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Abstract: Stormwater management is of great importance in large shrinking cities with aging and
outdated infrastructure. Maintenance of vegetated areas, particularly referred to as green infrastruc-
ture, is often aimed at mitigating flooding and the urban heat island effect by stormwater storage and
evaporative cooling, respectively. This approach has been applied in large cities as a cost-effective and
eco-friendly solution. However, the ecohydrological processes and how the ecohydrology influences
the function of green infrastructure and its potential to provide those ecosystem services are not
well understood. In this study, continuous field measurements including air temperature, stomatal
conductance, and phenocam images were taken in a 308 m? bioswale retrofitted into a 4063 m?
parking lot on the Wayne State University campus in Detroit, Michigan over a two-year period. Our
results suggest that plant characteristics such as water use efficiency impact the ecohydrological
processes within bioswales and that retrofitted bioswales will need to be adapted over time to meet
environmental demands to allow for full and sustained success. Therefore, projected shifts in pre-
cipitation regime change are expected to affect the performance of green infrastructure, and each
bioswale needs to be developed and engineered to be able to adapt to changing rainfall patterns.

Keywords: urban; greenness; water use efficiency; soil moisture; mesic; combined sewer systems;
green infrastructure; ecosystem services; phenocam

1. Introduction

Stormwater management is an increasingly pressing and complex urban problem [1,2].
This is especially true for post-industrial shrinking cities [3], which are generally characterized
as having had a population loss of 25% or more in the last forty years and an excess of
vacant lots [4,5]. Shrinking cities also tend to have aging and outdated gray stormwater
infrastructure, with economies unable to support costly upgrades [6]. That infrastructure
often includes a combined sewer system [6], which collects and treats rainwater runoff,
domestic sewage, and industrial wastewater all together. During heavy rain events, these
systems can get overloaded and dump sewage into the local waterways as combined sewer
overflow [7], leading to a multitude of environmental consequences [8,9].

Green infrastructure (GI) has been identified as a cost-effective, environmentally
friendly, and socially pleasing solution to stormwater management issues in these shrinking
cities [9,10]. According to the US Clean Water Act (Section 503), GI refers to “the range
of measures that use plant or soil systems, permeable pavement or other permeable surfaces or
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substrates, stormwater harvest and reuse, or landscaping to store, infiltrate, or evapotranspirate
stormwater and reduce flows to sewer systems or to surface waters”. As an example, bioswales
are small vegetated basins or channels integrated into existing impervious surfaces such as
parking lots where rainwater is directed to capture it for flood prevention or stormwater
filtration [11]. Green infrastructure can provide multiple additional societal benefits, i.e.,
ecosystem services, that range from providing for human survival and well-being [12,13]
to dampening the urban heat island effect [14] to mitigating noise and air pollution [12]
to supporting biodiversity [15]. Notably, GI is most effective when it is strategically
placed based on the input of stakeholders [16,17] or widespread throughout a city [9].
Unfortunately, once GI is implemented, its sustainability is often compromised because the
long-term maintenance and upkeep required can be underestimated [18].

All over the world, cities are implementing GI to varying extents for stormwater
management purposes [19]. However, to design for proper functioning of the GI and for
additional ecosystem services, these GI can vary regionally based on local climatology. For
instance, more humid cities, such as in the northeastern US, might be characterized by
uniformly distributed rainfall events, generally of an average size, resulting in high annual
rainfall. GI may be designed to manage only the amount of precipitation for those average
rainfall events [20]. The design and implementation of GI in cities with these conditions
are likely to have important consequences for how effective they are at reducing the load
on existing sewer systems and preventing combined sewer overflow [12,20]. On the other
hand, semiarid cities, such as in the southwestern US, that might be characterized by low
annual rainfall often falling as large events at discrete times of the year [21], have vegetation
and soil characteristics that make them especially vulnerable to flash floods [22]. In these
cities, GI must be designed to handle those heavy rainfall events that occur between long
dry periods. Therefore, in semiarid cities, Gl is often also optimized for additional between-
rainfall-event ecosystem services such as reducing the urban heat island effect [14,23-25].

