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Abstract: Interest in urban agriculture has increased rapidly in recent decades, but little is known about the effect of
potential contaminants, such as groundwater pollution, in urban areas. Furthermore, local and timely science necessary for developing place-based solutions and management plans are lacking. We present a citizen-science-driven
case study of water quality in a large urban community garden in southwestern London that was initiated in response to the concerns of members about the effect of inorganic compounds in the water supply on organic produce. The 5.6-ha community garden has been cultivated for fruit and vegetables since 1921 and hand-pumped
boreholes drawing water from an underlying shallow aquifer provide the only source of irrigation. We assessed
the spatial and temporal distributions of speciﬁc conductance and tryptophan-like ﬂuorescence to explore the dynamics of inorganic and organic pollution based on water drawn from the boreholes. A trained citizen scientist
made measurements with a calibrated Manta II probe over a 28-mo period from 2014 to 2016. We also surveyed
>80 members of the community garden to gain insight into cultivation practices. Results indicate that the concerns
about external sources of pollution were unfounded. We found little evidence of the effect of potential adjacent
sources of contamination or of changes in water quality in time. Distinct trends were absent, and evidence of poorer
water quality close to possible sources of urban contamination was not apparent. However, signiﬁcant interborehole
variations in water quality were directly associated with the storage and use of manure on the site and local geological conditions. The study demonstrates the potential of citizen science to respond to community concerns and generate new and novel information when participants are engaged, trained, and equipped over longer periods of time.
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Urban agriculture is expanding rapidly, but little is known
about potential threats arising from groundwater contamination in urban areas. Furthermore, local and timely science necessary for developing place-based solutions and
management plans is lacking. We present a citizen-sciencedriven case study of water quality in a large, by UK standards, urban community garden near Kingston Upon Thames,
southwestern London (Fig. S1). The members have a strong
preference for organic cultivation, and our study arose from
questions by members about the possible presence of inorganic compounds from the water supply on produce. In
contrast to other community gardens in the region, the wa-

ter is drawn with handpumps from an underlying aquifer.
The effect of sources of pollution on such aquifers has been
widely described in relation to general urban development
(Eisen and Anderson 1979, Kelly 2008, Foppen et al. 2008,
Takem et al. 2010, Mohamed and Hassane 2016) and more
speciﬁc sources, such as unconstrained landﬁll (Han et al.
2014) or animal manure application (Pedersen et al. 1991,
Krapac et al 2002, Harter et al. 2002). Questions about
the quality of water in shallow aquifers has general signiﬁcance on a global basis and within the Thames Basin. Younger et al. (1993) noted that 10% of the public water supply in
the Thames Basin comes from boreholes <500 m of a river.
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Community gardens (allotments) were ﬁrst established
>200 y ago in the UK (Savill 2009). The requirement for local authorities to provide land for community gardens was
codiﬁed in law in 1908 and by subsequent acts of Parliament in 1922 and 1950. Each plot cannot exceed 1000 m2
(40 square rods) and must be used to produce fruit, ﬂowers,
or vegetables for use by the plot-holder and their family.
Community gardens were used traditionally to supplement
food supplies during periods of austerity, but interest in
these gardens had increased in the last 30 y in conjunction
with a greater demand for organic produce cultivated in a
sustainable way (Pavord 2008, Smithers 2009, GetSurrey
2013). A substantial increase in demand for access to community gardens at local and national levels has led to waiting lists >40 y at some locations (Wallop 2009).
We identiﬁed several potential sources of contamination of the groundwater supply at the study location. These
sources included road salt used on the adjacent major highway and inorganic (e.g., PO432-based detergents) and organic contaminants from leaking sewage systems in the adjacent, mixed-use urban area (Fig. 1). A sports ﬁeld to the
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west of the site was also considered a possible polluting
source because inorganic fertilizer is applied as part of the
maintenance of a heavily used cricket pitch.
The initial stages of the analysis were designed to answer 2 questions about water quality at the site: 1) Does water quality vary systematically in time at a site level (possible
indicator of deterioration in quality or seasonal variability),
and 2) Does water quality vary spatially across the site (possible indicator of localized sources of contamination). The a
priori hypothesis was that variation in water quality across
the site in time and space should be nonsigniﬁcant given
the relatively uniform geology and land use without significant new development in the area. As the study developed
and data highlighting local variation in the markers of organic and inorganic pollution became available, in-person
stakeholder interactions and survey responses provided additional questions: 1) Do more heavily used pumps yield
cleaner water? 2) Do wells of different age and depth have
different water qualities? 3) Does the storage and application of animal manure in large quantities at speciﬁc locations on the site affect groundwater quality?

