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Abstract: Green stormwater infrastructure (GSI) has emerged as a promising decentralized manage-
ment approach to urban stormwater challenges. A lack of data about GSI performance interferes
with widespread adoption of GSI. A citizen science program that benefits researchers, lay scientists,
and municipalities offers a way to provide these lacking data. We have developed an open-source,
transferable green infrastructure rapid assessment (GIRA) protocol for studying the performance of
GSI with citizen scientists. This protocol has been tested in six North American cities (New York City,
Toronto, Vancouver, Chicago, San Francisco, and Buffalo). In this research we define the performance
of GSI in varying geographic, climatic, and maintenance conditions with the intent to create techno-
logical, institutional, and management solutions to urban stormwater problems. The GIRA protocol
was used by citizen scientists to assess the physical properties and capabilities of bioswales, while
small, affordable Green Infrastructure Sensors Boxes (GIBoxes) were used to determine longer-term
function across several rain events. Our results indicate that teams of citizen scientists can be effec-
tive for collecting and archiving widespread information on the post-installation function of GSI.
The effort also showed that citizen scientists had changes in understanding of urban stormwater
challenges and the role that GSI can play in solving these problems. We explore the multiple benefits
to knowledge, participants, and municipal partners as a result of this research.
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1. Introduction

Altered hydrologic flows associated with urbanization and changing land use prac-
tices result in significantly increased runoff and contaminant loading to adjacent and
downstream watersheds [1-3]. For example, natural landscape runoff volumes range be-
tween 10% and 30% of a rain event, however, in urbanized areas these volumes can exceed
50% [4] causing wide-spread flooding [5]. Additionally, the combined sewer systems found
in many older major cities such as New York City (NYC), Chicago, and Toronto were
built in the late nineteenth century and were designed to direct both domestic sewage
and stormwater to wastewater treatment plants for processing before being discharged
into receiving waters [6-8]. As these cities became more densely populated and their
impervious cover increased, the volume of both domestic sewage and stormwater grew.
These increased inflow volumes can exceed the capacity of wastewater treatment plants
during intense rainfall events and release diluted raw sewage into waterways as combined
sewer overflows (CSO) [9,10].
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There are many strategies to mitigate the effects of urban stormwater challenges in-
cluding high-cost capital outlays for upgrades to their ‘grey” infrastructure flood detention
and retention structures [11]. Since the early 1990’s, however, the use of green stormwater
infrastructure (GSI) [12] has gained attention as a promising on-site low impact develop-
ment (LID) approach for intercepting and treating stormwater before it enters city sewer
systems [12,13]. GSI can take many forms from large scale greenbelts and parks to more
focused design efforts such as rain gardens, bioswales and green plazas. GSI has many
additional environmental benefits such as local groundwater recharge, water conservation,
and habitat creation [12,14]. Green Infrastructure has the advantage of being decentralized,
so it decreases disturbance of the built environment, requires lower short-term capital
investment, and brings numerous ancillary benefits to enhance urban livability (i.e., offsets
urban heat island effects, creates green spaces for gathering) [15]. Because of all these
reasons, GSI is increasingly being used in urban areas to offset stormwater related flooding
as well as CSO and surface runoff water quality degradation [16]. For example, as of early
2020 NYC has committed to invest over $410 million for green infrastructure projects since
2012 as of March 2017, with an additional $850 million budgeted over the next decade
with the intent to spend an additional $1 billion in the next decade [17]. Other older North.
American cities with aging combined sewer systems, such as Chicago, Washington DC,
San Francisco, and Toronto, with aging stormwater infrastructure and combined sewer
systems are similarly investing in GSI to address urban runoff challenges [18].

Despite the large GSI investments in many urban areas and while GSI systems are
often designed and implemented according to engineering, hydrologic, or other design
and performance metrics, how these systems evolve and function across time and space
is relatively unknown [19]. To date, relatively few observational studies [20] of GSI per-
formance have been completed. Where studies have been done, the available results have
shown that the effectiveness of GSI for water interception [21] and contaminant removal is
variable [14,22,23] and GSI functionality is dependent on the system location, soil composi-
tion, and hydraulic conductivity [20,24]. Furthermore, the implementation and design of
GSI varies and is quite diverse across cities and the rapid uptake and heterogeneous nature
of cities has led to problems understanding GSI performance [19,25-27] This challenge is
so fundamental that the scientific literature struggles for a common naming structure and
system for GSI [12]. Furthermore, the variation and diversity of designs and the differences
in hydrology, climate, and culture across cities make it challenging to understand the
success or failure of these systems for intercepting and storing stormwater. Additionally,
the “functions” of GSI include more than just infiltration of water as GSI is expected to:
improve appearance, maintain plant health, reduce urban heat island temperatures, reduce
aesthetic concerns about appearance, provide for plant health, and improve overall hydro-
logic function in cities [28-30]. A persistent challenge that interferes with more widespread
adoption of GSI by many municipalities, however, has been the paucity of consistent data
regarding performance. This paucity of data is due, in part, to the logistical limitations
of scientific research teams to be able to mount the large-scale sampling efforts needed to
collect data.