Notably, whether in mesic or semiarid environments, GI depends largely on healthy
vegetation for its proper functioning. Therefore, the demand for water by the plants
comprising GI must be considered for effective GI implementation [24]. Just as in natural
ecosystems, the vegetation in urban GI ecosystems is subject to the local climatology and
weather. This is their baseline condition, with additional inputs from either passive or
active redirection of water during weather events [26]. Unfortunately, because GI is often
installed by civil engineers, plant species are mainly selected because they are known for
being fast growing, establishing quickly, and generating a lot of aboveground biomass
and an extensive root system [27,28] without regard to their compatibility with the soil
environment and hydrologic conditions [29]. This suggests that Gl implementation may
not be as effective as it could be.

Many factors contribute to the successful establishment and sustained success of plant
species within an ecosystem under various hydrologic conditions. Ecohydrological inter-
actions have been extensively studied in both natural humid [30,31] and semiarid [32,33]
ecosystems as well as in agricultural ecosystems [34,35]. However, ecohydrological research
in urban ecosystems remains limited, especially as it pertains to GI [36,37]. Of those, few
make in situ ecohydrological measurements (Table 1), often instead presenting estimates
of evapotranspiration (ET) from models based on meteorological data [38] or relying on
data derived from greenhouse experiments [39]. Ecohydrological research in natural and
managed ecosystems has suggested that it will be necessary to determine how climatic
changes, especially changes in rainfall dynamics, will affect plant growth and water use [40].

One way to evaluate the impact of ecohydrological consequences of climate change
is by monitoring changes in the relationship between plant productivity and plant water
use, i.e., water use efficiency (WUE). WUE has been defined as the amount of plant carbon
uptake (as biomass produced) per unit of water used by the plant [40]; plants with a small
biomass gain relative to water use would have a low WUE whereas plants with a high
biomass gain relative to plant water use would have a high WUE (Figure 1). In semiarid
ecosystems, the most successful plants tend to be those with high WUE, even when in urban



Water 2022, 14, 3064

30f16

GI systems [26]. This is because the sustained dry conditions limit water availability for the
plants, necessitating they minimize their water usage while they are growing. Semiarid
plants tend to keep their stomata tight to minimize their water usage even under wet soil
conditions so that some moisture will be reserved or redistributed for continual use before
it is lost as evaporation. An ideal plant for semiarid GI ecosystems is likely to fall in the
upper left quadrat of the conceptual water use-productivity relationship (Figure 1), i.e.,
high WUE [26].

Table 1. Previous ecohydrological evaluation of green infrastructure.

Reference

Barradas et al. [41]

Tirpak et al. [42]
Voyde et al. [43]
Scharenbroch et al. [44]

Tan et al. [45]
Luketich et al. [26]

Tu et al. [46]

Brodsky et al. [47]
Galli et al. [48]

City Climate/Annual Rainfall * Relevant Measurements

Puebla, Mexico Temperate, humid; 827 mm Stomafal conductance; leaf water
potential

Knoxville, Tennessee Temperate; 1271 mm Sap flow

Auckland, New Zealand Temperate; 1284 mm Evapotranspiration

Chicago, Illinois Temperate; 918 mm Stomatal conductance

Singapore Tropical; 2378 mm Sap flow, leaf stomatal
conductance, total canopy area

Tucson, Arizona Semiarid; 301 mm Sap velocity, canopy greenness,

leaf area index

Philadelphia, Pennsylvania ~ Temperate; 1113 mm Leaf water potential, stomatal

Conductance
New York, New York Temperate; 1144 mm Stomatal conductance
Milan, Italy Temperate; 1162 mm Fractional vegetation cover

Note: * Climate data retrieved from: https:/ /en.climate-data.org/ (accessed on 16 September 2022).
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Figure 1. A conceptual relationship between biomass gain (i.e., greenness) and water loss (i.e.,
stomatal conductance) displaying suitability of WUE for urban stormwater management.

