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Abstract Ecosystem services in urban areas have deteriorated year on year due to increased urbanization. As a consequence of increased urbanization, floods threaten
inhabitants of various cities in Japan. Although a conventional way of treating urban flooding is to construct sewage
systems, alternative approaches have to be developed
because of their expense in the context of the current financial crisis, especially in local governments. Rain gardens, a
type of low-impact development, have recently been recommended as a best management practice for the treatment
of stormwater runoff in Northern European countries, the
USA, etc. While demand for rain gardens has been increasing
in Japan, there is a lack of knowledge about their functions
and characteristics. The present study aims to explain the
function of rain gardens through a verification experiment
and field survey. This study shows that rain gardens are
suitable for dealing with low flow volumes of rainwater,
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although their suitability could be slightly changed by soil
properties and catchment area. Our field survey indicated
that rain gardens must be connected to a sewage system. In
addition, like other green infrastructure, rain gardens require
maintenance. The most frequent type of maintenance is the
disposal of garbage, as garbage can block channels running
between a rain garden and a conventional sewage system.
Moreover, garbage build up can lead to the retention of rain
water for more than 36 h, and this water can become a habitat
for mosquito larvae.
Keywords Flooding  Urban revegetation  Ecosystem
service  Sewage system  Green infrastructure

Introduction
Urban infrastructure has significant impacts on the quality
of ecosystem services. The quality of ecosystem services
has been deteriorating year on year due to the replacement
of urban green spaces with impervious surfaces like concrete and asphalt, which completely seal soil layers. Thus
biodiversity loss is characteristic of most cities globally.
Moreover, as rainfall patterns have dramatically changed
due to climate change, urban flooding caused by
stormwater has recently threatened urban dwellers. The
most remarkable thing about cities is that, even with urban
sprawl, they take up merely 3 % of the earth’s land surface,
yet accommodate more than half the world’s population
(Wu 2010). Perhaps the most far-reaching effect of the
increased surface area of impermeable surfaces is the
alteration of hydrological regimes and, in particular,
changes to local stream discharge (Gallagher et al. 2011)
(Fig. 1). The intensity of recent stormwater is completely
beyond the capacity of conventional sewage systems. If the
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Fig. 2 Temporal changes in
damage to private assets from
flooding and number of
occurrences of stormwater
exceeding 50 mm h-1 (Japan
Meteorological Agency;
Ministry of Land, Infrastructure,
Transport and Tourism)
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Fig. 1 Relationship between
impervious surface cover and
surface runoff (Federal
Interagency Stream Restoration
Working Group 1998)
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intensity of stormwater keeps on increasing due to global
warming, damage to people and private assets from
flooding will increase in severity (Fig. 2).
In addition, without adequate stormwater-retention systems, surface water can accumulate and not only flood
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nearby areas but carry nutrients and chemicals to nearby
wetlands and water bodies (Fu et al. 2005). During rainfall,
the first couple of centimeters of water runoff contains a
majority of anthropogenic pollutants. Oils and other
chemicals deposited on the surfaces of roads are washed
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off by rain, and this initial flush of water enters nearby
streams, ponds, and wetlands (Hostetler 2009). Thus,
urbanization and construction land increase may not only
induce an increase in pollution sources but also in pollutant
transportation rates over impermeable surfaces (Fu et al.
2005). Thus, runoff needs to be slowed down and retained
to prevent volumes of water contaminating natural areas or
flooding properties (Hostetler 2009; Van-Meter et al.
2011).
Although the total length of the well-developed sewage
system in Japan is about 40,000 km, the number of old
sewage pipes is increasing; this will be a more serious
social issue in the next decade or two (Kuwano et al. 2010).
Although asset management (or stock management) recognize the need to renovate these pipes, local governments
try to extend their service life and reduce their life cycle
cost (LCC) in order to maintain an effective sewage system
(Hosoi et al. 2012). In some areas facing severe population
decline, however, extending the service life of sewers is not
