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Hierarchy of external conditions (H)

Hierarchical links among external conditions: H1, global climate
affecting regional weather patterns such as the North Atlantic
Oscillation; H2, regional atmospheric deposition affecting local leaching
of dissolved organic carbon; H3, release of greenhouse gases from the
catchment

External stressors on lakes: S1, climate change & altered UV
radiation; S2, regional weather & weather patterns; S3, atmospheric
deposition of nutrients, contaminants & acidifying compounds; S4,
hydraulic discharge; S5, chemical load, including contaminants, from
the catchment; S6, local propagule pressure.

Bottom-up internal interactions: B1, nutrient availability controlled by
stratification; B2, phytoplankton controlled by chemistry; B3,
zooplankton controlled by phytoplankton ; B4, microbes controlled by
phytoplankton; B5, zooplankton controlled by microbes; B6, fish
controlled by zooplankton; B 7, phytoplankton controlled by temperature,
hydraulic discharge, mixing or light attenuation; B8, microbes controlled
by temperature; B9, zooplankton controlled by temperature or hydraulic
discharge; B10, fish controlled by temperature; B11, microbes

controlled by nutrients & DOC; B12, zooplankton controlled by chemical
conditions; B13, fish controlled by chemical conditions.

Top-down internal interactions: T1, grazing of zooplankton by
planktivorous fish; T2, grazing of phytoplankton by zooplankton; T3,
grazing of microbes by zooplankton; T4, grazing of phytoplankton by
microbes; T5, removal of nutrients by phytoplankton; T 6, altered light
climate & heat budget by coloured DOC; T7, release of nutrients by fish;

T8, release of nutrients by zooplankton; T9, release of nutrients by
microbes; T10, control of light climate & heat budget by phytoplankton.

Feedbacks from lake to external conditions: F1, lake temperature &
evaporation affecting local meteorology; F2, release of greenhouse
gases from a lake.







MONITORING
Spatial or long-term data
on the current state or
historic response to
environmental perturbation

MECHANISMS
Robust understanding,
often derived from
experiments, of processes
& the causes of patterns

MODELLING
Refining understanding &
forecasting future
responses

MANAGEMENT
Local actions to produce
desired 'ecosystem goods
& services'
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Summary

1. Lakes provide essential ecosystem goods and services on which humans depend, and

are integral to many global biogeochemical cycles, yet are sensitive to environmental
perturbation operating at global, regional and local scales, many resulting from human
influence.

The complex web of external stressors and internal interactions that control the
biological structure and ecological function of lakes requires a ‘systems approach’,
where different trophic levels are studied and different approaches, including long-term
monitoring are taken.

This Special Issue celebrates the ecological insights that have been gained from long-
term monitoring and research on the lakes in the catchment of Windermere in the
English Lake District. The research was started by the Freshwater Biological
Association in the 1930s and has been continued by the Centre for Ecology &
Hydrology since 1989 to produce a valuable record of lake response to changing
conditions extending over 65 years.

We introduce a conceptual diagram of lake response and feedbacks to a hierarchy of
conditions at different scales and interactions within the lake, and illustrate it using the
contributions of papers in the literature and this Special Issue.

Long-term monitoring is often threatened at times of economic austerity, yet its
continuation as part of a programme of research is a key activity that can produce
mechanistic understanding and insights, and data to produce and validate models, and
hence forecast future responses. These scientific disciplines interact synergistically to
help us understand the whole system and safeguard the ecosystem services provided

by lakes.
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Introduction

Lakes provide essential ecosystem goods and services on which humans depend. These
include vital provision of water for domestic, agricultural and industrial use, flood regulation,
food production, recreational opportunities and less tangible aesthetic and cultural benefits
(Maltby & Ormerod, 2011). Although lakes are numerous (~300 million globally) their total
area is only around 3% of the terrestrial land area (Downing et al., 2006). Nevertheless they
are an important component of the global biogeochemical cycle for at least two important

greenhouse gases: CO, (Tranvik et al., 2009) and CH, (Bastviken et al., 2011).

