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ABSTRACT
This study was commissioned by the Washtenaw County Water Resources Commissioner
(WCWRC) to explore development of sizing allowances for Stormwater Control Measures
(SCMs) based on the infiltration improvements attributable to plants. The WCWRC drafts and
enforces the County’s drainage and stormwater rules. These rules include an infiltration
requirement, where feasible, of one inch of runoff from new hardscape. The threshold for using
an infiltration SCM in Washtenaw County is 0.51 cm/hour. The WCWRC wants to determine if
marginal soils can be improved to meet this threshold in planted SCMs. Initially, the study
evaluated infiltration in rain gardens using a digital time-lapse photographic record of rain
garden stage. In the second year of the study, we added shallow wells with pressure transducers
to three of the photo-monitored rain gardens. We initially screened 45 rain gardens to identify
monitoring sites with marginal soils and representative hydrology. Except for one turf and two
groundwater-impacted rain gardens, the measured infiltration exceeded expected rates estimated
with the pedotransfer function (PTF) developed from the USDA/SCS national soils database.
This USDA data set was developed for and on active agricultural land, including cropland and
active pasture. This PTF and its data are referenced by many hydrologic calculations including
USEPA’s Storm Water Management Model (SWMM). We hypothesize that the plants are
improving soil structure and increasing infiltration through the underlying soils. This hypothesis
characterizes the soils from the USDA data set as disturbed soils and the soils under native
landscapes as undisturbed, reference soils. This investigation is on-going and the WCWRC is
currently looking for a development site to pilot the SCM sizing credit and raise the stakes for its
application.
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INTRODUCTION
Over the last twenty years or so, stormwater management has begun to emphasize an approach
that aims for sustaining pre-development hydrology under developed conditions. This
stormwater management philosophy was first characterized twenty years ago in the US with
Prince Georges County Low Impact Development Design Manual (Prince Georges County,
Maryland,1999). This approach emphasizes more use of planted infiltration SCMs for runoff
volume control than the previous stormwater management paradigm based almost exclusively on
peak flow control. But there are still gaps in understanding hydrologic, field performance and of
these planted SCMs. These gaps come from, among other things, a lack of long-term, continuous
hydrologic monitoring and understanding of seasonal performance variation (Emerson and
Traver, 2008); little mechanistic understanding and quantification of effects and reliability
(Pataki, et.al., 2011 and O’Bannon and Nall, 2012); and little understanding of how cultivation
practices and plant-soil feedbacks effect water storage and infiltration (Selbig and Balster, 2010).
Soil is a complex environment with highly variable physical and chemical heterogeneity across a
broad range of spatial and temporal scales (Pierret, et.al., 2007). The volume of soil around

living roots and influenced by root activity teems with life (Hinsinger, et.al., 2009). This zone is
known as the rhizosphere, where plants initiate most of the biological activity. It is estimated that
a third of a plant’s photosynthates allocated to its roots is recycled to the soil as available carbon
in the form of cap cells, mucilages, soluble exudates, lysates and decaying tissues (Hawes, et.al.,
2003; and Hutsch, et.al., 2002). Most of the organic compounds released by roots include sugars,
polysaccharides, organic and amino acids, peptides, and proteins (Bowen and Rovera, 1999 and
Jones, et.al., 2004). These components are the primary sources of carbon for rhizosphere
microoganisms and form the basis for many trophic relationships.
There is a feedback between the soil improvements plants initiate and how the plants and
rhizosphere biota react to those improvements over time. Roots change soil properties as they
grow and die-back and take up water and nutrients. Root diameters even expand and contract
daily in response to the increasing suction of evapotranspiration over the day with expansion and
recovery at night (Hisinger, et.al., 2009). The growth of roots can exert strong, localized forces
that can alter a soil’s bulk density, porosity and soil strength (Hinsinger, et.al., 2009; Dexter,
1987; Czames, et.al., 1999).
Root exudates contribute directly and indirectly to soil structure. Mucilages secreted from roots
affect soil aggregate stability, water holding capacity (Young, 1998), viscosity, surface tension,
diffusion and porosity (Martens and Frankerburg, 1982; Alami, 2000). Mucilages and microbes
“glue” particles together and/or stimulate microbial activity (Tisdall, 1994). Mycorrhizal hyphae
and exopolysacchirides from rhizosphere microoganisms play key roles in the adhesion and
aggregation of soils (Hinsinger, et.al., 2005). Together they contribute to building various soil
structures, such as rhizosheaths, unique structural features that are formed by root hairs and root
mucilage. Soil biopores are another example of large-scale soil structures. Examples of biopores
include earthworm galleries or former root channels, i.e., either present day or from relic
rhizospheres (Pierret, et.al., 2007).
Changes in soil structure and porosity initiated by plants create preferential flow paths. Not only
is there an increase in porosity due to biological activity, but the pore architecture develops a
more ordered and correlated structure (Feeney, et.al., 2006). Preferential flow paths tend to be
biological hot spots, probably because they are simultaneously flow routes and deposition sites
for organic matter and nutrients (Hinsinger, et.al., 2009).
Even when abundantly supplied, soil resources are often poorly available to organisms due to the
capacity of the soil matrix to bind water and nutrients. Plasticity helps plants adapt to and in turn
influence their environment (Lambers, et.al., 2009; Raven, et.al., 2001) to make better use of
limited resources. Plant plasticity is affected by at least three major factors: 1) variation in abiotic
factors; 2) variation in the presence of neighbors and 3) variation in herbivory. Because plants
show high plasticity in relation to their neighbors, even their specific identity, plasticity may help
to adjust to community composition, promoting coexistence and community diversity (Callway,
et.al., 2003).
As competition for water depletes moisture from a given volume of soil, plants must either
tolerate low water availability or rely upon unexplored soil regions to extract more water
(Nippert, et.al., 2007). Prairie plant root systems are engaged in a continuous process of turnover