Figure 1. Detailed plan of the Royal Paddocks Allotments showing major features, pump locations, plot boundaries, and plots for
which we received questionnaire responses. Includes content Copyright: OpenStreetMap contributors or use supplied substitute diagram
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We considered 2 primary measures of water quality, speciﬁc conductance and tryptophan-like ﬂuorescence (TLF).
Previous investigators of groundwater pollution have primarily used direct analysis of inorganic components, such
as Cl2, PO432, or NO32 concentrations, whether considering contamination in urban (Eisen and Anderson 1979, Kelly
2008, Foppen et al. 2008, Takem et al. 2010, Mohamed and
Hassane 2016) or agricultural settings (Pedersen et al. 1991,
Krapac et al. 2002, Harter et al. 2002). In some cases, researchers measured fecal coliforms, such as Escherichia coli,
as a measure of sewage contamination (Foppen et al. 2008,
Takem et al. 2010). We used speciﬁc conductance and TLF
as surrogates for these direct measures to enable us to sample without further analysis. The utility of TLF in assessments of organic contamination in groundwater was highlighted by Baker and Lamont-Black (2001) and Sorensen
et al. (2015), who argued that TLF may be a more sensitive
indicator than fecal coliforms of some forms of contamination (e.g., viruses) because it is more easily transported in
aquifers of limited permeability.
Role of citizen science
In proposing the concept of citizen science, Irwin (1995)
sought to deﬁne a new relationship between citizens and
science and argued that science should incorporate citizens’ concerns and interests and that citizens themselves
could produce reliable scientiﬁc knowledge. Since this early
work, the concept of a citizen scientist has become more
widely understood. The deﬁnition encompasses scientists
as either those whose work is characterized by a sense of responsibility for the interests of the wider community or as
members of the general public who engage in scientiﬁc
work. Citizen science has been recognized as supporting
public policy in Europe and the USA as a way to develop
scientiﬁc skills in the wider community and to encourage
more direct involvement in the formulation of public policy
(EC 2014, OSTP 2015).
Here, we document the process and scientiﬁc outcomes
associated with engagement of a citizen scientist in exploring the environmental concerns raised by members of the
nonscientiﬁc community. Our study is a direct example
of the type of engagement proposed by Irwin (1995). This
kind of end-user-directed citizen science has a high potential for long-term engagement, a common challenge in citizen science (Rotman et al. 2012, Thornhill et al. 2016). A
catalyst was the participation of Royal Dutch Shell plc employees (including the Citizen Scientist, via the global FreshWater Watch program) in gathering data for the Pollution
Change in Urbanisation (POLLCURB) project led by the
UK Centre for Ecology and Hydrology (CEH) and funded
through the UK Natural Environment Research Council,
Changing Water Cycle program. A general principle of
POLLCURB was to engage a community to participate in
research led by professional scientists. The purpose of the

