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Abstract: Rain gardens have become a widespread stormwater practice in the United States, and
their use is poised to continue expanding as they are an aesthetically pleasing way to improve
the quality of stormwater runoff. The terms rain garden and bioretention, are now often used
interchangeably to denote a landscape area that treats stormwater runoff. Rain gardens are an
effective, attractive, and sustainable stormwater management solution for residential areas and
urban green spaces. They can restore the hydrologic function of urban landscapes and capture
stormwater runoff pollutants, such as phosphorus (P), a main pollutant in urban cities and residential
neighborhoods. Although design considerations such as size, substrate depth, substrate type, and
stormwater holding time have been rigorously tested, little research has been conducted on the
living portion of rain gardens. This paper reviews two studies—one that evaluated the effects of
flooding and drought tolerance on the physiological responses of native plant species recommended
for use in rain gardens, and another that evaluated P removal in monoculture and polyculture rain
garden plantings. In the second study, plants and substrate were evaluated for their ability to retain P,
a typical water pollutant. Although plant growth across species was sometimes lower when exposed
to repeated flooding, plant visual quality was generally not compromised. Although plant selection
was limited to species native to the southeastern U.S., some findings may be translated regardless of
region. Plant tissue P was higher than either leachate or substrate, indicating the critical role plants
play in P accumulation and removal. Additionally, polyculture plantings had the lowest leachate
P, suggesting a polyculture planting may be more effective in preventing excess P from entering
waterways from bioretention gardens. The findings included that, although monoculture plantings
are common in bioretention gardens, polyculture plantings can improve biodiversity, ecosystem
resilience, and rain garden functionality.
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1. Introduction

The negative impacts of urbanization on associated watersheds result in changes to hydrology,
elevated concentrations of nutrients and contaminants, altered channel morphology, and reduced
biodiversity [1]. Urbanization also decreases groundwater recharge, which often leads to diminished
groundwater supply [2]. Contributors to altered watersheds and reduced groundwater reserves
are numerous, but the primary driver is stormwater runoff. Beyond changes to natural hydrology,
stormwater is also associated with pollution [3]. Stormwater carries pollutants and discharges them to
surface waters. Pollutants include: Heavy metals (such as lead, zinc, copper, and cadmium), polycyclic
aromatic hydrocarbons, soluble salts, pesticides, nitrogen, solids, pathogens, pharmaceuticals, and P.
Phosphorus, a main pollutant in urban areas, enters waterways with surface water runoff degrading
the waterways through over production of algae and aquatic plant growth [4–11]. The main source of
urban P is residential lawns and streets.

1.1. Low Impact Development

Low impact development (LID) has gained popularity as a tool to increase local sustainability,
resiliency and improve ecosystem health [4–7,12–14]. LID uses an approach that mimics natural
hydrology practices through small, site-scale, cost-effective landscape features that soak up, hold,
convey, and filter stormwater onsite [7,12,15,16]. These localized stormwater control measures (SCMs)
include rain gardens, bioretention, porous paving, grass swales, green roofs and more. LID enhances
the local environment, protects public health, improves community livability, and can save residential
developers and local governments money by reducing construction costs [15,17–21]. The United States
Environmental Protection Agency (US EPA) has reported that traditional curb and gutter, storm piping,
and detention ponds of residential developments can cost two to three times as much as grass swales
and other LID techniques [7]. However, the key factor in the success of LID at the residential scale is to
ensure that the SCMs are attractive, low maintenance, and perceived by the property owner as adding
ecological value to the property [12,15].

1.2. Rain Gardens

Rain gardens are an effective LID practice used in residential areas to capture stormwater runoff,
recharge groundwater through infiltration, and remove runoff pollutants, such as phosphorus (P) from
stormwater prior to entering local streams [6,22–28]. Rain gardens add ecological value to residential
developments by filtering nutrients, metals and pathogens from stormwater runoff. Rain gardens
are known to filter around 90 percent of copper, lead and zinc; 50 percent of nitrogen; and 65 % of
P, which could otherwise flow into storm drains and eventually bodies of water [29,30]. Nitrogen
(N) and P (P) are of particular concern and interest in urban stormwater runoff due to their role in
eutrophication of water bodies, onset of harmful algal blooms, and fish kills [13,31,32]. Traditionally, a
rain garden is constructed as a shallow depression in the landscape that receives runoff during a storm
event. Trees, shrubs, and herbaceous landscape plants are planted along with a groundcover or mulch
layer [5,33,34]. Rain gardens are designed to experience periodic flooding for up to two days [23,35]. A
maximum of 48 h is recommended to prevent mosquitoes from breeding [36] and prolonged exposure
of plant roots to anaerobic conditions [37]. Rain gardens are watered naturally and therefore may
experience very dry conditions as well as the expected temporary flooded conditions [38–40].

1.3. Flooding Tolerance

Flooding imposes a substantial abiotic stress on plants that often affects growth, distribution, and
productivity [41]. The major stress on flooded plants is an inadequate supply of oxygen to submerged
tissues [42]. Gas diffusion is severely inhibited in flooded soils. Within 24 to 48 h of flooding, plant roots
deplete soil oxygen and exhibit root stress [43]. Eventually, toxic products of anaerobic metabolism
accumulate, causing harm to plant cells. Plants unable to withstand flooding stress eventually succumb



Sustainability 2019, 11, 3269 3 of 18

to depleted carbohydrate reserves, accumulation of toxic metabolites, hormonal dysfunction, or some
combination of the above. Even after flooding subsides, a plant is susceptible to post-anoxic injury as
it is reintroduced to oxygen [44]. Susceptibility to secondary biotic stresses, such as pests and abiotic
stresses, and wind and temperature, can also be problematic for waterlogged plants.