National and trans-national legislation, such as the European Water Framework Directive
(European Communities, 2000), requires European fresh waters to be kept at or brought to
good ecological status. However, lakes, like other ecosystems, are subject to multiple
stressors (Folt et al., 1999; Heathwaite, 2010; Ormerod et al., 2010) arising from human
activity and from interannual and long-term background changes in environmental conditions
that can degrade ecological status. This degradation has arisen, in part, because the
ecosystem goods and services that lakes provide has not been fully valued (Maltby &

Ormerod, 2011).

Lake ecosystems are, arguably, particularly sensitive to environmental perturbation since
lakes are strongly influenced by external conditions operating at a hierarchy of spatial scales
(Fig. 1). The picture that emerges from Figure 1 is of interconnectedness between the
atmosphere, the catchment and processes within the lake that together control lake
ecoysystem structure and function (Schindler, 2009). This complexity can produce
‘ecological surprises’ (Carpenter & Brock, 2006) and dramatic changes in the functioning of
the system, including regime shifts (Scheffer et al., 2001; Carpenter et al., 2011). Although
complex, Fig. 1 is a simplification of reality since it does not recognize more than one trophic

level for fish or the blurring of trophic levels by individual organisms and does not explicitly
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include, for example, chemical interactions, interactions within trophic levels, interactions

between the water and sediment and interactions between the littoral and pelagic.

Monitoring, mechanisms, models and management

The practical consequence of this complexity for scientific research is that holistic studies
are needed to understand the many processes, external and internal, operating at different
spatial and temporal scales and involving different trophic levels that structure and control
the functioning of lakes (Moss, 2011) and involving different scientific approaches. Many of
the key studies that have built the picture of responses and feedbacks of lakes to
environmental perturbation in Fig. 1 have relied on long-term or spatial monitoring. Long-
term monitoring can provide detailed information on system responses to past changes and,
if the data are frequent enough and include information at a range of ‘trophic levels’, can give
insights into the mechanisms involved. Analysing spatial patterns, a form of macroecology
(Brown & Maurer, 1989), can uncover general patterns and be used in a ‘space-for time’

mode to infer past conditions or forecast future responses (Battarbee et al., 2005).

The value of monitoring is strengthened when it is combined with a broader, linked
programme of research that includes at least two more components (Fig. 2). An
understanding of mechanisms is essential to produce knowledge that can be applied to other
locations and even other ecological systems. This is especially important because not every
lake (Downing et al., 2006) can be studied in great detail over many years. Mechanistic
insights can be gained from spatial monitoring, across many lakes (Vollenweider & Kerekes,
1980) or long-term monitoring within a lake or several lakes (this Special Issue), However,
mechanistic understanding benefits greatly from experiments involving manipulation of
whole lakes (Schindler et al., 1985), large mesocosms within a lake (Lund & Reynolds,

1982), small, but replicated mesocosms outside of a lake (Feuchtmayr et al., 2009) and





99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

laboratory studies of parts of the system, and is especially valuable for ecological insights
where interactions among more than one factor are taken into account (Talling 1979,
Maberly 1985). Models are of great value in forecasting responses to future changes (Fig.
2). They are most powerful and transportable when they are process-based and derive from
mechanistic understanding (Elliott et al., 2010). However, when they fail, models can help
identify gaps in our understanding of how a system operates. They may also require
monitoring data to generate the relationships they encapsulate and to validate the eventual
model. A final ‘M’ that flows from ‘Monitoring, Mechanisms and Models’ is ‘Management’
(Fig. 2). This usually involves local actions, informed by understanding the system, to
produce or maintain desired ecosystem goods and services. Local management can also be
used to mitigate the effects of global stressors. For example, reduction in nutrient load can
reduce the risk of a cyanobacterial bloom being produced that might otherwise have been
increased by climate change (Elliott, 2012). Finally, management can also produce a
perturbation that gives further insights into system responses and the mechanisms involved.
Carpenter (1998) made a complementary point highlighting experiments, cross-system
comparisons and theories in addition to long-term monitoring as important approaches to

understand the response of ecosystems to perturbation.

