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Abstract
Freshwater ecosystems are threatened by multiple anthropogenic stressors acting
over different spatial and temporal scales, resulting in toxic algal blooms, reduced
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water quality and hypoxia. However, while catchment characteristics act as a ‘filter’
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modifying lake response to disturbance, little is known of the relative importance of
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different drivers and possible differentiation in the response of upland remote lakes
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in comparison to lowland, impacted lakes. Moreover, many studies have focussed on
single lakes rather than looking at responses across a set of individual, yet con-
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nected lake basins. Here we used sedimentary algal pigments as an index of changes
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that the magnitude of change in phototrophic assemblages would be greatest in
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ers in remote upland lakes and thus, synchronize the dynamic of primary producer

in primary producer assemblages over the last ~200 years in a northern temperate
Kingdom, to test our hypotheses about landscape drivers. Specifically, we expected
lowland rather than upland lakes due to more intensive human activities in the
watersheds of the former (agriculture, urbanization). Regional parameters, such as
climate dynamics, would be the predominant factors regulating lake primary producassemblages in these basins. We found broad support for the hypotheses pertaining
to lowland sites as wastewater treatment was the main predictor of changes to primary producer assemblages in lowland lakes. In contrast, upland headwaters
responded weakly to variation in atmospheric temperature, and dynamics in primary
producers across upland lakes were asynchronous. Collectively, these findings show
that nutrient inputs from point sources overwhelm climatic controls of algae and
nuisance cyanobacteria, but highlights that large-scale stressors do not always initiate coherent regional lake response. Furthermore, a lake’s position in its landscape,
its connectivity and proximity to point nutrients are important determinants of
changes in production and composition of phototrophic assemblages.

---------------------------------------------------------------------------------------------------------------------------------------------------------------------This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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1 | INTRODUCTION

short-term or site-specific variation in precipitation and inflow
regimes (Chen, McGowan, Xu, Zeng, & Yang, 2016), or basin-specific

Globally, inland waters have been subject to diverse biogeochemical

changes in agricultural practice (Maheux, Leavitt, & Jackson, 2016),

alterations and biodiversity declines since the Industrial Revolution

all of which influence delivery of particulate material (Dearing &

due to greenhouse gas emissions, pollution and food-web modifica-

Jones, 2003). Such local disruptions often reduces synchrony of lim-

tion (Wolfe et al., 2013). Historical changes were particularly notable

nological variables among basins (Leavitt et al., 2009; Maheux et al.,

after World War II (ca. 1945), in the period known as the “Great

2016) and impede the effectiveness of generalized mitigation strate-

Acceleration” (Steffen, Crutzen, & McNeill, 2007). Consequently,

gies. The development of effective management of aquatic resources

there have been considerable declines in the water quality and bio-

would benefit from a hierarchical understanding of the relative

logical integrity of surface waters in both populated and remote

importance of regional versus local stressors that threaten freshwa-

€ ro
€smarty, McIntyre, & Gessner, 2010). Furthermore, with
regions (Vo

€ ro
€smarty et al., 2010).
ters (Jackson, Woodford, & Weyl, 2016; Vo

the fourfold increase in global population, doubling of agricultural

Landscape-scale palaeolimnology is a promising approach to

activity, and ninefold greater water use of the 20th century

study the unique and interactive effects of multiple stressors on

expected to increase further in the next 30 years (McNeill, 2000),

lakes over relevant timescales (Anderson, 2014; McGowan & Leavitt,

there is a profound need to better understand the hierarchical rela-

2009; Taranu et al., 2015). In large flat watersheds, this approach

tionships among human causes of ecosystem disturbance and how

shows that short-term variation in nutrient influxes to lakes associ-

this is modified by lake and catchment characteristics. This novel

ated with agricultural development can override the effects of long-

study compares long-term change in assemblages of primary produc-

term variation in climate (Leavitt et al., 2009; McGowan & Leavitt,

ers in diverse lakes (headwaters to terminal basins) within a hetero-

2009; Patoine & Leavitt, 2006). In contrast, retrospective studies of

geneous landscape to assess the hierarchy of relationships among

remote mountain catchments suggest that upland basins are more

drivers of ecological modifications over the last ~200 years.

sensitive than lowland lakes to regional, longer term, climate variabil-

In principle, environmental parameters and anthropogenic stres-

ity (i.e. temperature) due to greater temperature fluctuations with

sors affect surface waters on diverse spatial scales (Soranno, Webster,

altitude and distance from localized anthropogenic disturbance (Lami

Cheruvelil, & Bremigan, 2009). As described in the Em-flux framework

et al., 2010). Despite these observations, few studies to date have

of Leavitt et al. (2009), environmental variation is transmitted to lakes

explicitly quantified the relative importance of climate and anthro-

by inputs of energy (E) (irradiance, heat, kinetic E of wind) or mass (m)

pogenic mechanisms across broad temporal scales and diverse lake

(water, nutrients, suspended materials). For example, regional varia-

characteristics (Soranno et al., 1999).

tion in solar insulation arising from changes in climate systems (e.g. El

Here, we compare changes in abundance and composition of

~o-Southern Oscillation; Pacific Decadal Oscillation) result in temNin

phototrophic assemblages in 11 lakes within a single watershed to

porally coherent changes in lake parameters such as dates of ice melt,

determine the influence of regional and local stressors over the last

€scher,
thermal stratification and annual plankton development (Dro

~200 years. Basins range in elevation from 39 m.a.s.l. (Windermere

Patoine, Finlay, & Leavitt, 2009). Similarly, broad-scale shifts in land

terminal basins) to 469 m.a.s.l. (Stickle Tarn), which allows compar-

use practices across catchments of similar geomorphology and topog-

isons between upland lakes (>100 m.a.s.l.) remote from human dis-

raphy may also initiate coherent changes in lakes with common histo-

turbance, and lowland (<100 m.a.s.l.) lakes that are more directly

ries of agricultural development (Anderson, Bennion, & Lotter, 2014;

affected by anthropogenic processes. Our study region, the Winder-

Keatley, Bennett, Macdonald, Taranu, & Gregory-Eaves, 2011). How-

mere catchment of northwestern England (Figure 1), is typical of

ever, the magnitude and synchrony of lake responses to regional envi-

many inhabited temperate Northern Hemisphere watersheds. This

ronmental forcings, such as climate, will also depend on basin and

network of glacially derived lakes has been subject to substantial

catchment characteristics, such as elevation, size, depth and geology

anthropogenic perturbation (McGowan et al., 2012), and marked cli-

(Leavitt et al., 2009). Acknowledging the importance of catchment

mate change in recent centuries (Dong et al., 2012), resulting in sub-

characteristics as “filters” of multiple stressors (sensu Blenckner,

stantial water quality issues (Pickering, 2001) including nuisance

2005) can help detect sites more vulnerable to stressor effects than

cyanobacterial blooms (Elliott, 2012). In this study, we tested three

others (Leavitt et al., 2009; Mills et al., 2017).

hypotheses relevant to historical ecological change during the past

In contrast, variation in mass (water, nutrients, suspended matter)

200 years: (a) The magnitude of phototrophic assemblage modifica-

influx to lakes arises from urban pollutants such as Wastewater

tion is greater in lowland than upland lakes due to more intensive

Treatment Works (WwTWs) (Jenny, Normandeau, & Francus, 2016),

human activities (agriculture, urbanization). (b) Regional parameters,
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F I G U R E 1 (a) Location of study lakes in the Windermere catchment (modified from McGowan et al. (2012) and Pickering (2001)). (b)
Temporal changes in human (number of persons; black) and livestock (total number of cattle, sheep, pigs, horses and poultry; grey) numbers in
the catchment indicate intensification of human activities from 1800 onwards. (c) Spatial patterns of human disturbance indicators arranged in
order of declining altitude (upland lakes >100 m.a.s.l. indicated by squares). Total landscape disturbance = Wastewater Treatment Work in lake
catchment (presence = 1) + historical catchment livestock densities (mean individuals per hectare from 1866 to 1988 (<1 ind/ha = 0, >1 ind/
ha = 1, >3 no/ha = 2)) + % permanent grassland (mean from 1866 to 1988 (<30% = 0, >30% = 1, >40% = 2, >50% = 3)) + catchment human
population human densities (mean individuals per hectare from 1801 to 2001 (<0.01 ind/ha = 0, >0.01 ind/ha = 1, >0.1 ind/ha = 2, >0.3 no/
ha = 2))
such as climate, are the predominant factors regulating lake primary

England’s largest twin-basin lake (Figure 1; Table 1). Receding glaciers

producer communities in upland headwater lakes, with local human

formed lakes in the catchment at the end of the last glacial period,

activities explaining modifications in the lowlands (e.g. Wastewater

resulting in variable morphology of individual subcatchments. Regional

Treatment Works; WwTWs). (c) Change in primary producer commu-

€ ppen system)
climate is classified as temperate oceanic (Cfb in Ko

nities is more spatially coherent in upland than lowland basins,

(Peel, Finlayson, & McMahon, 2007), with generally cool temperatures

reflecting asynchronous basin-specific effects of human activities in

(mean high 13°C, mean low 5.8°C) and high average annual precipita-

the lowlands.

tion (>1,500 mm/year), but wide spatial and temporal variation (up to
5,000 mm/year). The shading effect of the Lake District mountains

2 | MATERIALS AND METHODS
2.1 | Study area

reduces temperatures and sunlight in the uplands, and rainfall is predominantly orographic, with higher mean annual precipitation in
upland areas compared to lowland areas (Chiverrell, 2006; George,
Hurley, & Hewitt, 2007; Kenworthy, 2014; Met Office, 1971).