Flood tolerant plants overcome flooding stress through a suite of morphological and physiological
adaptations [41,42]. Flooding often limits plant size. Therefore, injuries to roots, shoots, and leaves
are evidence of plant fitness during and after a flooding event. Initial and final plant dry weight,
total leaf area, and other growth measures are good indications of a plant’s tolerance to flooding [45].
Long-term flooding adaptations often develop in the roots. Original roots may dieback and be replaced
by adventitious roots [46]. The ratio of dead to living root tissue may be compared to other root systems.
Leaf yellowing, or chlorosis, and death is a common injury caused by flooding [47]. Leaf yellowing
due to flooding resembles nitrogen deficiency, however, it often appears 4–6 days after flooding occurs.
Finally, a decrease in stomatal conductance during flooding is also common since flooding can cause
a decrease in the capacity of plants to absorb and conduct water [47]. Stomatal conductance can be
measured to determine how much water vapor is being emitted via the stomata [48–50]. Understanding
the degree to which a plant can withstand wet or dry conditions is important in determining rain garden
plant effectiveness. Furthermore, such knowledge helps determine proper rain garden placement.

1.4. Phosphorus

Plant species tolerant of flooding will generally acquire more nutrients in their plant tissue than
flood-intolerant species [51,52]. In some cases, waterlogged soils can increase the ability of plants to
uptake Ps and increase the soil P availability [53]. However as previously discussed, plants may face
reductions in growth, biomass, and photosynthetic activity when waterlogged [52]. In turn, the release
of soil P during flooding events can act as a nutrient source or sink [54]. As such, repeated flooding
can result in a P release from soils, which introduces additional P to soils and waterways [54,55]. Plant
selection is key to rain garden functionality—not only in terms of plant survival but in regards to
nutrient removal.

1.5. Plant Selection

While studies have been conducted regarding the design and substrate composition of rain
gardens to maximize capture potential and pollutant retention [56,57], research on rain garden plant
selection is sparse. In light of limited rain garden plant research, initial studies focused on plant
selection. Most of the research was conducted in southeastern U.S.A. [58–62]. Findings are summarized
in Appendix A. The results of some studies found that not all plants commonly recommended for
rain garden inclusion responded well to evaluation, which indicates that continued area specific rain
garden plant research is needed. The results also suggest that research should not be limited to plant
selection. For example, Clethra alnifolia L. Ruby Spice (Ruby Spice summersweet) did poorly in one
study [60], but thrived in another study [58]. The difference in performance was attributed to plant
size. Larger plants (3.8 L) seemed more tolerant of flooding than smaller plants (1 L) possibly due
to more robust root systems. If true, initial plant size should be considered when installing a rain
garden. Dylewski (2012) [60] noted that plant maturity also affected flooding tolerance. In that study
Itea virginica L. Henry’s Garnet (Henry’s Garnet sweetspire) demonstrated decreased sensitivity to
flooding with greater plant maturity. However, the opposite was true for Vibrurnum nudum (L.) A.
Gray (Shamrock inkberry holly). A greater understanding of individual plant performance at various
stages of life, exposure, and nutrient inundation would benefit those designing and implementing rain
garden systems.

Polyculture planting is another important consideration. Research suggests that using a variety
of plant species benefits functionality. Diversifying planting composition between functional
groups—monocots and dicots, evergreen and deciduous, and shallow and deep-rooted species—can
increase competition for nutrients, biomass productivity, and stress tolerance [63–65]. Polyculture



Sustainability 2019, 11, 3269 4 of 18

planting could also increase competition in water uptake and thereby increase flooding tolerance and
nutrient uptake and removal [59,64,66]. Those researchers concluded that nutrients were released
during cool season perennial die back, even when evergreens were present. Nevertheless, evergreens
likely helped increase nutrient uptake during the cool season. The same study noted high tissue
concentrations of metals in ferns. Ferns may, in turn, have potential for greater metal uptake and
removal from rain garden systems. Additionally, polyculture plantings demonstrated greater potential
to remove niche nutrients and thereby increase overall nutrient removal [67–70]. Combined, the current
research suggests that polyculture planting could increase overall rain garden performance through
greater nutrient uptake, avoid seasonal vegetative gaps, and increase water uptake.

1.6. Objective

Characterization of plant health in response to short-term cyclic flooding is critical when evaluating
plants for inclusion in rain gardens. Although many plants have been recommended for use in
bioretention gardens, data are needed to document plant establishment, flood tolerance, and P uptake
under repeated short-term flooding conditions. Plant selection for the two studies discussed in this
paper was based on published recommendations [38,71,72] and included grasses, shrubs, an herbaceous
perennial, and ferns.

Therefore, the first objective of this research was to evaluate five diverse native landscape plant
species for tolerance to repeated short-term flooding. The second objective was to evaluate three
diverse native landscape plant species for P uptake and tolerance of bioretention garden conditions
and to compare monoculture and polyculture planting combinations of these same species.

2. Materials and Methods

2.1. Rain Garden Microcosms

Rain garden microcosms were constructed using 97 L plastic nursery containers [Classic 10,000,
Nursery Supplies, Inc. (Chambersburg, PA, USA)]. One 97 L container represented one microcosm.
Two types of containers were utilized: (1) Containers lacked drainage holes and could be flooded and
(2) containers drained freely though drainage holes stamped by the manufacturer on the bottom of
each container. Containers without drainage holes were modified with a drainage valve to allow for
repeated flooding and draining. Microcosms were placed under an outdoor shade structure at the
Paterson Horticulture Greenhouse Complex, Auburn University, AL. The top of the structure was
covered with a double layer of 6 mil clear polyethylene plastic to exclude rainfall and 60% woven
shade cloth to allow for evaluation of shade plants. The structure was constructed with an overhead
sloped frame to allow the water to drain off.