always the best strategy for LCC (Hosoi et al. 2012).
Furthermore, even if renovation works are completely
successful, where sufficient funds are available, urban heat
islands or torrential rainfall due to an increase in impervious surfaces would remain a constant threat to urban
dwellers (Hiraga 2015). Thus, stormwater management
depending on only sewage systems is nearly bankrupt as a
concept in not only rural but also metropolitan areas, and
the replacement of impervious surfaces with penetrable
ones should be conducted as soon as possible (Okui 2015).
Demolition practice correspondingly requires revision to
promote the complete removal of structures and debris,
placement of appropriate soil-filling material, and establishment of protective vegetative cover to promote a shift
from runoff to infiltration (Shuster et al. 2014).
In Northern European countries, the USA, Canada and
Australia, rain gardens, a type of low-impact development
(LID), have been recommended as a best management
practice to treat stormwater runoff and to enhance biodiversity in urban areas. LID is an alternative to the conventional methods of stormwater management, and is an
ecologically sensitive development strategy that focuses on
maintaining a hydrologically functional landscape postdevelopment (Penniman et al. 2013). Rain gardens are
shallow depressions in the landscape that are planted with
trees and/or shrubs, and covered with a layer of bark mulch
or ground cover (Dietz and Clausen 2005). They are
essentially well-drained, porous beds in which water usually ponds to between 100 and 300 mm in depth for several
hours and up to a maximum of 36 h after rainfall to disturb
mosquito breeding. Sometimes, natural depressions can be
conserved and used as rain gardens. For highly engineered
rain gardens, the excavated bed is often lined with geotextile then covered in media that increase in coarseness
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with depth. Rain gardens are usually drained from below
and always have an overflow or bypass through which the
majority of runoff from large storms passes. During dry
periods, the soil absorbs and stores rainwater, which allows
plants to grow. With the planting of appropriate species for
an area, little or no irrigation is required. Once installed,
they are self-watering, self-fertilizing gardens, and particularly suitable for supporting native plants in urban environments (Hostetler 2009).
It can be predicted that it will be important to manage
brownfield sites in the near future in Japan, as there is a
possibility that these areas will increase due to a severe
population decline (National Institute of Population and
Social Security Research 2015). There is potential for
flexible re-use of vacant land for the implementation of
green infrastructure like rain gardens as decentralized
stormwater management systems (Shuster et al. 2014). To
install rain gardens on brownfields would be one of the best
ways to achieve sustainable land use. While the demand for
rain gardens has been increasing in Japan, there is a lack of
knowledge about their functions and characteristics. This
present study aims to:
1. Explain the drainage functions and characteristics of a
rain garden in an experimental field.
2. Propose how to design and maintain rain gardens
adapted to urban areas in Japan and other East Asian
countries.
The findings of this study could be useful for both civil
engineers and landscape architects for the enhancement of
ecosystem services in urban areas.

Materials and methods
This study consisted of an experiment and a field survey.
Experiment
Rain garden
The rain garden was constructed next to an artificial pond
in March 2014 at the Tobata Campus of the Kyushu
Institute of Technology, Kitakyushu, Japan (Fig. 3). The
bottom and sides of the pond were covered with an
impermeable rubber sheet in order to avoid any infiltration
of water. Native soil inside the rain garden, which was a
mixture of gravel, sand and silt (Geological Survey of
Japan 2015), was replaced with a crushed-rock bed. Unlike
the pond, the bottom and sides of the rain garden were not
covered by impermeable rubber sheeting. The pond supplied the rain garden with rainwater through polyvinyl
chloride drainage when an overflow occurred. The rain
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Fig. 3 Outline of the experimental site used to monitor drainage from the rain garden

garden discharged rainwater into a sewage system through
another polyvinyl chloride drainage system when an
overflow occurred. The rain garden and pond had digital
water gauges (model 4800 S&DL mini; OYO) for the
calculation of drainage from the rain garden as described in
the following section. The digital water gauges recorded
the water level every 10 min. The monitoring was conducted in 2015, from 1 June to 31 July, which is the rainy
season in Japan.
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S

