise and demonstrating the connection between land use in the catchment, and the 

occurrence of cyanobacterial blooms in the lake. The finding that potentially only one farm 

was the cause of P loss to the lake is discussed further below.  

The use of scenarios provided the Loweswater community with information about how 

different land use options are likely to affect lake water quality. Of key importance in the 

English Lake District, is farming, which while economically marginal, has important cultural 

implications for landscape structure and accessibility, as well as its aesthetic qualities. The 
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‘woodland’ and ‘natural grassland’ scenarios were included in the study to indicate the ‘cost’ 

(social, economic, aesthetic, etc.) of achieving good water quality in a P-limited lake such as 

Loweswater. These scenarios provide a contrast with the water quality cost of current 

farming management as seen in S1. The no cattle’ (S4) and ‘double cattle’ (S5) scenarios 

represented potential management scenarios for the catchment that could arise as a result 

of, for example, shifts in global market prices for animal production. Both of these scenarios 

indicated a further deterioration in water quality from the current status, with an associated 

distinct increase in the relative importance of cyanobacteria within the algal community.   

Exposure of the community to the modelling work formed part of the approach towards 

community-led integrated catchment management. Awareness of pollution issues was 

already relatively high among the Loweswater community as a result of 1) a previous farmer-

led initiative to address lake pollution (which included limiting access of livestock to water 

bodies and improvements in slurry tanks, yard water management and septic tanks) and 2) 

exposure to scientists and institutions concerned with pollution through this project and the 

previous one associated with the farmer led initiative in the catchment. However all residents 

(including farmers and non-farmers) had a stake in the modelling by virtue of the inclusion of 

septic tank information alongside farm management inputs and there was general 

enthusiasm to see the results. Having already seen the raw data collected by the agricultural 

consultant, which indicated that most farmers in the catchment were managing land with a P 

deficit, the community were not surprised to find that land management practices on only 

one farm in the catchment were resulting in P loss. Losses from septic tanks were clearly 

less important than agricultural losses overall but the community felt that they provided some 

scope for improvement without major effects on livelihoods.  

Since farmers were promised anonymity when interviewed about their farm management 

practices (helping to ensure that accurate data were provided reflecting real practices) the 

identity of the farm/farmer losing P was not disclosed publicly. However, the farmer in 

question was alerted to the issue and immediately responded by decreasing inputs of P via 

fertilizer application. Interestingly, as the project has proceeded, and the community project 

(see Tsouvalis and Waterton, this issue) has matured, farmers have become increasingly 

confident about the public airing of management information. This is most likely the result of 

increased understanding within the community about how farmers manage their farms and 

the constraints under which they operate. Having been exposed to the modelling results, 

farmers have expressed interest in the impact of a conversion to organic farming in the 

catchment as a potential scenario which may be explored in future work.  It should be noted 

that presentations of the modelling results to the community always included references to 

potential uncertainties in the results (as discussed below). It was stressed that although the 

PLANET outputs fitted well to P levels in the lake, the finding that P loss were entirely due to 

practices on just one farm was subject to error as a result of those uncertainties.  

4.2  Modelling approach 

This study is unique in attempting to link algal growth in a lake to farm and septic tank 

management data at a catchment scale. However, a large body of work exists that attempts 

to link land management practices to P-losses from diffuse sources and their ecological 

effects on water bodies (e.g. (Kronvang et al. 2009). Linking field scale models to catchment 

scale outcomes is the holy-grail of nutrient research (McDowell 2007) because of the 
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uncertainties that surround the quality, appropriateness and scale of the data available and 

the lack of mechanistic understanding of the processes involved (Heathwaite 2007). This 

study uses a conceptually simple approach of 1) measuring nutrient surplus in the 

catchment, 2) using a hydrological model to estimate the flow of nutrients to the lake in the 

catchment, and 3) predicting algal growth in response to nutrient levels. Despite the linking 

of different models which themselves simplify reality, the results of the modelling exercise 

are plausible.  The validation data for modelled algal populations compared to 

measurements give R2 values at the higher end of the range of algal models (Arhonditsis, 

2004). 

This is not the only study to link models (including GWLF and a similar algal model) to 

investigate algal production in lakes. A recent study investigated the impacts of climate 

scenarios on lakes (Markensten et al., 2010). However, in general catchment level studies 

are carried out by hydrologists focused on the water environment, at the expense of 

ecological and social aspects of catchments (Jakeman and Letcher 2003). Increasingly the 

need for studies which address the wider aspects of catchment management and involve 

local communities in understanding and managing their catchments is being advocated. This 

has resulted in the recognition of the need for making the complex simple (White et al. 2010) 

and finding ways of engaging successfully with land managers in order to affect behaviour 

(Roberts et al. 2009). The use of the PLANET model in this study sought to address the 

issue of widespread applicability and ease of use. Similarly in Australia, (Roberts et al. 2009) 

trialled software to aid farmers with catchment management which incorporated a tool called 

the Farm Nutrient Loss Index (FNLI) designed to help farmers assess the risk of nutrient 

loss. In Oklahoma, USA, modellers used Pasture Phosphorus Management Plus as a simple 

user-friendly P-loss prediction tool (White et al. 2010). Use of PLANET is widespread among 

farmers and training readily available in the UK, although for reasons of expediency in this 

study an agricultural consultant provided an intermediary between farmers and the 

researchers. 