2.2. Growth and Physiological Response Study

Five shade-tolerant southeastern U.S.A. native plant species, including two evergreen shrubs, two
ferns, and one herbaceous perennial, were selected for this study, and the physiological responses to
repeated short-term flooding were examined. All species are commonly recommended for use in rain
gardens [35,71,72]. Shrubs included 11.3 L Illicium floridanum Ellis (Florida anise) and Morella cerifera L.
(wax myrtle) (Figure 1). Ferns included 3.8 L Osmunda cinnamomea L. (cinnamon fern) and Polystichum
acrostichoides Michx. (Christmas fern). The perennial used in the study was 3.8 L Chasmanthium
latifolium Michx. (river oats). These sizes correspond to the sizes typically available commercially for
these species for planting into a landscape. Each species was included in two experimental runs with
the exception of C. latifolium which was included in three experimental runs.
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Figure 1. Shrubs Illicium floridanum (Florida anise) planted in microcosms under shade and rain 
exclusion. Microcosms equipped with valves (circled) could be flooded for 48 h, while other 
microcosms had traditional drainage holes. 

Rain garden microcosms were filled with an 8:1 pine bark:sand substrate amended with 1.2 
kg/m3 of dolomitic limestone and 8.0 kg/m3 of 15N-3.9P-10K Osmocote Plus (with micronutrients, 
Marysville, OH, USA). A slow-release fertilizer was used to avoid mass leaching during flooding 
inundation [73]. Shrubs were planted one plant per microcosm. One perennial species was planted 
per microcosm. One of each fern species was planted per microcosm (total of two plants per 
microcosm for ferns).  

Plants received one of two treatments—flooded or non-flooded. Flooded plants were flooded by 
hand watering the container until inundated and adding water as needed to maintain flooded 
conditions for 48 h followed by 5 days of draining (no additional water added). During flooding, 
water level was maintained approximately 2 cm above the substrate to ensure complete inundation. 
Plants were flooded once weekly for 8 weeks. Non-flooded plants were hand watered every other 
day with approximately 11 L of water. All plants were harvested after 8 weeks.  

Three additional plants of each species were destructively harvested at a study initiation to 
determine initial size index (SI) [(height + widest width + width perpendicular the widest width)/3], 
leaf area [LA, LI-3100 leaf area machine (LI-COR, Inc. Lincoln, NE, USA)], and shoot dry weight 
(SDW) [leaf + stem dry weight]. For SDW, plant tissue was placed in a 77 °C drying oven for 3 days 
and weighed immediately upon removal.  

Initial SI and final SI, LA, and SDW were collected for plants in the microcosms. Final LA was 
measured for all ferns and perennials. For the shrubs, final LA was measured for three plants per 
species per treatment. Leaf chlorophyll content [LCC, Konica Minolta Chlorophyll Meter SPAD-
502Plus (Ramsey, NJ, USA)] and stomatal conductance [SC, Decagon Devices, Inc. Leaf Porometer 
(Pullman, WA, USA)] were measured from newly matured leaves at the end of draining (five days 
no water) and flooding (48 h) periods. For shrubs in both runs of the experiment and the first 
experimental run of perennials, LCC and SC was measured beginning midway through an 
experimental run and continuing for the last 3 weeks. For the ferns and second experimental run of 
perennials, LCC and SC was measured at 2, 4, 6, and 8 weeks. Stomatal conductance was measured 
between 8:00 a.m. and 11:00 a.m. for morning measurements and between 1:00 p.m. and 3:00 p.m. for 
afternoon measurements.  
  

Figure 1. Shrubs Illicium floridanum (Florida anise) planted in microcosms under shade and rain exclusion.
Microcosms equipped with valves (circled) could be flooded for 48 h, while other microcosms had
traditional drainage holes.

Rain garden microcosms were filled with an 8:1 pine bark:sand substrate amended with 1.2 kg/m3

of dolomitic limestone and 8.0 kg/m3 of 15N-3.9P-10K Osmocote Plus (with micronutrients, Marysville,
OH, USA). A slow-release fertilizer was used to avoid mass leaching during flooding inundation [73].
Shrubs were planted one plant per microcosm. One perennial species was planted per microcosm.
One of each fern species was planted per microcosm (total of two plants per microcosm for ferns).

Plants received one of two treatments—flooded or non-flooded. Flooded plants were flooded
by hand watering the container until inundated and adding water as needed to maintain flooded
conditions for 48 h followed by 5 days of draining (no additional water added). During flooding, water
level was maintained approximately 2 cm above the substrate to ensure complete inundation. Plants
were flooded once weekly for 8 weeks. Non-flooded plants were hand watered every other day with
approximately 11 L of water. All plants were harvested after 8 weeks.

Three additional plants of each species were destructively harvested at a study initiation to
determine initial size index (SI) [(height + widest width + width perpendicular the widest width)/3],
leaf area [LA, LI-3100 leaf area machine (LI-COR, Inc. Lincoln, NE, USA)], and shoot dry weight (SDW)
[leaf + stem dry weight]. For SDW, plant tissue was placed in a 77 ◦C drying oven for 3 days and
weighed immediately upon removal.

