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• Citizens and ecologists collected nutri-
ent data from waterbodies across Lon-
don.

• Citizen sites were self-selected, the
ecologists collected stratified random
data.

• Both showed that ponds & lakes had
fewest nutrients, rivers were far more
polluted.

• However citizen nutrient data failed to
show expected relationships with land
cover.

• Citizen science data would be more
valuable if survey locations were pre-
selected.
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This study investigated patterns of nutrient pollution in waterbody types across Greater London. Nitrate and
phosphate data were collected by both citizen scientists and professional ecologists and their results were com-
pared. The professional survey comprised 495 randomly selected pond, lake, river, stream and ditch sites. Citizen
science survey sites were self-selected and comprised 76 ponds, lakes, rivers and streams. At each site, nutrient
concentrations were assessed using field chemistry kits to measure nitrate-N and phosphate-P.
The professional and the citizen science datasets both showed that standing waterbodies had significantly lower
average nutrient concentrations than runningwaters. In the professional datasets 46% of ponds and lakes had nu-
trient levels below the threshold at which biological impairment is likely, whereas only 3% of running waters
were unimpaired by nutrients. The citizen science dataset showed the same broad pattern, but there was a
trend towards selection of higher quality waterbodies with 77% standing waters and 14% of rivers and streams
unimpaired.
Waterbody nutrient levels in the professional dataset were broadly correlatedwith landuse intensity. Rivers and
streams had a significantly higher proportion of urban and suburban land cover than other waterbody types.
Ponds had higher percentage of semi-natural vegetation within their much smaller catchments. Relationships
with land cover and water quality were less apparent in the citizen-collected dataset probably because the
areas visited by citizens were less representative of the landscape as whole.
The results suggest that standing waterbodies, especially ponds, may represent an important clean water re-
source within urban areas. Small waterbodies, including ponds, small lakes b 50 ha and ditches, are rarely part
of the statutory water quality monitoring programmes and are frequently overlooked. Citizen scientist data
have the potential to partly fill this gap if they are co-ordinated to reduce bias in the type and location of the
waterbodies selected.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The process of urbanisation is an ongoing global phenomenon affect-
ing both the developed and developing worlds. Current projections es-
timate that the extent of urban land cover worldwide will increase by
185% between 2000 and 2030 (Seto et al., 2012), with concomitant
infill-development increasing building density and decreasing the re-
maining extent of urban green space (Gledhill et al., 2008).

Urbanisation has been shown to cause profound changes to the
freshwater environment: rivers and streams are typically channelised
or culverted whilst most standing waters are either destroyed or modi-
fied into amenity features (Booth and Jackson, 1997; Meyer and
Wallace, 2001;Wood et al., 2003). Hydrological changes alter the avail-
ability of water including its volume, velocity and periodicity, which in
turn impacts water chemistry, sediment loading and the character of
bottom substrates (Boyer and Polasky, 2004). The run-off to
waterbodies fromurban surfaces can be polluted by a combination of el-
ements including oils, metals, nutrients, pathogens and a wide range of
man-made compounds: an issue which is compounded, particularly in
running waters, by inputs of treated and untreated sewage, licensed
and unlicensed industrial discharges and effluents that reach water-
courses as a result of drainage system misconnections (Gerken Golay
et al., 2013; Latimer and Quinn, 1998; Lenat and Crawford, 1994; Paul
and Meyer, 2001; Sonoda et al., 2001). This plethora of physico-chemi-
cal changes inevitably impacts freshwater biodiversity and biological
processes, with most studies suggesting that the net effect is strongly
detrimental (Booth et al., 2004; Lenat and Crawford, 1994; Paul and
Meyer, 2001, and references therein).

Given that the impacts of urbanisation on freshwaters are held to be
wide-ranging and generally damaging, it is surprising that there are re-
markably few empirical data describing the quality of freshwaters in
urban areas. In rural landscapes, studies have shown considerable het-
erogeneity in the extent towhichwaterbodies degrade as a result of an-
thropogenic impacts. Small waterbodies like ponds, for example, have
sometimes been shown to retain relatively clean water and high biodi-
versity even in intensively managed agricultural catchments, enabling
them to contribute disproportionately to regional biodiversity
(Williams et al., 2004; Davies et al., 2008b; Biggs et al., 2016a, 2016b).
There are no equivalent studies that compare waterbody types in
urban environments, despite the multiple ecosystem services urban
freshwaters provide including flood amelioration, water treatment, de-
livery of potable water, protection of biodiversity, creation of amenity
resources and provision of green space with its inherent value for pro-
moting emotional and physical health (Hassall, 2014 and references
therein; Hassall and Anderson, 2015; Völker and Kistemann, 2015;
Bradley and Frost, in this issue). Increasing our understanding of the
value of the urban freshwater resource has the potential to enable us
to better balance and protect these uses.

In Europe, the ecological quality of freshwaters is monitored under
the auspices of the EU Water Framework Directive (2000/60/EC)
which requiresmember states tomaintain the quality of all freshwaters
across their territory. In practice, only a tiny proportion of the freshwa-
ter network is assessed in any EU State and, statutorymonitoring for the
Directive has a strong bias towards larger waters: focusing on rivers and
lakes over 50 ha. This means that small streams, headwaters, ditches,
ponds and most lakes are almost entirely overlooked both in terms of
monitoring, and action to protect their quality.