POLLCURB project was to identify the effect of urbanization on water quality, and the speciﬁc involvement of Royal
Dutch Shell plc employees was to monitor water quality in
the Rivers Thames and Mole near the study site. Community engagement was manifested in a variety of ways including the creation of new studies directly conducted by trained
citizen scientists. This principle was realized by the Citizen
Scientist in this study who took the opportunity to use equipment made available to Royal Dutch Shell plc employees.
METHODS
The Royal Paddocks Allotments are situated on a 5.6-ha
site to the east of Bushy Park in the Borough of Richmond
upon Thames, UK (Fig. 1). The Allotments have been on
their present site for >90 y. The land was granted by Royal
Warrant in the 12th year of the reign of King George V, on
30 June 1921, for use as allotments by “the labouring classes
of Hampton Wick and South Teddington” (“Royal Warrant
1921”, Royal Paddocks Allotments 2017). The area had been
used as a grazing and stabling area for horses since the
18th century. The site has been divided into 210 plots, which
are cultivated for vegetables and fruit. The site is bounded
on its west and south sides by areas in Bushy Park given
over to sports ﬁelds. The northern and eastern boundary
is a major road, beyond which is the urban, mainly residential area of Hampton Wick. The Thames ﬂows south to
north in the vicinity, the closest point being ~250 m east
of the southeastern corner of the site (Fig. S1). The site lies
in an area potentially at risk from a 100-y ﬂood event and a
former channel runs southwest–northeast across the site
(EA 2017). The site is not supplied from the public water
supply, and water is drawn from a shallow aquifer that underlies the site.
Geologically the site lies on the sand and gravel of the
Kempton Park Member, overlying London Clay and consists of postglacial ﬂuvial sediments deposited by the Thames
in the last 20,000 y (Gibbard et al. 1982, Bowen 1999). A
borehole recorded 600 m northwest of the site showed
2.5 m of sand overlying 4 m of interbedded sand and coarse
gravel sitting above the clay (British Grid Reference:
TQ17SE187; Fig S1). The lower layers have a high degree
of connectivity (Gibbard et al 1982) and form an extensive
aquifer across the site. A commercial borehole sunk 200 m
south of the site in 1991 struck water 2.8 m below the surface and yielded 5700 L/h. Drawdown in the test well was
restored in 10 min (British Grid Reference: TQ16NE70)
and indicates a highly permeable, interconnected, and freely
following aquifer.
On the allotment site, the aquifer has been exploited by a
series of 27 shallow boreholes, of which 23 were sampled,
distributed across the site (Fig. 1). These cased boreholes
extend 3 to 4 m into the gravels, and water is raised using
hand pumps. The actual dates when individual pumps were
commissioned have not been recorded, but installation oc-
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curred during 2 periods. The ﬁrst pumps were constructed
during the 1950s, and further pumps were established in
2004–2005. The methods of construction differed between
periods. The earlier boreholes were created by deep excavation, whereas the more recent boreholes were installed by
ram-driving the pipework into the gravels. Oral histories
suggest that the older, excavated boreholes reach greater
depths in the aquifer than the more recent boreholes. Both
methods of well installation would have disturbed the stratigraphy of the gravels, but disturbance would have been
more extensive where the wells were created by excavation
(potentially several square meters).
Mean annual rainfall in the area is 591 mm (Met Ofﬁce
2012) with peak rainfall falling in the months October to
January (Fig. S2A). Peak discharges in the adjacent River
Thames typically occur in November to April, but these
peaks are not accompanied by large variations in stage because the river is heavily controlled through sluices (Fig. S2B).
This aquifer is thought to be charged through vertical inﬁltration with contributions from the southeast from the
Thames and from a minor stream lying to the west within
Bushy Park. During periods of drought water levels fall in
the pump boreholes even through river levels have been
maintained (Plotholders, personal observation) suggesting
that inﬁltration of rainfall is the main recharge mechanism.

Water sampling
The Citizen Scientist took water samples on a periodic
basis during summer from 23 pitcher-style hand pumps
distributed across the site. In total, 13 sampling runs occurred between 2014 and 2016 (Table S1). Sampling was
restricted to the period between March and October because the pumps are decommissioned in the winter. On
some occasions, water could not be drawn water from speciﬁc pumps because of mechanical failure or a low water table in periods of restricted rainfall. At each pump, the Citizen Scientist drew ~8 L of water into a container to allow
measurement. Care was taken to follow the same sampling
protocol at each pump, such that ~5 L of water were allowed to ﬂow after priming the pump and were discarded
before collection to ensure that the water was drawn from
the borehole itself.
We considered 4 variables measured with a Manta 2 multiparameter sonde (Eureka Water Probes, Austin, Texas),
including temperature (7C), speciﬁc conductance (lS/m),
TLF (lg/L), and turbidity (nephelometric turbidity units
[NTU] estimated by the measuring light scattering at 907).
We used speciﬁc conductance and TLF as markers of water
quality. Speciﬁc conductance is a measure of the ability of
water to pass electric current and is affected by the presence
of dissolved salts (e.g., Cl2, NO32, PO432), and we used it
as an indicator of inorganic inputs (e.g., road salt, PO432based fertilizers) affecting the site.
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The Manta 2 system used included a ﬂuorometer (Cyclops 7 ; Turner Designs, Sunnyvale, California) with speciﬁc wavelengths for excitation (285 ± 10 nm) and emission
(350 ± 55 nm) to measure TLF. Amino acids, synthesised by
microbes when breaking down more reactive organic matter, such as that found in sewage, are represented by TLF.
TLF was considered initially as an indicator of possible contamination from the aging sewerage system in the area, but
during the study, it became apparent that TLF could be applied to trace the usage of horse manure on the site. TLF
can be affected by sample turbidity and water temperature.
Particulates cause an increased scattering and attenuation
of emitted light, and elevated temperatures increase the
quenching effect on the TLF signal. Both effects can necessitate corrections to the data. Turbidity correction has been
deemed unnecessary for groundwater studies (Khamis et al.
2015), but we applied a correction (J. Sorenson, British Geological Survey, personal communication) to all data (river
and groundwater) captured by the TLF sensor in our study
to enable comparisons with sampling elsewhere. Khamis
et al. (2015) found that the inﬂuence of temperature on
TLF was small. Given the limited range of temperature in
the boreholes, a correction was not applied.
Speciﬁc conductance and TLF measures made at the
boreholes were comparable to the freshwater samples obtained as part of the parallel POLLCURB project at closely
located sites on the Rivers Thames and Mole (Fig. S1).