Recently in agricultural systems, maize plants have been shown to maintain the same
high WUE under increased atmospheric demand without water supplements [49]. High
WUE may be valuable where crop yield is a main objective. However, in humid cities
where simply removing water from the system is a main goal, a high WUE plant species
may not be the best choice. We hypothesize for humid GI ecosystems, especially those that
are in cities that are managing aging combined sewer systems, ideal plants are likely to
have WUEs associated with high water use with high carbon uptake and would fall in the
upper right quadrat of our conceptual figure (Figure 1).
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The objective of this study is to evaluate the ecohydrology of GI systems in humid cities.
Many of these cities are experiencing urban decline, leaving managers with severely aging
infrastructure, vast abandoned lots, stormwater management, and a suffering economy. In
the 1950s, the population of Detroit, Michigan began declining after reaching a peak
population of 1.8 million [50]. Approximately one-third of the houses in Detroit are
vacant [50], with over 100,000 vacant lots [10]. In 2014, an Obama Administration task force
urged Detroit to spend USD 850 million to tear down 40,000 buildings. Soon after, Mayor
Duggan supported a “greening strategy” to turn vacant lots into “productive land”, and
the Great Lakes Water Authority and Detroit Water and Sewerage Department committed
USD 50 million for GI. This has ultimately resulted in a patchwork of GI systems strewn
about the city (Figure 2) without any real understanding of the interactions between the
vegetation and the hydrology of the GI. Our study helps to better understand the role
of vegetation in GI systems in humid cities subject to urban decline so that they can be
optimized for effectiveness and be sustained long term.

vk WSU Parking Lot 12 Bioswale
® Gl Project (City of Detroit)

Land Use

Recreation/Open Space, Cemetery

Industrial/Commercial/Residential Structure /
- Vacant Lot
| Water

0 3Kkm

Figure 2. Geographic locations of the GI projects in Detroit, MI. Geographical locations of the GI
Projects were downloaded from the City of Detroit Open Data Portal (https://data.detroitmi.gov/
(accessed on 23 August 2022)).

2. Materials and Methods
2.1. Site Description

Our study site comprises a 308 m? retrofitted bioswale located at the corner of Wood-
ward Avenue and Harper Avenue in Parking Lot 12 of Wayne State University’s main
campus in Detroit, Michigan (42.3658° N, 83.0698° W) (Figure 3a). The City of Detroit has a
mesic, or humid-temperate climate; Koppen climate classification is Dfa [51]. The annual
mean temperature and total precipitation are 9.0 °C and 990 mm, respectively (Howard
& Shuster, 2015). Based on the local weather station data, the growing season lasts, on
average, from late April to late October. The surrounding parking lot measures 4063 m?
and is composed of impervious asphalt (Figure 3a). In fall of 2017, a retrofitted bioswale
was integrated into the existing impervious surface of the parking lot in an effort to mitigate
stormwater drainage issues. As is typical of bioswales, the natural drainage path of the
pavement moves excess stormwater into a swaled strip of vegetated area near the center
of the parking lot, the ‘bioswale” (Figure 3). From north to south the bioswale measures
55 m, while from east to west it measures approximately 6 m. Here the water is slowed
and allowed to infiltrate into a fairly uniform construction fill dirt with a high clay content
overlain with mulch and other organic material. Excess stormwater runs into one of two
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belowground drains that move the water off site. Occasionally, immediately following
rainfall events, channelization would occur in the bioswale increasing the amount of coarse
organic and soil material in the center of the bioswale over time. In the summer of 2019, we
used a 30 cm double-ring infiltrometer (IN10-W Infiltration Rings, Turf Tec International,
Tallahassee, FL, USA) to estimate infiltration within the bioswale at two accessible locations.

This exercise showed that the infiltration rate is around 7 mm min .

Verbena stricta Asclepias incarnata
( b ) Northeast Inlet e

Transducer North Drai South Drai Southeast Inlet
° o outh Drain 42 nsducer %

North Inl =g
< North orthwest Inlet - is lancoeolata Southwest Inlet .ywc SAMPLING LOCATIONS
transducer Transducer O iButtons
WOODWARD AVENUE

Figure 3. Description of the bioswale site with (a) an aerial photograph of Wayne State University’s
Parking Lot 12 (with the bioswale outlined in a red rectangle) and (b) field survey plots of soil moisture,
air temperature, surface water stage and temperature, and stomatal conductance. The aerial photograph
was acquired from Google Earth (https://earth.google.com/ (accessed on 24 August 2022)).

The bioswale is maintained by the Detroit Biodiversity Network (DBN), a student
organization at Wayne State University. DBN initially planted the bioswale in spring 2018
with a variety of native Michigan plants, including Swamp Milkweed (Asclepias incar-
nata), Hoary Verbena (Verbena stricta), Lanceleaf Coreopsis (Coreopsis lanceolata) (Figure 3b).
Swamp milkweed is a wetland plant that can grow up to 2 m high and is an important
resource to pollinators [52]. Hoary Verbena is a drier prairie plant with a tap-root structure
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that penetrates deep into the soil to access water. Lanceleaf Coreopsis is another drier
prairie-based plant, but with a shallow and wider root structure that can prop up other
visible plants from the same root structure. Of these three species, Swamp Milkweed
generally has the most extensive root system; Hoary Verbena has a tap root; Lanceleaf
Coreopsis has the least extensive root system.