A possible solution to the paucity of information about the quality of
urban freshwaters would be to augment professional water quality
monitoring data with citizen science-collected data. Citizen-collected
data are already essential for many disciplines involving the collection
of large-scale field datasets, and are beginning to be used for freshwa-
ters particularly for assessing the river quality in order to pick-up pollu-
tion events (Canfield et al., 2002; Loperfido et al., 2010; Obrecht et al.,
1998; Rotman et al., 2012). Such an approach has the added benefit of
directly involving communities in activities to protect their local envi-
ronment, and is particularly feasible for urban areas because of the
large audience of potential volunteers (Canfield et al., 2002).

In the current study our aims were twofold:

(i) to evaluate for thefirst time the patterns ofwater quality, evident
across all fresh waterbody types within catchments of differing
levels of urbanisation in a major city, Greater London, using
data collected by professional cologists

(ii) to establishwhether citizen science-collected data has the poten-
tial to adequately replicate the patterns evident in a professional-
ly collected research dataset.

To assess water quality we focused on two widespread pollutants:
phosphate and nitrate. These nutrients are amongst the most pervasive
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sources of freshwater pollution globally. They directly result in the over
growth of aquatic macrophytes and algae and the suppression of less
tolerant taxa causing, in turn, a raft biological, health and economic im-
pacts, including loss of plant, invertebrate and fish diversity, declines in
the aesthetic and amenity value of freshwater, and in some cases thede-
velopment of toxic blue-green algae blooms that are harmful if ingested
by humans and animals. As a result of their wide ranging effects phos-
phate and nitrate are amongst the most widely used metrics for
assessing ecological quality in international monitoring programmes
such as the Water Framework Directive (Liu et al., 2012; Brahney et
al., 2015; Mekonnen and Hoekstra, 2015).

2. Material and methods

2.1. Site selection and classification

For the professionally collected research dataset our aimwas to get a
representative indication of nutrient levels in the different waterbody
types across the London area. The survey area was defined as the zone
encompassed by the M25 motorway which encircles Greater London,
and includes both London's core commercial districts and its suburban
periphery; an area with a total population of just over 8.5 million peo-
ple. Initial map analysis and ground-truthing suggested that five main
waterbody types occurredwithin this area: ponds, lakes, rivers, streams
and ditches. To ensure good coverage, a stratified random sampling ap-
proach was used, with the aim to being to survey 100 locations for each
waterbody type, giving an overall density of 12 waterbodies per 1 km
square.

Waterbody typeswere defined using the criteria listed in Table 1. For
each waterbody type, individual sampling locations were identified in a
two stage process (i) 1 km squares were selected at random with re-
placement, using Ordnance Survey GIS layers (ii) within each grid
square, sampling sites were selected at random from areas that were
easily accessible. The survey did not includewaterbodies in areas of cur-
tilage e.g. garden ponds. If the waterbody type being selected was not
present in the square or in an accessible area, another square was ran-
domly selected. Survey sites were sampled by two professional ecolo-
gists in autumn from September to early December. Half were
surveyed in 2014, half in 2015.

Citizen scientists were recruited by the charity Earthwatch for the
FreshWater Watch project. Their objective was to test water quality in
localwaterbodies to contribute to a database aiming to assess the health
of freshwater ecosystems on a global scale. To participate in FreshWater
Watch each volunteer undertook a day's training as Citizen Science
Leaders during which they were trained in water chemistry testing
methods, and asked to undertake water chemistry tests at local
waterbodies in the following months. The sampling started in April of
Table 1
Definitions of aquatic habitats used in the survey.
Modified fromWilliams et al. (2004).

Lakes A body of water N 2 ha in area. Includes reservoirs and gravel pits.
Ponds Waterbodies between 25 m and 2 ha in area which may be permanent

or seasonal. Includes both man-made and natural waterbodies.
Ditches Man-made channels created primarily for agricultural purposes, and

which usually: (i) have a linear planform, (ii) follow linear field
boundaries, often turning at right angles, and (iii) show little
relationship with natural landscape contours.

Streams Small lotic waterbodies created mainly by natural processes. Marked as
a single blue line on 1:25,000 Ordnance Survey (OS) maps and hence
defined by the OS as being b8.25 m in width. Stream differ from ditches
by (i) usually having a sinuous planform, (ii) not following field
boundaries, or if they do, pre-dating boundary creation, and (iii)
showing a strong relationship with natural landscape contours i.e.
running down valleys.

Rivers Larger lotic waterbodies, created mainly by natural processes. Marked as
a double blue line on 1:25,000 OS maps and defined by the OS as
N8.25 m in width.
2013, and is ongoing, although for our purposes we used a cut-off at
the endofMarch2016 for compiling thedataset. Citizen Science Leaders
have sampled a range of areas in the UK, but we used a subset of those
falling within the Greater London area for comparison with our profes-
sional research dataset. A total of 36 Citizen Science Leaders collected
nutrient data within this area.