in order to meet the ever-present need to extract water and nutrients from the soil column. The
growth of thinner roots with greater total root length has long been associated with plant drought
responses as a means to maximize adsorptive root surfaces in the face of water scarcity (Padilla,
et.al., 2013). In response to drought selected grass and forb species developed thinner roots and
greater total root length as a means to developing higher adsorptive capacity for low water
periods (Santantonio and Hermann, 1985). Santantonio and Hermann suggested that cyclic death
and replacement of fine roots in a succession of favorable microsites may be an adaptive strategy
to maintain the largest number of active roots at a minimum metabolic cost. In their opinion, the
growth patterns of roots are fundamentally more opportunistic and exploitative of their
environment than shoots.
Plant plasticity can occur in response to a particular event but has also been found to be
dependent on a plant’s past experiences too. Wang, et.al. (2017) found that by applying either
drought or flooding stress early in a plant’s life improved the plant’s health when encountering
those stresses later in life. One can interpret the rooting patterns of some prairie plants and trees
as indicative of multiple, sustained periods of water stress endured partly by ever-increasing the
volume of soil they plumb for water. This is the conclusion that John Weaver came to a century
ago studying eastern Washington State prairies existing on the rain shadow-side of the Cascade
Mountains (Weaver, 1919).
Dierks (2011) compared the soil-water properties of remnant or restored native plant ecosystems
on land with intensive human cultivation practices such as cropland, grazed pasture or turf grass
lawn. This analysis utilized the land use/land management descriptions and soil textural and soil
water data from 24 independent studies; most of them providing a side by side comparison of
soil properties for the same local soil under different land management and/or vegetative cover
regimes. Almost without exception the restored or remnant natural areas had a higher organic
carbon content, lower bulk density and significantly higher Ksat than the cultivated areas. Organic
carbon content for the native plant areas was roughly 1.5 to 2.5 times higher than for cultivated
land. The native plant area bulk densities were between 80% and 90% of the cultivated area bulk
densities. Average saturated hydraulic conductivity (Ksat) for the lightly cultivated/uncultivated
areas ranged between 1.5 to 4 times higher than for cultivated areas over the entire range of the
data.
There are a growing number of studies that have begun to make the connection between soil
drainage improvements and plant species composition. For instance, work by the South
Washington (Minnesota) Watershed District (Emmons and Olivier Resources, 2010), the
University of Minnesota (Aselson, et.al., 2009; Johnston, 2011; Paus, et.al., 2013), the Rice
Creek (Minnesota) Watershed District (Emmons and Olivier Resources, 2010), the USGS in
Madison, Wisconsin (Nocco, et.al., 2016) and northwestern China (Tang, et.al., 2016), have all
implicated native plants as potentially “responsible” for the drainage improvements.
Some studies have run side by side hydrologic assessments of rain gardens planted in turf grass
and prairie plants. Johnson (2011) compared four controlled vegetative treatments (control,
turfgrass, prairie and shrubs), finding that the greatest peak run-off rates were associated with
turfgrass and greatest reductions in run-off volume were associated with shrubs and prairie.
Tang, et.al. (2016), found that a forb species mix in their experimental rain gardens decreased

peak runoff and increased overall rainfall retention more than turf grass rain gardens. Selbig and
Balster (2010) did an exhaustive study of side by side grass and prairie rain gardens planted in
both clay and sandy soils in Madison, Wisconsin. Over a four-year monitoring period they found
that the average infiltration rate of the prairie gardens exceeded the grass rain gardens by a factor
of 1.7 and 3.2 in the sandy and clay soils, respectively.
Our intent is to build a case that plant species selection and cultivation practices that encourage
complementary root growth patterns can improve (“restore”) the soil properties and infiltration
of formerly cultivated areas, like lawns. Our objectives are: 1) develop an inexpensive and
simple technique to measure SCM infiltration performance 2) highlight the significance of plant
species selection and cultivation practices to improving soils and 3) determine to what extent
planted species selection and cultivation practices can help extend the use of these SCMs to more
sites in Washtenaw County and beyond.
METHODOLOGY
The monitoring plan was developed to provide a set of techniques that could be easily deployed
and provide representative and replicable saturated hydraulic conductivity data for the WCWRC.
The rain garden assessment and monitoring that began in the Fall, 2016 included: 1) identifying
and visually assessing plant coverage; 2) hand sampling and assessment of texture class of
surficial soils; 3) sampling and determining sub-soils texture via laboratory analysis; 4) digital
time-lapse photography of rain garden drawdown. In addition, our focus was to primarily
monitor rain gardens that have marginal subsoils that otherwise would not meet the WCWRC’s
infiltration threshold. In the Fall, 2018 cellular-enabled sensor nodes were installed at three rain
gardens already instrumented with the digital cameras. These sensor nodes include shallow wells
outfitted with continuous-recording pressure transducers. The transducers were installed both as
a check on the accuracy of the camera data collection and to better visualize shallow drainage
behavior after ponding ended. The camera and transducer monitoring is on-going and this paper
reports on data collected up to the Winter of 2018.
We acquired hourly rainfall data from the Weather Underground weather station at the
University of Michigan Stadium (aka: The Big House, Weather Underground Station:
KMIANNAR89, Figure 1). Evapotranspiration is not estimated as part of this project. We
assumed evapotranspiration would be low during infiltration measurement periods since the
measurements would be taken soon after rainfall cessation, when relative humidity would still be
very high. Over five years of detailed hydrologic monitoring of all flows in and out (including
monitoring to develop estimates of potential evapotranspiration) of turf and prairie rain gardens
in sandy and clayey soils in Madison, Wisconsin, Selbig and Balster (2010) found that ET in the
prairie rain gardens averaged annually between 2% – 4% and 5%-12% of the annual water
budget and most of the water loss was due to infiltration.
Our intent was to also capture each garden’s steady-state infiltration. Because all the gardens
have loamy/amended upper soils, we assumed these soils would be well-drained. We further
assumed that once rain garden ponding was initiated, surficial soil pore space would be saturated
and infiltration would then be controlled by the entry of water into the subsurface soil. Before
ponding in the rain gardens occurred, infiltration would be source controlled; once ponding
occurred, infiltration would be limited by entry into the subsoils.