™

Plotholder survey
We undertook an online and paper survey of the plotholders (Appendix S1) in year 3 of the study as part of a process of engagement with a wider group of stakeholders at
the Gardens. The objectives were to obtain: 1) information
regarding usage of the pumps during the summer and 2) an
indication of the types of fertilizer being used. We deliberately limited the survey to a number of simple questions
with the intention of encouraging a high response rate. We
asked questions regarding which pumps were used by individual plotholders and what fertilizer (organic, inorganic)
they applied to their plots. Answers to questions about the
frequency with which each plotholder irrigated their plot
and how often they applied fertilizer provided an approximate indication of which were the most heavily used pumps
and where fertilizer was most regularly used. We received
86 responses, representing ~50% of the cultivated plots distributed widely across the site (Fig. 1).
Statistical analysis
We assessed systematic variation among sampling runs
on both a site-wide and borehole-speciﬁc basis. We tested
site-wide, time-related variation with a 1-way analysis of
variance (ANOVA) with sampling run as the independent
variable. We analyzed the spatial variation in the variables
with deterministic (inverse distance weighted [IDW]) and
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geostatistical (kriging) interpolation techniques in ARCGIS
(version 10.5; Environmental Systems Research Institute,
Redlands, California), SAGA (version 6.2; SAGA User Group
Association, Hamburg), and QGIS (version 2.18; QGIS Open
Source Consortium). The geostatistical techniques followed
the approaches described by Bjerg and Christensen (1992),
Hassan (2014), Marko et al. (2014), and Gharbia et al. (2016).
We undertook separate analyses for each sampling run and
for the average values of each variable across the 13 sampling runs. IDW is a deterministic interpolation technique
that explicitly assumes that each measured point has a local
inﬂuence that diminishes with distance. As an exact interpolator, it is particularly sensitive to the presence of outliers
and is poor in describing regional trends, but it is of value in
highlighting signiﬁcant local variation in parameters (Johnston et al. 2001).
We used kriging to examine systematic site wide variation (Davis 1986, Johnston et al 2001). Kriging assumes that
measurements represent regionalized (site-wide) variables
that are continuous in nature and spatially correlated over
short distances and, thus, have properties intermediate between a random variable and one that is completely deterministic. The degree and form of the variation in the variable can be described by an empirical semivariogram (Davis
1986, Cressie 1993). To derive an interpolated surface, we
ﬁtted an experimental semivariogram to the measured data
to derive weights, which we used to predict values at unmeasured locations. We used empirical Bayesian kriging
(EBK) to build a valid kriging model (ESRI 2013) after testing various kriging models and semivariogram forms on a
limited number of example surfaces.
As the study progressed, we noticed that variation in water quality occurred at relatively local scales both spatially
and temporally. We tested for the presence of statistically
signiﬁcant clusters of high and low values in the measured
variables across all sampling runs with Getis–Ord Gi* Hotspot analysis (Getis and Ord 1992, Ord and Getis 1995) as
implemented by Oxoli (2016) in the QGIS software. Based
on inspection of the data and earlier analysis of variation at
speciﬁc clusters of boreholes, we gave slightly different treatment to speciﬁc conductance and TLF data in that we set
the minimum distance band applied to the TLF data at
5 m rather than the default minimum (0 m) to ensure ensured that repeated measures at each borehole were excluded from the analysis, thereby eliminating time-based
variation and focussing on spatial clustering. The default
minimum of 0 m was used for the speciﬁc conductance
data because time-based variation was limited at individual
boreholes.
Survey data Data gathered from the survey of plotholders
(Appendix S1) allowed us to estimate the intensity of use of
individual pumps. The relative usage of the pumps was estimated from the questionnaire responses by multiplying

