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Abstract
Stormwater management basins (SWMB) are used to mitigate urban runoff. The Virginia
Department of Transportation relies on dry detention basins planted with mowed turfgrass.
However, these basins often retain water; resulting in cattail (Typha spp.) and tree colonization.
Managing agencies request cattail eradication and trees are also removed. However, if trees were
allowed to remain they could alter basin dynamics, making conditions unsuitable for cattails.
In a greenhouse study we tested the impact of three shade (heavy, medium, full sun) and
soil moisture (dry, moist, flooded) treatments on cattail growth. After two months, cattail
biomass indicated a strong interaction between soil moisture and shade (p<.0001). Increases in
shade and reductions in soil moisture resulted in decreased biomass and rhizome length. Heavy
shade and dry soil produced the most reductions in cattail growth (95% less biomass, 83%
smaller rhizomes than cattails in full sun and flooded soil). However, considerable growth
reductions still occurred in medium shade and moist soil (66% for biomass and 74% for rhizome
lengths).
In a field study in four unmaintained SWMB in Virginia, environmental data (litter layer,
water table, soil organic matter, etc.) and vegetation composition (cattail and other herbaceous
biomass, and woody vegetation influence index) were collected from 100, 0.25-m2 plots.
Principal component analysis indicated cattails and trees occupy opposing environmental spaces.
Water table is most strongly correlated to cattail biomass.
While these results suggest trees could eliminate cattails from SWMB, more research is
needed to determine the long-term impacts of trees on basin function.
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Chapter 1
Introduction

Rapid expansion of urban populations around the world (UN Population Division 2008)
is resulting in the conversion of agricultural, forested and other nonurban land into urban
landscapes. This urbanization degrades natural resources and air quality, disrupts carbon and
water cycles and damages native habitat and soils (Foley et al., 2005). Urban landscapes
typically include extensive impervious surfaces which generate substantial stormwater runoff
that stresses urban waterways (Lerner, 2002; Paul and Meyer, 2001). This urban runoff contains
toxic heavy metals, erodes stream channels, harms aquatic life, stresses urban infrastructure, and
causes flash flooding (Bannerman et al., 1993; Li et al., 2008; Taebi and Droste, 2004).
Therefore, managing stormwater runoff is critical to establishing sustainable urban development
protocols that will protect water quality and urban infrastructure.
In many developed countries stormwater management basins (SWMB) are constructed to
collect urban runoff (Krishnappan and Marsalek, 2002; Starzec et al., 2005; Zhang et al., 2009),
primarily to prevent flash flooding. SWMB are usually constructed in areas with large amounts
of impervious surface such as high-density residential neighborhoods and along road corridors.
However, even small subdivisions and commercial developments often must devote land to
SWMB. Urban runoff water generated by roadways and parking lots frequently contains heavy
metals such as lead, zinc, copper and cadmium (Sriyaraj and Shutes, 2001; Weiss et al., 2006) as
well as petroleum hydrocarbons such as benzene and toluene (Fischer et al., 2003). Often, in the
eastern United States, SWMB are not designed to address water quality and are built to be dry
basins as opposed to wet ponds (Hogan and Walbridge, 2007). Dry basins are designed to
address water quantity but can make small improvements in water quality by providing time for
sediments to settle out of the water. In recent years, however, concern about urban runoff
pollutants has pushed managing agencies to consider requiring SWMB to also address water
quality. Although the maintenance procedures performed on each basin affect their function, the
impacts of different maintenance strategies are largely unknown. As the purposes for SWMB
evolve, it is critical that their function and maintenance is understood and assessed to assure they
are operating effectively.

1

In Virginia, the Virginia Department of Transportation (VDOT) has over 1,300 dry
roadside SWMB to manage runoff water from highways. These basins are designed to
temporarily hold a specified amount of stormwater while it slowly drains out and releases water
to connecting waterways in a controlled manner. While the stormwater is being held in the
basins, heavy metal particles and other sediments are allowed to settle out resulting in slight
improvements in water quality (Krishnappan and Marsalek, 2002; Weiss et al., 2006). These
basins, however, were designed to control the quantity, not the quality, of the water released into
Virginia waterways.
Unfortunately, in the southwest region of Virginia (and likely in other regions as well)
there are several problems with the operation of these basins. Some basins have developed large
sink holes most likely due to erosion. Sink holes can allow stormwater to funnel directly into the
ground water before sediments and contaminants have had a chance to be removed by
percolating through the soil profile. Sink holes are also a safety hazard for maintenance crews
trying to mow the basins because of the potential structural instability. Thus even the modest
potential of these SWMB for water quality improvements may be circumvented.
In addition, vegetation management in VDOT SWMB is costly and time consuming and
benefits from current maintenance practices, in terms of stormwater management functions, have
not been demonstrated. VDOT SWMB are generally maintained by removing debris and woody
vegetation and mowing the basins to reduce clogging of the outflow risers. However, many of
the supposedly dry basins actually retain significant water, making regular mowing impossible.
When mowing cannot be performed, non-turfgrass herbaceous species and woody plants
colonize the basins. Since current procedures require basins to remain clear of all vegetation
except mowed turfgrass, VDOT must incur considerable costs removing this vegetation in
difficult circumstances (standing water, highly variable and uneven terrain, tall and dense
vegetation, etc.). In addition, the standing water supports large populations of cattails which
have become a particularly problematic maintenance problem for VDOT.
Cattails (Typha latifolia, T. angustifolia, their hybrid species T. glauca and T.
domingensis) are herbaceous wetland plants that can rapidly colonize wet areas and become the
dominant vegetation (Grace and Wetzel, 1981; Smith and Newman, 2001). In many regions,
including the southeastern United States, cattails are a particular concern in SWMB because their
dense foliage creates small pools of stagnant water creating ideal mosquito breeding habitat and
2

thus a public health concern (Hunt et al., 2006; Jiannino and Walton, 2004). Additionally,
SWMB outlet pipes can become clogged with cattail leaf litter. Furthermore, VDOT has been
directed by the US Army Corps of Engineers to remove cattails from SWMB that are connected
to US waterways. Many managing agencies consider cattail populations unfavorable because
cattail seeds can be carried by water flowing out of the basins to other waterways, potentially
spreading invasive cattail populations downstream. Current cattail removal strategies by VDOT
have been generally unsuccessful, most likely due to the extensive growth and resilience of the
cattail plants.
Woody vegetation colonization of basins also creates a management issue. The standard
SWMB maintenance procedures do not permit woody vegetation in the basins because tree
debris can clog basin inflow and outflow pipes and the impacts of large trees on basin function
are unknown. Yet woody plants quickly colonize SWMB when mowing is suspended and the
same hostile terrain that makes mowing impossible, makes removing woody vegetation difficult.
However, trees have the potential to positively influence basin hydrology and reduce the
growth of cattails. The ability of trees to take up large amounts of water from the soil and
intercept rainfall make them a cost effective tool for stormwater management in urban areas
(McPherson et al., 2005). In addition, the removal of trees leads to increased soil moisture (Sun
et al., 2000; Xu et al., 2002) and trees have been shown to increase drainage in compacted soils
(Bartens et al., 2008). Furthermore, trees could improve water quality by increasing water
infiltration into the soil (Szabo et al., 2001).
Tree shade along with reduced adjacent soil moisture and increased infiltration could
create drier basins that operate more efficiently and create an environment unsuitable for cattail
growth. Cattail (Typha latifolia) growth has been shown to decrease when subjected to dry soil
conditions (Li et al., 2004) and shade (Weihe and Neely, 1997); however, the interaction of
shade and moisture reduction, such as would occur with woody plant colonization of SWMB,
has not been studied.
Our goals for this research are 1) to study the interactions between trees and cattails to
see if trees could be an effective tool for cattail eradication in SWMB; and, 2) to assess the
ecological relationships between vegetation (trees, shrubs, cattails and other herbaceous
vegetation) and environmental conditions in SWMB to see what contributes to cattail and tree
growth in the basins. For my thesis, two experiments were designed to explore these issues. First,
3

in a greenhouse experiment, combinations of three shade treatments and three moisture
treatments were imposed to assess the impact of trees on cattail growth and persistence.
Potentially, some combination of shade and reduced soil moisture could create an environment
unsuitable for cattail growth. If similar conditions could be created with trees, maintenance
requirements of SWMB, specifically in the southeastern United States, could be simplified.
Second, a field study of SWMB was conducted in Lynchburg, VA. This experiment was
designed to assess the interaction of vegetation, primarily trees and cattails, in four unmaintained
SWMB. In all four of these basins, vegetation had not been cleared by maintenance crews for
almost two years, which allowed us to observe the patterns of woody plant and cattail
encroachment. In addition, the impact of both tree and cattail growth on the condition of the
basin was of interest.
With these studies we hope to begin to understand how woody vegetation could affect
SWMB and what management plans should be developed to permit their growth in the basins.
Potential benefits of tree growth in SWMB are improved infiltration, reduced cattail populations,
decreased soil moisture, greatly decrease mowing requirements, increased tree canopy within
urban areas (and its many associated environmental benefits) and reduced soil erosion. However,
there are also several problems that could arise if trees are allowed to colonize, or be planted, in
SWMB. For example, removal of tree debris (leaves, branches, etc.) to decrease clogging of
outlets and other tree maintenance could be needed. Furthermore, although the impact of tree
roots on the structure and function of the basin may be positive, there may be areas where
increased infiltration is not desirable. These issues will need to be studied in further detail for
maintenance plans to produce effective stormwater management systems.
Solutions for managing stormwater are critical to ensure healthy urban ecosystems. At a
time when governments around the world are working to make urban development more
sustainable, it is time to re-evaluate stormwater structures and ensure they are helping establish
predevelopment hydrology conditions regarding both water quantity and quality. Trees can be
used to improve water infiltration and replicate many natural forest hydrologic processes. Trees
in SWMB could be one way to create more natural, self-sustaining urban stormwater runoff
management.
The objective of this thesis and the two conducted experiments are to address some of
these unanswered questions about tree growth in SWMB and tree interactions with cattails: 1)
4

What impact does the interaction of shade and reduced soil moisture have on cattail growth? 2)
What type of vegetation is growing on unmaintained dry-detention SWMB? 3) What are some of
the observed relationships between trees and cattails in these unmaintained SWMB?
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Chapter 2
Literature review

Stormwater Management Basins
Managing large amounts of urban runoff water is a challenge for municipalities around
the world. In developed countries, stormwater management basins (SWMB) are used to mitigate
the quantity and frequently the quality of urban runoff (Marsalek and Chocat, 2002; Roy et al.,
2008; Shutes et al., 2001; Starzec et al., 2005). Often they are constructed along roadsides and
next to large neighborhood and commercial developments where considerable amounts of
impervious pavement create significant runoff loads. Extensive roadway systems not only create
substantial quantities of runoff but also collect pollutants. Runoff from roadways frequently
contains toxic heavy metals, nutrients and herbicides (from highway right-of-way maintenance)
such as: copper, lead, zinc, cadmium, nickel, nitrogen, phosphorus, metolachlor, prometon,
atrazine, desethylatrazine, simazine, dieldrin, carbaryl, benzene, toluene, and sediments (Fischer
et al., 2003; Li et al., 2008; Sriyaraj and Shutes, 2001; Starzec et al., 2005; Weiss et al., 2006).
Consequently, mitigating runoff is especially important along roadways.
There are some concerns about the sustainability and effectiveness of SWMB. For
example, it is uncertain whether SWMB can retain polluted sediments long term. Furthermore,
these basins do not remove pollutants from the watershed, only relocate them (Backstrom et al.,
2002). Nonetheless, SWMB are still the current best management practice (BMP) recommended
by most agencies internationally. The numerous and continuously increasing SWMB in urban
areas are becoming significant components of urban ecosystems yet there is very little
information about their ecology. While they are usually designed as strictly engineered systems,
over time (especially if not maintained according to current standards and left to grow up with
vegetation) they develop characteristics of biological systems. It is critical that we understand
these systems in order to enhance SWMB function and improve their effectiveness.
SWMB are usually designed to be either dry detention basins or wet ponds (Hogan and
Walbridge, 2007; Shammaa et al., 2002). Dry detention basins are built to hold runoff water for a
short period of time (a few days at most) to prevent flash flooding (Hogan and Walbridge, 2007).
While these dry detention basins are not traditionally designed to address water quality (Hogan
and Walbridge, 2007), the length of holding time could be long enough to allow sediments, total
9

suspended solids, and pollutants to settle out of the water, making small improvements to water
quality (Shammaa et al., 2002). Dry-detention SWMB can be designed or retrofitted to address
water quality (Shammaa et al., 2002) and new regulations may require all basins to address water
quality issues in the future. Wet ponds, on the other hand, are designed to continuously hold
water and they occasionally incorporate vegetation (Hogan and Walbridge, 2007; Marsalek and
Chocat, 2002) to improve water quality. Wet ponds include a large variety of different mitigation
techniques (Vollertsen et al., 2009; Wu et al., 1996). They are often designed as dynamic
vegetated systems, such as constructed wetlands (Carleton et al., 2000; Marsalek and Chocat,
2002; Shutes et al., 2001) which have been extensively studied. In summary, dry-detention and
wet basins require different long-term maintenance procedures, provide different benefits, and
raise different concerns (Marsalek and Chocat, 2002).
In Virginia, USA the Virginia Department of Transportation (VDOT) has over 1,300 drydetention roadside SWMB to control runoff from VDOT managed roadways. Current
maintenance procedures have been developed based on the fact that these basins are designed to
operate as dry-detention basins. Therefore, maintenance includes the removal of woody
vegetation and any other large herbaceous vegetation growth followed by mowing on a regular
schedule to keep grass short and inflow and outflow pipes clean of debris. However, this
procedure is very costly and time consuming and the benefits have not been demonstrated. In
fact, some studies reveal that these retention facilities may not be very effective at improving
critical urban stormwater issues such as water quality (Hogan and Walbridge, 2007) and peak
flow rates (Emerson and Traver, 2008; Fischer et al., 2003; Hogan and Walbridge, 2007; Roy et
al., 2008) even when the basins are properly maintained and functioning as designed. In
particular, the ability of SWMB to retain sediments over time is questionable because it is
possible for many of the pollutants in settled sediments to remobilize (Backstrom et al., 2002;
Shammaa et al., 2002).
Most importantly, several VDOT SWMB are retaining water long after storm events,
making mowing and other maintenance work nearly impossible. When SWMB are not regularly
mowed, other types of vegetation, specifically cattails (Typha spp.) and woody vegetation begin
to colonize the basin. Removal efforts are aimed at both cattails and woody vegetation, however,
persistent cattail growth has been the major problem due to regulations that require their
removal. Thus, VDOT is looking for new removal and maintenance strategies. An alternative
10

strategy could be to retain woody vegetation, creating the potential for continued tree growth to
change the conditions in the SWMB. This altered environment could be unsuitable for cattails
and may even result in a better functioning SWMB.
Dry-detention basins are supposed to remain dry but in several instances do not, such as
basins we observed in Lynchburg, VA, which had abundant cattails and willow (Salix spp.) trees.
There is the potential for management strategies to reduce the amount of ponded water.
However, no studies have looked at the composition of vegetation in unmaintained dry-detention
SWMB or the impact woody vegetation has on basin function (other than on dams), other
vegetation composition or general SWMB ecology.
The issues of the potential interactions of cattails and trees in SWMB are complex and
have apparently not been reported. The rest of this literature review will discuss the issues of
cattail encroachment in SWMB and previous studies that have examined cattail growth in
various growing conditions (such as shade, soil moisture, soil organic matter and litter layer
depth). The impact of trees will also be discussed including the ability of trees to perform critical
stormwater management functions, produce shade and reduce soil moisture in SWMB. Finally, a
discussion of the potential interactions between trees and cattails in the context of SWMB will be
examined as well as possible implications for management.

