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Urban green spaces are often promoted as nature-based solutions, thus helping to

mitigate the negative effects of climate change. Estimating the potential environmental

benefits provided by urban green space is difficult because of inconsistencies in

management practices and their heterogeneous nature. Collecting data across such a

spectrum of contexts at a large scale is costly and time consuming. In this study, we

explore a novel integrated method for citizen scientists to assess the flood mitigation

potential of urban green spaces. In three European cities, citizen scientists measured

infiltration rate and associated soil characteristics in managed and unmanaged urban

green spaces. The results show that simple citizen science-based measurements can

indicate the infiltration potential (i.e., high vs. low) of soil at these sites. Infiltration rate

was best predicted by measurements of soil compaction, soil color, air temperature, and

level of insolation (i.e., high vs. low). These simple, fast methods can be repeated over

time and space by citizen scientists to provide robust estimates of soil characteristics and

the infiltration potential of soils that exist in similar temperate urban areas. A classification

flow diagram was constructed and validated that allows citizen scientists to carry out

such tests over a wider geographical region and at a higher frequency than would be

available to research scientists alone. Most importantly, it allows citizens to take actions

to improve infiltration in their local green space and support local flood resilience.

Keywords: citizen science, nature-based solutions, infiltration rate, pluvial flooding, urban trees, green space

INTRODUCTION

By 2050 the global urban population is predicted to be twice that living in rural areas (United
Nations, 2019). Whilst social and economic opportunities are driving the move to urban areas,
there are clear environmental challenges tomaintaining a healthy and habitable urban environment
(Elmqvist et al., 2013). Many of these challenges are related to the loss of natural areas that provide
ecosystem services e.g., water and air purification, temperature regulation, flood protection, and a
range of important cultural services. One example is the loss or modification of former green space
to gray infrastructure, resulting in increased impervious surfaces. This in turn increases urban
run-off and transport of pollutants, resulting in increased flood risk and degraded water quality
(Miller and Hutchins, 2017).
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Climate change stands to amplify urban environmental
challenges (Emilsson and Ode Sang, 2017), not least regarding
urban hydrology. In Northern Europe, rain is predicted to fall
more intensely, with the UK having seen a 10% increase in
the number of days with widespread heavy rain in the past
30 years (Kendon et al., 2019). An increase in urban flooding
across Europe, even under conservative warming projections,
will impact soil and water quality (Alfieri et al., 2018), as well as
overwhelming drainage systems that were designed for different
land cover and climate conditions. For example, in London alone,
1.25m people and 800,000 properties are at risk from tidal or
surface water flooding (Future of London, 2016).

Nature-based solutions (NbS) such as urban green space
offers an environmentally friendly method to mitigate urban
flood risk (Keesstra et al., 2018). For example, urban trees
provide multiple benefits within the hydrological cycle, such as
intercepting rainfall with their canopy, absorbing water from the
soil for their growth (McElrone et al., 2013) and aiding water
infiltration through the modification of soil conditions (Li et al.,
2014). In particular, infiltration is related to the magnitude of
pluvial flooding as high infiltration arrests the celerity of the flood
wave peak and reduces surface runoff (Horton, 1941). Infiltration
rate is defined as the rate at which water can enter into soils and
filter through subsequent layers (Pitt et al., 2008). It is regulated
by soil characteristics such as porosity, bulk density, texture, and
mineralogy (Lado and Ben-Hur, 2004; Yang and Zhang, 2011).
Thus, infiltration rate can be used as an indicator of an area’s
ability to deal with heavy rainfall. However, knowledge of how
soil and tree management practices affect infiltration of pluvial
events and other ecosystem services is limited (Gaston et al.,
2013). Moreover, given the wide range of park, garden, or street
tree soil characteristics (e.g., compaction, water content, amount
of organic matter), understanding the conditions of green spaces
across the urban continuum is challenging.

Major urban areas, where gray infrastructure and population
numbers are high, require special care and analysis for assigning
green spaces to best facilitate their ecosystem services. Greater
London, for example, has an estimated 21% canopy cover
(Treeconomics, 2015), presenting a diversity of tree species
located across a multitude of soil types. Therefore, identifying
appropriate land management approaches for a specific location
requires information on a fine scale that accounts for the
substantial heterogeneity and patchwork make-up of urban
green spaces (Gaston et al., 2013). Identifying areas of flood
vulnerability or of high potential mitigation value is hampered by
this heterogeneity, with data collection at the scale of individual
trees and their microhabitat being difficult both logistically and
financially (Toms and Newson, 2006; Hobbs and White, 2012).
Information at a more detailed scale is key to understanding the
capacity of urban green space to process heavy rain events and to
be able to manage this NbS effectively.