2.2. Nutrient sampling

In the current study, both the professional research and citizen sci-
ence surveys, measured nutrients with easy-to-use nitrate and phos-
phate field kits with a relatively low minimum detection threshold
(0.2 mg/l and 0.02 mg/l respectively). We used Kyoritsu PackTest
water chemistry kits which provide an in-field colourimetric reaction
for unfiltered water samples, which is then compared with a colour
chart to indicate nutrient level categories. The reaction takes place
when the water sample is combined with pre-measured reagents in a
closed sample tube. The phosphate kitsmeasure phosphate-Pwith a de-
tection level between 0.02 and 1 mg/l, and are based on an inosine en-
zymatic method (Berti et al., 1988), using 4-Aminoantipyrine. The
colour change in the sample tube is compared visually with a six point
colour chart. Values were recorded as the range value between the
two closest colourmatches (Table 2). The nitrate-N kits have a detection
range of 0.2–10 mg/l and the reaction is based on the N-(1-napthyl)-
ethylenediamine method, using a zinc reduction for converting nitrate
to nitrite. As with the phosphate-P kits, the colour reaction is compared
with a six point colour chart (Table 2).

2.3. Analysis

In order to provide an overview of London's water quality, samples
were classified into three categories depending on their nitrate-N and
phosphate-P levels: clean, some nutrient pollution and nutrient pollut-
ed. The clean category was defined as those sites falling below the
thresholds of 0.05 mg/l phosphate-P and 1 mg/l nitrate-N. The ‘some
nutrient pollution’ category included sites which fell into the 0.05–
0.1 mg/l phosphate-P category and for nitrate the 1–2 mg/l nitrate-N
category. The ‘nutrient polluted’ category was all values above this.

Thresholds were based on the concept that clean water should have
a chemistry and biology which is normal for a given area in the absence
of humandisturbance (Williams et al., 2010). This is commonly referred
to as ‘the reference condition’, ‘minimally impaired water quality’ or
‘natural background levels’ and, in Europe it is equivalent to ‘High’ status
in theWater Framework Directive (WFD). For phosphorus, clean water
thresholds for the rivers, streams and lakes were related to the values
used to define High status in WFD (Carvalho et al., 2006; UKTAG,
2013). For ponds and ditches, where no regulatory standards have
been defined for phosphorus, empirical data sources were used to iden-
tify reference conditions of nutrients (Biggs et al., 2005). For nitrate,
there are no ecologically relevant regulatory standards defined for any
freshwater habitats in the UK (WFD standards are related to drinking
water and are much higher than the values known to have ecological
impacts). Consequently a range of literature sourceswere used to assess
the nitrate levels associatedwith sites which are not exposed to anthro-
pogenic nutrient inputs or which support unimpaired biotic
Table 2
Colour categories as defined by the Kyoritsu PackTest kits.

Category Nitrate-nitrogen mg/l range
(midpoint)

Phosphate-phosphorus mg/l range
(midpoint)

1 0–0.2 (0.1) 0–0.02 (0.01)
2 0.2–0.5 (0.35) 0.02–0.05 (0.035)
3 0.5–1 (0.75) 0.05–0.1 (0.075)
4 1–2 (1.5) 0.1–0.2 (0.15)
5 2–5 (3.5) 0.2–0.5 (0.35)
6 5–10 (7.5) 0.5–1 (0.75)
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assemblages (Dodds et al., 1998; Biggs et al., 2005; González Sagrario et
al., 2005; James et al., 2005; Lambert and Davy, 2011;Moss et al., 2013).

To provide a combined classification, using both nitrate-N and phos-
phate-P, we adapted the one-out-all-out rule used by theWater Frame-
work Directive. A clean waterbody was defined as falling below the
cleanwater threshold for both nitrate-N and phosphate-P.Waterbodies
with only one determinand falling below the threshold were
categorised as having ‘some nutrient pollution’. Waterbodies were
categorised as ‘nutrient polluted’ when both nitrate-N and phosphate-
P levels were higher than the clean water threshold.

Themidpoint value for each nitrate-N and phosphate-P range (Table
2) was used for statistical analysis. Because the values were categorical,
non-parametric statistics were used throughout (Rank ANOVA and
Spearman rank correlations). Statistical analyses were carried out
using the R package version 3.2.3 (R Core Development Team) using
standard base packages.
2.4. Deriving catchment land cover

The surface water catchment of streams and rivers was modelled
using GIS Drainage Network Analysis in ArcMap version 10.3.3. A digital
elevation model (DEM) was generated using data supplied under open
license by the Environment Agency (https://data.gov.uk/dataset/lidar-
tiles-tile-index). Digital Terrain Modelling data was downloaded at
2 m spatial resolution for the whole of the London area, and was then
resampled and rasterised into a 25mDEM raster. The Fill tool in ArcMap
wasused to correct for any potential smaller errors in theDEM, followed
by use of the Flow Direction tool, which created a flow direction grid on
the filled DEM. The Flow Accumulation tool was used to give the drain-
age area for every pixel in thefilled DEM. These layerswere then used to
delineate the watersheds for the larger waterbodies.
Fig. 1. Professional sample sites for each waterbody type within the Greater London area,
The drainage network analysis was successful for rivers, streams and
some lakes, although in some areas of London no Lidar data were avail-
able. In this case, and in cases where the watershed was abruptly trun-
cated, a combination of the ArcMap basemaps and the modelled flow
network was used to delineate the catchment area.