The English Lake District and its scientific history

An area of intensive study on lakes that allows some of these components, approaches and
interactions to be pieced together is found in the English Lake District. The lakes were
formed around 14000 to 15000 years ago at the end of the last ice-age (Pearsall &
Pennington, 1947). During the glaciation, glaciers travelling down an upland dome, eroded
deep valleys, cut deeply into the rock and on their retreat deposited moraines, forming a
pattern of lakes radiating from the central high ground (Fig. 3). These lakes lie within a
restricted area and so experience essentially the same climate but because of variable

underlying geology, land-use and lake morphology vary widely in trophic state and nature





126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

(Table 1; Talling, 1999). This provides a valuable opportunity to distinguish between the
effects of global, regional and local external stressors on different types of lakes and to

evaluate and understand the reasons for their differential sensitivity to the same stressor.

These lakes are some of the best-studied of any in the world, with over 600 papers and
numerous reports having been produced on them (McCullock et al., 2007). The recreational
and aesthetic ecosystem services they provide underpin a major part of the regional
economy. Early research in the area, around the start of the twentieth century (e.g. West &
West, 1912; Pearsall 1917, 1921), was boosted by the founding of the Freshwater Biological
Association (FBA) in 1929, which created a laboratory on the shore of Windermere, the
largest natural lake in England (Pickering, 2001). The growing number of scientists
employed by the FBA made significant contributions to the burgeoning new discipline of
limnology (Talling, 2004; McCulloch et al., 2007) including early seminal studies on lake
physics (Clifford Mortimer), phytoplankton (John Lund and Jack Talling), zooplankton
(Geoffrey Fryer), benthic invertebrates (TT Macan), fish (Winifred Frost and David Le Cren),
lake sediment chemistry (John Mackereth) and palaeolimnology (Winifred Pennington).
Being based on the shore of Windermere, and near other contrasting lakes, it was probably
natural that FBA scientists started to make a series of measurements and repeated them
regularly, thus forming a series of long-term investigations: Elliott (1990) lists the long-term
monitoring work that was begun by the FBA. In 1945, John W.G. Lund began a research
programme on the origin of phytoplankton inocula and the causes of phytoplankton
population growth and succession. Like many freshwater ecologists (Moss, 2011) he
obviously appreciated the need to study lakes holistically because he measured not only the
phytoplankton but also the physical and chemical conditions that affect their growth. The
work focussed on the two basins of Windermere and also Blelham Tarn and Esthwaite
Water that drain into the North and South Basin of Windermere respectively. This led to early

classic papers on the seasonality, and its causes, of key phytoplankton such as Asterionella
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formosa (Lund 1949) and Melosira italica subsp. subarctica (now Aulacoseira subarctica;
Lund 1954). Grasmere, in the headwaters of the Windermere catchment, was added to the
monitoring programme in around 1970 (Reynolds et al. 2012). The initial studies were aimed
at answering scientific questions: it gradually evolved into a long-term monitoring programme

as the value of the records became apparent.

In 1989, almost all the scientific staff employed by the FBA was transferred to the newly
formed Institute of Freshwater Ecology, funded directly by the Natural Environment
Research Council (NERC), although all the staff remained at Windermere. Two more lakes
were added to the monitoring programme in 1990: Bassenthwaite Lake and Derwent Water,
not in the Windermere catchment but in the large Bassenthwaite catchment in the north of
the Lake District (Fig. 3). The Institute of Freshwater Ecology was subsequently merged with
other NERC institutes to form the Centre for Ecology & Hydrology (CEH). Today, despite
having moved to the campus of Lancaster University in 2004, CEH continues to monitor
these seven lake basins every two weeks, analyse the data to answer scientific questions

and use the insights gained to produce advice to managers.