The Windermere catchment (54°180 N; 2°540 E) is situated in the Lake

The Windermere catchment is composed of two distinctive geo-

District National Park in northwest England, United Kingdom, and

logical areas with hard, slow-weathering extrusive lavas of the Bor-

comprises 11 lowland and upland lakes which feed into Windermere,

rowdale Volcanic Group (BVG) in the north separated from Silurian

SIL

SIL

Windermere
north basin

Windermere
south basin

16.8

25.1

6.8

4.4

2.5

2.3

2.3

7.74

6.4

6.9

2.7

7

10.5

3.3

8

42

64

14.5

19

7.5

6

7.4

21.5

15.5

10.3

9.5

8

22.5

7

14

Max
depth (m)

9.8

7

0.67

1.2

1

1

1

1.6

2.5

0.4

0.375

0.26

0.48

0.2

0.37

Length
(km)

6.7

8.1

0.1

1.5

0.083

0.074

0.036

0.644

1

0.07

0.065

0.038

0.106

0.013

0.083

Area
(km2)

200

175

4.0

33

1.0

1.0

1.0

30.2

17.0

0.95

12

1.16

2.7

0.40

1.8

Catchment
area (km2)

37.3

21.6

40

22

12

13.5

27.9

46.9

17

13.6

184.6

30.5

25.5

30.8

21.7

39

39

42

53

55

55

55

62

65

94

102

192

279

467

469

Altitude
(m.a.s.l)

231

231

105

312

108

108

108

328

148

175

520

520

510

610

610

Mean
catchment
altitude
(m.a.s.l.)

100

180

50

9

20

26

106

25

100

117

3.3

-

55

12

39

Mean
Retention
time (days)

1 & 11

Eutrophic

Mesotrophic

Eutrophic

Oligotrophic

Mesotrophic

Eutrophic

Eutrophic

28 (mean for 2008)

23.5a

14.6

7 & 17

7 & 17

13, 14 & 16

13 & 14

6, 13 & 14

6, 5, 13 & 14

4, 6, 10, 13 & 14

2, 3, 12 & 13

13, 14 & 15

11 & 14

8 & 11

8, 9 & 11

13.3a
a

8, 9 & 11

10.5
11.3a

8, 9 & 11

11.7a
a

Primary data source
for physical and
limnological variables

TP (mg/L)
or trophic
status

a

BVG, Borrowdale Volcanic Group; SIL, Silurian flags and slates.
denotes surface water total phosphorus (TP) samples collected and measured in July 2013. Grey shading denotes upland lakes >100 m.a.s.l.
Primary data references: 1Haworth (1969), 2Hall, Collins, Jones, and Horsley (1978), 3Reynolds and Lund (1988), 4Carvalho and Moss (1995), 5Beattie et al. (1996), 6Zinger-Gize, Hartland, Saxby-Rouen, and
Beattie (1999), 7Reynolds and Irish (2000), 8Tipping et al. (2000), 9Tipping et al. (2002), 10Goldsmith et al. (2003), 11Haworth et al. (2003), 12Barker et al. (2005), 13George et al. (2007), 14Maberly et al.
(2011), 15Dong et al. (2012), 16Foley, Jones, Maberly, and Rippey (2012), 17McGowan et al. (2012).

BVG

SIL

Blelham Tarn

BVG

Elterwater outer
basin

Rydal Water

BVG

Elterwater
middle basin

SIL

Esthwaite Water

BVG

BVG

Loughrigg Tarn

BVG

BVG

Little Langdale
Tarn

Elterwater inner
basin

BVG

Blea Tarn

Grasmere

BVG

BVG

Easedale Tarn

BVG

Stickle Tarn

Codale Tarn

Geology

Site

Mean
depth (m)

Catchment
to lake area
ratio

T A B L E 1 Physical and limnological characteristics of lakes in the Windermere catchment in order of descending altitude
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Coniston Flags and Slates (SIL) to the south by a thin band of Conis-

by direct gamma assay. Analyses were conducted using an ORTEC

ton Limestone. SIL rocks are easily weathered resulting in surface

HPGe GWL series, well-type coaxial, low background, intrinsic ger-

waters with higher ionic concentrations and buffering capacity than

manium detector at the Environmental Radiometric Facility at

the BVG group, where overlying waters have a similar ionic composi-

University College London, United Kingdom. Freeze-dried sediments

tion to precipitation (Sutcliffe et al., 1982; Thornton & Dise, 1998).

from Elterwater inner basin, Grasmere, Loughrigg Tarn and Codale

These differences in geology influence soil cultivability and have

Tarn were dated using

been described as the ‘Pearsall sequence’ of lake evolution with

type, ultralow background HPGe gamma ray spectrometer at the

‘primitive’ lakes overlying BVG geology and ‘evolved’ SIL lakes having

Aquatic Research Centre, University of Brighton. Longer count times

distinct differences in lacustrine communities (Pearsall, 1921). Most

were used for these four cores due to the high water content and

210

Pb,

137

Cs and

214

Pb activities using a well-

of the catchment lakes are predominantly phosphorus (P) limited,

flocculent nature of the sediment (e.g. >400,000 s for Elterwater

although production in some of the oligotrophic upland lakes is col-

inner basin).

imited with nitrogen (Maberly, King, Dent, Jones, & Gibson, 2002).

The constant rate of supply model (CRS) was used to estimate sed-

Distinct differences in land use and lake trophic status exist

iment ages for Blelham Tarn, Codale Tarn, Easedale Tarn, Esthwaite

between cultivated and uncultivated subcatchments in the Winder-

Water, Loughrigg Tarn, Rydal Water and Stickle Tarn, reflecting the

mere region (George, Talling, & Rigg, 2000). Upland cover is largely

nonmonotonic features of the

grassland for rough grazing of sheep and limited cattle farming,

chronologies were validated based on 137Cs and 241Am profiles. How-

although some native woodland exists to the west of Lake Winder-

ever, further validation was required for Elterwater inner basin and

mere (Maberly et al., 2003; Pickering, 2001). In lowland areas, agri-

Grasmere due to the very low activity of

cultural intensification in the latter half of the 20th century

which prevented construction of a meaningful age-depth model. At

improved pasture conditions to facilitate increased livestock densi-

these two sites

ties in the fertile lowland subcatchments of Esthwaite Water and

1986 Chernobyl accident and 1963 atmospheric atomic weapons test-

Blelham Tarn (Heathwaite, Johnes, & Peters, 1996). Furthermore,

ing maxima were used to estimate ages. The depth where 137Cs activ-

tourism is an important industry (15.8 million visits per year), particu-

ity reached zero was assigned as 1940 prior to global nuclear weapons

larly in the larger urban settlements of Ambleside and Bowness-on-

testing (Ritchie & McHenry, 1990). The chronology was interpolated

Windermere on the shores of Lake Windermere (Harvey, Thompson,

using these dates and that of core collection. These chronologies were

Scott, & Hubbard, 2013), and has resulted in wastewater discharge

then further validated by comparing proxies to previous studies at

into, and eutrophication of Windermere, Grasmere, Elterwater and

Grasmere (Barker, Pates, Payne, & Healey, 2005) and Elterwater inner

Esthwaite Water (McGowan et al., 2012; Talling, 1999). This spatial

basin (Lund, 1981), including loss-on-ignition at 550°C (%LOI550), dia-

variability in land use and geology leads to pronounced differences

tom (diatoxanthin) and green algal (lutein) pigment concentrations, and

in modern lake chemistry and ecology, despite their close proximity

morphological fossils from diatoms/chlorophytes. Linear interpolation

(Talling, 1999).

using the last two deepest age-depths to extend back to 1800 was

137

210

Pb profiles (Appleby, 2001). All

Cs profiles with distinct

210

Pb in the sediments,

137

Cs maxima from the

undertaken for cores whose deepest age-depth was before this date
(Grasmere, Elterwater inner basin and Windermere’s north basin).