the count of usage by the frequency of usage/wk reported
by each plotholder (Fig. S3). This approach allowed us to
test a hypothesis by one of the plotholders that the more
heavily used pumps seemed to produce visually cleaner water. Information gained from the survey also provided a circumstantial indication of areas of high manure application.
A more direct source of evidence was the records of the Citizen Scientist in relation to the delivery of large quantities
of farmyard manure to his plot. We also tested a hypothesis
suggested by another plotholder that was related to oral
histories about the installation of the pumps. This hypothesis was that the older, deeper pumps (pre-1950) have water
quality different from that of the more recent shallower
pumps. A similar effect was observed by Bjerg and Christensen (1992) in a comparable shallow aquifer.
R E S U LT S
Plotholder survey
A total of 86 responses was received for the plotholder
survey. Several plotholders cultivate >1 plot, so this response rate represented ~50% of the cultivated plots (Fig. 1).
Overall, 66% of the respondents used the pumps ≥3 times/
wk, and 97% used some form of additional fertilizer, predominantly stable manure or plant compost (86%). In some
cases, respondents provided supplementary information as
to the storage of stable manure on their plots. This information proved to be signiﬁcant in the subsequent interpretation of TLF hotspots.
Regional comparison
We undertook an assessment of the measured values at
the site relative to a regional average by comparing the sitewide, time-averaged values for speciﬁc conductance and
TLF with measurements taken from 2 local rivers, the Thames
and its tributary, the River Mole, over the same period as
part of the POLLCURB study. The POLLCURB measurements were obtained with the same equipment as used for
our study and represent aggregated contributions of surface
water, groundwater, and treated efﬂuents. The mean values
of speciﬁc conductance (573 lS/cm) and TLF (23 lg/L) at
the site were below the range of mean values obtained from
4 sampling sites (Fig. S1) on the 2 rivers (TLF: 33.2–40.8 lg/
L, speciﬁc conductance: 586–629 lS/cm). However, at speciﬁc locations, maximum values of both variables on the site
(TLF: 420 lg/L, speciﬁc conductance: 837 lS/cm) were signiﬁcantly higher than the regional average.
Site-wide temporal variation
Site-wide speciﬁc conductance did not vary signiﬁcantly
over time (F 5 1.076, p 5 0.38; Table 1, Fig. 2). Speciﬁc conductance did not appear to be related to environmental factors, such as rainfall levels (Fig. S2A). Site-wide TLF also
did not very signiﬁcantly over time (F 5 1.748, p 5 0.056;
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Table 1. Analysis of variance tables for dependent variables speciﬁc conductance and tryptophanlike ﬂuorescence (TLF) as functions of the independent variable, sampling run.
Source
Speciﬁc conductance
Between groups
Within groups
Total
TLF
Between groups
Within groups
Total

Sum of squares

133085.56
2813052.11
2946137.67
28875.024
375727.71
404602.7338

Fig. 3). However, notable differences in the interquartile
range of values between some time-adjacent sampling runs
seem to reﬂect localized variation in the TLF values around
speciﬁc clusters of pumps.
Site-wide spatial variation
The lack of temporal trends in the data and consistent
differences between closely spaced sampling points led us
to examine the spatial variation in speciﬁc conductance
for each sampling run and in relation to the mean across
all sampling runs. We detected an apparent trend across
the site, with higher values of speciﬁc conductance occurring to the north of the site adjacent to the Hampton Wick
urban area and lower values to the southwest of the site.
This trend was consistent among individual sampling runs.

df

Mean square

F

p

Fcrit

12
273
285

11090.46
10304.22

1.076

0.38

1.79

12
273
285

2406.25
20451376.29

1.748

0.056

1.787

However, once this trend was accounted for in the analysis, the theoretical semivariogram functions ﬁtted by the
EBK models and inspection of the empirical data indicated
limited spatial structure to the data (Fig. S4). The ﬁtted
semivariograms showed a horizontal form that would be
produced by a random variable with little or no spatial autocorrelation. Any kriging surface would reﬂect only an apparent underlying linear trend in the data. We tested the
signiﬁcance of the trend in the data by calculating a linear
trend surface for the mean speciﬁc conductance values.
The goodness of ﬁt (R2) of the surface to the data was
poor, and the relationship was not statistically signiﬁcant
(Table 2). The lack of spatial autocorrelation and the nonsigniﬁcant nature of the trend indicates that no single factor inﬂuenced these points.

