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SUMMARY
Loweswater is one of the smaller and more picturesque lakes within the English Lake District, but
intensive agricultural practices and domestic input from the catchment over many years has resulted in
nutrient enrichment leading to a decline in water quality and the lake now suffers seasonal blooms of
potentially toxic blue-green algae.
With the support of a generous grant from the Defra Catchment Restoration Fund, the West Cumbria
Rivers Trust, through its Loweswater Care Programme (LCP), has carried out a project designed to
improve the water quality of the lake.
The programme of work had three key elements. First, the reduction of the phosphorus inputs to
Loweswater by improving farm infrastructure and land management practices. In addition, a study was
commissioned to explore the potential of restoring certain man-made features (e.g. valley mires) to
enhance the capture and retention of sediment-bound phosphorus from streams; and further studies to
help quantify the phosphorus loads that result from the annual recycling of the lake sediments and those
from visiting water fowl. Second, a trial to evaluate the effectiveness of ultra-sound in reducing the
cyanobacterial populations in the lake, and third, a monitoring programme that allowed a comprehensive
assessment of the lake’s water quality status to judge the impact of the ultrasound lake treatment and
future impacts of the farm improvements.
The project work, carried out over two and half years, resulted in improvements to five farms, including
new fencing, construction of land drainage channels, construction of cattle and sheep sheds, new
roofing over yards and slurry tanks as well as the acquisition of a sward slitter and lifter for the benefit of
all the farms in the catchment. The results of the commissioned studies indicated that the lake
sediments contributed 8% and visiting waterfowl 2% respectively of the annual total phosphorus input to
the lake. The results of the cyanobacterial counts indicated that under the conditions of the trial, there is
no evidence that ultra-sound, with the frequencies used, had any effect on the cyanobacterial
populations in Loweswater. Overall, the results of the water quality monitoring programme indicated that
the lake shows signs of improvement in its chemical status, but still classifies as mesotrophic and, that
under the Water Framework Directive, the lake is still close to being classified as of good ecological
status. However, it is anticipated that any impact on the lake’s water quality following this programme of
work, particularly improvements on farm infrastructures and practices, will take several years to take
effect and, therefore, it is important to maintain a comprehensive monitoring programme in order to
assess fully their potential benefits.
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GLOSSARY OF TERMS AND ABBREVIATIONS
Algal bloom

An accumulation of algae and/or cyanobacteria, at the surface of a lake.

Anoxic

No dissolved oxygen present in the water.

CEH

Centre for Ecology & Hydrology

Conductivity

A measure of the ability of water to conduct electricity, linked to the ionic content
of water

Cyanobacteria

A class of bacteria (sometimes, referred to as blue-green algae, BGA) that are
able to obtain their energy through photosynthesis using chlorophyll a and
phycobilin pigments, particularly phycocyanin

Chlorophyll-a

A green pigment in plants responsible for the absorption of light energy to
convert carbon dioxide to sugars

DO

Dissolved oxygen

Epilimnion

Upper, warm water in a thermally stratified lake

Eutrophic

Productive, often nutrient rich

Hypolimnion

Lower, cooler water in a thermally stratified lake in summer

Mesotrophic

Productivity between oligotrophic and eutrophic

OECD

Organisation for Economic Co-operation and Development

Oligotrophic

Unproductive, often nutrient poor

Phycocyanin

An accessory pigment present in cyanobacteria that is involved in absorption of
light energy in addition to chlorophyll

Phytoplankton

Photosynthesising plankton

Plankton

Drifting aquatic organisms, e.g. diatoms

Secchi Depth

A measure of water transparency/clarity that involves lowering a black/white
disc into the water body

SRP

Soluble Reactive Phosphorus, a component of total phosphorus and is generally
bioavailable

Thermocline

Zone of rapid temperature change between the epilimnion and hypolimnion

Total phosphorus

Analytical measurement on waters that includes all forms of phosphorus, both
that in particulate and soluble form (e.g. SRP). Some forms of phosphorus may
not be bioavailable.

TP

Total phosphorus

Turbidity

A measure of the dispersed, fine particulate solids in water.

WFD

Water Framework Directive
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Chapter 1.
1.1

Introduction

Background

Loweswater (Figure 1.1) is one of the smaller lakes in the Lake District having a volume of about
5,400,000 m3 and mean/maximum depths of 8/16m. It has a small catchment area in relation to its
volume, receiving a lower rainfall than many other lake catchments in the region. This results in an
average retention time of about 200 days, longer than other small lakes in the Lake District. It is fed by a
number of streams, the main one being Dub Beck, which drains about 40% of the catchment at the head
of the lake. The land is largely agricultural for sheep grazing (with much lower numbers of cattle) on
improved grassland with rough grazing on the open fells. Woodland (mainly broadleaved) and brackencovered hillsides account for the remaining 25%.

Figure 1.1

View of Loweswater from the east with Dub Beck inflow at top and outflow at bottom.
(Image: John MacFarlane)

Loweswater has been the subject of a number of studies over the last 30 years or so (see WCRT
website LCP History):


As an outcome from the EA’s 1999 West Cumbria Local Environmental Action Plan, University
College London (UCL) carried out a study to make recommendations for improving water quality
in relation to eutrophication issues (Bennion et al., 2000).



Following action by a local farmers’ Improvement Group in the early 2000s, the Centre for
Ecology & Hydrology (CEH) at Lancaster was commissioned to carry out a study on the impact
of farming practices on the lake (Maberly et al., 2006).



Bringing together natural and social scientists, Lancaster University and CEH combined on a
multi-disciplinary study (which became known as the Loweswater Care Project, LCP) over the
period 2007-10 to explore new ways of scientists working with local communities (LCP, 2011).
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At the time that this CRF-funded project was being formulated in early 2012, the then community-based
Loweswater Care Partnership felt that, as a result of the above studies, there was a good understanding
of certain features of Loweswater’s water quality, namely that:


The concentration of phosphorus compounds (mainly phosphates) was the main factor
controlling growth of algae (except diatoms) and cyanobacteria.



The main sources of fresh phosphorus compounds entering the lake were known, albeit with a
lack of precision about the source becks.



The annual trends in lake chemistry and biology were well defined from various studies over
many years, principally from the CEH ‘Lakes Tours’, see below.



The composition of the algal and cyanobacterial communities in the lake were well characterised
over their annual cycle.

Over many years, farming practices in the catchment, together with inputs from septic tanks, have led to
nutrient enrichment in Loweswater. This is illustrated in Figure 1.2 (Maberly, 2016) using data collected
by CEH in Lancaster as part of its now-quinquennial survey of lakes in the Lake District (often referred to
as the “Lakes Tour”). Total phosphorus (phosphorus is often the main nutrient limiting algal growth in
most lakes) has risen over the years, there having been a concurrent increase in the level of chlorophylla (the green pigment in all plants) and a decline in water transparency as indicated by a decrease in the
Secchi Depth. These data are consistent with increased algal populations, particularly cyanobacteria
(blue-green algae), with not-infrequent unsightly and potentially (health) hazardous algal blooms
occurring along some shoreline stretches. This has had a detrimental effect on water quality which has
been coincident with a decline in the fish community (Loweswater was once a fine trout fishery) (Shaw,
2009). Signage is in place in the publicly-accessible lake surrounds warning of potential health hazards
from water contact for animals and people linked to the growth of potentially toxic blooms of
cyanobacteria.

18
16
14
12
10
Total phosphorus (μg/l)
Chlorophyll-a (μg/l)
Secchi depth (m)

8
6
4
2
0
1984
Figure 1.2

1991

1995

2000

2005

2010

2015

Annual means for total phosphorus, chlorophyll-a and Secchi depth from Lakes Tour
(Maberly et al., 2016)
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The most recent Lakes Tours data sets indicate a possible plateau in the enrichment process, but the
lake’s trophic status was still quite poor when this project started in 2012. Under the 1982 OECD system,
it was classified as mesotrophic for total phosphorus and eutrophic for chlorophyll-a. In terms of
classification under the legally more important EU Water Framework Directive (WFD), Loweswater was
initially classified (in 2009) as of moderate status overall with total phosphorus and phytoplankton
classified as good and moderate respectively, but dissolved oxygen (DO) was poor. The EA reassessment 2012 showed a deterioration from good to moderate status for total phosphorus and an
improvement from moderate to good for phytoplankton, but with the overall status remaining moderate
and the EA is “quite certain” that there is a eutrophication problem in the lake. It should be noted that the
DO is classified as poor due to the summer stratification and the anoxic conditions in the hypolimnium, a
direct consequence of excessive primary productivity in the enriched lake. The official timescale for
improving the overall water quality of Loweswater to good ecological status is 2027 (rather than 2015)
due to the severity of the technical considerations involved. This is discussed further in section 6.3.
However, the LCP also felt that there were a number of features, which were critical to knowing the
possible best ways of improving lake quality, that were not known, namely:


phosphorus concentrations and loads
- the concentrations of phosphorus discharged from the lake in the Dub Beck outflow and the
proportion of the lake input phosphorus that is permanently stored in lake sediments
- the amount of phosphorus associated with the annual recycling from lake sediments during
anoxic conditions in the hypolimnium
- the contribution from waterfowl to lake phosphorus
- detailed information on the inputs of fertiliser phosphorus to the lake catchment.



algal and cyanobacterial populations
- the incidence and precise conditions under which blooms occur
- the speciation of algae in the blooms
- lake and outflow concentrations of toxic compounds released by cyanobacteria when they
die.

At the time that the Defra Catchment Restoration Fund (CRF) was mooted (early 2012), the ongoing
community-led LCP team had a good grasp of the lake’s ecological position and had researched a
number of ways forward to try to expedite an improvement in the lake’s water quality in the short and
medium terms. The LCP’s application to the CRF for funding a programme of work on Loweswater was
successful, but, rather than proceeding on a stand-alone basis, the LCP (now the Loweswater Care
Programme) decided to become part of the West Cumbria Rivers Trust (WCRT) and it is on this basis
that the project was undertaken.
1.2

Summary of Project Programme

This has been the first project focussing on actually attempting to reduce phosphorus inputs and
remediating the lake water (as opposed to the extensive lake monitoring and modelling up to this time).
The programme of work should bring benefits beyond improvements to the lake quality itself, including
visitors’ perception of the area and a reduction in the discharge of algae-laden waters into Crummock
Water, which causes intermittent problems for the local United Utilities water treatment plant at Cornhow
that supplies Cockermouth.
The original programme of work put forward in 2012 has been adhered to with one significant change
(see next page). The programme can be broken down into three inter-related work streams:
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1.

Reducing phosphorus inputs to Loweswater through
a. improving farm infrastructure and land management practices in terms of fertiliser application,
farmyard wastes and septic tank discharges and minimising their direct ingress to feeder
streams and the lake. This was undertaken by conducting an independent survey of all farms in
the lake catchment and then drawing up a priority action programme based on minimising
phosphorus inputs to the lake and its feeder streams.
b. attempting restoration of certain man-made features (e.g. valley mires) to enhance the capture
and retention of sediment-bound phosphorus from streams. This would be done following a
survey of the catchment land by the Cumbria Wildlife Trust (CWT) and then drawing up a priority
action programme (together with that under (a) above) based on maximising phosphorus
retention in the soil.
c.

sampling and analysis of lake cores and sediments in order to estimate the contribution to
phosphorus loads from the annual recycling of sediments. This study was undertaken by
University College, London.

d. quantifying the net effect on phosphorus loads to the lake from visiting waterfowl. This study was
undertaken by the Wildfowl and Wetlands Trust (Consulting) Ltd.
2.

Explore and apply various methods to reduce phytoplankton populations, particularly
cyanobacteria.

This is the area where there has been a significant change to the work programme, which initially
included a study of applying wind-powered aerating and mixing equipment to increase dissolved oxygen
levels at depth during the summer stratification and thus minimise phosphorus dissolution and recycling
from lake sediments. This work was not conducted because of delays in implementing the programme of
work on in-lake ultrasound treatment, which had been scheduled for completion by Spring 2014.
Because of various problems encountered, it was felt that the ultrasound work should be continued
through 2014 in order to obtain a clearer view on its efficacy. A second factor was that the conclusions of
the UCL study on sediment phosphorus were not available early enough in 2014 in order to procure the
mixing equipment; execution of the mixing work had been predicated on the basis that the lake
sediments were a significant source of annually-recycled phosphorus. If this hadn’t been the case (as it
later was shown to be), then there would be little value in trying to minimise a minor source of
phosphorus.

3.

Monitoring programme

This was done in collaboration with the Environment Agency and included regular monthly monitoring of
the lake, the Dub Beck inflow and lake outflow for a range of chemical parameters. Because of savings
made on other equipment, it proved possible to purchase an in-lake Sonde for continuous monitoring of
pH, conductivity, dissolved oxygen, turbidity, chlorophyll-a and phycocyanin levels and a portable water
quality meter for monitoring of incoming becks. These real-time data were streamed online for
continuous access by project staff and anyone else interested. Continuing the detailed algal
assessments begun in 2010, species counts of algae and cyanobacteria were conducted by WCRT
(Andrew Shaw) on monthly samples provided by the Environment Agency. This monitoring programme
has permitted a comprehensive assessment of the lake’s status in order to judge the impact of the
ultrasound lake treatment and future impacts of the farm improvements.
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The project has been managed within the Loweswater Care Programme by a Project Management
Committee comprising two WCRT Directors, David Calvert and Leslie Webb (the latter acting as
Chairman of this committee) plus Ken Bell, a local farmer living in Loweswater; Andrew Shaw, a local
resident with expertise in algae; and Mark Astley, a Loweswater resident and National Trust Ranger plus
a local Environment Agency representative, Charlie Bradshaw. A Project Officer (Vikki Salas) was
appointed in late 2012 and she reported to the above Project Management Committee. Continuing the
involvement of the local community started in the first LCP project, four local meetings were held over
the course of the project and were attended by up to 50 people at any one meeting.
1.3

Report Structure

This report is the full technical description of the work undertaken in this project and will only be
published electronically. A separate, short brochure-style document will be published both as an
electronic document and a paper document.
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Chapter 2.
2.1

Reducing Phosphorus Inputs to Loweswater

Background

The main component of this project was a delivery-based approach to reduce phosphorus inputs to
Loweswater through working with farmers and landowners to reduce diffuse pollution in the catchment.
A significant budget was available to deliver farm infrastructure or catchment based solutions to reduce
diffuse pollution. A logical and prioritised approach was undertaken to this element of work, which
included preliminary farm visits and a catchment walkover to identify catchment issues, a prioritisation
exercise and delivery of projects where landowners were willing to support them.
2.2

Farm and Catchment Assessments

Two consultants were commissioned to undertake preliminary studies to identify issues and possible
solutions within the catchment.
2.2.1

Farm Assessments

Mitchells Land Agency was commissioned in November 2012 to undertake a review of existing practices
at all farms within the catchment and prioritise actions that could be undertaken to minimise the
discharge of phosphorus compounds in the lake catchment.
The eight farms with land within catchment were visited between February and March 2013 and a report
was produced for each farm indicating current farming practices, best practice advice for reducing
nutrient loss and an infrastructure assessment (Brown, 2013). A prioritised list of infrastructure and
management projects was produced for each farm individually, and summarised for the catchment as a
whole. Each project had been discussed with the farmer and given a prioritised score from 1-10, based
on an assessment of the value of the project for minimising phosphorus loss from the farm.
2.2.2

Catchment Assessment

Cumbria Wildlife Trust was commissioned in November 2012 to assess the land in the Dub Beck
catchment above Loweswater to identify features that could be better managed to reduce phosphorus
inputs to Loweswater via Dub Beck and its tributaries. Land within the Dub Beck catchment was
surveyed between December 2012 and February 2013 and a number of habitat restoration and
enhancement opportunities, that could reduce phosphorus input to Loweswater, were identified (Burley
and Thomas, 2013). The habitat restoration and enhancement opportunities were further prioritised by
the Loweswater Project Officer, based on feasibility, maintenance required and an assessment of the
value of the project for reducing phosphorus input to the lake.
2.3

Project Prioritisation

Both the farm infrastructure projects and the catchment projects were combined and prioritised with
scores of 0-5 against the following criteria:
• cost;
• deliverability (timescales, requirements for changes to farm agreements, farmer willingness, etc.);
and
• phosphate reduction estimate.
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The projects with the highest score were then taken forward for further investigation in consultation with
the farmers/landowners.
The project matrix was updated regularly as costs were more fully understood, landowners consulted
with and consents sought. In addition, further projects were suggested as the project progressed, often
by the landowners themselves, and these were added to the matrix and prioritised accordingly.
The programme of delivery progressed according to the willingness of the farmers/landowners to
undertake projects on their land, coupled with costings, timescales and consents. The projects with the
greatest impact on reducing phosphate input to the lake were always prioritised, which meant some
farmsteads had a greater number of projects undertaken on their land and others had none. All the
recipients of project funding were required to sign a comprehensive agreement giving a breakdown of
the accepted costs, any conditions imposed on the recipient (e.g. maintenance) and the general
responsibilities of the recipient and West Cumbria Rivers Trust.
Of the eight farms assessed, one is mainly located outside the catchment, a second is farmed under a
tenancy agreement, but with minimal likely diffuse pollution from phosphorus, and a third is largely below
the lake catchment. Project work was therefore focussed on the remaining five farms as summarised in
Table 2.1 and described below.