Considering the number of small, highly diverse GSI installations in North Amer-
ican cities, we pursued the idea that citizen science could be an effective approach for
assessing the performance of bioswales using a GI Rapid Assessment (GIRA) protocol.
The involvement of citizen scientists—members of the public for the collection of scientific
data—is seen as an effective approach to collecting environmental data that yields multiple
benefits [31-33]. In assessing GSI, citizen scientists with training and simple materials
might provide the kind of repeated, fine-scale measurements and observations needed to
complement more intensive and expensive methods. Furthermore, benefits to the others
involved in a citizen science program—in our case, both the citizen participants themselves,
and city partners—hold the promise of win-win outcomes. Citizen science programs can
provide a combination of benefits for citizens and scientists (Figure 1) and achieve at least
complementarity (where aggregate benefits exceed non-partnership program outcomes) if



Sustainability 2021, 13, 12520

3of21

not actual synergy (where benefits to both scientists and citizens exceed non-partnership
outcomes [34]. In this paper we elaborate on three sets of benefits: (1) scientific benefits
of the GIRA protocol and approach as a one-time assessment of GSI with the potential
for collecting data that would otherwise be more difficult and/or expensive to collect;
(2) citizen participant benefits, including learning, engagement in the issue under inves-
tigation, a sense of connection to scientists and local managers involved in addressing
issues of importance in their local community, and development of self-efficacy or agency
in their own ability to address the issue [35-37]; and (3) benefits for local organizations and
agencies from partnering with the local public with the potential for using the protocol and
approach to monitor (one-off or regular) GSI in their cities, thus expanding data collection
both in space and time beyond their capacity [37,38].
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Figure 1. Aggregate benefits of Citizen Science (CS) programs can be visualized as above. Synergy,
where citizens and/or researchers gain more than they could on their own is the gold standard for
CS programs but not always obtained. Complementarity, where the benefit to both exceeds the direct
1:1 trade-offline, might be more common [34].

The problem of how GSI systems work across a diverse set of cities, design standards,
and maintenance protocols provides a unique opportunity to investigate how professional
researchers and citizen scientists can work together to understand environmental systems
and human interventions in those systems. This opportunity led us to investigate GSI
function across a diverse set of North American cities. In this process we engaged citizen
scientists to train them in sustainability challenges, urban hydrology, and the function of
GSI systems. In this study we addressed these questions:

(1) What were the learning and other benefits of a campaign style snapshot citizen
science experience for participants, and how effective were the training and protocols
at engaging and preparing citizen scientists?

(2) What were the benefits of the campaign style citizen science program for scientists
and city partners, and how did the citizens’ measurements compare to laboratory and
sensor based scientific measurements?

(3) What were the aggregate benefits/costs of the GIRA approach for citizens, scientists
and city partners together, and how can these be maximized in future citizen science
approaches to studying GSI?

To address these questions, we assessed the performance of the GIRA protocol and
our citizen science (CS) training program in studying GSI in six North American Cities—
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San Francisco, Vancouver, Chicago, Toronto, Buffalo, and New York. The protocol and
CS program were implemented in one-day sampling campaigns with citizen scientists
followed by automated sensor monitoring over the ensuing months. The short duration of
the program places it on one end of the CS spectrum, with the expectation that it might
result in more limited benefits to all participants than longer, more intensive programs [39],
but with the potential to be highly adaptable and transferable for broad application in both
short and long program contexts.

2. Materials and Methods
2.1. Study Sites

We studied GSI basins in six North American Cities—San Francisco, Vancouver,
Chicago, Toronto, Buffalo, and New York. Each of these study cities have been grappling
with similar stormwater challenges due to a high degree of impervious area and the
presence of combined sewer systems in at least part of each city. Additionally, all had
specific plans for implementing GSI, and the plans for each city relied heavily on the
implementation of bioswales. Study sites in each city varied from locations in residential
neighborhoods, commercial districts, and dense downtown mixed-use areas of the studied
cities. Across the cities we focused on studying systems that are known as bioswales
while they might go by different names depending on the city. A total of 71 bioswales
were studied using a Green Infrastructure Rapid Assessment (GIRA) approach with the
scientific goal of assessing how the design, the environment, and the climate affected their
functionality.

2.2. Citizen Science Program

The citizen scientists in our program were employees of HSBC Bank, a retail banking
company, who were participating in one-day events across the US and Canada called the
Sustainability Training Programme (STP) organized by Earthwatch Institute. The STP fol-
lows a partnership model similar to that described in Barker et al. [40] and blends classroom
climate change and sustainability education with hands-on citizen science research. The
engagement activities are structured around the ‘4As’ in the learning model [41] (namely
Awareness, Agency, Association and Action). STP goals included increasing awareness
of urban sustainability and green infrastructure, direct networking and partnering with
local city partners who implement and manage GSI and building agency and identifying
pathways to act—both on a personal and professional level. Over the course of two years
(2018, 2019) we held 18 citizen science events in 6 cities. Each STP event had approximately
20 citizen science participants and overall the program involved 334 participants.

It was within this larger, full day STP event that the GSI Citizen Science Program took
place. This program was designed by the science team, in collaboration with HSBC and
Earthwatch staff, and input from city managers and community organizations in each
city. In each STP event, the citizen science component comprised approximately 3 % h. In
the first 30 min, participants were oriented to sustainability challenges in built or urban
environments and then given specific background on how and why GSl is deployed in cities.
This specific background focused on how GSl is used as a nature-based solution to minimize
flooding, improve water quality, and reduce heat hazards in cities. Background and initial
training for each protocol was included at the end of the presentation. Team scientists
developed a common slidedeck for use in the orientation session which was modified with
specific information about each city from city partners. Feedback from participants and
the project team was used to revise and fine tune the orientation such that by the end of
the 18 events it was highly effective. Once this general orientation was completed the
citizen scientist teams were divided into two groups: ‘diggers” and ‘drawers,” with several
teams of 3—4 participants comprising each group. Each team received clipboards with the
requisite data sheets and detailed instructions, a backpack with all the requisite supplies
and water jugs containing 2-3 gallons of water for the infiltration studies. Additional
measures for safety, such as a first aid kit, neon safety vests, and gloves were distributed
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through backpacks, and a group safety briefing was given before traveling to the sites to
manage the risks associated with working in a built and busy urban environment. Prior
to the teams being deployed to make measurements and observations independent of the
lead scientists, they were guided through the GIRA approach by scientists and Earthwatch
team members on (a) how to make discrete measurements and observations and record
data at a sample GSI site using the GIRA protocols and (b) how install the real-time GSI
monitoring sensor systems.