Figure 2. Box-and-whisker plots of speciﬁc conductance values on each sampling date. Lines connect medians between boxes, box
ends are quartiles, whiskers indicate variability outside the upper and lower quartiles, and any point outside those lines or whiskers
is considered an outlier. Circles show actual data points. Dates are formatted mm/dd/yy.
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Figure 3. Box-and-whisker plots of tryptophan-like ﬂuorescence (TLF) measurements values on each sampling date. Lines connect
medians between boxes, box ends are quartiles, whiskers indicate variability outside the upper and lower quartiles, and any point
outside those lines or whiskers is considered an outlier. Circles show actual data points. Dates are formatted mm/dd/yy.

We detected hotspots where speciﬁc conductance was
signiﬁcantly higher or lower than elsewhere on the site
(Getis-Ord Gi* analysis; Fig. 4). Pump 133 showed particularly high values and was an anomaly relative to other wells.
Other notable hotspots included 2 wells with high values
adjacent to the highway east of the site (pumps 94 and
180), and several wells (pumps 10, 25, 130) with signiﬁcantly
low values in the southwestern corner of the site. The combined effect of these outliers seemed to be the cause of the
nonsigniﬁcant trend in speciﬁc conductance across the site,
and their presence was closely reﬂected in the IDW interpolation (Fig. S4). This resulted highlighted very marked differences in speciﬁc conductance over short distances (for
instance between Pumps 130 and 133) and reinforced the
impression of highly localized controlling factors.
Site-wide variation in the TLF data showed little evidence of distinct patterns on an averaged basis or in relation to individual sampling runs. Inspection of the empirical semivariogram data indicated limited spatial structure
to the data (Fig. S5). The kriging surface for the mean values
of TLF across sampling runs showed a slight nonsigniﬁcant
Table 2. Linear trend surface results for mean speciﬁc conductance. RSME 5 root mean square error.
Variable

R2

RSME

F

Fcrit

p

Speciﬁc conductance

0.130

115.11

1.50

5.66

0.25

trend from the northwest to southeast of the site. This
trend was not repeated on a consistent basis among individual sampling runs. However, we identiﬁed speciﬁc pumps
where values of TLF were signiﬁcantly and consistently
high when considering the data as a whole (hotspot analysis; Fig. 5). The IDW interpolation (Fig. 5) of the average
TLF values highlighted locations with relatively high concentrations that corresponded with these hotspots. In some
cases, incidental comments volunteered in the plotholder
survey provided supporting information regarding the origin of the hotspot (e.g., pumps 148 and 167).
Inspection of the interpolated IDW surfaces for timeadjacent sampling runs (Fig. 6) around speciﬁc clusters of
pumps showed that the pattern was not consistent in time
and that the spatial extent of higher values differed between
successive sampling runs. This effect was not statistically
signiﬁcant in the analysis of the temporal variation in TLF
on a site-wide basis, but the signiﬁcantly high measurements
occurred during sampling runs when the range of values was
particularly high (Fig. 3) indicating a local effect.
Local variation
The hotspot analysis and examination of the interpolated
IDW plots highlighted locations where marked differences
in speciﬁc conductance were recorded at adjacent pumps
<20 m apart. We selected 2 pairs of pumps (165/188 and
130/133) for more detailed examination. An analysis of variance carried out on both pairs of sample sets indicated that
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Water from pumps 148, 167, and 180 had signiﬁcantly
higher TLF values than water from other pumps (GetisOrd Gi*; Fig. 5), a pattern that closely corresponds with that
demonstrated by the interpolated IDW plots for the averaged TLF values. Inspection of interpolated (IDW) TLF surfaces for successive months between June 2015 and May
2016 (Fig. 6) showed persistently high values adjacent to
pump 167 in the center of the site and some elevation in
the measurements taken at adjacent pumps (165, 188) after
delivery of ~3 m3 of stable waste to plot 166 in late April
2015 (Fig. 1). The manure was distributed more widely over
3 adjacent plots over the subsequent 3 mo.
A plot of TLF values for pump 167 and 4 nearby pumps
(165, 188, 35, 42; Fig. 8) conﬁrmed an increase in TLF concentrations subsequent to the manure delivery in April
2015 followed by a decline. The peak values were of a lower
magnitude and occurred at a later date as the distance from
the location where the manure was initially stored increased.
The timing and distribution of the maximum TLF values
suggests the spread of an input related to the delivery of
manure that dissipated over time. High TLF values close
to other pumps, such as pump 180 in the northeastern part

Figure 4. Interpolated distribution of mean speciﬁc conductance and Getis-Ord Gi * hotspot analysis.