Initial SI and final SI, LA, and SDW were collected for plants in the microcosms. Final LA was
measured for all ferns and perennials. For the shrubs, final LA was measured for three plants per
species per treatment. Leaf chlorophyll content [LCC, Konica Minolta Chlorophyll Meter SPAD-502Plus
(Ramsey, NJ, USA)] and stomatal conductance [SC, Decagon Devices, Inc. Leaf Porometer (Pullman,
WA, USA)] were measured from newly matured leaves at the end of draining (five days no water)
and flooding (48 h) periods. For shrubs in both runs of the experiment and the first experimental
run of perennials, LCC and SC was measured beginning midway through an experimental run and
continuing for the last 3 weeks. For the ferns and second experimental run of perennials, LCC and SC
was measured at 2, 4, 6, and 8 weeks. Stomatal conductance was measured between 8:00 a.m. and 11:00
a.m. for morning measurements and between 1:00 p.m. and 3:00 p.m. for afternoon measurements.
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2.3. Phosphorus Retention Study

Three southeastern U.S.A. native plants species including a grass, an herbaceous perennial, and
an evergreen shrub were used for this study, which examined the P uptake by plants and P retention by
the substrate. Plants of Andropogen ternarius Michx. (splitbeard bluestem), Coreopsis verticillata Zagreb
L. Glab. (whorled coreopsis), and Ilex vomitoria Schilling’s Dwarf Ait. (yaupon holly) were removed
from 38 L containers and replanted into microcosms, with three plants per microcosm. Four planting
combinations were used. These included a monoculture of A. ternarius, C. verticillata Zagreb, or I.
vomitoria Schilling’s Dwarf (three plants of same species per microcosm) or a polyculture of A. ternarius,
C. verticillata Zagreb, and I. vomitoria Schilling’s Dwarf (one plant of each species per microcosm), with
12 microcosms per planting combination (three monocultures and one polyculture). Microcosms were
filled with a substrate of a 50% sand, 25% pine bark, 25% peat moss, amended with 0.45 kg·m−3 P free
19N-0P2O5-17K2O (with micronutrients) (Tru-prill, Plant Science, Inc, Gormley, ON, Canada). This
substrate was chosen to simulate bioretention substrates suggested for use in LID projects [26,74–76].

After one week of acclimation outdoors, flood and non-flood treatments were initiated. Plants
were irrigated (non-flood) or flooded with a solution containing 1.6 mg·L−1 P (85% H3PO4, Fisher
Scientific, Pittsburgh, PA, USA) which is four times the median P concentration of 0.4 mg·L−1 in urban
stormwater runoff [25,27]. Six microcosms from each planting combination were flooded with 26.5 L of
solution, and no additional solution was added during each flood event of 48 h. Following each flood
event, the microcosm was drained for seven days. No additional water was added to the containers
during the draining period of seven days that followed each flood event (flood–drain cycle). There
were 12 flood-drain cycles. The non-flood microcosms, six from each planting combination, were
irrigated three times weekly with 20 L of solution.

Size index [(shoot height + shoot widest width + shoot width (perpendicular to widest)/3)] was
measured for each plant at initiation, midway, and termination. At termination, plant shoots were
severed at the substrate surface, and roots were rinsed to remove substrate. Shoots and roots were
dried separately in an oven for 48 h at 66 ◦C to determine shoot dry weight and root dry weight. Four
50 g substrate samples were collected prior to planting. Upon termination, four 50 g substrate samples
were collected for each planting combination x flood treatment. Also upon termination, the entire dried
shoot or root tissue of three plants per planting combination x flood treatment were ground to 5 mm
particle size and a 0.5 g tissue sample collected from each. Leachate samples (200 mL) were collected
from three containers in each planting combination x flooding treatment using the Virginia Tech Pour
Through Method [77]. Substrate samples were processed using Mehlich 1 double acid extraction
method, and tissue samples were processed using dry ash and double acid extraction method by the
Auburn University Plant and Soil Analysis Lab [78]. Leachate, substrate and tissue samples were
analyzed for P concentrations for at Auburn University Plant and Soil Analysis Lab using Inductively
Coupled Plasma (ICP) spectrophotometer.

Two experimental runs were conducted. The first run was initiated 27 September 2012 and
terminated 7 December 2012 (herein referred to as fall). The second run was initiated 4 April 2013 and
terminated 7 June 2013 (herein referred to as spring). There were no differences in methodology between
runs, except that chemical analysis of root and shoot tissue, substrate, and leachate was conducted in
fall only. Microcosms (flood or non-flood) and planting combinations were completely randomized.

2.4. Statistical Analysis

For both studies, analysis of variance was performed using PROC GLIMMIX in SAS version 9.3
(SAS Institute, Cary, NC, USA), and microcosms were arranged in a completely randomized design
with six microcosms per treatment per species (or planting combination). For the physiology study,
each species was treated as a separate experiment. For the P study, treatments were in a factorial
treatment design of species (planting composition) and flood. All significances were at P = 0.05. The
results for main effects and interactions are presented when significant, and not presented if not
significant. If interactions were significant, then the simple effects of each factor are presented. The
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means separation was performed using Tukey for the growth and physiology study and LSMEANS
for the P retention study.