Table 2.1
Farm
A
B
C

D
E

Summary of farm projects

Work
Drainage channels across lane
Fencing
Cattle shed
Fencing
Back Yard Roof
Slurry Store Roof
Replacement hardcore bale pad
Concrete base for dry muck midden
Cattle house roofing/flooring over tank
Watercourse crossings
Sheep shed
Fencing
Himalayan Balsam spraying/pulling
Use of sward lifter and slitter

2.4

Farm Projects

2.4.1

Farm A, Lane Drainage Channels and Fencing

Assessment
priority
Medium
Medium
High
Medium
High
High
High
High
High
Medium
Medium
High

Completion
date
2013
2014
2014
2014
2014
2014
2014
2015
2015
2015
2014
2014
2013-14
2013-15

An unsurfaced farm track running down a hill from the fell to the farmstead had eroded due to high
rainfall levels and creating surface water runoff down the track. Soils that were potentially high in
phosphorus compounds (due to the nature of the use of the farm track) were able, therefore, to move
down the track towards the farm and a roadway. Seven cross drains were installed at intervals down the
track to divert surface water runoff and not allow it to build up enough momentum to cause serious soil
erosion and reach the roadway and thereby the lake (see Figure 2.1).
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Figure 2.1

Farm A - Four of the diversion drainage channels.

The farm owner has commented that, since their installation and provided that they are regularly
inspected and any debris removed, the channels have worked extremely well with no water flowing down
through the farm buildings to the roadway.
Within this farm, there was also a 150m stretch of beck that required fencing and other remedial work to
eliminate stock access. The beck has now been fenced on both sides and, at a small water-drop at the
upper end, a stonewall rebuilt and the bed reinforced and, at the bottom end, a new water-gate
introduced. These features are depicted in Figures 2.2, 2.3 and 2.4.

Figure 2.2

Farm A – Head of beck before re-construction
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Figure 2.3

Figure 2.4

2.4.2

Farm A – Head of beck, after reconstruction and new fencing

Farm A – New fencing along both sides and new water-gate at lower end

Farm B, Cattle Housing and Fencing

The facilities at this farm were poor due to age and inadequate capacity in relation to the storage of
cattle muck and rainwater mixing with muck to create dirty water runoff. The location of the farm on a
steep hill next to the lake combined with the volume of potentially high-phosphorus runoff meant that this
farmstead was a high priority for work. It quickly became apparent that the investment needed to bring
the farmstead up to the required standards for muck storage and dirty water separation would be
prohibitively high. Figure 2.5, on the next page, shows the existing yard at Farm B.
An alternative, lower-cost solution to improving the facilities at Farm B was developed in discussions
with the farm owner and a family member, who runs a nearby farm outside the lake catchment. In this
scenario, the cattle (20 in number) would be housed in a new cattle shed (14x23m) built at the second
farm where all the cattle would be housed over the winter. Slurry from cattle housed at this second farm
would be contained by an existing storage tank and only be spread on land within the Loweswater
catchment when needed and during appropriate conditions. The quotation for this work was deemed
acceptable by an independent consultant and the works were carried out in 2013. The new facilities are
shown in Figure 2.6 on the next page.
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Figure 2.5

Farm B – Existing muck storage facilities

Figure 2.6

Farm B – new cattle shed

Some fields on this farm stretch down to the lake shoreline so, in order to keep stock away from the lake,
some 450m of stock fencing (sheep netting) were installed, together with a gate and a livestock drinking
area with a stream crossing point (see Figure 2.7, below).

Figure 2.7

Farm B – new fencing
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2.4.3

Farm C – Roofing, Concrete Bases and Cattle Housing

This farm was highlighted in the assessment reports as one where the lake quality would benefit from
implementation of a range of measures. The farm infrastructure has two parts, the main buildings near
the farmhouse and an area about 1 km away, which is much closer to the lake. All the changes in the
main area implemented through this project focus on minimising the dilution of cattle muck from rainfall
and maximising cattle muck contained by the slurry tank. The excessive volumes of cattle slurry thus
generated meant that it had to be spread at times of the year when nutrient uptake was low, thus
increasing the likelihood of nutrients passing to the lake.
The first two projects carried out were to roof the backyard (210m2) adjacent to the existing slurry tank
and the slurry tank itself (256 m2), both resulting in reduced volumes of water passing to the tank (see
Figure 2.8, below). An adjacent area used as a dry muck midden was also concreted to minimise surface
run-off.
At a slightly later date, the slurry tank was enlarged by the farmer (not funded by this project) and a
slatted floor was fitted above it to house cattle over winter (funded by this project). The cattle housing
was to replace an aging cattle housing facility closer to the lake and adjacent to a watercourse. Works to
this facility would have been costly, and this solution meant all cattle are now housed at the main
farmstead where there is appropriate separation between clean and dirty water and adequate slurry
storage. See Figures 2.9 and 2.10, below and 2.11 on the next page.

Figure 2.8

Figure 2.9

Farm C - Roofing over yard adjacent to slurry tank

Farm C - Slurry tank before
roofing and enlargement

Figure 2.10
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Figure 2.11

Farm C – new cattle shed with slatted floor after completion

A further project at this farm was completed at the location nearer the lake, where a new hardcore bale
pad (15m x 40m) was built to replace an existing bale pad, which was within 5m of a watercourse. The
new bale pad (see Figure 2.12, below) was positioned at least 15m from the watercourse. Any bales
within the old bale pad had either to be used within that year or transferred to the new bale pad.

Figure 2.12

Farm C – new bale pad
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2.4.4

Farm D - Watercourse Crossings and New Sheep Shed

This is a mixed cattle and sheep farm, where the stock graze both fell and in-bye land. Some stock are
kept on separate land outside the lake catchment, notably during winter. A small watercourse passes
through the land which showed clear signs of stock encroachment (see Figure 2.13, below) and,
therefore, a source of nutrient and sediment input. As the watercourse crossed through the middle of the
field and was quite wiggly in nature, the famer was unwilling to fence off the entire watercourse to stock
access. Therefore, to reduce the impacts of stock, three water crossings were constructed using large
(>711mm) concrete pipes and hardcore which would encourage the stock to cross in a designated place.
A drinking trough and hardcore base was also provided to encourage the stock to drink at one location
(see Figure 2.14, below).

Figure 2.13

Farm D - Before crossings constructed, whole beck and location of upper crossing

Figure 2.14

Farm D – After crossings constructed, whole beck and upper crossing
with new water tank

The second project at this farm did not feature in the original assessment, but developed during the
course of ongoing discussions within the Project Steering Group about minimising diffuse phosphorus
pollution within the Loweswater catchment. The concept was to remove a significant number of sheep
(ca 250) from this farm during winter and to house them inside a new sheep shed on the farmer’s (out of
catchment) land nearby. The total numbers of ewes overwintering within the Loweswater catchment
would, thus, not exceed approximately 100 (from the then figure of approximately 390). This work would
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reduce the levels of phosphate from nutrient-rich winter feed and diffuse pollution arising from poaching
of land and soil compaction. This involved construction of a new shed (14x30m) with a concrete floor
(see Figure 2.15 on the next page).

Figure 2.15
2.4.5

Farm D – new shed for over-wintering sheep

Farm E – Fencing

Owing to a then-recent change in management, this farm did not have a clear forward management plan
at the time of the assessment. However, there was a significant parcel of land abutting a wetland area
next to a major lake feeder stream that was unfenced, allowing stock access and the possibility of direct
pollution from wastes, alongside poaching and sediment loss. Consequently, some 270m of stock
fencing was constructed, including two gates for farm and public footpath access (see Figure 2.16,
below).
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Figure 2.16
2.4.6

Farm E – Existing area with no fencing and with new fencing/gates

Use of Sward Lifter and Sward Slitter

The project funded two pieces of equipment for use in increasing soil filtration and reducing runoff. Both
pieces of equipment are used behind a tractor and have different benefits:


The sward lifter
Soils become compacted for a variety of reasons such as gradual soil slump, the constant
passage of stock and the action of heavy machinery. The use of a sward lifter improves soil
structure by reducing soil compaction and increasing the filtration capacity (drainage) of the soil.
This ensures that nutrients from fertilisers and the soil itself are less likely to be lost through
surface runoff and, thus, help reduce the levels of phosphorus and sediment reaching the lake.
Other benefits can include improved grass growth through increased water retention in the soil,
improved soil fertility and an increase in the capacity of the land to store water, thus reducing
run-off during periods of heavy rain, which can otherwise lead to flooding.
The selected equipment was an Opico 2.7m, 3-leg Sward Lifter Grassland Subsoiler, which is
specifically designed to break up hard pans and surface compaction, while lifting and opening up
the subsoil and creating improved drainage. This equipment has a front cutting disc that opens
up the turf, allowing the subsoil leg to travel through the sward without soil bursting onto the
surface. Spring loaded rollers are then employed at the rear of the unit to press close the turf,
leaving a surface that is level and ready for use. The action is to disturb the compacted soil 1520 cm below the sward and allow the plant roots to penetrate deeper which in turn encourages
nutrients deeper into the ground. The nutrients are locked into the soil structure for longer,
allowing the grass to improve their usage and, therefore, requiring less fertiliser to grow the
same amount of grass.



The sward slitter
Sward slitters improve aeration of plant roots in the upper soil surface and stimulate grass and
clover growth. Slitting allows oxygen interchange through the soil surface and also encourages
evaporation of moisture in the surface layer of soil so that it dries out more quickly – this
promotes earlier growth in the Spring. The selected equipment was an Opico 3.0m, 72-blade
Grassland Sward Slitter incorporating a chamfered trailing edge, which limits the turf damage
when each knife comes out of the soil, so leaving a better finish. It is less aggressive than the
sward lifter and is best applied to soils which are compacted just below the sward at 5-10 cm
depth. It has the added benefit of splitting plant roots and encouraging the plants to tiller out and
fill bare patches of soil, thus reducing potential erosion.
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Figure 2.17

The Opico Sward Slitter (in front) and the Sward Lifter (behind)

Figure 2.18

Demonstration of Sward Slitter and Lifter

Both pieces of equipment are housed at one of the Loweswater farms and are available to any farmer
once they have signed a Land Management Equipment Pool Agreement, which covers equipment
storage, insurance, use and breakages/wear.
A demonstration of the Lifter/Slitter was organised in Loweswater in
September 2014 so that any farmer in the area could see the
equipment at first hand (see Figure 2.18, above). A farming
consultant was invited to this event to give a talk about soil conditions
and the use of fertilisers and to demonstrate the importance of digging
test holes to ascertain the level and type of soil compaction, before
choosing the most appropriate machine to use and how to optimize its
use (see Figure 2.19, left).

Figure 2.19

Demonstration of test hole

Both sets of equipment have been used to good effect on all types of land, with the best results
on loam/sandy gravel soil types and of least benefit on peaty/heavy clay soil types. Weather conditions
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have to be favourable to achieve the best results (not too wet) and this imposes a finite window as to
when the equipment can be used. Farmers in the catchment have adopted
a rotational approach
as it isn't advisable or practicable to undertake these operations on a whole farm basis in one year.
Overall, the lifter has been used on 110 ha and the slitter on 124 ha of local grassland.
Use of the equipment is ongoing, but the benefits are already quite noticeable in terms of drainage and
grass growth.

2.4.7 Control of Himalayan Balsam
This plant was introduced into the UK in the 19th century and has now become widespread, particularly
along rivers, where it suppresses the growth of native species and allows erosion of river banks once it
has died back during the winter. As a consequence, it is now listed under the Wildlife and Countryside
Act 1981 and it is an offence to plant or allow this species to grow in the wild. It is common across
Cumbria including the catchment of the River Cocker. The balsam outcompetes native vegetation then
dies back over winter leaving areas of exposed soil which are vulnerable to erosion.
There are several areas of strong Balsam growth along Dub Beck above Loweswater. On behalf of the
project, these areas have been sprayed by contractors employed through the National Trust and there
have been several sessions of pulling Himalayan Balsam by project volunteers (see Figure 2.20, below).

Figure 2.20

Volunteers pulling Himalayan Balsam in Dub Beck catchment, August 2015
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Chapter 3.
3.1

Lake Studies

Background

At the completion of the Lancaster University/CEH project in 2010, much had been learnt about the lake,
but nothing was known about two potentially-significant phosphorus sources, lake sediments and
waterfowl and no previous attempts had been made to control the lake algal populations in situ. This
section describes three studies carried out in this project:
(i) to determine how much phosphorus is recycled from lake sediments
(ii) to estimate how much fresh phosphorus originates from waterfowl
(iii) to review the application of ultrasound treatment of lake water to control algal growth ahead of the
trial conducted in 2013 - 2014 and described in Chapter 5.
3.2

Review of Ultrasound Treatment for Algal Control

3.2.1

Introduction

In 2012, when this project was being formulated, Loweswater had been the subject of various studies
over several years, but practical work to try to improve lake quality had not been attempted. At that time,
the significance of phosphorus inputs from lake sediments and waterfowl was not known and hence the
effectiveness of any reductions in fresh phosphorus inputs from these sources in lowering algal levels
would be a matter of conjecture. Even if the contributions of phosphorus inputs from lake sediments and
waterfowl were known to be low, the timescale for any improvement in lake quality stemming from
reductions in fresh phosphorus inputs to the catchment would almost certainly not be short. In view of
this and concurrent with work described above on reducing fresh phosphorus inputs from farming
activities and quantifying the contribution from waterfowl and annually-recycled sediment phosphorus,
the LCP Steering Committee decided to try to reduce the level of lake algae (notably the cyanobacteria)
in a more expeditious manner and thus facilitate earlier compliance with some requirements of the Water
Framework Directive.
During the preparation of material for presentation at local meetings in 2011, the LCP Steering
Committee came across references to the use of various techniques for controlling lake algae, notably
barley straw and ultrasound. The most prominent and perhaps most widely-used technique was the
introduction of rafts of barley straw (or the dosing of extracts of barley straw) to lakes (CEH, 2004). This
was looked into in some depth, but it was concluded that, for a lake like Loweswater of high aesthetic
value, the placement of numerous straw rafts across its surface would be too intrusive visually and the
dosing of a liquid straw extract would be ineffective due to the lake’s long retention time.
By comparison, the use of sub-surface ultrasound would have a small and hopefully acceptable low
visual impact (mainly from the solar panels that would be necessary for power supply, rather than from
the generators themselves), there would be no effect on the lake’s chemistry and cyanobacteria are
more susceptible to its effect than are green algae. Ultrasound was thus selected as a technique for
investigation within this project on the premise that it could rapidly (within weeks) lower cyanobacterial
populations with minimal other impacts.
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3.2.2

Ultrasound Theory and Practice

Human hearing spans the range 20 – 20,000 Hertz (Hz, cycles per second). Ultrasound is that region of
the sound spectrum with wavelengths above the limit of human hearing, i.e. over 20,000 Hz (20 kHz)
(see Figure 3.1).