2.2. Temperature

We acquired daily air temperature data for 2018 and 2019 from the National Weather
Service (NWS) station at the nearby airport (Coleman A. Young International Airport;
https:/ /w2.weather.gov/climate/ (accessed on 24 August 2020)). In 2019, we transitioned
to using 30 min air temperature data for daily means from the on-campus weather station
using the C5215 Temperature/Humidity Probe and CR300 data logger (Campbell Scientific
Inc., Logan, UT, USA). Daily mean temperatures from these two sources were similar with
a high correlation coefficient (y = 0.9333x + 1.9773; R? = 0.9752). Weekly (7-day) averages
were calculated using the seven days preceding the day for which the value was reported.

We measured 30 min near-surface temperatures using iButton temperature and humid-
ity loggers (iButton Hygrochron DS1923-F5, Maxim Integrated Products Inc., Sunnyvale,
CA, USA) placed in 10 cm tall individual solar-light housings with their batteries removed
(Figure 4a). We installed 3 of these sensors in the north sections, 3 in the south section, and
4 in the center section of the bioswale (Figure 3b). Rainfall events led to the loss of half of
these sensors before the end of 2019; therefore 7-day averages were calculated based on the
sensors that were existing at the end of the study (Sensor 9 in north section; Sensors 1 and 3
in south section; Sensors 4 and 6 in center section).

Figure 4. Site photographs of the field survey and instruments illustrating (a) iButtons in solar-light
housing, (b) weekly soil moisture measurements, (c¢) a phenocam mounted on south lamppost,
(d) weekly stomatal conductance measurements, and (e) a pressure transducer at one of the inputs to
the bioswale after a rainstorm.
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2.3. Precipitation

We acquired daily precipitation data for 2018 and 2019 from the NWS station at
Coleman A. Young International Airport. February 2018 and March 2019 were missing
from this dataset and therefore were filled by using rainfall data for those two months from
Detroit Metropolitan Wayne County Airport (https://w2.weather.gov/climate/ (accessed
on 24 August 2020)). Weekly (7-day) totals were calculated using the 7 days preceding the
day for which the value was reported.

2.4. Soil Moisture

We measured soil moisture on a weekly basis using the HydroSense 1I soil probe
(Campbell Scientific Inc., Logan, UT, USA) (Figure 4b). Soil moisture measurements
were taken at 33 sampling locations distributed throughout the bioswale and marked by
numbered flags (Figure 3b). As feasible, measurements were taken between 10:30 a.m. and
2:30 p.m. local time, but always in daylight hours; measurements were not made on dates
when soil was frozen. Data were recorded in a field notebook and subsequently entered
into a spreadsheet. For standardization purposes, 7-day data preceded the measurement
day. For example, a measurement taken on 3 January would be reported as 7 January, and
a measurement taken on 13 January would be reported as 14 January.

2.5. Phenocams and Greenness

In spring 2018, we installed phenocams (Moultrie M-40i, EBSCO Industries Inc.,
Birmingham, AL, USA) at the north and south ends of the bioswale by attaching them to
lampposts (Figures 3b and 4c). These phenocams captured hourly digital images of the
bioswale, hereafter referred to as north-facing (installed on the south-end lamppost) and
south-facing (installed on the north-end lamppost). We retrieved these images weekly and
subsequently sorted them into folders labeled by hour.

After sorting, 2 p.m. (in Eastern Standard Time) photos were used to estimate bioswale
greenness because light conditions were best for image analysis. Images taken at 4 p.m. for
the north-facing phenocam on days 13 September 2019 to 23 September 2019 and 4 October
2019 to 10 October 2019 were used in analysis. For each phenocam image, a static region
of interest (ROI) was selected that would maximize the amount of plant material being
analyzed in the image over time (Figure 5) [53]. As has been done in other studies [26],
daily greenness (I;) for each of those jpeg ROIs were calculated in MATLAB version 2018a
(MathWorks, Natick, MA, USA) based on the relative intensities of red-green-blue pixels:

I = (green — red) + (green — blue) = (2 x green) — (red + blue) 1)

Each year, we normalized those daily greenness values for each phenocam using min-
max normalization [26]. Then we averaged those north-facing and south-facing normalized
greenness values to represent the bioswale greenness.