For ponds and ditches which rarely register within the DEM model,
the waterbodies were buffered, using circle with a radius of 100 m
from the sampling point outwards as a proxy for catchment area.

Land Cover Map 2007 data (Morton et al., 2011) were used to deter-
mine landuse in the catchments. The 25m resolution landcover data are
broken into 23 land classes, and the catchments we delineated were
overlaid on this landcover dataset, to clip out the landuse. The area of
each of the land cover typeswithin the clipped areawas then calculated.
For analysis, the 23 classes were simplified into five broad groups
representing a scale of urbanisation, from semi-natural to urbanised
catchment. These were: i) semi-natural which included broadleaved
and coniferous woodland; rough, neutral and acid grassland; heather;
heather grassland; inland rock; freshwater; salt water; littoral sediment
and rock; and salt marsh, ii) arable, iii) improved grassland, iv) subur-
ban and v) urban.

3. Results

3.1. Data collected and its geographical spread

Of the planned 500 sites, 495 were ultimately sampled for the pro-
fessional research dataset, 99 sites for each waterbody type. The spatial
distribution of sites (Fig. 1) shows a paucity of sample sites in the south
of the survey areawhich is dominated by the dry chalk landscapes of the
North Downs. Ditch sites were predominantly located around the pe-
riphery of the survey area, because ditches were largely absent from
the heavily built up areas of central London.
with the M25 orbital motorway highlighted in black. N = 99 of each waterbody type.

https://data.gov.uk/dataset/lidar-tiles-tile-index
https://data.gov.uk/dataset/lidar-tiles-tile-index


Fig. 2. Citizen science sample sites for eachwaterbody typewithin the Greater London area, with theM25 orbital motorway highlighted in black. N=76 (ponds= 40, lakes= 7, rivers=
16 and streams = 13).
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Citizen scientists self-selected a total of 76 waterbodies: 40 ponds, 7
lakes, 16 rivers and 13 streams. Ditcheswere not chosen for sampling by
volunteers. The data points were reasonably well spread across the
Greater London area (Fig. 2), but there was a paucity of sites in the
north west quarter of London (12.4%) compared to the northeast and
southeast quarters (34.8% and 31.5% respectively).

There were no clear spatial trends in water quality across either the
professional research or citizen science datasets as a whole. Both nutri-
ent polluted and clean water sites were relatively evenly spread across
the study area, with low-nutrient waterbodies found even within the
very centre of the city (Figs. 3 and 4).

3.2. Differences between waterbody types

In both the professional researcher and the citizen science datasets,
standing waterbodies had lower nutrient levels than running waters
(Table 3).

Within the professional research dataset, there were significant dif-
ferences in levels of both nitrate-N and phosphate-P amongst the
waterbody types (rank ANOVA, p ≤ 0.001). Overall ponds and lakes
were the cleanest waterbodies in terms of nutrient levels. For nitrate-
N the trend in median values was ponds ≈ lakes b ditches
b streams b rivers (Fig. 5). Posthoc tests showed that the differences be-
tween all waterbody pairs except ponds and lakes were significant
(Tukey HSD, p b 0.01). For phosphate-P the general trend in mean
values was ponds b lakes b ditches≈ rivers b streams, but the only sig-
nificant difference was that rivers and streams had significantly higher
phosphate levels than other waterbodies (Tukey HSD, p ≤ 0.01).

Amongst the five waterbody types in the professional dataset, only
ponds had median nutrient levels that were low enough to fall below
the clean-water threshold for both nitrate and phosphate (0.1 mg/l,
0.04 mg/l respectively). The median for lakes and ditches was below
this threshold for nitrate (0.35 mg/l, 0.75 mg/l respectively), but not
phosphate (0.08 mg/l, 0.15 mg/l). Streams and rivers showed evidence
of extensive nutrient pollution, with medians typically well above the
clean-water threshold for both nutrients (nitrate: 3.5 mg/l, 7.5 mg/l;
phosphate: 0.35 mg/l, 0.15 mg/l respectively) (Fig. 5).

Data gathered by the citizen scientists also showed a significant dif-
ference between waterbody types for both nitrate-N and phosphate-P
(rank ANOVA, p ≤ 0.01). For nitrate-N the general trend in median
values was ponds ≈ lakes b streams b rivers, with rivers and streams
having significantly higher nitrate-N than lakes and ponds (Tukey
HSD, p ≤ 0.01). The same general pattern was evident for phosphate-P
(ponds ≈ lakes b streams ≈ rivers) with a significant difference be-
tween the standing and running waters (Tukey HSD, p ≤ 0.05) (Fig. 6).
However, mean levels of phosphate-P were much lower in the citizen
science dataset than the professional researchdataset, with themajority
of rivers and streams from the citizen science dataset falling below the
clean water threshold (Figs. 5 & 6).