Cattails

Cattail encroachment in SWMB
In Virginia, cattail encroachment in SWMB is a pressing problem because the Army
Corps of Engineers (ACOE) has requested that VDOT remove all cattail populations from their
basins. There are several reasons regulatory agencies, such as the ACOE, want to control cattail
populations in SWMB. For example, cattail invasiveness, their ability to create mosquito habitat
and their potential for clogging basin outflow risers. Cattail species (Typha latifolia, Typha
angustifolia, their hybrid species Typha glauca, and Typha domingensis) are herbaceous wetland
plants that are highly invasive and can quickly establish a monoculture (Grace and Wetzel, 1981;
Smith and Newman, 2001). Cattail root systems consist of rhizomes and roots and generally
grow laterally. Different soil conditions have been shown to impact cattail rooting depth. One
study showed cattail root depth in 90 cm deep pots could be as deep as 28 cm in saturated soil,
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47 cm in drained (saturated and then allowed to drain) soil, 53 cm in moist soil, and 10 cm in dry
soil (Weaver and Himmel, 1930). In addition, a field study conducted at 33 sites in 19 different
states across the United States harvested cattail root and rhizomes biomass to a depth of 20 cm
and indicated this depth included the majority of the roots and rhizomes (McNaughton, 1966).
VDOT ponds in Lynchburg, VA were found to have Typha latifolia. Specifically, Typha
latifolia is known more than other cattail species to rapidly produce ramets and have a higher
leaf surface area which likely improves its efficiency at capturing energy (Grace, 1989; Grace
and Wetzel, 1982). In addition, vegetation populations in general have been shown to contribute
to mosquito growth (Hunt et al., 2006; Jiannino and Walton, 2004) which is also a documented
problem with VDOT dry-detention basins. Both the invasive potential of cattails and their link to
mosquito populations are concerns in many regions of the United States.
In wet basins, mosquitoes were more often found when cattails and willow trees were
present because they limit the available space for mosquitofish, a predator of mosquitoes, to live
and move around (Hunt et al. 2006). This type of vegetation also allows places for stagnant water
to build up where mosquitoes can breed and hide (Jiannino and Walton 2004). A study by Hunt
et al. (2006) found fourteen different mosquito species between mid May and October in SWMB
in North Carolina. In addition, a study by Chanda and Shisler (1981) which recorded the
presence of mosquito larva in 333 stormwater facilities in New Jersey found that water depth
was a major contributing factor for the presence of mosquito larvae with shallow water
containing more larvae than deeper water. Additionally, different species of herbaceous
vegetation, such as California bulrush (Schoenoplectus californicus), have been shown to be
more closely correlated to mosquito populations than others, perhaps due to rooting structures
(Jiannino and Walton, 2004). However, information on this topic is sparse.
While cattails have been cited as useful wetland plants for improving water quality
because they can remove some heavy metals from the water (Sriyaraj and Shutes, 2001), they are
also often considered an invasive plant due to their ability to quickly establish a monoculture
(Grace and Wetzel, 1981; Smith and Newman, 2001). Cattails can reproduce both by windblown
seeds and by creating clones through their rhizomes (Grace and Wetzel, 1981; McNaughton,
1966; Tsyusko et al., 2005) which helps cattails establish and quickly outcompete other
herbaceous vegetation, often eliminating species diversity in wetland areas. As a result, cattails
are usually considered a pest in riparian and wetland ecosystems. Because SWMB outflow pipes
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often connect to US waterways, cattail seeds from populations in VDOT SWMB can be
transported downstream and contribute to the spread of cattails in other areas.

Cattails beyond SWMB
A few studies have examined cattail growth in different growing conditions. Previous
studies found T. latifolia growth restricted to water depths of 80 to 95 cm and below (Grace and
Wetzel, 1982). A study by Li et al. (2004) further examined the response of T. latifolia to various
soil moisture levels. In this study, cattails were grown in soilless potting media and at a variety
of soil moisture levels (drained, continuous flooding, periodic flooding and periodic drought).
The most successful growth (most root and shoot biomass, height and net photosynthesis
capacity) was seen in continuously flooded (up to 5 cm above the soil) soils. The weakest growth
was seen in periodic drought treatments in which soil water tension reached between -0.5 to -0.8
MPa before being watered. Cattails grown in the periodic drought treatments had at least 50%
less root biomass and two-thirds less shoot biomass than cattails in the flooded soil treatments. In
addition, cattails in the periodic drought treatment had reduced net photosynthetic capacity.
This study indicates that if soil moisture can be reduced there could be reductions in
cattail growth which could help reduce cattail populations in SWMB. Because this study was
conducted in soilless potting media, it is difficult to determine how dry soil would need to be in
field soils. Changes in water depth have been shown to change the composition of T. latifolia
biomass (Grace, 1989). Grace (1989) found T. latifolia biomass had a composition of about 25%
roots, 60% rhizomes, and 15% leaves when water levels were 5 cm above the soil. However,
when water levels were 5 cm below the soil the percent of root biomass and leaf biomass
increased and rhizome biomass decreased (mostly the number of rhizomes decreased not the size
of individual rhizomes). This same pattern was seen when water levels increased from 5 cm
above the soil up to 83 cm above the soil.
The impact of sunlight on cattail growth has also been briefly studied. Cattails (T.
latifolia) grown from seed in flooded soil in the greenhouse under 60% light-blocking shade
cloth had 92% less below-ground biomass and 58% less above-ground biomass compared to
cattails grown in full sun (Weihe and Neely, 1997). Additionally, shade reduced belowground
biomass more than aboveground biomass whereas the un-shaded cattails had an equal amount of
below and above ground biomass (Weihe and Neely, 1997). Cattail ability to produce biomass
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was severely impaired when grown in pots with purple loosestrife (Lythrum salicaria), another
invasive wetland plant, which outcompeted the T. latifolia plants at every planting density and
regardless of shade (Weihe and Neely, 1997). Therefore, cattails have the potential to be
eliminated by other wetland species even if they are not shaded out. However, purple loosestrife,
or other invasive wetland species, could be just as undesirable as cattails in SWMB, if not more
so.
Any reduction in cattail belowground biomass is especially important for the following
season’s growth. Therefore, the amount of cattail aboveground biomass produced during the
growing season is critical for establishing large rhizomes which will overwinter and increase the
potential of the plant to produce shoots the following season (Asaeda et al., 2005; Garver et al.,
1988; McNaughton, 1966). Garver et al. (1988) found overwintering rhizomes retained about
75% of their biomass from the fall which was then used to produce new shoots in the spring.
Therefore, if tree competition is able to decrease cattail rhizome growth each year, cattail plants
would theoretically have smaller and smaller aboveground biomass leading to cattail population
decline.
The presence or success of cattail growth may be linked to various site conditions other
than water table height, for example the presence of leaf litter or the percent organic soil matter.
A study by Boyd and Hess (1970) in the southeastern United States (Georgia, Alabama,
Mississippi, Florida) found sites where T. latifolia were growing had a range of 1.6% to 30.45%
soil organic matter. A study by Farrer and Goldberg (2009) assessed the impact of T. latifolia
litter on its own shoot emergence and found results that suggested a positive feedback loop
where the cattails own litter layer improves growing conditions, specifically nitrogen availability
in the soil, which in turn increased cattail growth. The limited amount of light created by the
litter layer did not negatively impact cattail growth, most likely because large underground
rhizomes had enough energy stored to create large shoots which could quickly pass through the
litter (Farrer and Goldberg, 2009). Whether these benefits to Typha spp. would be similar with
organic material generated from other sources, such as leaf litter, is unknown. Regarding soil
nutrients, Smith and Newman (2001) found increased levels of phosphorous increased cattail (T.
domingensis) growth and made up for decreased amounts of soil nitrogen in muck burned soils
in the Everglades.
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These studies suggest that if cattails currently growing in SWMB are subjected to
decreased soil moisture and/or increased shade, their growth will be reduced. However, there are
no current studies which examine the impact of both increased shade and decreased soil moisture
on cattail growth. In addition, the amount of soil organic matter and the depth of litter layer
could contribute to the success of cattail growth or could simply be a result of cattail growth,
however this is little studied. Furthermore, increased shade had impacts on growth in a
greenhouse setting in soilless media, but the results could be different in a natural setting or in
mineral soil. Nonetheless, encroaching woody vegetation has the potential to provide the shade
and soil moisture reductions needed to eliminate cattail populations. There are both benefits and
complications, however, that could result from trees in SWMB.

Trees
If encroaching woody vegetation is allowed to establish in SWMB, then it is possible the
basins could function more like a natural system, where woody vegetation dries out the soil and
provides enough shade cover to eliminate cattail populations and improve basin infiltration.
Black willow (Salix nigra), a species we observed to be growing in SWMB in Virginia, often
colonize bottomland hardwood sites which have similar soil moisture conditions to the
unmaintained SWMB (McLeod et al., 2001). These willow stands have been shown to reach
densities of 10,000 stems per hectare (McLeod et al., 2001), providing shade and reduced soil
moisture in bottomland hardwood sites as well as suppressing herbaceous plant growth
(Dulohery et al., 2000). A study by Dulohery et al. (2000) found complete willow canopy created
at least a 65% decrease in available light and complete removal of willow canopy caused
herbaceous vegetation biomass to triple. Even partial willow canopy (with 60% canopy
reductions) kept herbaceous vegetation growth down, statistically the same amount of reductions
as complete canopy produced (Dulohery et al., 2000). In addition, when willow canopy was
reduced, soil moisture increased (Dulohery et al., 2000; McLeod et al., 2001).
Trees take up large amounts of water from the soil and intercept rainfall making them a
cost-effective tool for stormwater management in urban settings (McPherson et al., 2005).
Therefore, the inclusion of trees in SWMB could vastly improve basin functions by reducing
runoff amounts and increasing infiltration. Incorporating trees into the basins could help restore
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pre-development hydrology which would comply with several sustainable development
initiatives.
One study by Li et al. (2009) documented that woody vegetation ET in bioretention
facilities in North Carolina was able to reduce runoff volumes by 19%. While these facilities are
different from SWMB in that they are designed to incorporate trees and shrubs and often have
special soil mixes with higher infiltration rates, the ability of trees to take up water is still
applicable for SWMB. In addition, tree roots have been shown to be critical in creating
preferential flow paths in forest systems contributing to groundwater recharge and greatly
improving the infiltration of water through soil (Johnson and Lehmann, 2006). A study by
Bramley et al. (2003) in a clay soil floodplain in Australia revealed that soil with trees had
higher infiltration rates than bare soil areas. In addition, tracer dye under trees revealed lower
concentrations of dye between 0 and 35 cm and higher concentrations at 35 and 100 cm than in
bare soil, indicating soil under trees is drier than bare soil down to 35 cm and wetter from 35 to
100 cm. Additionally, Kramer and Kozlowski (1979) summarize previous studies showing that
forest evapotranspiration can decrease stream flow by as much as 30 to 70 percent.
Furthermore, the presence of trees in an agroforestry settings revealed that more water
was entering the soil closer to the tree (0.3 m from the tree) than farther away (2.5 m from the
tree) and the water was quickly depleted, most likely from infiltration or use by roots (Jackson et
al., 2000). In a beech forest 13% of annual infiltration occurred within 1 m of the trees (Chang
and Matzner, 2000). All of these studies are evidence that trees could reduce SWMB soil
moisture.
Increased infiltration could help restore urban groundwater supplies. However, increased
infiltration rates could also lead to increased amounts of contaminants in groundwater
(Backstrom et al., 2002; Fischer et al., 2003). Certain contaminants in runoff water may not be
settling out of runoff water in the basins. Conversely, those contaminants that do settle out build
up in the basin and are often remobilized by subsequent inflowing water (Backstrom et al.,
2002). Therefore, basins may need to have the contaminated sediment removed periodically to
prevent remobilization and prevent sediment build up from reducing the holding capacity of the
basin.
There are additional benefits to increasing tree canopy in urban areas other than
stormwater improvements. For example, increased ecosystem services, such as improved air
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quality, reductions in atmospheric CO2, and atmospheric cooling (McPherson et al., 2005). Thus
if trees were allowed to grow in SWMB these basins could benefit the urban ecosystem as a
whole.
Tree leaf litter is another concern if trees are allowed to grow in SWMB. There is the
potential for leaf litter to clog SWMB outflow risers. In some cases, tree leaf litter loads, drop
time, and species composition are altered in urban areas. These changes have the potential to
impact urban water quality by altering the rate of leaf litter decomposition for leaves that flow
out of SWMB (Swan et al., 2008). In addition, if species growing in SWMB have different leaf
drop patterns or timing leaf litter could amass, potentially clogging SWMB risers and alter
stream nutrient cycling if leaves are carried through outflow pipes into waterways (Carroll and
Jackson, 2008; Miller and Boulton, 2005; Swan et al., 2008). Furthermore, resulting carboloading of urban water ways can seriously impact the health of urban water.