External stressors, internal interactions and studies in the Windermere catchment
This Special Issue follows a meeting held to celebrate the research that has been carried out
in the Windermere catchment over the last 65 years. It brings together papers that examine
some of the different ways that the lakes in the Windermere catchment have responded to
environmental perturbation. They include the best-studied lakes in the catchment:
Windermere (Elliott, 2012; Feuchtmayr et al., 2012, McGowan et al., 2012, Rhodes, Porter &
Pickup, 2012; Thackeray et al., 2012; Winfield, Fletcher & James, 2012 ), Esthwaite Water
(Feuchtmayr et al., 2012; George, 2012; Mackay et al., 2012), Blelham Tarn (Feuchtmayr et

al., 2012; Foley et al., 2012), Grasmere (Reynolds et al., 2012) and Priest Pot (Esteban,
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Finlay & Clarke, 2012). The papers cover studies on microbes (Esteban et al., 2012; Rhodes
et al., 2012), phytoplankton (Feuchtmayr et al., 2012; Reynolds et al., 2012), zooplankton
(George, 2012; Thackeray et al., 2012) and fish (Winfield et al., 2012). Of the broad scientific
approaches outlined in Fig. 2, the nature of this Special Issue means that many are focussed
on long-term monitoring, but most are implicitly linked to understanding mechanisms
(Mackay et al., 2012), use models (Elliott, 2012) or are relevant to lake management (Elliott,

2012; Foley et al., 2012; Reynolds et al., 2012).

The papers also contribute to understanding the web of interactions in Fig. 1 that determine
lake structure and function. Global stressors include the widespread effect of climate change
(S1lin Fig. 1; IPCC, 2007) that has a direct effect on lake physical properties such as water
temperature, water mixing, hydraulic flushing and the light climate (George, 2010), and also
changes in UV radiation (Hader et al., 2011). In this Special Issue, Foley et al. (2012) found
that over 40 years, the duration of stratification had increased by around 38 days in Blelham
Tarn, as had the period of hypolimnetic anoxia, as a direct result of climate change altering
the strength and duration of stratification. Thackeray et al. (2012) examined eight decades of
Daphnia galeata data collected in the North Basin of Windermere and tested ten different
phenological metrics (nine of which showed significant advancement in timing over the
period studied). The main drivers of the change were phytoplankton phenology and spring
water temperature, linked to global climate change, underlining the fact that several

environmental factors interacting are often responsible for an observed response.

Regional stressors affecting lake physical conditions (S2 in Fig. 1) include long-range
connexions such as the effect of the position of the Gulf Stream in the Atlantic on lake
stratification and mixing in summer (George & Taylor, 1995). Large-scale weather patterns

such as the North Atlantic Oscillation (Hurrell, 1995) affect winter weather and lake condition
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(George et al., 2004). Rossby wave breaking, an atmospheric phenomenon at the level of
the jet-stream, is potentially a driver of both Gulf Stream position and the NAO, and affects
lake water temperature year-round (Strong & Maberly, 2011). Regional stressors also
influence lake chemistry (S3 in Fig. 1) via deposition of material such as acidifying
compounds of sulphur and nitrogen derived largely from burning fossil fuels (ROTAP, 2011)
and also contaminants (Grimalt et al., 2010) via precipitation. The increased nitrogen
availability has been hypothesised to shift Northern Hemisphere lakes from nitrogen towards
phosphorus-limitation (Bergstrém & Jansson, 2006). In this Special Issue, Tipping &
Chaplow (2012) used a combination of models and observations to reconstruct the changes
in atmospheric pollution experienced by three upland tarns over several hundred years.
They chart the steady acidification and recovery of the waters, and the consequences for
macroinvertebrate diversity. Recovery was linked to a rise in DOC concentrations. Also in
this Issue, George (2012) analysed long-term zooplankton records from Esthwaite Water.
Two cohorts of the zooplankter Daphnia were produced, in early and late summer, and the
abundance of the first cohort was linked to the physical stability of the water column,
controlled by regional weather patterns, but also to the availability of edible algae controlled
in part by local nutrient enrichment. A decline in first cohort abundance was ascribed to an
advancement in the timing of their phytoplankton food source which has not been matched
by a corresponding advancement in the Daphnia maximum, but abundance was lower the

water column was stable, favouring dominance by largely inedible Cyanobacteria.