Figure 3.1

Sound frequency range and applications (Courtesy of Wikipedia)

Sound travels at about 343 m/second in air (at 20oC), but much faster in water (ca 1480 m/second). This
is because the speed of sound depends on the transmitting medium’s compressibility and density, the
much lower compressibility of water compared to air allowing it to transmit sound energy more effectively
even though it is much denser. The wavelength of sound in water at 20 kHz is about 75mm.
The transmission of sound in a medium such as water takes the form of longitudinal pressure waves in
which the medium (water molecules) is shifted a very small distance (microns) in the direction of the
wave’s propagation. This compression increases the pressure locally and then, as the medium relaxes, it
is followed by a pressure reduction (a rarefaction). Ultrasonic sound waves are generated when an
electric current is applied to a piezo-electric material (usually a crystal such as quartz or a composite
material such as lead zirconium titanate), causing it to change its dimensions - this oscillation generates
a sound wave. The shape of the ultrasound wave depends on the type of transducer used in the
generating equipment and the sound intensity (power per unit area, e.g. W/m2) decays with distance by
the common inverse square law, plus any attenuating effects due to absorption by the medium and
scattering at interfaces (Anon, 2010).
Ultrasound has many applications as a sensing/imaging technique (in healthcare, underwater sonar,
flow measurement, non-destructive testing of materials, etc.) and as a processing technique for cleaning
articles, or removing undesirable substances such as algae from lakes. In the latter area, a key issue is
the effect of ultrasound on the adhesion between different materials or on their structural integrity. In this
respect, one of the key features of the application of ultrasound is cavitation, the rapid expansion and
violent collapse of bubbles that may be present already in the water or generated by the ultrasound.
In water with no bubbles, very high pressures during the rarefaction phase (well above that generated in
commercial ultrasonic equipment) are required to initiate cavitation so, in practice, ultrasonic treatment
makes use of the presence of existing bubbles. There are different types of cavitation depending on the
ultrasound frequency and the power applied. During high pressure/intensity cavitation, it has been
calculated that very high temperatures (1000s of C°) and pressures (100s of atmospheres) can be
generated during bubble implosion, but in a very localised space. These pressures/temperatures would
generate very strong shear forces that could break down the cohesive forces between and within
materials (Santos et al, 2009).
It has also been shown that the conditions during bubble implosion can generate hydroxyl radicals and
peroxides at the bubble interface from the breakdown of water. EnviroSonics Ltd (the manufacturer of
the ultrasonic equipment used in this project) believes that these oxidising substances play a key role in
algal control by ultrasonic treatment.
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In laboratory studies of algal control by ultrasound (see more details in next section), the power intensity
may be adequate to generate cavitation due to the small volumes often used, but the power of
commercial ultrasonic generators used for algal control in large water bodies is much too low to generate
genuine cavitation. Notwithstanding this limitation, there is another bubble-related mechanism whereby
ultrasound could exercise control of some algal species. The space surrounding all algae in water is
super-saturated with gases (notably carbon dioxide and oxygen in addition to water vapour) and this
space can, thus, have a higher bubble content than the bulk liquid. Additionally, some cyanobacterial
species contain gas vacuoles packed with cylindrical, sub-micron gas vesicles to regulate their
buoyancy.
All gas bubbles have a resonant frequency at which they can be made to vibrate. This frequency
depends on a number of factors, but the most critical factor is the size of the bubble. It can be calculated
that the resonant frequency is 20kHz for a bubble diameter of about 150μm and 1MHz when it is about
3μm. It is not straightforward to apply this equation to gas vacuoles/vesicles as they represent a complex
structure and are not spherical (Rajasekhar et al., 2012a).
3.2.3

Review of Previous Work on Ultrasound for Algal Control

Much of the published scientific work on ultrasound treatment for algal control describes laboratory work,
in which the sound intensity may be high enough to achieve cavitation due to the small volume of the
treatment systems employed. Manufacturers of commercial ultrasonic equipment seem reluctant to
publish their work in scientific journals and information from such sources is thus limited to rather general
articles, Powerpoint presentations or website pages, which, not surprisingly, focus solely on successful
applications. Access to impartial information relevant to ultrasound treatment on Loweswater was thus
not easy ahead of the start of this project. A useful review of ultrasound for algal control was published
recently (Rajasekhar et al., 2012a), but this was too late to inform the project in its early stages.
Although the origins of the use of ultrasound for algal control may be considered of somewhat academic
interest in the context of the work on Loweswater, it is useful if only to show that the technique is not
new. In the 2012 review cited above, it is suggested that the idea of using ultrasound for large-scale
algal (notably cyanobacterial) control came from German work in the early 1970s on its use for
collapsing their gas vacuoles in the laboratory. However, a later paper (Walsby, 1991) describes work by
the former UK Water Research Association in 1957 using ultrasound to try to destroy the filamentous
cyanobacteria Oscillataria spp. in river water; this was partially successful. Despite these early forays
into the technique, there appears to be have been little substantive work on the technique until this
century. Even then, the number of publications to date is quite small (<20), but the rate is slowly
increasing with time.
Most of the published papers focus on one species of cyanobacteria, the colony-forming Microcystis
aeruginosa, which, although not present in Loweswater, is one of the species most commonly found in
lake blooms. The most prevalent cyanobacterial species in Loweswater - Plantothrix spp and
Worinichinia spp – are not covered in any of the published papers. The species Anabaena, which is seen
at Loweswater, featured in two laboratory studies (Kotopoulis et al., 2009 and Rajasekhar et al., 2012b),
in both of which some controlling effect was observed, but at high applied sound levels. Given the known
specificity of the response of different algal species to ultrasound, notably in relation to the sound
frequency, it is concluded that there is little of relevance in the published literature of largely laboratory
studies to the conditions in Loweswater.
Only one of the published papers in the open scientific literature refers to work at an actual lake (Lee et
al., 2002), but the technique employed flushing as well as ultrasonic treatment. It is interesting to note
that full-scale work on this lake in Japan, which is about half the area of Loweswater, was carried out at
such a relatively early stage in the development of ultrasound for algal control. Monitoring was carried
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out for two years and the work was considered successful, but there is no mention in any subsequent
publication of further applications in Japan.
Although it is largely a laboratory study, a Ph.D.Thesis from Cranfield University (Purcell, 2009) contains
some information on full-scale lake projects conducted with ultrasound in the UK (Table 3.1).
Table 3.1

Lake-scale UK studies on ultrasound (Purcell, 2009)

Lake/reservoir

Volume (m3)

Area (ha)

Depth (m)

Target species

United Utilities

1.2M

-

-

Diatoms

Thames Water

0.8-1.0M

14-18

6

Cyanobacteria

Anglian Water

-

0.03

-

Cyanobacteria

The descriptions provided in the thesis are not complete and the total power inputs are not available, but
40W individual ultrasound transducers were used, some at 28kHz and others at 40-50 kHz. Judged
against contemporary control data, or that provided by data from previous years, the results showed no
statistically significant algal reduction from the ultrasound applications.
All the above studies were carried out and published by independent researchers, but it would be remiss
not to mention the work of commercial companies selling ultrasound equipment for algal control.
Perhaps the most prominent is LG Sound, a Dutch company founded in 1999, which claims to have sold
10,000 of their LG Sonic products in 50 countries to date. Their latest advertising puts forward the idea
that algae are prevented from reaching the lake surface by an ultrasonic “sound barrier” and die through
inadequate light reaching them. With a number of European partners (including Scottish Water), this
company is part of a €3M EU-funded project (DRONIC), which aims to develop a robotic system capable
of autonomously detecting and destroying harmful algae using analytical and ultrasonic equipment on
two unmanned rafts. In fact, LG Sound already has such a system (the MPC Buoy), one of which was
installed by Sembcorp Bournemouth Water on a lake in East Dorset in 2014. LG Sound is also involved
in a project with Welsh Water to assess the efficacy of ultrasound for algal control on a reservoir in midWales. The LG Sound website contains a number of case studies, which report successful control of
algae in various water bodies, but with very little hard data on algal species and levels.
EnviroSonic Ltd is a UK company founded in 2007 to develop systems for algal control based on
ultrasound. Since then, it has installed many systems in the UK and Europe, but published data is
scanty. For about two years from mid-2011, Wessex Water did a trial of the same EnviroSonic unit as
those used on Loweswater (the ESS-300) on a small lake (an impoundment reservoir, 9m deep, 2 ha
area and 180,000 m3 volume) taking water from the River Avon in Hampshire (Wessex Water, 2014).
This lake suffered historically from cyanobacterial blooms (Anabaena, Microcystis, Gleotrichia and
Planktrothix spp) and algal toxins have also been detected. Algal counts during the ultrasound trial were
low, but similar to the levels in the preceding two years. However, an adjacent lake receiving the same
water did suffer an algal bloom during the period of the ultrasound trial and this did not occur in the trial
lake. No adverse impacts on other species (invertebrates, fish, birds) were observed. It should be noted
that, in view of the lake’s small size, the power intensity (W/m3) is much greater than at Loweswater, but
is still very low (ca 0.00013 W/m3) compared to that used in laboratory studies.
The website of Sonic Solutions, an American company, is a good example of the sort of information
published online from various case studies on ultrasound. Evidence of success is mainly provided by
pictures of lakes/ponds before and after ultrasound treatment with a seemingly dramatic reduction in
green-ness of the water. This website is also interesting as one of its Powerpoint presentations shows
slides of algal damage from ultrasound treatment which in fact originates from work conducted by a
sister company of EnviroSonics.
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There is one other aspect of ultrasound treatment which merits brief mention – the potential impacts on
other, non-algal species. As in the Wessex Water study cited above, other descriptions of full-scale
ultrasound installations indicate zero impact on non-algal species. However, there has recently been one
publication (Lürling et al., 2014a) describing a laboratory study in which ultrasound had a lethal effect on
Daphnia spp. (the common water flea), albeit at a sound intensity (ca 0.8 W/m3), which, despite being
below that in many other laboratory studies, was still much higher than would be applied in lakes. In a
separate study (2014b) at the same power level, authors from the same organisation looked at the
impact of ultrasound (and hydrogen peroxide) on Mycrocystis aeruginosa; this showed only marginal
algal control. In a further experiment using a mixed population of Daphnia and algae, the killing of the
grazing Daphnia by the ultrasound allowed the cyanobacteria to grow more rapidly than in a Daphniafree control. Consequently, these authors do not advocate the use of ultrasound for algal control in lakes
(notwithstanding the fact that the sound levels were much higher than would be practised) and warn
about possible adverse impacts on other species such as Chaoborus (phantom midge larvae), which are
present (together with Daphnia) in Loweswater.
3.3

Lake Sediments as a Phosphorus Source

3.3.1

Background

At the time the project started, the most obvious gap in the knowledge of phosphorus sources in
Loweswater was the extent of any recycling of phosphorus from lake sediments. The accumulation of
particulate solids on the bed of lakes is a natural phenomenon occurring in all lakes. The particulate
solids may originate from incoming feeder streams or may be generated in the lake from chemical
precipitation or biological activity. The mechanism by which the sediment phosphorus is recycled is well
established and relies on the anoxic conditions that can develop at the lake bottom when it stratifies
during summer months. As seen in Figure 3.2 on the next page, Loweswater splits into two layers as the
surface water temperature rises and the warmer, lighter surface water is unable to mix with the colder,
denser bottom water already in the lake. The thermocline that separates the upper epilimnion from the
lower hypolimnion is at about 10m depth in Loweswater and the lake remains stratified for 3-4 months
from mid-May to mid-September.
Oxygen depletion at the lake bottom results from microbial activity breaking down the algae-derived
biodegradable organic matter, as well as material brought in from the catchment in the sediment. This
releases the algal phosphorus in the form of phosphates, which would tend to adsorb on inorganic
particulate matter, particularly if iron compounds are present, under oxic conditions. However, under the
prevailing anoxic conditions at the lake bottom, iron compounds change from oxidised ferric to reduced
ferrous that does not bind phosphate, thus allowing phosphate to diffuse into the water column and
eventually into the whole lake when the lake turns over again in the autumn.
This study was carried out under contract by the Environmental Change Research Centre, University
College London (UCL), with additional input by the Geography Department at Liverpool University. The
findings have been published in a separate report (Goldsmith et al., 2014) so will only be summarised
herein for completeness.
The main objectives of the study were as follows:
•
•
•
•

To determine the spatial distribution of phosphorus (P) concentrations in the surface sediments
and below the thermocline as a means of assessing the importance of anoxia in P recycling.
To establish changes in the sediment concentration of P (as well as sediment flux) through time
using evidence from dated sediment cores.
To determine P fluxes using seasonal water chemistry data from the outflow and from the water
column during periods of overturn in the spring and autumn.
To use these data to model P flux within the lake and estimate sediment P release.
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Variation of temperature and dissolved oxygen (DO) with depth in 2009 for Loweswater
(data courtesy of CEH)

Results

A simple mass balance of any material such as phosphorus around the lake is shown in Figure 3.3.

Pinput

Lake
Pburial

Precycled

Poutput

Pinput = Pburial + Poutput
where Pburial is permanent removal, not involved in annual recycling.
Figure 3.3

Simple mass balance for Loweswater

In 2013, the mean total phosphorus (TP) concentration in the lake outlet (from monthly EA spot
measurements) was 12.9 μg/l. The estimated runoff from nearby rivers in the National River Flow
Archive (NRFA) was 1m (m3/m2) in 2013, giving an estimated runoff over the Loweswater catchment
corresponding to a 220-day lake retention time (compared to a long term mean value of 200 days). A
calculation using rainfall data measured in the catchment gave a similar runoff assuming 0.5m
evapotranspiration over the year. The calculated TP load leaving the lake (flow multiplied by
concentration) was thus 116 kg in 2013.
In order to be able to calculate the buried phosphorus, four short (down to 20cm) and twenty surface (top
5mm) sediment cores were taken at bottom locations beneath various water depths (see Figure 3.4 for
locations and the bathymetric profile). All samples were analysed for solids content, loss on ignition
(organic content) and total phosphorus. All four short sediment cores showed an increase in total
elemental P towards the top, with increasing concentrations in the top 4 cm (Figure 3.5). The core taken
from Loweswater in 1999 (Bennion et al., 2000) had a sediment accumulation rate of 0.43 cm per year in
the uppermost sediments and, thus, the upper 4 cm of these recent cores may only represent the past
10 years of sediment accumulation.
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Figure 3.4

Bathymetry of Loweswater showing location of short cores and surface sediment
samples (Goldsmith et al., 2014)

Figure 3.5

Total phosphorus content of short sediment cores in Loweswater
(Goldsmith et al., 2014)
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Slices of the short sediment cores were also analysed for the isotope lead-210 (210Pb) for dating
purposes. The actual calculation of buried phosphorus is rather complicated, but is based on the P
content of each dated sediment slice multiplied by the sedimentation rate (kg/m2 lake bed.year). The
latter comes from 210Pb sediment data assuming that atmosphere-derived lead and phosphate behave
identically in terms of sedimentation in the lake. The higher phosphorus fluxes over recent years (Figure
3.6) were the same as those seen in the 1999 core (LOWS 1 in Figure 3.6) over its preceding years from
the sample previously taken by UCL (Bennion et al., 2000). The data indicate upward migration and
build-up of P in the surface sediments (but not necessarily phosphorus release into the overlying water).
The calculated value for phosphorus buried in permanent sediments is 149 kg P in 2013, which
contrasts with estimates of about 100 and 60 kg P buried for 1940 and 1900.
The final element in the mass balance is the input phosphorus entering the lake from feeder becks
(assuming zero aerial deposition). This can be calculated from the phosphorus content of stream inputs
or from the sum of Poutput and Pburied. There are a number of problems with estimating the input
phosphorus from stream data, not least that there is only phosphorus data for the Dub Beck inflow and
there is no direct flow data for any of the individual streams. In addition, it appears that most of the
sampling dates for Dub Beck occurred at times of quite low flow when the contribution from particulate
phosphorus would also be low, so use of the average measured phosphorus concentrations would tend
to under-estimate the phosphorus load. This is a common problem when using spot sample data to
estimate mean concentrations and loads owing to the enormous cost of truly representative sampling.
To get around these limitations, the UCL study looked at a number of options based on flow data from a
nearby, gauged river (the Eden) – these gave a wide range of input loads (216-600 kg P in 2013)
compared to the mass balance sum of 265 kg P. The only reference figure the LCP has is 200 kg P for
2009 from CEH using the land export coefficient technique. Taking the 265 kg P figure, about 56% of the
input P is permanently buried and 44% discharged in the Dub Beck outflow. This burial coefficient is in
reasonable agreement with an empirical relationship developed from the North American Great Lakes
based on a lake’s surface water loading (m3 outflow/m2 lake area.year) (Kirchner and Dillon, 1975); this
predicts a burial coefficient of 53%.