Tree, Cattail Interactions in SWMB
If woody vegetation is allowed to grow in SWMB, there will be many complex
interactions between trees, cattails, herbaceous vegetation and the engineered structures in the
basins. If trees can provide enough soil moisture reduction and/or shade to effectively eliminate
cattail populations, then one key factor in the field is going to be time of leaf out in the spring.
For example, if T. latifolia leaf out before the trees do then they may be able to acquire enough
light and water to establish growth before the trees become an impediment. Asaeda et al. (2005)
summarized various studies showing the range of T. latifolia leaf out in latitudes from 43oN to
47oN varied from April 10 to May 13 respectively. Farther south, cattails most likely leaf out
earlier. In addition, Asaeda et al. (2005) showed that cattail above-ground biomass grew between
a range of seven months at 30oN and five and a half months at 50oN. However, if tree leaves
from the previous year established enough of a litter layer, cattail emergence could be delayed
due to reductions in light levels reaching cattail rhizomes, as suggested by Asaeda et al. (2005).
While a study on cattail leaf litter found cattail litter did not negatively impact its own
emergence, the impact could be different if tree leaf litter was included or if cattail rhizomes
were reduced because of other environmental stressors such as shade during the previous year’s
growing season and drier soil (Farrer and Goldberg, 2009). Therefore, the interaction of
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vegetation (woody and otherwise) litter and cattail emergence could be significant in the field
and for the elimination of cattails in the SWMB.
Reed canarygrass (Phalaris arundinacea) is an herbaceous wetland plant with rhizomes
and the tendency to form monocultures and is therefore very similar to cattails. Similarly, reed
canarygrass is difficult to eradicate and manage (Hovick and Reinartz, 2007; Kim et al., 2006). A
study by Kim et al. (2006) assessed the practice of using willow trees to reduce reed canarygrass
growth. Results showed that willows (Salix scouleriana and Salix lasiandra) planted at 0.6 m
density (one tree per 0.6 m2), producing leaf area indices of 0.12 to 5.98, reduced reed
canarygrass biomass by 44.9% in one year and 68% in two years. In addition, willow planted at a
lower density, of 0.91 m (one tree per 0.91 m2), was still effective at reducing reed canarygrass
biomass after two years by 56%. This study shows the feasibility of willow trees to outcompete
invasive wetland herbaceous plants. Initial observations of VDOT SWMB in Lynchburg
revealed a large portion of the woody vegetation present were willows (Salix nigra).
Trees established in SWMB have the potential to alter growing conditions and reduce
cattail populations. Specifically, willows, or other tree species, could limit light availability and
soil moisture for cattails and therefore impair their growth. While there are still many unknown
factors about the potential interaction of trees and cattails in SWMB there is sufficient evidence
in the literature to indicate that trees could outcompete cattails. However, the literature also
reveals a lack of research regarding vegetative communities in SWMB, specifically drydetention SWMB. There is also a lack of information about the impacts trees could have on the
function of SWMB. The two experiments discussed in the following chapters address some of
these unanswered questions.
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Chapter 3
Effects of shade and soil moisture on cattail (Typha latifolia) growth and persistence

Abstract: Stormwater management basins (SWMB) are commonly used to mitigate urban
runoff, a primary cause of water quality impairment. Even those designed as grass-lined, dry
detention basins often retain water and develop complex plant communities. In the Eastern
United States, cattails (Typha latifolia) typically dominate these systems, yet managing agencies
specifically require their removal. Cattail eradication is costly and frequently unsuccessful.
Typical SWMB maintenance practices also require the removal of woody vegetation. Trees,
however, have the potential to alter the dynamics of cattail colonization in SWMB and could be
used as an effective management tool for cattail control. Our objective was to assess the potential
of conditions associated with trees, increased shade and reduced soil moisture, on cattails. We
evaluated cattail growth and persistence under three shade and soil moisture levels in a
greenhouse: full sun (no shade cloth), medium shade (73% shade), and heavy shade (92%
shade); and dry (-0.12 MPa), moist (watered at -0.045 MPa), and flooded. After two months we
observed a strong soil moisture × shade interaction (p<0.0001) effect on cattail biomass. Shade
and reduced soil moisture decreased biomass and rhizome length. Shade decreased biomass most
in flooded conditions. Likewise, soil moisture decreased cattail biomass most in full sun. Cattails
in dry soil and heavy shade had 95% less total biomass and 83% smaller rhizomes than cattails in
flooded soil and full sun. Even moist soil decreased above- and below-ground biomass by 63%
and 56% respectively. Decreases in moisture reduced net number of live leaves, leaf width and
suppressed cattail physiological processes. The observed reductions in biomass, number of
leaves and rhizome length suggest cattails would not persist under medium to heavy shade and
moist to dry soil. Therefore, the conditions associated with trees have the potential to suppress or
eliminate cattail populations, however more research is needed to determine the effects of tree on
SWMB performance and plant communities.
Key Words: urban runoff, stormwater management, urban ecosystems, invasive plants, trees,
woody plants, competition
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Introduction
Urbanization and the accompanying increase in impervious surfaces, is creating more
stormwater runoff than ever before (Foley et al., 2005; Lerner, 2002; Paul and Meyer, 2001).
Stormwater runoff degrades urban water quality, increases flooding and demands on urban
infrastructure, erodes stream channels, and harms aquatic life (Taebi and Droste, 2004). In
addition, large expanses of paved surfaces, such as highway systems, generate significant runoff
which can transport toxic heavy metals into urban waterways (Bannerman et al., 1993; Fischer et
al., 2003; Li et al., 2008). As a result, stormwater management in urban areas is critical for
protecting water quality.
Stormwater management basins (SWMB) are constructed in many urban areas to provide
flood control by collecting, detaining, and then draining runoff generated by impervious
surfaces. In Virginia, the Virginia Department of Transportation (VDOT) has over 1,300
roadside SWMB to manage runoff from highways. VDOT basins, as is typical of many urban
basins, are designed to be dry basins (vegetated with mowed turfgrass) that detain stormwater
while sediments settle out and allow water to slowly drain. However, many such basins retain
water to some degree, changing the composition of vegetation and possibly altering basin
hydrologic regimes. In addition, the presence of water makes mowing difficult or impossible,
and therefore an impractical tool for controlling species composition. Under these conditions it
becomes difficult to maintain these basins as originally designed, with a uniform covering of
mowed turfgrass to trap sediment.
In many regions, including the southeastern United States, cattails are the most prominent
species colonizing SWMB. Cattails (Typha latifolia, Typha angustifolia, their hybrid species
Typha glauca, and Typha domingensis) are herbaceous wetland plants that are often invasive
because they can quickly establish a monoculture (Grace and Wetzel, 1981; Smith and Newman,
2001) by out-competing most other herbaceous vegetation. They are considered undesirable in
SWMB because small patches of stagnant water form within their dense foliage creating ideal
places for mosquitoes to breed (Hunt et al., 2006; Jiannino and Walton, 2004), raising public
health concerns. Additionally, cattails can clog SWMB outlet pipes and their seeds can be carried
by out-flowing water, spreading populations downstream. Thus cattail ecology influences the
operation and maintenance of SWMB. For these reasons, VDOT has been tasked with removing
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cattails growing in their SWMB which has been a time consuming, costly, and largely
unsuccessful process.
While typical maintenance procedures call for the complete removal of woody vegetation
in dry detention basins, trees and other woody vegetation have the potential to positively
influence basin hydrology and to reduce cattail colonization. Trees take up large amounts of
water from the soil and intercept rainfall, making them a cost-effective tool for stormwater
management (McPherson et al., 2005). Trees can also dry out the surrounding soil and facilitate
water movement to deeper regions in the soil profile (Johnson and Lehmann, 2006). Drier soil
and increased shade may create an environment unsuitable for cattails. Studies have shown that
cattail (Typha latifolia) growth decreases when subjected to dry soil conditions (Li et al., 2004)
and shade (Weihe and Neely, 1997); however, the interaction of shade and soil moisture
reduction, such as would occur with woody plant colonization of SWMB, has not been studied.
Therefore, we conducted an experiment in the greenhouse to test the effect of shade and
soil moisture on cattail growth and survival thus indirectly assessing the potential of trees for
reducing cattail growth in SWMB. We hypothesized that: (1) cattail growth would be most
reduced when grown in 92% shade cover and dry soil; and (2) the interaction of shade and
moisture would reduce cattail growth and persistence more than either would alone.

Materials and Methods

Plant material
Cattail (Typha latifolia) rhizomes were collected from a VDOT roadside stormwater
basin in Christiansburg, Virginia, United States (37o08’N 80o21’W) and used as propagules in
pots in a spaghnum-peat-based media (Sun Gro Metro-Mix, 360, Sun Gro Horticulture,
Vancouver, BC, Canada). Plants were fertilized at time of potting with 6.5 g of slow-release
Osmocote Plus 15-9-12 Northern (The Scotts Company LLC, Marysville, OH, USA) per pot and
grown for two and a half months in a greenhouse on the Virginia Tech campus (37o22’N
80o42’W) . The cattails were then divided and transplanted into treatments.

25

Experimental design
The experimental design was a randomized complete block with a split plot. Three light
levels were established as the whole plot treatment and three moisture levels were maintained as
the subplot treatment. Blocks were established according to position in the greenhouse. The
experiment consisted of four blocks with two subsamples per replicate (three shade levels × three
moisture levels × two subsamples × four blocks = 72 plants).

Experimental installation
Cattails were divided into single fans and potted into 3.8-L nursery pots (19.6-cm top dia.
× 17.7-cm H, Classic 400 Nursery Supplies, Chambersburg, PA, USA) filled with soil from the
A horizon of a Shottower loam (fine, kaolinitic, mesic Typic Paleudults). Cattail rhizomes were
trimmed to no longer than 5 cm. Plastic window screening was placed at the bottom of each pot
to reduce soil washout. The greenhouse had no supplemental lighting. Daytime greenhouse
temperatures ranged from 21.0oC to 36.6 oC. The experiment began on 4 June 2009 after the
following treatments were installed.

Shade treatment
Shade levels were established in the greenhouse using shade cloth mounted on frames
averaging 175-cm tall, 37-cm wide and 120-cm long and constructed to cover the top and sides
of the cattails on the greenhouse benches. Full sun (FSu) treatments had no shade cloth, medium
shade (MSh) treatments used 73% light- blocking shade cloth and heavy shade (HSh) treatments
used 92% light-blocking shade cloth. The maximum shade level approximated light levels under
full tree deciduous canopy in the eastern United States (Groninger et al., 1996; Weihe and Neely,
1997), and comparative measurements taken using a light meter under full tree canopies on
sunny, cloudless days on the Virginia Tech campus at 12:00 PM.

Moisture treatment
Three soil moisture treatments were maintained by daily monitoring of soil matric tension

with Irrometer® Watermark sensors (IRROMETER Company, Inc., Riverside, CA, USA) placed
in one of the subsample pots in the non-flooded treatments 3.5 cm from the bottom and side of
the pot. The dry treatment was irrigated to field capacity when the soil tension reached -0.12
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MPa. The moist treatment was irrigated to field capacity when soil tension reached -0.045 MPa.
The flooded treatment had water levels maintained 3-5 cm above the soil. Each pot was placed
inside another 8.7-L nursery pot (25.7-cm top dia. × 23.1-cm H, Classic 1000 Nursery Supplies,
Chambersburg, PA, USA). The flooded treatments had a clear polyethylene bag lining the inside
of the larger pot to hold water to maintain the flooded treatment. Treatments were monitored
daily. At the end of the experiment soil cores were taken from two unplanted pots in the
greenhouse that had the same watering schedule as the moist and dry treatments and subjected to
laboratory tests to establish a soil moisture release curve. Soil cores were soaked for 24 hours
and placed on a ceramic pressure plate in a pressure chamber (Soil Moisture Equipment Co., CA,
USA). The pressure chamber was set to the desired tension and after 24 hours the pressure plate
was removed from the chamber and weighed. This process was repeated for each soil tension.
All soil samples were placed in a 105oC drying oven for 24 hours and then weighed.

Plant measurements
Plants were grown in the experimental setup for eight weeks. Measurements were taken
on August 4 and 5, 2009. As a measure of photosynthetic function (Maxwell and Johnson, 2000),
leaf chlorophyll fluorescence was measured using a Handy PEA Portable Fluorescence
Measurement System (Hansatech Instruments, Norfolk, England). Leaves were dark adapted for
15 minutes before measurements of Fv/Fm were taken. An index of leaf chlorophyll content was
measured using a SPAD chlorophyll meter 502-plus (Konica Minolta Sensing, Inc., NJ, USA).
Cattail maximum leaf height (measured from soil surface to leaf tip on the tallest leaf), net
change in number of live leaves, net change in number of stems (one stem = one fan of the cattail
plant) and leaf width were measured at the end of the experiment. Leaf width was measured on
the third leaf in from the outermost leaf on the largest cattail stem in the pot at the widest point
on the leaf. On August 5, 2009 the cattails were destructively harvested. Dead leaves were
separated from live tissue. All soil was washed gently from the below-ground biomass and cattail
rhizome length was measured. Live cattail below-ground and live above-ground dry mass were
determined separately after drying at 53oC to a constant weight.
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Data analysis
Data were analyzed with analysis of variance using PROC MIXED in SAS (v. 9.02 SAS
Institute, Cary, NC, USA) with soil moisture and shade as fixed effects and blocks as random
effects. Where significant interactions or main effects indicated treatment effects, differences
among means were assessed with the PDIFF statement in SAS.