The “diggers’ carried out discrete measurements for assessing the GSI function while
the ‘drawers’ focused on spatial observations related to bioswale features and conditions.
Field data collection was limited to 2 % h, during which each team studied 2 or 3 bioswales,
ending with submission of datasheets to the project scientists. Very quick data review, entry
and summary was performed by the scientists while the citizen participants were engaged
in a different facet of the STP event, after which preliminary analyzes were presented
to the group. This final 30-min session provided for important validation of the citizen
participants and for discussion of the strengths and limitations of the protocols which
helped us revise our methods before the next event. Review of data sheets before the end of
the event was a critical component in addressing any hard to read handwriting, or possibly
mislabeled information on the data sheets.

To assess the effectiveness of the program at engaging citizen scientists and achieving
our intended learning and other outcomes, we used a survey administered in the last
minutes of the STP event. Participants were asked to rate their current (post-participation)
and pre-participation level of understanding, confidence and motivation for the constructs
shown in Table 1, using a scale from 0 (extremely low) to 10 (extremely high). Retrospective
pretest-posttest surveys are both efficient and can be quite reliable for gauging both end-
of-program attainment and gains [42], though some have noted the possibility of bias in
the results (e.g., [43]). The survey used with STP participants may suffer from relatively
lower bias as (a) the time between pre and post is short (<1 day), (b) the questions were
more generic rather than specific—reducing cognitive effort and potential for confusion.
Furthermore, the expected learning is socially positive (from the perspective of the program
and participants, i.e., understanding how to make society more sustainable is a good thing)—
which may in fact underestimate the magnitude of the gain in learning outcomes [43].
Results were analyzed with a paired-samples t-test using IBM SPSS Statistics (ver. 28.0.0.0).

Table 1. Questions in the Post-event survey assessing level of knowledge, confidence or motivation.
Participants were first asked to Rate your current level of each item, and then were asked Thinking back
to before the program, what was your level of each item?

Understanding of Confidence and Motivation to

Confidence in ability to take action to be more
environmentally sustainable
The environmental sustainability consequences =~ Motivation to take action at work to be more

Climate Change issues

of urbanization environmentally sustainable
Motivation to consider environmental
How the GSI data collected will be used sustainability when making professional
decisions
The significance of the GSI project participants Motivation to consider environmental
contributed to sustainability when making personal decisions

2.3. Green Infrastructure Rapid Assessment Protocol

The Green Infrastructure Rapid Assessment (GIRA) protocol was designed so that
citizen scientists with only very limited training (ca. 1 h), simple supplies and limited or
no supervision could collect useful data about the function, components, and status of GSI
bioswales. Parameters were selected that we believed would be valuable scientifically and
both accessible and engaging to the citizens. The GIRA protocol and associated supplies
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and supporting materials evolved between each event and most significantly between the
first and second year of the project.

2.4. Functional Measurements of Bioswales

The diggers group measured infiltration rates and soil texture at two representative
locations, took an intact soil sample for subsequent lab analysis and installed a GI Sensor
Box in each swale. Infiltration rates were measured using a 10 cm diameter, 25 cm long clear
plexiglass cylinder as an infiltrometer with the bottom edge beveled for easier insertion into
the soil. A 10 cm ruled scale was taped inside the cylinder with “0” at 2 cm above the bottom,
the depth to which the cylinder was inserted in order to prevent leakage around the bottom
of the cylinder. As is standard practice [44], the infiltrometer was first filled with 100 mm
of water and allowed to drain one time to saturate the soil and enhance the consistency
of subsequent measurements. Once this water was drained the infiltrometer was refilled
to 100 mm and then times were recorded for each 20 mm of decline. Measurements of
infiltration were made for a maximum of 4 min. If the initial ‘saturation” water did not
drain, a result of “very slow” was recorded for the location. Infiltration measurements
were made at two locations in each bioswale, one that was obviously impacted by water
flow (typically the inlet), and the other a location not impacted by flowing water (typically
the center of each basin). Two measurements were taken at each location, for a total
of 4 measurements per bioswale. The digger group used the USDA Soil Texture Field
Guide [45] to determine soil texture by feel at each of the two locations where infiltration
was measured. The digger group installed the GI Sensor Box as described below. Finally,
the digger group collected a single, intact soil core using a 50 mm long 50 mm diameter
stainless steel cylinder. This core was carefully removed and sealed tightly in a plastic bag
without disturbing the sample and then shipped (by the research team) to the University of
Arizona for further analysis of hydraulic conductivity. The soil core samples were analyzed
at the University of Arizona in a Reynolds tank using a falling head permeameter test to
quantify hydraulic conductivity [46]. Hydraulic conductivity values were compared to
observed infiltration rates at each bioswale to assess the consistency of the citizen scientists’
measurements.

2.5. Spatial Observations of Swale Components and Status

The drawers group developed spatial information about each bioswale. We were
interested in parameters that are critical in determining the hydrological, ecological, and
aesthetic functions and benefits of the GSI, and where on-the-ground observations would
complement remote- and aerial imagery. We focused on parameters that citizen scientists
would find interesting and accessible. The list of parameters for the diggers group included:
(1) fine-tuned mapping and measurement of bioswale size and shape (including the loca-
tions of the soil sampling, infiltration measurements and sensor placement), (2) amount
and pattern of cover types, (3) qualitative rating of key features (plant status, maintenance
condition, aesthetic appearance, inlet and outlet status), and (4) size, configuration and
special features (e.g., inputs of water from roof runoff, etc.) of the drainage area feeding the
bioswale. Participants used meter tapes to measure the borders of the swale and created
a to-scale drawing of the bioswale’s dimensions using a grid diagram provided in their
backpack. Using their cell phones, they took photos of the whole bioswale, and close-ups
of the outlets and inlets, which they shared with the research team for subsequent use.
They identified the different cover types on the bioswale (e.g., bare soil, rocks, trees, and
trash) and used different shading to classify each grid on their drawing of the swale. These
data were used to determine the percentage of each cover type on the swale. The locations
of the diggers” sample, infiltration measurement and Sensor Box locations were recorded
on their map. The drawers assessed the bioswale for aesthetic condition, plant status,
maintenance and inlet/outlet condition using simple scales. Finally, drawers walked and
mapped the drainage area that they estimated drained into the examined bioswale, using a
preliminary map for each swale provided to them that was based on aerial imagery and a
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high-resolution elevation map. Rudimentary estimates of the drainage area, and comments
on specific features of potential importance to the bioswale (e.g., block street gutters up
gradient from the swale) were recorded.