the differences in values were signiﬁcant ( p < 0.05; Table 3,
Fig. 7A, B). The pairing of these pumps was important because individual pumps in each pair were of different ages
and, therefore, thought to be sunk to different depths in the
aquifer. Bjerg and Christensen (1992) reported signiﬁcant
vertical variations in inorganic markers over short vertical
distances, so we considered the hypothesis that the borehole depth and speciﬁc conductance values might be related.
However, examination of the data for all pumps classiﬁed
by pump age indicated no signiﬁcant difference in the means
(t-test, p > 0.05), and therefore, we were unable to infer a
generalized relationship between pump age (and implicitly
depth) and speciﬁc conductance.
Anecdotal evidence suggested that the water from the
more heavily used pumps was cleaner than the water from
the other pumps, so we used information gathered from the
plotholder survey (Appendix S1) to examine whether pump
usage (Fig. S3) affected values of speciﬁc conductance and
TLF. However, neither the relationship between speciﬁc
conductance (R2 5 0.0194) nor TLF (R2 5 0.0031) and
pump usage estimated from the survey were signiﬁcant.

Figure 5. Interpolated distribution of tryptophan-like ﬂuorescence (TLF) and Getis-Ord Gi* hotspot analysis.
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Figure 6. Variation in tryptophan-like ﬂuorescence (TLF) in June 2015 to May 2016 after manure application to plot 166.

of the allotment, also might reﬂect storage and application
of manure in the vicinity. Pump 180 is close to a frequently
used delivery point for stable waste (Fig. 1), but we were unable to identify a direct relationship between speciﬁc deliveries and the recorded high values. We were able to identify
a more direct relationship between a hotspot apparent at
pump 148 and information provided in a response to the
plotholder survey that identiﬁed the presence of a large

amount of composted manure on the plot close to the
pump.

DISCUSSION
The initial concern of the members of the community
garden was that signiﬁcant outside inﬂuences affected water quality on the site given its location adjacent to a major

Table 3. Analysis of variance results for the dependent variable speciﬁc conductance at pumps
130/133 and 167/188 over all sampling runs.
Source
Pumps 130 and 133
Between groups
Within groups
Total
Pumps 167 and 188
Between groups
Within groups
Total

Sum of squares

df

Mean square

F

p

Fcrit

543276.88
64683.34
607960.2268

1
18
19

543276.88
3593.52

151.18

3.40726  10210

4.414

278048.23
436833.88
714882.11

1
20
21

278048.23
21841.69

12.73

0.002

4.35
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The absence of statistically signiﬁcant trends in speciﬁc
conductance and TLF across the site support the view that
any variation in water quality reﬂects controls or inﬂuences
that are relatively local and intrinsic to the site. The semivariograms for the TLF and speciﬁc conductance data show
no evidence of a spatial structure to the data (Davis 1986)
with limited covariance with distance. Similar patterns for
speciﬁc conductance were observed by Bjerg and Christensen (1992) who suggested that the variation for some inorganic indicators (e.g., NO32) occurred at less than the distance between sampling points. Given the relatively sparse
number of irregularly spaced samples at our site, the absence of a spatial structure to the data may be, in part, an
artifact of the necessarily constrained sampling design. This
explanation is particularly likely to be the case with respect
to the TLF measurements that show some relationship between values at adjacent boreholes (Fig. 8).
Values of speciﬁc conductance and TLF were lower than
the average values measured in the adjacent River Thames
and tributaries. This result supports the hypotheses that water quality and its variation on the site were locally controlled or that, if the river were a major source of recharge,
bed sediments acted as a ﬁlter as observed elsewhere in the
Thames basin (Younger et al. 1993). Our analysis indicates
relatively limited directional ﬂow in the aquifer and that
rainfall-related vertical inﬁltration is a more important driver
than recharge from adjacent rivers. This conclusion is supported by the observation that water levels fall in the aquifer
despite maintenance of adjacent river levels and is in accor-

Figure 7. Variation in speciﬁc conductance at adjacent
pumps 130/133 (A) and 167/188 (B). Dates are formatted
mm/dd/yy.

highway and urban area on the eastern side of the perimeter
and its proximity to a sports ﬁeld on the western side. The
variables we selected did not display strong temporal or spatial evidence of contamination. We found no evidence of elevated values of speciﬁc conductance adjacent to the sports
ﬁeld as might be expected from excessive application of
NO32 or PO432-based fertilizers, nor did we ﬁnd consistent
evidence of elevated levels of speciﬁc conductance or TLF in
the wells adjacent to the northeastern perimeter of the site
that would indicate widespread contamination from common urban point sources, such as leaking sewage infrastructure. The presence of some higher values of speciﬁc conductance in speciﬁc wells close to the perimeter (e.g., pump 94)
might reﬂect contamination from sources, such as road salting on the secondary highway and bus route that runs along
the east and northeastern boundary (Kelly 2008).