Results

Total biomass
There was a strong (p<0.001) shade × moisture interaction for total biomass (Table 1,
Table 2, Fig. 1). At the two treatment extremes, cattail plants in HSh and dry soil had 95% less
total biomass than cattails in FSu and flooded soil. HSh reduced biomass by 80% in flooded soil
and by 70% in moist soil compared to FSu. Dry soil caused biomass reductions of 88% in FSu,
79% in MSh and 74% in HSh compared to flooded soil.

Table 1 Analysis of variance for cattail (Typha latifolia) biomass measurements after two
months of growing in a combination of three shade levels (92%, HSh; 73%, MSh;
0%, FSu)a and three moisture levels (Dry, Moist, Flooded)b n=4.
P value
Total Biomass Above-ground Biomass Below-ground Biomass
Shade
<.0001
0.0030
<.0001
Moisture
<.0001
<.0001
<.0001
Shade × Moisture
<.0001
0.0009
<.0001
a
HSh=Heavy Shade; MSh=Medium Shade; FSu=Full Sun.
b
Dry=Watered when soil moisture tension reached -0.012 MPa; Moist=watered when
soil moisture tension reached -0.45 MPa; Flooded=maintained at 3-5 cm of water
above soil level.
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Table 2 Mean comparisons of cattail (Typha latifolia) total dry weight of live biomass (belowground and above-ground) after two months of growing in a combination of three shade
levels (92%, HSh; 73%, MSh; 0%, FSu)a and three moisture levels (Dry, Moist,
Flooded)b n=4. See Fig. 1 for data presentation.
Mean Comparisons of Total Biomass
FSu
<.0001
<.0001
<.0001
Dry
0.2326
0.6328
0.4634

Dry vs. Flooded
Dry vs. Moist
Moist vs. Flooded
FSu vs. HSh
FSu vs. MSh
HSh vs. MSh

Pr>F
MSh
<.0001
0.0065
0.0052
Moist
<.0001
0.0120
0.0218

HSh
0.0142
0.2046
0.1793
Flooded
<.0001
<.0001
0.0004

a

HSh=Heavy Shade; MSh=Medium Shade; FSu=Full Sun.
Dry=Watered when soil moisture tension reached -0.012 MPa; Moist=watered
when soil moisture tension reached -0.45 MPa; Flooded=maintained at 3-5 cm
of water above soil level.

b

Below-ground growth
There was a strong (p<0.0001) shade × moisture interaction for below-ground biomass
(Table 1, Table 2, Fig. 1). The effects of shade were most pronounced in flooded soil. At this
moisture level, HSh had the most reduced below-ground biomass (89% and 64% less biomass
compared to FSu and MSh, respectively). Even MSh, however, reduced below-ground biomass
by 70% compared to FSu. Shade also greatly decreased below-ground biomass for cattail in
moist soils. While moist-soil cattails growing under MSh had reduced below-ground biomass,
the biggest reductions were again seen in cattails growing under HSh which had 80% less belowground biomass than those growing in FSu and 57% less than those growing under MSh. Shade
had no effect on below-ground biomass in the dry soil treatments. Within FSu treatments
however, cattails in dry soil had the smallest below-ground biomass with a reduction of 85%
compared to flooded soil and of 66% compared to moist soil. In addition, FSu cattails growing in
moist soil had 56% less below-ground biomass than those in flooded soil. In contrast, within
MSh treatments, only dry soil was effective at reducing below-ground biomass. In these plants,
dry soil resulted in 64% and 48% less below-ground biomass than plants in flooded and moist
soil, respectively. Soil moisture had no effect on below-ground biomass for cattails in HSh.
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Fig. 1

Dry weight of total (below-ground and above-ground) live biomass of cattails (Typha
latifolia) after growing for two months in a combination of three shade levels
(92%,HSh; 73%, MSh; 0%, FSu) and three moisture levels (Dry, Moist,
Flooded). Bars indicate standard error of the means (n=4). See Table 1
for statistical comparisons. (HSh=Heavy Shade; MSh=Medium Shade; FSu= Full Sun.
Dry=Watered when soil moisture tension reached -0.012 MPa; Moist= watered
when soil moisture tension reached -0.45 MPa; Flooded=maintained at 3-5 cm
of water above soil level.)

There was also a strong (p=0.0053) shade × moisture interaction for rhizome length
(Table 3). In flooded treatments, both MSh and HSh decreased rhizome length but HSh resulted
in the greatest decrease in length: 72% compared to FSu and 50% compared to MSh. Shade
effect on rhizome length was not as pronounced in moist treatments; only HSh decreased
30

rhizome length and only in comparison to cattails in FSu. Shade did not affect rhizome length in
dry soil treatments. Cattails growing in FSu had decreased rhizome lengths in moist soil
compared to cattails in flooded soil. The smallest rhizome lengths were in cattails grown in dry
soil which had 91% shorter rhizomes compared to flooded soil and 82% shorter rhizomes
compared to moist soil. There were also decreases in rhizome length in MSh treatments, where
moist soil cause reductions in rhizome length but dry soil had the shortest rhizomes again, in
comparison to both flooded and moist soils. For cattails growing under HSh, only dry soil
decreased rhizome length compared to flooded soil but did so by 83%. Overall, dry soil had the
greatest impact on rhizome length at every shade level.

Above-ground growth
There was a strong (p=0.0009) shade × moisture interaction for above-ground biomass
(Table 1, Fig.1). The effects of shade were again the most pronounced in flooded soil. Cattails
under HSh had the most reductions in above-ground biomass compared to both FSu and MSh.
However, MSh also reduced above-ground biomass in flooded soil. Cattails in moist soil had
reduced above-ground biomass only under HSh which caused 47% reductions compared to both
FSu and MSh. Shade had no effect on above-ground biomass in dry soil. While cattails under
HSh had less above-ground biomass in moist soil than in flooded soil, cattails in dry soil had the
least above-ground biomass. Cattails in dry soil and under HSh had 91% less above-ground
biomass than flooded soil and 81% less than moist soil. Similarly, in MSh, moist soil reduced
above-ground biomass but cattails in dry soil had 90% less above-ground biomass than flooded
soil and 82% less than moist soil. The effects of soil moisture were the most evident in FSu.
Again, cattails under FSu had less biomass in dry soil than in flooded or moist soil by 94% and
83%, respectively.
There is some evidence (p=0.0992) of a shade × moisture interaction for cattail leaf
height (Table 3). Cattail leaf height was clearly suppressed by decreasing soil moisture
regardless of shade treatment. Shade level however, only affected cattail leaf height in flooded
soil where MSh increased leaf height by 25% in comparison to FSu. A similar pattern was
evident in moist soil treatments, although it could not be determined if this was treatment-related.
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Table 3 Mean cattail (Typha latifolia) growth and performance measurements after two months of growth in a combination of three
shade levels (92%, HSh; 73%, MSh; 0%, FSu)a and three soil moisture levels (Dry, Moist, Flooded)b n=4. Fan circumference
was measured at the soil level. Fv/Fm is a measure of chlorophyll fluorescence. Numbers in parentheses are standard errors
of the means. SPAD measures leaf greenness and is an indicator of chlorophyll content.
Net Change in
Number of live
leaves

Net Change in
Number of
Stems (mm)

Rhizome Length Leaf Width Leaf Height
SPAD
Treatment
(cm)
(mm)
(cm)
Index
Fv/Fm
Dry
HSh
6.1 (4.6)
3.7 (1.7)
28.1 (10.3)
-10.5 (1.7)
0.13 (0.1)
20.1 (8.7)
0.40 (0.2)
MSh
14.7 (9.9)
4.8 (2.8)
37.1 (19.3)
-5.9 (3.6)
1.13 (0.4)
23.2 (13.4) 0.41 (0.2)
FSu
11.5 (6.9)
5.2 (1.8)
40.4 (14.6)
-4.8 (3.4)
1.25 (0.6)
38.2 (12.7) 0.62 (0.2)
Moist
HSh
26.9 (7.2)
8.9 (0.9)
132.6 (12.9)
0.5 (3.9)
1.0 (0.2)
49.5 (4.9)
0.82 (0.0)
MSh
43.9 (12.9)
11.0 (0.7)
139.0 (8.4)
6.5 (3.1)
0.75 (0.1)
52.4 (2.4)
0.84 (0.0)
FSu
63.0 (8.1)
10.1 (0.5)
108.9 (10.0)
7.8 (1.4)
2.0 (0.2)
48.1 (1.4)
0.79 (0.0)
Flooded
HSh
36.6 (8.7)
11.4 (0.7)
183.1 (5.8)
6.0 (2.0)
0.75 (0.3)
42.6 (7.2)
0.83 (0.0)
MSh
72.8 (13.1)
12.4 (0.9)
213.6 (8.0)
7.9 (3.3)
1.1 (0.5)
51.3 (1.7)
0.82 (0.0)
FSu
127.8 (15.4)
12.5 (0.7)
160.8 (10.8)
16.0 (2.2)
2.5 (0.2)
37.5 (0.3)
0.72 (0.0)
ANOVA
Pr>F
Shade
0.0040
0.5188
0.1626
0.0460
0.0138
0.6900
0.9642
Moisture
<.0001
<.0001
<.0001
<.0001
0.0573
0.0028
0.0029
Shade × Moisture
0.0053
0.9869
0.0992
0.7299
0.1552
0.3229
0.5962
a
HSh=Heavy Shade; MSh=Medium Shade; FSu= Full Sun.
b
Dry=Watered when soil moisture tension reached -0.012 MPa; Moist= watered when soil moisture tension reached -0.45
MPa; Flooded=maintained at 3-5 cm of water above soil level.
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There was no evidence of a shade × moisture interaction for the net change in number of
live leaves (Table 3, Fig. 2). However, there was evidence of a shade effect (p=0.0460) and very
strong (p<0.0001) evidence of a soil moisture effect on net change in number of live leaves.
Cattails growing in dry soil had an average loss of seven leaves during the experiment whereas
cattails growing in moist soil had an average gain of five leaves and in flooded soil had an
average gain of ten leaves. Similarly, cattails growing in HSh had an average loss of one leaf and
cattails growing in FSu gained six leaves.

Fig. 2 Net change in number of live cattail (Typha latifolia) leaves from the beginning of the
experiment to the end, after growing in a combination of three levels of shade (heavy
shade (HSh), medium shade (MSh), full sun (FSu)) and three levels of soil moisture (dry,
moist, flooded) for two months. Bars indicate standard error of the means (n=4).

In addition, there was no evidence of an interaction between shade and moisture on leaf
width. But leaf width was strongly (p<0.0001) influenced by moisture (Table 3). Dry soil
decreased leaf width 62% compared to flooded soil and 54% compared to moist soil.
There was no evidence of a shade × moisture interaction for the net change in number of
stems per pot (Table 3). Shade, however, decreased the net number of stems (p=0.0138). While
33

FSu plants gained an average of about two stems, MSh gained an average of one stem and HSh
had an average stem gain of only 0.6. There was also an impact (p=0.0573) of moisture on the
number of stems. Cattail plants growing in dry soil had an average gain of 0.8 while cattail plants
growing in flooded soil gained an average of 1.5 stems.

Cattail physiology
There was no evidence of a shade × moisture interaction for chlorophyll fluorescence
(Fv/Fm) or SPAD index (Table 3). However, cattails in dry soil had lower Fv/Fm measurements
and SPAD indices than those growing in moist or flooded soil.

Soil moisture
Soil moisture release patterns indicated moist treatments were at approximately 22%
volumetric water content when rewatered, while dry treatments were at approximately 15%
volumetric water content when rewatered (Fig. 3).