2.2 | Sediment coring

Cores from Blea and Little Langdale Tarns, Elterwater middle and

Lake sediment cores were retrieved from the deepest point of 11

outer basins were not dated due to lack of funding and were excluded

lakes in the Windermere catchment from November 2011 to July

from analyses where absolute dates were required. These latter sites

2013 using a 50-cm-long Glew gravity corer (Glew, 1988) for the

were included in the Mann–Kendall trend analyses (described below)

unproductive upland tarns (Stickle Tarn, Codale Tarn and Easedale

to help interpret catchment-wide concentration trends, but their

Tarn), a 1-m mini-Mackereth corer (Mackereth, 1969) for the more

undetermined time series must be acknowledged.

productive lowland sites (Blelham Tarn, Esthwaite Water, Rydal
Water) and a 1-m HON-Kayak gravity corer (Renberg, 1991) for the
remaining basins (Blea Tarn, Little Langdale Tarn, Loughrigg Tarn,

2.4 | Sedimentary pigment analysis

Grasmere, Elterwater inner, middle and outer basins). Cores from the

Sedimentary carotenoids were used to reconstruct changes in abun-

north and south Windermere basins were collected in 2009 (see

dance and composition of phototrophic assemblages of algae and

McGowan et al., 2012). All cores were sectioned into 0.5-cm intervals

cyanobacteria (Leavitt & Hodgson, 2001). Pigments from aliquots of

within 48 hr of collection, sealed in airtight plastic bags, and samples

freeze-dried samples were extracted, solutions filtered, and individual

frozen (20°C) for pigment analysis or refrigerated for other analyses.

compounds then separated and quantified using an Agilent 1,200
series

quaternary

pump,

autosampler,

ODS

Hypersil

column

(250 9 4.6 mm; 5 lm particle size) and photo-diode array (PDA)

2.3 | Sediment chronology

detector as previously described (Chen, Bianchi, Mckee, & Bland,

Freeze-dried sediments (48 hr, 0.1 Pa) from Blelham Tarn, Esthwaite

2001). Pigments were expressed as nmole pigment/g organic matter

Water, Rydal Water, Easedale Tarn and Stickle Tarn were dated

(OM) using %LOI550 as a determinant of the OM fraction (Heiri, Lot-

using

210

Pb,

226

Ra via its daughter isotope

214

Pb,

137

Cs and

241

Am

ter, & Lemcke, 2001). The HPLC was calibrated using commercial

6
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pigment standards from DHI (Denmark). Analysis included chemically

Mann–Kendall coefficients based on either PCA axis 1 scores or indi-

stable, taxonomically diagnostic carotenoids representing total algal

vidual pigments time series.

production

(b-carotene),

cryptophytes

(alloxanthin),

potentially

To address the hypothesis that primary producer communities

(colonial

were regulated mainly by regional factors in upland lakes and local

cyanobacteria), zeaxanthin (all cyanobacteria), mainly diatoms (diatox-

drivers in lowland lakes (hypothesis (2)), regression trees were used

anthin) and chlorophytes (lutein) (Leavitt & Hodgson, 2001).

to determine the hierarchical relationship among explanatory envi-

N2-fixing

cyanobacteria

(aphanizophyll),

canthaxanthin

ronmental variables correlated with lake phototrophic assemblage

2.5 | Numerical analyses

change during the last ~200 years. The analysis was conducted on
the dated sediment cores only (n = 11). Regression trees are useful

The Mann–Kendall trend coefficients were used to investigate the

tools to detect nonlinear or threshold changes in species and envi-

first hypothesis that the magnitude of phototrophic assemblage

ronmental relationships, with the split nodes of explanatory variables

changes was greater in lowland than upland lakes over the last

chosen according to their ability to minimize the sum of squares

~200 years. Diagnostic carotenoids from all basin cores (n = 15; Sup-

error (SSE) (De’ath, 2002). PCA axis 1 scores of the seven biomarker

porting information Figure S1a-o) were scaled by mean and variance

pigments were used as the response variable in the package mvpart

to account for intersite differences in absolute concentration and

in R (De’ath, 2002). Each explanatory variable time series differed in

preservation from ca. 1800 onwards in dated cores and for the full

length and frequency (described in Supporting information Tables S2

core length in nondated cores. Principal components analysis (PCA)

and S3) and so had to be aligned manually to the corresponding pig-

axis 1 scores were used to summarize changes of the seven main

ment time series.

biomarker carotenoids (Supporting information Figure S1a-o). The

Explanatory variables in the regression tree analysis included

scaling and PCA were applied using the vegan package in R (Oksa-

changes in individual lake catchment WwTWs and hydrological modi-

nen, 2013). All pigments apart from aphanizophyll were strongly cor-

fications, livestock and human densities (both individuals/ha), crop

related with PCA axis 1 in the lowland lakes with the exception of

type and area coverage (%). Fertilizer application data (available from

Elterwater’s middle basin (low correlations of alloxanthin and zeaxan-

1970s onward) were only available at the national level, and climate

thin with PCA axis 1) and Windermere’s south basin (low correla-

variables were from a regional dataset (details in Supporting informa-

tions of zeaxanthin with PCA axis 1). In the upland lakes, although

tion Tables S2 and S3). Variation inflation factors (VIF) ≤10 indicated

PCA axis 1 was correlated with alloxanthin in all sites, correlations

no collinearity in the explanatory variables (Legendre & Legendre,

with other pigments varied among basins (e.g. b-carotene at Blea

2012). The mvpart() function was used to perform the regression tree

and Little Langdale Tarns, canthaxanthin at Easedale and Little Lang-

analysis because it avoids overfitting and produced a cross-validation

dale Tarns, diatoxanthin at Stickle, Codale and Little Langdale Tarns,

model to predict how well the model performs. The cross-validation

lutein in all except Stickle Tarn and zeaxanthin in all except Easedale

model results were plotted and the best-fitted and smallest tree with

Tarn) (Supporting information Figure S1a-o).

the lowest associated error (De’ath & Fabricius, 2000) was chosen. To

The Mann–Kendall coefficient, or tau, and p-value for each lake

avoid overfitting the model, the tree was pruned according to the one

profile (n = 15) was determined using the R package Kendall

standard error (1-SE) rule, resulting in the smallest tree where the

(McLeod, 2011). The Mann–Kendall test is a nonparametric test used

estimated error was within 1-SE of the tree with minimum error (Brei-

to determine whether there is a monotonic upward (coefficient

man, Friedman, Olshen, & Stone, 1984). Several cross-validations

between 0 and +1) or downward (coefficient between 0 and 1)

were run to ensure the 1-SE selected tree remained typical (De’ath &

trend in a variable over time by calculating a rank correlation coeffi-

Fabricius, 2000). The percentage variation explained (PVE) by each

cient, which is the measure of association between random paired

environmental predictor of primary producer assemblage change was

samples in the time series (Figure 2; Supporting information

calculated by 1- RE (relative error), and was performed for each single

Table S1). This test assigns the sample pairs a score of +1 if the sam-

split node. The PVE from each site was then categorized into six envi-

ple is greater than the subsequent samples and 1 if it is lower (Gil-

ronmental variables (further details in supporting information

bert, 1987). Pigment concentrations sometimes increased in the top

Table S4) and plotted in order of descending lake elevation to under-

few centimetres of each core (see Supporting information Fig-

stand which variables explained lake primary producer variability

ure S1a-o) due to rapid degradation after recent deposition (Cud-

across the catchment over the last ~200 years (Figure 3; individual

dington & Leavitt, 1999; Leavitt & Carpenter, 1990). However,

trees provided in Supporting information Figure S2a-k).

because the Mann–Kendall trend test calculates randomly selected

Synchrony (S) among lakes was assessed among pairs of fossil

pairs of measurements throughout the entire time series, an increase

pigment records from dated cores (n = 11) to test hypothesis (3) that

confined to the uppermost centimetres does not significantly

the dynamics in primary producer assemblages were more spatially

influence the dominant trend over time. To determine whether the

coherent in upland than lowland basins. To allow comparisons

magnitude of change in primary producer assemblages were signifi-

among cores of unequal temporal resolution, scaled pigment concen-

cantly greater in lowland (<100 m.a.s.l.) relative to upland lakes

trations were either averaged where multiple samples existed per

(>100 m.a.s.l.), in accordance with hypothesis (1), we conducted

5-year time interval, or linearly interpolated, where missing values

dependent t-tests using the R package vegan (Oksanen, 2013) on the

arose (Patoine & Leavitt, 2006). This was performed for Grasmere,
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F I G U R E 2 Mann–Kendall trends of phototroph assemblage change (PCA axis 1 scores), and individual sedimentary carotenoids from all
phototrophs (b-carotene), N2-fixing/filamentous cyanobacteria (aphanizophyll), cryptophytes (alloxanthin), diatoms/siliceous algae (diatoxanthin)
and chlorophytes (lutein) in lakes of the Windermere catchment over the last ~200 years. Colonial cyanobacteria (canthaxanthin) and all
cyanobacteria (zeaxanthin) are given in Supporting information Table S1. The PCA axis 1 scores are presented as absolute values to represent
the magnitude of change from no change/zero (light blue) to complete species turnover/one (red). Gradient of red tones indicate positive
trends and green indicates negative trends. Abbreviations of lakes: STI, Stickle Tarn; CT, Codale Tarn; EAS, Easedale Tarn; BT, Blea Tarn; LLT,
Little Langdale Tarn; LOU, Loughrigg Tarn; EST, Esthwaite Water; GRA, Grasmere; ELTIN, Elterwater inner basin; ELTMID, Elterwater middle
basin; ELTOUT, Elterwater outer basin; RYD, Rydal Water; BLE, Blelham Tarn; WNB, Windermere north basin; WSB, Windermere south basin.
Significantly (p =< 0.05) different trend coefficients between upland (squares) and lowland lakes (circles) are reflected in the t-test and p-values
presented in the grey boxes