Citizen science has proven to be an effective method
for collecting environmental data. Citizen science involves
the collection and/or analysis of data by the general public.
Although a long-standing method, over the past decade the
number and variety of citizen science projects have increased
dramatically (Bonney et al., 2014). Simultaneous to increasing

the scale of scientific data collection, the involvement of citizens
in the scientific process fosters engagement and promotes
education in local environmental issues, as well as opportunities
for collaboration between stakeholders within a community
(Thornhill et al., 2016; McKineley et al., 2017). Citizen scientists
have been shown to enhance the geographical, temporal and
contextual scope of data collection at the catchment and sub-
catchment scale (Holck, 2007; Szabo et al., 2010; Belt and
Krausman, 2012; Hadj-Hammou et al., 2017; Cunha et al., 2019).
Citizen science also offers multiple pathways to the provision
of real-time flooding data, integrated as part of early-warning
systems for pluvial flooding (See, 2019; Pandeya et al., 2020).

Trees and their surrounding soil represent one of the few
remaining natural amenities accessible to and managed by local
citizens in urban areas, whether they are present in residents’
own gardens, line city streets or adorn parks and green spaces.
Thus, the activation and participation of citizen scientists to
help determine soil conditions with respect to infiltration of
high precipitation events might help to close the gap between
the modeling and management of green spaces. Furthermore,
the identification of sites with poor infiltration capacity could
allow citizens to take simple actions in their own green space to
improve their status (Soil Association, 2016).

Here we examine a range of simple citizen science methods
to measure soil characteristics and assess soil water infiltration
rate in urban areas, which could be used to enhance knowledge of
pluvial flooding risk for a certain area. We validate these methods
under different land management regimes across three European
cities to identify if relatively quick and uncomplicated citizen
scientist measurements can be used as a proxy for infiltration
potential. The methods are coupled with a classification flow
diagram that guides a citizen scientist through the process
of investigating the flood mitigation capacity of their local
urban green spaces. Although the classification flow diagram
demonstrated in this study is most suited to the locations and tree
species researched here, the workflow can serve as a blueprint to
be extended to other contexts in the future.

METHODS

Citizen Scientists
Over the course of the 2-year study, 520 citizen scientists were
trained and assessed soil characteristics in three urban parks.
Following a 1-h training session led by professional physical
scientists on the background and methodologies of urban
soils, trees, and infiltration processes, participant teams took
measurements in urban parks (section Sites) on 2 consecutive
days. The total sampling and measurement time was ∼2 h per
team per day. Over the course of 2 years (2018–2019), each
location was revisited by different citizen scientists several times
in spring, summer, and autumn (30 events in total).

Sites
The study sites were located in Birmingham, London, and
Chantilly (France), cities which experience similar climatic
conditions (Average annual temperature: 9, 11, and 11◦C
and average annual precipitation: 64.1, 57.5, and 60mm in
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Birmingham, London, and Chantilly, respectively, Climate-Data,
2020). Here, mature (over 30 years old) Linden (Tilia spp)
trees, one of the most common tree species found in urban
environments, were selected in three urban parks, under which
measurements were taken. Six Linden trees were located in
Cannon Hill Park, Birmingham, a further six in Kew Gardens,
London and three Linden trees were selected in Les Fontaines,
Chantilly (France). Four sampling sites were identified, two
sites due north and two sites due south of each tree (n = 60)
(Supplementary Figure 1). These represented contrasting levels
of direct solar radiation, whereby southern (less shaded) sites
were exposed to more solar radiation during sampling periods
(spring, summer, autumn). We refer to this as level of insolation,
with southern sites exposed to high insolation and northern sites,
low insolation.

Each sample site was classified in terms of its management
regime. Managed sites were defined as those having the majority
of leaf litter and undergrowth vegetation cleared, typically these
sample sites were located on amenity grass and had no or few
nearby trees (n = 27). Meanwhile unmanaged sites were defined
as having little to no human intervention in the removal of
litter or undergrowth thus there was often a mix of herbaceous
ground cover, vegetation litter and bare soil with other trees and
vegetation close by (n = 26) (Supplementary Figure 2). Some
sample sites (n = 7) were identified as intermediate (unmanaged
but with a mown path or paved surface immediately nearby) and
so were not included in the analyses.

Citizen Science Methods
At each sampling site, citizen scientists estimated soil color,
compaction, texture, moisture content, and infiltration rate.
Citizen scientists also collected surface and soil ring samples for
subsequent laboratory analysis.

Participants assessed soil color using the Munsell soil color
chart 7.5YR, identifying the color that most closely matched their
soil sample. Munsell color co-ordinates were later converted to a
numerical value (Supplementary Figure 3).

Compaction was measured on a patch of undisturbed soil,
with the surface vegetation removed, using an Eijkelkamp pocket
penetrometer. Participants measured the compaction of the
topsoil by pushing the shaft (to a depth of 6.35mm) of the
pocket penetrometer with a constant force into the soil. The
internal spring is calibrated such that participants read the
compressive force required to insert the penetrometer to the
nearest 0.25 kg/cm2.