Field Capacity
Moist

Dry

Fig. 3 Soil moisture release curve established in the laboratory with soil samples from unplanted
experimental pots that were maintained under moisture treatment regimes for the duration
of the experiment. Arrows indicate the position of moist and dry soil moisture treatments
at time of rewatering.
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Discussion
In this experiment, the combination of shade and reduced soil moisture was effective at
reducing cattail growth and persistence. Total (live below-ground and above-ground) biomass for
cattails growing in HSh and dry soil was reduced by 95% compared to cattails growing in FSu
and flooded soil (Fig. 1). These plants also experienced a net loss of leaves and reduced rhizome
lengths, suggesting they would not persist over time. While HSh and dry soil produced the most
growth reductions, even reductions in light and soil moisture to MSh and moist soil considerably
reduced total cattail biomass (by 74% compared to plants in FSu and flooded soil), although a
net loss of leaves only occurred in dry treatments. The moist soil treatment maintained soil
moisture between field capacity (-0.012 MPa) and -0.045 MPa (Fig. 3). Thus water supply was
only moderately restricted for cattails in this treatment, yet their growth patterns were strongly
affected, especially in the presence of shade. In plant communities in SWMB, other species
would also be affected (either positively or negatively) by any reductions in soil moisture and
competition from these species would in turn influence cattail population dynamics.
Our findings that shade restricted cattail growth are consistent with a study by Weihe and
Neely (1997) where Typha latifolia were grown in flooded conditions in a greenhouse under
60% shade cloth for three to four months. Below-ground biomass was reduced by 92% compared
to unshaded cattails and above-ground biomass was reduced by 58%. These numbers are similar
to the below- and above-ground biomass reductions from our study in flooded soil treatments
between FSu and HSh (89% decrease in below-ground biomass and 62% decrease in aboveground biomass) although our HSh treatment was significantly more shade (92% shade) than the
60% in their experiment. Our MSh treatment provided a similar level of shade (73% shade), but
we observed much smaller reductions in cattail biomass within flooded soil treatments at this
shade level when compared to FSu (70% decrease in below-ground biomass and 30% decrease
in above-ground biomass). Weihe and Neely (1997) grew plants from seed and consequently
they were considerably smaller than those in our study and likely had much smaller belowground carbon stores at the outset of the experiment. In addition, the duration of their experiment
was longer than ours which could be another reason why they observed more severe reductions
under less shade.
A study by Li et al. (2004) also found drier soil (not watered until soil reached a tension
of -0.5 to -0.8 MPa) decreased Typha latifolia root biomass by at least half and shoot biomass by
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at least two-thirds compared to cattails growing in flooded soil. We found drier soils resulted in
similar biomass reductions within FSu treatments. However, because the cattails in their study
were planted in soilless potting substrate and not a mineral soil, the range of soil moisture levels
experienced by plants cannot be readily compared to those in our study.
We found that cattails growing in FSu had a below-ground/above-ground biomass ratio
greater than one (i.e. below-ground biomass was greater than above-ground), regardless of
moisture treatment (Fig. 1). However, cattails growing in shaded treatments revealed a different
pattern. MSh and HSh cattails in flooded soil had a below-ground/above-ground biomass ratio of
less than one. As the cattails were subjected to the drier soil treatments their belowground/above-ground ratio increased. Conversely, as cattails in both moist and flooded soil
became more stressed with the presence of shade, their below-ground/above-ground biomass
ratio decreased. In flooded treatments, where moisture was not limited, shade reduced aboveground biomass up to 62% but severely impaired biomass accumulation in the below-ground
portions of the plant (by up to 89%). This is consistent with results from Weihe and Neely (1997)
where shade was reported to reduce belowground biomass more than aboveground biomass.
However, Weihe and Neely (1997) reported that un-shaded cattails had an equal amount of
below and above ground biomass whereas we found un-shaded cattails had more below-ground
biomass than above-ground biomass. Our results were consistent with similar findings by Grace
(1989) where Typha latifolia below-ground biomass constituted 65% to 90% of total biomass.
The ability of cattails to reproduce by seeds and, once established, rapidly by clones
(through their rhizomes) contributes to their successful and extensive growth (McNaughton,
1966). Carbohydrates are stored in the rhizomes which overwinter and in the spring these
reserves are used to send up new shoots (McNaughton, 1966). As a result, cattail rhizome growth
is crucial for both cattail reproduction and for growth the following season. Our findings that
rhizome length and below-ground biomass decreased with any increase in shade or soil dryness
suggest that cattail colonization would be suppressed over time under these conditions.
Furthermore, HSh and moist and dry soil levels significantly decreased the net number of live
leaves on the cattail plants which reduces the plant’s capacity to manufacture and subsequently
store carbohydrates. This finding suggests that even moderate shade and soil moisture
reductions, especially in combination, will reduce carbohydrate storage in the overwintering
structures of cattails. Increased shade and drier soil, leading to smaller rhizomes, especially over
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several years, could severely suppress cattail colonization. Trees can create such conditions,
especially as the trees continue to grow, increasing their canopy and shade level and develop
larger below-ground systems which could further deplete soil moisture.
Reductions in soil moisture, independent of shade, resulted in fewer leaves, fewer stems,
and reductions in leaf width, indicating a reduced ability to perform photosynthetic processes (as
indicated by reduced SPAD Index and Fv/Fm measurements). Similarly, Li et al. (2004) found
cattails grown in dry soil also had reduced net photosynthetic capacity in addition to reduced
cattail height. Thus, reducing soil moisture levels will reduce cattail growth even without the
presence of shade. Additionally, while reductions in soil moisture to -0.12 MPa proved most
effective at reducing cattail growth there are still considerable growth reductions if soil moisture
is only reduced to -0.045 MPa before soil water is replenished. Likewise, even if moisture is
unlimited, shade alone at either the MSh and HSh levels created reductions in cattail growth.
Patterns in leaf height suggest that leaf morphology was adapting to maximize light
capture. Cattails in flooded and moist soil treatments produced taller leaves under HSh than in
FSu. MSh created cattails with the tallest leaves compared to FSu and HSh.
Our data suggests that shade and drier soils will likely severely reduce cattail growth over
time, possibly leading to decline and even eradication of a cattail population. A study by Lull and
Fletcher (1962) in Missouri in a mixed oak-hickory stand where soil-moisture content was
measured on plots with and without trees showed that trees have the ability to decrease soil
moisture about 0.66 cm (0.26 inches) per day to a depth of 101.6 cm (40 inches). In addition,
deciduous tree species in North Carolina have been shown to have average transpiration rates
between 9.73 and 17.77 g/dm2/day (Kramer and Boyer, 1995) and the removal of trees in has
been shown to increase in soil moisture locally up to 41 cm in some instances in wetland sites
(Sun et al., 2000) and up to 21 cm in bottomland hardwood sites (Xu et al., 2002). Although
water uptake by trees will vary greatly depending upon climate, site conditions, and species,
trees would clearly extract moisture from SWMB, likely reducing moisture availability for
cattails.
The most common tree species found in SWMB in Lynchburg, VA were black willow
(Salix nigra). In bottomland hardwood sites black willow can reach densities of 10,000 stems per
hectare (McLeod et al., 2001) and full willow canopy can decrease light levels by at least 65%
(Dulohery et al., 2000). Dulohery et al. (2000) found reductions in herbaceous vegetation
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growth when willow canopy was present; even partial willow canopy (when 60% canopy
reductions were made) reduced herbaceous vegetation growth. When willow canopy was
completely removed herbaceous vegetation biomass tripled and soil moisture increased
(Dulohery et al., 2000; McLeod et al., 2001).
Even if the trees can only provide MSh (73%) shade and soil moisture reductions that
regularly reach to -0.045 MPa, cattail biomass and growth in SWMB could be reduced and
eventually eradicated. In conjunction with this greenhouse study, we observed current conditions
in many SWMB in southwest Virginia. Current management practices have resulted in standing
water and full sun in the majority of basins observed, giving cattails the optimum growing
conditions. If trees can reduce soil moisture to -0.12 MPa or more and provide the level of shade
in our HSh treatment (92%) the expected reductions in below-ground and above-ground biomass
and decline in number of live leaves could contribute to the elimination of cattail populations.
However, the timing of leaf emergence and leaf senescence for both cattails and trees will affect
opportunities for biomass accumulation in the cattail population. If cattails leaf out before trees,
they may be able to accumulate sufficient resources to survive before the trees start shading the
cattails and drying down the soil moisture. Asaeda et al. (2005) summarized various studies
showing the range of T. latifolia leaf-out between latitudes 43oN and 47oN (which is north of our
study area at 37oN) was from April 10 to May 13, respectively, suggesting that cattail leaf-out
might be slightly earlier than trees. However, leaf-out dates for trees vary greatly depending on
species, so the ability for trees to compete with cattails would depend on the tree species to some
extent which could be controlled by managers if they had the ability to select and plant tree
species in the SWMB.

Conclusions
Combined reductions in light and moisture restricted cattail below-ground biomass,
rhizome length, above-ground biomass and leaf height. In addition, other morphological and
physiological characteristics indicated cattails were stressed by either shade or reduced soil
moisture. Even if trees provide only moderate shade and soil moisture reductions, allowing
woody plant colonization in SWMB has the potential to reduce or eliminate cattails. Our study
suggests that if trees could reduce soil moisture episodically to -0.12 MPa or lower and
consistently provide 92% shade, cattail populations could decline rapidly.
38

Cattail above- and below-ground biomass, rhizome length, net number of live leaves, net
number of stems, chlorophyll content and SPAD Index were most reduced when grown in 92%
shade cover and dry soil. In addition, HSh shade and reduced moisture in combination reduced
cattail biomass, rhizome length and leaf height more than either did alone. This study shows that
trees are a potential means for controlling cattail populations in dry detention SWMB.
Future research is needed on the long term interactions of trees (shade and soil moisture)
and cattails. Additionally, the impact of trees on the ecology and performance of SWMB needs
to be examined to determine if woody vegetation can be used as a management tool for cattil
eradication within SWMB.
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Chapter 4
Woody vegetation and cattail growth in stormwater management basins
Introduction
Stormwater management is a critical environmental and urban planning issue for cities
and suburbs around the world (Backstrom et al., 2002; Marsalek and Chocat, 2002; Roy et al.,
2008; Taebi and Droste, 2004). Runoff from urban impervious surfaces not only causes flooding
but it also collects and transports pollutants, such as, heavy metals, herbicides, pesticides, and
other toxic materials to urban waterways (Li et al., 2008; Muthukrishnan and Selvakumar, 2006;
Taebi and Droste, 2004). Stormwater management basins (SWMB) are often constructed to
manage urban runoff by regulating the speed at which water enters urban waterways and
potentially improving water quality (Emerson and Traver, 2008; Hogan and Walbridge, 2007;
Marsalek and Chocat, 2002; Starzec et al., 2005; Weiss et al., 2006).
In southwest Virginia, and other parts of the United States, a large number of the SWMB
are built along roadways to manage runoff from highways and interstates. SWMB can be either
wet ponds or dry-detention basins. While wet ponds have a continuous pond of water and often
include vegetation to improve water quality, dry-detention basins are designed to only have short
grass, which is kept mowed, and to remain dry except during and shortly after storm events
(Backstrom et al., 2002; Marsalek and Chocat, 2002; Shammaa et al., 2002). Therefore, drydetention basins are built to address water quantity not water quality.
This is the case with Virginia Department of Transportation (VDOT) dry-detention
SWMB in Lynchburg, VA. As a result, management procedures focus on removal of all woody
and herbaceous vegetation except the original planted, mowed grass. However, many of these
dry-detention basins are retaining water long after storm events which makes mowing impossible
and results in considerable woody and herbaceous vegetation growth.
Water accumulation in the dry-detention basins leads to the growth of cattails in addition
to trees and other vegetation. Cattails are a particular maintenance problem because they are
considered invasive by the Army Corps of Engineers which has required VDOT remove all
cattail plants because their seed can spread downstream and they can provide habitat for
mosquitoes (Hunt et al., 2006; Jiannino and Walton, 2004). Furthermore, current cattail removal
efforts have been mostly ineffective and as a result time consuming because control mechanisms
have to be repeated many times. In addition, VDOT requires the removal of all woody vegetation
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from its dry-detention basins. The majority of this vegetation maintenance must be performed by
hand because the wet and uneven terrain of the basin prevents the use of heavy machinery.
However, if trees were left to grow they could alter the conditions in the basin, by reducing soil
moisture and increasing shade, thus possibly outcompeting cattails. Trees are effective
stormwater management tools in urban areas because they take up large amounts of water from
the soil and intercept rainfall (Li et al., 2009; McPherson et al., 2005). In addition, many
municipalities are seeking to increase their urban tree canopy cover to address a variety of
environmental quality concerns such as air quality and the urban heat island.
While improving water quality is not the goal of VDOT dry-detention basins, there is
increasing pressure from management agencies to design and retrofit SWMB to address runoff
water quality issues. If trees are allowed to grow in SWMB they could create a more functional
biological system in the basin which could improve water quality by increasing runoff
infiltration into the soil and increasing the potential for sediments to settle out of the water.
However, the potential impacts of tree growth in dry-detention basins are unknown. For
example, the interactions between trees and other vegetation in SWMB and the impact of trees
on the function of the basin have not been studied.
The objectives of this study are to assess the ecology of four unmaintained SWMB in
Lynchburg, VA where vegetation has been allowed to grow for two years. Specifically, we focus
on 1) quantifying the type of vegetation in the basin, especially trees and cattails, 2) observing
the relationship between trees and cattails and other herbaceous vegetation, and 3) observing the
relationship between the vegetation composition and the environmental conditions within the
SWMB.

Methods

Site
Data was collected from four VDOT SWMB in Lynchburg, VA along route 221 that had
been unmaintained for about two years. The basins varied in size, shape and vegetation
composition. Initial observations of the basins were made in June, 2009 and data was collected
between July 27 and 31, 2009. Basin 1 was about 1,600 m2 and had a general oval shape. Initial
observations showed that woody vegetation was generally on the edge of the basin along the toe
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of the slope while cattail and other herbaceous vegetation were established in the bottom of the
basin. Basin 2 was about 500 m2 and had a long, narrow shape with steeply sloped sides. Woody
and herbaceous vegetation, including cattails, were growing together in the bottom of the basin.
Basin 3 was the smallest basin at about 240 m2 and had a rectangular shape with very shallow
sloped sides. Initial observations revealed a substantial amount of woody and herbaceous
vegetation growing down the middle of the basin between the outflow riser and the inlet pipe but
no cattails. Basin 4 was about 400 m2 and was long and narrow with steeply sloped sides and a
mixture of cattails, woody vegetation and other herbaceous vegetation growing in the bottom of
the basin (see Appendix A for a photo of each basin).

Plot selection
A total of 100, 0.25-m2 plots were established in the bottom of the four basins. The
number of plots per basin was determined based on the size of the basin such that the aggregate
basin area had an equal chance of being sampled. We selected 40 plots in Basin 1, 27 plots in
Basin 2, 10 plots in Basin 3, and 23 plots in Basin 4.
In each basin, plots were selected using a random walk method where a random number
table was used to generate the number of meters traveled down the length of the basin and a
second number determined the number of meters traveled left (if the number was odd) or right (if
the number was even) from this point along the width of the basin. The random walk for each
plot began at the location of the previous plot. If any plot ended up within 3 m of a plot selected
earlier than a new plot location was randomly selected.