2.6. Real-Time GSI Monitoring: Green Infrastructure Sensor Boxes

Low-cost Green Infrastructure Sensors Boxes (GIBoxes) were constructed to monitor
bioswale stormwater infiltration and retention in real-time. GIBoxes were built out of a
waterproof rigid-shell container that could withstand various environmental conditions
for long durations. Each GIBox was equipped with an arduino powered Particle Electron
Microcontroller (vendor info) and sensor array consisting of 3 components:

e asurface moisture sensor (Vegetronix, Riverton, UT, USA) to detect rain or any inflow
for activating the system

e two in-soil moisture sensors (Vegetronix, Riverton, UT, USA) placed at specified
depths, one at 4-inches depth and the other at 8-inches depth for monitoring infiltration
and retention

e athermistor (vendor info) for recording bioswale surface temperatures

Once the GIBox system was activated by the surface moisture sensor, the soil-moisture
sensors were programed to record data in 20-min intervals until the soil moisture conditions
fell below a pre-programmed soil moisture threshold level (350) at which time the system
would be deactivated to save power and reduce data overload. System data recorded
during the period of activation was transmitted in real time via the cloud-based Electron
Network (Particle, San Francisco, CA, USA). The Electron Network temporarily stored the
sensor data and then the data was transferred from the platform using a webhook method
to a Google Spreadsheet.

One GI Sensor Box was installed by the digger citizen science group in each bioswale in
a location at the corner farthest from the inlet. The id name of the individual sensor and the
time the installation began were recorded on the datasheet and then the box was place at the
bottom of a hole dug using gloves approximately 30 cm long x 15 cm wide x 20 cm deep.
The GI Sensor Box was positioned in the hole with its components arranged as shown in
the diagram (Figure 2), with soil placed back into the hole as each sensor component was
installed, beginning with the bottom-most component at 20 cm deep and working up to
the surface level. The location of the sensor box in the bioswale was then marked on the
map with an ‘S’, and we were able to retrieve most of the sensors using this information.

CORTALTAIAN A ( A (///I (A

%M %m %m

Ground Level

5:" !a* %f* e* '5:" e“" %?‘ o g%«’* e* %f* g:* eﬂ' %

Figure 2. Conceptual diagram depicting GIBox installation with location soil moisture sensors at
10 and 20 cm below the soil surface.

3. Results
3.1. Citizen Scientist Outcomes

The results of the retrospective surveys of participants” self-assessment of their learn-
ing during the STP event indicate that the combined workshop and field science experience
impacted their understanding of environmental challenges particularly those related to
stormwater and hydrologic alterations of the environment due to urbanization. A total
of 328 out of a total of 334 program participants completed the surveys from both field
seasons in 2018 and 2019 (a 98.2% survey completion rate!). Mean scores across all eight
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questions increased significantly from pre- to post-participation (p < 0.001, one-sided ¢-test,
across all pairs; Figures 3 and 4). While participants rated their current level of understand-
ing of the different questions similarly, the main difference across questions was in the
participant’s sense of understanding before participating in the program. Participants rated
their prior understanding about climate change relatively higher (compared to the other
questions)—and their self-assessed gain in knowledge over the course of the program was
relatively low. Several of the largest increases in confidence in understanding were for
the participants’ understanding of the function of GSI in cities and how the research they
participated in would be successful. For questions pertaining to the participants motiva-
tion to act (Figure 3), the self-assessed gains from participating in the program were also
significant and similar across the questions surveyed. Participants rated they had a 25-30%
increase in motivation and/confidence after participating in the program to act around
sustainability issues (Figure 3). Twenty-two participants provided open-ended comments.
Seventeen shared positive comments such as that the experience was “worthwhile to take
a step back for one day to reflect and understand from both a classroom and practical
perspective [on] how to apply sustainability everyday”. Five people shared neutral or
critical comments such as “While I think this is a great format for the program, walking
around Brooklyn for a half hour won'’t bring me closer to nature”.

3.2. Bioswale Functional Measurements and Spatial Observations
3.2.1. Functional Measurements

The results of the study showed that hydrological functionality of bioswales was
strongly influenced by their management, age, size, and initial soil type. These results have
important implications on how new bioswales should be designed as well as how they
should be maintained to ensure long-term functionality.

Level of understanding pre— and post— STP

7.66

issues

(mean scores on scale 0—10) OPre-STP
M Post-STP

7.65 7.82 7.73

5.37

1. Understanding 2. Understanding the 3. Understanding 4. Understanding the
climate change environmental how GI data significance of Gl

sustainability collected will be used project participants
consequences of contributed to
urbanization

Figure 3. Mean scores (+ standard errors) of pre- and post-STP survey responses to questions focusing on the partic-

ipants” understanding of focal issues (climate change, urbanization), and the significance of the green infrastructure
field research activities that they participated in. (Q1 pair: t = 17.600, df = 322, p < 0.001; Q2 pair: t = 20.373, df = 327,
p <0.001; Q3 pair: t =20.907, df = 326, p < 0.001; Q4 pair: t = 27.201, df = 325, p < 0.001).
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Confidence and motivation pre— and post—STP

(mean scores on scale 0—10) CPre-STP
W Post-STP
10.0 8.99
9.0 8.51 8.73 8.6
8.0 6.67 6.77 6.65 715
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0
5. Confidence in 6. Motivation to 7. Motivation to 8. Motivation to
ability to take action take action at work consider consider
to be more to be more environmental environmental
environmentally  environmentally sustainability when sustainability when
sustainable sustainable making professional making personal
decisions decisions

Figure 4. Mean scores (+ standard errors) of pre- and post-STP survey responses to questions focusing on the participant’s

confidence to take environmentally sustainable actions, motivation to act at work, and to consider environmental sustain-
ability when making professional and personal decisions. (Q5 pair: t = 16.372, df = 327, p < 0.001; Q6 pair: t = 18.858, df =
327, p < 0.001; Q7 pair: t = 18.015, df = 326, p < 0.001; Q8 pair: t = 18.496, df = 326, p < 0.001).