We believe that the use of the agricultural consultant (previously known to farmers in the 

catchment) helped both to improve data quality as well as to increase confidence in the 

modelling process among land-owners.  The same process carried out by a non-expert 

would have required far greater input from farmers (in terms of explaining agricultural terms) 

and may well have left farmers with concerns about the extent to which their data would be 

correctly interpreted. The agricultural consultant, with years of soil sampling experience, was 

also responsible for soil sampling on managed land. It was important that data collection on 

farms was generic, practicable and meaningful for the farmers as the use of expertise readily 

available to farmers was integral to the modelling approach taken. Land management 

decisions by farmers are based on information and expertise which they can readily access 

and have to be in an appropriate format.  Further development of this approach would 

ensure that the raw data could be provided directly by farmers as well as minimising the 

uncertainties described below.   

 

4.3 Uncertainty 
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Uncertainties in the linked models are balanced by high levels of expertise, both local and 

scientific, used to acquire detailed data at the catchment scale, including everything from 

local weather data (buoy and in-catchment rainfall gauges) to detailed land cover and farm 

management information.  However, as is almost always the case, not all data required by 

the models were available at the necessary temporal and spatial scales. For example, it 

would have been better if actual outflow discharge data for Loweswater had been available 

minimising errors introduced by simulating the discharge from adjacent sites. Ideally, stream 

nutrient data would have been collected at a higher frequency than the calibration points 

used here as well as during the period of the project to provide a better comparison for 

modelled loads from GWLF. The uncertainty of flow and nutrient data make it difficult to 

assess goodness of fit due to the difficulty in quantifying that uncertainty. However, where 

data for comparison are available, (i.e. discharge simulated from meteorology and modelled 

and simulated phytoplankton) goodness of fit measures indicate significant (P<0.01, 

P<0.001) fits between model and observations. In part, this may result from the scale of 

interest. While we used daily data for the hydrology and nutrient loads, the final desired 

output was an annual average concentration of chlorophyll a and chlorophyll a produced by 

cyanobacteria. As a result, errors in timing of events are averaged out and do not affect the 

overall amount of phytoplankton produced. Furthermore, Loweswater has an unusually long 

average retention time for a small lake (about 200 days), so day-to-day variation in hydraulic 

discharge and nutrient load will be ‘buffered’ by the water and nutrients already in the lake.  

 

 It is acknowledged that the use of three separate, linked, models to apportion spatially the 

impacts of different nutrient sources on lake water quality, introduces the potential for 

propagating errors at each step, particularly given restrictions in available observed data. A 

limitation of taking a simplistic off-the-shelf model like PLANET, designed to aid farm 

management is that it is not designed to provide uncertainty as part of its’ output or take into 

account the importance of factors such as connectivity between potential P sources on land 

and water bodies. In order to improve the approach it may be necessary to consider the use 

of a model with an explicit connectivity component. Nutrient budgeting models are designed 

to provide an output which enables the farmer to make decisions about management 

options, as in Roberts et al. (2009), except in the case of PLANET, the model is designed to 

optimise nutrient levels from an agricultural productivity perspective (although see below). In 

reality it is likely that there are uncertainties around the loss of P from the land, as estimated 

by the PLANET model, including the assumptions that 1) best management practices are in 

place on each farm to reduce runoff from fertiliser applications and animal husbandry to a 

minimum and 2) soils are in P-equilibrium and will lose P immediately they reach saturation 

and, conversely, retain P when in deficit. The former (1) is unlikely to be the case but would 

require detailed evaluation beyond the scope of this study. Inadequate slurry storage 

facilities, inappropriate timing or location of slurry/fertiliser spreading and extreme rainfall 

events are all likely to play a role in P-loss. The latter (2) reflects a mis-match between levels 

of P that are appropriate agriculturally and levels of P that lead to a loss to waterbodies.  

PLANET recently underwent a development that included new calculation modules to help 

farmers comply with the Nitrate Vulnerable Zone action Programme Regulations; that came 

into force within the UK on 1st January 2009, recognising the importance of land 

management impacts on water quality as well as farm economy. It may be that this needs to 
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be extended further to capture P issues, although relatively little is known about the 

relationship between P-indices related to agricultural productivity (in the UK) and P-loss to 

soil. The relationship between agricultural P index and P indices describing the risk of diffuse 

P loss (Sharpley et al. 2003; White et al. 2010) may be critical for understanding the links 

between good agricultural and ecological management of fields and the ecosystem 

services/dis-services that they provide. For farmers, a simple index describing optimal P 

levels for maximised productivity and minimised P-loss is required.  