3. Results

3.1. Growth and Physiological Response Study

3.1.1. Plant Response to Short-Term Cyclic Flooding

With the exception of P. acrostichoides, all species evaluated tolerated intermittent flooding (Table 1).
Two of the six flooded P. acrostichoides plants died, and SI, LCC, and SC were lower in flooded plants
than in non-flooded plants of this species in the summer 2015 run. In some ways, data for I. floridanum
did not support personal observations. Growth measurements (SI, LA, DW) showed a tolerance of
short-term cyclic flooding. However, physiological measurements and personal visual observations
did not. Leaf yellowing, wilting, and senescence increased as the experiment progressed. Regarding
the five plant species evaluated, C. latifolium tolerated flooding best, based on data collected and
personal visual observations. The results were higher for flooded plants of this species in at least one
measurement for each run, especially during summer runs.

Table 1. Summary of responses to 7–8 weeks of cyclic flooding for five species: Illicium floridanum (IF),
Morella cerifera (MC), Osmunda cinnamomea (OC), Polystichum acrostichoides (PA), and Chasmanthium
latifolium (CL). The experiment was conducted in Auburn, AL. Runs included summer 2014 (SU 14),
fall 2014 (FA 14), spring 2015 (SP 15), and summer 2015 (SU 15). Measurements included: size index
(SI), leaf area (LA), leaf chlorophyll content (LCC), shoot dry weight (SDW), leaf:stem DW ratio, and
stomatal conductance (SC). Plants were flooded for 48 h followed by 5 days of no watering (flooded, F)
or watered every other day (non-flooded, NF). If a difference occurred between species, the treatment
with a higher value is highlighted.

Growth and Physiological Study Results Summary

Type Species Run SI z LA LCC SDW SC

Shrub
IF

SU 14 ND y ND ND ND NF
FA 14 ND ND NF ND NF

MC
SU 14 NF ND ND ND NF-
FA 14 ND ND NF ND NF

Fern
OC

SP 15 ND ND ND ND ND
SU 15 ND ND ND ND ND

PA
SP 15 ND ND ND ND F
SU 15 NF ND NF over time ND NF-

Grass CL
SU 14 ND F ND ND F
SP 15 ND ND NF ND ND
SU 15 F F ND F ND

z SI = (height + widest width + perpendicular width)/3; y No significant difference is denoted by ND.

3.1.2. Whole-Plant Stomatal Conductance Estimates

In addition to the growth and physiological response measurements, whole-plant stomatal
conductance estimates were calculated. Stomatal conductance was multiplied by leaf area to estimate
the potential total amount of water that could be transpired by each species per second. There were
no differences between flooding treatments for M. cerifera and O. cinnamomea. Illicium floridanum and
P. acrostichoides showed differences only during the summer when total transpiration was higher in
non-flooded (Table 2). Conversely, C. latifolium showed differences during both summer runs when
total transpiration was higher with flooding.
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Table 2. Whole plant transpiration rates calculated using stomatal conductance (mmol·m-2
·s−1) and

total plant leaf area (m2) of Illicium floridanum (IF), Morella cerifera (MC), Osmunda cinnamomea (OC),
Polystichum acrostichoides (PA), and Chasmanthium latifolium (CL) after 7–8 weeks of flooding. Plants
were flooded for 48 h followed by 5 days of no watering (flooded, F) or watered every other day
(non-flooded, NF). The experiment was conducted in Auburn, AL, U.S.A. in summer 2014 (SU 14), fall
2014 (FA 14), spring 2015 (SP 15) and summer 2015 (SU 15).

Whole Plant Transpiration (mol·s−1)

SU 14 FA 14 SP 15 SU15

Type Species F NF F NF F NF F NF

Shrub
IF 18.4a z 0.513b 0.097 0.201 - - - -

MC 0.242 0.527 0.131 0.186 - - - -

Fern
OC - - - - 0.095 0.075 0.054 0.053

PA - - - - 0.021 0.018 0.002a 0.018b

Grass CL 0.141a 0.047b - - 0.022 0.025 0.237a 0.142b
z Letters indicate significant differences between treatments for each species within a run at p < 0.05.

3.2. Phosphorus Retention Study

3.2.1. Dry Weight and Size Index

All species tolerated repeated short-term flooding regardless of whether planted as a monoculture
or as a polyculture [61]. There was some seasonality associated with growth for all three species.
For. C. vertcillata, SDW was higher in flooded than non-flooded treatments (Table 3). For I. vomitoria,
SDW was greater in fall than spring. In contrast, SDW of C. verticillata was higher in spring than fall.
Although flooding did not affect SI of A. ternarius and I. vomitoria, SI of C. verticillata was higher in
non-flooded than flooded (Table 3).

Table 3. Summary of responses to 15 weeks of cyclic flooding for three species: Ilex vomitoria (IV),
Andropogon ternarius (AT), and Coreopsis verticillata (CV). The experiment was conducted in Auburn, AL.
The runs included fall 2012 and spring 2013. The measurements included: size index (SI), shoot dry
weight (SDW), and rood dry weight (RDW). The plants were flooded for 48 h followed by 7 days of no
watering (flooded, F) or watered every other day (non-flooded, NF). If a difference occurred between
species, the treatment with a higher value is highlighted.

Type Species SI z SDW RDW

Shrub IV NDy ND ND
Grass AT ND ND ND

Perennial CV ND NF NF
z SI = (height + widest width + perpendicular width)/3; y No significant difference is denoted by ND.