Forty-five rain garden sites in and around the City of Ann Arbor, Michigan were pre-screened
for potential infiltration monitoring. The objectives of the pre-screening were to find rain gardens
with 1) marginal to poorly draining soils; 2) sufficient hardscape drainage area and unobstructed
drainage routes to deliver runoff to the garden; and 3) no underdrain or buried infrastructure that
would confound drawdown measurements. We focused mainly on native prairie plant rain
gardens but included evaluation of one turf grass rain garden. Out of the 45 potential sites, we
selected eight for intensive drawdown/infiltration monitoring. The eight selected rain garden
locations area are shown in Figure 1.
The rain gardens at the City of Ann Arbor Fire Station at Veterans Park (Vets Fire Station) and
the Arbor Oaks Park are owned and maintained by the City. The remaining rain gardens are
owned and maintained by private homeowners and are mostly situated within a larger turf grass
lawn.

Figure 1. Rain garden monitoring sites (red circles), Weather Underground rain gage
location (yellow square) and City of Ann Arbor City limits in dark grey line
Rain garden plant species were identified by botanists and landscape architects. This was
facilitated by referencing the original planting plans that were available for almost all of the
monitored rain gardens. As feasible, involuntarily recruited and invasive plants were identified.
We used a 36-inch long, ¾” outer diameter hand soil probe, to collect three to four sub-samples
of the upper garden soils. The surficial soil texture was determined by hand, following the
protocol developed by Oregon State University Extension Service (2007). This protocol entails
wetting and working by hand a sample of soil between thumb and fingers, breaking up clots and

removing organics and gravel as needed. Texture class is estimated based on grittiness and
length of the soil ribbon that can be created by working the sample in this manner.
Depth to sub-soils was estimated with the soil probing. Two to three 200-gram to 300-gram subsamples were excavated from the garden with a flat-nosed shovel and composited into doublelined plastic bags for transport to the laboratory. Extra soil sample was grabbed and transported
to the lab, so that sample could be held in reserve in case any additional testing was required.
Soil texture class in the laboratory was determined following ASTM’s D422-63 “Standard Test
Method for Particle Size of Soils” (2007). Approximately 250-500 grams of sample were
separated by a No.10 sieve. Everything caught on the No.10 sieve was dried and weighed and
classified as gravel. Everything that passed the sieve was air-dried and the particle size
distribution was determined by the weight percentages of sand, silt, and clay as calculated from
their density in an aqueous soil suspension measured by hydrometer.
The drawdown monitoring was conducted using digital, time-lapse photography during and after
rain events. The typical set-up is shown in Figure 2. The flash-equipped digital camera
(Wingscapes Timelapse Cam Pro) was programmed to take a picture once every five to ten
minutes, day and night. We set the camera and the gage plate approximately four to six feet apart
and good sight line between them was established. Sometimes this required cutting vegetation.
Cut shoots were removed between the camera and gage, so they could not float up and
potentially obscure the reading. The gage plate was installed, as feasible, at the garden low point.
The camera was pointed at the intersection of the plate and the ground and was able to capture
the full rain garden depth, usually about 15-cm of rain garden storage.
Following Selbig and Balster (2010), we used a fixed water depth to compute infiltration. After
the rain ended, we estimated the rate of the falling stage by measuring the time it took for the
rain garden ponding depth to drop the final, approximately 3-cm of standing water above the
bottom of the rain garden. Figure 3 below shows how the data were estimated from the stage data
for the Prestwick and Mershon gardens.

Figure 2. Rain Garden Digital Time Lapse Camera Set-Up (Camera to the bottom and staff
gage in the middle of the picture in the rain garden on Independence Blvd., August, 2016)
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Figure 3. Infiltration estimation using the time to drain (∆T) and the last ~3-cm (∆z) of
ponded water for 2017 rain event monitored at the Mershon and Prestwick rain gardens.
The symbols for each time series represent individual pictures of stage.