Our infiltration and laboratory data on the relative permeability of soils across the
various cities show differences and similarities across the cities. First, across all cities, the
field infiltration rate is significantly higher than the lab measured hydraulic conductivity
(Figure 5). This result is reasonable, given that the time course of the field infiltration
rate was, at most, 30 min—a time that may not have been sufficient to ensure total soil
saturation. Additionally, the relatively narrow diameter of the infiltration ring used in this
project may have increased the edge effect on the infiltration measurements thus skewing
measurements higher overall. Second, the laboratory hydraulic conductivity measurements
show general agreement within cities, indicating relatively consistent soil conditions and
measurement ability in each city. Third, Toronto has noticeably higher field infiltration
rates and lab measured hydraulic conductivity than the other cities. Fourth, New York City
and Buffalo similarly have high field measured infiltration rates, but lower lab measured
hydraulic conductivity values compared to other cities.

In general, the results are expected and reasonable, since these GI systems were all
installed to design specifications and were generally constructed with coarse grained
(“engineered”) soils. The laboratory measurements are consistent with a sand-rich soil,
which was further confirmed by the field textures that resulted from the USDA Field texture
approach, mostly loamy sands, and sandy loams. The experience in the field does give
cause for some caution, however. Our soil cores were generally collected at very shallow
depths (2 inches of surface soil), and in some cities this only consisted of installed soil
materials. Deeper soil layers may have lower conductivity consistent with local geology
and may result in reduced performance of some bioswales.
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Figure 5. Field and laboratory infiltration rates and hydraulic conductivity values across the cities
studied displayed as a box and whisker plot showing the median, 25% and 75% quartiles the full
range of the data and extreme values.

3.2.2. Spatial Observations

Bioswale size differed significantly across cities but also between the direct measure-
ment and shaded box techniques that were developed as part of the GIRA protocol (Table 2).
Bioswales were largest at over 50 square meters each in San Francisco and Toronto while
New York came in with the smallest sized bioswales at 8 square meters each. These differ-
ences likely reflect the cost of land as well as design preferences and the study locations
within each of these cities. For example, the Buffalo sites were in the city’s central business
district while Vancouver, Toronto, and San Francisco sites were in more outlying lower
density regions of each city.

Table 2. Area of swales as estimated by perimeter measurement versus filled boxes in to-scale maps
of the swales.

c Swale Area m? (L x W) Swale Area m? (Boxes)
it
y Mean StdDev Mean StdDev
Buffalo, NY USA 12.7 9.2 16.0 14.1
Chicago, IL, USA 12.1 3.8 11.8 4.5
New York, NY, USA 8.2 1.7 8.4 1.4
San Francisco, CA, USA 56.3 28.7 56.1 29.6
Toronto, ON, CAN 50.4 31.7 66.6 57.0
Vancouver, BC, CAN 18.0 2.1 22.6 45
All Cities 24.2 21.1 32.6 34.2

Across the studied cities there were significant differences in maintenance status and
aesthetic ratings for the various bioswales that were being studied. In general participants
rated the bioswales to be in an aesthetically pleasing status (Figure 6). With San Francisco
and Chicago having lower ratings than the other cities. In Chicago, New York, San
Francisco, and Toronto the inlets to the basins were observed to be partially or fully
blocked for some basins implying an impact of maintenance on the design function of these
bioswales (Figure 6). Plants were generally regarded as healthy across all cities except
Chicago (Figure 6). Buffalo and Chicago were both sites with well-trimmed plants while
San Francisco has completely untrimmed plants. The other cities had some locations with
trimmed and some with untrimmed plants (Figure 6). Similarly, the cities diverged when it
came with respect to trash with New York bioswales beset by observable trash while San
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Francisco, Toronto, and Vancouver had no trash with Chicago and Buffalo falling into a
mixed category with respect to the presence of trash (Figure 6).

Part B. Physical Features

Trash Inlet Status

BBUF WCH| ®NYC ®S5F ETOR WVAN

Figure 6. Mean ratings of aesthetic and vegetation features (Part A, top panel) and physical features (Part B, bottom panel)
of bioswales in 6 North American cities assessed by citizen scientists using the GIRA protocol in 2019. Scales were as follows.

Aesthetic rating: 1 = ugly to 5 = beautiful. Plant Health rating: 1 = dead, 2 = poor, 3 = fair, 4 = good. Untrimmed Plants
rating: 1 = no, 2 = yes. Trash rating: 1 = none, 1.5 = some, 2 = a lot. Inlet Status rating: 1 = blocked, 2 = partially blocked, 3 =

open.

3.2.3. Vegetation Differences

The cities had observable differences in vegetative cover (Figure 7). The observed
Chicago basins had a large amount of bare ground as did basins in Buffalo. New York
also had a notable amount of bare ground along with rocks presumably placed as surface
mulch. The other three cities had robust ground coverage but different mixes of plants. In
Toronto grasses and shrubs dominated bioswale ground cover. In Vancouver herb coverage
dominated the surface of bioswales. Finally, San Francisco basins were roughly equally
covered by shrubs, grasses, and herbs.