Calculation of drainage

Fig. 4 Cross-sectional view of drainage for the calculation of
hydraulic radius

The equation of continuity (Eq. 1) and Manning formula
(Eq. 2) were used to calculate the rainwater inflows from
the pond to the rain garden through drainage.
Q¼Av

ð1Þ

where Q is flow volume (cubic meters per second), A is
cross-sectional area filled with water (squared meters), and
v is flow velocity (meters per second).
1 2 1
v ¼  R3  I 2
n

ð2Þ

where n is roughness length, and R is hydraulic radius
(meters).
R was calculated from Eqs. 3 and 4 (see Fig. 4).


A D
sin h
R¼ ¼
1
ð3Þ
S 4
h
where D is the diameter of the drainage system (meters),
and S is the wetted perimeter (meters).


H
1
h ¼ 2  cos
1
ð4Þ
r
where H is water depth (meters), and r is radius of the
drainage system (meters).
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As Q (Eq. 5) does not measure direct rainfall on the rain
garden, the ratio of the rain garden’s catchment area
(1.862 m2) to the pond’s one (357.5 m2) was used to calculate the total rainwater inflows into the rain garden.
Q0 ¼

Q
0:995

ð5Þ

Q0 Flow volume (m3/s).
When the rainfall events began, the pond was not always
full, i.e., the water in the pond needed several minutes to
arrive at the highest level. Although the rain garden
received some rainfall until the pond became full, we did
not measure this amount of rainwater because it was quite
small.
The data from the digital water gauges were collected at
10-min intervals, thus it was assumed that each water level
was maintained for the following 10 min for the
calculations.
Field survey
Field surveys on rain gardens were conducted in Gainesville, Florida and Portland, Oregon (January 2015), and
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Copenhagen (September 2015). In addition, the authors
interviewed researchers and landscape architects with
regard to the design and management of rain gardens.

Results
During the experiment, the pond supplied the rain garden
with rainwater via the drainage system seven times
(Table 1). We use the term ‘finish time’ for the time at
which the rain garden started to overflow. Where there was
no overflow from the rain garden the finish time defines the
time at which the flow of water from the pond to the rain
garden stops. Figures 5 and 6 show temporal changes in
rain events in terms of flow characteristics.
As shown in Fig. 5, discharge events with overflow (4,
6, 7) were significantly higher than events without overflow
(1, 2, 3, 5). Of the events without overflow, the maximum
discharge was 0.26 m3/min at event 2. As shown by Fig. 6,

cumulative infiltration of the events without overflow were
significantly higher than those of events with overflow.
This was due to the fact that the duration of discharge in
the former cases was longer than in the latter.
From these results, we can conclude that rain gardens
are suitable for dealing with small discharges of rainwater;
this characteristic could be slightly changed by soil properties or catchment area.
However, The field survey indicated that it is as difficult
to identify the drainage functions of conventional rain
gardens as it is for stormwater sewage systems. The main
reason for this is that the soil layer is a living entity. Under
unsaturated conditions hydraulic conductivity varies with
the water content of soil, and depends on how many of the
pores in the soil are contributing to water transport. Under
100 % saturated conditions the hydraulic conductivity,
Ksat, of a soil is a constant, thus it is argued that Ksat is an
important parameter for identifying the drainage functions
of a rain garden. Ksat indicates the worst situation in the soil

Table 1 Experimental results
Start time
(hours; date)

Finish time

Duration
(min)

Maximum discharge
from the pond (m3 min)

Mean discharge from
the pond (m3 min)

Total infiltration in the
rain garden (m3)