Local influences from the catchment have perhaps the largest effect on lakes, at least to
date. Rainfall and catchment area determines physical conditions such as the inflow of water
to a lake while water removal for human use can modify this substantially (S4 in Fig. 1).
Catchment geology largely governs the major ion chemistry of a lake while altered land-use,
fertiliser application and disposal of waste from humans and livestock change the nutrient

load to a lake with major consequences for lake structure and function (S5 in Fig. 1;
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Carpenter et al., 1998; Jeppesen et al., 2005). Inputs from industry or agriculture within the
catchment can cause contaminants such as heavy metals and persistent organic pollutants
to enter lakes (Braune et al., 1999). Finally, local increases in the propagule pressure of non-
native species (Colautti, Grigorovich & Maclsaac, 2006), often exacerbated by human
transport over regional or global scales and opening of ecological niches because of
environmental change, has dramatically increased the invasion and expansion of non-native
species into lakes, with potentially dramatic and long-term consequences (Millennium
Ecosystem Assessment Board, 2005; Strayer, 2010; S6 in Fig. 1). In this Special Issue, the
evolution of Windermere’s catchment and its history of nutrient enrichment were examined in
detail by McGowan et al. (2012). Palaeolimnological study, coupled with archival research,
showed that the nutrient enrichment of Windermere had been occurring for nearly 100 years
before the beginning of the long-term monitoring of the lake in 1945. The main drivers for
this were increasing human population in the catchment and changes in agricultural practise.
Furthermore, it was evident that the response of the phytoplankton community to changes in
climate was enhanced in periods of greater eutrophication. Local wind can have a large
effect on lake physical structure, mixing processes and sediment distribution and nutrient
availability. Mackay et al. (2012) tested the validity of several sediment focussing
mechanisms for explaining sediment heterogeneity. They found that in relatively small
Esthwate Water, waves that are important in large lakes were not as important as wind-
induced currents for controlling sediment resuspension. They also demonstrated that
estimates of phosphorus burial in the lake were inaccurate if sediment heterogeneity was not

taken into account.

Feuchtmayr et al. (2012) examined the phenology of three of the main spring phytoplankton
taxa found in four lakes of the Windermere catchment. They found consistent, but
contradictory, changes in the timing of the spring peaks with Asterionella formosa advancing

over the 58-year study period while Aulacoseira spp. and Cryptomonas spp. peaks were
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delayed. The effect of a range of drivers for these changes were tested, with different drivers
either advancing or delaying the peaks and affecting the taxa differently, but overall effects
of local nutrient enrichment had a more consistent affect than increasing temperature.
Reynolds et al. (2012) analysed the interacting effects of changing hydraulic discharge and
nutrient availability on the phytoplankton. Using a 40-year dataset and a simple
stoichiometric model they illustrated the consequences of attempts to manage point-source
phosphorus loads in a lake with a short average retention time. Over the last 35 years, there
have also been considerable changes in the diet of Windermere’s top fish predator, the pike
(Esox lucius (L.); Winfield et al., 2012). Since 1976, there has been a marked shift away
from the predominant consumption of Arctic charr (Salvelinus alpinus (L.)) and brown trout
(Salmo trutta L.) towards perch (Perca fluviatilis L.) and roach (Rutilus rutilus (L.)). The
increasing reliance on the latter, non-native species results from a recent rapid expansion in
roach numbers. This could have implications for the lake’s food web structure by shortening

the length of the web from primary producers to top predators.