3.2.4. Real-Time GSI Monitoring: Green Infrastructure Sensor Boxes

While GIBoxes were deployed in multiple bioswales across the many cities we worked
in, here, we present the 2019 sensor data for one bioswale in two of the study cities:
Buffalo, New York-USA and Vancouver, British Columbia-Canada (Figure 8). The soil
moisture sensor data from 10 cm and 20 cm below the soil surface, is compared against
daily precipitation records in each city as recorded by the local meteorological agency
(Figure 9). The Buffalo bioswale was one of many similarly designed bioswales along a
main roadway. These bioswales generally featured a combination of bare soil, herbaceous
plants, and woody shrubs, with some canopy over from adjacent street trees and hanging
planters attached to streetlamps and were maintained by the city. The bioswale where
BUF-Y was located (Figure 8A) contained roughly 50% bare soil, 50% shrubby vegetation,
plus one tree. The Vancouver bioswale was in a residential area, with tree-lined streets.
The bioswale where VAN-X was located (Figure 8B) contained approximately 25% bare
soil with rocks and 75% herbaceous perennials.
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The sensors installed in the Buffalo, NY bioswale (sensor BUF-Y) reflected a steadily in-
creasing trend in soil moisture over the approximately 2 months of operation (6 August 2019
to 27 September 2019; Figure 9A). The sensor results do not directly correlate with precipi-
tation data gathered from the first three large rain events between 08/15 and 08/22, but
the soil at both depths does gain and retain moisture during this period. The sensor results
do, however, correlate well with the larger rain events in September 2019, particularly the
large storm on 12 September. In all cases, the bioswale appears to accumulate soil moisture
over time, perhaps pointing to drainage issues in conjunction with steady precipitation
during the sensor’s period of operation. The sensors installed in the Vancouver bioswale
(sensor VAN-X) showed a correlation between the 10 cm and 20 cm soil moisture sensor
depths and reflects the rain events recorded during the sensor’s approximate 2 months of
operation (23 May 2019 to 16 July 2019; Figure 9B). Rises in soil moisture are seen in the
sensor data on 5/24/-5/26,6/18/, and 6/27. Based on daily precipitation data, Vancouver
saw notable rain events on 5/24-5/25, 6/7, and 6/27, aligning with the sensor readings
for the first and third rain events; the increase on 6/18 is somewhat anomalous, and may
be caused by other local runoff unrelated to weather events, such water from a car being
washed, or from a local community member watering the bioswale vegetation.

Collectively, the preliminary findings in these two bioswales as well as across all cities
(not shown) show that where there is a strong correlation in soil moisture between the two
depths of soil monitored, we also find less evidence of compaction in the top horizons of
the soil as well as better rates of drainage. For the sensors that show spikes in soil moisture
correlating with rain events recorded for that city, there is an initial jump in soil moisture
as the bioswale is inundated with runoff followed by a slower decrease in soil moisture
over time as the water drains out of the system. Based on the evidence provided by our
experimental sensors, it is possible to track the length of time a bioswale takes to drain
after a rain event and return to pre-rain levels of soil moisture.
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Figure 8. Aerial Images and photos of A. Buffalo, NY (A) and B. Vancouver, BC (B) bioswales where BUF-Y and VAN-X,
respectively, sensor data was collected. Aerial images to the left of each photo, provided to citizen scientists with their GIRA
protocol packets, show an outline of estimated drainage area for each bioswale with location of bioswale depicted by red

star. Photos to the right of aerial images depict the approximate location of bioswale inlets (blue arrows) and areas where
the sensor GIBox were installed (yellow triangles).
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Figure 9. GIBox soil moisture sensor and local local meteorological agency precipitation data for the Buffalo, NY bioswale
(BUE-Y; A,B) and the Vancouver, BCbioswale (VAN-X; C,D). Soil moisture data is recorded as percent moisture for sensors
located at 10 cm (blue) and 20 cm (orange) below the soil surface. Precipitation data (black) is recorded in millimeters. The

VAN-X (C) GIBox 10 cm and 20 cm moisture sensors were inadvertently switched when installed by the citizen scientists.

4. Discussion

One of the persistent challenges that interferes with the widespread adoption of GSI
by many municipalities has been the perceived paucity of consistent data regarding its
performance [19,25,26,47]. Here we offer one solution to these data gaps via engagement
with citizen scientists. In addition to the benefits to scientists, such engagement is beneficial
to participants and municipalities. For participants, this engagement fosters a deeper
understanding of urban stormwater challenges and various solutions for addressing the
challenges. For municipalities, it creates a reproducible and consistent approach for data
collection as well the development of an informed public that can better partner with cities
in the implementation of solutions that reduce public risks to stormwater-related flooding
and runoff pollution [48]. Critical to this engagement, however, is ensuring both (a) the
integrity and reproducibility of the data collected so that it can be used in GSI performance
analyses and (b) that citizen scientists benefit from the experience and go away with
targeted and specific knowledge gains [49]. Here, our citizen science program design with
GIRA approach implementation as a model, we discuss the details of interactions between
researchers, citizen scientists, and municipal and local actors.

4.1. Learning and Other Benefits to Participants

The science team developed a very condensed introduction to the GSI-CS program
and protocols to engage and motivate as well as teach and train participants, comprising
only a 30-min indoor presentation and a short orientation in the field. We felt that it was
critical to introduce urban stormwater challenges in general and specific issues facing each
city so that participants understood the context of why GSI in general and bioswales are
important. It was important to contextualize what GSI programs their cities had in place
(e.g., investments, etc.) by learning from city partners. The orientation also needed to
clearly articulate how the sampling campaign was organized and who was doing what
and why. Finally, we felt that it was critical to present preliminary results after completing
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data collection, even though this was demanding and often could not be accomplished to
the scientists’ satisfaction. Over the course of the two years of the GSI-CS program, we
expanded and improved our presentations, leading to better experiential outcomes for the
citizen scientists as well as better outcomes for the data collection.