Elterwater inner basin and Windermere’s north basin, whose deepest

& Leavitt, 2011). Monte Carlo permutation testing was used to

sediment ages were younger than 1800 (1847, 1931 and 1846

establish the statistical significance (p ≤ 0.05) of each synchrony

respectively), and the upland Codale, Easedale and Stickle Tarns

value. All time series were truncated at 2005. High levels of regional

whose resolution was too coarse (11+ years per 0.5 cm depth at

synchrony (S > 0.5) suggest that regional drivers such as climate or

Codale Tarn and 9+ years from age-depths between 1800 and 1900

catchment-wide land use practices exert a dominant control on the

at Stickle and Easedale Tarns). The synchrony of six scaled taxon-

response variables (George et al., 2000; Patoine & Leavitt, 2006).

specific carotenoids (as above) and total algal abundance (as b-caro-

The results of the regression tree analyses described above implied

tene) during the period 1800–2005 was determined in the R pack-

timing of WwTWs varied among the lowland lakes (n = 7), so syn-

age synchrony. For individual pigments, the synchrony value is the

chrony analysis was performed on these lakes following the onset of

mean Pearson correlation coefficient (r) of a group of lake pairs

point nutrient activity (1886) to help interpret the synchrony pat-

(Gouhier & Guichard, 2014; Kratz et al., 1998; Vogt, Rusak, Patoine,

terns in these impacted basins.
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F I G U R E 3 Percentage variance explained by the environmental variables selected by regression tree analysis as significant predictors of
algal assemblage change (PCA axis 1 scores) in order of descending lake altitude. Squares are shown next to upland lakes (>100 m.a.s.l.).
Further details on environmental variables given in supporting information Tables S2 and S3, and on the regression trees in Supporting
information Figure S2a-k, Supporting information Table S4
Finally, to examine the concept of lake and their catchments

Table S1). The magnitude of trends in PCA axis 1 scores was greater

characteristics as “filters” of lake response (Blenckner, 2005), the

for all lowland lakes than for upland lakes, except for the lowland

Pearson’s correlation coefficients (r) from the seven carotenoids for

Elterwater middle basin. Lowland lakes (Grasmere, Rydal Water, Blel-

catchment-wide lake pairs (1800–2005) were used as the response

ham and Loughrigg Tarn, Esthwaite Water and Elterwater and Win-

variable in a redundancy analysis (RDA) with noncollinear (VIF < 10)

dermere basins) had predominantly positive, increasing trends in

lake and catchment characteristics (difference in altitude, maximum

individual pigments. In contrast, trends varied between positive and

depth, water retention time (WRT), catchment to lake area ratio (CA:

negative in the upland lakes, with notable negative, decreasing

LA), geology between lake pairs) as the explanatory variables (Fig-

trends for all algal pigments at Easedale Tarn. Distinct differences

ure 4). Continuous explanatory variables were first scaled by mean

between upland and lowland lake trends in mainly diatom (diatoxan-

and variance to control for differences in magnitude prior to running

thin), cryptophyte (alloxanthin) and chlorophyte (lutein) pigments

the RDA. Both the scaling and RDA were undertaken in R using the

were found supporting hypothesis (1) that assemblage change was

vegan package (Oksanen, 2013).

greater in the lowlands.
Regression tree analyses indicate that timing of the establishment and upgrades of WwTWs explained the greatest amount of

3 | RESULTS

variation in primary producer assemblages over the last ~200 years
across the entire Windermere catchment (Figures 3, Supporting

Concentrations of sedimentary pigments increased over the last

information Figure S2a-k; Supporting information Table S4). Overall,

~200 years, as determined by positive Mann–Kendall trend values

changes in WwTWs predicted the assemblage change at the most

for most of the lake time series (Figure 2; Supporting information

lakes (n = 7); however, it is notable that this result was restricted to
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F I G U R E 4 Redundancy analysis exploring relationship between the Pearson’s correlation coefficients (r) of lake pairs’ seven sedimentary
pigments from dated sediment cores (1800–2005, n = 11) as the response variables, and the difference in lake and catchment characteristics
for these Windermere catchment lake pairs as the explanatory variables. The r values were both positive (0–1+) and negative (1–0) (where
negative correlations occur when pigment concentrations at one site go up and at the other go down). The position of the pigment labels
reflect the extent to which the changes in synchrony contribute to the canonical relationships. Centroids reflecting the geological classes in
each of the lake pairs are shown in grey (SIL, Silurian slate geology; BVG, Borrowdale volcanic group geology). Other abbreviations used are:
WRT, water retention time and CA:LA, catchment to lake area ratio
lowland lakes, whereas climate was a greater predictor of change in

lowland lakes. However, unlike the other carotenoids, cryptophyte

uplands as hypothesized (hypothesis 2) (Figure 3). Interestingly,

and filamentous cyanobacteria pigments (alloxanthin and aphanizo-

human population density was the most important predictor of pho-

phyll respectively) had lower synchrony before the onset of WwTW

totrophic communities at the lowland Loughrigg Tarn (PVE = 81%), a

development and higher synchrony afterwards.

basin which is comparatively isolated from WwTWs and other sur-

The RDA of the Pearson’s correlation coefficients (r) from the

face inflows. Temperature was the most important correlate of

seven carotenoids constrained to the environmental variables

changes in primary producer assemblages at two upland lakes Codale

showed that pigment synchrony varied due to lake and catchment

(PVE = 33%) and Easedale Tarns (PVE = 24%), and hydro-morpholo-

characteristics. In particular, the first RDA axis, which was signifi-

gical alteration was the main predictor at upland Stickle Tarn

cantly and positively correlated with the original r correlation coeffi-

(PVE = 33%), followed by temperature (PVE = 21%).

cients, showed that the synchrony of primarily diatom (diatoxanthin),

Historical variation in abundance of primary producers was more

followed by cryptophyte (alloxanthin) and total cyanobacterial (zeax-

synchronous between lowland (S range 0.16–0.69; p < 0.001) than

anthin) pigments was most strongly correlated with differences in

between upland basins where pigment synchrony values were non-

altitude (axis 1 = 34.5% variance explained), with greater synchrony

significant (Table 2). Synchrony values of most pigments were rela-

when differences in elevation between lake pairs were smaller (Fig-

tively high (S ≥ 0.49) between lowland lakes, with the exception of

ure 4). Synchrony patterns of chlorophyte (lutein) and colonial

aphanizophyll which had a lower but still significant (p > 0.001) value

cyanobacteria (canthaxanthin), followed by total algae (b-carotene)

of 0.16. Sedimentary pigments were more synchronous (S range 0.3–

were closely correlated with changes in catchment to lake area

0.61; p < 0.001) prior to the onset of WwTW activity across the

ratios, although this was a lower contributor to the variance

lowland lakes compared to afterwards which supports hypothesis

explained. Synchrony of the filamentous cyanobacteria (aphanizo-

(3); that basin-specific activity would increase asynchrony in the

phyll) was correlated with differences in lake-specific factors such as

T A B L E 2 Mean synchrony values for seven carotenoids across all lake pairs of the Windermere catchment in upland and lowland lakes and
across all lowland lake pairs of the Windermere catchment before and after Wastewater Treatment Work establishment and development

Upland lakes (>100 m.a.s.l.)

Alloxanthin
(cryptophytes)

Aphanizophyll
(filamentous
cyanobacteria)

b-carotene
(all algae)

Canthaxanthin
(colonial
cyanobacteria)

0.13

0.06

0.01

0.2*

Lowland lakes (<100 m.a.s.l.)

0.68**

0.16**

0.49**

Before WwTW (1800–1885)

0.13*

0.08

0.31**

After WwTW (1985–2005)

0.37*

0.46*

0.22*

*p ≤ 0.05, **p ≤ 0.001.

0.58**

Diatoxanthin
(mainly diatoms)
0.12
0.60**

0.3**

0.3**

0.04

0.06

Lutein
(chlorophytes)

Zeaxanthin
(all cyanobacteria)

0.27

0.07

0.69**
0.54**
0.14

0.61**
0.61**
0.04
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maximum depth, water retention time, and to a lesser extent geolog-

the funnelling of waste into WwTWs with insufficient nutrient

ical class, although variance explained along this axis was small (axis

removal can mask the diffuse nutrient effects of septic tank systems

2 = 2% variance explained).