Cellular-Enabled Sensor Nodes
The cellular-enabled sensor nodes were installed by the Real-Time Water Systems Lab at the
University of Michigan (UM) (http://www-personal.umich.edu/~bkerkez/). These nodes are part
of an effort by the UM team to develop open source, smart and adaptive water systems that can
continuously monitor distributed physical system properties and upload protected data to internet
cloud hosting services for collection, display and potential implementation of adaptive
management measures. A detailed description of this work and UM laboratory work is beyond
the scope of this paper. An excellent summary of the philosophy, goals and methods of the open
source, smart water systems for stormwater management can be found in Bartos, et.al. (2018).
For this project, three sensor nodes were installed at the rain garden at the City of Ann Arbor
Fire Station No.3 (Vets Fire Station) (http://farm-n-storm.us-east1.elasticbeanstalk.com/node/ARB030); immediately adjacent to Veterans Park (Figure 4); at one
of the larger rain gardens at Arbor Oaks Park (http://farm-n-storm.us-east1.elasticbeanstalk.com/node/ARB042) and one in the residential rain garden on Prestwick Court
(http://farm-n-storm.us-east-1.elasticbeanstalk.com/node/ARB041).

Figure 4. Co-located real-time UM sensor node (control housing and solar panel located at
the top of the tall post) and digital time-lapse camera and staff gage at Vets Fire Station
(October, 2018)
These nodes consist of: 1) a sensor node – a custom, low-power embedded computer with
wireless capabilities that collects measurements from attached sensors, transmits and receives
data from a remote server and executes control actions. A microcontroller (PS0C5-LP by
Cypress Semiconductor) serves as the processing unit for the board.

The sensor node uses wireless telemetry to transmit and receive data from a remote server. The
nodes here use a cellular communications protocol with enables telemetry through 2G, 3G and
4G LTE cellular networks. The cellular connectivity is implemented via a cellular module (by
Teltit) along with a small antenna for broadcasting the wireless signal.
The power supply system consists of a battery, solar panel, charge controller and a voltage
converter. The solar panel and solar charger are used to recharge the battery, allowing the device
to remain in the field without routine maintenance. Detailed information regarding the sensor
node, including parts, schematics and programming instructions are available on-line at openstorm.org/node.
The rain garden node sensors include: 1) a shallow (~1.2-ft to 2-ft deep) well with a pressure
transducer along with soil temperature, dieletric permittivity and electrical soil conductance
sensors installed at approximately the same depths as the transducers. The sampling frequency of
these sensors is adjusted by the sensor computer based on feedback from web-based weather
forecast data. Only the transducer data from these sensor nodes is reported in this paper.
Comparison of Expected to Measured Infiltration Rates
Pre-rain garden infiltration testing was not conducted at the monitoring sites before this project
was started. We therefore opted to use a pedotransfer function (PTF) to estimate the expected
infiltration rates at each site. PTFs are functional relationships that can be used to “transfer” or
convert readily available soil properties, such as soil texture and organic matter content into hard
to measure properties such as soil water retention and infiltration.
The Green-Ampt equation parameters used frequently for SWMM modeling and cited in the
Handbook of Hydrology were originally published by Rawls, Brakensiek and Saxton in 1982.
They developed the statistical properties of 1,323 surface soils from 32 states in the US
Department of Agriculture (USDA) database. Almost all the soil samples were collected from
agricultural land. Samples that had either low bulk densities and/or high organic matter contents
were excluded from the analysis. Saxton and Rawls (1996) developed a pedotransfer function
using the data from this analysis.
Saxton (2006) refined these relationships and created a freeware soil-water characteristics
program for the Soil-Plant-Air Water (SPAW) field and pond hydrology model. SPAW estimates
bulk density, soil water retention and hydraulic conductivity from user-specified sand, silt, clay
and organic matter contents, along with minor corrections for compaction and salinity. The
saturated hydraulic conductivity equation depends primarily on the change in soil moisture
between saturation and 3.3 bar (33 KPa). This is the difference in soil water content between
saturation and field capacity, where field capacity is the water content of a soil after all water that
can freely drain via gravity, has drained away.
We input each garden’s subsoils percentages of sand, silt, clay and gravel from the soil lab tests
into the Saxton and Rawls (2006) pedotransfer function using the soils characteristic sub-routine
from the SPAW model to predict saturated hydraulic conductivity. We assumed average
compaction and an organic carbon content of 2.5%.