Soil texture was characterized by participants following a
standard soil handling protocol (Yolcubal et al., 2004). Following
a decision diagram, participants classified their sample into
specific categories of soil texture.

Soil moisture was obtained by measuring conductivity using
a Delta-T Devices SM150T probe inserted into the topsoil. The
raw data (conductivity) obtained was then converted to moisture
content (Supplementary Material Equation 1). Participants
took conductivity measurements in a radial pattern extending
from the trunk of the study tree, which were averaged (n = 13)
for the north and south sides, respectively.

Participants measured soil infiltration using a mini-disc
infiltrometer (Decagon Devices, Inc). Both the upper chamber
and lower water reservoir were filled with water, and the bottom
elastomer with porous disk firmly replaced. The infiltrometer was
placed on a flat surface with any vegetation removed to ensure
good contact between the soil and infiltrometer. The suction
was set to 1 cm and the water level read every 60 s (unless the
infiltration rate was particularly fast, in which case participants
recorded at shorter intervals of every 20–40 s). The initial
volume of water was recorded followed by 10 additional readings
(typically 10min). The infiltration rate (Q) was calculated as
follows (Equation 1):

Q = v

(

6(Dt+1 − Dt)

n− 1

)

(1)

where v is a multiplication factor to compensate for the frequency
of readings taken (v = 3, 1.5, 1, and 0.5 for frequencies of 20, 40,
60, and 120 s, respectively), D is water depth in ml, and n is the
number of readings taken.

In addition to the soil characteristics assessed by participants,
local temperature, and precipitation data were obtained from the
NOAA NCEP climate dataset (NOAA/OAR/ESRL PSL, https://
psl.noaa.gov/). Hourly temperature and precipitation data were
selected between 0600–1800 on each day of an event at the
relevant location, and a daily average calculated.

Laboratory analyses of the soil samples collected by citizen
scientists were conducted to assess volumetric water content
at saturation, field capacity and sampling. This was used to
help validate our citizen scientist collected measurements and
eventual analysis of potential differences between sites.

Data Analysis
T-tests and Mann-Whitney tests were used to determine
significance in the differences in means and medians of soil
characteristics in areas with high and low infiltration and between
the two land management types. ANOVAs and Kruskall-Wallis
tests were used to compare differences in the measured soil
characteristics between different city locations and seasons.

Logistic regression models were used to explore the
relationship between infiltration rate and soil and local
climate characteristics. Infiltration rate was transformed to a
binomial value of low (<1.75 ml/min) or high infiltration rate
(≥1.75 ml/min) as the dependent variable in the logistic models.
This cut-off is the equivalent to a rainfall intensity of 6.6 mm/h,
which qualifies as heavy rainfall according to the UK Met Office
(McIntosh, 1963).

Independent variables (i.e., soil moisture, soil compaction,
soil color, average daily temperature, low or high insolation,
and soil texture) were included in the models following
normalization. Soil texture was converted to an ordinal
factor (Supplementary Table 1). All independent variables were
standardized using a z score conversion (z = (x–µ)/σ) such that
their different measurement scales were comparable in the model
output. Data analysis was performed in R and using the RealStats
extension in Microsoft Excel.

Frontiers in Water | www.frontiersin.org 3 April 2021 | Volume 3 | Article 654493

https://psl.noaa.gov/
https://psl.noaa.gov/
https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles


Pudifoot et al. Citizen Science Understanding Urban Resilience

FIGURE 1 | Boxplots of raw infiltration rate (mL/min) transformed to positive values, according to management regime (gray = unmanaged; black = managed), by (A)

location of park where samples were taken, and (B) season. Central horizontal line in boxplot = median; box limits = first and third quartiles; whiskers = 1.5 times the

interquartile range. Data beyond the whiskers plotted as outliers, with points >30 mL/min not shown.

RESULTS

Infiltration Rate
Infiltration rates varied according to location (Figure 1A) and the
seasons (Figure 1A). Soils of the Chantilly park had the highest
infiltration rates (mean infiltration rate 3.87 mL/min) compared
to those in Birmingham (mean infiltration rate 3.29 mL/min)
or London (mean infiltration rate 2.56 mL/min), (Welch t-
test on log transformed infiltration rate: T = 26.2, df = 2, p
<0.001, Figure 1A). Summer infiltration (mean infiltration rate
5.29 mL/min) was higher than rates in spring (mean infiltration
rate 2.03 mL/min) and autumn (average infiltration rate 2.40
mL/min), (Welch t-test on log transformed infiltration rate: T =

11.17, df = 2, p < 0.001, Figure 1B). Infiltration rates showed
no significant difference between the managed and unmanaged
sample sites (Welch t-test on log transformed infiltration rate: T
= 0.23, df = 483, p = 0.8). Equally, when categorized as binary
infiltration rates (high vs. low), these were also independent of
management type (Fisher’s exact test, two tails, p= 0.78).