2.6. Stomatal Conductance

We measured stomatal conductance on a weekly basis between 9 a.m. and 11 a.m.
throughout the growing season (23 April to 23 October), beginning in September of 2018
using an SC-1 leaf porometer (Decagon Devices, Pullman, WA, USA) (Figure 4d). Mea-
surements were not made outside of the growing season (see Section 2.1) or on weeks
when conditions were too wet for proper functioning of the porometer. At each visit to
the bioswale, the porometer was calibrated in accordance with the user manual. After
calibration, three plants from each of three species, i.e., Swamp Milkweed, Hoary Verbena,
and Lanceleaf Coreopsis were measured (Figure 3b). We note that in July 2019, Lanceleaf
Coreopsis succumbed to a suspected fungal infection in the bioswale, and measurements
were halted on this species at that time. For each of the nine plants, we measured one
low leaf, one mid-height leaf, and one high leaf to account for variability in stomatal con-
ductance due to leaf positioning in the plant canopy. Ultimately, each plant species had 9
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measurements. We averaged these nine measurements resulting in a single average weekly
stomatal conductance value per species.

@ 33°C IBIONORTHF 19 JUN 2019 02:10 pm

IBIOSOUTHF. 19 JUN 2019 02:23 pm

Figure 5. Sample images acquired at 14:00 on 19 June 2019 (EST) from (a) the south-facing and (b) the
north-facing phenocams. Regions of interest (ROIs) are outlined in white rectangles.

2.7. Water Use Efficiency

WUE is the ratio of water use to carbon uptake in plants [40], as suggested in Figure 1.
For this study, we suggest that water use can be represented by stomatal conductance [54]
and that carbon uptake can be represented by greenness [53]. Low values of stomatal
conductance with high values of greenness would suggest a high WUE, whereas high
values of stomatal conductance with high values of greenness might suggest a low WUE.

3. Results
3.1. Air and Near-Surface Temperatures

Mean air temperature generally increases from January to July or August, when
it reaches its peak (Figure 6). The mean air temperature then tends to decrease from
July/August to December. The mean temperature was 10.2 °C in 2018 and 10.0 °C in 2019.
Both years have mean temperatures higher than the long-term mean temperature in Detroit
of 9.0 °C [55]. In 2018 the coldest month was January with a mean temperature of —4.1 °C,
and the hottest month was August with a mean temperature of 24.0 °C. The coldest month
in 2019 was January, with a mean temperature of —4.5 °C, and the hottest month was July,
with an average temperature of 24.7 °C. The maximum average daily temperature was on
5 July at 24.4 °C and on 20 July at 23.9 °C in 2018 and 2019, respectively. The minimum
average daily temperature was on January 5 at —16.7 °C and 30 January at —20.6 °C in
2018 and 2019, respectively.
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Figure 6. Weekly air temperature, precipitation, soil moisture, normalized greenness index, and
stomatal conductance measurements in (a) 2018 and (b) 2019.

Near-surface temperatures at the bioswale also generally increase through the spring,
reaching a peak in July, and then decrease again through December (Figure 6a). Near-
surface temperatures are generally slightly higher than ambient air temperatures. However,
near-surface temperatures are lower than ambient temperatures in July. The magnitudes of
these differences change throughout the year and within different regions of the bioswale,
with the greatest overall differences occurring in the central bioswale in May and October
through December, and the smallest difference occurring in the central region from June
to September.
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3.2. Precipitation

The largest rainfall event in 2018 occurred on 12 May, with a total rainfall of 66.0 mm.
The largest rainfall event in 2019 occurred on 30 April, with a total rainfall of 30.2 mm. The
study site received 946.4 mm of total precipitation in 2018 and 807.0 mm in 2019. Both years
exceeded Detroit’s average annual rainfall of 786.6 mm. The wettest month of 2018 was
May, with a total rainfall of 159.0 mm. The wettest month of 2019 was April, with a total
rainfall of 118.9 mm.