3.2.2. Phosphorus Concentration

Initial substrate P was 2.33 mg/kg. The final substrate P was higher in flooded (5.8 g/kg) than
non-flooded (7.5 mg/kg). Similarly, leachate P was higher in flooded than non-flooded microcosms
ranging from 13–15 mg/L in flooded to 6–7 mg/L in non-flooded. Root and shoot tissue P was highest
among species in C. verticillata (Table 4). The concentration of P in root and shoot tissue along with the
dry weight of root and shoot tissue, respectively, were used to calculate total phsophorus per plant.
On a per plant basis, C. verticillata had 10.47 mg P, A. ternarius had 101.71 mg P, and I. vomitoria had
22.78 mg P in tissue.
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Table 4. Root and shoot tissue P concentrations (RTP and STP, respectively) of Ilex vomitoria (IV),
Andropogon ternarius (AT), and Coreopsis verticillata (CV) after 15 weeks. Flooding did not affect RTP or
STP. The experiment was conducted in Auburn, AL, U.S.A. in fall 2012 and spring 2013.

Type Species RTP (mg/kg) STP (mg/kg)

Shrub IV 1607b z 2636b
Grass AT 1945b 2443b

Perennial CV 4089a 3088a
z Lowercase letters denote least squares mean separation among species within a column using ANOVA F-test in
the Glimmix procedure (p < 0.05).

4. Discussion

4.1. Plant Recommendations

In order to provide a diverse list of research-based rain garden plant recommendations to meet
varying needs and tastes, the Morash (2016) [62] and Meder (2013) [61] studies utilized plants from the
following functional groups: Herbaceous perennial (C. verticillata), shrubs (I. vomitoria, M. cerifera and
I. floridanum), ferns (P. acrostichoides and O. cinnamomea), and grasses (A. ternarius and C. latifolium).
Plants were not evaluated long-term. Therefore, it is unknown if there would be an accumulation
effect of prolonged stress, particularly for shrub species. Further, research did not include a winter
experimental run. Rain garden soil may stay waterlogged for a longer period of time, and nutrient
uptake and stomatal conductance rates are expected to be lower in cooler months. As such, the effects
of winter intermittent flooding for the plants tested in these studies are not known.

O. cinnamomea was not affected by flooding during any run. Based on its response to simulated
flooding and its visual appearance, O. cinnamomea is recommended for use in rain gardens. The
following species were negatively affected by flooding during at least one run: C. verticillate (SI and
SDW), I. vomitoria (SDW in combination planting), A. ternarius (SDW in combination planting), M.
Cerifera (SI, LCC, and SC), I. floridanum (LCC and SC), and P. acrostichoides (SI, LCC, SC). Despite
evidence of flooding stress, C. verticillate, I. vomitoria, M. cerifera, and A. ternarius appeared to tolerate the
type of flooding expected in rain gardens and are therefore recommended for use in rain gardens. The
results for I. floridanum were less clear. Although growth measurements (SI, LA, and SDW) suggested
tolerance to short-term cyclic flooding, physiological measurements (LCC, SC) and personal visual
observations (not quantified) did not. A likely explanation for the disparity relates to sample size.
Destructive harvests were used for LA and DW. Due to time restrictions, only three plants of each
shrub species per treatment were recorded. With such a small sample number, confidence intervals for
detecting significant differences were large. A larger sample size could have decreased confidence
intervals and increased precision [79]. In any case, results from these studies show the importance of
coupling growth and physiological data with visual observations, seasonality, and survival to gain a
full picture of a species suitability for use in a rain garden. Although leaf senescence and chlorosis are
common symptoms in flooded plants, no previous research on flooding tolerance or drought tolerance
was found for this species. Based on the results, it is unresolved whether to classify I. floridanum
as suitable or unsuitable for use in southeastern U.S.A. rain gardens. The following species were
benefited by flooding during at least one run: C. latifolium (every measurement) and P. acrostichoides
(SC during the spring run). Based on experimental results, C. latifolium is an excellent southeastern
U.S.A. rain garden plant. However, P. acrostichoides is not recommended for use in southeastern U.S.A.
rain gardens without supplemental irrigation. Although the plant withstood rain garden conditions in
the spring, results from the summer run suggest possible drought intolerance, which is a common rain
garden condition.
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4.2. Flooding and Seasonal Effects on Growth

The Morash [62] and Meder [61] studies provide the opportunity to compare responses of different
species within the same functional group to repeated short-term flooding. The conclusions based on
growth measurements could help individuals implementing rain gardens make better plant selections
after considering site-specific conditions. Both studies used the maximum flooding time recommended
for rain gardens, 48 h, and demonstrated that flooding affects plants differently within functional
groups. For example, the Morash [62] study identified that C. latifolium, performed better under cyclic
flooding, while Meder’s results did not reveal a significant difference in growth measurements of
A. ternarius when planted as a monoculture. Looking beyond these two studies, a third study that
used a similar flooding technique and surveyed a native landscape grass, Muhlenberia capillaris (Lam.)
Trin., found that SDW and root dry weight (RDW) was higher in non-flooded than flooded treatments
(Christian et al., 2012). Comparing the results of the three studies establishes that plant tolerance to
short term flooding cannot be assumed based on plant functional group. The results also provide rain
garden implementers options for grass selection depending on the expected frequency of flooding.

Morash [62] made an interesting observation regarding flooded grass roots. Although RDW
was not measured, Morash [62] described personal observations of the roots upon inspection of the
plants at harvest. C. latifolium developed two characteristics not seen in any of the other species
examined—robust root systems that penetrated the entirety of the 97 L containers in flooded plants
and aerenchyma tissue in the stems. Aerenchyma are a well-known plant acclimation in waterlogged
environments that transport oxygen to depleted roots [42]. Flood tolerant grass species, such as C.
latifolium, can increase the number of adventitious roots per stem and nearly double root porosity [80].
Meder [61] provided similar observations for A. ternarius as well as data that support Morash’s [62]
observations. Mixtures of shallow and deep-rooted species can improve the uptake of limiting nutrients,
such as P, leading to higher productivity over time, and potentially, more nutrient removal from
stormwater [64]. Therefore, the inclusion of deep-rooted plants, such as grasses as well as shallow
rooted plants as herbaceous perennials, is recommended for rain gardens.