Laboratory Analyses
The categorization of citizen scientist collected measurements of
infiltration rate into either a low or high category was validated
through laboratory analysis of soil samples. For the managed
sites, volumetric water content at saturation showed significant
differences between the low (mean: 54%) and high infiltration
(mean: 52%) categories (Wilcox test = 3,868, p = 0.015). This
was also confirmed in measurements of water content at field
capacity (Wilcox = 4,025, p = 0.005, low infiltration mean: 53%,
high infiltration mean: 51%), and sampling (T= 2.28, df= 157, p
= 0.02, low infiltration water content at samplingmean: 27%, and
high infiltration mean: 24%). For unmanaged sites, no significant
difference was observed in the laboratory analyses of volumetric
water content at saturation (T = −0.86, df = 144, p = 0.39),

field capacity (Wilcox test = 2650.5, p = 0.89) or sampling (T
= 0.21, df= 144, p= 0.83) between the low and high infiltration
rate categories.

Differences in soil characteristics, as collected by citizen
scientists, between the managed and unmanaged sites were also
examined. Significant differences in soil color (T = 8.15, df =
426, p < 0.001), soil compaction (Wilcox test= 9,465, p < 0.001)
and soil texture (X2

= 12.71, df = 1, p < 0.001) were found,
with a higher soil color (i.e., darker) for unmanaged soil, higher
compaction for managed soils and a higher soil texture (i.e., more
aerated) assignment for unmanaged soils. Binary soil infiltration
(Fisher’s exact test, two tails, p = 0.78) and soil moisture (T =

0.37, df = 464, p = 0.7) did not show significant differences
between land managements.

Logistic Regression Models
An initial binary logistic regression model aggregating both
management regimes (managed and unmanaged sites) provided
an estimate of high and low infiltration (X2

= 29.43, p <

0.001, n = 490; accuracy (percentage of correct predictions by
the model) = 0.64, AUC ROC = 0.61). Initially, the model
included footfall intensity as a ranked factor according to the
observed level of foot traffic each location received. However,
this factor was subsequently removed from the model (and
subsequent separated managed and unmanaged models), as it
was highly correlated with compaction (rs = 0.94, n = 6, p <

0.05), to avoid collinearity. Air temperature and soil moisture
showed some correlation (r = −0.44, n = 488), although
this was considered moderate (Schober et al., 2018); therefore,
we retained both factors in the model as they could provide
additional information.

Given the relatively low accuracy and specificity/selectivity
of the aggregated model and the clear differences between soil
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FIGURE 2 | Standardized coefficients (z score: z = (x–µ)/σ) of binary infiltration

rate in the managed (black) and unmanaged (gray) logistic regression models

in response to each of the model’s independent variables: average daily air

temperature, location of sample site relative to level of insolation, average daily

precipitation, soil color, soil compaction, average soil moisture, and soil

texture. Positive standardized coefficients signify a positive relationship;

negative coefficients denote a negative relationship between the independent

variable and the likelihood of high infiltration rates (≥1.75 mL/min). Asterisks

denote variables that were significant predictors of high infiltration rate in each

model (*<0.05, ***<0.001; Table 1).

characteristics of the managed and unmanaged sites, separate
models were developed. The utility of simple observational data
(managed vs. unmanaged) in citizen science has been well-
documented elsewhere (Champion et al., 2018; Thornhill et al.,
2018; Pohle et al., 2019).

Managed Model

The model for managed sites demonstrated increased accuracy
compared to the aggregated model, with a specificity/selectivity
indicating a fair model (Accuracy = 0.69, ROC AUC = 0.72)
(Bradley, 1997; Fawcett, 2006). The model distinguished between
high and low infiltration rates (χ2

= 38.08, p < 0.001, n = 255)
based on the suite of measurements made by the citizen scientists
(Figure 2).

In particular, the measurements of soil color, soil compaction,
and average air temperature were the most important for
managed sites (Table 1, Figure 2). The model indicated that
low soil compaction, high soil color (i.e., darker; related to
organic matter content), and higher average air temperature were
associated with high infiltration rates. Soil moisture and soil
texture were not found to be significant factors (p = 0.06 for
both parameters; Table 1), while their coefficients suggested that
lower soil moisture and sandier soil textures were associated with
higher infiltration at the managed sites (Table 1).

Unmanaged Model

For unmanaged sites, the logistic model had lower-than-desired
accuracy (Accuracy = 0.60, ROC AUC = 0.65), but remained
significant (χ2

= 17.57, p < 0.01, n = 235) and had a higher
AUC than that obtained in the aggregated model. In this model,
soil compaction and location with respect to insolation were the
most important variables (Table 1). Low soil compaction and
sites with low insolation (i.e., samples to the north side of trees)
were associated with high infiltration rates (Figure 2).