(Reynolds, Maberly, Parker, & De Ville, 2012), potentially explaining
why it was a weaker predictor of phototrophic change in lakes with
point WwTWs. However, such diffuse nutrient systems may explain

4 | DISCUSSION

the synchronous changes in primary producers in lowland lakes during the 19th century, prior to asynchronous WwTW activity

Across the majority of lakes in the Windermere catchment, we

(Table 2). Finally, we note that the hydro-morphological change at

observed increasing concentrations of ubiquitous pigments (b-caro-

Blelham Tarn (i.e. channelization of inflow) (Figures 3 and S2i; Sup-

tene) over the last ~200 years, indicating a catchment-wide increase

porting information Table S4) has previously been associated with

in lacustrine primary production since 1800 (Figure 2). However, in

increasing efficiency of transport of nutrients from the WwTW into

agreement with hypothesis (1), the trends towards higher abundance

the lake (Moorhouse et al., 2014). Taken together, our findings high-

were most distinct in lowland lakes (<100 m.a.s.l.) where human

light the overwhelming imprint of human wastes on all lowland lakes

activities have been most intense, as compared with basins at higher

within the Windermere catchment.

elevations. Regression tree analysis supported hypothesis (2) and

We found limited support for the expectation that regional inten-

showed that local drivers (WwTW installations) explained most vari-

sification of agriculture since 1800 is an important control of abun-

ance in lowland lakes, whereas regional factors (temperature) were

dance and gross compositional modifications of primary producers

the dominant drivers at uplands sites (Figure 3). In contrast with

(Keatley et al., 2011). For example, synchrony of lowland lake pairs

hypothesis (3), however, temporal coherence among pigments in

prior to the onset of WwTWs (early-mid 19th century) tended to be

lowland lakes was greater than that observed among upland sites

higher than that recorded after point urban nutrient influxes

over the last ~200 years (Table 2).

increased (Table 2), possibly reflecting regional growth in ploughing,
deforestation and mechanization of agriculture in the lowlands dur-

4.1 | Lowland lakes

ing the 19th century (McGowan et al., 2012; Pennington, Cambray,
Eakins, & Harkness, 1976). However, local land use practices were

This study demonstrated that lowland lakes exhibited the greatest

generally weak predictors of phototrophic assemblage change. For

increase in the abundance of algae and cyanobacteria within the

example, livestock explained 3.1% of the variance in Blelham Tarn

Windermere catchment since 1800 reflecting effects of intense indi-

pigment composition, despite marked increases in sheep rearing

vidual subcatchment anthropogenic disturbance (hypothesis (1), Fig-

since the mid-1800s, and consequent promotion of soil erosion in

ures 2 and 3). Significant trends in PCA axis 1 scores also indicate

this subbasin (Van Der Post, Oldfield, Haworth, Crooks, & Appleby,

that these increases in primary producer abundance were accompa-

1997). Similarly, while changes in P fertilizer explained 13.3% and

nied by changes in assemblages that themselves were highly syn-

25% of variance in pigment composition from Rydal and Esthwaite

chronous across lowland sites (hypothesis (3), Table 2). Consistent

Waters respectively, their variance explained was still less than

with earlier work on individual lakes (Dong et al., 2012; McGowan

WwTWs and contradicts the importance of fertilizer nutrients in

et al., 2012; Moorhouse et al., 2014), the major driver of assemblage

other agricultural catchments (Bunting, Leavitt, Gibson, Mcgee, &

change (as PCA axis 1 scores) appeared to be the installation and

Hall, 2007; Donald, Bogard, Finlay, Bunting, & Leavitt, 2013). Thus,

upgrade of WwTWs (hypothesis (2), Figure 3). As shown in other

although basin-specific estimates of fertilizer application were not

northern temperate lakes, influx of nutrients, particularly P from

available, and could have been collinear with other parameters (live-

point sources, commonly accelerates eutrophication of oligotrophic

stock or human density) (Bunting et al., 2016), our findings generally

and mesotrophic lakes (e.g. Edmondson, 1970; Jenny et al., 2016;

imply that influx of human wastes, rather than agricultural produc-

Schindler, 2006).

tion, was the main factor degrading lotic lowland ecosystems, partic-

The observation that the timing of WwTW operation is more

ularly since the onset of the 20th century.

important for altering the production and composition of phototrophs than the growth of resident human populations, may reflect
the fact that major tourist towns are located within subcatchments

4.2 | Upland lakes

of lowland lakes (Figure 1) and that the >15 million annual visitors

In contrast to the lowland sites, Mann–Kendall trends in upland lakes

are excluded from population estimates yet drive a need for WwTW

were weak and nonsignificant for several basins (Figure 2; Support-

development. We note that in the absence of WwTWs, human pop-

ing information Table S1). Lack of consistent trends most likely

ulation densities within the rural Loughrigg Tarn subbasin explained

reflects the absence of human settlements, minimal farming at eleva-

almost 80% of the variability in algal assemblage change (Figures 3

tion (Pickering, 2001; Tipping et al., 1998), and reduced importance

and S2d; Supporting information Table S2-S4). Here, nutrient inputs

of nutrient influx on water quality. The absence of strong synchrony

from humans are derived mainly from septic tank systems. Although

among upland basins is unexpected, however, given the paramount

septic systems were also common elsewhere in the lowlands of the

effect of temperature (20%–30% of variance along PCA axis 1) in

catchment, particularly in the 19th century (McGowan et al., 2012),

three upland lakes (Stickle, Codale, Easedale Tarns) (Figure 3), a
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nearly 1°C increase in regional mean temperatures since 1987 (Dong

extricating cyanobacterial dynamics in accordance with the “filtering”

et al., 2012), and the observation that temperature variability often

effect of basin characteristics. Thus, while we conclude that the

increases temporal coherence among lakes within even large lake

proximity of a lake to anthropogenic activity is a key driver of lake

watersheds (Leavitt et al., 2009; Magnuson, Benson, & Kratz, 1990;

primary production modifications; basin-specific characteristics alter

Vogt et al., 2011).

this relationship further.

4.3 | Upland and lowland lake synchrony

4.4 | Implications for water management

Greater overall synchrony of the lowland lakes relative to the upland

Changes in primary producer assemblages were greatest in lowland

lakes may arise in part because of the greater connectivity of the low-

lakes receiving influx of human wastewater. In particular, the termi-

land lakes (e.g. lower order in lake chain) via surface and groundwater

nal basins of Lake Windermere integrated pollutants throughout the

flows and a greater degree of cumulative influence of nutrient inputs

catchment and displayed the highest magnitude of algal modifica-

(Kratz et al., 1998). Lakes within a chain often have higher synchrony

tions (Figure 2). Strong effects of nutrients on lake production are

of limnological variables relative to headwater or spatially isolated

noted regularly elsewhere (Bunting et al., 2016; Leavitt et al., 2009;

basins that are influenced more by precipitation than surface inflows

Scheffer, Hosper, Meijer, Moss, & Jeppesen, 1993; Taranu et al.,

(Kratz, Webster, Bowser, Maguson, & Benson, 1997; Riera, Magnuson,

2015) and have been suggested to override the effects of climate

Kratz, & Webster, 2000; Soranno et al., 1999). In addition, isolated

change in other lake catchments (Leavitt et al., 2009; Moorhouse

lakes tend to be more hydrologically complex, leading to more individ-

et al., 2014; Taranu et al., 2015; Vogt et al.,2011). Based on these

ualistic responses to climate forcing (Webster et al., 2000). Overall,

findings, it is clear that management of Lake Windermere requires a

our study contributes to the general theory that lake position within

consideration of other upstream basins, in particular strategies to

the hydrological landscape is a critical control of its response to forc-

reduce emissions from WwTWs. Furthermore, the lack of a common

ing by climatic and anthropogenic processes (Soranno et al., 2009).

trend in lake production exhibited by headwaters highlights the need

Site-specific differences in precipitation may have reduced the
coherence of primary producers in upland lakes despite potentially

to improve our understanding of these ecosystems and not overstate
their resilience to continued global warming.

synchronizing effects of regional climatic change (Figures 3 and 4).
For example, given that regional precipitation and snow/ice cover

ACKNOWLEDGEMENTS

patterns are strongly influenced by orographic processes and therefore, lake position in the catchment (George et al., 2007), and that

This work was supported by the Engineering and Physical Sciences

the influx of precipitation can reduce limnological coherence within

Research Council [grant number 1095396, (HM), the Environment

lake catchments (Vogt et al., 2011), we infer that spatial variability in

Agency (HM), Universitas 21 (HM), NSERC (PRL & ZET), Canada

rainfall (Malby, Whyatt, Timmis, Wilby, & Orr, 2007) may have led to

Foundation for Innovation (PRL) and Canada Research Chairs (PRL &

regionally asynchronous delivery and removal of nutrients in the rel-

IGE). We acknowledge the Science Task Group of the Windermere

atively pristine upland sites, further modified by basin-specific lake

Catchment Restoration Programme whose work informed this study,

flushing (Maberly et al., 2002; Soranno et al., 2014).

as well as Dr. Handong Yang (University College London) and Prof.