3.3. Soil Moisture

Soil moisture is variable throughout the year, responding to rainfall inputs. For
instance, a major rainfall event (15.5 mm) on 1 August 2018 resulted in a soil moisture
increase from 0.33 to 0.40 m® m 3. The average annual soil moisture for 2018 and 2019 was
0.36 m® m~3 in both years. In both years, the south end of the bioswale had the greatest
average soil moisture (0.41 m® m~3), while the central region had the lowest average soil
moisture (0.31 m3 m=3) (Table 2). Average soil moisture values in the central region of the
bioswale for 2018 and 2019 was 0.31 m® m~2 in both years (Table 2). For 2019, the month
with the highest average soil moisture was February (0.44 m® m~3), while the month with
the lowest soil moisture was January (0.30 m3 m~3).

Table 2. Mean and standard deviation (SD) of ecohydrological measurements.

Measurement Location/Species Mean SD

North End 0.39 0.06

Soil Moisture (m® m—3) Center 0.31 0.05

South End 0.41 0.06

. North End 0.44 0.20

Normalized Greenness Index South End 043 0.22
Swamp Milkweed 553 200

Stomatal Conductance (mmol m~2 s~ 1) Hoary Verbena 657 232
Lanceleaf Coreopsis 315 132

3.4. Greenness

In general, greenness starts out low at the beginning of the year and peaks in summer
(Figure 6). The north end of the bioswale had a mean growing season greenness of 0.61
and 0.67 in 2018 and 2019, respectively. The south end of the bioswale had a mean growing
season greenness of 0.57 and 0.61 in 2018 and 2019, respectively. Annual mean greenness
was 0.44 and 0.43 at the north and south ends of the bioswale, respectively (Table 2).
Average greenness for 2019 (0.41) is lower than for 2018 (0.47) because of missing greenness
data from the first two months of 2018. In 2018, June had the highest average greenness
(0.68), and December had the lowest (0.23). In 2019, September had the highest average
greenness (0.71), and January had the lowest (0.17).

At our study site, greenness tends to be explained by air temperature (Figure 7a); i.e.,
as temperature increases, so does greenness (R? = 0.65; p < 0.01). This is contrary to soil
moisture (Figure 7b), which is negatively correlated with greenness, but with considerable
scatter (R? = 0.08; p = 0.01).

3.5. Stomatal Conductance

Across all species, we see stomatal conductance generally increase from May to a peak
in July and then decrease from July to October (Figure 6). Tap-rooted Hoary Verbena had
the highest average stomatal conductance over both years (2-year mean = 657 mmol m~2 s~ 1);
values for 2018 and 2019 were 560 and 692 mmol m~2 s~!, respectively (Table 2). The average
stomatal conductance of Swamp Milkweed for 2018 and 2019 was 514 and 566 mmol m~2 s~ 1,
respectively (2-year mean = 553 mmol m~2 s~1). Lanceleaf Coreopsis, the species with the least
extensive root system, had the lowest average stomatal conductance, with averages for 2018
and 2019 of 262 and 357 mmol m~2 s !, respectively (2-year mean = 315 mmol m~2s~!). In
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2019, stomatal conductance was highest in July and lowest in October for Hoary Verbena and
Swamp Milkweed.

1

08T

0.6

047

MNormalized Greenness Index

02y

Air Temperature (*C)

087

06

0.4

MNormalized Greenness Index

0.2F

0 0.1 0.2 0.3 0.4 0.5 0.6
Soil Moisture {m:‘r m_?'}

Figure 7. Relationships of the normalized greenness index with (a) air temperature and (b) soil
moisture. Black lines indicate linear regression lines.

3.6. Water Use Efficiency

To assess WUE, we plotted regressions of greenness (i.e., carbon uptake) versus
stomatal conductance (i.e., water use) (Figure 8). Notably, the plant species vary in their
WUEs. Specifically, Swamp Milkweed, the species with the most extensive root system,
varies the most widely with multiple values in the upper quadrats of the conceptual figure
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(Figures 1 and 8). Hoary Verbena, with the tap root, also varies widely but falls mainly
to the upper right quadrat, suggesting it tends to have high water use and low WUE. In
contrast, Lanceleaf Coreopsis, with the least extensive root system, generally falls to the
upper left quadrat. This suggests that Lanceleaf Coreopsis has the lowest water use and
thus the highest WUE of the three species at the bioswale.