Figure 3.6

Calculated phosphorus fluxes over time for four sediment cores taken in 2013 (lows 3-6)
and one taken in 1999 (LOWS1) (Goldsmith et al., 2014)
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Although not part of the overall lake mass balance, a key part of this study was to estimate the
contribution from annual recycling of phosphorus in surface sediments. Data for the measurements on
Loweswater surface sediments are shown in Figure 3.7, from which it appears that there is a higher P
content at depths below 14m, where the water is anoxic for 3-4 months in the summer. From the
measured P content in the surface sediment layers, it is estimated that there is about 1760 kg P that
could be recycled, corresponding to about 7 years’ worth of input loading. From the differences between
the P concentrations in depth samples taken before and during lake stratification in 2013, it is estimated
that the annually recycled P is about 21 kg or 8% of the input. Although quite small compared to the total
annual input, the recycled phosphorus could be an important source after the lake turnover, particularly if
stream inputs were low at this time.

Figure 3.7

Phosphorus content of surface sediments in Loweswater
at different water depths (Goldsmith et al., 2014)

Before the data and calculation from this UCL study was available, a rough calculation of recycled
phosphorus had been made using an empirical relationship based on sediment P content, the area of
anoxic conditions and the duration of anoxia (Nurnberg, 1991). Using a figure of 0.2% sediment P
content, this predicts a phosphorus release of about 30 kg P/year, somewhat higher than the measured
level, but in the same region.
Using these data, the mass balance for phosphorus around Loweswater is shown in Figure 3.8 and is
discussed further in Chapter 6.1.
265

116

Lake
149
21

Figure 3.8

Loweswater phosphorus mass balance (kg)
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3.4

Waterfowl as a Phosphorus Source

In 2014, the West Cumbria Rivers Trust commissioned the Wildfowl and Wetlands Trust Consulting
(WWT Consulting) Ltd to undertake a study on nutrient loading impacts of wildfowl (Anseriformes ducks, geese and swans) on Loweswater, paying particular attention to phosphorus. The study (WWT,
2014) was carried out using wildfowl count data, provided by the British Trust for Ornithology (BTO), and
these data, ranging from 1976 to 2010, were used to help calculate nutrient loading by wildfowl.
From the BTO dataset, peak monthly counts of each species were averaged from the period of 1995 to
2010. These results were used to provide an informed estimation of the likely number of birds using
Loweswater daily, by multiplying the average peak monthly count by the number of days in that month.
Monthly totals were added to give a number of species days per year. A review of the scientific literature
provided information on the values for guano production of wildfowl, relating to bodyweight, and values
for the concentrations of phosphorus and other nutrients found in droppings from certain species of
wildfowl.
The results of this study indicated that an estimated 1,342 kg of bird droppings are created by wildfowl
on Loweswater per year; this guano includes 275 kg of carbon, 17.4kg of nitrogen and 5.4kg of
phosphorus. The highest nutrient input to Loweswater is in the autumn and winter months to a
maximum of 30 g total phosphorus / day, see Figure 3.9 (WWT Consulting Ltd, 2014). It can be
concluded that the waterfowl P input accounts for about 2% of the estimated lake input data from section
3.3.

Figure 3.9

Nutrient loading from wildfowl in Loweswater, 1995 to 2010 (WWT Consulting, 2014).
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Chapter 4.
4.1

Monitoring of Becks

Introduction

A key element of this project was the monitoring programme; this chapter describes the monitoring of the
becks feeding the lake and Chapter 5 that of the lake itself. This work was conducted by the
Environment Agency and WCRT. The EA monitored the water quality of Dub Beck which enters the lake
near Waterend, whilst WCRT monitored the water quality of Black Beck, various Holme Becks, High
Nook Beck, Crabtree Beck and Dub Beck plus its tributaries. The results of the water quality monitoring
programmes of the Loweswater becks for 2011, 2012, 2013 and 2014 have been reported in detail
(WCRT, 2011; WCRT, 2012; WCRT, 2013 and WCRT, 2014 respectively). This chapter provides an
overall summary of the becks monitoring data for 2012, 2013, and 2014, with data from 2011 for
comparison.
A survey of the fish populations present in the catchment tributaries was also carried out to gain
information on habitat quality in the watercourses and to help target any future improvement measures
that may be required
4.2

Methods

4.2.1

Collection and Measurements on Water Samples

On the same occasions that samples were taken from the lake, one litre samples were also collected
from Dub Beck inflow at Waterend (NY 1170 2245) and retained by the Environment Agency for analysis
at their Starcross Laboratory in Exeter, Devon.
At the Dub Beck inflow, staff of the Environment Agency used a YSI Professional Plus handheld multiparameter meter to measure water temperature, pH, dissolved oxygen concentration and conductivity.
In addition, the EA Starcross Laboratory analysed each water sample for a wide range of variables,
including: alkalinity, total phosphorus, soluble reactive phosphorus, chlorophyll-a and total nitrogen.
The other becks were monitored by WCRT using a YSI Professional Plus meter fitted with pH,
temperature, specific conductivity and dissolved oxygen (DO) sensors and using a WTW model 430T
turbidity meter. Conductivity values were reported normalised to 25oC (specific conductivity), DO as %
saturation levels and turbidities in Nephelometric Turbidity Units (NTU). The sensor types were the
same as on the EXO2 Sonde, except for the DO sensor, which was a traditional polarographic probe,
whereas the DO sensor on the EXO2 is an optical sensor and for the turbidity sensor, which has a visible
tungsten light source on the WTW meter, but an IR light source on the EXO2. Both meters were
calibrated in accordance with their manuals and the DO sensor was always calibrated just prior to use
(i.e. at the prevailing atmospheric pressure).
The 15 standard monitoring locations were visited 16 - 20 times at roughly monthly intervals over July
2013 - December 2014; a few other locations were visited on a more ad hoc basis (Figure 4.1).
4.2.2

Electro-Fishing Survey

West Cumbria Rivers Trust holds an Environment Agency electrofishing consent for the River Derwent
catchment, which includes Loweswater and tributaries into Loweswater (Application reference
B/NO/05092013/K15). The surveys were undertaken on 05 and 09 September 2014, during the
consented period for electrofishing and during appropriate flow conditions. Environment Agency
electrofishing survey sheets were used to record the site information and results.
Electrofishing equipment comprising a hand-held backpack kit (E-fish system) was used to undertake
the fish survey. The electrical current stuns fish momentarily, allowing capture and subsequent
recording before releasing the fish back into the original watercourse, once the survey is complete.
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Figure 4.1

Monitoring locations around Loweswater

The surveys were carried out at six locations, with at least one location on each of the main tributaries
within the catchment as follows: Holme Beck, Black Beck and Dub Beck at Maggie’s Bridge on 05
September 2014; Dub Beck at Graythwaite, Dub Beck upstream of Loweswater and Crabtree Beck on
09 September 2014. At each survey location, a 50m stretch of watercourse was surveyed comprising a
range of habitat types, e.g. riffle, pool, etc. One electrofishing ‘run’ was undertaken at each survey
location. Each watercourse was walked in an upstream direction to avoid obscuring the fish catching
area with sediment drifting downstream; in addition, this practice ensured a more representative sample
as more fish were likely to be caught.

4.3

Water Quality Monitoring Results

4.3.1

EA monitoring of Dub Beck Inflow

For each of the parameters measured, Dub Beck inflow data for 2013 and 2014 are plotted together with
the lake’s data for comparison. For most of the parameters measured, the results for the Dub Beck
inflow showed much greater variation in values and pattern, when compared to the lake data. This is not
surprising as the lake will exert a moderating influence on beck extremes as they mix with the large
volume already in the lake.
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Alkalinity (acid buffering capacity) and pH

Year

Figure 4.2

Location

Minimum
(month)

Maximum
(month)

Mean

2013

Dub Beck

206 (Oct)

686 (Jul)

428

2014

Loweswater
Dub Beck

204 (Feb/April)
280 (Jan)

250 (Jul)
760 (Jun)

224
460

Loweswater

168 (Mar)

232 (Sep)

199

Seasonal variation in Alkalinity in Dub Beck inflow and Loweswater,
2013 and 2014.

Dub Beck alkalinity was consistently higher and showed greater variation in both 2013 and 2014 than
the lake alkalinity.

pH

Year

Location

Minimum
(month)

Maximum
(month)

Mean

2013

Dub Beck

2014

Loweswater
Dub Beck

6.5 (Oct)

7.3 (May)

6.9

7.0 (Oct)
6.5 (Jan)

8.9 (Jul)
7.2 (Jun)

7.5
7.0

Loweswater

6.8 (Mar)

8.1 (Jun)

7.3

Note pH means are calculated from mean H+
concentrations

Figure 4.3

Seasonal variation in pH values in Dub Beck inflow and Loweswater, 2013 and2014.

Dub Beck is generally more acidic than the lake, partly due to the algal activity removing acidic carbon
dioxide in the lake.
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Water Temperature

Year

Figure 4.4

Location

Minimum
(month)

Maximum
(month)

Mean

2013

Dub Beck

2.5 (Jan)

16 (Jul)

9.2

2014

Loweswater
Dub Beck

2.9 (Feb)
4.8 (Dec)

22 (Jul)
16 (Jun)

10
10

Loweswater

4.7 (Feb)

21 (Jul)

12

Seasonal variation in water temperature in Dub Beck inflow and Loweswater,
2013 and 2014.

Beck temperatures were lower than the lake in the summer months as the still lake water is able to
absorb more heat.

Specific conductivity

Year

Figure 4.5

Location

Minimum
(month)

Maximum
(month)

Mean

2013

Dub Beck

66 (Jan)

117 (Aug)

93

2014

Loweswater
Dub Beck

62 (Mar)
94 (Dec)

71 (Dec)
127 (Jun)

66
110

Loweswater

74 (Jan)

78 (Jun)

76

Seasonal variation in specific conductivity in Dub Beck inflow and Loweswater, 2013
and 2014.

Dub Beck’s specific conductivity was consistently higher and more variable for the reason mentioned
above.
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Oxygen concentration

Year

Figure 4.6

Location

Minimum
(month)

Maximum
(month)

Mean

2013

Dub Beck

90 (Oct)

105 (Jul)

97

2014

Loweswater
Dub Beck

97 (Dec)
87 (Jul)

115 (Jul)
116 (Dec)

101
95

Loweswater

88 (Aug)

115 (Dec)

100

Seasonal variation in Oxygen concentrations (%) in Dub Beck inflow and Loweswater,
2013 and 2014.

In contrast to other parameters, DO saturation is greater and more variable than Dub Beck due to algal
oxygenation in the lake during daytime.

Nitrate- nitrogen

Year

Figure 4.7

Location

Minimum
(month)

Maximum
(month)

2013

Dub Beck

830 (Jul)

1550 (Jul)

1050

2014

Loweswater
Dub Beck

400 (Jul-Sep)
760 (Aug)

640 (Jan/Dec)
2210 (Jan)

522
1160

Loweswater

370 (Jul)

1090 (May)

622

Seasonal variation in Nitrate-nitrogen concentrations in Dub Beck inflow and
Loweswater, 2013 and 2014

Nitrate was consistently higher in Dub Beck, except in May of 2014 when the lake showed a particularly
high reading of 1090 µg / L.
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Soluble Reactive Phosphorus

Year

Location

Minimum
(month)

2013

Dub Beck
Loweswater
Dub Beck

2.6 (Oct)
<1 (Nov)
Unreliable data

23 (Jul)
3.3 (Jul)

7.1
1.7

Loweswater

<1 (several)

6.9 (May)

1.4

2014

Figure 4.8

Maximum
(month)

Mean

Seasonal variation in SRP concentrations in Dub Beck and Loweswater,
2013 and 2014 (Values given as < 1 µg / L have been plotted at 0.5µg / L.)

Lake levels are usually very low due to algal uptake.

Total phosphorus

Figure 4.9

Year

Location

Minimum
(month)

Maximum
(month)

Mean

2013

Dub Beck
Loweswater

6.3 (Feb)
10.2 (Mar)

163 (Oct)
19.2 (Jul)

30.4
12.6

2014

Dub Beck

7.6 (Dec)

77 (Jan)

17.1

Loweswater

5.7 (Sep)

16.8 (May)

11.6

Seasonal variation in Total Phosphorus concentrations in Dub Beck inflow and
Loweswater, 2013 and 2014.

The values for TP in Dub beck were fairly close to those of the lake, except for October 2013 and
January 2014 when the values were 77.1 and 163 µg / L, respectively, which indicates possible pollution
events.
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Phytoplankton chlorophyll-a

Year

Figure 4.10

Location

Minimum
(month)

Maximum
(month)

2013

Dub Beck

0.5 (Ja, Fe, De)

20 (Oct)

3.1

2014

Loweswater
Dub Beck

3.7 (Apr)
0.25 (Mar, Dec)

12 (Jun)
16 (Jan)

7.1
2.4

Loweswater

2.2 (Jul)

7.8 (Apr)

4.3

Seasonal variation in Chlorophyll-a concentrations in Dub Beck inflow
and Loweswater, 2013 and 2014.

Phytoplankton chlorophyll-a was consistently lower in Dub Beck, except for October of 2013 and
January 2014, when the values were exceptionally high at 19.5 and 15.6 µg / L, respectively.
4.3.2

WCRT Monitoring of Other Becks

The results are shown in the graphs as the mean and ranges for the five monitoring parameters at the 15
locations; these will be briefly discussed for each parameter and then for each location. Other than for
temperature, there is no obvious seasonal pattern to the variation in the parameters. The chemistry of
the becks is strongly influenced by rainfall with lower turbidities and higher concentrations of dissolved
solids as rainfall declines. As judged by the rainfall gauge at Iredale Place above Loweswater (Figure
4.11), 2014 was a somewhat wetter year than 2013, the mean since 1984 being intermediate between
them. Whereas the winter (January - March) of 2013 had a well-below average rainfall, 2014 was
notable for a very wet winter period. There was one very heavy rainfall event in August 2013, which
provided a valuable monitoring opportunity.
350
300

Monthly
rainfall, mm
Mean 1984-2014 (mean total 1609mm)

250

2014 (1657mm total)
2013 (1502mm total)

200
150
100
50
0

Jan

Figure 4.11

Feb March April

May

June

July

Aug

Sept

Oct

Nov

Dec

Monthly rainfall, Iredale Place, Loweswater, 2013 and 2014.
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The temperatures of all becks (Figure 4.12) followed the expected seasonal pattern and were all very
similar each day with the exception of Dub Beck at Maggie’s Bridge, which is always higher than the
others in Summer due to the warming of the lake’s still water. Maximum temperatures are strongly
influenced by exposure to the summer sun with the short becks within Holme Wood never getting above
13 - 14oC.
25

oC

20
15
10
5
0

Figure 4.12

Range and mean temperatures for Loweswater becks, July 2013 - December 2014.

pH levels (Figure 4.13) spanned the slightly acidic to very slightly alkaline range commonly associated
with natural waters. Most becks had a mean pH between 6.5 and 7 with only two becks (Holme Becks 1
and 2) having a mean pH > 7, but a few becks (High Nook, Holme 3, 4 and 5) had a mean pH < 6. The
most alkaline pH levels were shown in Dub Beck at Maggie’s Bridge downstream of the lake (very
similar to that in the lake itself). This is caused by algal growth consuming acidic carbon dioxide.
8.0

pH

7.5
7.0
6.5
6.0
5.5
5.0
4.5
4.0

Figure 4.13

Range and mean pH levels for Loweswater becks, July 2013 to December 2014.
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Specific conductivity (Figures 4.14) exhibited a wide range with Askill Beck and Dub Beck above the lake
showing much higher levels than all other becks (except Holme Beck 1). The intermediate specific
conductivity of Dub Beck below the lake (at Maggie’s Bridge) simply reflects the mixing of all the input
becks. Mean specific conductivities of Black Beck, Holme Beck 2 and Dub Beck are all significantly
lower than they were in the 1990s (from EA monitoring). Generally, specific conductivities of any stream
increase with time after cessation of rainfall, when the surface runoff declines and the stream is more
dominated by sub-surface flows that contain salts dissolved from the ground within that catchment. It is
notable that, although the general pattern of specific conductivities across the becks was similar to that
in 2013, the mean levels in 2014 were all higher by around 10 μS/cm, or so. This would probably explain
why the lake’s specific conductivity was higher by about this amount in 2014 compared to 2013. As
stated above, higher specific conductivity levels are usually caused by lower rainfall, but, as rainfall was
higher in 2014 compared to 2013, the reason for this in 2014 is not clear.