Examples of the effects of larger-scale conditions on smaller-scale conditions include the
suggested interaction between global climate change and the NAO and Rossby wave
breaking (Strong & Magnusdottir, 2008; H1 in Fig. 1) and the effects of regional acid
deposition on local leaching of dissolved organic matter from the catchment (Monteith et al.,
2007; H2 in Fig. 1). Feedbacks from small-scale to larger-scale conditions are perhaps less
frequent, or well known, apart from the net release of greenhouse gases from the lake and
catchment that has consequences for climate change (H3 in Fig. 1). Lakes can alter external
conditions: they can influence local meteorology (F1 in Fig. 1; Bates, Giorgi & Hostetler,
1993) and, via release of greenhouse gases (as already mentioned), feedback to global

conditions (F2 in Fig. 1; Tranvik et al., 2009).
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Within the lake a series of bottom-up and top-down interactions control the structure and
function of the ecosystem (Power, 1992; Faithfull et al., 2011). These include bottom-up
interactions that control resource availability through the food-chain (B1 to B6 in Fig. 1) of
which perhaps the most widely-known is the general link between phosphorus load and
phytoplankton biomass measured as the concentration of chlorophyll a (Vollenweider &
Kerekes, 1980). In addition, lake physics, especially temperature, has a pervasive effect on
all the biota (B7 to B10 in Fig. 1) by altering metabolic rates (Brown et al., 2004), population
size-structure (Yvon-Durocher et al., 2011), phenology (Thackeray, Jones & Maberly, 2008;
Feuchtmayr et al., 2012; Thackeray et al., 2012), and causing changes in the balance
between cool-adapted species (Winfield et al., 2010) and species favoured, directly or
indirectly, by higher temperatures such as cyanobacteria (Paerl & Huisman, 2008; Elliott,
2012) with consequences for food availability for zooplankton (George, 2012). Chemistry too
can affect the biota: for example, microbial populations are affected by nutrient levels,
availability of dissolved organic carbon (DOC) and elemental stoichiometry (B11 in Fig. 1,
Sterner et al., 1998), Daphnia populations can decline in response to declining
concentrations of calcium in softwater boreal lakes (B12 in Fig. 1; Jeziorski et al., 2008) and
fish are sensitive to low pH and high concentrations of aluminium (Weatherley & Ormerod,
1991; ROTAP, 2011) and low concentrations of oxygen (B13 in Fig. 1; Baroudy & Elliott,
1994). The increased intensity of deoxygenation in Blelham Tarn (Foley et al., 2012)
potentially links climate effects directly to the success of fish populations. Microbial
populations can have a dramatic effect on lake function, for example via the microbial loop
(Azam et al., 1983) and via pathogenic organisms on the ecological services a lake provides.
Esteban et al. (2012) concentrated on Priest Pot, a one hectare pond near Esthwaite Water.
Most of the biological activity in the pond is microbial and so far 883 protist species have
been recorded, with this paper expanding the available information for many of the genera.
Rhodes et al. (2012) examined in detail the bacteriological research that has been
conducted on the Windermere catchment over the last 70 years, and its contribution to
understating nitrification processes, antibiotic resistance spread and the development of
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process-based ecological tools. In addition, the change in bacterial-derived water quality was

reviewed and the future of research in the catchment evaluated.

Top-down effects are particularly influential in lakes compared to some other ecosystems
(Shurin et al., 2002). They include the well-understood effects of the higher trophic level
increasing loss-rates of lower trophic levels (T1 to T6 in Fig. 1; Jeppesen et al., 1997;
Montoya & Raffaelli, 2010; Ellis et al., 2011). They also include effects of fish and
zooplankton and microbes on nutrient regeneration from lysis, excretion and sediment
disturbance (T7 to T9 in Fig. 1; Hudson & Taylor, 1996). Finally phytoplankton, by increasing
the interception of radiation in surface waters, can affect surface temperature and strength of

stratification (T10 in Fig. 1; Jones, George & Reynolds, 2005).

Models can be used to combine the effects of several stressors and interactions and
forecast the future. Elliott (2012) examined the sensitivity of Windermere’s phytoplankton
population to future changes in climate and nutrient status using the model PROTECH. The
results showed that with increasing temperature the simulated diatom bloom became earlier
and Cyanobacteria species dominated the community more in the late growing season.

However, these effects were greatly reduced if nutrient loads to the lake were also reduced.