Soil Characteristics Influencing Binary
Infiltration Rate
In both models, soil compaction was the most significant
variable with the highest standardized coefficient (Table 1). As
compaction was negatively correlated with infiltration rate, a 1
kg/cm2 decrease in soil compaction nearly doubled the odds that
the site would have a high infiltration rate (1.6 and 1.75 times
at managed and unmanaged sites, respectively), all else being
equal (Table 1). Our measurements confirmed that soil was more
compacted at the managed sample sites (Wilcox test= 9,465, p<

0.001, Figure 3A), a pattern maintained throughout seasons and
across locations (Figures 3A,B).

Soil color was a predictor of infiltration rate in the managed
model only (Table 1), where darker soil was linked to high
infiltration rates. Soil was generally darker at the unmanaged
sites (T = 8.15, df = 426, p < 0.001, Figure 3C) and showed a
higher variance overall (F= 1.87, df= 234, 254, p < 0.001). This
pattern was most evident at the Chantilly and London sites, but
not in Birmingham, where the discrepancy betweenmanagement
type was very small (Two-way ANOVA: F2 = 24.05, p < 0.001,
Figure 3D). Soil color in the unmanaged samples was more
heterogeneous and exhibited a greater change between seasons
compared to the managed sites (Two-way ANOVA: F2 = 4.03, p
< 0.02), where lighter colors were evident during the summer.

Daily air temperature was an important factor at the managed
sites for predicting infiltration rate. The positive role of air
temperature on infiltration was confirmed by the significant
difference between managed sites classified as low and high
infiltration rate (Wilcox = 6940.5, p = 0.04). There was no
significant difference in air temperature comparing unmanaged
sites with low and high infiltration (Wilcox= 7102.5, p= 0.7).

The degree of insolation, determined by the location of the
sample site with respect to the tree canopy (north vs. south),
was an important factor in the unmanaged sites (Figure 4).
Southern samples were exposed to more solar radiation, as such
the average daytime surface temperature of the southern sites
was expected to be higher (Jim, 2015). For managed sites, there
was a significant difference in air temperature between sites
with different infiltration levels (Wilcox = 6940.5, p = 0.04);
but these different infiltration levels were independent of the
level of insolation (X2

= 1.69, df = 1, p = 1.9, Figure 4). On
the other hand, at unmanaged sites high and low infiltration
rate was dependent on the level of insolation (X2

= 5.96, df =
1, p = 0.01, Figure 4) but there was no difference in median
air temperature (Wilcox = 7102.5, p = 0.7) between sites with
different infiltration levels.
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TABLE 1 | Comparison of all variables in each of the logistic regression models, showing standardized coefficients (z score: z = (x–µ)/σ) for predicting high infiltration rate

(≥1.75 mL/min) and their significance level.

Independent variable Managed sample sites Unmanaged sample sites

Standardized coefficient P-value Odds ratio* Standardized coefficient P-value Odds ratio*

Soil compaction −0.58 <0.001 1.6 −0.40 0.01 1.75

Soil color 0.40 0.01 1.9 –0.10 0.50

Average daily temperature 0.34 0.05 1.1 –0.05 0.76

Level of insolation 0.22 0.10 −0.34 0.01 1.96

Soil moisture –0.34 0.06 0.05 0.75

Soil texture 0.28 0.06 0.04 0.77

Average daily precipitation 0.10 0.46 0.15 0.30

*Odds ratio for a unit change in each variable considering the non-standardized coefficient. For soil compaction, odds ratio = increase in likelihood of high infiltration rate with 1 kg/cm2

decrease (negative coefficient) in compaction. Soil color odds ratio = increase in likelihood of high infiltration rate with an 11-point increase in color, equivalent to one shade darker.

The odds ratio of average daily temperature = increase in likelihood of high infiltration rate with a 1◦C increase in temperature. Insolation = odds ratio of high infiltration rate on the low

insolation (north) side of a tree compared to the high insolation (south) side of a tree.

Bold refers to significant (p < 0.05) independent variables in either the managed or unmanaged model.

FIGURE 3 | Soil compaction (kg/cm2 ) according to (A) management type: unmanaged (gray) and managed (black) in relation to infiltration rate categorized (binary) as

low (<1.75 mL/min), or high (≥1.75 mL/min), (B) location of the park where sampling took place. Soil color (higher number = darker) in relation to (C) management

type: unmanaged (gray) and managed (black) in relation to infiltration rate categorized (binary) as low (<1.75 ml/min) or high (≥1.75 ml/min), (D) location of the park

where sampling took place. Boxplots as per Figure 2.

Frontiers in Water | www.frontiersin.org 6 April 2021 | Volume 3 | Article 654493

https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles


Pudifoot et al. Citizen Science Understanding Urban Resilience

FIGURE 4 | Percentage of samples falling in the low (light blue, <1.75

mL/min) or high (dark blue, ≥1.75 mL/min) infiltration rate categories on the

low insolation (north) or high insolation (south) side of the sampled trees.