140

μS/cm at 25oC

120
100
80
60
40
20
0

Figure 4.14

Range and mean conductivities for Loweswater becks, July 2013 to December 2014.

Dissolved oxygen (DO) levels (Figure 4.15) were not far from saturation in all streams and demonstrate
super-saturation in the more turbulent becks and in the Dub Beck outlet, the latter due to algal
oxygenation. The Dub Beck locations above the lake exhibit the greatest sub-saturation deoxygenation,
suggesting a source of oxygen-consuming material within the catchment, possibly from an adjacent
marshy area. In 2014, there was also low DO saturation in the Dub Beck outlet over the Autumn period
when the lake destratifies, which brings anoxic waters from the lake bottom to the surface.
Turbidity (Figure 4.16) is driven by high rainfall and are otherwise low (< 2 NTU). The highest levels (up
to 400 NTU) were all observed on the very high rainfall day (5 August 2013) when a landslide occurred
in the High Nook catchment and high flows at Crabtree Beck caused severe localised flooding. In 2014,
turbidities did not achieve such very high values due to the absence of high storm events (at least at the
times when monitoring was carried out). Consequently, the mean turbidity of those becks with very high
maxima in 2013 (e.g. High Nook and Whittern Gill) were appreciably lower in 2014. However, the mean
turbidities of other becks (e.g. Dub Beck above the lake) were similar or even higher in 2014.
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120

% DO saturation

110

100

90

80

Figure 4.15

Range and mean DO levels for Loweswater becks, July 2013 to December 2014.

1000.0
NTU
100.0

10.0

1.0

0.1

Figure 4.16

Range and mean turbidity levels for Loweswater becks, July 2013 to December 2014.

Black Beck is a small stream draining the north-western side of Loweswater north of the Holme Beck
catchment. It is slightly acidic (mean pH 6.1 in 2013-14 and 6.5 from EA data in the 1990s) with a low
specific conductivity (mean 48 μS/cm in 2013-14 compared to mean of 60 μS/cm in 1990s). Turbidities
are very low normally (maximum 1.1 NTU) and were not high even during the August 2013 high rainfall
event, indicating this beck to be a poor source of particulate solids.
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The various Holme Becks originate within and above Holme Wood on the western side of the lake. They
are of particular interest due to their quite different chemistries within a small area. The main Beck (2)
carries most of the flow and its bed near the lake is subject to massive scouring and re-deposition of
stones at times of high rainfall. It had a neutral pH (mean 7.1 in 2013-14 and through the 1990s) and low
specific conductivity (mean 46 μS/cm in 2013-14, but higher, 60 μS/cm, in the 1990s). Holme Becks 3
and 4 are both much more acidic (mean pHs 5.6 and 5.1, respectively in 2013-14), but the specific
conductivities of Becks 2-5 are comparable (means 40-50 μS/cm). However, Holme Beck 1 is rather
different with a higher mean pH (7.4) and specific conductivity (89 μS/cm) than the other four. All were
well-saturated in terms of dissolved oxygen, but Holme Becks 1 and 2 had slightly higher turbidities
compared to the others.
High Nook Beck joins the Dub Beck lake outlet just downstream of Maggie’s Bridge, but can influence
the lake at times of heavy rainfall. This was amply demonstrated during the August 2013 high rainfall
event when the turbidity of the Dub Beck outlet at Maggie’s Bridge was the same as in High Nook Beck
(ca 400 NTU), whereas the lake turbidity at this time was only 4 NTU. By the following day, the
turbidities had declined to 18 NTU in High Nook Beck and 5 NTU in Dub Beck at Maggie’s Bridge. In
terms of other parameters, High Nook Beck is slightly acidic (mean pH 5.9 in 2013-14) and has the
lowest mean specific conductivity (40 μS/cm) of all the becks. During the August 2013 storm event, the
specific conductivity dropped to 22 μS/cm, the lowest level recorded on any beck.
Crabtree Beck is the most substantial stream on the eastern side of the lake and its catchment has been
reported (Maberly, 2006) to account for 15% of the total lake catchment. The most significant event was
the August 2013 heavy rainfall, which caused massive movement of rocks 50m above the lake. The
measured turbidity at this time was ca 100 NTU, which had a dramatic effect on the mean turbidity (7
NTU in 2013-14) as the next highest level was 1.6 NTU. Crabtree Beck has a neutral pH (mean 6.5 in
2013-14) and low specific conductivity (mean 56 μS/cm), albeit somewhat higher than becks on the
western side of the lake.
Dub Beck and its tributaries account for around 40% of the total lake catchment. Comparison of 2013-14
data with that from the 1990s for Dub Beck at The Grange/Waterend indicate that the level of dissolved
salts has declined significantly from a mean specific conductivity of 125 μS/cm in the 1990s to a 2013-14
mean of about 100 μS/cm. It has remained at just below neutral pH over this monitoring period. The two
main tributaries entering from the north just upstream of The Grange (Grange Beck and Whittern Gill)
have lower specific conductivities, but similar pH values. The beds of both were re-arranged massively
by the August 2013 heavy rainfall event with Grange Beck having a turbidity of 35 NTU at that time.
Since then, the turbidities of both streams have remained consistently above the levels in other becks.
Judging from Dub Beck samples taken below and above the confluences with these tributaries, the
water chemistry is complicated by drainage from the marshy area to the south of Dub Beck (as noted by
the CEH 2006 report). On a few occasions, samples were also taken higher up Dub Beck – these
showed a general increase in specific conductivity (at the time, from about 90 to 100 μS/cm) in the
absence of the water from the weaker Grange and Whittern Gill tributaries. One distinguishing feature of
Dub Beck above Loweswater is the consistently low DO saturation (< 90%) suggesting a source of
deoxygenating material within the catchment. From these samples, the chemistry of Dub Beck below
the lake is consistent with the data from EA samples. Compared to Dub Beck above the lake, it is
warmer in summer and its lower specific conductivity reflects the lower levels in all input streams other
than Dub Beck.
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4.4

Electro-fishing Survey

The results of the electro-fishing survey, carried out in the becks during September 2014, are
summarised below.

Holme Beck
A number of brown trout, totalling 19, and one eel were present within the survey reach on Holme Beck
(average width 1 metre). The trout ranged between 65mm to 120mm in length, with the majority (16)
falling within the lengths 65 – 85mm. No other species were recorded.

Black Beck
No fish were recorded within the survey reach at Black Beck (average width 1 metre), with the exception
of two sizeable brown trout of 160mm and 165mm in length. No other species were present.

Dub Beck at Maggie’s Bridge
A number of fish were recorded within this survey reach (average width 2 metres), including brown trout
(10), minnow (3), stone loach (1), eel (3) and pike (2). The 10 brown trout ranged between 110 – 310mm
in length, with the majority (7) falling within the range of 110 – 120mm. One large trout of 310mm in
length was also found within this reach. The slower moving water in this beck, and proximity to the lake,
meant small pike of between 130 – 150mm in length were present in this reach.

Dub Beck at Graythwaite
Four brown trout, four stone loach, two eel and 203 minnows were recorded within this survey reach
(average width 2 metres). A large number of sizeable minnows were present, particularly within the
deeper pools in this reach. The four trout recorded were within the length range 80 – 150mm.

Dub Beck upstream of Loweswater
Within this survey reach (average width 1.2 metres), the largest numbers of fish recorded were stone
loach, with 14 recorded. Six brown trout were also present, alongside two pike and one minnow. The
habitat is more uniform in this section compared to further upstream at Graythwaite and there are fewer
pools, hence lower numbers of minnows and fish in general. The brown trout recorded measured 65 170mm in length.

Crabtree Beck (downstream of road culvert)
This was by far the most productive watercourse (average width 0.9 metres) with high numbers of brown
trout recorded (44 in total). Five minnows and two eels were also recorded. The trout recorded
comprised a range of lengths between 40 – 195mm. Just over half the numbers of trout recorded (23) fell
within the lengths 60 – 75mm.
In summary, the results of these surveys indicate that, when compared to the historical data from the
1990s (Table 4.1), brown trout populations within the Loweswater becks have declined over the last 20
years or so, with the possible exception of those in Crabtree Beck.
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Table 4.1

Results of Environment Agency’s electrofishing surveys of four becks in 1990s

Trout fry
density

Trout parr
density

Beck

Year

Dub Beck

1991
1993
1993
1996
1996

Number per 100m
77
11
92
3
52
32
38
72
152
58

Holme Beck

1991
1993
1996

62
45
179

59
95
57

Crabtree
Beck

1991
1993
1996

7
16
0.00

7
40
19

Black Beck

1991

146

26
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Chapter 5.
5.1

Monitoring of the Lake

Introduction

One key element of the Loweswater Project was the monitoring programme of the lake, which was
carried out in collaboration with the Environment Agency.
During 2012, 2013 and 2014, the lake’s water quality was monitored on a monthly basis through
evaluation of the Environment Agency’s chemical data on water samples taken and by enumeration and
identification of the lake’s phytoplankton populations. The results of monitoring carried out in 2011 were
used as a baseline for comparison.
The EU Water Framework Directive includes phytoplankton as an important biological quality element to
be used in the assessment of the ecological status of a lake; its ecological significance is determined by
the fact that its productivity indicators are also indicators of the trophic status of water bodies
(Cheshmedjiev et al., 2010; Pasztaleniec and Poniewozik, 2010). Over the last 25 years Loweswater
has suffered seasonal blooms of potentially toxic blue-green algae (cyanobacteria) and so, as a trial and
a significant part of this project, WRCT commissioned EnviroSonic Ltd. to deploy two rafts on
Loweswater, each with ultra-sound equipment calibrated at frequencies designed to reduce blue-green
algal populations. Thus, the enumeration and identification of algal populations formed an important part
of the monitoring programme to judge the efficacy of this treatment.
The results of the water quality monitoring programmes of Loweswater for 2011, 2012, 2013 and 2014
have been reported in detail (WCRT, 2012, 2013, 2014 and 2015).
This Chapter provides an overall summary of the monitoring data of the lake for 2012, 2013, and 2014,
with data from 2011 for comparison.

5.2

Methods

5.2.1

Sample Collection

Using a small electrically powered dinghy, staff from Environment Agency collected five-metre integrated
mid-lake water samples from Loweswater on a monthly basis. The samples were stored in one-litre
plastic containers and labelled with the sample number and date. On each occasion, one litre of water
was retained by the Environment Agency for analysis at their Starcross Laboratory in Exeter, Devon and
another litre given to the LCP for subsequent processing for enumeration and identification of algal
populations.
5.2.2

Water Quality Monitoring

At the point of sampling, the Environment Agency measured water transparency with the aid of a Secchi
disc. The black and white painted metal disc, 30 cm in diameter, was lowered into the water and the
depth at which it disappeared from view noted from the calibrated rope. Also, using a YSI Professional
Plus handheld multiparameter meter, they measured the water temperature, pH, oxygen concentration
and specific conductivity (all measurements at a depth of 25 - 30 cm). In addition, the Starcross
Laboratory analysed each water sample for a wide range of variables, including: alkalinity, total
phosphorus, soluble reactive phosphorus, chlorophyll-a, and total nitrogen.
In July 2013, WCRT deployed a YSI EXO2 multiparameter water quality Sonde in Loweswater, attached
to one of the rafts (see section 5.1). The Sonde monitored continuously and recorded at half hour
intervals data on water temperature, conductivity, pH, dissolved oxygen, chlorophyll, blue-green algae
(BGA via their phycocyanin content) and turbidity. These data were relayed by telemetry to a web-site,
where they could viewed as continuous traces and in table form that could be downloaded as Microsoft
Excel files.
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5.2.3

Phytoplankton Identification and Enumeration

As mentioned in the introduction to this Chapter, the EU Water Framework Directive includes
phytoplankton as an important element to be used in the assessment of the ecological status of a lake.
The regular (monthly) identification and enumeration of Loweswater phytoplankton, particularly
cyanobacterial populations, was an important element of the water quality monitoring programme and
key in helping to determine the effectiveness of any intervention such as ultra-sound.
Preserving water samples
Lugol’s iodine solution 1 was added to the water samples at the rate of 4 - 5ml / litre in order to preserve
the algae and increase their rate of sedimentation during subsequent processing.
Concentrating samples
Sub samples of 300 ml of the iodine-preserved water samples were concentrated to 5 ml (i.e. a factor of
x60) by a two-stage sedimentation procedure, in order to make counts more practicable.
Microscopy
Each concentrated 5ml sample was mixed well and a known volume transferred to a Lund counting
chamber and the algae were identified and counted microscopically. The algae were viewed under
phase contrast and / or darkfield illumination at magnifications of x125 or x500 and 100 random fields
were evaluated for each water sample. All counts were made at x125 magnification and recorded on
data sheets.
5.2.4

Algal Bloom Monitoring

During the course of the project, local residents and frequent visitors to Loweswater were encouraged to
record and report on their observations on the occurrence, extent and severity of algal blooms in the
lake.
5.2.5

Ultra-sound Treatment of Loweswater

The ultrasound system was an ESS-300 system supplied by EnviroSonics Ltd. and was installed on
Loweswater in June 2013. It consisted of two rafts each fitted with solar panels (see Figure 5.1),
batteries, a solar regulator system, ultrasound control boxes and ultrasound transducers. They were
located as shown on the map (see Figure 5.2, below) towards either end of the lake, but the lower raft
was moved by strong winds in December 2013 and subsequently re-located closer to the north-east
shoreline than it was originally. Details of the equipment are:
•

•

1

Solar panels – two 240 W panels on each raft connected in parallel to produce 24V at the
regulator. The angle of installation was as close to 45° as possible. This is a compromise
between the optimum summer angle and the optimum winter angle to harvest sunlight. The
maximum current produced by the pair of panels was likely to be of the order of 6 amps during
daylight hours, with an average on a sunny day of about 4 amps during the day. The current
could be as low as 1 amp on cloudy days. This was checked on 8 November 2013, when the
current output from two solar panels was 0.9 amp under cloud and 4-5 amp when the sun was
shining.
Batteries - two Alphaline XL31MF 12V 130 amp.hr and 2no Alphaline MF145, 12V, 145 amp.hr;
each 24V battery pack rated at total of 550 amp.hours. This allowed for a load of 1.2 amps to be
provided for approximately 500 hours (20 days, or 10 days for the double unit with double the
current draw) before any battery recharging is necessary.

A solution of potassium iodide and iodine in distilled water with the addition of acetic acid.
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•

Solar regulator: - a Steca Solarix IP65 unit, the purpose of which was to manage the current flow
between the three components of the system – the batteries, solar panels and load (in this case
the control box for the ultrasound system).

•

Ultrasound control box and transducers, one initially on the upper raft and two on the lower raft.
Transducers were mounted below the rafts just below the water level and were self-cleaning
when functioning. The transducers were pointing in a line down the centre of the lake to provide
complete coverage of the lake with an ultrasound signal. The transducer body was made of
titanium and is self-cleaning via the generation of peroxide at its surface.

With three ultrasound units operating, the ultrasound power applied across the whole lake volume was
0.000016 W/m3.

Figure 5.1

One of the two rafts deployed on Loweswater; the solar panel generated power for the
ultrasound equipment and charged a battery for reserve power.
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Figure 5.2
Google Earth aerial
photograph of Loweswater, showing the
location of the two rafts in the lake.

5.3

Results

5.3.1

Water Quality Monitoring – Loweswater

The Environment Agency (EA) data for 2012, 2013 and 2014 are plotted along with EA data for 2011 for
comparison (Figure 5.3). Two sets of data are given for each of the ten parameters monitored; first,
seasonal variation on a monthly basis for the years 2011 to 2014, then second, variations in annual
mean values for the same period. The Sonde measurements for pH, temperature, DO and specific
conductivity from July 2013 to the end of 2014, although not presented here, were comparable to the EA
data.

Alkalinity

Figure 5.3

2011
2011

2012
2012

2013
2013

Annual mean
Annual
mean
Annual max.
Annual
Annualmax.
min.

198.0
198226
226172

214.3
214236
236180

223.7
224250
250204

Annual min.