1
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Figure 8. Relationships of the normalized greenness index with stomatal conductance from
three species.

4. Discussion
4.1. Temporal Variability of Bioswale Ecohydrology

Results suggest that the ecohydrology of bioswales varies throughout the year. For in-
stance, the stomatal conductance of all plant species peaks in July (Figure 6a). This suggests
that these bioswale plants may be most effective at taking up and diverting stormwater
during this time. Interannual variations in bioswale ecohydrology have been observed in
multiple ways. For instance, seasonal variations in infiltration due to temperature changes
were observed within a retrofitted Pervious Concrete Infiltration Basin (PCIB) on Villanova
University’s campus near Philadelphia, Pennsylvania [56].

Other studies suggest that variability in soil moisture throughout the year (Figure 6) is
important for vegetation growth and establishment [57]. One study argued that relatively
drier summer conditions provided a window of opportunity for bioswale vegetation,
enabling seed germination and encouraging plant growth [39]. Findings include the
highest stomatal conductance in the growing season, a time period when soil moisture
was not highest but likely when atmospheric demand and temperatures were greatest [39].
Our results support this assertion by demonstrating that biomass accumulation does not
appear to be a function of soil moisture but does appear to be strongly controlled by
temperature (Figure 7).

The temporal variability of ecohydrology in urban GI highlights the importance
of continuous and long-term monitoring of these systems in order to understand their
functioning [56]. Notably, these seasonal variations will have implications on the design and
management of GI for stormwater management. This is especially important as managers
consider the sustainability of these GI systems in the context of changes in precipitation
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patterns as a result of climate change [58]. For instance, Detroit, MI is expected to see
heavier rainfall events near the end of the growing season (Figure 6).

4.2. Bioswale Function and Plants

Our results suggest that ecohydrological functions are species-specific. For instance,
the stomatal conductance measurements suggest that physiological response and associated
water use from the bioswale are species-specific (Figure 6). Other studies have surmised
that increases in stomatal conductance represent increased transpiration [44]. Observed
differences in stomatal conductance between species were noted as suggesting that not
all species will contribute equally to bioswale function [44,47]. These results support that
species selection in bioswale design will play an important role in determining the ability
of GI to manage stormwater and minimize its contribution to combined sewer systems [59].
Additional considerations to the relationship between transpiration and belowground
microbial communities are needed [47].

At our study site, WUE and temporal variations in WUE were also species-specific.
Because it had WUE in all quadrats (Figures 1 and 8), Swamp Milkweed, the species
with the most extensive root system, may be the most sensitive to changing hydrologic
conditions. In contrast, Lanceleaf Coreopsis, with the least extensive root system, generally
showed lower stomatal conductance that would lead to lower transpiration. This suggests
that Lanceleaf Coreopsis has the lowest water use and highest WUE of the three species
under these conditions at this bioswale. While this may be desirable in GI implemented in
semiarid cities [23,24,26], high WUE is probably not particularly effective for stormwater
management goals of GI implemented in humid cities. With a tap root, Hoary Verbena
varied widely (Figure 8) but tended to have high water use and low WUE (Figure 8) and
may be well-suited to GI implemented for stormwater management in humid cities such as
Detroit, MI.

5. Conclusions

While green infrastructure such as retrofitted bioswales has been implemented in large
cities to provide cost-effective ecosystem services such as stormwater management, the
maintenance of these isolated vegetated patches of the landscape has largely been ignored.
A better understanding of the ecohydrological processes and how the ecohydrology influ-
ences the function of green infrastructure and its potential to provide ecosystem services
could improve the long-term viability of these efforts. Our study suggests that soil moisture
and temperature within retrofitted bioswales are storm-specific and patchy, making it
difficult to draw broad conclusions. However, results from our study do suggest that plant
characteristics such as WUE impact the ecohydrological processes within bioswales; some
plants such as the shallow-rooted Lanceleaf Coreopsis may be better suited for bioswales
under water-limited conditions whereas others such as Hoary Verbena with a deeper tap
root may be better suited in wet humid conditions where saturated soils are more common.
Therefore, to allow for full and sustained success, retrofitted bioswales plants should be
carefully selected and possibly adapted over time to meet environmental demands and
maximize their ecosystem service potential. This is especially important in shrinking cities
where the need for cost-effective strategies that make use of vacant and abandoned space is
particularly valuable.
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