RESULTS
The majority of the 45 pre-screened rain gardens did not meet our requirements for drawdown
monitoring. Several of the pre-screened rain gardens (or bioretention basins) have underdrain or
have very shallow bowls (< 8-cm). We ruled out basins with underdrain because the drawdown
rate would be confounded by this additional drainage route. Many gardens did not get enough
water to provide enough stored runoff (>3-cm of rain garden stage) during reasonably sized
events (>0.5-cm). Sometimes this lack of ponding was due to smaller than expected drainage
area ratios (< 2) and sometimes it was due to very thick amended soil layers (>30-cm) or a
combination of the two. Some rain gardens were eliminated without any monitoring and some
were eliminated after an attempt at monitoring showed little or no accumulation during rainfall.
Many gardens were eliminated due to sandy subsoils. A few gardens were eliminated because of
poor plant health and/or very sparse vegetative cover. At least one rain garden’s vegetation was
so cut back there were very few shoots left. There were also five gardens located in the middle of
elementary school playgrounds that were eliminated due to the likely compaction they receive
from foot traffic. It also became clear early on that SCMs predominantly covered in cattails
(Typha spp.) or common reed (Phragmites australis) infiltrate very slowly. Typically, these
gardens held standing water for several days after a rain event. We did not monitor these poorlyperforming rain gardens.
A few rain gardens had unexpectedly high infiltration rates (>8 cm/hour), rates significantly
higher than all other tested gardens. While we are yet to definitively prove it, these gardens
appear to be influenced by installed infrastructure in or intersecting the garden. For instance, one
rain garden had an overflow structure and an outlet pipe with gravel and cobble fill in the
immediate space around the structures. Our judgment was that these very porous fill materials,
acted as unintentional preferential flow paths, confounding the infiltration measurement.
In another garden, after measuring a drawdown greater than 13 cm/hour, we discovered that a
shallow sanitary sewer line runs directly underneath the garden. Again, while we did not prove
that this infrastructure was confounding our results, we opted not to continue monitoring in this
garden.
Rain Garden Monitoring
Following pre-screening and the initial monitoring, the list of monitored rain gardens was
narrowed to eight. These eight gardens generally met all the conditions we were seeking in
development of representative infiltration rates. Table 2 summarizes the physical characteristics
of these eight gardens. They range in age from two years to eight years old and are 9 m2 to 433
m2 in extent with drainage area ratios of 2.5 to 8.2.
There are seven native plant rain gardens and one turf grass rain garden (Table 2). The number of
intended plant species in the native plant gardens ranged between 3 and 15. Trees are included in
the list of rain garden plants if the drip line of the canopy meets or extends over the rain garden
footprint.
We performed drawdown monitoring with cameras only during the fall of 2016 and the spring
and fall of 2017. In the Fall of 2018 the Vets Firehouse, Prestwick and Arbor Oaks rain gardens

were outfitted with the UM sensor nodes and the cameras re-installed. Combined monitoring of
these rain gardens occurred from October to early December, 2018.
Table 1. Drawdown-Monitored Rain Garden Characteristics
Garden Size Drainage Area Drainage Area
2
Type
(m )
Size (m2 )

Site

Year
Built

Drainage Area
Ratio

Soil Classification
Surficial/Subsoil

Barber Ave

2014

79

Roof

219

2.8

Loam/Silt Loam

Miller

2011

54

Roof

340

6.3

Loam/Loam

Prestwick

2011

85

Roof

699

8.2

Loam/Clay

Independence

2013

43

Roof

152

3.6

Easy

2013

43

Roof

229

5.4

Vets Firehouse

2013

38

Driveway

99

2.6

Loam/Clay Loam

Arbor Oaks

2014

433

Sidewalk,
playground

1,067

2.5

Loam/Loam

Mershon

2017

9

Roof

40

4.4

Loam/Clay Loam

Loam/Sandy Clay
Loam
Loam/Sandy Clay
Loam

During the 2016-2017 field season multiple cameras were deployed in multiple gardens
simultaneously. For the 2018 (shortened) field season, cameras and UM sensor nodes were
deployed in three rain gardens simultaneously. The cameras were in the field a total of 89
camera-days between 2016 and 2018. The transducers were in the field for 165 transducer-days
in 2018. A total of 59 days during the entire monitoring period rainfall was greater than or equal
to 0.01-inches. One of the more striking results of this monitoring was how infrequently water
accumulated in the gardens. Out of the 59 days of rainfall with cameras deployed, only 33
measurements of drawdown in the eight gardens were captured with most of those measurements
occurring simultaneously in three or four rain gardens. The gardens with the highest ratio of
measured drawdown to rain events are Miller and Prestwick, the two gardens with the highest
drainage area ratios at 6.3 and 8.2, respectively.
We had 24 garden-days with no runoff accumulation at 0.05-inches of daily total rainfall or
more; fourteen garden-days of rainfall with approximately 0.2-inches or more and no
accumulation; eight garden-days with 0.3-inches of total rainfall and no accumulation and six
garden-days with 0.4-inches of rain without accumulation.
At the beginning of the 2018 monitoring, the co-located transducers and the cameras, showed a
very close agreement between the two techniques for measuring drawdown (Figures 5-7).
However, for the Vets Firehouse and the Arbor Oaks garden as the monitoring progresses into
November and the temperatures drop below freezing, the camera and transducer monitoring
depths diverge.
It appears that some of this divergence may be ascribed to freezing temperatures. Looking at the
November to December data for Arbor Oaks (Figure 8), the camera and the transducers diverged

when the evening temperatures were below freezing and the daytime temperatures were above
freezing. The photographic record for the middle of November show the ponded water freezing
and thawing multiple times, along with the arrival of several small snow showers that at times
obscure the gage plate.
Table 2. Drawdown-Monitored Rain Garden Plant Lists
Plant List

Shallow
rooted

Grass

Forb

Barber Ave

Prairie Dock, Motherwort, Canada Rye, New England
Aster, Muskingum Sedge, Switchgrass, Goosefoot, Riddells
Goldenrod, Creeping chuck, Joe Pye Weed, Mountain
Mint, White Vervain, Rose Mallow, Partridge Pea,
Chickory, Canada Goldenrod

3

2

10

Miller Ave

black bullrush, blue flag iris, red twig dogwood, yellow
twig dogwood, columbine, switchgrass, cardinal flower,
black eyed susan, high bush cranberry, kobald blazing star,
white pine