172

180

204

2014
2014
198.8

199
232
232
168
168

Seasonal variation in Alkalinity in Loweswater, 2011 to 2014.
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Annual mean values for Alkalinity (acid buffering capacity) increased from 198 μeq/L in 2011 to 224
μeq/L in 2013, then decreased to 199 μeq/L in 2014.
No liming has been carried out in the catchment since 2005. However, in recent years Loweswater
farmers have tended to use single nutrient CAN (Calcium Ammonium Nitrate) fertilisers, rather than the
multi-nutrient Nitrogen, Phosphorus and Potassium (NPK) forms. CAN fertilisers help to maintain the
desired pH of the soil and extend the interval between the need for applications of lime. Nitrate levels
rose steadily in Loweswater from 2011 (see later section) and these may have contributed to the
increased alkalinity to 2013, but do not explain the decrease in 2014; other factors, such as weather
patterns and rainfall may have had some influence.
The quality levels that define the status of a water body, in terms of the EU Water Framework Directive
(WFD), are not given in absolute terms, but are calculated from formulae given in the 2010 Directions;
this calculation involves the mean depth of the lake (Loweswater is classified as shallow), its altitude and
its alkalinity. Thus, the variations in alkalinity over the period of the project have prompted fresh
calculations, from year to year, on the status of the lake in terms of the EU Water Framework Directive
(WFD).

pH
Data from Carrick and Sutcliffe (1982), Lakes Tours and CEH show that over a period of 30 years the pH
in Loweswater remained around or just below neutral (pH 7), but more recently, with increasing
alkalinity, annual mean values have tended to increase slightly. The lowest annual mean value
(calculated from mean H+ concentrations) was in 2012 at pH 7.0 and the highest in 2013 at pH 7.5.
Seasonal elevated values (see Figure 5.4) are usually associated with the photosynthesising action of
algal blooms, which increase the water pH, particularly in slow moving waters (Loweswater has a long
residence time of about 200 days).

Annual mean
Annual max.
Annual min.

Figure 5.4

2011

2012

2013

2014

7.4
8.6
7.2

7.0
8.1
6.4

7.5
8.9
7.0

7.3
8.1
6.8

Seasonal variation in pH values in Loweswater, 2011 to 2014.

Water temperature
Annual mean temperatures in Loweswater ranged between 10.4 °C in 2013 to 11.8 °C in 2014 (Figure
5.5). The elevated annual mean temperature for 2014 was the result of particularly warm summer
months, with well below average rainfall for April, June and September. These conditions, together with
the long residence time for Loweswater, may have contributed to the high Planktothrix counts in 2014.
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Annual mean
Annual max.
Annual min.

Figure 5.5

2011

2012

2013

2014

10.56
17.1
3.19

10.62
15.9
4.3

10.41
22.0
2.9

11.76
21.4
4.7

Seasonal variation in surface water temperature in Loweswater, 2011 to 2014.

Specific conductivity
Specific conductivity is a measure of the water’s ionic activity and content, expressed as micro Siemens
per centimetre (µS / cm) standardised to 25°C. Annual mean values have tended to rise over the period
of the project from 67.9 µS / cm in 2011 (with a small dip in 2013) to 78.3 µS / cm in 2014, possibly
reflecting the current use of CAN fertilisers (Figure 5.6).

Annual mean
Annual max
Annual min

Figure 5.6

2011

2012

2013

2014

68
82
62

69
73
63

66
71
62

76
78
74

Seasonal variation in specific conductivity in Loweswater, 2011 to 2014.
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Dissolved oxygen concentration

Annual mean
Annual max.
Annual min.

Figure 5.7

2011

2012

2013

2014

99
106
93

96
104
84

101
115
88

100
111
87

Seasonal variation in dissolved oxygen (%) in Loweswater, 2011 to 2014

All measurements were taken near the surface, where the water would be expected to be well
oxygenated (Figure 5.7). A more important consideration is the level of oxygen depletion at depth as,
from early to mid-summer to early autumn, the lake water is thermally stratified, i.e. warmer surface
water (the epilimnion) overlies, but hardly mixes with, colder bottom water (hypolimnion), the oxygen
depletion at depth being caused by the decomposition of organic material produced in the upper layers
of the lake.
As part of the study carried out by University College London (see Chapter 5.1) Goldsmith et al. (2014)
generated dissolved oxygen profiles on three separate occasions: 16 October 2012, 29 April 2013 and
19 July 2013.
The results (Figure 5.8) indicated that in October 2012 there was minimal variation in dissolved oxygen
levels in the lake, i.e. about 9.5 mg/L, with slightly higher levels near the surface. In April 2013,
dissolved oxygen levels were higher than recorded in October at about 13.5 mg/L through the column.
In July, when the lake was fully stratified, the deepest waters were almost anoxic at less than 1 mg/L.

Figure 5.8

Dissolved oxygen profile data from Loweswater (Goldsmith et al., 2014).
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Soluble Reactive Phosphorus (SRP)
Phosphate is the main nutrient controlling phytoplankton production in Loweswater and, as SRP is
readily available to phytoplankton, concentrations can change rapidly in response to supply and demand
and tend to be very low throughout the growing season (Figure 5.9). As a result, SRP is less reliable as
an indicator of the trophic state of a lake than total phosphorus (Maberly et al., 2006).

Annual mean
Annual max
Annual min

Figure 5.9

2011
1.2
2.7
0.5

2012
1.7
4.3
0.5

2013
1.6
3.3
0.5

2014
1.4
6.9
0.5

Seasonal variation in concentrations of SRP in Loweswater, 2011 to 2014.

Nitrate-nitrogen
Maberly et al. (2006) reported a highly significant and strong tendency for summer and autumn
concentrations of nitrate to decline (Figure 5.10). This, they suggest, is caused by processes within the
lake consistent with increasing productivity caused by increasing availability of phosphorus, which in turn
increases the demand for nitrogen.

Annual mean
Annual max
Annual min

Figure 5.10

2011
475
670
280

2012
493
670
270

2013
520
640
400

2014
622
1090
370

Seasonal variation in concentrations of nitrate-nitrogen in Loweswater, 2011 to 2014.
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Total phosphorus (TP), Phytoplankton chlorophyll-a and depth of Secchi disc
As phytoplankton production is governed by the availability of phosphorus, there is close correlation
between TP and phytoplankton chlorophyll-a concentrations; there is also an inverse correlation
between phytoplankton chlorophyll-a concentration and depth of Secchi disc readings. For these
reasons, these three parameters are plotted and considered together on the next page.

Annual mean
Annual max
Annual min

Figure 5.11

2011
12.4
18.1
8.5

2012
13.2
16.2
10.9

2013
12.6
19.2
10.2

2014
11.6
16.8
5.7

Seasonal variation in concentrations of TP in Loweswater, 2011 to 2014.

Annual mean
Annual max
Annual min

Figure 5.12

2011
6.2
13.3
1.9

2012
5.5
13.3
1.9

2013
7.1
12.2
3.7

Seasonal variation in concentrations of phytoplankton chlorophyll-a in Loweswater, 2011
to 2014.
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Annual mean
Annual max
Annual min

Figure 5.13

5.3.2

2011
3.4
4.3
2.5

2012
3.4
5.6
2.4

2013
3.5
5.9
2.3

2014
3.8
8.9
1.5

Seasonal changes in depth of Secchi disc in Loweswater, 2011 to 2014.

Microscopy: Enumeration and Identification of Algal Populations

The EU Water Framework Directive (WFD) includes phytoplankton as an important element to be used
in the assessment of the ecological status of a lake; its ecological significance is determined by the fact
that its productivity indicators are also indicators of the trophic status of water bodies (Cheshmedjiev et
al., 2010; Pasztaleniec and Poniewozik, 2010). Over the last 25 years Loweswater has suffered
seasonal blooms of potentially toxic blue-green algae (cyanobacteria) and so it was hoped that there
would be some significant changes brought about as a result of the ultra-sound trial, carried out from
June 2013 to December 2014.
Over the period 2011 to 2014, a wide range of algae were identified and counted, falling broadly into the
following phylogenetic groups: Chlorophytes, Chrysophytes, Cryptophytes (including Croomonas),
Dinophytes, Diatoms and Cyanophytes (blue-green algae), although the latter are not true algae having
features more in common with bacteria (Cyanobacteria). An important component of Loweswater’s
phytoplankton are these blue-green algae, which are present at all times of the year - filamentous
Planktothrix being most abundant in early summer and the colonial forms Woronichinia naegeliana and
Snowella tending to be more abundant in late summer or autumn.
Data on the seasonal changes in representative (or more important) species of Loweswater
phytoplankton are presented on the following pages.
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Figure 5.14

Seasonal changes in four diatoms, Asterionella, Aulacoseira, Urosolenia and Cyclotella in Loweswater, 2011 to 2014.
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Figure 5.15

Seasonal changes in four cyanobacteria, Planktothrix, Woronichinia, Snowella and Anabaena in Loweswater, 2011 to 2014.

(N.B. The high counts for colonial forms seen in 2011 were mostly Snowella).
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Figure 5.16

Seasonal changes in Cryptophytes (including Chroomonas), Chrysophytes, Dinophytes and Chlorophytes in Loweswater, 2011 to 2014.
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5.3.3

Algal Bloom Monitoring

Observations by local residents on the incidence and nature of algal blooms in Loweswater, during 2012,
are recorded in the table below. Unfortunately, there were rather a small number of observations and
many didn’t record the precise area of the lake that was affected.

Table 5.1

Observations of algal blooms in Loweswater, 2012.

Date

Nature of event

Jan 2012

Bloom, Waterend

16.04.2012

Grey bloom

23.04.2012

Green swatches

14.05.2012

Bloom

16.06.2012

Foam near exit to lake

27.08.2012

Smallish area of blue green algae washed against the shore

22.09.2012

Bloom near bothey

06.10.2012

Swirly patterns of blooms

08.10.2012

Thick ‘emerald soup’ was visible from the shore alongside the road;
stretched several metres out into the lake, about 4 metres from
Crabtree beck to the far end of the lake

15.11.2012

Bloom along shore near Watergate

Observations by local residents on the incidence and nature of algal blooms in Loweswater, during 2013,
are recorded in the table on the next page.
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Table 5.2

Observations of algal blooms in Loweswater, 2013.

Date
09 June 2013

Nature of event
Thick white scum along shoreline at Watergate
end of lake (Figure 4.32).

17 July 2013

Surface algal scum along the shoreline on the road
side of the lake at GR 1263 2189*.
Heavy algal scum on the NW shoreline of the lake
at GR 1185 2215 (see Figure 4.33).
Foam on the shoreline in the boat bay.

27 July 2013

Bands of very blue-green algal blooms along the
shoreline at Watergate end of lake (see Figure 4.34).**

22 August 2013

Dark blue-green bloom / scum all along the SW
shoreline (including the boat bay) of the lake at
Watergate end (see Figure 4.35).

10 November 2013
*

Extensive green bloom across the lake.

Subsequent microscopical examination of water samples taken here revealed numerous
aggregations of unidentifiable material within which there were many Planktothrix and Anabaena
filaments.

**

Subsequent microscopical examination of water samples taken here revealed much fine
particulate material (possibly released pigment from lysed algal cells) with many small / short

Anabaena filaments present.
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Figure 5.17

Figure 5.19

09 June 2103, Thick white scum along
shoreline at Watergate end of lake.

Figure 5.18

17 July 2013, Heavy algal scum on the
NW shore.

Figure 5.20

22 August 2013, Dark blue-green bloom.

27 July 2013, Bands of very blue-green
algal blooms along the shoreline at
Watergate end of lake.
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5.4

Discussion

5.4.1

General

Although the water quality monitoring programme was based on single point sampling, i.e. a monthly
mid-lake sample, the results of a one-day trial conducted on behalf of the Environment Agency, indicated
that, at 0.5 metres, Loweswater was fairly uniform in temperature, pH, specific conductivity and
dissolved oxygen. On 01 November 2011, YSI Hydrodata Ltd used an Ecomapper (an autonomous
underwater vehicle) to survey the water quality and bathymetry of Loweswater; the results indicated that
the lake’s temperature range was10.7 to 10.9 °C, pH 7.05 to 7.1, specific conductivity 68 to 70 µS / cm
and dissolved oxygen 94 to 97 %. The exceptions were that at the northern end of the lake, near the
inflow from Dub Beck, the temperature was slightly lower at 10.2 °C; pH was slightly lower at 6.97 and
specific conductivity higher at 75 µS / cm and that at the southern end near the outflow pH was slightly
higher at 7.14. The lake was also shown to be uniform, at 0.5metres, in the distribution of chlorophyll
and blue-green algae (phycocyanin) (YSI Hydrodata, 2012).
From the results of the water quality analysis and algal counts during 2011 to 2014, certain correlations
and patterns emerge and these are highlighted and discussed briefly in the next paragraphs.
Seasonal elevated values in pH are usually associated with the photosynthesising action of algal
blooms, which increase the water pH, particularly in slow moving waters (Loweswater has a long
residence time of about 200 days). Over the four-year monitoring period, annual mean pH values
ranged from 7.0 (2012) to 7.5 (2013). The highest annual maximum was in July 2013, following the
seasonal peak levels of diatoms (Asterionella and Aulacoseira) and cyanobacteria (Planktothrix).
Annual mean concentrations of phytoplankton chlorophyll-a ranged from 4.25 μg / L in 2014 to 7.13 μg /
L in 2013; the highest phytoplankton chlorophyll-a concentration occurred in May 2011 and August 2012
at 13.3 μg / L. Planktothrix counts were at their highest on record during 2014 and yet the annual mean
concentration phytoplankton chlorophyll-a of 4.25 μg / L was the lowest for thirty years or more, which
suggests that phytoplankton chlorophyll-a is a less important indicator of filamentous cyanobacterial
development than phycocyanin, an accessory photosynthetic pigment.
Cyanobacteria are the only phytoplankton that contain phycocyanin, which makes the pigment a good
indicator of the amount of cyanobacteria in a body of water. While chlorophyll measurements can be
used to estimate entire phytoplankton populations en masse, the accessory pigment phycocyanin can be
measured to estimate cyanobacteria concentrations specifically.

Figure 5.21

Sonde traces recording chlorophyll (dark green) and BGA levels (pale green) in
Loweswater in 2014; the pattern of the BGA trace reflects the high levels of
cyanobacteria observed in early summer and again in the autumn.
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The YSI Sonde deployed in Loweswater measures blue-green algae in real-time through the in
vivo fluorometry technique. This method directly detects the fluorescence of the phycocyanin pigment in
living algal cells and determines the relative blue-green algal biomass (see Figure 5.21).
In general, there is an inverse correlation between phytoplankton chlorophyll-a and depth of Secchi disc
values. The deepest readings were in June of 2014 at 8.9 metres (the deepest on record) and in July 2014 at
6.2 metres, when the phytoplankton chlorophyll-a concentrations were at 3 μg /L and 2.2 μg /L, respectively.
However, phytoplankton chlorophyll-a concentration is not the only factor determining water transparency;
heavy rainfall has the potential to wash large amounts of suspended solids into a water body, which may also
lower depth of Secchi disc readings. Local records show that in August and October 2013 Loweswater had
high levels of rainfall, i.e. 209.4 mm and 210 mm, respectively (see weather records in Appendix 1); the
average August and October rainfall levels for Loweswater are 136 mm and 187 mm, respectively (Pers.
Comm. Spencer, 2015). On 05 August 2013, there was 62.5 mm of rain, which caused much local flooding
and damage, and over 22 and 23 October there was a 60.3 mm, when large amounts of soil / suspended
solids could be seen flowing out of Dub Beck at Waterend and swirling across the lake (see Figure 5.22). In
October 2014, Loweswater had nearly 300 mm of rain, when the depth of Secchi disc reading was the lowest
over the four years at 1.5 metres. The lowest month rainfall was in September 2014 at 23.5 mm and the
highest in December 2012 at 322.4 mm (see Figure 5.23 on the next page and rainfall records in Appendix 1).

Figure 5.22

Suspended solids flowing out of Dub Beck at Waterend,
following heavy rain on 22 October 2013
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Figure 5.23

Monthly rainfall data, Iredale Place, Loweswater, 2011 to 2014, which indicate above
average rainfall for much of the four-year period of monitoring.

The form of phosphorus that is readily available to phytoplankton is soluble reactive phosphorus (SRP)
the concentration of which can change rapidly in response to supply and demand and therefore is
considered to be less reliable as an indicator of the trophic state of a lake than total phosphorus (TP).
Increased phytoplankton production in early summer, when the lake undergoes thermal stratification, can
lead to greater depletion of oxygen at depth, which leads to a reduction in the redox potential of the
surface sediment possibly resulting in trapped phosphorus (as phosphates) being released into the
hypolimnion, with subsequent diffusion of dissolved phosphate into the water column (Mortimer, 1941;
1942).
Over the four-year monitoring period, annual mean TP concentrations ranged from 11.55 μg/L in 2014 to
13.21 μg/L in 2012; the annual mean concentration for 2014 is the lowest since 2010.