The survey results showed that citizen scientists benefited from participation despite
the short (3 J h) duration of the GSI-CS program, with positive and significant gains in all
knowledge, motivation and confidence parameters measured in the post-program survey
(Figures 3 and 4). In fact, participants reported the greatest growth in understanding for
the questions about the significance of GSI. Anecdotal comments by participants were
consistent with the low self-reported score for prior knowledge of bioswale function
and purpose before this event, with many participants remarking that they never knew
bioswales existed in their city.

One of the main goals of engaging participants in hands-on research about urban
bioswales as part of the Sustainability Training Program was to give them first-hand
experience with a nature-based mitigation strategy for urban centers in dealing with the
long-term impacts of climate change [50,51]. We wanted to go beyond lecturing about
or touring nature-based solutions to participating in science that can help inform future
action [52-54]. The significant gains in participants’ knowledge of climate change issues,
how urbanization impacts environmental sustainability and how urban bioswales are a
nature-based solution (Figure 3) suggest that this was successful. Increases in confidence
and motivation to act (Figure 4) are encouraging. However, given the very limited nature
of the post-program survey we cannot attribute the observed outcomes to any specific
facet of the GSI-CS program or broader STP event. The enthusiasm and dedication with
which participants completed the field research and associated datasheets, the quality
of the data collected, and anecdotal comments during the program all suggest that the
research engagement was valued and influential. Any such short duration programs and
campaign-style events likely face similar challenges in finding adequate time to assess all
the important outcomes and to be able to attribute these to specific program features.

Confidence/motivation questions showed smaller differences between pre- and post-
fielding scores, and lower variation in those means than the questions that focused on
“understanding”. Why? What might this suggest about the program, and/or participants?
Change in the increased understanding of climate change issues compared to confidence
in acting to be more environmentally sustainable could suggest more questions about
concepts learned in this one-day event and what actions are most effective.

Participants of this program come from a wide range of positions within the banking
industry. One challenge from this group of participants was relating environmentally
sustainable actions to each participant’s job not knowing the full details, challenges or in-
fluences of that position. The one-day event’s educational materials focused primarily on a
more basic level of understanding behind climate change and environmental sustainability.
A lack of motivational materials specifically geared towards participants” ability to act at
work or when making a professional decision. For a multi-day program or a more specific
audience, where more specific motivational materials could be presented, could result in
a higher score. A high pre- and post-STP confidence score in motivation to act in their
personal life suggests that many participants already believed they took action in their
personal life.

4.2. Benefits for Scientists

The GIRA protocol as developed over the course of our project was used successfully
by citizen scientists to determine the status of GSI systems across our cities and importantly,
field measurements by the citizen scientists were similar to laboratory measurements
(Figure 5). When working with citizen scientists for a short duration project, preparation
of materials, team assignments and very clear guidance was required to achieve quality
data collection. Through trial and error, we found that, in addition to the initial hands-
on training done at the selected ‘training’ bioswale, participants needed very clear and



Sustainability 2021, 13, 12520

16 of 21

consistent written methodologies and parameters to keep engaged and to collect data
consistently across all locations and conditions. Tasks had to be divided among groups or
teams of 3-5 people per bioswale, giving each participant a role in the data collection. It
was a balance of having enough work for the time period (2.5 h) but not too much work so
that each participant was able to finish in time for the next scheduled activity in the STP
event. The written guide for the citizen scientists was reassessed between years one and
two resulting in a more cohesive, well organized, and comprehensive procedure with clear
step by step instructions for the various tasks. For best results it is recommended that the
research protocols first go through a pilot phase before deployment [55,56]. Working with
non-scientists or someone removed from the project will give the best insight into what a
team of citizen scientists will experience and can accomplish.

Some differences were noted between the citizen science and laboratory measurements;
however, these differences were generally small and were expected due to the differences
in underlying methodology [57]. For example, field infiltration tests often had more
variability and higher mean values from soil core hydraulic conductivity values for similar
locations. These differences are likely due to the difference in size of the infiltrometers
(100 mm diameter) versus the soil cores (50 mm diameter). Also, the field measurements
were made for an abbreviated period of time only 30 min total and often only 10 min
per individual infiltrometer reading. This short observation period likely leads to the
soils being observed not being completely saturated. Unsaturated soil conditions would
lead to higher infiltration rates than assumed for steady state conditions. The soil core
observations in the lab were made under fully saturated conditions after at least 24 h of
submersion in a tank of water for the falling head permeameter test approach used to
observe and calculate saturated hydraulic conductivity for the soils. Also, the relatively
small diameter of the infiltrometers used in the field observations means that the edge effect
of unsaturated soil around the infiltration location would be relatively large compared to
if a larger diameter infiltrometer were used [58,59]. Despite these limitations, protocols
like the one used here could be valuable in assessing the diverse set of GSI systems that
have been deployed nationwide [18]. Furthermore, the preliminary GIBox moisture sensor
data (Figure 9) suggests that having the combined approach of both discrete infiltrometer
measurements coupled with the real-time sensor data can be of benefit to scientists. The
combination fills data gaps as it applies to GSI performance across the wide range of GSI
system design and implementation approaches as well as the heterogeneous geographic
and climatic nature of urban systems.

In addition to the observations made in each city and the ability to compare across
cities, the interaction with local scientists and city officials was valuable to the scientists
engaged with this project. The motivation for and implementation of GSI differs widely
across North American cities. While the researchers who participated in this project bene-
fitted from observing and using the data collected across the cities, understanding the local
context of how and why GSI was being implemented in each city provides important local
context for interpreting our results. The conversations with local partners and scientists
helped the investigators understand why the designs and approaches were being used in
each of the cities and served to build important bridges between the investigators, partners
and academic scientists working on local stormwater issues and GSI applications [60]. Since
GSl is necessarily a practice that needs to be designed for local, political, social, cultural,
climatic, and hydrologic conditions, this local context is important both to understand local
implementation but also to enable comparisons across regions [12,18,60].