3.3. Relationships between nutrient levels and land cover

Across the professional research dataset as a whole there was, as ex-
pected, a relationship between waterbody nutrient levels and the land
cover in the waterbodies catchment (Table 4). The proportion of semi-
natural land cover was negatively correlated with both the nitrate-N
and phosphate-P levels (Spearman rank correlation, r = −0.213,
p ≤ 0.001 for phosphate-P; r = −0.192, p ≤ 0.001 for nitrate-N). Con-
versely, there was a positive relationship between nitrate-N and phos-
phate-P levels and the percentage of both urban and suburban land
cover in the catchment (urban land cover: Spearman rank correlation,
r = 0.259, p ≤ 0.001 for phosphate; r = 0.315, p ≤ 0.001 for nitrate;

Image of Fig. 2


Fig. 3. Spread of sites with clean water, some nutrient pollution and nutrient pollution within the professional dataset across the study area (N= 495), with the M25 orbital motorway
highlighted in black.
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suburban land cover r = 0.259, p b 0.001 for phosphate-P, r = 0.286,
p b 0.001 for nitrate-N).

In the professional dataset, the five waterbody types differed signif-
icantly in the proportions of urban, suburban, improved grassland and
semi-natural land cover in their catchments (rank ANOVA p b 0.01 for
al., Table 4). Posthoc analysis showed that rivers had significantly
more urban land cover in their catchment than all other waterbodies;
rivers and streams both had significantly more suburban land cover
than ponds, ditches and lakes; ditches had significantly improved grass-
land more than other waterbody types. Ponds were significantly more
likely to have semi-natural catchments than rivers, streams and ditches;
and lakeswere significantlymore likely to have semi-natural land cover
in their catchments than rivers (Tukey HSD, p b 0.001 for all) (Fig. 7).

The citizen science datasets showed fewer relationships between
nutrient levels and catchment land cover (Table 4). Across the dataset
as awhole, only the proportion of arable land cover showed a significant
positive correlation with nitrate-N or phosphate-P (Spearman rank,
p b 0.05, r = 0.531 and p b 0.05, r = 0.281 respectively). Post hoc
tests to identify differences betweenwaterbody types indicated that riv-
ers had significantly more arable land in their catchments than ponds
(TukeyHSD, p b 0.05) (Rivermedian=4.5%, pondmedian=0%). How-
ever, the overall percentage of arable land cover in both the professional
dataset and the citizen science dataset was negligible (median = 0%
across waterbodies for both datasets).

A side-by-side comparison of catchment land cover in the profes-
sional and the citizen science datasets showed significant differences
(Fig. 8). Citizen science sites were significantly more suburban (Tukey
HSD, p b 0.001; median 47.6% for citizen science and 27.9% for profes-
sional waterbodies). The professional sites had a higher proportion of
improved grassland in their surrounding land cover (Tukey HSD,
p b 0.001; median 11.7% for citizen science and 20.7% for professional
waterbodies).
4. Conclusion and discussion

4.1. Nutrient pollution, land cover and waterbody type

In the current study the professional research dataset provides a
snap-shot of nutrient levels across all major waterbody types within
the large urban and suburban sprawl of Greater London. Remarkably
few previous studies have systematically examined the freshwater
resource across urban areas with most being restricted to a single
waterbody type: mainly streams or rivers (Moore and Palmer,
2005; Paul and Meyer, 2001; Smith and Lamp, 2008), and more re-
cently ponds or lakes with a focus on water retention systems
(Briers, 2014; Koperski, 2010; Steele and Heffernan, 2014, Bradley
and Frost, in this issue). Our findings show the importance of a
broader approach revealing, in London at least, a clear dichotomy be-
tween the high nutrient-pollutant loading in running waters across
the city, and the much lower nutrient levels typical of standing wa-
ters. This was particularly evident for ponds which largely retained
nutrient levels below those at which significant biological degrada-
tion would be expected. Perhaps surprisingly, ponds and lakes
helped to retain pockets of low-nutrient water even in the very cen-
tre of London.

Anthropogenic landuse impacts arewell-established as the principle
driver of freshwater degradation (Booth et al., 2004; Boyer and Polasky,
2004; McKinney, 2008; Roach et al., 2008), and urbanisation is known
to have particularly degrading effects on water quality, including nutri-
ent pollution (Donohue et al., 2005;Meybeck, 1998;Moore and Palmer,
2005; Sonoda et al., 2001; USGS, 1999, Zhang et al., in this issue). Our
findings concur with this generality: showing that, across the profes-
sional dataset as a whole, waterbodies with higher nutrient levels had
a significantly higher proportion of urban and suburban land cover in
their catchment.

Image of Fig. 3


Fig. 4. Spread of sites with clean water, some nutrient pollution and nutrient pollution within the citizen science dataset across our study area (N= 76), with the M25 orbital motorway
highlighted in black.
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When broken down by waterbody type, the data show that the
poorer water quality seen in rivers and streams was associated with a
higher mean percentage of urban and suburban land cover in their
catchments. Ponds and lakes,whichwere less nutrient polluted, typical-
ly had catchments with a larger proportion of semi-natural land cover.