5.4.2

Ultrasound Trial

In June 2013, the EnviroSonics ultrasound system (as described in 5.2.5) was installed on Loweswater
with the remit to reduce cyanobacterial (BGA) populations. Ultra-sound treatment on the lake continued
until November 2014, but, as is evident in the summary in Table 5.3, many operating difficulties were
encountered and some changes made to the installed equipment. Undoubtedly, this would have had
some deleterious impact on the efficacy of the ultrasound treatment, but this cannot be quantified with
any confidence. As a consequence of this, it should thus be noted for clarity that the commentary below
reports the impact of the ultrasound treatment on Loweswater as it was installed and operated under the
guidance of the supplier over the whole 17 month operating period.
Of the BGA populations in Loweswater, the two most abundant are the filamentous Planktothrix (in early
summer) and the colonial Woronichinia (in late summer / autumn). In the absence of a ‘control’ water
body for comparison, the measure of the effectiveness of the ultra-sound would be the comparison of the
BGA colony or filament counts (and lengths) with historical data held by Centre for Ecology & Hydrology
(CEH) and WCRT, i.e. by microscopic examination.
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Table 5.3

Chronology of ultrasound trial

Date

Event

28 June 2013

Installation and commissioning (1 transducer on upper
raft and 2 transducers on lower raft)

22 August 2013

Printed circuit board (PCB) replaced on lower raft as it
was displaying gaps in the ultrasound signal.

8 November 2013

Two extra 12V batteries fitted to lower raft in view of
inadequate solar charging.

26 November 2013

Time-switches fitted to systems on both rafts to restrict
operating hours in view of continuing inadequate solar
charging. PCB on one transducer on lower raft defective,
but not replaced until January 2014.

5 and 14 December
2013

High winds moved lower raft so that solar panels facing
east not south.

10 January 2014

Replaced PCB on lower raft and second ultrasound
transducer fitted to upper raft. Lower raft re-located to
face south.

14 February 2014

New pulsed ultrasound transducer fitted to upper raft.

28 February 2014

Pulsed unit defective so removed for repair.

29 April 2014

Pulsed unit re-installed, but operating at fixed 40kHz
wavelength, rather than over the 34-42 kHz range.
Original ultrasound units dis-connected.

27 September 2014

Pulsed unit removed for final time as it appeared to have
burnt out.

21 November 2014

Signs of inadequate solar charging on both rafts so all
ultrasound units turned off.

Many cyanobacteria contain structures called gas vesicles, which regulate their buoyancy. High
frequency pulses, emitted by the ultra-sound transducer, generate pressure waves within the water
body, which cause the gas vesicles in the algal cells to collapse and then for the algae to sink. Algal
forms that do not have gas vesicles are not affected, nor is any other part of the aquatic community. The
only possible / potential side effect of destroying BGA with ultra-sound was, EnviroSonics Ltd.
suggested, that other algal forms may take their place and proliferate.
However, the results of the phytoplankton identification and enumeration, by microscopy, suggest that
the ultra-sound had no effect on BGA levels. On the contrary, with the exception of the high counts seen
for colonial forms in July 2011 (mainly Snowella), the counts for the colonial blue-green algae Snowella
and Woronichinia, seen from August onwards in 2013, were higher than any recorded by CEH and
WCRT from 2007 to 2012. To illustrate, the median values from the 2007 to 2012 data are plotted
against the 2013 data alone (see Figure 5.24, below).
Similarly, the counts for the filamentous blue-green Planktothrix seen in spring time onwards in 2014,
were higher than any recorded by CEH and WCRT from 2007 to 2013; the median values from the 2007
to 2013 data are plotted against the 2014 data alone (see Figure 5.25, below).
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Figure 5.24

Figure 5.25

Seasonal variations in colonial cyanobacterial populations observed in
Loweswater in 2013 compared to median values from 2007 to 2012, inclusive.

Seasonal variations in filamentous cyanobacterial populations observed in Loweswater
in 2014 compared to median values from 2007 to 2013, inclusive.

However, in 2014, apart from the elevated levels of Woronichinia seen in the early part of the year (a
continuation of the high levels seen in last quarter of 2013), counts for the rest of 2014 were below or
very near the median values recorded for Woronichinia by CEH and WCRT from 2007 to 2013 (see
Figure 4.41).
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Figure 5.26

Seasonal variations in colonial cyanobacterial populations observed in
Loweswater in 2014 compared to median values from 2007 to 2013, inclusive.

Further evidence of the rise in BGA levels came from the Sonde records, which showed a steady
increase from August to December in 2013 (see Figure 5.27); the Sonde trace represents the
fluorometric measure of the phycocyanin content of living BGA cells.

Figure 5.27

Sonde traces recording seven parameters, including BGA levels (pale green)
rising from August to December 2013; note also the sharp rise in turbidity
(brown trace) following heavy rain in August 2013.

Similarly, the rise in BGA (particularly Planktothrix) levels came from the Sonde records in 2014, which reflect
the high levels of cyanobacteria observed in early summer and, to a lesser extent, in the autumn, as
discussed earlier (see Figure 5.21).
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One possible consideration, however, was that the high filament counts for Planktothrix were the result of the
ultra-sound breaking down longer filaments to a greater number of shorter ones, thus giving an artificially high
count. However, measurements taken under the microscope showed that mean filament length increased
with higher counts as the season progressed; furthermore, the BGA levels recorded by the Sonde showed the
same pattern of seasonal variation (see Figure 5.28)

Figure 5.28

Seasonal variation in Planktothrix filament counts, mean filament lengths and BGA
levels in Loweswater, 2014.

In addition, an assessment of the concentration of algal cells following the sedimentation procedures
(see Section 5.2.3, earlier) showed an increase in the volume of cells from April to May (see Figure 5.29
on the next page); furthermore, microscopic examination of the sample in May revealed large
entanglements of long algal filaments (see Figure 5.30, also on the next page).
Notwithstanding the operating problems encountered during this work, it can only be concluded that the
ultrasound treatment as installed and operated (under the guidance of the supplier) had no controlling
effect on algal levels in the lake.
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Figure 5.29

The concentration of algal cells / filaments, following sedimentation
procedures, shows a greater volume in May compared to April.

Figure 5.30

Entanglements of long Planktothrix filaments: May 2014.
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Chapter 6.

Assessment of Project Actions and Interventions

6.1

Sources of Lake Phosphorus

6.1.1

Previous Studies

This review is restricted to discussion of nutrient loadings on the lake (mass phosphorus per unit time)
rather than the nutrient concentrations in the input streams.
Loweswater has been the subject of various aquatic studies since publication of the West Cumbria Local
Environmental Action Plan in 1999. This report concluded that:

Limited data on the water quality of Loweswater have revealed several features that are not compatible
with the local geology and catchment features. There is considerable local concern over water quality
and the algal blooms that have occurred virtually all year round, not just in the summer months. Much of
the evidence is anecdotal and the true water quality status is obscure.
This led to the study carried out by the Environmental Change Research Centre at University College
London (Bennion et al., 2000). Whilst the report of this study provided a useful review of the chemistry of
the lake and feeder streams and of algal populations in the lake, it could not, in the absence of flow data,
make any estimates of nutrient loads entering Loweswater. It did recommend, however, that this should
be one of the desirable future actions.
Arising from the work by local farmers in their Loweswater Improvement Project (2001 - 2005), the
Centre for Ecology & Hydrology (CEH) at Lancaster conducted a 12-month lake monitoring programme
in 2004 - 2005 entitled “An investigation into the potential impacts of farming practices on Loweswater”.
The aim of this study was to try to improve understanding of the causes of algal blooms in the lake by
analysis of monitoring data collected over an annual cycle and to provide information on ways in which
any pollution problems could be addressed. Monitoring and modelling in this study did generate data on
nutrient loads on the lake (Maberly et al., 2006).
The technique used by this study to estimate nutrient loadings involved the use of export coefficients for
the different types of land within the lake catchment. Some analysis and flow measurement of feeder
streams was carried out in this study, but this did not cover all the streams so could not be used to
estimate the total lake inputs from all the streams. However, these analytical data were used to validate
the export coefficient technique, there being reasonable agreement between the two estimates (ca
100±10 kg P/year) for the limited number of lake sub-catchments covered.
The export coefficient technique divides the catchment into different types of land use (e.g. woodland,
improved grassland, etc., see Figure 6.1) and applied an export coefficient (kg P/ha.year) to each type
(e.g. 0.15 kg P/ha.year for woodland and 0.38 kg P/ha.year for improved grassland) to derive a total for
the whole catchment. This estimate came to 168 kg P/year, to which was added 52 kg P/year for the
contribution from cattle slurry/farmyard manure (from 373 cattle) and 23 kg P/year from septic tanks,
giving a grand total of 243 kg P/year. These values were then used to model the impact on the lake in
terms of phosphorus and chlorophyll-a concentrations and algal populations.
The modelling was only partially successful in simulating the measured chlorophyll-a concentrations in
the lake. Higher phosphorus concentrations than predicted were required to simulate the algal peaks in
the spring and summer. The best fit model included a contribution of phosphorus that had “leaked” from
the summer-time anoxic hypolimnion.
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Figure 6.1

Land use in the Loweswater catchment (Maberly et al., 2006)

The second and only other source of data on nutrient loadings was the multi-disciplinary study carried
out by Lancaster University and CEH over 2007 - 2010. The scientific part of this study employed a
monitoring buoy on the lake to measure a range of parameters, plus sampling for other chemical
constituents and algal populations. Unfortunately, there was no detailed scientific report resulting from
this work, only a presentation at the final Community Meeting (Norton et al., 2010). A novel aspect of the
project was funding of social and scientific studies conducted by local people; one of these investigated
the use of phosphorus-containing cleaning products in relation to phosphorus loads discharged to and
from the individual sewage treatment plants in the catchment (Webb, 2010). The gathered information
was used in another modelling exercise (presented at the 2010 final meeting), which focused on trying to
estimate the phosphorus loads to the lake that would allow compliance with the requirements of the EU
Water Framework Directive (WFD).
The method for estimating input nutrient loads was still based on export coefficients (as in the CEH 2006
report), but these were modified in the light of known operational practices at the farms and of the soil
nutrient status. The estimates of phosphorus from the sewage treatment plants calculated from the local
study were also incorporated rather than using generic literature values (as in the CEH 2006 report). The
resulting P phosphorus load to the lake was calculated as about 200 kg/year with current farming
practices and sewage discharges. Despite the differences in methodology, this value is not far from the
value (243 kg P/year) in the 2006 report.
The resultant modelling agreed well with monitoring results. Over the 4 years of the study, the annual
(geometric) mean chlorophyll-a concentration (from CEH data) ranged from 8.5 to 9.8 μg/l, which (solely
on this basis) would have classified the lake as of moderate status. In order to achieve good status for
chlorophyll-a, the concentration (at the time) would have needed to be below about 7 μg/L and it was
calculated (from the model) that, in order to get below this level, the P load to the lake would need to be
reduced to no higher than about 100 kg P/year, a reduction of at least 50%.
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6.1.2

Findings of this Project

This project set out to find out more about two sources of lake phosphorus that had not previously been
evaluated. These were the contributions from waterfowl visiting the lake and from lake sediments. Even
now, all the values required to construct a reasonable mass balance around the catchment are not
known with great precision, so the purpose of this section is simply to present semi-quantitatively the
relative contributions from the known phosphorus sources and sinks, so that the approximate relative
significance of the various inputs and outputs can be better appreciated.
A universal source of phosphorus compounds is atmospheric deposition, which seems not to have been
considered, at least separately, in previous studies. This source can be divided into deposition directly
onto the lake surface and onto land surfaces, the latter being subject to the normal range of attenuation
mechanisms before any residues reach surface waters, whereas that falling on the lake itself (assuming
it to be bio-available) could all be utilised as a nutrient source by the lake’s plant-life. Atmospheric
deposition of phosphorus compounds has been the subject of several studies over the years, but a
recent review (Tipping et al., 2014) has drawn together the data into the global (geometric) mean
deposition values in Table 6.1:
Table 6.1

Phosphorus loads from aerial deposition (Tipping et al., 2014)

Phosphorus species

Load from aerial deposition (mg P/m2.year)

Total phosphorus

27

Filtered total phosphorus

19

Filtered orthophosphate phosphorus

14

For total phosphorus, this equates to deposition rates of about 17 kg P/year on the lake surface and 216
kg P/year on the land. The other source of direct deposition on the lake is from waterfowl, which the
study in this project (Chapter 3.4) estimates at 5.4 kg P/year. The total direct phosphorus input to the
lake is thus about 22 kg P/year, whereas the 216 kg P/year is added to the other indirect inputs. All the
indirect inputs to the lake are diffuse sources, there being no direct discharges to the lake shoreline or its
feeder streams.
The only other input to the lake catchment that has been quantified with reasonable accuracy is that from
sewage discharges (Webb, 2010). This estimated the phosphorus in the raw sewage at about 40 kg
P/year, of which about 35 kg P/year was estimated to be discharged in the effluents from the 18 sewage
treatment plants around the catchment; the remaining 5 kg P/year left the catchment in the sludges from
some of the treatment plants for disposal elsewhere. All the sewage effluents and separated sludges
were discharged to land within the lake catchment, the effluents continuously and the sludges
periodically. At the time that this study was carried out, it was not known that a phosphate salt was being
added to the mains water supply to control any possible plumbo-solvency from old lead pipes; this
contribution has since been estimated but, as it is below 1 kg P/year, has not been included.
The largest source of phosphorus in the catchment is the use of artificial fertilisers, but data on its
contribution are sparse. Since the formation of the Loweswater Improvement Project by local farmers,
phosphorus addition rates have been guided by measured soil levels judged against the soil phosphorus
index. What evidence there is suggests that quantities have reduced across all farms over the last few
years:
- about 4,000 kg fertiliser P in 2009 from the Lancaster University/CEH study
- about 810 kg fertiliser P in 2012/13 from the Mitchells’ study of existing farm practices in this project
- about 730 kg fertiliser P in 2014 from data collected directly from farmers in this project.
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Another source of phosphorus to land is the application of farmyard manure/slurry generated when cattle
are kept indoors during Winter. The source of this phosphorus is either silage (produced from grass
grown in the lake catchment or grown outside) or from any bought-in other feed. Only the imported
sources contain phosphorus that is new to the catchment. The previous estimate of manure-derived
phosphorus in the CEH projects was 52 kg P/year.
The mode of application of the various P-containing materials to the land should be optimised to
maximise their conversion to grass for the sheep and cattle, but many factors, some uncontrollable, play
an important role in this process. The most important are probably rainfall and the geology of the
catchment through and over which the rain water flows to the lake. There is no complete data set of
phosphorus concentrations in all the feeder streams or of their flows, so it is not possible to calculate this
load from actual inputs, hence the use of the export coefficient technique in previous studies. However,
the loads estimated in this study have been used to calculate the input load from surface waters
(summarised in Figure 6.2).