Overflow

Event 1

21:00; 19 June

14:40; 20 June

1,050

0.203

0.085

87.9

No

Event 2

03:10; 21 June

14:50; 21 June

700

0.257

0.130

89.6

No

Event 3

05:50; 27 June

15:30; 27 June

580

0.203

0.089

50.9

No

Event 4

02:30; 7 July

03:50; 7 July

80

0.850

0.402

32.2

Yes

Event 5

20:20; 17 July

14:40; 18 July

1,100

0.221

0.096

105.1

No

Event 6

15:00; 20 July

15:30; 20 July

30

0.893

0.486

14.6

Yes

Event 7

14:40; 21 July

18:10; 21 July

210

0.469

0.171

35.8

Yes

Fig. 5 Temporal changes in
discharge from the pond to the
rain garden for all events (black
overflow, white no overflow)
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Fig. 6 Cumulative infiltration
in the rain garden for the all
events (black overflow, white no
overflow)

in terms of water absorbability. However, it is not possible
to determine Ksat directly in the field because the height of
the soil column increases as water infiltrates the soil and
100 % saturation cannot be achieved. Moreover, soil under
a 100 % saturated condition is not found in nature, thus it
should be noted that this condition is artificial and only
used for conducting geotechnical experiments.
Rain gardens, therefore, must be connected to conventional sewage systems (Fig. 7). In addition, rain gardens,
Fig. 7 Different types of
drainage outlets from rain
gardens. All photos by K.
Ishimatsu (upper left Gainsville,
FL, January 2015; lower left
Portland, OR, January 2015;
upper right Portland, January
2015; lower right Copenhagen,
September 2015)
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like other green infrastructure, require maintenance work.
The most frequent maintenance is the disposal of garbage
(e.g., empty cans, plastic bags, etc.) which flows into rain
gardens on rainy days. The garbage can block a channel
between a rain garden and a conventional sewage system.
Moreover, garbage can retain rain water for more than
36 h, and this water can then become a habitat for mosquito larvae. In addition, the removal of invasive/nonnative
plants, pruning of overgrown plants, and gardening for
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aesthetic value are also required depending on the vegetation composition of a rain garden.
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explain the quantitative benefits of rain gardens to local
governments so that they integrate them into the development of sustainable cities for the next generation of urban
dwellers.