Field sampling
At each plot litter layer depth, standing water depth and ground cover were determined.
Soil samples were also collected with a shovel of approximately the top 10 cm of the soil where
the soil was uniform in appearance. For plots covered with water, water was poured off before
the sample was placed in the bag. Soil samples were taken back to the lab where loss on ignition
was performed to measure soil organic matter. Soil samples were sieved through a 2 mm sieve
and dried at 150oC for 3 h. Soil samples were then placed in a 360oC oven overnight during
which after 2 h samples were cooled and held at 105oC and then weighed. Soils with 12% or
lower organic matter were classified as mineral soils.
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Vegetation measurements consisted of harvesting all aboveground herbaceous vegetation
from each plot. Cattails and other herbaceous vegetation were separated and dried at 53oC until a
constant weight was reached and dry biomass recorded. In addition, all trees within 2 m of the
plot center were recorded including tree species, tree diameter class at 1.3 m above the ground
(diameter at breast height, DBH), and distance of the tree from the plot center. DBH was
recorded as one of three classes: small, 0 to 7.6 cm (3 in); medium, 7.6 to 25.4 cm (10 in); and
large, 25.4 or more cm. Trees with multiple stems were counted as one tree as long as all stems
came from the same trunk (or previously cut stump); otherwise they were counted as individual
trees. Tree distance from the plot center was recorded as either within the 0.25-m2 plot, within 1
m or within 2 m. This information was then used to calculate a woody vegetation influence index
(WVII) modified from the Tree Species Influence Index in Pelletier et al. (1999) to assess the
impact of woody vegetation on the plot. We calculated our WVII with the following equation:
𝑛

𝑊𝑉𝐼𝐼 =
𝑖=1

𝐵𝐴
𝐷

where n = number of trees in each plot, BA = tree basal area and D = distance (m) of the tree
from the center of the plot. Trees within the 0.25-m2 plot were considered to be at a distance of
0.25 m; trees between the edge of the plot and 1 m at 0.5 m; and trees between 1 m and 2 m at
1.5 m. BA was calculated as follows:
𝐵𝐴 = 𝜋 ∗

𝑑𝑏ℎ
2

2

where dbh = tree diameter at breast height which was taken for all trees within the 0.25-m2 plot,
for trees outside of the plot the average of their dbh class (small, medium, large) was used as
their dbh value. In addition, tree species and diameter were recorded for the largest tree within
5 m of the plot center.
Measurements were also taken to assess the position of the plot within the basin. These
measurements consisted of the relative elevation of the basin inflow pipes and the lowest stage of
the outflow risers, the relative elevation of the plot center, the distance from the plot center to the
nearest inflow pipe or outflow riser within 7 m, and the distance to the toe of the slope closest to
the plot as well as the relative elevation at this location. A laser light level (Leica Geosystems,
South Pasadena, CA, USA) was used to take the elevation measurements at each location.
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Data analysis
PCORD-4 (MjM Software Design, Gleneden Beach, OR, USA) was used to conduct
multivariate principal components analysis (PCA) to assess the relationships within the
ecological community of the basin. Data was placed into two matrices: Matrix 1 containing
species variables (cattail biomass, other herbaceous biomass, and WVII) and Matrix 2 containing
environmental variables (% soil organic matter, litter layer depth, water table height, distance to
the toe of the slope, change in relative elevation between the plot and the outflow riser, the plot
and the inflow pipe, and the plot and the toe of the slope, and the basin number). Both matrices
were relativized (general relativization, by column, p=1) to eliminate the data variability due to
the different measurement scales used for each variable. Matrix 1 was then transposed so that it
could be multiplied with Matrix 2. The resulting multiplied matrix was then used to conduct
PCA analysis.
Some variables were categorized or rescaled to meet the PCORD criterion or to enhance
their analysis. Water table height was placed into four categories 0 (depths below soil level), 1
(water table at the soil level), 2 (up to 5 cm above the soil), 3 (5 to 10 cm depth), 4 (above 10 cm
depth of water). In addition, relative elevation data was rescaled to eliminate negative numbers.
Several of the environmental variables collected in the field were not used because preliminary
PCA analysis indicated they were not significant factors.
Results & Discussion
Observations
VEGETATION
Fourteen different tree and shrub species were found in the basins (Table 1). Twelve of
these species were found in the bottom of the basins and eight species were found on the banks.
Northern catalpa (Catalpa speciosa) and black walnut (Juglans nigra) were the only two species
found only on the bank and not in the bottom of the basins. However, a full inventory of all tree
species was not done only a sample of all the species found within 2 m of the plot and the largest
tree between two and 5 m of the plot. So while this provided intensive sampling of the trees on
the bottom of the basin it may not be an accurate inventory of all the species growing along the
banks of the basins. Black willow (Salix nigra) was the most abundant species we recorded, 69%
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of all the trees we recorded were black willow (Table 2). The second most abundant (6.5%) was
American sycamore (Platanus occidentalis) and the third most abundant (5%) was tied with
hazel alder (Alnus serrulata) and boxelder (Acer negundo). With the exception of tree-of-heaven
(Ailanthus altissima) and Callery pear (Pyrus calleryana) all tree species identified were native
to the region. Callery pear was only found in Basin 2 on the bottom of the basin. Tree-of-heaven
was also found in Basin 2, both on the bottom and on the bank of the basin, and on the bank in
Basin 4. Basins 2 and 4 both have more surrounding tree growth outside of the basin than the
other two basins which could have contributed to the presence of nonnative species within the
basin.
The majority (85%) of the trees (and across all species) we recorded had a diameter at
breast height between 0 and 3 inches (Table 2). However, many of these trees were multistemmed and had between one and 32 stems per tree, this could be because previous clearing by
VDOT acts as a form of coppicing, stimulating vegetative reproduction.
Overall, 60% of the plots had trees within 2 m of the plot center and 76% of the plots had
trees within 5 m of the plot center (Table 3). Some basins had more trees than othes, for
example, in Basin 4, 91.3% of the plots had trees within 2 m but in Basin 1 only 37.5% of the
plots had trees within 2 m of the plot. In addition, while some species were found in each basin
some species were only found within certain basins. This may be a reflection of varying
environmental conditions among basins (See Environmental conditions below) or differences in
propagule pressure from the surrounding area. However, we did not document species presence
in surrounding areas.
Across all basins 45% of the plots had cattails in them across all basins (Table 3). The
percent of plots with cattails was relatively consistent among basins except for Basin 3 where
none of the sampled plots contained cattails. The absence of cattails in Basin 3 could be due to
drier conditions or other environmental factors. For example, Basin 3 had no sampled plots with
standing water whereas all of the other basins did.
Ninety-three percent of the plots had other herbaceous vegetation (non-cattail,
herbaceous vegetation) (Table 3). All the basins had other herbaceous vegetation in at least
87.5% of plots. Many of these herbaceous species were grasses and may be remnants of the
original turfgrass planting. Other herbaceous species were also present, however, although they
were not identified or inventoried.
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Table 1. Woody plant species composition in four Lynchburg, VA roadside stormwater management basins based on complete
species inventories within 2 m of the 100, 0.25-m2 sample plots as well as the largest tree within 2 to 5 m of the plot (see
methods for complete description of sampling procedure). Number of plots per basin were: 40 plots in Basin 1; 27 plots
in Basin 2; 10 plots in Basin 3; 23 plots in Basin 4.
Species measured in plot sampling
black willow (Salix nigra)
hazel alder (Alnus serrulata)
american sycamore (Platanus occidentalis)
boxelder (Acer negundo)

Species observed on banks*
black willow (Salix nigra)
hazel alder (Alnus serrulata)
american sycamore (Platanus occidentalis)
black locust (Robinia pseudoacacia)
yellow poplar (Liriodendron tulipifera)

Plot surface covers observed and % of
plots within basin with this cover
water (57.5%)
leaf litter (37.5%)
duckweed (2.5%)
moss (20%)
short grass (5%)
trash (2.5%)

Basin 2

black willow (Salix nigra)
american sycamore (Platanus occidentalis)
yellow poplar (Liriodendron tulipifera)
tree-of-heaven (Ailanthus altissima)
Callery pear (Pyrus calleryana)
green ash (Fraxinus pennsylvanica)

black willow (Salix nigra)
american sycamore (Platanus occidentalis)
tree-of-heaven (Ailanthus altissima)
northern catalpa (Catalpa speciosa)

water (59.3%)
leaf litter (40.7%)
short grass (22.2%)
trash (7.4%)

Basin 3

black willow (Salix nigra)
green ash (Fraxinus pennsylvanica)
sugar maple (Acer saccharum)
silver maple (Acer saccharinum)
black cherry (Prunus serotina)

black willow (Salix nigra)
black locust (Robinia pseudoacacia)

leaf litter (100%)
trash (10%)
gravel (20%)

Basin 4

black willow (Salix nigra)
hazel alder (Alnus serrulata)
american sycamore (Platanus occidentalis)
silver maple (Acer saccharinum)
black locust (Robinia pseudoacacia)

black willow (Salix nigra)
american sycamore (Platanus occidentalis)
black locust (Robinia pseudoacacia)
yellow poplar (Liriodendron tulipifera)
tree-of-heaven (Ailanthus altissima)
black walnut (Juglans nigra)

water (39.1%)
leaf litter (65.2%)
short grass (17.4%)
asphalt (4.3%)

Basin 1

Total
12 species
8 species
* This species list is taken from our observations of the largest tree between 2 and 5 m of the plot center (as indicated in the methods section)
that were on the bank and not the bottom of the basin. Therefore, all of these species are on the bank of the SWMB and were 5 m or less from
the bottom of the basin.
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Table 2: Woody vegetation species from within 5 m of 100, 0.25-m2 plots in four
roadside stormwater management basins in Lynchburg, VA. Number of
plants of each woody species, their average stem diameter, and the range
of the number of stems per tree in parentheses.
Average Stem Size
Small
Medium
Large
Species
Count
(0-7.62 cm)
(7.62 -25.4 cm) (25.4+ inches)
black willow
200
14.91 (1-32)
11 (1-25)
6.76 (1-5)
hazel alder
15
34.19 (1-30)
0
0
boxelder
15
2.54 (1)
0
0
sycamore
19
3.12 (1-2)
2.54 (1)
0
black locust
4
2.54 (1)
3
0
tulip poplar
5
3.81 (1-3)
3
0
sugar maple
3
2.54 (1)
0
0
silver maple
7
2.54 (1)
2.54 (1)
0
black cherry
2
2.54 (1)
0
0
green ash
7
2.54 (1)
0
0
tree-of-heaven
10
8.33 (1-7)
2.54 (1)
0
callery pear
2
7.62 (1)
5.08 (1)
0
black walnut
1
12.7 (1)
0
0
TOTAL
290
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Table 3 Environmental, vegetation and plot position characteristics of 100, 0.25-m2 plots in four roadside stormwater management
Basins in Lynchburg, VA. For variables reported as averages the standard error is reported in parentheses.

Average
% soil
organic
matter

Environmental Conditions
Average
% of
Average
litter
plots
water depth
depth
with
(cm) in
per plot standing
plots with
(cm)
water
standing
water
1.09
57.5
4.0 (0.5)
(0.09)

% of
plots
with
trees
within
2m
37.5

Vegetation Growth
% of
% of
% of
plots 0.25-m2 0.25-m2
with
plots
plots with
trees
with
other
within cattails vegetation
5m
57.5
57.5
87.5

Position of the plot in the basin
% of
% of
∆
plots
plots
elevation
within 7
within 7
from
m of a
m of toe
pipe to
pipe or
of the
riser (m)
riser
slope
15
55
0.86,
-0.67,
0.39*

Basin1

5.4
(0.99)

Basin2

11.6
(1.61)

1.16
(0.14)

59.26

7.4 (4.3)

70.4

85.2

44.4

96.3

25.9

100

1.73

Basin3

11.2
(0.09)

0.75
(0.11)

0

---

50

70

0

100

40

100

0.33

Basin4

8.1
(0.83)

1.04
(0.12)

39.13

12.4 (10.29)

91.3

100

43.5

95.7

30.4

100

1.43

All
Plots

8.3
1.07
48
5.94 (1.81)
60
76
45
93
25
82
-----(0.74)
(0.06)
*Basin 1 had three inlet pipes. A negative number indicates that the outflow riser was at a higher elevation than the inflow
pipe.

51

ENVIRONMENTAL CONDITIONS
Ground surface cover varied for each plot both between and within basins (Table 1). Plot
ground cover varied from water to leaf litter to trash and asphalt. Many plots had more than one
type of ground cover, for example, water and duckweed, or asphalt, leaf litter, and short grass.
Basin 1 was the largest basin and also had the most different types of ground cover. Basin 3, the
smallest basin, had the fewest different types of ground cover.
Overall, plots had an average of 8.3% soil organic matter (Table 3). Basin 3, the smallest
basin, had the largest average percent soil organic matter (12.7%) and Basin 1, the largest, had
the smallest average percent soil organic matter (5.4%). There was an overall range of 1.3% to
40% soil organic matter for all the plots. The majority (78%) of the plots were mineral soils
(12% or less soil organic matter content). Twenty-two percent of the plots had organic soils (1225% organic matter). Four percent of plots had muck soils (>25% organic matter). Plots with
muck soils were also all within 3.7 m of the toe of the slope, three of the four were in Basin 2
and all plots were higher in relative elevation than the outflow riser and lower than the toe of the
slope (all were less than 0.3 m lower than the toe of the slope). Two of the plots had no soil
samples because the depth of the standing water was too deep to get a soil sample. Basin 1 had
both the lowest average percent soil organic matter and the greatest cattail presence and average
cattail biomass per plot of all the basins (99.7 g vs. 27.05 g, 0 g, and 33.21 g in Basin 2, 3, and 4
respectively).
A study on stands of cattails (Typha latifolia) in the southeastern United States (Georgia,
Alabama, Mississippi, Florida) found that sites containing cattails were growing in soil with a
range of 1.6% to 30.45% soil organic matter (Boyd and Hess, 1970). We found a similar range of
1.5% to 25.3% soil organic matter in the SWMB in plots which contained cattails.
Leaf litter was fairly consistent across the basins with 1.07 cm as the total average depth
of leaf litter for all plots. While Basin 3, the smallest basin, had leaf litter as a ground cover
within all of its plots (Table 1) it had the shallowest depth of leaf litter of any of the basins.
Basin 4 had the next highest percent of plots with leaf litter (65.2%, Table 1) but had the second
lowest depth of litter layer per plot (Table 3). These observations indicate that litter layer depth
may be strongly influenced by its distribution within the basin, i.e. deep and in few locations, or
shallow but well distributed.
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While we do not know the composition of leaf litter (tree, cattail or other herbaceous) at
each of our plots, it is possible that leaf litter has a relationship with the presence of different
species. A study by Farrer and Goldberg (2009) showed that cattail (Typha ×glauca) leaf litter in
coastal marshes of the Great Lakes in northern Michigan reduced the amount of light that
reached the soil by 99% compared to plots with no litter. In addition, cattail leaf litter reduced
stem densities of various herbaceous vegetation by 32 – 100%. Furthermore, cattail leaf litter had
no effect on its own stem density but increased the height of cattail stems perhaps due to the
increase in soil nutrients from the leaf litter (Farrer and Goldberg, 2009). In addition, Farrer and
Goldberg (2009) suggest one reason cattails may not be negatively affected by litter layer is
because of their overwintering rhizomes which allow them enough energy to rapidly push
through the litter accumulation. We performed a Pearson’s correlation of litter layer with cattail
biomass, other herbaceous biomass, and WVII and found no significant correlations.
Overall, Basin 3 had the smallest average depth of litter layer and the highest average
percent soil organic matter (Table 3). Basin 3 was also the smallest basin and had the smallest
change in relative elevation between the inflow pipe and the outflow riser (see Position of the
plot in the basin below). Basin 2, had the highest average depth of litter layer, the second highest
average percent soil organic matter (Table 3), and was the second largest basin.
Forty-eight percent of the plots had standing water but this varied greatly between basins
(Table 3). Basin 3 had no standing water while more than half of Basin 2 had standing water. For
those plots that did have standing water, water depth varied between basins and ranged from 0.5
cm to 60 cm. Data collection occurred during mid summer when it was relatively dry. Data from
the National Weather Service Forecast Office Blacksburg, VA for Lynchburg, VA (NOAA
2010) showed that precipitation during the week of our field work (July 28-31, 2009) was 2.18
cm over the course of the week. No precipitation occurred during our plot sampling. Sampling
of Basin 1 took three days, the day before sampling began 0.08 cm of precipitation fell, no
precipitation fell during the first or second day of sampling, and 1.5 cm fell before the third day
of sampling Basin 1. The day before sampling Basin 2, 0.05 cm of precipitation occurred; 1.5
cm occurred the day before sampling Basin 3; and 0.03 cm occurred the day before sampling
Basin 4. Total rainfall for the month of July was 7.85 cm (which is 3.30 cm less than average)
with no one day receiving more than 1.85 cm. Even though rainfall amounts were low, the basins
were still retaining water and in some locations significant (60 cm) amounts of water.
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Among basins there was a relationship between litter layer depth and the percent of plots
with standing water. Basins with higher average litter depth also had the highest percentage of
plots with standing water (Table 3).