Like the grasses, the ferns demonstrated that plant recommendations should be based on
site-specific conditions. Osmunda cinnamomea was very tolerant of rain garden conditions, and P.
acrostichoides was not. Osmunda cinnamomea was not affected by flooding. Furthermore, the researcher
stated that this species was visually appealing regardless of the treatment. Under the same flooding
conditions, P. acrostichoides performed poorly. Flooding did not affect P. acrostichoides in the spring, but
summer SI, LCC, and SC were negatively affected by flooding. Two of the six summer 2015 plants
died. A time by flooding treatment interaction was found for LCC and SC, which suggest that a longer
experimental period could have resulted in more loss. The researcher reported that plants seemed to
suffer from the 5 days drying period and somewhat recover from drying when flooded. Intolerance
for dry conditions may explain why this species was not negatively affected by flooding in the fall as
opposed to the hot summer months. In a vegetative community study, P. acrostichoides was identified as
a strong indicator species for the presence of near surface water (defined as saturated soil or water table
within 30 cm), which supports that this species was intolerant of the 5 days no watering period [81].
The results from P. acrostichoides emphasize the importance of rain garden research under various
wet/dry periods as well as seasonal studies. Even though P. acrostichoides performed poorly in the rain
garden simulation, it may succeed in areas with milder or wetter summers. Therefore, regional studies
of rain garden plants are recommended for future research as well.

Growth measurements were helpful in identifying rain garden impacts on plants other than
flooding, for example, the change in seasonality effects inevitable within a rain garden. When
comparing runs of C. verticillata, the plant exhibited its highest growth measurements in the spring.
The result is consistent with the typical growth pattern for C. verticillata, which predominately occurs
during spring and summer [82]. Likewise, the growth of C. latifolium is also known to peak in the
summer [83]. The average summer 2015, SDW of C. latifolium was more than 2.5 times higher than
the spring 2015 average for both flooded and non-flooded plants (flooded spring:summer—31.3:82.1
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and non-flooded spring:summer—18.7:49.5). Shrubs exhibited a different growth pattern in both
studies. All four shrub species grew throughout experimental runs including those conducted in fall,
when growth typically peeks. Based on the evidence, monoculture planting or a planting of the same
functional group (all grasses or all shrubs, for example), may result in vegetation gaps within seasons.
If so, restrictions in nutrient uptake and transpiration rates would likely ensue. Furthermore, the
general health of the rain garden could suffer. With a planting gap, another species, such as an invasive
plant or weed, could move in more readily. Polyculture plantings are known to better resist invasion
and are more resilient to mortality of another single species [84,85]. Having a variety of plants in a rain
garden can reduce vegetation gaps caused by seasonal growth variations because successful species
can take turns filling the gaps caused by unsuccessful species.

4.3. The Effects of Polyculture on Growth and Phosphorus Uptake

The Meder [61] study delved deeper into polyculture effects on growth. Polyculture planting
in that study included three different functional plant groups—herbaceous perennial, shrub, and
grass. Meder [61] revealed that polyculture treatment values, which were collected in the spring,
were neither the highest in weight nor the lowest. Seasonal growth rates explain the intermediate
dry weight of the polycultures. Andropogon ternarius and I. vomitoria were high growth species in fall,
and C. verticillata was a high growth species in spring. Applying Meder’s [61] results to a proper rain
garden would mean that a rain garden populated by A. ternarius, I. vomitoria and C. verticillata would
produce more biomass in the summer than a garden planted with only C. verticillata. Furthermore, had
the polyculture experiment extended beyond one season, research suggests that it is likely that the
average polyculture dry weights would have exceeded monoculture dry weights. A study of diversity
and canopy structure on grassland ecosystems found that species and functional group diversity
increased mean vegetation cover from 64% in monocultures to 100% in a 32-species mixture [86]. The
most species rich community produced 143% more biomass than monoculture plantings over several
seasons. Plant functional group richness exerts positive effects on plant biomass and productivity.
When competition exists between different functional groups, compared to within the same functional
group, there is a higher biomass yield than when a functional group is grown alone, as the plants are
occupying different resource niche spaces [64]. Therefore, by maximizing biomass through polyculture,
greater nutrient uptake can likely be achieved.

The handling of P is of particular interest in rain gardens since it is known to be in high
concentrations in urban runoff. Meder’s study [61] provided insight into how different functional
groups handled Pin monoculture and polyculture plantings. Slower growing plants from low-resource
ecosystems, such as shade understory, have low capacity for nutrient uptake. This may explain why
I. vomitoria, an understory shrub, had low shoot and root P concentrations [87–89]. Among species,
root and shoot tissue P was highest in the perennial, C. verticillata, and similar in I. vomitoria (shrub)
and A. ternarius (grass). Among planting combinations, root tissue P was also highest in C. verticillata
monoculture pots, and the next highest root tissue P was in polyculture pots. Perennial plants from
higher nutrient ecosystems, such as C. verticillata, may have higher nutrient uptake than faster growing
plants, such as grasses [90,91]. Nutrient storage can occur in perennial plants as an insurance against
future loss and as a support for growth when conditions are favorable, thus C. verticillata may have had
the highest root and shoot tissue P, due to its natural ability to take up more nutrients [87]. However,
when total P for each plant was measured, C. verticuillata has the lowest total P uptake, which was
10 times lower than A. ternarius and 2 times lower than I. vomitoria. Furthermore, RDW was lowest
for C. verticillata. In contrast, root tissue P was lowest for A. ternarius and I. vomitoria, and RDW was
highest for A. ternarius. Thus, it is possible that while some species, such as C. verticillata, are storing
excess P in plant tissue, species from low nutrient ecosystems or those with long life history traits, such
as A. ternarius and I. vomitoria, may be allocating additional P to biomass production [87].