2

1

3

Prestwick Ct

Wild Strawberry, Common Cinquefoil, Porcupine
Sedge, Muskingum Sedge, Southern Blue Flag Iris, Blue
Lobelia, Gray's Sedge, Cardinal Flower, Virginia waterleaf
, Swamp Milkweed, Joe-pye Weed, Boneset, Cow
parsnip, Turtlehead, Prairie Coldgrass, white pine

2

2

5

Independence Ave

Elderberry, Red twig dogwood, Viburnum, Day lillies,
Black eyed susan, Wild Strawberry

1

Easy St

Turf grass and clover

1

Vets Firehouse

Blue flag iris, Bushy Aster, Columbine, Canada Anemone,
Canada Goldenrod, Common Cinquefoil, Fox sedge,
Fleabane aster, Heath Aster, Marsh Cinquefoil, Obedient
Plan, Rose Mallow, Wild Geranium, Wild Strawberry,
maple tree

5

Arbor Oaks

Switchgrass, Wild Strawberry, Mountain Mint, Canada
Goldenrod, Indian Grass, Narrowleaf cattail, Canada
Thistle, Blue flag iris, boneset, red sorrel, dandelion,
Muskingum Sedge, Red Osier Dogwood, Velvet Leaf,
Plantain, Velvet Leaf, Devils Beggar-ticks, Yellow foxtail,
Curlydock, Cottonwood, Sow thistle, Wild Carrot, Fox
sedge, Pale smartweed, Swamp Milkweed

7

Mershon Ct

Blue flag iris, red twig dogwood, swamp milkweed

1

Site

2

Shrub

Tree

15

3

1

10

1

10

3

8

1

2

8

2

Total

13

1

1

1

2

15

1
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Figure 5. Veterans Park Firehouse Rain Garden drawdown monitoring, October –
December, 2018. Note missing camera data due to both obscured view and loss of battery
power between 10/15 and 11/7. Camera removed due to freezing temperatures on 11/11.

Figure 6. Prestwick Rain Garden drawdown monitoring, October – November, 2018. Note
missing transducer data due to low battery power.
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Figure 7. Arbor Oaks Rain Garden drawdown monitoring, October, 2018.

Figure 8. Arbor Oaks rain garden monitoring November – December, 2018

The other transducer phenomenon that bears discussion is the change from a signal that produces
a smooth line to an erratic signal that appears to have some “noise”. This change in the signal
occurs in early October, 2018 in the Arbor Oaks garden and near mid-November in the Vets
Firehouse garden. This “noise” can result in small, rapid perturbations in the depth measurement
over time. Except for its lowest troughs, the Prestwick garden transducer signal is a continuous,
smooth line.
Pedotransfer Infiltration Estimates
We compared measured drawdown rates to SPAW-estimated saturated hydraulic conductivity
(Ksat). We plotted the SPAW-predicted Ksat values against each garden’s measured drawdown.
With the exception of the Fire House and the one turf grass garden (on Easy Street), all the
measured drawdown rates are higher than the SPAW- estimated Ksat values (Figure 5).
The ratio of the average monitored rain garden drawdown rate to the SPAW-estimated Ksat is
shown in Table 3. With the exception of the Vets Firehouse, Arbor Oaks and the Easy Street rain
gardens, the average measured drawdown rates exceeded the SPAW-calculated rates, with the
ratios of measured to SPAW-estimated Ksat ranging between 1.6 and 7.4. Note that the ratio
between the average measured and estimated Ksat for the Vets Firehouse, Arbor Oaks and East
Street rain garden was between 0.3 and 0.8.
Table 3. Summary of drawdown monitoring, including drawdowns estimated with camera
and transducer data (green fill indicates measured infiltration exceeds SPAW estimates
and measured infiltration is less than SPAW estimates)
Measurements

Site

Year
Planted

Soil
Classification

Barber Ave.
Miller Ave.
Prestwick Ct.
Independence Blvd.
Easy St.
Arbor Oaks
Vets Firehouse
Mershon Dr.

2013
2011
2011
2013
2013
2013
2013
2017

Silt Loam
Loam
Clay
Sandy, Clay Loam
Sandy, Clay Loam
Loam
Clay Loam
Clay loam

Measured Infil. (cm/hr)

No. Rain No. Events with
Events
measured
Avg.
Monitored
drawdown
12
6
24
4
4
16
16
4

3
4
17
1
1
3
3
1

2.36
3.31
1.50
4.53
1.39
0.33
0.36
0.68

Min.

Max

1.57
1.88
0.84

3.20
5.23
2.29

0.23
0.03
0.19

0.58
0.61
1.27

SPAWRatio of Data
Estimated
Avg. to SPAWInifil.
Estimated Infil.
(cm/hour)
1.02
1.07
0.20
1.02
1.88
1.02
0.43
0.43