Figure 8. Variation in tryptophan-like ﬂorescence (TLF) at
on pumps adjacent to plot 166 after manure delivery.
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dance with the ﬁnding of Younger et al. (1993) from similar
sediments elsewhere in the Thames Basin.
Variations in water quality on the site as evidenced by inorganic and organic markers seem to be driven by local but
unrelated factors because the spatial and temporal patterns
of speciﬁc conductance and TLF are distinctly different.
The pattern shown by the TLF can be attributed to the application of organic fertilizer. In theory, a commensurate
increase in speciﬁc conductance could occur in response
to K1 and NO32 derived from the manure (Bjerg and Christensen 1992). However, examination of the data indicated
no correlation between the data sets. Therefore, the factors
inﬂuencing the observed variation in both data sets seem to
be operating independently. The potential for the variability of water quality in shallow aquifers in the absence of polluting sources was noted by Bjerg and Christensen (1992),
who described marked horizontal and vertical variations in
groundwater quality as measured by NO32 and PO432 concentrations over short (<10 m) distances. An alternative explanation of the causes for this variation requires further investigation.
The consistent temporal, but spatially variable, differences in the values of speciﬁc conductance seem to be driven
by inﬂuences that are local to individual pumps. In the absence of deﬁnitive anthropogenic inﬂuences or other environment factors, the physical and chemical heterogeneity of
the aquifer in terms of porosity, permeability, and sediment
mineral composition is thought to be the main control on local values of speciﬁc conductance (Back and Baedecker 1989).
For instance, some evidence exists that lower values of speciﬁc conductance occur in conjunction with topography
that reﬂects the presence of a former river channel trending
southeast to northwest across the site.
In contrast, the spatial and temporal variability of TLF
values at individual pumps (Fig. 8) can be directly attributed
to the storage of stable manure and its subsequent usage as
a fertilizer on the site. This inference was derived from information gained from the plotholder survey. At one of
these locations, we were able to examine the dispersal of
the TLF over a period of weeks through repeated measurements. In circumstances where such a water supply was to
be used for human consumption, the apparent contamination and dispersal of organic pollutants would be a signiﬁcant issue. At this location, the water supply is only used for
irrigation and, given the preference of the plotholders on
the site to cultivate organically, the presence and dispersal
of organic contamination does not represent a concern, but
produce should be washed adequately to remove possible
pathogens.

Overall reﬂection on the contribution of citizen science
Our study was initiated by allotment users and citizen
scientists based on their desire to discover more about their
local environmental conditions. Data gathering, both mea-

surements and contextual information, was supported by
>80 users of the site including the principal researcher. This
work is a good example of citizen science in action and demonstrates what can be achieved when resources and facilities
are made available to a wider group of people outside mainstream scientiﬁc institutions. In many ways, our study reﬂects the attributes of the commonly accepted deﬁnition
of citizen science in that it: 1) addressed concerns raised
by a citizen group that might otherwise not have been considered by the established scientiﬁc community, and 2) was
undertaken by people not normally engaged in environmental research supported by experts in the ﬁeld.
Our study also provides grounds to challenge the assumption that the role of the citizen scientist is limited to
that of providing and processing data under the guidance
of others enabled by access to equipment (Anon 2014).
As Mills (2015) argued, this deﬁnition of a citizen scientist
discounts the ability of citizen scientists to inform study design, conduct data analysis and interpretation, or use skills
transferable from other domains to undertake the analysis
and interpretation themselves. Institutional support for research remains important, particularly with regard to access to instrumentation and specialist facilities for analysis
and to peer-reviewed scientiﬁc journals often locked behind paywalls, but the scope and availability of ‘open data’
(data.gov.uk, Lammerhirt 2017), has increasingly allowed
researchers to work independently. In our study, collection
of the water-quality measurements relied on the use, after
training, of institutionally provided equipment, but much
(but not all) of the analysis was done using ‘open-source’
GIS packages, such as QGIS and Saga. Such tools could increase the prevalence and, in some ﬁelds, signiﬁcance of citizen science, which perhaps is limited only by the time and
motivation of the individuals involved. Encouraging growth
in citizen science will require institutional support for individuals through training, equipment, and involvement in
projects, but also guidance as to the norms and protocols
of scientiﬁc practice (e.g., peer review and presentation of
data).
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