Our results show a hierarchal scale of landscape (altitude, catch-

Andy Cundy (University of Brighton) for

210

Pb dating the sediment

ment to lake area ratios) followed by basin (water retention times,

cores. Thanks to Teresa Needham for her laboratory expertise,

maximum depth) characteristics on driving synchrony dynamics of

Timothy Meadows, Rachel Lem, Erica and James Whiteford, Darren

algal assemblages over the last ~200 years (Figure 4), supporting the

Beriro, Alex Berland and Jonathan Dean for help with fieldwork and

notion that such characteristics “filter” a lakes response to environ-

Richard Vogt for guidance on synchrony analysis. We would like to

mental change (Blenckner, 2005). This corresponds to previous work,

thank three anonymous reviewers for their helpful suggestions for

which found that landscape factors (i.e. altitude) often define and

manuscript improvements.

constrain the basin-scale factors (Soranno et al., 2009). Interestingly,
the RDA showed that once the effects of landscape were partialled

ORCID

out, lake depth and water residence time accounted for additional
variability in pigment synchrony. In particular, lake depth and water

Heather L. Moorhouse

residence time were closely associated with the synchronous dynam-

Suzanne McGowan

ics of filamentous cyanobacteria (aphanizophyll), which have been

Zofia E. Taranu

http://orcid.org/0000-0003-4322-9422
https://orcid.org/0000-0003-4034-7140

http://orcid.org/0000-0002-4137-5058

shown to be important factors in shaping cyanobacterial communities elsewhere (Posch, Koster, Salcher, & Pernthaler, 2012). Considering the detrimental impacts of cyanobacterial blooms on human
and ecological health (Paerl & Huisman, 2009), and predictions that
this group will increase with increasing temperatures and decreased
flushing rates (Elliott, 2010), our findings highlight the importance of

REFERENCES
Anderson, N. J. (2014). Landscape disturbance and lake response: Temporal and spatial perspectives. Freshwater Reviews, 7, 77–120.
https://doi.org/10.1608/FRJ-7.2.811

12

|

Anderson, N. J., Bennion, H., & Lotter, A. F. (2014). Lake eutrophication
and its implications for organic carbon sequestration in Europe. Global
Change Biology, 20(9), 2741–2751. https://doi.org/10.1111/gcb.12584
Appleby, P. G. (2001). Chronostratigraphic techniques in recent sediments.
In W. M. Last, & J. P. Smol (Eds.), Tracking environmental change in lake
sediments. Dordrecht, the Netherlands: Kluwer Academic Publishers.
Barker, P. A., Pates, J. M., Payne, R. J., & Healey, R. M. (2005). Changing
nutrient levels in Grasmere, English Lake District, during recent centuries. Freshwater Biology, 50, 1971–1981. https://doi.org/10.1111/j.
1365-2427.2005.01439.x
Beattie, L., Gize, I., Berry, S., Webster, R., Fletcher, A., & Hartland, A.
(1996). A study of the water and sediment chemistry of key Cumbrian
lakes: Elterwater. Warrington, UK: Institute of Freshwater Ecology.
Blenckner, T. (2005). A conceptual model of climate-related effects on
lake ecosystems. Hydrobiologia, 533, 1–14. https://doi.org/10.1007/
s10750-004-1463-4
Breiman, L., Friedman, J. H., Olshen, R. A., & Stone, C. G. (1984). Classification And Regression Trees. Belmont, CA: Wadsworth International
Group.
Bunting, L., Leavitt, P. R., Gibson, C. E., Mcgee, E. J., & Hall, V. A. (2007).
Degradation of water quality in Lough Neagh, Northern Ireland, by
diffuse nitrogen flux from a phosphorus-rich catchment. Limnology
and Oceanography, 52, 354–369. https://doi.org/10.4319/lo.2007.52.
1.0354
Bunting, L., Leavitt, P. R., Simpson, G. L., Wissel, B., Laird, K. R., Cumming, B. F., . . . Engstrom, D. R. (2016). Increased variability and sudden ecosystem state change in Lake Winnipeg, Canada, caused by
20th century agriculture. Limnology and Oceanography, 61(6), 2090–
2107. https://doi.org/10.1002/lno.10355
Carvalho, L., & Moss, B. (1995). The current status of a sample of English
Sites of Special Scientific Interest subject to eutrophication. Aquatic
Conservation: Marine and Freshwater Ecosystems, 5, 191–204.
https://doi.org/10.1002/(ISSN)1099-0755
Chen, N., Bianchi, T. S., Mckee, B. A., & Bland, J. M. (2001). Historical
trends of hypoxia on the Louisiana shelf: Application of pigments as
biomarkers. Organic Geochemistry, 32, 543–561. https://doi.org/10.
1016/S0146-6380(00)00194-7
Chen, X., McGowan, S., Xu, L., Zeng, L., & Yang, X. (2016). Effects of
hydrological regulation and anthropogenic pollutants on Dongting
Lake in the Yangtze floodplain. Ecohydrology, 9, 315–325. https://doi.
org/10.1002/eco.1637
Chiverrell, R. C. (2006). Past and future perspectives upon landscape
instability in Cumbria, northwest England. Regional Environmental
Change, 6, 101–114. https://doi.org/10.1007/s10113-005-0005-6
Cuddington, K., & Leavitt, P. R. (1999). An individual-based model of pigment flux in lakes: Implications for organic biogeochemistry and paleoecology. Canadian Journal of Fisheries and Aquatic Sciences, 56(10),
1964–1977. https://doi.org/10.1139/f99-108
Dearing, J. A., & Jones, R. T. (2003). Coupling temporal and spatial
dimensions of global sediment flux through lake and marine sediment
records. Global and Planetary Change, 39(1), 147–168. https://doi.org/
10.1016/S0921-8181(03)00022-5
De’ath, G. (2002). Multivariate regression trees: A new technique for
constrained classification analysis. Ecology, 83, 1103–1117.
De’ath, G., & Fabricius, K. E. (2000). Classification and regression trees: A
powerful yet simple technique for ecological data analysis. Ecology,
81, 3178–3192. https://doi.org/10.1890/0012-9658(2000)081[3178:
CARTAP]2.0.CO;2
Donald, D. B., Bogard, M. J., Finlay, K., Bunting, L., & Leavitt, P. R.
(2013). Phytoplankton-specific response to enrichment of phosphorus-rich surface waters with ammonium, nitrate, and urea. PLoS ONE,
8, e53277. https://doi.org/10.1371/journal.pone.0053277
Dong, X., Bennion, H., Maberly, S. C., Sayer, C. D., Simpson, G. L., & Battarbee, R. W. (2012). Nutrients exert a stronger control than climate
on recent diatom communities in Esthwaite Water: Evidence from

MCGOWAN

ET AL.

monitoring and palaeolimnological records. Freshwater Biology, 57,
2044–2056. https://doi.org/10.1111/j.1365-2427.2011.02670.x
€ scher, I., Patoine, A., Finlay, K., & Leavitt, P. R. (2009). Climate control
Dro
of spring clear-water phase through the transfer of energy and mass
to lakes. Limnolology and Oceanography, 54, 2469–2480. https://doi.
org/10.4319/lo.2009.54.6_part_2.2469
Edmondson, W. T. (1970). Phosphorus, nitrogen, and algae in Lake Washington after diversion of sewage. Science, 169, 690–691. https://doi.
org/10.1126/science.169.3946.690
Elliott, J. A. (2010). The seasonal sensitivity of cyanobacteria and other
phytoplankton to changes in flushing rate and water temperature.
Global Change Biology, 16, 864–876. https://doi.org/10.1111/j.13652486.2009.01998.x
Elliott, J. A. (2012). Predicting the impact of changing nutrient load and
temperature on the phytoplankton of England’s largest lake, Windermere. Freshwater Biology, 57, 400–413. https://doi.org/10.1111/j.
1365-2427.2011.02717.x
Foley, B., Jones, I. D., Maberly, S. C., & Rippey, B. (2012). Long-term
changes in oxygen depletion in a small temperate lake: Effects of climate change and eutrophication. Freshwater Biology, 57, 278–289.
https://doi.org/10.1111/j.1365-2427.2011.02662.x
George, G., Hurley, M., & Hewitt, D. (2007). The impact of climate
change on the physical characteristics of the larger lakes in the English Lake District. Freshwater Biology, 52, 1647–1666. https://doi.org/
10.1111/j.1365-2427.2007.01773.x
George, D. G., Talling, J. F., & Rigg, E. (2000). Factors influencing the
temporal coherence of five lakes in the English Lake District. Freshwater Biology, 43, 449–461. https://doi.org/10.1046/j.1365-2427.
2000.00566.x
Gilbert, R. O. (1987). Statistical Methods For Environmental Pollution Monitoring. New York, NY: Wiley.
Glew, J. R. (1988). A portable extruding device for close interval sectioning of unconsolidated core samples. Journal of Paleolimnology, 1, 235–
239.
Goldsmith, B. J., Luckes, S. J., Bennion, H., Carvalho, L., Hughes, M.,
Appleby, P. G., & Sayer, C. D. (2003). Feasibility Studies On The
Restoration Needs Of Four Lake SSSI’s: Final Report To English Nature.
Contract No. EIT 30-05-005. Environmental Change Research Centre,
University College London.
Gouhier, T. C., & Guichard, F. (2014). Synchrony: Quantifying variability
in space and time. Methods in Ecology and Evolution, 5, 524–533.
https://doi.org/10.1111/2041-210X.12188
Hall, G. H., Collins, V. G., Jones, J. G., & Horsley, R. W. (1978). The effect
of sewage effluent on Grasmere (English Lake District) with particular
reference to inorganic nitrogen transformations. Freshwater Biology,
8, 165–175. https://doi.org/10.1111/j.1365-2427.1978.tb01438.x
Harvey, D., Thompson, N., Scott, C., & Hubbard, C. (2013). Farming and
farm forestry in the lake district: A report for the lake district national
park partnership farming and forestry task force. Newcastle, UK: Centre
for Rural Economy, Newcastle University.
Haworth, E. Y. (1969). The diatoms of a sediment core from Blea Tarn,
Langdale. Journal of Ecology, 57, 429–439. https://doi.org/10.2307/
2258389
Haworth, E. Y., De Boer, G., Evans, I., Osmaston, H., Pennington, W.,
Smith, A., . . . Ware, B. (2003). Tarns of the Central Lake District.
Ambleside, UK: Brathay Exploration Group Trust Ltd.
Heathwaite, A. L., Johnes, P. J., & Peters, N. E. (1996). Trends in nutrients. Hydrological Processes, 10, 263–293. https://doi.org/10.1002/
(ISSN)1099-1085
Heiri, O., Lotter, A. F., & Lemcke, G. (2001). Loss on ignition as a method
for estimating organic and carbonate content in sediments: Reproducibility and comparability of results. Journal of Paleolimnology, 25,
101–110. https://doi.org/10.1023/A:1008119611481
Jackson, M. C., Woodford, D. J., & Weyl, O. L. F. (2016). Linking key
environmental stressors with the delivery of provisioning ecosystem