The model indicated that in unmanaged areas, soil samples
that were exposed to less insolation were 1.9 times more likely to
have high infiltration rates than those that were exposed to more
insolation, all else being equal (Table 1; Figure 4). This was not
associated with differences in organic content or soil moisture. In
fact, low and high levels of insolation had no explanatory power
at unmanaged sites in relation to soil color (Wilcox test= 7,363, p
= 0.32), compaction (Wilcox= 6,419, p= 0.41), texture (Wilcox
= 6,865, p= 0.97), or moisture (Wilcox= 6,754, p= 0.86).

DISCUSSION

Our results indicate that, using easy to perform measurements
(i.e., soil compaction, soil color, air temperature, and level of
insolation), citizen scientists can categorize whether an urban
green space containing trees (e.g., their garden or local park) had
sufficient infiltration capacity to reduce the impact of a heavy
rainfall event.

Soil Characteristics
Infiltration rates measured directly with mini-disk infiltrometers
by citizen scientists showed significant variation based on the
location and timing of sampling (Figure 1), attesting to the
heterogeneous nature of urban environments and alluding to the
complexity of using an infiltrometer with little prior experience.
Soil conditions, location and sampling season of each site were
important characteristics with respect to infiltration.

Less compacted soil equates to higher soil porosity and
therefore higher infiltration rate (Pitt et al., 2008; Yang and
Zhang, 2011; Elliot et al., 2018). Compacted soils have fewer voids

that are essential to the movement of water, gases and plant roots,
which together influence soil structure and therefore impact root
growth and the efficiency of fertilizer, critical for a healthy soil.
The more compact nature of the managed sites (Figure 3A) in
our study could be related to the lack of leaf litter and their higher
footfall and the application of machinery for vegetation and litter
maintenance (Yang and Zhang, 2011; Elliot et al., 2018). This
was particularly evident at the Londonmanaged site (Figure 3B),
located in Kew Gardens, which experiences a high throughput
of visitors, 2.36 million in 2018–19 (Kew Royal Botanic Gardens,
2019), leading to high soil compaction.

Darker soils are often associated with higher organic matter
content (Fitzpatrick, 1986; Galvao and Vitorello, 1998). In many
studies, soils with high organic matter content have a higher
infiltration rate than soils with lower organic matter contents
(Boyle et al., 1989; Chen et al., 2014; Wang et al., 2018); while
other studies have found no influence (Phillips et al., 2019). Our
citizen scientists identified a darker soil color in unmanaged
sites compared to managed sites (Figure 3C), where in the
latter organic leaf litter and clippings were regularly removed.
However, darker soils were not a predictive factor of infiltration
at unmanaged sites (Table 1, Figure 2). At managed sites that
have low litter input, the color of the surface soil is more static
(Tóth et al., 2007). Links between soil color, organic matter
content, and infiltration are further influenced by a range of other
variables including soil bulk density, soil texture, and root paths
(Bartens et al., 2008), which are more complex to measure on a
large scale.

Soil moisture and texture measured by citizen scientists had
limited influence on predicting infiltration, and only at the
managed sites. We had expected that soil moisture, in particular,
would have played a more important role, as high antecedent soil
moisture reduces infiltration rates (Tromble et al., 1974; Pitt et al.,
2008). The comparison with the laboratory analyses tends to
support this (mean water content at sampling for low infiltration
rate was 27% and for high infiltration rate was 24%, T = 2.28,
df = 157, p < 0.02). Soil texture trends were somewhat unclear,
even though soils with high clay or silt content tend toward
lower infiltration (Yang and Zhang, 2011). The uncertainty of the
relationship between soil texture and infiltration may be related
to the complexity of the citizen science soil texture method itself,
rather than the parameter and should be analyzed separately.

The effect of the orientation of the soil samples with
respect to the trees influenced infiltration in unmanaged areas.
Typically, shaded soil exposed to less insolation has higher
water content, carbon, nitrogen and phosphorus concentrations,
compared to more exposed conditions (Akpo et al., 2005).
This favors decomposition of available leaf litter, with positive
impacts on infiltration (Anthelme and Dangles, 2012). In fact,
an increased likelihood of high infiltration rate was found on the
northern sides of trees, with lower insolation, in the unmanaged
sites (Figure 4).

On the other hand, in the managed sites, overall air
temperature played a stronger role on infiltration than level of
insolation. One explanation for this could be the lower tree
density in managed sites, as infiltration rate has been shown to
be sensitive to temperature in some conditions (Jaynes, 1990).
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FIGURE 5 | Classification flow diagram for citizen scientists to estimate the infiltration potential of their local urban green space, and suggested actions to take to

improve infiltration potential if samples cannot be classified as high infiltration rate (Soil Association, 2016). IR = Infiltration rate.