The Future

Although long-term monitoring is currently recognised as an important and irreplaceable
approach to quantify how lakes have responded to different types of environmental
perturbation, the value of this approach was questioned in the past (Elliott, 1990) and there
are signs of recent restrictions in funding (Gilbert, O’Dor & Vogel, 2011). Countering this,
international initiatives such as the International Long Term Ecological Research (ILTER)

network (http://www.ilternet.edu) and the Global Lake Ecological Observatory Network
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(GLEON; http://gleon.org) are promoting and increasing the value of long-term

measurements by providing a spatial component to what are often isolated study sites.

Moving into the future, effective, adaptive, ecological monitoring, (Lindenmayer & Likens,
2010), complemented by other scientific approaches, is a powerful way to understand the
mechanisms underlying the response of lakes to external stressors and to suggest
management options to safeguard the vital ecosystem services that lakes provide. New
technology is providing opportunities to monitor lakes in greater temporal and spatial detail.
For example, high-frequency measurements enable diel-patterns to be resolved (Maberly,
1996) and automatic water quality stations with a range of meteorological and limnological
sensors (such systems can be currently found in the Windermere catchment in the South
Basin of Windermere, Esthwaite Water and Blelham Tarn) provide information that can be
used to investigate the effects of weather on lakes (Jones & Maberly, 2008) and
parameterise lake physics models. While these systems generally measure physical and
chemical conditions, a range of new sensors and approaches is enabling biological
communities also to be monitored automatically (e.g. Thyssen et al., 2008). Remote sensing
provides a means of monitoring a much greater number of lakes since algorithms to recover
useful limnological information, such as the density of cyanobacteria, are now beginning to

be available (Hunter et al., 2010).

Lakes are fragile systems that integrate global, regional and local perturbations and are
integral to many biogeochemical cycles. Flagship long-term monitoring sites are a key
resource, along with other approaches, to understand how lakes function and how the

ecosystem goods and services they provide can be maintained into the future.

14



http://gleon.org/



363

364

365

366

Dedication
This Special Issue is dedicated to J.W.G. Lund and his contemporaries at the Freshwater

Biological Association who pioneered the research in the Windermere catchment.
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Figure legends

Fig. 1. Conceptual diagram of the effects of external stressors (at bottom of figure) and
internal interactions (above, within grey lines) on the biological structure and ecological
function of a simplified pelagic system. The grey box delineates the biological components.
‘Bottom-up’ links are shown with open arrows, ‘top-down’ links are shown with closed
arrows. Interactions within the lake are shown by dashed-lines, interactions between
external stressors and the lake are shown by solid lines. Examples of the external stressors,

internal interactions and feedbacks are show in the box on the right.

Fig. 2. Interactions between different scientific approaches and links to ecosystem

management.

Fig. 3. The major lakes in the English Lake District. The watersheds for Windermere and

Bassenthwaite Lake are shown by dotted lines (adapted from Knudson, 1954).
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Table 1. Characteristics of the main lakes in the Windermere catchment that are included in this Special Issue, ordered by decreasing area.
Water chemistry data report the concentrations in 2010 based on an integrated sample from the top 7 m (Windermere) or 5 m (other
lakes) apart from Priest Pot which is derived from the top 1 m in 2000 (Clegg, Maberly & Jones, 2007). Other data from Talling (1999),

Finlay & Maberly (2000) & Mackay et al. (2012).

Windermere Windermere Esthwaite

Characteristic North Basin South Basin Water Grasmere Blelham Tarn Priest Pot
Catchment area (km?) 187 250 17 30 4.3 ~1.5
Catchment altitude (m) 270 231 148 328 105 ~73
Lake area (km?) 8.1 6.7 1.0 0.6 0.1 0.01
Lake volume (Mm®) 201.8 112.7 6.7 5.0 0.7 0.02
Maximum depth (m) 64 42 16 22 15 3.9
Mean Depth (m) 25 17 6.9 7.7 6.8 2.4
Mean retention time (d) 180 100 91 26 50 -
Mean alkalinity (mequiv m™) 245 284 435 167 477 386
Mean total phosphorus (mg m) 12 13 21 17 19 114
Maximum winter NOz-N (mg m’®) 488 497 630 720 786 77

Mean chlorophyll a (mg m™®) 5.3 8.6 16 11 18 89