POSITION OF THE PLOT IN THE BASIN
The percent of plots within 7 m of an inflow pipe or an outflow riser was highly
correlated to the size and shape of the basin (Table 3). Basin 1 was the largest and had the
smallest percentage of plots within 7 m of a inflow pipe or outflow riser and the smallest
percentage of plots within 7 m of the toe of the slope. Basin 3 was the smallest basin and had the
highest percentage of plots near inflow pipes and outflow risers and Basin 2 and 4 were similar
in size and had about the same percentage of plots near inflow pipes and outflow risers. Basins 2,
3, and 4 all had 100% of the plots within 7 m of the toe of the slope. This is because Basin 3 was
very small and Basins 2 and 4 were fairly narrow, especially compared to Basin 1. Even though
Basin 3 had the highest percentage of plots near inflow pipes and outflow risers (outflows) it had
no plots with standing water. It does not appear that nearness to an inflow pipe or outflow riser is
related to the presence of standing water. However, we categorized plots as near (within 7 m) or
far (> 7 m) from water inlets and outlets, which may have been too coarse a measure to capture
the influence of water entry and exit points on standing water.
The change in relative elevation from the inflow pipe to the outflow riser shows that, as
would be expected in dry-detention basins, the inflow pipe is at a higher relative elevation than
the outflow riser in all cases but one (Table 3). In Basin 1, which had three inflow pipes, one of
the inflow pipes was at a lower relative elevation than the outflow riser. This could have an
impact on water retention, if the slope of the basin does not flow downwards to the outflow riser.
The smallest basin, Basin 3, had the smallest change in relative elevation. Basin 2, had the
largest change in relative elevation of 1.73 m but also had the largest percentage of plots with
standing water. This suggests that the change in relative elevation is not consistent throughout
the whole basin. In fact, during data collection we encountered numerous changes in relative
elevation. These changes in relative elevation not only have the potential to collect water, but
also create a safety hazard for maintenance personnel.
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Principle Components Analysis (PCA)
PCA resulted in two axes that explain 100% of the variation in the data (Table 4). The
broken-stick eigenvalue test suggests that both of these axes are of interest (Jackson, 1993).

Table 4: Principal component analysis eigenvalue and percent of variance of
the relation between plot environmental variables and species
composition in four unmaintained stormwater management basins in
Lynchburg, VA.
Axis Eigenvalue % of
Cumulative % of
Broken-stick
Variance
Variance
Eigenvalue
1
7.092
88.649
88.649
2.718
2
0.908
11.351
100.000
1.718
3
0.000
0.000
100.000
1.218
4
0.000
0.000
100.000
0.885
5
0.000
0.000
100.000
0.635
6
0.000
0.000
100.000
0.435
7
0.000
0.000
100.000
0.268
8
0.000
0.000
100.000
0.125

ENVIRONMENTAL VARIABLE CORRELATION
Table 5 presents the cross product matrix for the environmental variables resulting from
PCA. Percent soil organic matter is highly negatively correlated with distance to the toe of the
slope and highly positively correlated with the basin and the change in relative elevation between
the plot and the toe of the slope. There is also a strong negative correlation with litter layer and
water table and a strong positive correlation with relative elevation compared to the outflow riser
and the inflow pipe. This indicates that the different dynamics of each basin, and possibly its
surroundings, are influencing soil organic content. In addition, the relationship to the toe of the
slope seems to be a contributing factor in determining the percent soil organic matter found at
various locations within the basin. Plot litter layer and relative elevation are also related.
Litter layer has very strong correlations to all of the variables especially relative elevation
in comparison to the outflow riser and to the inflow pipe, the water table height and the basin.
Perhaps this has to do with the water flow patterns between the inflow pipe and the outflow riser
within each basin distributing litter layer throughout the basin.
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Table 5: Principle component analysis cross-products matrix for the environmental variables collected in 100, 0.25-m2
plots in four unmaintained stormwater management basins in Lynchburg, VA.

SOM
LL
WT
ToeDist
Ris.Elev.
PipeElev.
ToeElev.
Basin

% soil
organic matter
(SOM)

Litter
layer
(LL)

1.00
-0.6858
-0.5365
-0.9836
0.6855
0.7093
0.9809
0.8293

1.00
0.9821
0.8058
-1.00
-0.9995
-0.8141
-0.9754

Water table
(WT)

Distance from
plot to toe of
slope (ToeDist)

∆ elevation from
riser to plot
(Ris.Elev.)

1.00
0.6798
-0.9822
-0.9754
-0.6902
-0.9165

1.00
-0.8055
-0.8248
-0.9999
-0.9165

1.00
0.9994
0.8139
0.9753
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∆ elevation
from pipe to
plot
(PipeElev.)

∆ elevation
from toe of
slope to plot
(ToeElev.)

1.00
0.8328
0.9821

1.00
0.9221

Basin

1.00

The basin number had a very strong correlation with all of the variables indicating that
the composition of environmental factors depends on the characteristics and possibly design or
construction of the basin.
The three changes in relative elevation variables (between plot and outflow riser, inflow
pipe, and toe of the slope) are all very strongly positively correlated with each other which is to
be expected because of the design and construction of the basin. These relative elevation
variables are also strongly correlated to several other variables (Table 5). For example, the
outflow riser relative elevation is negatively correlated to litter layer depth which is unexpected.
Outflow riser relative elevation also has a very strong negative correlation to water table height
as does the inflow pipe relative elevation. The relative elevation at the toe of the slope also has a
fairly strong correlation to water table height. This indicates that the water table height at a
location within the basins is strongly related to relative elevation in comparison to the inflow and
outflow of the basin and in comparison to the toe of the slope (edge) of the basin. As the relative
elevation of the plot becomes lower the depth of litter layer increases.

ENVIRONMENTAL VARIABLE RELATIONSHIP TO SPECIES COMPOSITION
Fig. 1 displays the PCA ordination which shows the relationship of the environmental
variables to the species variables. This figure along with Table 6 clearly indicates that each of the
three species (cattail biomass, other herbaceous biomass, WVII) occupies very different
environmental spaces. PCA loadings (Table 6) indicate principle component 1 (axis 1), which
describes most of the variation (Table 4), has a gradient with cattail and other herbaceous
biomass on one side and WVII on the other (Fig. 1). This indicates that the environmental
conditions, represented by this axis, are factors associated the most with cattail biomass and the
least with WVII (Table 6). Therefore, the environmental conditions where cattails are found and
where woody vegetation is found are different from each other. PCA loadings for principle
component 2 (Table 6, axis 2), which describe the second most variation (Table 4), has a
gradient which favors cattail biomass and WVII as opposed to other herbaceous biomass (Fig.1).
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∆
∆
∆

Fig.1 PCA ordination of environmental variables and species composition in 100, 0.25 -m2 plots
in four unmaintained stormwater management basins in Lynchburg, VA.

58

Table 6 Coordinates (Scores) for principle component 1
and 2 of species vegetation (cattail biomass, other
herbaceous biomass and WVII) from 100, 0.25-m2 plots
in four unmaintained stormwater management basins in
Lynchburg, VA.
Axis
(principle component)
Species
1
2
1 Cattail Biomass
2.46
1.02
2 Other Herbaceous Biomass
1.23
-1.27
3 WVII*
-3.70
0.25
*WVII = Woody vegetation influence index calculated
from the trees recorded within 2 m of the plot center (see
methods section for full calculations).

Fig. 1 also shows certain environmental variables clumped together suggesting that their
relationship to the species composition is similar and their location on the figure in relation to
each vegetation type suggests their significance to the species (Table 7). Almost all of the
environmental variables are close to the center of the axes. Specifically, there is a loose cluster
right around the axes origin consisting of the distance to the toe of the slope, litter layer depth,
toe of the slope relative elevation, and percent organic matter. This suggests that all of these
variables have a similar relationship with the species because they are clustered. In addition, this
cluster of environmental variables also seems to have a similar influence on all species because
they are located in the middle of the species space.
Another small cluster of variables consists of the basin number, outflow riser relative
elevation and inflow pipe relative elevation. These variables are positioned slightly closer to
WVII than the other species and are all related to plot relative elevation. Finally, water table
height is positioned by itself and is the closest variable to cattail biomass. This suggests that
water table height has the most relation to cattail biomass than either herbaceous biomass or
WVII.
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Table 7 Correlation of environmental variables with principle
component 1 and 2. Environmental variables are from
100 0.25-m2 plots in four unmaintained stormwater
management basins in Lynchburg, VA.
Axis
1
2
Variable
Basin number
-0.38
-0.03
∆ elevation from pipe to plot
-0.37
-0.23
∆ elevation from riser to plot
-0.36
-0.27
∆ elevation from toe of slope to plot
-0.35
0.37
% soil organic matter
-0.32
0.56
Water table height
0.34
0.45
Distance from the toe of the slope to the plot
0.35
-0.39
Litter layer depth
0.36
0.27

Cattails can grow in a variety of water depths from -15 cm up to 100 cm with different
cattail species displaying different water depth thresholds with different growth characteristics at
different water depths (Grace, 1989; Grace and Wetzel, 1981, 1982). Figure 2 shows water table
height in relation to cattail, herbaceous biomass, and WVII. At very high water table heights
(above 45 cm) the only vegetation present is woody vegetation at low levels. At -10 cm a lot of
vegetation is present and herbaceous biomass is higher than cattail biomass and there are high
indexes of woody vegetation. When the water table is at the soil level (0 cm) there is still a lot of
vegetation present but wood vegetation indexes are for the most part low with some exceptions.
In addition herbaceous vegetation is has higher biomass levels than cattails. When water is
between 2 and 8 cm cattail biomass becomes greater than other herbaceous biomass and wood
vegetation is only present at low levels. In addition, from 5cm to 10 cm there is no presence of
woody vegetation.

Conclusions
The basins contained a variety of tree species and ground surface covers which vary by
basin. Overall, trees were present within 5 m of the plot for 76% of all plots and within 2 m of
the plot for 60% of all plots. Tree growth consisted of all native, mostly bottomland hardwood
species except for the two invasive, exotic species, tree-of-heaven and Callery pear. Of the 290
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trees we identified 69% were black willow and the majority of trees were multi-stemmed with
small stems (Table 2). Woody vegetation was able to quickly colonize the basins which had been
cleared about two years previously.
Water and leaf litter were the two ground cover types most abundant through all of the
basins (Table 1). While short grass and trash were only on a small percentage of the plots, they
were both found on three of the four basins.
Cattails were present in 45% of the plots while other herbaceous vegetation was present
in 93% of the plots (Table 1). Low water table heights (drier soil) have only other herbaceous
vegetation and very high water table heights have only woody vegetation (Fig. 2). Between a
water table level of -10 cm and 2 cm the most vegetation of all types is present but not
necessarily the highest amount of biomass. Specifically, at -10 cm other herbaceous biomass is
greater than cattail biomass and there are high WVII, between -10 cm and 2 cm other herbaceous
biomass is still generally higher than cattail biomass and WVII is low. Above 2 cm cattail
biomass is the greater than herbaceous biomass and WVII is only present occasionally and at low
levels.
All plots, except for some of those in Basin 1 (the largest basin) were within 7 m of the
toe of the slope and 25% of plots were within 7 m of a inflow pipe or outflow riser. In addition,
48% of plots had standing water and an average water table height of 5.94 cm. Average percent
soil organic matter was 8.9% and average littler layer depth was 1.07 cm.
PCA revealed a strong correlation between environmental variables, especially water
table height, relative elevation measurements, and basin number (Table 3). In addition, litter
layer and water table height were both strongly negatively correlated to outflow riser, inflow
pipe and toe of slope relative elevations, indicating that as plot relative elevation becomes lower
the amount of litter increases as well as the water table height (Table 5). The basin was strongly
correlated to all of the variables indicting its importance in determining the environmental
factors.
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Fig. 2 Raw data scatter plot of water table depth and live dry weight biomass (g) of both cattails
and other herbaceous vegetation and WVII (woody vegetation influence index, see methods for
full calculation) for 100, 0.25-m2 plots in four unmaintained stormwater management basins in
Lynchburg, VA. The value -10 represents where the water table was -10 cm or more below the
soil.