It is important to note that, in the current study where the two fac-
tors waterbody type and land cover are correlated, it is not possible to
definitively state the extent towhich either explains the observed nutri-
ent levels. However, the highly significant relationship between land
cover intensity and both nitrate and phosphate levels across all
waterbodies combined indicates the importance of landuse. The find-
ings also concur with the literature, where highly predictive relation-
ships between catchment landuse and waterbody nutrient levels are
well established for both standing and running waterbody types
(Beaulac and Reckhow, 1982; Heathwaite et al., 2003; Johnes et al.,
1996).

Waterbody catchment size is likely to be an important factor
explaining the between-waterbody nutrient differences in Greater
London. In the current study we could not definitively measure the
Table 3
Percentage of waterbodies in the professional and citizen science datasets which were clean (i.
polluted.

Waterbody type Number of waterbodies (n) % clean

Professional Citizen science Professional Citizen

Ponds 99 40 54.5 72.5
Lakes 99 7 36.4 100
All standing waters 198 47 45.5 76.6
Rivers 99 16 0 12.5
Streams 99 13 6.1 15.4
All running waters 198 29 3.1 13.8
Ditches 99 0 17.2 0
catchment area for all waterbodies because there were insufficient to-
pographic data for most ditches and ponds. However, consistent rela-
tionships between catchment size and waterbody type have been
established elsewhere, including in our own study of a rural landscape
in the Coleshill area to the west of London. Here, rivers (average catch-
ment area 43,850 ha), had catchment areas that were typically three or-
ders ofmagnitude larger than ponds. Lake, ditch and stream catchments
fell between these two extremes in order of increasing catchment size
(Davies et al., 2008a). In managed landscapes, catchment area has the
potential to strongly influence the extent of intensive land cover within
a waterbody's catchment. Thus in intensively managed lowland
England, the considerable land areas drained by rivers and streams
means that there is usually no escape from pollution: somewhere in
their catchments these watercourses will inevitably drain nutrient-
exporting land uses. Our data for London rivers shows that their catch-
ments include a particularly high proportion of urban and suburban
land cover. The impact of even relatively small areas of urbanised land
cover (0.03%–15%) has been shown to significantly degrade river and
stream water quality (Allan, 2004; Donohue et al., 2006; Morse et al.,
e. were within the clean water threshold), had some nutrient pollution and were nutrient

% some nutrient pollution % nutrient polluted

science Professional Citizen science Professional Citizen science

41.4 22.5 4.0 5.0
41.4 0 22.2 0
41.4 19.1 13.1 4.3
6.1 56.3 93.9 31.3
15.2 61.5 78.8 23.1
10.7 58.6 86.4 27.6
37.4 0 45.5 0

Image of Fig. 4


Fig. 5. Comparison of nitrate-N and phosphate-P (mg/l) levels across waterbodies for the professional dataset (n= 99 for each waterbody type) with clean water threshold indicated by
dashed grey line. The dark mid line represents the median, the box represents the interquartile range, and the whiskers the minimum and maximum values, excluding outliers.
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2003; Ourso and Frenzel, 2003; Roy et al., 2003; Wang et al., 1997).
Hence it is unsurprising that these runningwaters draining large catch-
ment areas are heavily nutrient polluted in London.

Ponds and small lakes in contrast, typically have much smaller
catchment areas. This confers a greater chance that at least some will
drain catchments that are entirely non-intensive, improving their po-
tential to retain clean water. In the current study, ponds and to a lesser
extent lakes, were significantly more likely to have semi-natural catch-
ments than other waterbody types: a factor likely to explain their better
water quality. Ditches, followed the same pattern as rivers, streams,
lakes and ponds; having intermediate catchment sizes, and intermedi-
ate land cover intensity and nutrient levels.

Because ponds, have small catchmentswhich can easily be dominat-
ed by a single land use type – from entirely semi-natural to entirely in-
tensive – it would be expected that pond nutrient levels would show a
broader spread of values than otherwaterbody types at landscape level:
including sites with particularly high and particularly low nutrient
levels. This pattern has certainly been demonstrated in predominantly
rural landscapes (Williams et al., 2004). In the current study, however,
the reverse trendwas evident, with the spread of nutrient values for riv-
ers and streams far greater than that shown by ponds and lakes (Figs. 5,
6). The most likely explanation for this is, again, the particularly high
proportion of semi-natural landuse in the catchment of standingwaters
Fig. 6. Comparison of nitrate-N and phosphate-P (mg/l) levels across waterbodies for citizen
threshold indicated by dashed grey line. The dark mid line represents the median, the box re
excluding outliers.
within this urban dataset; reducing levels of water pollution in the ma-
jority of ponds, and many lakes.

That so many of London's ponds and lakes had low nutrient status
water and were located in semi-natural landscapes was not only an un-
expected result, but contrasts with our findings in adjacent rural areas
(Williams et al., 2004). It would be interesting to see if such a trend
holds true for other urban centres.