4.3. Aggregate Benefits and Costs of GIRA Approach

A key goal of any citizen science effort should be to maximize the benefits to citizen
science participants as well as researchers. Citizen science programs can range in structure
and format from shorter duration campaigns (typically from a few hours to a few days) to
longer duration programs with participants continuing to contribute for lengthy periods of
time—even many years [61]. Shorter duration campaign-style events are quite common for
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inventorying nature (e.g., biodiversity blitzes such as the City Nature Challenge https://
citynaturechallenge.org/ accessed on 3 November 2021 [62]) and can engage many people
(dozens to hundreds or more) with a range of interests and abilities. The application of real-
time sensors such as the GIBox moisture sensors used in this work, provides an additional
opportunity for further amplifying engagement and interest of other citizen science events
via the posting of findings on publicly accessible data dashboards. Other areas of earth
and environmental science feature longer duration programs that engage participants
for months to years [63]. For example, monitoring programs for river or watershed
understanding build long term relationships with community members for extended and
regular monitoring has been shown to be highly effective (i.e., [49]) Our program sought
to exploit the benefits of engaging new participants in a very short experience and was
successful at doing so, with both citizens and scientists benefit (Figure 1). Participants were
quickly taught the salient issues related to urban stormwater (e.g., flooding, combined
sewer overflows, water quality impacts) and trained on how to use the GIRA protocol to
observe and document the aesthetic, hydrologic, and biological functions of GSI systems in
the cities examined. This same protocol could be easily adapted for similar campaign style
events as well as longer term training of volunteers to observe distributed GSI systems in
an individual city or network of cities.

An additional aspect of our GIRA approach on GSI performance is the integration
of scientists with community members and local partners, thus suggesting the need to
consider a third axis in assessing the aggregate outcomes of a CS program (Figure 1). If
urban sustainability science is going to have an impact on the actual decision making in
cities at the individual, community and municipal scales, several distinct types of communi-
cation and relationships must be developed [26,48]. This project developed several of these
relationships and enabled multi-lateral communication between researchers, community
members, and municipal and NGO partners. As a result, researchers gained an under-
standing of what gaps in knowledge exist in community members and among municipal
and NGO partners. The researchers also learned what strategies community members and
other partners find useful and valuable for solving the problems present in an individual
community. Meanwhile the community members learned both about natural processes
in their community’s environment and about the potential solutions that are available to
solve those problems. Some of those solutions might involve individual action while others
might involve the need for collective action at the community or municipal scale [41,54].
This individual and collective action aspect is common in sustainability challenges where
both individual and collective action is needed [64]. Finally, an important element of our
GIRA protocol and GSI observational program is the incorporation of NGO and municipal
partners. Here again the partners learned about relevant science to the problems of urban
stormwater and GSI implementation but also had the opportunity to communicate to
citizens and sciences about rationale for the specific strategies being used in their city.
Benefits from the GSI-CS program to city partners was quite clear from the Stakeholder
Event organized by EarthWatch early in 2020. City partners both from government and
community-based organizations, from four out of the six locations joined this voluntary
discussion of our results and presented details about their city’s green infrastructure pro-
grams. This suggests an ongoing interest in urban bioswales and this research project. This
element of engaging in a multi-lateral communication strategy with community members,
municipal and NGO partners, and researchers is a robust strategy for understanding and
solving the problems of sustainability that cities face.

Elements of our program are likely applicable to any citizen science effort that lies
at the boundary between researchers, community members, and municipal and NGO
partners. The citizen scientists need a global context and how it relates to their local context.
Here, the global context was supplied by EarthWatch and HSBC staff in their portion of
the STP event, highlighting the UN Sustainable Development Goals and the HSBC Bank
sustainability strategy. The science team then presented the local context, drawing the
global and bank goals down into the problems of urban water flooding, water quality, and
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water resources and the potential for nature-based solutions such as GSI. Being engaged
in taking actual measurement makes the challenges of sustainability a physical, sensory,
and material reality for the participants. Critically, the connection to the bigger picture
science of the researchers, GSI in cities generally and the 6 participating cities helped the
participants understand the larger context of their work and envision their connection
to that broader effort and impact. The participants learned about the significance of the
research project, the significance of GSI systems in built environments. There were benefits
for the group learning about how science works beyond just collecting data on the GSI
systems. This context of the larger data collection and the value it would have scientifically
helped the citizen scientists understand the importance of their underlying work.

5. Conclusions

Our experience in this project shows the value of campaign style one day events
to pioneer and test protocols and research approaches that can then be used in similar
circumstances or in longer term, relationship building citizen science efforts. While we
developed training materials, protocols, and tools for this one-day citizen scientist event,
colleagues and partners across a wide range of urban areas have been interested in these
protocols and tools for longer term efforts in their cities or in their research aimed at
observing and understanding how GSI systems behave in a variety of places and over time.
These requests indicate the value of the underlying protocols and the value of the mutual
learning process that resulted in the development of the GIRA approach.

In this work we were able to demonstrate that citizen scientists can complete a rapid
assessment of the structure and function of GSI systems in a variety of settings across
a range of cities, providing valuable benefits to scientists. The participants gained valu-
able real-world experience and learned about the fundamental nature of sustainability
challenges in cities and one promising solution. As a result, we view the GSI-CS as a
win-win program with both scientists and citizens benefiting (Figure 1). In addition, the
GIRA protocol as developed coupled with the use of low-cost sensors such as the GIBoxs
presented here, meet many of the needs of the stakeholder agencies and NGOs in cities
to understand how GSI systems function once they are deployed in the real world. Thus,
a third dimension of benefits—to city partners—emerged as a valuable outcome of the
program. The project overall was relatively successful at training citizen scientists about
sustainability challenges, urban water management, and development of a useful rapid
assessment protocol with discrete and real-time monitoring tools for understanding how
GSI systems perform during a significant time period post installation.
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