Discussion
Urbanization results in a reduction of ecosystem services
due to soil sealing, while at the same time the demand for
ecosystem services is rising due to an increasing urban
population (Maes et al. 2015). Green infrastructure
including rain gardens may be key factors for urban environments to increase resilience to climate-change impacts
like frequent stormwater; it also increases biodiversity and
protects landscape processes (Herzog 2013).
In the present study, drainage functions and characteristics of rain gardens were explored by means of a verification experiment. Rain gardens can retard overland
runoff, reduce and delay flood peaks effectively, and play a
major role in rehabilitating the water cycle. Although
stormwater cannot be treated completely without conventional sewage systems in urban areas, rain gardens can
decrease the dependence on these. Stormwater infiltration
and redistribution by rain gardens are also potentially significant ecosystem services, and impart value to vacant
land that presently has little or no value (Shuster et al.
2014).
Penniman et al. (2013) focused on site grading and
stormwater piping costs because they typically represent a
large percentage of conventional stormwater management
costs. They showed that using rain gardens consistently
reduced excavation and stormwater piping requirements
compared to conventional practices. At the same time, they
repeatedly found a reduction in stormwater conveyance
costs associated with the rain garden design. To sum up, a
reduction in conventional sewage systems due to the use of
rain gardens would be one of the smartest ways to reduce
local government budgets.
Increased urbanization implies competition between
remaining green spaces and other types of land use, which
makes the management of service-generating ecosystems
particularly complex (Enqvist et al. 2014). This competition clearly affects the quality of ecosystem services and
will influence the future of human society. It should be
noted that a rain garden is one of the most effective tools
for solving a current problem in ecosystem services in
countries facing severe population decline, especially
Japan and the Republic of Korea, where there is a possibility that brownfield sites will increase. We need to
investigate the potential to install rain gardens on a
regional scale, such as Martin-Mikle et al. (2015) suggest,
and as shown by the results of the present study. The
volumes of stormwater infiltration and redistribution by
rain gardens also need to be estimated. Finally, we have to
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Enqvist J, Tengö M, Bodin Ö (2014) Citizen networks in the garden
city: protecting urban ecosystem in rapid urbanization. Landsc
Urban Plan 130:24–35
Federal Interagency Stream Restoration Working Group (1998)
Stream corridor restoration principles, processes, and practice,
pp
3–23.
http://www.nrcs.usda.gov/Internet/FSE_DOCU
MENTS/stelprdb1044574.pdf. Accessed 27 Sep 2015
Fu B, Zhao W, Chen L, Liu Z, Lu Y (2005) Eco-hydrological effects
of landscape pattern change. Landsc Ecol Eng 1:25–32
Gallagher MT, Snodgrass JW, Ownby DR, Brand AB, Casey RE, Lev
S (2011) Watershed-scale analysis of pollutant distributions in
stormwater management ponds. Urban Ecosyst 14:469–484
Geological Survey of Japan (2015) Geological map of Kokura
1:50,000. https://www.gsj.jp. Accessed 3 August 2015
Herzog CP (2013) A multifunctional green infrastructure design to
protect and improve native biodiversity in Rio de Janeiro.
Landsc Ecol Eng. doi:10.1007/s11355-013-0233-8
Hiraga T (2015) Thinking an urban renovation in terms of watershed
scale. J Jpn Soc Reveg Technol 40(3):493–496 (in Japanese)
Hosoi Y, Masuda T, Akao S, Nada H, Takada D (2012) Life extension
and renewal measures of sewer systems in population decline
areas. J Jpn Soc Civ Eng Ser G (Environ Res) 68(7):681–690 (in
Japanese with English summary)
Hostetler M (2009) Conserving biodiversity in subdivision development. University of Florida, Gainesville, pp 71–80
Japan Meteorological Agency; http://www.jma.go.jp/jma/index.html
(Accessed 2 November 2015) (in Japanese)
Kuwano R, Horii T, Yamaguchi K, Kohashi H (2010) Formation of
subsurface cavity and loosening due to defected old sewer pipe.
Jpn Geotech J 5(2):349–361 (in Japanese with English
summary)
Maes J, Barbosa A, Baranzelli C, Zulian G, Batista e Silva F,
Vandecasteele I, Hiederer R, Liquete C, Paracchini ML,
Mubareka S, Jacobs-Crisioni C, Castillo CP, Lavalle C (2015)
More green infrastructure is required to maintain ecosystem
services under current trends in land-use change in Europe.
Landsc Ecol 30:517–534
Martin-Mikle CJ, de Beurs KM, Julian JP, Mayer PM (2015)
Identifying priority sites for low impact development (LID) in a
mixed-use watershed. Landsc Urban Plan 140:29–41
Ministry of Land, Infrastructure, Transport and Tourism; http://www.
e-stat.go.jp/SG1/estat/GL02100104.do?gaid=
GL02100102&tocd=00600590 (Accessed 17 October 2015) (in
Japanese)
National Institute of Population and Social Security Research (2015)
Projection—population and household. http://www.ipss.go.jp/
index-e.asp. Accessed 21 July 2015

123

212
Okui H (2015) The past and future of stormwater management in
Japan. J Jpn Soc Reveg Technol 40(3):486–488 (in Japanese)
Penniman DC, Hostetler M, Borisova T, Acomb G (2013) Capital cost
comparisons between low impact development (LID) and conventional stormwater management systems in Florida. Suburban
Sustainability 1(2), Article 1. Available at: http://scholarcom
mons.usf.edu/subsust/vol1/iss2/1. Accessed 15 Feb 2015
Shuster WD, Dadio S, Drohan P, Losco R, Shaffer J (2014)
Residential demolition and its impact on vacant lot hydrology:

123

Landscape Ecol Eng (2017) 13:205–212
implication for the management of stormwater and sewer system
overflows. Landsc Urban Plan 125:48–56
Van-Meter RJ, Swan CM, Snodgrass JW (2011) Salinisation alters
ecosystem structure in urban stormwater detention ponds. Urban
Ecosyst 14:723–736
Wu J (2010) Urban sustainability: an inevitable goal of landscape
research. Landsc Ecol 25:1–4