It is clear from the PCA that water table height is an important environmental variable
especially in relation to cattail biomass (Fig. 1). This is not surprising because cattails are
herbaceous wetland plants that are found in standing water. In addition, the environmental
gradient represented by axis 1 (Fig. 1) favors cattails as opposed to WVII revealing that cattails
and woody vegetation are growing in different environmental conditions. We do not know if this
distribution along the gradient is because woody vegetation and cattails are competing with each
other or if the environmental variables are the driving force for their location. However, we do
know that where there is woody vegetation, cattails are not likely and vice versa.
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Chapter 5
Thesis conclusion

As more land becomes urbanized the management of stormwater and urban runoff is
increasingly important. Controlling both urban water quantity and quality is critical to keep cities
safe from flooding and urban waterways healthy. Stormwater management basins (SWMB) are
one of the preferred ways cities around the world control urban runoff both with wet ponds and
dry-detention basins (Hogan and Walbridge, 2007; Krishnappan and Marsalek, 2002; Starzec et
al., 2005; Zhang et al., 2009).
In southwestern Virginia the Virginia Department of Transportation (VDOT) has over
1,300 dry-detention roadside SWMB. These basins are currently maintained by mowing the
planted turfgrass and removing any encroaching woody vegetation or other extensive herbaceous
vegetation. These maintenance procedures are costly and time consuming and have resulted in no
concrete benefits to basin function, nor do they address water quality issues. Furthermore, many
of these SWMB are retaining significant amounts of water which make mowing impossible. As a
result, encroaching woody vegetation becomes established along with many other herbaceous
species, most importantly, cattails. Management agencies require VDOT to remove all cattail
growth in the SWMB because of the potential for mosquito breeding habitat and the spread of
invasive cattail seeds downstream. Incorporating trees into SWMB could be beneficial for basin
function because they are a cost effective stormwater management tool in urban areas
(McPherson et al., 2005) that could increase basin infiltration, reduce basin soil moisture and
possibly outcompete unwanted cattail vegetation (with shade and soil moisture reductions).
The two experiments we performed to assess the feasibility of trees in SWMB, their
ability to outcompeting cattails, and their impact on basin ecology are discussed in chapters 3
and 4. Our first experiment, conducted in a greenhouse, tested the impact of the combination of
shade (full sun, medium shade, heavy shade) and reduced soil moisture (flooded, moist, dry),
conditions which trees could provide, on cattail growth (leaf height, leaf number, leaf width,
stem number, rhizome length, below-and above-ground biomass, chlorophyll fluorescence, and
chlorophyll content). We found the combined reductions in light and soil moisture significantly
reduced cattail below-and above-ground biomass, rhizome length, and leaf height. In general
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heavy shade and dry soil moisture produced the most reductions in cattail growth. However,
considerable reductions were still seen with the combination of moderate shade and moist soil.
Therefore, if trees can provide at least 73% shade and dry soil down to at least -0.045 MPa,
reductions in cattail growth should be observed. Because cattail rhizome growth was impacted
the cumulative effect of reduced rhizome growth over several growing seasons could be enough
to eliminate cattails. Overall, soil moisture was the most significant reducer of cattail growth.
This suggests that if trees can decrease basin soil moisture they could begin to reduce cattail
growth regardless of the amount of shade.
Our second study, conducted in four unmaintained SWMB in Lynchburg, VA, consisted
of collecting environmental variables (litter layer depth, water table height, % soil organic
matter, type of ground cover, distance and elevation to pipes, risers and the toe of the slope) and
species composition (cattail biomass, other herbaceous biomass, and a woody vegetation
influence index [WVII]) data from 100, 0.25-m2 plots. A total of 14 woody vegetation species
were identified within five meters of the plot center. The majority of the woody vegetation was
multi-stemmed with stems falling in the small (0-7.6 cm) stem size class. Sixty-nine percent of
the trees were recorded were black willow (Salix nigra). While this was not an exhaustive
inventory of all the trees or species found within the four basins it is a good estimation of what
type of woody vegetation is growing in roadside basins left unmaintained for about two years.
The woody vegetation was largely native (all except for two species Pyrus calleryana and
Ailanthus altissima) and were mostly bottomland hardwood species.
Trees were found within five meters of the plot in 76% of the plots. Cattails were found
in 45% of the plots and other herbaceous vegetation was found in 93% of the plots. Most plots
were covered with water or leaf litter. Cattails seemed to dominate where water tables were
between 2 and 10 cm where as other herbaceous vegetation dominated from -2 to 2 cm.
PCA revealed that water table height is an important environmental variable especially in
relation to cattail biomass. Furthermore, the environmental gradient represented by axis 1 favors
cattails and negatively impacts woody vegetation revealing that cattails and woody vegetation
are growing in different environmental conditions. It is not clear if this distribution along the
gradient is because woody vegetation and cattails are competing with each other or if the
environmental variables are the driving force for their location. However, we do know from our
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first experiment that trees can create conditions that are unsuitable for cattail growth and
therefore, if trees move into an area where cattails are growing it is assumed that eventually trees
would create an environment unsuitable for cattails to grow in. While this in theory is
competition, we cannot verify this interaction is occurring in the SWMB because many other
factors could be influencing the relationship between cattails and woody vegetation. In addition,
the impact of trees on cattails needs to be examined over time to determine if trees are in fact
outcompeting cattails.
This analysis along with the results from our greenhouse study suggest that if cattails and
woody vegetation are associated with different environmental factors, one of which is water table
depth, and trees can alter some of these environmental factors, then trees could outcompete
cattails by creating an environment unsuitable for their growth.
In addition, PCA revealed a strong correlation between water table height, elevation
measurements, and basin number. Furthermore, litter layer and water table height were both
strongly negatively correlated to riser, pipe and toe of slope elevations, indicating that as plot
elevation becomes lower the amount of litter increases as well as the water table height. The
basin was strongly correlated to all of the variables indicting the importance of basin design in
determining the environmental factors.
Future research is needed on the long term interactions of trees (shade and soil moisture)
and cattails and the impact of trees on the ecology and function of the basin. Additionally, the
impact of tree debris, such as leaf litter, branches and dead debris, on basin function and
maintenance procedures needs to be determined to assess the potential of woody vegetation as a
long term management tool for cattail eradication and improved basin function and maintenance
within SWMB.
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Appendix A
Photos of four unmaintained stormwater management basins in Lynchburg, Virginia used for our
field study

Basin 1

Basin 2

Basin 3

69

Basin 4
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Appendix B
Statistical Analysis Software (SAS) code for statistical analysis done in Chapter 3
options nodate nonumber formdlim=" " ls=100 ps=3000;
goptions reset=all ftext=swissb htext=1.5 orientation=landscape;
dm 'clear log';dm 'clear output';run;
proc greplay igout=gseg nofs;delete _ALL_;run;quit;
Axis1 label=(angle=90);
symbol1 value=circle r=3000;
DATA CATTAILS;
INPUT SHADE$ MOISTURE$ BLOCK LEAFWIDTH RHIZLENGTH SPADINDEX
DSTBIOMAS LSTBIOMAS;
CARDS;
SUN
wet
1
10.33
162.5 38.2 13.5 2.5
SUN
wet
2
13.355
106
36.9 15
2.5
SUN
wet
3
12.48
98
37.05 13
2
SUN
wet
4
13.905
144.5 38
22.5 3
SUN
moist 1
10.605
54
50.8 12
2.5
SUN
moist 2
11.295
73.5 45.55 6
1.5
SUN
moist 3
9.555
45
50.1 7
2
SUN
moist 4
8.765
79.5 45.8 6
2
SUN
dry
1
6.14
18
48.5 -7
3
SUN
dry
2
5.8
0
51.45 1
1
SUN
dry
3
8.665
28
52.9 0.5
1
SUN
dry
4
0
0
0
-13.5 0
PARTSHADE
wet
1
13.085
68.5 46.45 3.5
1
PARTSHADE
wet
2
11.125
95.5 54.1 16.5 2.5
PARTSHADE
wet
3
10.56
37.5 52.8 2
0
PARTSHADE
wet
4
14.78
86.5 51.75 9.5
1
PARTSHADE
moist 1
13.08
75.5 52.1 5
0.5
PARTSHADE
moist 2
23.06
54
58.85 15.5 1
PARTSHADE
moist 3
9.55
27.5 47.35 2
0.5
PARTSHADE
moist 4
10.02
18.5 51.1 3.5
1
PARTSHADE
dry
1
10.96
42
49.35 4
2
PARTSHADE
dry
2
0
0
0
-10
2
PARTSHADE
dry
3
8.495
17
43.45 -5
0.5
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LFGROWTH SHTGROWTH STEMCIR HEIGHT PEA RTBIOMAS
8.5
8.25
8.5
10.5
7
6
5.5
5.5
2
4.5
3.75
4.5
7
7.75
9.5
5
5
6
4.75
5.75
6.25
4
4.75

187.5
162
134.75
158.75
97.25
121.5
87
129.75
37.75
62
62
0
223.25
191.5
227.5
212
157.5
126
149
123.5
88.5
17
42.75

0.7985
0.618
0.745
0.735
0.823
0.7665
0.789
0.773
0.82
0.825
0.824
0
0.8235
0.832
0.8165
0.811
0.837
0.824
0.8475
0.853
0.819
0.002
0.831

68
77.5
73.5
79.5
40
34
21.5
35.5
12.5
10
12
10
20.5
26
9
33
22
21
8
10
13
6.5
7

9.5
4
5.5
8
12
5
8
7.5
10.5
9.5
8
9
4.5
7.5
2.5
4.5
7.5
5
3
10
7
9.5
9.5

43.5
38.5
30.5
40.5
19
13.5
6.5
17
3.5
2.5
3.5
0
23
29.5
19
36.5
20.5
18.5
9.5
8.5
8.5
0
2

PARTSHADE
dry
4
0
0
0
-12.5 0.5
2.75 0
0
ALLSHADE
wet
1
13.36
56
56.9 4.5
0.5
7
187.75
0.838
ALLSHADE
wet
2
11.485
25
40.25 3
0.5
5.75 178
0.8255
ALLSHADE
wet
3
9.45
19
49.8 4.5
0.5
5.25 170
0.8235
ALLSHADE
wet
4
11.49
46.5 23.35 12
1.5
7
196.75
0.851
ALLSHADE
moist 1
8.65
10.5 48.25 2
1
3.5
120.25
0.8235
ALLSHADE
moist 2
11.015
23
56.95
5
1
3.75 126
0.83 9
ALLSHADE
moist 3
6.66
29
35.95 -11
0.5
2.75 102.5 0.7855
3
ALLSHADE
moist 4
9.465
45
57
6
1.5
3.25 148.750.8415
10.5
ALLSHADE
dry
1
8.45
19.5 42.4 -7.5 0.5
4
47
0.7785
6.5
ALLSHADE
dry
2
2.875
0
20.35 -11.5 0
1.25 26
0.4155
4.5
ALLSHADE
dry
3
0
5
0
-15
0
4.25 0
0
4
ALLSHADE
dry
4
3.505
0
17.45 -8
0
4.5
39.25 0.4135
3
;
ods rtf file="c:\Users\Priscilla\Documents\SAS Output for RTBIOMAS.rtf";
title1 'Plots of raw data';run;
proc gplot data=cattails;
plot RTBIOMAS*shade=moisture/vaxis=axis1;
plot RTBIOMAS*shade=block/vaxis=axis1;
run;quit;
ods exclude Moments BasicMeasures TestsForLocation Quantiles
FitQuantiles ParameterEstimates ExtremeObs;
proc univariate data=cattails;
class shade moisture;
var RTBIOMAS;
histogram RTBIOMAS/nrows=3 ncols=3 midpoints=uniform;
inset mean/height=2;
run;quit;
title1 'ANOVA for split plot with RCBD main plots, block as random effect';run;
ods output LSMeans=means1;
PROC MIXED DATA=CATTAILS;
CLASS BLOCK SHADE MOISTURE;
MODEL RTBIOMAS=shade moisture shade*moisture/outp=res1;
RANDOM BLOCK BLOCK*SHADE;
LSMEANS MOISTURE SHADE/PDIFF;
LSMeans moisture*shade/pdiff;
run;quit;
proc means mean stderr data=cattails;
class SHADE moisture;
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5
7.5
8
7
9.5
4
2
11
4.5
7.5
6.5
8.5
4

10
2.5
5.5
3
5.5
4
8
5
12
3
1
0
1.5

0
15.5
9.5
12.5
21
4.5

var RTBIOMAS;
run;quit;
ods output close;
title1 'Plots and tests on raw residuals';run;
ods exclude Moments BasicMeasures TestsForLocation Quantiles
FitQuantiles ParameterEstimates ExtremeObs;
proc univariate data=res1;
var resid;
histogram resid/normal;
qqplot resid/square;
run;quit;
title1 'Plots of standardized residuals';run;
proc stdize data=res1 out=res2 method=std;var resid;run;
proc gplot data=res2;
plot resid*(pred)/vref=0;
run;quit;
proc sort data=res2;by shade;
proc boxplot data=res2;
plot resid*shade/vref=0;
run;quit;
proc sort data=res2;by moisture;
proc boxplot data=res2;
plot resid*moisture/vref=0;
run;quit;
proc sort data=res2;by block;
proc boxplot data=res2;
plot resid*block/vref=0;
run;quit;
symbol1 value=dot i=join w=2 h=1.5;
axis2 label=(angle=90 'Root Biomass');
title1 'Plot of interaction means';run;
proc gplot data=means1;where effect='SHADE*MOISTURE';
plot estimate*shade=moisture/vaxis=axis2;
run;quit;;
ods rtf close;
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