Meanwhile, the lack of influence of air temperature in the
unmanaged sites could be the result of soil insulation by leaf litter
(Xiong and Nilsson, 1997), although more detailed temperature
measurements, specifically at the soil surface, would be needed
for confirmation. Together this indicates the importance of fine-
scale measurements, as microhabitat differences can influence
soil conditions.

Citizen Scientists’ Role
Based on these results, a classification flow diagram was built
to allow citizen scientists to differentiate sites that have high
or low infiltration potential (Figure 5). Construction of this
classification flow diagram had two objectives: first, to allow
citizens (and planners) to better understand the conditions of
their local park or garden with respect to intense rain events;
and secondly, to inform management actions to improve flood
protection aspects of local green spaces. The classification flow
diagram was built based on data from parks with trees (Tilia spp)
in European temperate areas; thus, its application is defined to
areas with similar climatic conditions, soil types and in proximity
to similar tree types. Additional data could support the extension
of our classification flow diagram for use at other locations in
the future.

TABLE 2 | Minimum soil colors for classifying high infiltration soils when sampling

at 9◦C, the mean annual temperature of Birmingham.

Compaction (kg/cm2) For high infiltration rate, soil

color must be darker than

5 B6 (69)

4 B5 (60)

3 C5 (52)

2 C4 (43)

1 C3 (35)

The classification flow diagram begins by identifying the
management type of the green space (managed sites: the majority
of leaf litter and undergrowth vegetation cleared; vs. unmanaged
sites: little to no human intervention, Supplementary Figure 1),
and then by presenting the initial factor to be measured
(compaction for managed; level of insolation for unmanaged).
A threshold value of the second parameter was then defined to
allow for the identification of high- and low-infiltration soils.
For the managed sites, air temperature was also an important
factor. The figures shown in this example diagram are specific
to a site at 11◦C, the annual mean temperature for both London
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TABLE 3 | Classification flow diagram validation.

Management type Correctly predicted Incorrectly predicted Accuracy

Managed 23 11 67.6%

Unmanaged 13 15 46.4%

Original data omitted from the model are input into the flow diagram (Figure 5). Number of correctly predicted high and low infiltration rate categorizations by the flow diagram compared

to the actual measured infiltration rate, and number of incorrect predictions, for managed and unmanaged sample sites. Accuracy = percentage of correct predictions.

TABLE 4 | Estimates of citizen scientist measurement times required to complete the classification flow diagram (Figure 5), assuming three repeat measurements within

the sampled green space.

Measurement Action Time estimate Repeats

Define management regime Observations on how the area is typically managed <1min 3

Soil compaction Penetrometer or steel rod reading 2min 3

Soil color Sample compared to Munsell color chart 2min 3

North-South orientation (level of insolation) Observations of shading/use of compass <1min 3

Temperature check Check the air temperature via thermometer/app/website <1min 1

Total time ∼19mins

and Paris (Climate-Data, 2020). The mean annual temperature
for Birmingham is 9◦C; therefore, the associated minimum
colors required to estimate high infiltration rate are shown in
Table 2.

Data omitted for the initial building of the model because
of their poor match were input into the classification flow
diagram in a validation exercise. The classification flow diagram
was able to predict high and low infiltration rate correctly
in many cases (Table 3), despite the limited sample size (n
= 7) and the input data being originally discounted due to
their unsuitability for the defined management categories. The
unmanaged branch of the flow diagram performed less well,
resulting from the poorer-fitting unmanaged model, suggesting
the influence of additional factors. More data would help to
improve the applicability of the classification flow diagram to
a wider range of locations and climates. However, particularly
in the case of the managed sample sites, the classification flow
diagram can immediately be utilized by citizen scientists in areas
similar to those used here.

For example, a citizen scientist may be interested inmeasuring
the infiltration capacity of the soil in their garden. As they
might mow their lawn and clear the resulting litter, they would
consider this site as managed, and thus follow the left-hand
branch of the diagram. The citizen scientist would first estimate
soil compaction. If the soil were loose (i.e., compaction <2
kg/cm2), the individual would next evaluate soil color. If soil
color were then darker than D4 on the Munsell color chart, the
site should be considered to have high infiltration rate. Repeat
measurements (>3) in close proximity would allow for greater
information on site variability. If sampling suggested that the
soil had low infiltration capacity, the lower gray box in Figure 5

provides suggested actions to be taken to improve the infiltration
capacity of the urban green space (Soil Association, 2016).