MCGOWAN

ET AL.

services in the freshwaters of southern Africa. Geography and Environment, 3(2), e00026.
Jenny, J. P., Normandeau, A., & Francus, P. (2016). Urban point sources
of nutrients were the leading cause for the historical spread of
hypoxia across European lakes. Proceedings of the National Academy
of Sciences, 113, 12655–12660. https://doi.org/10.1073/pnas.
1605480113
Keatley, B. E., Bennett, E. M., Macdonald, G. K., Taranu, Z. E., & GregoryEaves, I. (2011). Land use legacies are important determinants of lake
eutrophication in the Anthropocene. PLoS ONE, 6, e15913.
Kenworthy, J. M. (2014). Regional weather and climates of the British
Isles – Part 7: North West England and the Isle of Man. Weather, 69,
87–93. https://doi.org/10.1002/wea.2256
Kratz, T. K., Soranno, P. A., Baines, S. B., Benson, B. J., Magnuson, J. J.,
Frost, T. M., & Lathrop, R. (1998). Interannual synchronous dynamics
in north temperate lakes in Wisconsin, USA. In D. G. George, J. G.
Jones, P. Puncochar, C. S. Reynolds, & D. W. Sutcliffe (Eds.), Management of lakes and reservoirs during global climate change. Dordrecht,
the Netherlands: Kluwer Academic.
Kratz, T., Webster, K., Bowser, C., Maguson, J., & Benson, B. (1997). The
influence of landscape position on lakes in northern Wisconsin. Freshwater Biology, 37, 209–217. https://doi.org/10.1046/j.1365-2427.
1997.00149.x
Lami, A., Marchetto, A., Musazzi, S., Salerno, F., Tartari, G., Guilizzoni, P.,
. . . Tartari, G. A. (2010). Chemical and biological response of two
small lakes in the Khumbu Valley, Himalayas (Nepal) to short-term
variability and climatic change as detected by long-term monitoring
and paleolimnological methods. Hydrobiologia, 648(1), 189–205.
https://doi.org/10.1007/s10750-010-0262-3
Leavitt, P. R., & Carpenter, S. R. (1990). Aphotic pigment degradation in
the hypolimnion: Implications for sedimentation studies and paleolimnology. Limnology and Oceanography, 35(2), 520–534. https://doi.org/
10.4319/lo.1990.35.2.0520
Leavitt, P. R., Fritz, S. C., Anderson, N. J., Baker, P. A., Blenckner, T.,
Bunting, L., . . . Werne, J. (2009). Paleolimnological evidence of the
effects on lakes of energy and mass transfer from climate and
humans. Limnology and Oceanography, 54, 2330–2348. https://doi.
org/10.4319/lo.2009.54.6_part_2.2330
Leavitt, P. R., & Hodgson, D. A. (2001). Sedimentary Pigments. In J. P.
Smol, H. J. B. Birks, & W. M. Last (Eds.), Tracking environmental
change using lake sediments (pp. 295–325). Dordrecht, the Netherlands: Kluwer Academic Press.
Legendre, P., & Legendre, L. (2012). Numerical ecology. Amsterdam, the
Netherlands: Elsevier.
Lund, J. W. G. (1981). Investigations on phytoplankton with special reference to water usage. Ambleside, UK: Freshwater Biological Association.
Maberly, S. C., De Ville, M. M., Thackeray, S. J., Feuchtmayr, H., Fletcher,
J. M., James, J. B., . . . Titterington, H. (2011). A survey of the lakes of
the English Lake District: the Lakes Tour 2010. Report to Environment
Agency, North West Region and Lake District National Park Authority. LA/NEC04357/1. 223.
Maberly, S. C., King, L., Dent, M. M., Jones, R. I., & Gibson, C. E. (2002).
Nutrient limitation of phytoplankton and periphyton growth in upland
lakes. Freshwater Biology, 47, 2136–2152. https://doi.org/10.1046/j.
1365-2427.2002.00962.x
Maberly, S. C., King, L., Gibson, C. E., May, L., Jones, R., Dent, M. M., &
Jordan, C. (2003). Linking nutrient limitation and water chemistry in
upland lakes to catchment characteristics. Hydrobiologia, 506–509,
83–91. https://doi.org/10.1023/B:HYDR.0000008556.73832.75
Mackereth, F. J. (1969). A short core sampler for subaqueous deposits.
Limnology and Oceanography, 14, 145–151. https://doi.org/10.4319/
lo.1969.14.1.0145
Magnuson, J. J., Benson, B. J., & Kratz, T. K. (1990). Temporal coherence
in the limnology of a suite of lakes in Wisconsin, U.S.A. Freshwater

|

13

Biology, 23, 145–159. https://doi.org/10.1111/j.1365-2427.1990.tb
00259.x
Maheux, H., Leavitt, P. R., & Jackson, L. J. (2016). Asynchronous onset of
eutrophication among shallow prairie lakes of the northern Great
Plains, Alberta, Canada. Global Change Biology, 22(1), 271–283.
https://doi.org/10.1111/gcb.13076
Malby, A. R., Whyatt, J. D., Timmis, R., Wilby, R. L., & Orr, H. G. (2007).
Forcing of orographic rainfall and rainshadow processes by climate
change: Analysis and implications in the English Lake District. Hydrological Processes, 52, 276–291. https://doi.org/10.1623/hysj.52.2.276
McGowan, S., Barker, P., Haworth, E. Y., Leavitt, P. R., Maberly, S. C., &
Pates, J. (2012). Humans and climate as drivers of algal community
change in Windermere since 1850. Freshwater Biology, 57, 260–277.
McGowan, S., & Leavitt, P. R. (2009). The Role of Paleoecology in
Whole-Ecosystem Science. In S. Miao, S. Carstenn, & M. Nungesser
(Eds.), Real world ecology. New York, NY: Springer.
McLeod, A. I.. (2011) Kendall: Kendall rank correlation and Mann-Kendall
trend test. R package 2.2.
McNeill, J. R. (2000). Something new under the sun (p. 448). New York,
NY – London: WW Norton and Company.
Met Office (1971). Elementary meteorology. London: Her Majesty’s Stationary Office.
 Gell, P., Anderson, N. J.,
Mills, K., Schillereff, D., Saulnier-Talbot, E.,
Arnaud, F., . . . Ryves, D. B. (2017). Deciphering long-term records of
natural variability and human impact as recorded in lake sediments: A
palaeolimnological puzzle. Wiley Interdisciplinary Reviews: Water, 4(2),
e1195. https://doi.org/10.1002/wat2.1195
Moorhouse, H. L., McGowan, S., Jones, M. D., Barker, P., Leavitt, P. R.,
Brayshaw, S. A., & Haworth, E. Y. (2014). Contrasting effects of nutrients and climate on algal communities in two lakes in the Windermere catchment since the late 19th century. Freshwater Biology, 59,
2605–2620. https://doi.org/10.1111/fwb.12457
Oksanen, J. (2013). Multivariate analysis of ecological communities in R:
vegan tutorial.
Paerl, H. W., & Huisman, J. (2009). Climate change: A catalyst for global
expansion of harmful cyanobacterial blooms. Environmental Microbiology Reports, 1, 27–37. https://doi.org/10.1111/j.1758-2229.2008.
00004.x
Patoine, A., & Leavitt, P. R. (2006). Century-long synchrony of fossil algae
in a chain of Canadian prairie lakes. Ecology, 87, 1710–1721.
https://doi.org/10.1890/0012-9658(2006)87[1710:CSOFAI]2.0.CO;2
Pearsall, W. H. (1921). The development of vegetation in English Lakes
considered in relation to the general evolution of glacial lakes and
rock basins. Proceedings of the Royal Society B: Biological Sciences, 92,
259–284. https://doi.org/10.1098/rspb.1921.0024
Peel, M. C., Finlayson, B. L., & McMahon, T. A. (2007). Updated world
€ ppen-Geiger climate classification. Hydrology and earth
map of the Ko
system sciences discussions, 4(2), 439–473. https://doi.org/10.5194/
hessd-4-439-2007
Pennington, W., Cambray, R. S., Eakins, J. D., & Harkness, D. D. (1976).
Radionuclide dating of the recent sediments of Blelham Tarn. Freshwater Biology, 6, 317–331. https://doi.org/10.1111/j.1365-2427.
1976.tb01617.x
Pickering, A. D. (2001). Windermere: Restoring the health of England’s largest lakes. Kendal, Cumbria, Titus: Wilson and son.
Posch, T., Koster, O., Salcher, M. M., & Pernthaler, J. (2012). Harmful filamentous cyanobacteria favoured by reduced water turnover with
lake warming. Nature Climate Change, 2, 809–813. https://doi.org/10.
1038/nclimate1581
Renberg, I. (1991). The HON-Kajak sediment corer. Journal of Paleolimnology, 6, 167–170. https://doi.org/10.1007/BF00153740
Reynolds, C. S., & Irish, A. E. (2000). The phytoplankton of Windermere (English Lake District). Ambleside, UK: Freshwater Biological Association.
Reynolds, C. S., & Lund, J. W. G. (1988). The phytoplankton of an
enriched, soft-water lake subject to intermittent hydraulic flushing