Figure 6.2

Estimated annual phosphorus inputs to and outputs from Loweswater (kg)

The sediment study in this project (Chapter 3.3) has filled in several important gaps in the phosphorus
mass balance around Loweswater. The measured output in the Dub Beck outflow and buried
permanently in sediments (115+150 = 265 kg P/year) translates to an input to the lake from surface
waters of 243 kg P/year after allowing for the 22 kg P/year originating from aerial deposition and
waterfowl. The calculated phosphorus input is quite close to that determined in the two studies
summarised in the previous section of this chapter. From the input phosphorus load, it is possible to
estimate the average total phosphorus concentration in all the feeder streams - assuming a total stream
inflow corresponding to the quoted 200 day retention time in Loweswater (just under 10M m3/year), this
concentration comes to about 25 μg/l. This compares to annual (arithmetic) mean concentrations (from
EA data) of 18 and 30 μg/L total phosphorus in the main Dub Beck inflow in 2013 and 2014, respectively.
Even if all the data were known, it is not appropriate to compare the phosphorus input to and output from
the lake to the phosphorus input to the catchment in any one year, as movement of phosphoruscontaining water through the soil is complex. Whereas particulate phosphorus may enter streams quite
rapidly (notably during times of high rainfall), dissolved phosphorus will take many years to flow through
the ground before entering a stream. It should be noted that a high proportion of the total phosphorus
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load entering the lake occurs during and after heavy rainfall - monitoring during the 2006 CEH study
showed that one heavy storm could deliver around 20% of the annual phosphorus load to the lake.
Overall, it is valuable to note that it seems likely that the major part of the phosphorus entering the
catchment (in the wide range of ca 1,000 - 4,200 kg P/year) is being converted to grass and leaving the
catchment in reared animals. Coincidentally, the balance (Figure 6.2) suggests that the phosphorus load
in the lake's feeder streams (243 kg/year) is about the same as the sum of phosphorus from aerial
deposition on land (216 kg/year) and sewage discharges (35 kg/year). Of course, the actual phosphorus
reaching the lake will be from a mixture of origins depending on many factors.
6.2

Mitigation from Project Interventions

The interventions from this project at farms in the lake catchment can be divided into three categories:
•

Keeping stock away from watercourses and the lake shore to eliminate direct stream pollution
with animal wastes and with soil from collapse of poached river banks.
A total of 870m of fencing was installed at three farms and three stream crossings (plus water
tank) were constructed at a fourth farm.

•

Better water management.
Drainage channels across a track at Farm A diverted rain water run-off away from the lake.
Three new roofs and two new bases at Farm C stopped rain water (possibly contaminated) from
reaching the ground and the slurry storage tank. Use of the sward slitter/lifter reduced run-off
through soil de-compaction.

•

Improved waste management
The new cattle shed at Farm B removed cattle slurry from the lake catchment during the winter
(and reduced poaching at a wet time of year). The new cattle flooring at Farm C allowed the
cattle shed to be re-located so that wastes enter the enlarged storage tank directly. The new
sheep shed at Farm D removed sheep from the lake catchment during the winter (and reduced
poaching at a wet time of year).

All these interventions should reduce phosphorus input to the lake and its feeder streams, but it is rather
difficult to quantify this. The major farm interventions focussing directly on the sources of P inputs were
the re-location of cattle at farm B and the new arrangements for the cattle shed at farm C. In the initial
farm surveys, the phosphorus loads from cattle muck at farms B and C were estimated as 340 and 950
kg/year, respectively.
The P load from cattle muck is not a source of new P to the catchment, but is simply that part of the P
load consumed by the cattle from grass and bought-in feed that has not been converted to biomass P. In
the case of farm B, removal of the cattle outside the lake catchment for at least that part of the year when
they are kept indoors should translate to reduced P input to the catchment for winter feed and, for any
part of the summer when they are out of catchment, a reduced fertiliser input required for grass feed. In
the case of farm C, there has been no change in the P load entering the catchment, but the new farm
infrastructure should allow better management of the cattle wastes such that the incorporation of this
high load of cattle muck P in the grass is enhanced and run-off/leaching reduced.
Given the magnitude of these P loads from cattle muck at farms B and C, it is not unreasonable to
believe that these interventions, plus those keeping stock away from watercourses, should produce a
major reduction in P loads reaching the lake. Whether they will be sufficient to reduce the P load input to
100 kg/year (see Chapter 6.1) and over what timescale is much more difficult to answer.
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The question of the timescales over which ecological improvements might be seen after interventions
have taken place has come to the fore in recent years. One of the reasons why improvements seem to
be taking much longer than hoped for centres on so-called legacy phosphorus, which is the phosphorus
that has moved downstream from its original location and is now stored in a new, albeit temporary,
location. This sort of re-location is particularly relevant to phosphorus, which may initially be present as
soluble phosphate, but is then easily adsorbed on particulate surfaces within soils, river beds and lake
sediments, thus delaying its eventual exit from the catchment or waterbody. Some typical timescales that
have been proposed are shown in Figure 6.3

Figure 6.3

Timescales for phosphorus retention in watersheds and waterbodies (Jarvie et al, 2013)

The most obvious source of legacy phosphorus in the Loweswater catchment is the lake bottom
sediments, so the low contribution of sediments to total phosphorus found in the study in this project is
encouraging. Nevertheless, as the fresh phosphorus input declines, the sediment contribution becomes
more significant and would slow down, to some degree, its recovery. The adsorption of phosphates on
soil and particulates in the feeder becks above the lake is an unknown quantity, the extent being
dependent on both the chemistry and particle size of the particulates. In the previous Lancaster
University-funded project, one of the independent studies (Haycock, 2010) focussed on a
hydrogeomorphological assessment of the lake’s feeder streams and put forward a number of options to
decrease phosphorus loading on the lake. One of these was to re-route and re-naturalise the canalised
sections of the Dub Beck inflow at two places with a view to capturing phosphorus-containing
particulates. This is the sort of action that seems positive in the ultra short-term, but would increase the
quantity of legacy phosphorus for possible later re-mobilisation.
6.3

Overall Impacts on Lake’s Ecological Status

In Chapter 1, data were shown that suggested the improvement in lake quality had stabilised in recent
years (Figure 1.1), but that the trophic status was still only moderate. Using OECD guidelines (OECD,
1982), the trophic status of a water body may be classified using data on total phosphorus,
phytoplankton chlorophyll-a and depth of Secchi disc, as shown in Table 6.2.
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Table 6.2
Trophic category

Ultra-oligotrophic
Oligotrophic
Mesotrophic
Eutrophic
Hypertrophic

Trophic categories based on 1982 OECD guidelines

Mean Total
Phosphorus
(μg/l)
≤4
> 4-10
> 10-35
> 35 - 100
≥ 100

Mean
Chlorophyll-a
(μg/l)
≤1
> 1 - 2.5
> 2.5 - 8
> 8-25
≥ 25

Maximum
Chlorophyll-a
(μg/l)
≤ 2.5
> 2.5-8
> 8-25
> 25-75
≥ 75

Mean
Secchi
depth (m)
> 12
> 6-12
6-3
3-1.5
< 1.5

Minimum
Secchi
depth (m)
>6
> 3-6
3-1.5
1.5-0.7
< 0.7

Data on the lake quality from 2010 to 2015 are summarised in Table 6.3. Using the Environment Agency
(EA) and Lakes Tour data, it is evident that, notwithstanding the relatively low maximum chlorophyll-a
level in 2014, the lake should be classified as mesotrophic.

Table 6.3
Data source

Trophic status of Loweswater 2010 to 2014 based on OECD guidelines
Mean
Phosphorus
(μg/l)

Mean
Chlorophyll-a
(μg/l)

Maximum
Chlorophyll-a
(μg/l)

Mean
Secchi
depth (m)

Lakes Tour 2010

14.8

11.7

19.9

2.8

1.9

EA 2011

12.4

6.2

13.3

3.4

2.5

EA 2012

13.2

5.5

13.3

3.4

2.4

EA 2013

12.6

7.1

12.2

3.5

2.3

EA 2014

11.6

4.3

7.8

3.8

1.8

Oligotrophic

Mesotrophic

Minimum
Secchi
depth (m)

Eutrophic

Recent results plotted against historical data provide further evidence that the trophic status of
Loweswater shows signs of improvement (see Figure 6.4).
Of particular interest from a legal standpoint is the status of Loweswater in terms of the EU Water
Framework Directive (WFD). During the period of this project, water quality standards under the WFD
were calculated in accordance with The River Basin Districts Typology, Standards and Groundwater
threshold values (Water Framework Directive) (England and Wales) Directions 2010 (note that these
have been superseded from 2015 onwards by a somewhat different protocol). The WFD categorises
rivers and lakes into five levels of ‘ecological status’, i.e. bad, poor, moderate, good and high, the main
objective of the WFD being that water bodies should achieve ‘good ecological status’ by a specified
date, normally 2015, but relaxed to 2027 for Loweswater (and other water bodies). The two WFD
parameters of interest in terms of this project’s objectives are total phosphorus and phytoplankton
chlorophyll-a. The quality levels that define the lake’s status are not given in absolute terms, but are
calculated from formulae given in the 2010 Directions; this calculation involves the mean depth of the
lake (Loweswater is classified as shallow), its altitude (120m) and its alkalinity. Loweswater’s alkalinity is
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Figure 6.4

Medium term changes in annual mean concentration of total phosphorus and
phytoplankton chlorophyll-a; and in changes in annual mean depth of Secchi disc in
Loweswater, 2005 to 2014

around 0.2 meq/L, which happens to be the boundary between low and medium alkalinity levels. The
calculated boundary levels (as geometric means) for total phosphorus and chlorophyll-a for Loweswater
are given in Table 6.4 for the latest year within the timescale of this project (2015).
From EA monthly samples, the annual geometric mean values for total phosphorus and phytoplankton
chlorophyll-a in 2015 for Loweswater were 12.9 μg/L (arithmetic mean 13.3 μg/l) and 7.0 μg/L
chlorophyll-a (arithmetic mean 7.7 μg/l), respectively. Loweswater thus had ‘moderate’ ecological status
for total phosphorus and ‘good’ ecological status for phytoplankton chlorophyll-a in 2015.

Table 6.4

WFD boundary levels for total phosphorus and chlorophyll-α for Loweswater in 2015

Parameter
Total phosphorus
mean (μg/l)
Chlorophyll-a
mean (μg/l)

High
<7.88

Good
7.88-12.3

Status level
Moderate
12.3-24.6

<4.52

4.52-7.79

7.79-15.1

Poor
24.6-49.2

Bad
>49.2

15.1-45.2

>45.2

However, it should be noted that the EA calculates the ecological status using three years’ consecutive
data and a wider range of parameters than just total phosphorus and chlorophyll-a. In 2015 (covering
data for 2012, 2013 and 2014), the concentrations of both total phosphorus and chlorophyll-a
corresponded to ‘good’ ecological status, but, overall, Loweswater was classified by the EA as of
‘moderate’ ecological status (as it always has been since classification under the WFD commenced).
The lake’s dissolved oxygen (DO) concentration is an ongoing issue as good ecological status requires
the DO concentration to be above 7 mg/L in the hypolimnion as a mean during July and August (when
the lake is normally stratified). In practice, the hypolimnion is close to being anoxic at this time of year,
reflecting the deposition of biodegradable material from plant (largely algal) growth throughout the year.
It is fortunate that, under WFD rules, the DO parameter cannot affect a lake’s classification below the
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moderate level, but means that, even if all the other parameters were classified as at least good, a
continuing poor DO classification would limit the best possible lake classification to moderate.
Chemical changes taking place in the hypolimnion when stratified during the summer are thus very
important in the longer term for the lake’s WFD classification. It is encouraging to note this project’s
findings that the lake deposits (at least in the single year investigated) did not release a particularly
significant amount of phosphorus, which suggests that the quantity of biodegradable material in the
sediments is not as high as it might have been. If the growth of algae does decrease in the future (due to
reduced inputs from fertilisers and the farm interventions in this project), the reduced load of organic
material on the lake bed should allow the hypolimnion to remain more oxygenated during summer
stratification. This would be good news for the overall quality of Loweswater and for compliance with a
UK version of the WFD, post-Brexit.
One factor working against this possible trend is the future warming of waters through climate change.
This could extend the period of stratification, which would allow longer for deoxygenation to take place
before the autumn overturn. However, this still requires the presence of biodegradable material, so may
not be a major factor if the reduction of algal growth throughout the year can be sustained. The other
side of increasing CO2 levels in the atmosphere from fossil fuel combustion is increasing levels of CO2 in
water bodies and a decline in the equilibrium pH. This is well-proven now for marine waters, albeit with a
small drop of only about 0.1 pH units, but this translates to an increased acidity (H+ concentration) of
about 30% (Doney et al, 2009). Along with the increased water temperature, this places a lot of stress on
many water species, particularly those reliant on utilising calcium carbonate as part of their structure.
Significant changes to marine coral eco-systems are already evident as a consequence of this.
There is very little information to date on the impact of climate change and acidification on fresh waters.
The waters of the Lake District are particularly vulnerable to pH change due to their low alkalinity (about
0.2 meq / L for Loweswater) compared to sea water (2.3 meq / L). However, whereas sea waters have
an actual pH close to the pH that is in equilibrium with the CO2 concentration in the atmosphere
(currently close to 400 ppm by volume), many fresh waters are not in this position (Maberly, 2017). For
example, the equilibrium pH of Loweswater is about 7.4 at 10oC and an alkalinity of 0.2 meq / L, but the
actual pH in 2014 ranged between 7.0 and 8.9, although the mean was 7.5. The overall consequences
of such changes are very difficult to predict, but it is encouraging to note the recovery of many Lakeland
waters from the effects of SO2 emissions to atmosphere (Shilland et al, 2016).
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Chapter 7.

Conclusions

7.1 The preliminary surveys of the land and farming infrastructure showed that there were many
measures that could be implemented within the available budget to reduce phosphorus loadings to
the lake and its catchment. Demonstrating the benefits to the water quality of the lake of the range
of projects undertaken requires continued monitoring of the lake and its feeder becks over the years
ahead.
7.2 The survey of the lake deposits has shown that there is a substantial proportion (ca 60%) of the
incoming phosphorus that was permanently buried in lake sediments in 2013, with the remainder
discharged in the Dub Beck outflow. The buried sediment provides a reservoir for the annual
recycling of phosphorus during the summer period of stratification, but this was calculated to be
equivalent to only about 8% of the total input load in 2013. One of the original interventions planned
for this project was the installation of sub-surface mixers to prevent the summer stratification and
thus minimise any related phosphorus recycling, but this had been dropped due to inadequate time
in 2014. This conclusion regarding the relatively small contribution from recycled phosphorus
indicates that such a trial would have had very limited impact on available phosphorus levels.
7.3 The review of the likely contribution of waterfowl to the phosphorus budget of the lake shows that
this is a minor source (about 2%).
7.4 The use of ultrasound as a means of controlling algal levels in Loweswater was beset with a
number of problems over the 17 month operational period. Notwithstanding the resultant
uncertainties in the levels of ultrasound exposure for significant periods of time, this treatment had
no discernible effect at any time in terms of the numbers of algal species or the length of algal
filaments.
7.5 The monthly monitoring of incoming becks proved valuable in terms of improved understanding of
general water quality variations (particularly ionic species and turbidity), but (apart from Dub Beck
that was monitored by the EA) suffered from the absence of data on phosphorus levels. Electrofishing of the becks indicated a decline in trout levels since the 1990s, but the data will provide a
valuable baseline for continued fish monitoring into the future.
7.6 The monitoring of the lake was facilitated greatly by the instantaneous feedback from the in-lake
EXO2 Sonde and its associated telemetry system, particularly the data on chlorophyll-a and
phycocyanin (BGA) levels. The highly-skilled identification of algal species by a WCRT volunteer
was a key element in being able to draw clear conclusions regarding the (non-)efficacy of the
ultrasound treatment.
7.7 It is difficult to speculate with any certainty about the overall impacts of this project’s interventions
on lake quality, which is still classified as of moderate ecological quality under the Water
Framework Directive. Adequate dissolved oxygen in the stratified hypolimnion remains a searching
criterion in order to achieve good ecological status.
7.8 Looking outside its technical achievements, the project has demonstrated the continued interest
and support of the local community in attending local meetings over the project’s course and the
value of the ongoing partnership formed during previous Loweswater projects between key
stakeholders – the National Trust, the Environment Agency, Natural England, local
farmers/residents and West Cumbria Rivers Trust.
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APPENDIX 1.
RAINFALL FIGURES (mm) FOR LOWESWATER 2011 to 2014
IREDALE PLACE COTTAGE, LOWESWATER
Jan
Totals

Feb

Mar

Apr

May

Jun

Jul

Aug

Sept

Oct

Nov

Dec

2011

114.1
1788

191.3

72.7

81.7

227.8

70.1

121.0

137.1

193.5

169.0

154.4

255.2

2012

159.5

89.9

44.2

78.9

73.7

227.7

156.4

228

237

197.1

241.9

322.4

2065

2013

113.1

43.1

52.3

95.0

103.9

75.1

92.0

209.4

139.0

210.0

115.4

253.0

1501

2014

204.9

256.3

149.9

58.1

98.4

41.5

98.6

139.7

23.5

293.0

138.0

155.0

1657

Mean

155.6

126.2

124.0

88.6

86.2

97.0

110.9

136.4

142.9

190.4

169.1

176.3

1607

(over
31 years
1984 to 2014)
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