2.3
3.1
7.4
4.5
0.7
0.3
0.8
1.6

Figure 9. Summary of measured and expected rain garden infiltration rates
DISCUSSION
Disregarding the three rain gardens: Vets Firehouse, Arbor Oaks and Easy Street with average
infiltration rates less than those derived from the SPAW PTF (built with USDA disturbed
agricultural soil data), the average infiltration rates of the remaining five gardens exceeded the
expected value from the SPAW PTF. Ignoring the first drawdown measurement in Mershon,
then a three-month old garden, the remaining four gardens exceed the SPAW-estimated value by
2.3, 4.5, 5.3 and 7.2 times and the remaining measurements in the eight-month-old Mershon
garden exceeded the SPAW estimate by at least 2.95.
Our working hypothesis about the Vets Firehouse and Arbor Oaks rain gardens are that their
bottoms intersect high groundwater intermittently over the year. City of Ann Arbor and
Washtenaw County staff were already aware that these gardens are poorly draining. The bottom
of the Vets Firehouse rain garden is mostly covered in blue flag iris. The bottom of the Arbor
Oaks rain garden used to be covered in cattails but has since been re-planted by the City. Both
species are plants with relatively shallow roots (~30 cm) and propagate via shallow rhizomes.
The are more wetland than prairie plant. Iris was planted in the Firehouse rain garden; cattails
were not planted but were “recruited” into the Arbor Oaks garden.
Originally, the East Street rain garden was planned to be a native prairie garden but ended up
being “restored” to its former turf lawn state. It is maintained like the rest of the lawn around it

and mowed regularly. Our hypothesis for Easy Street is that like most turf grass lawns, the
regular cutting keeps shoots short and roots shallow and regularly compacts the surface.
We contend that adding the transducer data to the camera monitoring confirms two important
points: 1) the camera can be a legitimate technique for measuring saturated hydraulic
conductivity and 2) the infiltration through the garden is mostly vertical infiltration, at least at the
initiation of drawdown.
The question about whether the measured infiltration rate represents steady-state infiltration or
saturated hydraulic conductivity or something else they may also be irrelevant. Selbig and
Balster (2010) noted with their estimates of total rain garden pond storage and median infiltration
rates could predict precipitation events that would cause flooding. They concluded that by
applying measurements of appropriate soil properties to rain garden design, design is bound to
improve.
There is the possibility that these higher than expected infiltration rates are horizontal infiltration.
After all, horizontal infiltration rates frequently exceed vertical rates. However, most of these
gardens are in nearly flat land. Some are raised up from the street curb line. But there have been
no reported issues with moisture seeping through downgradient lawn. Work by Lee, et.al. (2014)
highlights that the shape of the drawdown/infiltration curve offers a clue to the potential impact
of horizontal versus vertical infiltration.
Lee, et.al. meticulously modeled the underground storage for permeable paving systems and the
“drawdown” curves as the storage emptied into the surrounding soil over time. They showed at
one end of the spectrum where the infiltration was completely dominated by vertical infiltration,
the infiltration rate or in their case, the “exfiltration” rate, is a constant no matter the depth of the
stored water (Figure 10). These systems are dominated by their bottom area and the area of the
wetted side walls is small by comparison. At the other end of the spectrum when the infiltration
or exfiltration is dominated by horizontal infiltration/exfiltration, where the area of the bottom is
small in relation to the wetted area of the side walls, the infiltration/exfiltration rates diminish as
the water level is drawn down.

Figure 10. Drawdown curve of a vertically-dominated infiltration system (left) and a
horizontally-dominated infiltration system (figure adopted from Lee, 2014).

We believe that a range of native plant species with complementary rooting patterns is the best
indicator we found for predicting potential infiltration benefits over time. We also found a strong
correspondence between the infiltration rate improvements shown in this study and other
research. On average, we have consistently seen rate improvements for native planted areas on
the order of two to three times higher than more intensively cultivated areas, like turf grass
lawns. Selbig and Balster found that the average infiltration rate of prairie plant rain gardens
exceeded turf grass rain gardens by 1.7 and 3.2 times in sandy and clay soils, respectively. This
is also very similar to the improvement of infiltration rates between the cultivated and
native/restored landscapes as reported in Dierks (2011). The native (uncultivated/restored) areas’
saturated hydraulic conductivity was between 1.5 and 4 times higher than the same soils under
cultivation (Figure 11).

Figure 11. Comparison of cumulative distributions of all collected saturated hydraulic
conductivity for 24 separate side by side studies of cultivated land and native and restored
prairie and forest ecosystems for the same soil in each pair of studies. Ratio of median
infiltration rates shown. (Dierks, 2011).
Selbig and Balster also showed with dynamic soil moisture profiles in a 2.5-m deep profile in the
clay prairie plant rain garden, that soil moisture quickly drained past the clay confining layer.
Their hypothesis developed from their hydrologic monitoring and root excavations through the
profile, that water scarcity forced the prairie plant root systems deeper into the profile searching
for soil moisture.
After five years of growth, total rooting depth in turf clay rain garden was approximately 12-cm,
while roots in the prairie clay rain garden extended down almost 1.5-meters. They also found
more marcofauna activity, with many abandoned earthworm channels and former root cavities.
These biopores were either lined with organic matter or redox features indicative of water and air