A number of implications fall out of the findings from the profession-
al survey. Firstly, given that the absence of nutrient enrichment is a good
predictor of clean water and a prerequisite for a healthy ecosystem
(Baron et al., 2003), the results suggest that, in large urban areas,
ponds and lakes may offer a potential refuge for freshwater biodiversity
(Hill et al., 2016). This is a pattern that has already been shown to be
true in agriculturally impacted rural landscapes, where ponds typically
support a higher proportion of gamma diversity, and more uncommon
species than rivers, streams and ditches (Davies et al., 2008b; Karaus
et al., 2013; Martinez-Sanz et al., 2012; Williams et al., 2004).

The results also have implications for urban planning. There is an in-
creasing interest in sustainable urban design and management world-
wide, yet this is proving difficult to achieve in practice (Dias et al.,
2014; John et al., 2015). Authors such as Gagnéa et al. have called for
simple design frameworks, which can help planners that have no
biological knowledge better protect biodiversity in man-made
science dataset (n: ponds = 40; lakes = 7; rivers = 16, streams = 13) with clean water
presents the inter-quartile range, and the whiskers the minimum and maximum values,

Image of Fig. 5
Image of Fig. 6


Table 4
Results of Spearman rank correlations between nutrients and land cover for (a) profes-
sional ecologists (b) citizen scientists.

Landuse Nutrient Spearman rho p value

(a) Professional ecologists
Urban Nitrate 0.315 0.001

Phosphate 0.259 0.001
Suburban Nitrate 0.285 0.001

Phosphate 0.259 0.001
Arable Nitrate 0.104 ns

Phosphate 0.006 ns
Improved Nitrate −0.027 ns

Phosphate −0.018 ns
Semi-natural Nitrate −0.192 0.001

Phosphate −0.213 0.001

(b) Citizen scientists
Urban Nitrate 0.044 ns

Phosphate 0.0584 ns
Suburban Nitrate 0.120 ns

Phosphate −0.121 ns
Arable Nitrate 0.531 0.001

Phosphate 0.281 0.05
Improved Nitrate 0.164 ns

Phosphate 0.080 ns
Semi-natural Nitrate −0.054 ns

Phosphate −0.045 ns
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environments (Eigenbrod, 2016; Gagnéa et al., 2015). Gagnéa et al.'s ini-
tial framework suggestions specifically highlight the importance of
protecting unaltered land cover around waterbodies because of its pos-
itive effect on water quality and biodiversity. Our data suggest that it
would be useful to refine this proposal. Thus, although river and stream
corridors are undoubtedly important freshwater and wetland habitats,
it is likely to be particularly critical to maintain high quality land cover
around standing waters to protect ponds and lakes. Maintaining this
focus is doubly important given scientific evidence showing how diffi-
cult it is to fully restore freshwater habitats once they have been degrad-
ed. Both lake and river restoration, for example have shown, at best,
only partial recovery to their former quality over medium timescales
of 20–30 years (Palmer et al., 2014; Phillips et al., 2015). For rivers in
particular both empirical data and catchment modelling clearly shows
that it is essentially impossible to fully restore rivers to anything like
Fig. 7. Boxplots comparing landuse percentages for urban, suburban, improved grassland and
represents the median, the box represents the interquartile range, and the whiskers the minim
their former quality in anthropogenically impacted landscapes (Booth
et al., 2004; Hering et al., 2015; Miller et al., 2010; Verdonschot et al.,
2016).

4.2. Citizen science

Survey data provide the foundation that underpins our understand-
ing of freshwater conservation and the development of policies for
freshwater protection. Given the enormous number of small and large
waterbodies that make up the freshwater network (in the UK, c.
500,000 ponds; c. 40,000 lakes, c. 600,000 km ditches and c.
250,000 km streams and rivers; data derived from Brown et al., 2006),
it is self-evident that only a tiny proportion of the water network can
ever be included in statutory surveillance programmes. However,
most statutory surveillance strategies are also weakened by poorly
representing the freshwater environment: focusing almost exclusively
on larger waterbodies, mainly rivers, which have traditionally been
seen as more important both economically and ecologically (Biggs et
al., 2014). In recent years, the ecological validity of the bigger-is-better
assumption has been challenged, with a range of studies beginning to
show the exceptional biodiversity value of smaller waters like ditches,
ponds and headwaters (Davies et al., 2008b; US EPA, 2015; Williams
et al., 2004; Verdonschot et al., 2011). However this knowledge has
not been translated into statutory survey or monitoring of small
waterbodies in practice, not least because of the economic implications
of re-organising existing survey strategies and including a greater num-
ber of waterbody types.

In the current study we evaluated whether new citizen science ap-
proaches to water testing could be applied to this problem. Specifically
we wanted to find out if the less structured self-selection of sites by cit-
izen scientists could adequately reproduce the results of a fully stratified
random sampling design to representatively assess water quality in all
waterbody types in urban areas.

Our results indicated that at a broad level, citizen science successful-
ly distinguished the main trend evident in the study: showing that
ponds and lakes were the least nutrient-polluted waterbodies, and
were significantly cleaner than rivers and streams. We are not aware
of any other studies which have attempted to use citizen science
methods to generate such data with other studies generally focusing
on one waterbody type – usually either streams and rivers or lakes
semi-natural landuse across waterbody types, for professional dataset. The dark mid line
um and maximum values, excluding outliers.