Lastly, Meder [61] examined how polyculture and flooding affected P in leachate. Leachate
P was higher in flood treatments than in non-flood treatments. A similar study also found that P



Sustainability 2019, 11, 3269 12 of 18

concentration in leachate was higher in flooded plants than non-flooded [59]. In non-flood treatments,
leachate P was similar regardless of planting combination. When flooded, leachate P was lowest in
polyculture plantings, which suggests there is more nutrient competition for P in polyculture plantings
than monoculture plantings [86,90,92].

4.4. Stomatal Conductance in Rain Gardens

Stomatal conductance was consistently higher in non-flooded plants than flooded plants in I.
floridanum, M. cerifera, and P. acrostichoides (summer 2015 only). Stomata are known to close in response
to flooding to prevent loss of oxygen [93,94]. However, in plants that are adapted to waterlogged soils,
such as C. latifolium and P. acrostichoides, stomatal conductance can be enhanced (as it was in this research)
by continuous flooding or periodic flooding [95]. Understanding evapotranspiration potential is an
important consideration because transpiration modifies rain garden hydrology. Evapotranspiration
can be nearly 50% of the hydrologic budget when shrubs were planted in rain gardens, which is
consistent with the findings of this research [96]. Whole plant transpiration estimates for both shrub
species were nearly double that of C. latifolium in the fall 2014 run. Therefore, transpiration rates may
be considered when designing rain gardens. Utilizing plants with lower transpiration rates may result
in longer drying times in a rain garden, but may also allow more infiltration for groundwater recharge.
Conversely, plants with high transpiration rates may speed dry in areas where standing water may not
be acceptable. Additionally, the inclusion of evergreen plants, such as the shrubs used in this research,
promotes year round rain garden functionality [97].

4.5. The Rain Garden Plant Selection Conundrum

Regarding the eight species examined by the Meder [61] and Morash [62] studies, one plant
was highlighted for its ability to adapt to flooding—Chasmanthium latifolium. This species not only
tolerated repeated short-term flooding, but it responded positively to flooding based all of the data
collected. Likewise, C. latifolium thrived in a complimentary three-year low-input performance study,
which bolsters this plant’s recommendation as an excellent rain garden selection [83]. Herein lies
the case that a multitude of factors must be considered when choosing rain garden plants. While C.
latifolium was proven to be hardy in low-input environments, tolerant of raingarden flooding, capable
of higher transpiration rates when flooded, and prone to developing deep-rooted plants, especially
when flooded, its ability to store P is likely lower than perennials from high nutrient environments.
Once maximum height is achieved, the grass’s ability to remove phosphorus could plummet. However,
the transpiration rate would likely remain steady when flooded, even when fully mature. Therefore,
no one plant is a catchall rain garden selection.

5. Conclusions

Implementers must choose the parameter most important to their system’s success (for example
transpiration in systems with expected high volumes of water or P uptake in systems with high nutrient
inputs) from well researched rain garden recommendations. The Morash [62] and Meder [61] studies
lay the groundwork for future rain garden plant studies and provide a method for simulating rain
garden conditions with their use of microcosms in any region and with a range of plants species. Their
research built a strong case for the use of polyculture in rain garden systems as well as six diverse
species proven to tolerate fluctuating wet/dry periods in the southeastern U.S.A.
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Appendix A

The following table summarizes rain garden plant recommendations for the southeastern U.S.A.
based on research conducted at Auburn University, Auburn, AL.

Table A1. Southeastern U.S.A. native landscape plant species evaluated at Auburn University, Auburn,
AL for tolerance to repeated short-term flooding. Species are classified as suitable or not for use in rain
gardens based on the results of research similar to that described in this paper.

Group Plant Suitable Reference Additional
Comments

Grass

Andropogon ternarius broomsedge Y [61]

Muhlenbergia capillaris muhly grass Y [59]

Chasmanthium latifolium river oats Y [62]

Evergreen
Shrub

Ilex vomitoria ‘Schillings dwarf’
yaupon holly [59,60]

Illicium floridanum Florida anise Unknown [62] Poor visual quality

Morella cerifera wax myrtle Y [62]

Ilex glabra ‘Shamrock’ inkberry Y [60]

Deciduous
shrubs

Itea virginica ‘Henry’s Garnet’
sweetspire [60]

Viburnum nudum ‘Winterthur’
possumhaw Y [60]

Fothergilla x intermedia ‘Mt. Airy’
dwarf witch alder N [58] Flood intolerant

Ilex verticillata ‘Winter Red’
winterberry Y [58]

Clethra alnifolia ‘Ruby Spice’
summersweet Y/N [58] Young plants not

suitable

Perennial

Echinacea purpurea ‘Magnus
Superior’ purple cone flower N [61] Flood intolerant

Coreopsis verticillata ‘Zagreb’
whorled coreopsis Y [61]

Fern

Osmunda cinnamomea cinnamon
fern Y [62]

Polystichum acrostichoides
Christmas fern N [62] Drought intolerant
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