movement through them. They posited a direct connection between soil structure and hydrologic
improvements and the plant-based effects that gave rise to them.
We also believe the differences between the infiltration capacities of turf grass lawns and native
plant prairies is not just about the plant species. Some of the differences can be attributed to the
typical cultivation practices and uses that these areas receive. Typical turf grass maintenance
usually entails watering, fertilizing and frequent cutting. As noted earlier, regular cutting reduces
a plant’s photosynthetic capacity and research has shown that these plants will sacrifice root
growth for new shoot growth in order to recover some of the lost photosynthetic capacity. This
effect suppresses root growth and tends to put a strict limit on turf grass rooting depths.
In addition, the practice of regularly cutting the lawn along with walking, running or sitting on
the lawn results in forces applied to the ground surface that are usually not applied to the surface
of a native plant garden. The soil volumes first drained tend to be the macropores, interaggregate spaces and preferential flow paths. These are “gaps” between soil particles. When
forces are applied to the surface of the ground, that force is transmitted down through the soil
column. The largest gaps or pore spaces and those closest to the surface would mostly likely be
the first pores to be crushed. Applied forces to the ground will tend to diminish macropore
abundance and infiltration rates.
The assumption that foot traffic alone has a detrimental effect on infiltration rates, is
demonstrated by a recent study on the infiltration capacity of tree pits in New York City. Elliot,
et.al. (2017) found that the most significant factor influencing the infiltration rate was the
presence of a guard around the pit. The guarded tree pits had a statistically significant higher
infiltration rates than the unguarded pits.
The PTF used to estimate infiltration rates could also be faulted for simply being inaccurate. On
the other hand one of the most frequently used data sources for soil data originates with Rawls,
Brakensiek and Saxton’s original data analysis of SCS/USDA soils data. Their function was
specifically fitted to a set of data that excluded high organic matter and low bulk density soil data
from the analysis. They derived their relationships without the kind of data – high organic matter
and lower bulk density – that is typically developed in uncultivated, native plant areas. Their
function is potentially “pre-disposed” to under-predict the effects of natural or naturalized
landscapes. Arrington (2012) and Kays (1979) and note the tendency of this data to underestimate infiltration particularly in strongly structured soils.
This PTF is best used to predict rates on soils with comparable land cover, species composition
and cultivation practices. A PTF suitable for use in native soils under native plants would likely
do much better if it were based on the same intensity and extensivity of data collection that was
used to develop the USDA data set.
Another aspect of this work that we have not addressed yet but bears mentioning is how well
suited a native plant approach is to climate changes that result in longer droughty periods
punctuated by more intense rainfall. Many of the prairie plants recommended by the WCWRC,
have grown deep roots in response to the need to explore ever-larger volumes of soil for scarce
water and nutrients.

The impact of native plant root systems on soil properties takes time to develop. There is
evidence that measurable soil water impacts due to re-planting with natives, takes several
growing seasons to occur (Wang, et.al., 2017 and Alami, et.al., 2000) The WCWRC may be able
to take advantage of a crediting system by exploiting the years it may take to fully develop a
large, multi-phased development.
For the first phase of a long-project, the planning and design could be performed in a way where
the initial infiltration measurement is divided by the safety factor and proceeds normally. Or a
developer could assume that with well-planned and managed planted BMPs that the performance
rate is, say, two to three times the measured rate and build-out Phase 1 assuming the higher rates
will be met by the initiation of Phase 2. Following completion of Phase 1 build-out and
monitoring that demonstrates the impact of the planted BMPs, the developer would be allowed to
continue to use the higher, monitored rates moving ahead. Obviously, there are risks associated
with this approach. But the developer would have an incentive to get it right for the first phase.
Getting it right once, makes it much more likely that the second iteration will be successful as
well.
Our experience, albeit limited with this project, suggests that a BMP with a native plant garden
that is well-cared for and is not compromised by external conditions like shallow groundwater or
bedrock, can grow vigorously and the vigorous growth apparent aboveground will be fueling
vigorous growth belowground and with it, measurable improvements to soil structure.
CONCLUSIONS
We believe that together, the evidence from this work along with other research, that there is a
strong and growing body of evidence that the feedback loop between the biotic and abiotic
components of the rhizosphere improves soil structure and soil properties like infiltration over
time.
We believe the digital, time-lapse camera met the objective for finding an inexpensive and easy
monitoring tool. Objections to the use of this technique due to uncertainties associated with
understanding the causes and type of infiltration actually occurring can begin to be answered
with this work; however, more work remains to more strongly validate these results.
As to meeting the third objective, to establish the extent to which plant species selection and
cultivation practices can extend the use of infiltration SCMs in Washtenaw County, more work is
required. This project has validated that this idea has merit; is on the right track and has
suggested improvements to the methodology.
Work to develop more reliable estimates of infiltration improvements needs to improve upon
and/or incorporate the following elements:
1.
2.

Longer, continuous paired camera and transducer hydrologic monitoring of each
system, including ponding, soil moisture and climate variables
More rigorous soil texture soil profile and vegetation composition
characterization

3.
4.

More work to differentiate the most effective species mixes both for improving
soil properties as well as for promoting co-existence and diversity
Borings at rain gardens to delineate deeper soil profiles

There is no disputing that reliance on an improvement that only comes with time, without a
guarantee that the improvement will materialize, seems a risky stormwater management strategy.
However, we think that feeling of risk comes both from continued uncertainty about the potential
improvements plants offer and a lack of commitment to the practice. While SCMs may have
arisen strictly from the need to manage runoff, planted SCMs offer a host of ecosystem services
beyond capturing, treating and returning water more gently back to the hydrologic cycle. But
they are also gardens. Human society has been consistently able to conceive of, plant and sustain
many types of gardens. What we believe will come with a commitment to do this kind of
gardening well, will be the confidence in their capacity to improve soil drainage with time. This
is not to say they are a panacea for all runoff issues, because context like bedrock, groundwater,
etc. can strictly limit application.
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