14

|

(Grasmere, English Lake District). Freshwater Biology, 19, 379–404.
https://doi.org/10.1111/j.1365-2427.1988.tb00359.x
Reynolds, C. S., Maberly, S. C., Parker, J. E., & De Ville, M. M. (2012).
Forty years of monitoring water quality in Grasmere (English Lake
District): Separating the effects of enrichment by treated sewage and
hydraulic flushing on phytoplankton ecology. Freshwater Biology, 57,
384–399. https://doi.org/10.1111/j.1365-2427.2011.02687.x
Riera, J., Magnuson, J., Kratz, T., & Webster, K. E. (2000). A geomorphic
template for the analysis of lake districts applied to the Northern
Highland Lake District, Wisconsin, USA. Freshwater Biology, 43(3),
301–318. https://doi.org/10.1046/j.1365-2427.2000.00567.x
Ritchie, J. C., & McHenry, J. R. (1990). Application of radioactive fallout
Cesium-137 for measuring soil erosion and sediment accumulation
rates and patterns: A Review. Journal of Environmental Quality,
19, 215–233. https://doi.org/10.2134/jeq1990.0047242500190002
0006x
Scheffer, M., Hosper, S. H., Meijer, M. L., Moss, B., & Jeppesen, E. (1993).
Alternative equilibria in shallow lakes. Trends in Ecology and Evolution, 8
(8), 275–279. https://doi.org/10.1016/0169-5347(93)90254-M
Schindler, D. W. (2006). Recent advances in the understanding and management of eutrophication. Limnology and Oceanography, 51, 356–
363. https://doi.org/10.4319/lo.2006.51.1_part_2.0356
Soranno, P. A., Cheruvelil, K. S., Bissell, E. G., Bremigan, M. T., Downing,
J. A., Fergus, C. E., . . . Webster, K. E. (2014). Cross-scale interactions:
Quantifying multi-scaled cause–effect relationships in macrosystems.
Frontiers in Ecology and the Environment, 12, 65–73. https://doi.org/
10.1890/120366
Soranno, P. A., Webster, K. E., Cheruvelil, K. S., & Bremigan, M. T. (2009).
The lake landscape-context framework: Linking aquatic connections,
terrestrial features and human effects at multiple spatial scales.
Verhandlungen Internationale Vereinigung fur Limnologie, 30, 695–700.
Soranno, P. A., Webster, K. E., Riera, J. L., Kratz, T. K., Baron, J. S., Bukaveckas, P. A., . . . Leavitt, P. R. (1999). Spatial variation among lakes
within landscapes: Ecological organization along lake chains. Ecosystems, 2(5), 395–410. https://doi.org/10.1007/s100219900089
Steffen, W., Crutzen, P. J., & McNeill, J. R. (2007). The Anthropocene:
are humans now overwhelming the great forces of nature. AMBIO: A
Journal of the Human Environment, 36, 614–621. https://doi.org/10.
1579/0044-7447(2007)36[614:TAAHNO]2.0.CO;2
Sutcliffe, D. W., Carrick, T. R., Heron, J., Rigg, E., Talling, J. F., Woof, C., &
Lund, J. W. G. (1982). Long-term and seasonal changes in the chemical
composition of precipitation and surface waters of lakes and tarns in
the English Lake District. Freshwater Biology, 12, 451–506.
Talling, J. F. (1999). Some English lakes as diverse and active ecosystems: A
factual summary and source book. Ambleside, UK: Freshwater Biological Association.
Taranu, Z. E., Gregory-Eaves, I., Leavitt, P. R., Bunting, L., Buchaca, T.,
Catalan, J., . . . Vinebrooke, R. D. (2015). Acceleration of cyanobacterial dominance in north temperate-subarctic lakes during the Anthropocene. Ecology Letters, 18, 375–384. https://doi.org/10.1111/ele.
12420
Thornton, G. J. P., & Dise, N. B. (1998). The influence of catchment characteristics, agricultural activities and atmospheric deposition on the
chemistry of small streams in the English Lake District. Science of The
Total Environment, 216, 63–75. https://doi.org/10.1016/S0048-9697
(98)00138-7

MCGOWAN

ET AL.

Tipping, E., Bass, J. A. B., Hardie, D., Haworth, E. Y., Hurley, M. A., &
Wills, G. (2002). Biological responses to the reversal of acidification
in surface waters of the English Lake District. Environmental Pollution,
116, 137–146. https://doi.org/10.1016/S0269-7491(01)00197-X
Tipping, E., Carrick, T. R., Hurley, M. A., James, J. B., Lawlor, A. J., Lofts,
S., . . . Woof, C. (1998). Reversal of acidification in upland waters of
the English Lake District. Environmental Pollution, 103, 143–151.
https://doi.org/10.1016/S0269-7491(98)00138-9
Tipping, E., Hurley, M., Wills, G., Haworth, E., Sawrey, F., & Downing, C.
(2000). Chemical and biological changes in Cumbrian lakes due to
decreases in acid deposition. AEA Technology, Energy and the Environment Programme.
Van Der Post, K. D., Oldfield, F., Haworth, E. Y., Crooks, P. R. J., &
Appleby, P. G. (1997). A record of accelerated erosion in the recent
sediments of Blelham Tarn in the English Lake district. Journal of
Paleolimnology,
18,
103–120.
https://doi.org/10.1023/A:
1007922129794
Vogt, R. J., Rusak, J. A., Patoine, A., & Leavitt, P. R. (2011). Differential
effects of energy and mass influx on the landscape synchrony of lake
ecosystems. Ecology, 92, 1104–1114. https://doi.org/10.1890/101846.1
€ ro
€smarty, C. J., McIntyre, P. B., & Gessner, M. O. (2010). Global
Vo
threats to human water security and river biodiversity. Nature, 467,
555–561. https://doi.org/10.1038/nature09440
Webster, K. E., Soranno, P. A., Baines, S. B., Kratz, T. K., Bowser, C. J.,
Dillon, P. J., . . . Hecky, R. E. (2000). Structuring features of lake districts: Landscape controls on lake chemical responses to drought.
Freshwater Biology, 43, 499–515. https://doi.org/10.1046/j.13652427.2000.00571.x
Wolfe, A. P., Hobbs, W. O., Birks, H. H., Briner, J. P., Holmgren, S. U.,
 . . . Vinebrooke, R. D. (2013). Stratigraphic expressions
 lfsson, O.,
Ingo
of the Holocene-Anthropocene transition revealed in sediments from
remote lakes. Earth-Science Reviews, 116, 17–34. https://doi.org/10.
1016/j.earscirev.2012.11.001
Zinger-Gize, I., Hartland, A., Saxby-Rouen, K. J., & Beattie, L. (1999). Protecting the oligotrophic lakes of the English Lake District. Hydrobiologia, 395, 265–280. https://doi.org/10.1023/A:1017074325323

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section at the end of the article.

How to cite this article: McGowan S, Taranu ZE, GregoryEaves I, Leavitt PR, Jones MD. Regional versus local drivers
of water quality in the Windermere catchment, Lake District,
United Kingdom: The dominant influence of wastewater
pollution over the past 200 years. Glob Change Biol.
2018;00:1–14. https://doi.org/10.1111/gcb.14299