Image of Fig. 7


Fig. 8. Percentage landuse summed across waterbody types for the professional and
citizen science watersheds. The dark mid line represents the median, the box represents
the interquartile range, and the whiskers the minimum and maximum values, excluding
outliers.
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(Buytaert et al., 2014; Canfield et al., 2002, Lottig et al., 2014; Muneoka
et al., 2014; Maas et al., 1991; Nicholson et al., 2002; Overdevest et al.,
2004).

Although our citizen data were broadly successful, the results
showed some disparity with the professionally collected research
dataset. Phosphate-P levels recorded across the citizen science dataset
were considerably lower than in the professional dataset. Waterbodies
sampled by citizen scientists also tended to have higher levels of subur-
ban land cover and, linked to this, the expected positive relationship be-
tween land cover intensity and nutrient levels, that was shown well by
the professional dataset, was not detected in the citizen science dataset.

Previous comparisons of professional and citizen science collected
water quality data have also identified differences in the results pro-
duced (Muenich et al., 2016; Nerbonne et al., 2008, Peckenham and
Peckenham, 2014). For example, assessment of surveys of the Wabash
River in Illinois, United States, concluded that citizen scientists using
less sensitive nitrate and phosphate test strips than those in the present
studywere able to generate nitrate+nitrite-Ndata that generally agree
with lab-determined values. However, orthophosphate results were
consistently over-predicted by volunteers compared to lab values. This
was partly because of limitations of the test strips which had too coarse
categories to adequately reflect laboratory phosphate values (Muenich
et al., 2016).

In the present study, in which professional researchers and citizen
scientists used the same test kits and methods, the differences between
the two sets of findings must inevitably reflect differences in data
collection.

It is possible that seasonality could have played a role in generating
some of the observed differences since the professional dataset was col-
lected in autumn, whereas volunteers were free to survey at any time of
year. It has long been known that both nitrate and phosphate can fluc-
tuate seasonally, often reaching their lowest levels in late summer
when these nutrients have been removed from the water and built
into aquatic macrophyte and algal biomass, then climbing again in win-
ter as biomass dies-back and decays, releasing nutrients into the water
(Heron, 1961).

A second issue was that the citizen science dataset was substan-
tially smaller than the professionally collected survey (n = 76 vs
495), reducing statistical confidence that the data are representative
and increasing the potential for type II errors. The self-selected site
approach is known to be appealing to volunteers who are usually
particularly interested in discovering the quality of waterbodies in
their own neighbourhood However, in this case it gave the dataset
a more unbalanced design since volunteers showed a strong prefer-
ence for surveying ponds rather than other waterbodies, and exclud-
ed ditches entirely. The higher levels of suburban land cover and
better water quality evident in the citizen science dataset is likely
to reflect the preference for volunteers to select sites that are close
to home, easy to access and visually appealing; such as parks and na-
ture reserves, rather than the more obscure locations that inevitably
form part of a more stratified approach.

Overall, our findings suggest that an ad-hoc citizen science pro-
gramme can provide information that broadly characterises the
freshwater regime in urban areas. Given the finding that urban
ponds had particularly lower nutrient levels, and that citizen scien-
tists showed a preference for surveying these sites, it is possible
that a well-directed citizen science approach could be used to sup-
plement information used by government agencies to manage fresh-
waters, and may be particularly useful for baseline screening: to
identify potential clean water sites which may warrant additional
protection. An added benefit of citizen scientist involvement is that
it also has the potential to garner greater public support for environ-
mental protection measures for these areas (Cline and Collins, 2003;
Lubell et al., 2002).

To fully replicate the results of the professional study would re-
quire a greater degree of structure and organisation than was tested
in the current citizen scientist programme. There are, of course,
trade-offs in adopting a more intensively managed a citizen science
programme of this kind: pre-planning, training and ongoing support
for volunteers has far greater staff and resource requirements, which
counter balances the low-cost incentive of a citizen science approach
(Thornhill et al., 2016). For the current survey, themain requirement
would be to include a more directed approach to waterbody selec-
tion, almost inevitably with waterbody types and sampling areas
pre-determined. A similarly structured approach already underpins
a range of existing programmes, including a number of FreshWater
Watch projects (Lind et al., in this issue). For example, Florida's
‘Lakewatch’ volunteer water quality monitoring programme uses
trained volunteers to collect scientifically robust total phosphorus,
total nitrogen, chlorophyll a, and water clarity data from a large
number of Florida lakes (Hoyer et al., 2012). Obrecht et al. (1998)
used volunteers to monitor lake trophic state in Missouri, and
found it reliable, and a range of volunteer river monitoring networks
have been developed to augment the water quality data traditionally
generated by professional monitoring (Loperfido et al., 2010).

Currently, however, just like statutory monitoring programs, citizen
science water-quality monitoring projects consistently focus on larger
waterbodies. Given the findings of the current survey, that some of
the highest water quality is found in the smallest waterbodies, there is
a strong rationale for encouraging freshwater citizen science monitor-
ing programmes to cast the net wider.
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