Measuring infiltration rate with an infiltrometer requires
more training than is required to estimate soil color, compaction,

tree orientation associated to level of insolation, and temperature
measurements. Properly setting up and using an infiltrometer
can be complex (Kosmala et al., 2016), requires calculations for
interpretation post-hoc, and takes a minimum of 10min per
measurement. Conversely, measuring several different simple
soil parameters to estimate soil infiltration indirectly is simpler
and more engaging, offering a learning opportunity that
encourages survey completion and commitment to repeated
sampling (i.e., retention: Ryan et al., 2001). As an example,
a site assessment with three repeat measurements could be
completed in 20min or less (Table 4). However, it is worth noting
that compaction measurements, although simple in terms of
methodology, typically requires the use of equipment which can
be associated with a cost (in this study a Pocket Penetrometer
was used, costing in the region of £90). Therefore, we suggest
two options which could account for this. Firstly, a targeted
sampling campaign in a particular area of interest liaised via
a central authority or organization could loan equipment such
as pocket penetrometers to citizen scientist groups, as the
Drinkable Rivers project does for water quality (see https://
drinkablerivers.org/). Compared to minidisc infiltrometers,
penetrometers are easier to use, requiring minimal amounts
of training, offering more robust results, less expensive and
more easily shipped or posted to citizen scientists, making
them suitable for this type of loan set-up. Alternatively, or as
a complementary solution, citizen scientists could use simpler
homemade penetrometers, such as from a knitting needle and
spool of thread (Science Buddies Staff, 2020), a pointed stick
or even using your finger (Davidson, 1965). Both options
provide a low-cost means to test relative soil compaction by a
citizen scientist.

Furthermore, compaction and soil organic content data might
indicate which factors are leading to low infiltration rate and
thus provide opportunities for mitigation actions to improve
infiltration, empowering the citizen scientist to take action based
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on their measurements. Citizen science has greatest impact
when there is a potential call for action (van Noordwijk et al.,
2021) and when that action is simple, engaging, and complies
with local social norms (Rare The Behavioural Insights Team,
2019). The opportunity to modify local conditions to improve
resilience to pluvial flooding represents a strong potential
motivation for continued participation in this kind of citizen
science activity.

While this study only looked at soil around trees in urban
parks, 29% of the total urban land area in Great Britain is
residential gardens (ONS, 2019). In some cities, up to 40% of
green space is located on private property, where homeowners
have direct control over soil and tree management (Davies
et al., 2009; Gaston et al., 2013). Therefore, local knowledge
regarding a neighborhood capacity to deal with heavy rain
events lies within domestic gardens (Cameron et al., 2012).
Participation in citizens’ own gardens lends itself to ease
of access, and to repeated measurements over time (Toms
and Newson, 2006; Williams et al., 2016), throughout all
seasons. Furthermore, homeowners and park managers have
multiple options for improving soil compaction and organic
matter content, including soil aeration, and changing use
practices such as vegetation and leaf litter removal practices
(Soil Association, 2016).

The information resulting from these measurements is coarse,
yet it could enhance the efficient prioritization of resources
to improve the utility of green spaces as NbS for flood
protection. In particular, if in the future this method were to
be used at scale, data collection input via a GIS based survey
or app, it would allow for other valuable factors such geo-
locating sample points to be easily captured. This would help
to build a spatial picture of the flood mitigation potential
of urban green spaces, thus achieving an overview of the
overall risk of an area. The integration of citizen science-
collected data into early warning systems for pluvial flooding is
growing (See, 2019); therefore, datasets such as those presented
here could, in the meantime, feed into and complement
these resources.

Others have demonstrated the value of citizen scientists
in collecting soil data over a large area (Bone et al., 2012).
More generally, participating in citizen science empowers local
residents as they are positively contributing to local decision-
making and policy (McKineley et al., 2017). Moreover, citizens
also have the potential to learn from the experience at a scale
greater than their own survey spot, which translates to enhanced
environmental awareness (Hobbs and White, 2012; Geoghegan
et al., 2016).

CONCLUSIONS AND FUTURE OUTLOOK

Considering the increasing importance of climate change on
urban environments, the development of simple methods for
citizen scientists to assess the capacity of their local green
areas to mitigate pluvial flooding could provide valuable new
knowledge to local planners, park managers and to the citizen

scientists themselves. Through replication over a wide area and
range of management types at a high frequency, an overview
of the status of soil in terms of protection from pluvial
flooding could be developed. This would allow for a better
understanding of how different park and garden management
regimes function under different climates. These data could
be used to identify priority areas at risk of flooding and to
help develop more complex models at validation sites. The
participation of citizen scientists has additional benefits in being
able to generate information from hitherto restricted private
green space in domestic gardens, as well as reducing costs and
labor inputs, and empowering communities to better manage
their local environment.

To achieve this, future sampling should incorporate a greater
number of sample sites to account for a greater geographical
spread and represent different climatic regions and underlying
soil types. Further sampling could also investigate soils from
different types of green space, for example including residential
gardens as well as urban parks, and consider the effect of different
tree species on soil infiltration. The inclusion of greater numbers
of citizen scientists would allow for these proposed increases in
sampling effort, while reaching a wider audience, who could in
turn benefit from the educational and engagement opportunities
of citizen science.
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