Despite its recognised importance in rural areas (Withers et al. 2009) the inclusion of septic 

tank information in nutrient delivery models is not widely supported in catchment models. An 

exception to this is the SWAT model (Arnold et al. 1998) which includes data on septic tank 

condition alongside environmental information affecting the performance of septic tanks. The 

SWAT model is designed to work on large complex watersheds where the provision of such 

information would either require estimation or sub-sampling. Due to the small scale of 

Loweswater and the existence of the wider catchment management project far greater 

engagement and data access was possible than would be the case in a large catchment. 

The process of elicitation by a trusted expert in the field, who was also resident in the 

catchment, engaged individuals in the work, highlighted the relevance of it to their practices 

and may itself have been a motivation for changing practices. For example, the waste 

management expert was able to advise locals on appropriate P-free dishwasher detergents. 

Although the modelling does not include the ‘most-likely case’ septic tank scenario 

suggested by Webb (2010) (see section 2.4.3) the use of two extreme scenarios indicate the 

range within which this case is most likely to lie. . In general, lack of work in this area results 

in uncertainty surrounding the loss of P from septic tanks to water bodies, but factors such 

as location, including connectivity to water bodies, soil type and water-table depth are likely 

to have an impact. Further work in this area is required as there are little data available, 

either on the effectiveness of septic tank functioning (for different types) or the movement of 

nutrients from them into water bodies.  

5. Conclusion 

The development of this modelling approach formed part of a project seeking to identify the 

potential for bottom-up community catchment management and to promote the engagement 

of scientists with local and institutional stakeholders. As a result, the approach has used 

detailed scientific and local expertise on social, ecological and hydrological aspects of the 

catchment to develop a unique tool that links land management activities to algal growth in 

Loweswater.  While it is important to stress the limitations of the models used and the 

potential importance of unquantified issues, such as extreme events, this approach provides 

an accessible way of demonstrating links between land management and water quality in 

small rural catchments. In this catchment, as elsewhere, understanding the human 

dimension is key to understanding and managing harmful algal blooms (Bauer et al. 2010).  
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Figure legend 

Figure 1 Map of Loweswater catchment showing UK Broad Habitats and location of 

Loweswater in the UK. 

Figure 2 Schematic of linked models and driving data used to forecast the impacts of land 

management and septic tank use on lake water quality. 

Figure 3 The relationship between flows measured at Park Beck (upper panel) and Scale Hill 
(lower panel) and the outflow from Loweswater between September 1999 and July 2001. 
 

Figure 4 a) Modelled (GWLF) (solid line), and measured (dashed line) discharge from 

Loweswater for 2009, b) Driving meteorological data used by GWLF for the same period. 

Maximum (solid line) and minimum (dashed line) air temperature and daily precipitation 

(grey line). 

Figure 5 Annual phosphorus runoff values predicted by GWLF for the scenarios tested, grey 

bars represent septic tanks as diffuse sources, black bars represent septic tanks as point 

sources. 

Figure 6 Seasonal variation on phosphorus (P) delivery to the lake resulting from the 

different scenarios tested. 

Figure 7 Measured (filled circles) and modelled (solid line) total (green) and cyanobacterial 

(blue) chlorophyll a concentrations for 2009. 

Figure 8 Annual mean in-lake total (green circles) and cyanobacterial (blue circles) 

chlorophyll a concentrations resulting from changes in the soluble reactive (bioavailable) 

phosphorus (P) load to the lake under the various catchment management scenarios. The 

scenario for each blue circle is the same as that for the green circle vertically above it. S1 –

‘current conditions’, S2 – ‘woodland’, S3 – ‘natural grassland’, S4 – ‘no cattle’, S5 – ‘double 

cattle’. 

 

Table legend 

Table 1 Area of different land cover types within the Loweswater catchment and estimated 

average concentration of total phosphorus (TP) in runoff draining each land cover type. 

Table 2 Summary of farm level land use and animal stocks, annual phosphorus (P) budget 

based on output from PLANET, soil P deficit values, estimated P losses from septic tanks 

situated on farms and net P surplus. 
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Land cover type Area (km) TP (mg P m-3) 

High production grass 2.79 32 

Broadleaved woodland 0.65 10 

Coniferous woodland 0.35 10 

Natural grass 1.39 5 

Urban 0.12 56 

Arable 0.03 17 

Moors and heathland 2.29 7 

 

Table(s)



Farm 
no. 

High 
production 
grass (ha) 

Rough 
grazing 

(ha) 

Total 
livestock 

units 

Surplus P 
(kg y

-1
) 

Soil P 
deficit 
(kg y

-1
) 

P from septic 
tanks 

(kg y
-1

) 

Net P 
surplus 
(kg y

-1
) 

1 32 30 56 134 375 3.1 0 

2 121 85 187 177 1,652 5.3 0 

3 12 20 14.5 -1 183 7.1 0 

4 27 53 64 356 161 2.0 197 

5 43 26 13 63 101 3.6 0 

6 32 0 32 147 447 1.2 0 

7 38 59 55 290 416 3.4 0 

8 46 20 91 138 552 0.0 0 

Total 350 293 512.5 1,306 3,887 25.7 197 

 

Table(s)
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